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Abstract. The hypergiant IRC +10420 is a unique object fot. Introduction

the study of stellar evolution since it is the only object that i _ _ .
believed to be witnessed inits rapid transition from the red supigtests;ﬁgiscgbl.gézfgr(&l\e{ ii%z gglszellﬁ'?ivﬁjtdiﬁ:ll%sl? Iesc?rr;l
giant stage to the Wolf-Rayet phase. Its effective temperatyre 9 ov) y ' P

has increased by 1000-2000 K within only 20yr. We presel)({)de:?a;ge%frzm FSLH Int’1|9gg(g|tll<rlnpf;]rkeys ett aII. 11353) 0
the first speckle observations of IRC +10 420 with 73 mas resb— ' 0 ay (Qudmaijer et 4, 1996, Klochkova etal, ) cor-

lution. A diffraction-limited 2.11um image was reconstructedreSpondlng toan effective temperature increase of L000-2000K

. ; ithin only 20yr. It is one of the brightest IRAS objects and
from 6 m telescope speckle data using the bispectrum Specwne of the warmest stellar OH maser sources known (Giguere

interferometry method. The visibility function shows that th@

- ETTT .
dust shell contributes 40% to the total flux and the unresolvedet al.[1976, see also Mutel et &l 1379, Diamond _et al._ 1983’

. Bowers 1984, Nedoluha & Bowelrs 1992). Ammonia emission
central objectv 60%.

h$s been reported by McLaren & Betz (1980) and Menten &

Radiative transfer calculations have been performed Acolea (1995). Large mass-loss rates, typically of the order
model both the spectral energy distribution and visibility funcc;f severallo-4 M /gr (Knapp & Morris ’lgyge_ O)l:dmai'er ot
tion. The grain sizes;, were found to be in accordance with . olYT | bp =) Jer €

N . 3.5 s . al.|1996) were determined by CO observations. Two evolution-
a standard distribution functiom,(a) ~ a~*°, with a ranging

betweenay, =0.005um and a,., =0.45um. The observed ary scenarios have been suggested for IRC +10420: It is ei-

dust shell properties cannot be fitted by single-shell models 6ﬁ?r a post-AGB (AGB: Asymptotic Giant Branch) star evolv-

seem to require multiple components. At a certain distance J)g through the proto-planetary nebula stage (e.g. Fix & Cobb

considered an enhancement over the assumeddensity dis- r1n987,iVHr|;l/nakre;[ ilt' 138&”80:;@;]55‘1 Krl;aspé) 1283),Sor |tr|si 6:“

tribution. The best model fdrothSEDandvisibility was found assive nypergiant evolving 1ro € (Red Supergia

for a dust shell with a dust temperature of 1000 K at its inner rg__ranch) branch towards the Wolf-Rayet phase (e.g. Mutel et__al.
1979, Nedoluha & Bowerls 1992, Jones et al. 1993, Oudmaijer

dius of69 R... At a distance 0808 R, the density was enhanced - , .
by a factor of 40 and and its density exponent was changed fr%Fnal' 1996, Klochkova et al. 1997). However, due to its distance

x = 2tox = 1.7. The shell's intensity distribution was found d=3-5kpc), large wind velocity (40 km$) and photometric

to be ring-like. The ring diameter is equal to the inner diameth'rStory’ IRC +10 420 is mostlikely a luminous massive star (see

of the hot shell & 69mas). The diameter of the central stapones etal. 1993 and Oudmaijer et al. 1996), therefore being the

is ~ 1mas. The assumption of a hotter inner shell of 1200?{.Iy massive object observed until now in its transition to the

gives fits of almost comparable quality but decreases the sﬁég—g;lzﬁﬁeé Eq?)sfé J ge Set;:ggrseo\jet:]ecgﬁcﬂg]xs(tﬁltl% er?:grosnét
tial extension of both shells’ inner boundariesy0% (with PP y P phrey

2 = 1.5 in the outer shell). The two-component model can tft‘al' 1997), and scenarios proposed to explain the observed spec-

: : N ral features of IRC +10420 include a rotating equatorial disk
interpreted in terms of a termination of an enhanced mass-l?jgnes et al. 1993), bipolar outflows (Oudmaijer et al. 1994)
phase roughly 60 to 90 yr (faf = 5kpc) ago. The bolometric . » 01 ) . '

. 1.0 SR 100  corpondingioacenia a7 1 o ety matr Oudnaer 1959,
luminosity of L/ L, = 25462 - (d/kpe)?. P grap

were reported by Dyck et al. {1984), Ridgway etfal. (1986), Cobb

Key words: stars: Wolf-Rayet — stars: supergiants —stars: ma§‘Q-F iX,(1987).’ Christou et all (1990.) and_ Kas_tn_er & Weintrau_b

loss — stars: individual: IRC +10 420 — stars: circumstellar m;gg%)' In this paper we present dlﬁracthn-llmlted 73mas bis-

ter — techniques: image processing pectrum speckle—mterferorr_]et.ry observations ofthe dust shell of
IRC +10420 as well as radiative transfer calculations to model

its spectral energy distribution and visibility.

