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Abstract. In this paper, we report on an instability possibly
inherent in dust forming media due to multi-dimensional r
diative transfer effects. Starting from a solution of a grey 1
or 2D radiative transfer problem, we introduce small harmonic
3D-perturbations of the opacity structwér) and show that, in

the linear approximation, the mean intensliy) is modified in
the same manner, resulting in spatial variations of the tempera
ture structure. If the medium possesses a strongly temperature<y, &

dependent opacity — as expected in dust forming environme@ i z

— the perturbations can be self-amplifying. We apply this co f » 4 @

cept to a spherically symmetric, stationary model for the dust-

driven wind of IRC+10216 and find that large-scale perturbation _ o . .
modes perpendicular to the radial direction are unstable in {ﬂg. 1. Control loop of interactions in a dust forming system. Positive

. o . feedbacks are marked iy, negative feedbacks bg. The sign of
outer parts ofthe dlfISt formation regi 2.5 1.), which may the feedback marked by the dashed arrow (non-local effect of opacity
result in the formation of dust clouds.

changes on the mean intensity) determines whether the control loop is

) . o self-amplifying, or whether it damps initial perturbations.
Key words: instabilities — radiative transfer — ISM: dust, ex-

tinction — stars: late-type — stars: circumstellar matter — stars: ' _ o _ '
individual: IRC+10216 formation process itself introduces new and significant instabil-

ities to the medium which cause the structure formation. In this
paper we investigate the second possibility.

As will be argued below, a control loop of physical interac-
tions can be identified in dust forming gases, where the non-local
Recent observations with high angular resolution have accuné@upling viaradiative transfer plays a crucial role. Investigations
lated convincing evidence that dust forming objects like the o similar radiative/thermal instabilities have been carried out
flows of AGB stars, novae and supernovae ejecta, the hot wirysSpiegel (1957) and Trujillo Buen& Kneer (1990). These
of Wolf-Rayet stars or the outer atmospheres of R Coronae B#erks have mainly considered short-time, small-scale perturba-
realis stars often exhibit a clumpy circumstellar environmeritons of stellar atmospheres in the diffusion limit, in particular
Prominent examples are the irregular, cloudy structures in t@ncerning the sun. In this paper, we are interested in possible
inner part of the circumstellar envelope of the infrared carbd@rge-scale structure formation processes in the outflows of red
star IRC+10216 (Weigeltt al. 1998; Haniff& Buscher 1998; giants, where a new and extremely temperature-sensitive source
Tuthill et al. 2000), and the patchy SiO maser spots inside thgopacity arises (the dust) which is exposed to directed, radially
wind acceleration zone of the oxygen-rich Mira variable TXiluted star light.

Cam (Diamond& Kemball 1999). A summary and discussion
of such obser\(ations concerning AGB and post-AGB stars cdnrhe nature of the instability
be found e. g. in Lopez (1999).

The question arises whether the observed clumpinessV¥# consider radiative/thermal instabilities in a dust forming
dusty media is simply a manifestation of pre-existing inhomgystem as illustrated in Figl 1. The following assumptions on
geneities or asymmetries in the condensing outflows (whilite important interactions in the system are made:

merely become visible via dust formation), or whether the dust i i i
1. A decreasel/increase of the local mean intenijtgauses a

Send offprint requests 1®. Woitke (woitke@physik.tu-berlin.de) decreaselincrease of the local temperature in the dust form-

1. Introduction
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ing mediumT (positive feedback), as it is always true irwith the optical depth being defined as

radiative equilibrium. s
2. A decrease of the temperatufeimproves the conditions ro,m, s) = (ro—s'n) ds’ )
for dust formation and, thereby, leads to an increase of tms 0,1, 9 Fro—s 5
degree of condensatiof,.q (negative feedback). 0
3. An increase of the degree of condensatfgng causes an The integration in Eq[{3) is carried out from the starting point
increase of the opacity, (positive feedback). ro (s = 0) backward along the ray to the maximum distance

Smax = Smax (70, ) Where the ray enters the considered volume.