Send offprint requests td@. Blocker (bloecker@mpifr-bonn.mpg.de)



806 T. Bbcker et al.: The rapidly evolving hypergiant IRC +10 420

2. Observations and data reduction FahEE = 10
A >
The IRC +10 420 speckle interferograms were obtained with t&%‘ i % 08 | ]
Russian 6 m telescope at the Special Astrophysical Observat;;'—'-‘ E 06 Foosdofonsgonctiy, |
on June 13 and 14, 1998. The speckle data were recorded v ;B
our NICMOS-3 speckle camera (HgCdTe array, 2péels, | ‘ ? §0.4
frame rate 2 frames/s) through an interference filter with a nga ‘»; Soo
tre wavelength of 2.14m and a bandwidth of 0.18m. Speckle & ‘%ﬁ o

interferograms of the unresolved star HIP 95447 were taken ,
the compensation of the speckle interferometry transfer furiis¥s.-._ Ll
tion. The observational parameters were as follows: exposure

time/frame 50 ms; number of frames 8400 (5200 of IRC +10 45t9- 1. Left: Two-dimensional 2.1km visibility function of

and 3200 of HIP 95447); 2.34m seeing (FWHM)»~1"0: field IRC +10420 shown up to the diffraction limit (see _rlght_ panel). The
of view 7/8x 7'8; pixel size 30.5 mas. A diffraction-limited im- dark central structure shows that the central object is surrounded

. . by a dust shellRight: Azimuthally averaged 2.1im visibility of
age of IRC +10420 with 73 mas resolution was reconstruct +10420 with error bars for selected frequencies. This visibility

from the speckle |nterferogr_ams using the bispectrum speckigs tion consists of a constant plateau (visibility0.6) caused by the
interferometry method (Weigelt 1977, Lohmann etlal._1983nresolved central object and a triangle-shaped low-frequency function
Hofmann & Weigeli 1986). The bispectrum of each frame cogaused by the faint extended nebula.

sisted of~37 million elements. The modulus of the object

Fourier transform (visibility) was determined with the speckle

interferometry method (Labeyrie 1970).

It is noteworthy that 2.1im filters also serve to im-
age hydrogen emission as, for instance, (2.125:m) or
Br~ (2.166pm) emission. Accordingly, it is possible that onez %8f
might look at hydrogen emission rather than at the dust emfs—m L
sion of a circumstellar shell. The low-resolution spectrum of
IRC +10420 published in the atlas of Hanson et fal, (1996) ®“I
shows a Bry line in emission as the most prominent feature fo% ool
the wavelength range considered here. Oudmaijer ét al. (1994
carried out high—resolugion infrared spectroscopy and found an 'OO 5‘0 }60/ o 200
equivalent width of 1.2 for the Brv emission line. This is Image Space (mas)
only 0.06% of the bandwidth of our interference filter and COM= 5 Asi :
sequently negligible. i9.2. z.|m.uthally avergged radial plots of the rgcqnstructed

. o . diffraction-limited 2.11 yum-images of IRC +10420 (solid line) and

Fig .1 shows the reconstructed 2/Irh visibility functionof 95447 (dashed line).

IRC +10420. There is only marginal evidence for an elliptical
visibility shape (position angle of the long axis130° + 20°,
axis ratio~ 1.0 to 1.1). The visibility 0.6 at frequencies

> 4 cycles/arcsec shows that the stellar contribution to the to{sﬁponds t_o the 1992 data set used by Ogdmaijer etal. (1996)
flux is ~ 60% and the dust shell contributionis40%. In order 2nd combines VRI (October 1991), near-infrared (March and
to compare our results with speckle observations of other grOlﬁ‘J%r i11992) and KwperAlrborne_ Observatory photometry (June
we determined the GauR fit FWHM diameter of the dust shell {5 21) 0f Jones et al. (1993) with the IRAS measurements and
be drwin = (219 + 30) mas. By comparison, Christou et a|_1.3 mm data from Walmsley et al. (1991). Additionally, we in-
(1990) found for 3.8 m telescope K-band data a dust-shell ﬂﬁwded the data of C_ra|ne et al, (197_6) for < 0_‘55 pm. In
contribution of~50% anddgwiy = 216 mas. However, as contrast to the near—.mfrared, the optical magrytqdes have re-
will be shown later, a ring-like intensity distribution appears tg1ain€d constant during the last twenty years within a tolerance

be much better suited than the assumption of a Gaussian diﬁfi’-ﬁ 01, o o
bution whose corresponding FWHM diameter fit may give mis-tOESC +1191420 is highly reddened due 1o an extinction of
leading sizes (see SECL34.5). Eig. 2 displays the azimutha ~ 7™ by the interstellar medium and the circumstellar

averaged diffraction-limited images of IRC +10 420 and the ult ell. From polarization studies Craine et al. (1976) estimated
resolved star HIP 95447 an interstellar extinction ofly ~ 6™. Jones et al[ (1993) de-

rived from their polarization datdy =~ 6™ to 7™. Based on the

strength of the diffuse interstellar bands Oudmajjer (1998) in-
3. Dust shell models ferredE(B — V) = 1™4 4+ 0™5 for the interstellar contribution
compared to a total oF(B — V') = 24, We will use an inter-
stellar Ay of 5™ as in Oudmaijer et al._(1996). This interstellar
The spectral energy distrubion (SED) of IRC +10 420 with 9réddening was taken into account by adopting the method of
and 18:m silicate emission features is shown in [Fig. 3. It coSavage & Mathid (1979) witlly, = 3.1E(B - V).

g 02 4 6 81012
; Cycles per arcsec

1.0

3.1. Spectral energy distribution
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9 ' ~— ';fgggﬁ 4 Mathis et al.[(1977, hereafter MRN), i.e(a) ~ a3, with
o 1ot = : Ti=800K - 1 0.005um < a < (0.20 to 0.60) um. We used d /r? density
E a1} 371000k 0 distribution and a shell thickne&&,; = rou /1 of 10% to 10°
2
= 12t 4 with r.,, andr; being the outer and inner radius of the shell,
g A3+ - respectively. Then, the remaining fit parameters are the dust
2 .14+ 4 temperature];, which determines the radius of the shell’s in-
8 p
15 4 ner boundaryy,, and the optical depthr, at a given reference
-16 i) wavelength e, We refer tod e = 0.55 um. Models were
01 ! Al? . 100 1000 calculated for dust temperatures between 400 and 1000K and
o1 g optical depths between 1 and 12. Significantly larger values for
' oo | T,=400K — 7 lead to silicate features in absorption.
- ozr e E;SSS& I Fig.[3 shows the SED calculated ffrz=7000 K, Yo,,;=103,
;é 9.3 i\ . 1171000K 7 Draine & Lee (1984) silicates, MRN grain size distribution
= 94 ‘ 1 (amax = 0.2 um) and different dust temperatures. It illustrates
£ 95f 1 thatthe long-wavelength range is sufficiently well fitted for cool
2 96 4 dust with7} = 400K, optical wavelengths and silicate fea-
T 97b 4 tures requirer ~ 5. The inner radius of the dust shell is at
9.8 ) . r1 = 447 R, (R,: stellar radius), the equilibrium temperature
10 20 30 at the outer boundary amounts’tg,; = 22 K. However, the
A [um] fit fails in the near-infrared underestimating the flux between 2

Fig. 3.Model SED forTug = T000K, .55 un — 5 and different dust and 5um. Instead this part of the SED seems to require much

temperature®? . The lower panel shows the silicate features. The cel?—ouer dust off} < 800K (r1 S 145 R, Tou = 32K). This

culations are based on a black body, Draine & Lee (1984) silicates, &f1firms the findings of Oudmaijer et al. (1996) who conducted
an MRN grain size distribution with..ax = 0.2 um. The symbols (+) radiative transfer calculations in the small particle limit, where

refer to the observations (see text) corrected for interstellar extinctis@attering is negligible. They introduced a cool (400K) and a
of A, = 5™, hot (1000 K) shell to achieve an overall fit.
We found this behaviour of single-shell SEDs to be al-
o most independent of various input parameters. Incredsing
3.2. The radiative transfer code from 103 to 10° leads to somewhat higher fluxes, but only for

In order to model both the observed SED &@ntll zm visibil- A > 100 um. The equilibrium temperature at the outer boundary
ity, we performed radiative transfer calculations for dust shefig¢creases by a factor of two if the shell’'s thickness is increased
assuming spherical symmetry. We used the code DUSTY d@-one order of magnitude. Largé gives slightly less fluxin
veloped by Ivez et al. [1997), which solves the spherical rathe near-infrared, larger wavelengths ¥ 10 um) are almost
diative transfer problem utilizing the self-similarity and scalingnaffected. The Draine & Lee (1984) and David & Pegourie
behaviour of IR emission from radiatively heated dust (leez(1995) silicates give almost identical results, the optical con-
& Elitzur[1997). To solve the radiative transfer problem inclucstants of Ossenkopf et al. (1992) lead to a largey:@1718,:m

ing absorption, emission and scattering several properties of iy ratio for the silicate features, to somewhat higher fluxes be-
central source and its surrounding envelope are required, J¥€en 2 and 1¢m and to a somewhat flatter slope of the SED
(i) the spectral shape of the central source’s radiation; (ii) tdé short wavelengths. However, the need for two dust compo-
dust properties, i.e. the envelope’s chemical composition af@nts still exists. Calculations with different grain sizes show
grain size distribution as well as the dust temperature at the {iat single-sized grains larger than Qi are not suitable for
ner boundary; (iii) the relative thickness of the envelope, i.e. theC +10420. The silicate features are worse fitted and, in par-
ratio of outer to inner shell radius, and the density distributiofi€ular, a significant flux deficit appears in the optical and near-
and (iv) the total optical depth at a given reference wavelengtffrared. The variation of the maximum grain size in the MRN
The code has been expanded for the calculation of Synthéﬁgtribution leads to much smaller differences due to the steep

visibilities as described by Gauger et al. (1999). decrease of the grain number density with grain size.
The 2.11um visibility is very sensitive against scattering,