A.S willbe discussed in Sect. 3, anincrease ofthe opagiyay riiq may occur either at an outer boundary, where the irradia-
either cause a decrease (negative feedback) or an increase @&?13 assumed to be zero, or at an inner boundary where the
itive feedback) of the mean intensity, via radiative transfer

inc"dent intensityl (ro — smax™, 1) iS considered to be known.

effec_ts, depgndlng on the cwcum_stances. In any case, a CO_IH ntegration of Eq[{B) over the solid angle, the following basic
loopis constituted (see Fig. 1) which acts on relatlvelyshorttlrrﬁ rm of the radiative transfer equation is obtained:
scales, where the slowest process inside the loop likely is the '

dustformation (see Sect. 5). If the latter influence is negative, t _ 1 _ —7(T0,7, Smax)

overall feedback in the control loop is positive-©-®-© = @). 96"0)  4rw //I(ro SmaxT, 1) € s

In such a case the control loop is self-amplifying, i. e. unstable 1 Smax

against small perturbations which may arise e. g. from fluctu- 4+ // /H(T) J(r) e~ T(T0,m:8) 1o 1) (5)

ations. This kind of instability possibly causes a spatial struc- Am 0

turing of the dust forming medium. In the opposite case, initial

perturbations are damped by the dust forming system. Acco?

ing to the assumptions outlined, the stability of dust forming

regions is hence controlled by the non-local effect of opacityfe consider a solution of the radiative transfer problem[Eg. (5)

variations on the mean intensity, which is investigated below{(r), Jo()}, which has been calculated by means of simpli-
fying assumptions concerning the geometry. For example, such

2. Consideration of perturbations

3. Radiative transfer in a perturbed medium an unperturbed problem can be a standard plane-parallel stel-
_ o . lar atmosphere (1D), a spherically symmetric stellar wind (1D),
3.1. Basic form of the radiative transfer equation or an axisymmetric radiative transfer problem (2D). Next, we

We consider the time-independent equation of radiative transf@ifoduce small, three-dimensional, harmonic perturbaiohs
with coherent, isotropic scattering along a ray in direction of tf{8€ Spatial opacity and mean intensity structures

unit vect(c;;n( | K(r) = ro(r) (1 Ty ei(k~r+6)> (6)
v, abs
- = —[K2%(r) + o, (r)] L(r,n) I = Jo(r) (1 6T ei(k~r+6)) 7 @)

abs
R r)S(r) £ ou(m) i (r) . (1) wheredr < 1 andé.J < 1 are the (constant) relative ampli-

I,(r,n)istheintensity at the pointin directionn atfrequency tudes of the perturbations which are assumed to be small. The
v, Ju(r) = 1/(4r) [I,(r,n)dQ the mean intensityS, (r) wave vectork describes the wavelength and the direction of
the source functiony}"*(r) the true absorption coefficient ancihe perturbation|§| = 27/A). The incident intensities are as-
o, (r) the scattering coefficient. The negative sign onthe l.h.s.§imed to be unaffected by the perturbati®fs)—smaxn, n) =
Eq. (1) is because of the definition gfwhich denotes the dis- 1, (10— SmaxT, 10).
tance backward along the &y=rp—sn (M|halas& Weibel Stncﬂy Speaking, we assume a perturbatiom(}f) as ex-
Mihalas 1984, p. 345). pressed by Eq-16) and will show that the ansatz for the response

The following basic assumptions are made: grey transpeftthe radiation field (EJ]7) leads to non-trivial solutions of
coefficientsk®™ = k2%, 5, = o, and radiative equilibrium gq.[5).
[wE>=J, dv = [kEP*S, dv. Frequency-integration of EGI(1) By inserting Eq.[B) into[{4), the optical depth in the per-

in this case yields turbed medium is
dI(r,n) s
N . 2 . /
ds w(r) [J(r) (r.m)] ) 7(ro,n,s) = /ﬂo(rofs'n) (1 + O eilkro=s k'"+6)) ds’'
wherex = k** + ¢ is the grey opacity of the medium and 0 s
I andJ are the respective frequency-integrated quantities. The = 19(ro, M, 8) + 5n/ﬁo(r0—s’n) @t 4" (8)
formal solution of Eql(R) is 0
I(rg,n) = I(ro—Smaxm,m) e 7 (To:msme) ! Since time-independent radiative transfer and radiative equilibrium
Smax is assumed (see HQ. 2), the timean be considered as fixed and the
+ k(r) J(r) e~ T(romss) g (3) phase is defined as= &' — dwt from the usual expression for plane
i(k-r—wt+38")

wavese
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with 7o(rg,n,s) = [ ko(ro—s'n)ds’ being the respective 15
optical depth in the unperturbed medium and where k -
ro + 9§ andb = —k - n are abbreviations. Singa < 1, we

find to first order 10

e T(romss) e To(ro.mss) (1 - 6/@'//-60 eilatds’) ds’) ()]
0

Insertion of Eqs[(6)[{7) and](9) into E§I(5) and truncation to 2008
first order terms yields

v, [km/s]

where the arguments df = Ip(rg — Smaxm, 1), Jo = Jo(7), §
ko = ko(r) andry = 79(ro, m, s) have been omitted. Remem-~
bering that{ro(r), Jo(r)} satisfies Eq[{5), the*® order of -0.1

Jo(ro) (1487 ei) ~ (10)  1s00 e
1 B S r ~14 %
~ — //Ioe 7o |:1 — (SI{ fﬂo el(‘hL 5) d5:| dQ) 1000 - -
4T 0 - -15
Smax N gﬁ
1 , 500 [ -16 =

t // /Ho Joe™ T [1 + (0k+46J) ez(‘”bs)} ds dQ C

- C

0 oF

T S b -

S / / / o Joe 8 ( o el 1)ds' ) ds a2 .

47T 0 0 E

0 @ C

Eq. (10) cancels out as well as the constant factorTéne latter

log n_y, , [cm™3]
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means that the amplitude of the mean intensity variatibis in

fact phase-independent and that there is no phase-shift between

r./R,

the opacity and the mean intensity variation. After separating

the remainder of Eq{10) into terms containing ofwyandé J,

Fig. 2. Results of the perturbed radiative transfer in application

respectively, the following result for the ratio of perturbatiotp a spherical symmetric, stationary, dust-driven wind model for

amplitudes can be obtained
6J - ./41 (’l”‘o, ki) — AQ(To, ki) — Ag(’l"o, k)

o7 11
5I€ J()(’I’()) — ./41 (7‘0, k)) ( )
with the abbreviations
1 v .
Ai(ro, k) = g // /HU Joe ™ e dsdQ (12)
I8
0
As(ro.k) = — // 7;0J e~ (f/{ eibS’ds/) dsdQ (13)
0, Ar 0 ) 0
0
Ag(’l"() k) = i/\/I() e (SX}T‘;Q eibs ds) Q) . (14)
’ 4 0

The resultant ratio of the perturbation amplitude¥/'é~ de-

IRC+10216. The upper two plots show the unperturbed model: velocity
(upper panel, full line), density (upper panel, dashed line), temperature
(middle panel, full line) and total (gas + dust) opacity (middle panel,
dashed line). The lower plot shows the calculated ratio of perturbation
amplitudes between the mean intensity and the opacity for two pertur-
bation mode& L ro, A=1 R. (fullline) andk || 7o, \=1 R. (dashed
line). According to the arguments outlined in SectdZ/dx > 0 indi-
cates stability wherea®//dx < 0 indicates instability.

4. Results

Egs.[I1) to[(I#) form a complete set of algebraic expressions
which allows for the calculation of the response of the radiation
field to small harmonic (3D) perturbations of the grey opacity
structure in radiative equilibrium. As argued in Sect. 2, the ratio

pends on the overall spatial structure of the unperturbed solutifrthe perturbation amplitudes//dx controls the stability of
{rko(7), Jo(r)}, and onry andk. It is noteworthy that linear- the dust formation zone. In the following, we apply this concept
combinations of opacity perturbations in different direction® discuss possible structure formation processes in stationary,

and with different amplitudesg(r)- (1 + 3 dr; e!(kam+9:))
result in the same type of mean intensity perturbati@y(s)-

dusty winds of AGB stars.
For the unperturbed solutiofw(r), Jo(r)} we use the

(1+>20J; e'(kim+35)) where Eqs[{I1) td{14) remain validresults of a spherically symmetric, self-consistent, grey, dust-

for each single mode&J; /éx;(ro, k;).

driven wind model provided by Dominikt al. (1990), which

In comparison to the results of Spiegel (1957) and Truijillizs shown in FigiR. The model is determined by four param-
Bueno& Kneer (1990), the presented formalidml(11)J1d (14) isters which have been chosen as follows: stellar Mdss=
applicable to arbitrary points and geometries of the unperturb@@)M.,, stellar luminosityL, = 2.5-10*L, mass loss rate
problem, since it does not rely on the diffusion approximatiah/ = 8-10~5My, /yr, and carbon-to-oxygen ratid/O = 1.4.

and accounts for incident radiation fields.