thus depending strongly on the assumed grain sizes (see Groe-
newegeri 1997) as demonstrated in Hig. 4. For a given set of
We calculated various models considering the following paraarameters botmclination andcurvatureof the visibility are

eters within the radiative transfer calculations: SED and visibnainly given by the optical depth, and the grain size,. Since

ity were modelled forl,z = 7000 to 9000K, black bodies 7 is fixed to small values due to the emission profilegan

and Kurucz (1992) model atmospheres as central source®®fetermined. The dust temperature must be varied simultane-
radiation, different silicates (Draine & Lée 1984, Ossenko@Usly since anincrease of leads to a steeper declining visibil-

et al.[1992, David & Pegoune :|_995)7 sing|e-sized grains Wlﬂy Our calculations show that th&SIbl“ty is best fitted for an

a = 0.01 to 0.6um and grain size distributions according tdntermediatel; = 600 K in contrast to the SED. Either single-

3.3. Single-shell models
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Fig. 4. Model visibility function for Teg = 7000K, 70.55 um = 5,
Ty = 600K and different maximum grain sizes in the MRN grain sizghe influence of different grain-size distributions will be dis-
distribution @max = 0.2, 0.4, 0.45, 0.5, 0.55 ar@l6 xm from top to  c\yssed later.

bottom). The calculations are based on a black body and Draine & Lee \ye calculated a grid of models f@ = 1000 K with super-

(1984) silicates. winds atY’ = 2.5 to 8.5 with amplitudesA ranging from 10 to

80. Due to the introduced density discontinuity the flux conser-
vation has to be controlled carefully, in particular at larger opti-
cal depths and amplitudes. SED and visibility behave contrarily
concerning the adjustment of the superwind: The SED requires

E)hg Srﬁzie();w?(,)\l %;‘g ?ﬁ;?ggﬁiﬁnsew%; ;19['?]45 Ii?n d sgrlfficiently large distancey; = 4.5, and moderate amplitudes,
N pprop ) P < 2010 40, in particular for the flux between 2 ah@l;:m and

silicates considered, i.e. on the optical constants. For instance, : - o
if we take the ‘warm silicates’ of Ossenkopf et al. (1992), vvqtceOr A > 20 um. A good fit was found fod” = 6.5 andA = 20

get somewhat smaller particles (By0.1 um, i.e.a ~ 0.3 um corresponding to; = 81 R* Note that the bol_ometric flux

for single-sized grains an.. ~ 0 35 p@m f,of é grain.distri- at th_e inner dUSt'Shel.l radius (and _th_erefof¢r*) is fully de-

bution, resp.). The diﬁerencags o fhe corresponding ‘cold S.[@rmlned by the solution of the radiative transfer problem even
) e : . hough the overall luminosity is not (lvez& Elitzur 1997). The

cates’ or to the data from David & Pegourie (1994) are found\ﬁ%st temperature at the density enhancement(527 R, ) has

be smaller. The fits to the SED are of comparable quality. -

e . X .
chose Draine & Led (1984) silicates with;, — 0.005 zm and dropped to 322 K. This agrees well with the model of Oudmai-
Amax = 0.45 um.

sized grains witlw ~ 0.4 um (which, however, are ruled out by

jer et al. (1996). The visibility, however, behaves differently.
In order to reproduce the unresolved component (the plateau)
large amplitudesA =2 40 to 80, are required. On the other
3.4. Multiple dust-shell compenents hand, the slope at low spatial frequencies is best reproduced for
a close superwind shell] < 4.5 (at this distance independent
on A). The best model found fdooth SED and visibility is
Since we failed to model the SED with the assumptions mattet withY = 4.5 and A = 40 as shown in Fid.J6. It corre-
so far, we introduced a two-component shell as Oudmaijersgtonds ta; = 71 R, andre = 320 R, (with 75 ~ 475K),
al. (1996). For that purpose, we assume that IRC +10 420 had to angular diameters &@; = 71 mas and9, = 321 mas.
passed through a superwind phase in its history as can be Hxe angular diameters depend on the model’s bolometric flux,
pected from its evolutionary status (see Schaller et al. 1992,.;, whichis8.17-10~'° Wm~2. Accordingly, the central star
Garda-Segura et al. 1996). This is in line with the conclusiorisas a luminosity of./ L., = 25462 - (d/kpc)? and an angular
drawn from the Oudmaijer et al. (1996) model and recent idiameter of©, = 1.74 - 10° \/Fbol/Te‘*ff ~ 1mas. Assum-
terpretations of HST data (Humphreys et al. 1997). A previousy a constant outflow velocity af = 40kms™!, the expan-
superwind phase leads to changes in the density distributision ages of the two components aggyr = 4.2 - (d/kpc)
i.e. there is a region in the dust shell which shows a densépnd¢,/yr = 18.9 - (d/kpc). With a dust-to-gas ratio of 0.005
enhancement over the normial-? distribution. The radial den- and a specific dust density of 3 g crhthe mass-loss rates of
sity distribution may also change within this superwind shethe components ar&f; = 1.4 - 10-5 M, /yr - (d/kpc) and
For more details, see Suh & Jones (1997). Since dust formatiahy = 5.5 - 10~* My, /yr - (d/kpc).
operates on very short timescales in OH/IR stars, we assume aFig.[4 shows the fractional contributions of the direct stellar
constant outflow velocity for most of the superwind phase amadiation, the scattered radiation and the dust emission to the
thus al /72 density distribution. For simplicity, we consider onlytotal emerging flux. The stellar contribution has its maximum at
single jumps with enhancement factors, or amplitudest,radii 2.2 um where it contributes 60.4% to the total flux in accordance
Y = r/rq in the relative density distribution as demonstratedith the observed visibility plateau of 0.6. At this wavelength
in Fig.[5. scattered radiation and dust emission amount to 25.6% and 14%
Concerning the grains we stay with Draine & Lee (1984) silof the total flux, respectively. Accordingly, 64.6% of the 2,irh
cates and an MRN grain size distribution with;, = 0.005 um  dust-shell emission is due to scattered stellar light and 35.3%
andam.x = 0.45 um as in the case of the single shell modelsiue to direct thermal emission from dust. Fo 1 um the flux