Besides the velocity, density, temperature and dust structure, the
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Fig. 3. Geometry of the considered perpendicular perturbation mode I | | | ]
k L ro. A part of a homogeneous dust shell is depicted on the l.h.s. o1 05 1 5 10
The r.h.s. shows the same part under the influence of the perturbation. A[R.]

Fig. 4. Influence of the wavelength of the perpendicular perturbation
stellar temperaturel{ = 1975 K) and the final outflow veloc- (kJ__ro, |k| .:27r'//\) on the calculated ratio of perturbation amplitudes
ity (voc = 15.3 km/s) are results of the model calculation. Thigt fixed radial distancgro|=3.4 ..
model has been used as the initial model for the more sophisti-
cated iteration procedure required to construct a self-consistent

: . intr nden m h hell in veral
stationary, frequency-dependent model for the infrared carb, ffoduces a tendency to decompose the dust shell into severa

n e .
star IRC+10216 by Winterst al. (1994), who found the best Rdgments (nere equidistant slabs of sige, see FigiB). In a

. : . medium of this kind, the flux preferentially escapes through the
agreement with the observations for the upper choice of ParaiNG|es in the shell, which at the same time increases the mean
eter'j,. ial numerical techni was required to comout tiﬁltensity between and decreases the mean intensity inside the
. 0 speciainumericartechnique was required to compute igg, Accordingly, locations with increased opacity coincide
mtegra_ls n Eqsmz) 19 (34). Asimple nested Integration SCher\pvﬁh locations of decreased intensity /d«x < 0.
according to Slmpsons rule has begn ap.plled. veithx 80 Analysis of the fulls.J/§x-curve in Fig[2 reveals that actu-
angular and typically 40 to 200 spatial grid points along thaejl both effects mentioned above are active in the éase
discrete rays, using local spherical coordinates. In order to avgf}/ o

n

i ffoct d by an unintended perturbation of the inner edge of the dust sheli£ 2.5 R..) the backwarm-
spurious etiects caused by an unintended perturbation ot ing efrect dominates andl//éx > 0. For larger radial distances
stellar photosphere, the inner boundary is placed@®R., i. e.

well inside the dust shell. The results are shown in the IowgaarbOUthtSIde of the point of maximueg(ro) in Figd, which

: . : approximately coincides with the sonic point in the model) the
part of FigL2 _for two exemplanly ch(_)sen. perturbation mOdesformation of flux tubes and in-between situated shadowed re-
Perturbations along the radial directidn|(r() are gener-

) ) gions as sketched in F[gd. 3 is more significant adddx < 0.
ally found to be qhe_lracterlzeq by /o > O Th_e behaw_or of As discussed in Sect. 2, the dust formation will be accelerated
these modes is similar to radial perturbations in spherical sym-

metry: A shell-like increase of the grey opacity does not affe'g{the shadowed, cooler regions and the opacity contrast will in-

the bolometric flux at any point (which is fixed by the Stelgreas:e.Thus,the perpendicular perturbation mode is found to be

N : ; elf-amplifying beyond some critical distance (hege2.5 R.,).
lar Ium|.n05|ty f"m.d the radius), but only h.|nders. and _dams tﬁe Fig.[% ;?I/us?ratgs the influence of the wav(elengthaf th)e
outflowing radiation. Thereby, the mean 'ntens'tyr%:ncreassgrpendicularf—perturbation on the resultiniy amplitude. As
inside of the point of increased opacity (backwarminghis ) > . . e
dependence is evident from the monotonically increaging- apparent from the figuré\ < 1 &. is required to cause notice

relation in grey stellar atmospheres (e. g. Mihalas 1978, p. 5@ .Ie changes of the radiation field. Otherwise, the medium is

. . . ~éssentially optically thin within the perturbations and the small-
According to the arguments given in Sect. 2, such perturbations Yy op y P

. . . o SCale variations have no profound effect in the radiative trans-
are stable inthe dustformation zone. The slight, periodical var P

: . . . .%'r, since they cannot accumulate sufficient optical depth across
tions ofdJ as a function of distance arise from the phase-relation y P P

) . i ) ne perturbation length. A saturation ob.J/§« can be noted

between the point of interest and the point of maximum opac- . .
o . . ) at A\~ 6 R,, possibly because such perturbation modes already
ity in the dust shell which mainly contributes to the local mean : : .
. . cover the entire dust formation zone in the model.
intensity atr.

Perturbation modes perpendicular to the radial direction
(k L ) behave in a different way. A perpendicular perturba@. Discussion
tion of the dust formation zone, located between about arivl

4R, in the model with corresponding optical degir ~ 2.3, The main intention of this paper is to identify an instability

which might initiate structure formation in dust forming me-

2 The backwarming effect may be overestimated in the grey approfi&- \We have considered a control loop of physical interactions
mation, because the thermal re-emission of the dust preferentiallytamch can be Se'f'amp“f}’_mg under (?e"tam circumstances. O.ne
place at longer wavelengths where the photons have a larger probabfgnaining question in this context is, whether the chosen in-
to escape. teractions depicted in Figl 1 do in fact form a tightly coupled
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“closed” loop, where the internal perturbations have sufficiegases. According to the dust formation theory developed by
time to grow disregarding outer influences, or whether the ch@ail et al. (1984) and Gailk Sedlmayr (1988), typical dust
sen subset of feedbacks strongly interferes with other physit@imation time scales in stellar winds are found to be of the
interactions not taken into account like the expansion of the syseer of a few months in the carbon-rich case (Woitke 2000),
tem in the wind flow. In order to discuss the degree of couplirdgpending on the gas density. This time scale usually exceeds
among the various interactions, we estimate some characterigte cooling and chemical time scales discussed above.

time scales in the following. Hydrodynamical time scale.The expansion time scalg'v is

Radiative transfer time scale.The free travel time for pho- found to be large, typically 12 years aB R, ~2.8-10 1*cm.

tons crossing the dust shell4sr/c ~ 5 hours forAr =6 R..  gymmarizing these estimates, the hydrodynamical processes,
The photon diffusion time scale, which accounts for multipleg_the gravitational forces and the acceleration of the dust/gas
absorption/reemission and scattering events, should not excggd re by radiation pressure can be identified as the slowest
this time by a large factor since the optical depths in the dys{,cesses; at least one order of magnitude slower than the ra-
shell are of the order of unity. Hence, local changes of the 0pagaive transfer, thermal, chemical and dust formation processes
ity glmostlmmed|ately_aﬁect the mean intensity structure in the, \ciqered in this paper and sketched in[Hig. 1. Consequently,
entire part of the considered circumstellar envelope. the expanding wind seems to provide a slowly changing frame,

Radiative cooling time scaleThis time scale determines howwherein other (faster) processes have sufficient time to inter-
fast changes off transform into changes df. Assuming a act with each other and to amplify internal perturbations. Such
thermally coupled, dusty gas in LTE, the relaxation time sca®® approximately “closed” control loop of internal feedbacks
towards radiative equilibriunfz® %)*HS as short as0 sec. has been identified in Sect. 2 and discussed in the Sects. 3 and
wherei~1.5 cm? g~ is the togll (dust + gas) opacity per mas&" Among the physical processes constituting this control loop,
the dust formation is likely to be the slowest process and, hence,

at 3R, andcy ~9 -107erg K~'g~! is the heat capacity of the. ted to determine th h e of th turb
predominantly neutral, Hrich gas. This short radiative cooling'.S expected to determine the growth ime scaie of the perturba-

time scale enables us to assume radiative equilibrium in Sec .'%r,‘;' t of ible int lati ith hvdrod ical
even under the influence of the perturbations. However, thermal ut or course, possible interrelations with hydrodynamica

coupling between dustand gas is questionable. Realistic coolffgcesses canqot be excluQed. Interesting quesnons arise espe-
time scales for the decoupled dust component may be as sty when asking for possible hydrodynamical consequences

as 0.01 sec (Woitke 2000). In contrast, the cooling time scQkaonce existing cloudy dust structure. Some of these questions,

for the gas component may be as long as days, weeks or A7) ich clearly go beyond the scope of this paper, are summarized

months, mainly driven by molecular line cooling under non-LTI'%e ow.
conditions (Woitkeet al. 1996). — Does the radiative/thermal instability investigated in this pa-