3.4.1. Two component shells
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interstellar medium gives a continuous decrease of the number
density with increasing grain sizes. On the other hand, the dis-
tribution of grains in dust-shells of evolved stars rather appears
to be peaked at a dominant size (e.gu¢e@r & Sedimayr 1997,
Winters et al. 1997). It is noteworthy that even in the case of a
sharply peaked size distribution the few larger particles can con-
tribute significantly to the absorption and scattering coefficients
(see Winters et al. 1997). Accordingly, the 2 visibility
reacts sensitively if some larger particles are added whereas the
SED does not, as demonstrated in the previous section. In or-
der to study the influence of different grain size distributions
on the two-component model we calculated grids of models
with n(a) ~ a? for different exponentsg(= —3.0 to —5.5)

and lower and upper cut-offs,(i, = 0.005 to 0.05xm and
amax = 0.1 to 0.8um). Additionally we considered single-
sized grainsd = 0.1 to 0.8um).

Concerning the visibility, a larger (smaller) negative expo-
nent in the distribution function can, in principle, be compen-
sated by increasing (decreasing) the maximum grain size. For
instanceqg = —4.0 requireSay,.x = 0.55 um to fit the 2.13um
visibility. On the other hand, if the distribution becomes too nar-

Fig. 6. SED (top) and vis_,ibility (bottom) for a superwind model withyq\y the SED cannot be fitted any longer sincedtieum sili-
Y =r/ri = 4.5 and different amplitudes. Model parameters arg:ara feature turns into absorption. A distribution wjtk: —3.8

black body,Tes = 7000K, 77 = 1000K, 70.55 ,m = 7.0, Draine
& Lee (1984) silicates, Mathis et al. (1977) grain size distribution.
With amax = 0.45 um, and Yoy

10*. The symbols refer to the

observations (see text) corrected for interstellar extinctiofvof= 5™.

flux fraction

1 ET

0.8 F

04 |

scattered radiation

dust emission

A [um]

10

100

anda,.x = 0.50 um best reproduces the flux-peak ratio of the
silicate features.

For a given exponent in the grain-size distribution function
of ¢ = —3.5 we arrive at the same maximum grain size as in
the case of the one-component model, viz. .45 in order to
yield a fit for both the SED and the visibility (see Hig. 8). This
is due to the fact that larger particles increase the curvature of
the visibility curve at low spatial frequencies whereas the high-
frequency tail (the plateau) is found at lower visibility values.
On the other hand, the inclusion of some larger particles does
not change the shape of the SED as discussed above.

If sufficiently small, the lower cut-off grain size can be
changed moderately (within a factor of two) without any sig-
nificant change for SED and visibility. If,,;, exceeds, say,
0.05 um, the fits of the observations begin to become worse.
For instance, the curvature of the visibility at low spatial fre-
guencies and the flux-peak ratio of the silicate features are then
overestimated.

Finally, we repeated the calculations under the assumption

Fig. 7.Fractional contributions of the emerging stellar radiation as wesf single-sized grains. In order to model the visibility a grain
as of the scattered radiation and of the dust emission to the total flixsige ¢ close t00.3 um is required as shown in F[g. 9. In con-
a function of the wavelength for a superwind model with= r/r; =
4.5 and A = 40. Model parameters are: black bodys = 7000K,

T = 1000K, 70.55 um = 7.0, Draine & Lee (1984) silicates, Mathis Consequently

et al. (1977) grain size distribution with,ax = 0.45 pum.

is determined by scattered radiation whereasXoe 10 um
dust emission dominates completely.

3.4.2. Influence of the grain-size distribution

trast, the reproduction of the relative strengths of the silicate
features seems to require smaller grains, viz. clogetgm.

for the modelling of IRC +10420 a grain size

distribution appears to be much better suited than single-sized
grains.

3.4.3. Influence of the density distribution

Inspection of the best fits derived so far reveals that there are still
some shortcomings of the models. First, although being within

As in the case of the single-shell models we also studied otfg¢ observational error bars, the model visibilities always show
grain size distributions. The MRN distribution derived for th& larger curvature at low spatial frequencies. This seems to be
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almost independent of the chosen grain-size distribution. Sec-
ond, the flux beyon@0 xm is somewhat too low. This may be
due to our choice of &/r? density distribution for both shells.

We recalculated the model grid for differehtr® density dis-
tributions for both shells with x ranging between 1 and 4. A
flatter distribution in the outer shell increases the flux in the
long-wavelength range as required but leads also to a drop of
the flux in the near-infrared. The plateau in the visibility curve
remains unaffected but the curvature at low spatial frequencies is
increased. To take advantage of the better far-infrared properties
of cool shells with flatter density distributions, but to counter-
act their disadvantage in the near-infrared and at low spatial
frequencies, the density distribution of the inner shell also has
to be changed. It should be somewhat steeper than the normal
1/r? distribution. Then the near-infrared flux is raised and the
visibility shows a smaller curvature in the low-frequency range.

It should be noted that the curvature is most affected for super-
winds of low amplitudes. However, the steeper density decrease
in the inner shell leads to increasingly low visibility values in
the high frequency range. Since this has to be compensated by
an increase of the superwind amplitude the advantages of the

Fig. 8. SED (top) and visibility (bottom) for a superwind model Withsteeper distribution are almost cancelled.

Y = r/r1 = 4.5 andA = 40 calculated for Mathis et al. (1977)

grain size distributions withm.x = 0.20, 0.4, 0.5 and 0.am. Model
parameters are: black bod§,g = 7000K, T1 = 1000K, 70.55 um =

7.3, Draine & Lee (1984) silicates, and, .t
refer to the observations (see text) corrected for interstellar extinctign
of A, =5™.
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Thus, we can stay with &/r2 density distrubution in the
inner shell and moderate superwind amplitudés<{ 40). The
then best suited models we found are those with superwinds at
= 4.5 and al /r!7 distribution in the outer shell. The corre-
sponding SED and visibility are shown in Higl 10 for different
superwind amplitudes. We note again that the quality of the fits
is in particular determined by the outer shell, whereas the in-
ner shell’s exponent is less constrainedl A3 distribution in
the inner shell and large superwind amplituddsX 80) give
similar results.

The radii of the inner and outer shell are = 69 R, and
ro = 308 R, (with T, ~ 483 K), resp., corresponding to an-
gular diameters o®; = 69 mas andd, = 311 mas. Adopting
the same assumptions for outflow velocity, dust-to-gas ratio and
specific dust density as in the previous section, the expansion
ages aré; /yr = 4.1 - (d/kpc) andty/yr = 18.4 - (d/kpc),
for the mass-loss rate of the inner component one fits=
1.35 - 107° Mg /yr - (d/kpc). In the outer component either
the outflow velocity has increased or the mass-loss rate has
decreased with time due to the more shallow density distri-
bution. Provided the outflow velocity has kept constant, the
mass-loss rate at the end of the superwind phase, 92 yr ago, was
My = 5.4-10~* Mg, /yr- (d/kpc), and, for instance, amounted
to My = 8.0-10~* Mg, /yr - (d/kpc) 200 yr ago.

Since the flatter density distribution provides a better fit for
the long-wavelength range of the SED, while the visibility is
equally well fitted compared to the standard density distribution,

Fig.9. SED (top) and visibility (bottom) for a superwind model withit is superior to the model of SeCi_34.1. Figl 11 gives the frac-
Y =r/ri = 4.5 and A = 40 for single-sized grains with = 0.1,
0.2 and 0.3:m. Model parameters are: black bodys = 7000K,

T

for interstellar extinction oA, = 5™.

1000K, 70.55 .m = 7.3, Draine & Lee (1984) silicates, and
Your = 10%. The symbols refer to the observations (see text) correctg

tional flux contributions (stellar, dust, scattering) for the same
model as shown in Figl 7 but with dn/r!- distribution in the
ogter shell. The various flux contributions at 2,arh are very
imilar to those of the /r? model: 62.2% stellar light, 26.1%
scattered radiation and 10.7% dust emission. Thus, the total
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Fig. 11. Fractional contributions of the emerging stellar radiation as
well as of the scattered radiation and of the dust emission to the total
flux as a function of the wavelength for a superwind model Witk=

r/r1 = 4.5, A = 40and al /" density distribution in the outer shell.
Model parameters are: black bodf,s = 7000K, 73 = 1000K,

T0.55 um = 7.0, Draine & Lee (1984) silicates, Mathis et al. (1977)
grain size distribution with,ax = 0.45 pm.

for a given superwind is demonstrated in Fig. 12. A tempera-
ture less than 1000 K can be excluded in particular due to the
worse fit of the visibility for low frequencies. Instead, the 1200 K
model gives a much better fit to the visibility than previous ones.
Fig.[12 refers to an amplitude &f = 40 in order to be directly
comparable with the models shown before. We note that we
get an even better fit assumiag= 80, which leaves the low-
frequency-range unchanged but improves the agreement with

Fig. 10. SED (top), silicate features (middle) and visibility (bottom) foth€ measured plateau.

a superwind model with” = r/r; = 4.5 and different amplitudes.