Chemical time scale The formation of molecules accelerates Per interfere with other known dynamical instabilities (see
the radiative cooling of the gas via the formation of new impor- €-9- Inogamov 1999)?Whatis, for example, the role of prop-
tant coolants (e. g. CO, CS and HCN in the carbon-rich case) and 29ating shock waves caused by a pulsation of the central star
provides the basic progenitor molecules for dust formation (e. g. Which might induce Rayleigh-Taylor instabilities?

C,H>). The characteristic time scale for the formation of these™ If the temperature in the shadowed regions behind the
molecules is rather uncertain and may vary strongly among the ®Paque dust clouds is in fact lower than in the in-between
molecules. Patzest al. (1999) have shown that neutral-neutral  Situated, iluminated regions (see fig. 3), does the outer pres-
reactions in the circumstellar envelopes of pulsating red giants SUre compress the gas in these shadowed regions, causing a

already fail to maintain chemical equilibrium relatively close to  density contrast? . o
the star T'~2000K, noy- ~5-10 %cm~3). At lower temper- Are the opaque structures confined by radiation pressure? If

atures/densities, the chemical time scale exceeds the hydrody-{h€ radiative flux preferentially escapes through the optically
namical expansion time scale and the chemistry is found to be thin parts, the radial component of the flux is smaller in the
frozen in. Neufeld: Hollenbach (1994) have investigated the Shadowed regions as compared to the inner edges of the
time-dependent chemistry of a 50 km/s accretion shock wave €louds. In this case, the dust cloud is expected to be pushed
propagating into a predominantly neutrd@®cm—3 gas. The from the star side and thg gas density inside the clpud might
shock wave initially destroys virtually all molecules and com- increase which could facilitate further dust formation.
presses the gas up to a fe@!'cm—3. Molecules like H, CO, ~ Is the hydrpdyngmmal process _of dust cloud acceleration in
H,O and OH were found to be re-formed after about 5 days. &n €xpanding wind flow dynamically stable?

It has been argued that the chemical time scale must be sig-

nificantly smaller than the dust formation time scale, becaugseConclusions

the dust nucleation is a chemical process which requires m
reaction steps (Ga#l: Sedimayr 1988).

FPe thermaliradiative stability of astrophysical gases under the
influence of a distant source of radiation has been investigated
Dust formation time scale. The formation of dust usually in the grey approximation. The medium is found to be possi-

introduces the longest internal time scale to astrophysiddy unstable if it possesses a strongly temperature-dependent



670 P. Woitke et al.: Dust cloud formation in stellar environments. |

opacity Withg—; < 0 in radiative equilibrium and if it is capa- IRC+10216. According to the model, the characteristic time

ble to achieve considerable optical depths by chemical processale for the formation of such structures is determined by the

ing. Both preconditions are fulfilled in dust forming gases. Thepeed of the dust formation process itself. The spatial extent of

proposed instability arises from (a) the extremely temperatutbe emerging dust clouds is expected to correspond to an optical

sensitive source of opacity in combination with (b) multidimerdepthAr 2 1 at the time of their formation, which is a necessary

sional radiative transfer effects. precondition for the instability. Open questions remain espe-
Small initial fluctuations of the density and/or temperacially when regarding possible interrelations with hydrodynam-

ture structure in a dust forming medium will naturally resulcal processes. More detailed investigations are required here,

in likewise small fluctuations in the forming dust componentvhich must combine time-dependent, hydrodynamical models

An emerging dust shell in the wind of a red giant is therefore nofthe dust formation process with radiative transfer calculations

expected to be perfectly spherical symmetric at the time of itmore than one spatial dimension.

formation, but will already possess an internal, slightly patchy,
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