However, the improvement of the 2.Lin visibility model

The inner shell obeys &/ density distribution, the outer shell adue to a hotter inner shell withy = 1200 K is at the expense of
1/r*7 density distribution. Model parameters are: black bddy, =
7000K, T1 = 1000K, 7o.55 .m = 7.0, Draine & Lee (1984) silicates, in the SED. In order to compensate this effect we have had to
Mathis et al. (1977) grain size distribution with..x = 0.45m, and  assume a flatter density profile for the outer shell than in the case

Yout = 10*. The symbols refer to the observations (see text) correctgflthe T, = 1000K., viz. ~ 1/r'5 instead of~ 1/r!-7. The
for interstellar extinction ofd, = 5™. ’

a considerable amplification of the flux deficit farz 20 um

corresponding curves are shown in [id. 13. Again, increasing
the far-infrared fluxes, as required to model the SED, leads to

emission of the circumstellar shell is composed of 70.9% scat increase of the 2.%4m visibility’s curvature at low spatial
tered stellar light and 29.1% direct thermal emission from du$tequencies giving somewhat worse fits for the visibility. We

3.4.4. Influence of the dust temperature

note that the peak-ratio of the silicate features is better matched
with a lower dust temperature @f = 1000 K.
The radii of the inner and outer shell are now considerably

Finally, we studied the influence of the dust temperature at th@aller than those of the previous models due to the higher
inner boundary of the hot shell. For that purpose we recaldemperature of the hot shell. The radiative transfer calculations
lated the previous model grids for dust temperatures of 800 agide herer; = 47 R, andry, = 210 R, (with Ty ~ 594 K),
1200K. As already shown for the single-shell models, an iresp., resulting in angular diameters®f = 47 mas an®, =
crease of the temperature at the inner boundary increases2thizmas. Accordingly, the expansion ages &fgyr = 2.8 -

flux in the near-infrared and substantially lowers the flux in thel/kpc) and¢z/yr = 12.6 - (d/kpc), for the mass-loss rate
long-wavelength range. On the other hand, the higher the tesfithe inner component one getd; = 9.2 - 106 Mg /yr -
perature the less is the curvature of the visibility at low spati&f/kpc). Provided the outflow velocity has kept constant, the
frequencies, the plateau is only significantly affected for lownass-loss rate at end of the superwind phase, 63yr ago, was
amplitude superwinds. The shape of SED and risibility A7, = 3.7-10~* M, /yr- (d/kpc), and, for instance, amounted
for different dust temperatures at the hot shell’s inner boundaoyM, = 5.4 - 10~* My, /yr - (d/kpc) 200 yr ago.
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Fig. 12. SED (top) and visibility (bottom) for a superwind mod&l &  Fig. 13. SED (top) and visibility (bottom) for a superwind model with
r/r1 = 4.5 and A = 40) with different temperatures for the innerY” = r/ry = 4.5 and different amplitudes. The inner shell obeys a
boundary of the hot shell. Model parameters are: black bbdy,= 1/r2 density distribution, the outer shelligr-> density distribution.
7000K, 70.55 um = 7.0, Draine & Lee (1984) silicates, Mathis et al. The temperature at the inner boundary of the hot shell is 1200 K. Model
(1977) grain size distribution Withy,ax = 0.45 um andY,,, = 10*.  parameters are: black bod¥,s = 7000K, 70.55 ,m = 7.0, Draine
The symbols refer to the observations (see text) corrected for intersteflatee (1984) silicates, Mathis et al. (1977) grain size distribution
extinction ofA, = 5™. With @max = 0.45 um, andY,,: = 10%. The symbols refer to the
observations (see text) corrected for interstellar extinctiohof= 5™.

3.4.5. Intensity distributions Visibility observations are often characterized by fits with

Fig.[T4 displays the spatial distribution of the obtained normag-aUSSian intensity distributions. The resulting Gaussian FWHM
ized model intensity for the model shown in Figl 10, (= iameter is then assumed to give roughly the typical size of the

1000K, Y = 4.5, A = 40, 1/r2 and1/r17 density distribu- dust shell. A GauR3 flt to the observed VISIbI|It¥ would yield a
S . FWHM dust-shell diameter of (213 30) mas in agreement
tion in the inner and outer shell, resp.) The (unresolved) central . . o
: : with the one given by Christou et al. (1990). However, radiative
peak belongs to the central star, and the two local intensity max: R A
; . . ; Eansfer models show that a ring-like intensity distributions ap-
ima to the loci of the inner rims of the two shells at 35 mas an . ;
157 mas, resp. The211 um intensity shows a ring-like distribu- pears to be more appropriate than a Gaussian one for the dust
. ) ' . L . . .~ shellof IRC +10420. The distribution shows a limb-brightenend
tion with a steep decline with increasing distance from the inner . . :
. 2 . .ﬁust condensation zone and a ring diameter of 70 mas.
boundary of the circumstellar shell. Similarly shaped intensity
distributions have also been found by &2l Elitzur (1996)
for optically thin shells. 4
We recall that this intensity distribution is based on ra-
diative transfer models taking into account both the SED aRadiative transfer calculations show that the near-infrared visi-
the 2.11 um visibility. Fig.[I8 shows the model visibilities for bility strongly constrains dust shell models since itis, e.g., asen-
much higher spatial frequencies than covered by the pressititve indicator of the grain size. Accordingly, high-resolution
observations. The required baselines would correpord2@ interferometry results provide essential ingredients for mod-
and 440m instead to 6 m (13.6 cycles/arcsec). Since the ded¢-of circumstellar dust-shells. Assuming spherical symmetry
shell’s diameter is- 70 mas a plateau is only reached for spawe carried out radiative transfer calculations for the hypergiant
tial frequencies larger than, say, 15 cycles/arcsec dependiRE€ +10420to model bothits SED afd 1 xm visibility. Since
on the strength of the superwind. The central star is resolwed failed to find good SED fits for single-component models,
at spatial frequencies of 1000 cycles/arcsec. At frequencieswe improved our density distribution introducing a second com-
< 2cycles/arcsec the shape of the observed and the modepedent with enhanced values at a certain distance. For different
visibility function is triangle-shaped, which is a consequence staled distances = r/r; and density enhancememsof this
the ring-like intensity distribution of the dust shell. cool component we considered different grain-size distributions

. Summary
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1k 4 IRC+10420. Larger negative exponents, i.e. a narrower distri-
i 1 bution, can be accounted for by increasing the maximum grain
01 3 size. For instancey(a) ~ a3 requireSamax ~ 0.55 pum.
= 001 F 1 However, the range of appropriate exponents seemed to be quite
3 0.001 i ] small and steeper declining distributions led to significantly
D) - i worse fits.
f: 0.0001 ¢ 3 Assuming al/r? density distribution for both shells and
2 eosk i Ty = 1000 K gives the best fitfob” = 4.5 andA = 40 (Fig.[6).
= This model can be improved by introducing a somewhat flatter
1e-06 1 density distribution, viz~ 1/r!7, for the outer shell leading
1e07 b 1 to a better match with the observed SED fo& 20 um. The
1 quality of the visibility fit remains almost unchanged (figl 10).
1e'°?300 ,2'00 _1'00 (') 1('30 2(')0 300 Both models show a somewhat larger curvature of the visibility
9 [mas] at low spatial frequencies. However, the deviations are within

the observational uncertainties. The various flux contributions
0, i 0, iati
wind model withY = r/r, = 4.5, A — 40 and al/r'" density at2.11um are 62.2% stellar light, 26.1% scattered radiation and

R 0 issi
distribution in the outer shell. The (unresolved) central peak beIon%;Q'7 % dust_emlssmn. ) ]
to the central star. The inner hot rim of the circumstellar shell has Alternatively one may increase the temperature at the inner

a radius of 35mas, and the cool component is located at 155 m@undary of the hot shell @; = 1200 K which gives somewhat
Both loci correspond to local intensity maxima. Model parameters afeetter matches to the near-infrared flux and lowers the low-
black body,T.¢ = 7000K, T1 = 1000K, 70.55 .m = 7.0, Draine & frequency visibility curvature. To counteract the concomitant
Lee (1984) silicates, Mathis et al. (1977) grain size distribution witloss of flux in the far-infrared one has to assunigsd > density
Gmax = 0.45 pm. distribution (Figl’IB). The fit to the silicate features is, however,
somewhat worse than in the case of The= 1000 K model.
. The intensity distribution was found to be ring-like. This ap-

B pears to be typical for optically thin shells (hetgss um = 7,
o T2.11 um = 0.55; see also Ivezi & Elitzur 1996) showing limb-
brightened dust-condensation zones. Accordingly, the interpre-
tation of the observational data by FWHM Gaul3 diameters may
give misleading results.

The two components can be interpreted as if IRC +10420
0 ! ! ! ! ! ! ! ! ! has suffered from much higher mass-loss rates in its recent
past than today. For instance, tife = 1000 K model gives
M, = 1.4-107° Mg, /yr-(d/kpc) andM, = 8.5-10~* Mg, /yr-

: (d/kpc). The kinematic age of the outer component gives
,,,,,,, a corresponding timescale of 100yr (for d = 5kpc). If
"""" - Ty, = 1200K both shells are located closer to the central star
by approximately 30% leading to a correspondingly smaller
timescale. The failure of constant mass-loss wind models to fit
the SED agrees with the findings of Oudmaijer et al. (1996) and
Humphreys et al. (1997). A previous high mass-loss episode is
in line with the suspected post-RSG stage of IRC +10 420.

0 200 400 600 800 1000 Although, the present observations give only marginal evi-
q [arcsec™] dence for deviation from spherical symmetry (if elliptical, po-
ition angle of the long axis 130° 4+ 20°, axis ratio~ 1.0 to

Fig. 14.Normalized intensity vs. angular displacemé@rfor a super-
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Fig. 15.Model visibility up to 50 (top) and 1000 cycles/arcsec (bottomi . . . .
for a superwind model with” — r/r, — 4.5 and different amplitudes. .1), the hot shell may also be interpreted as a disk with a typical

The inner shell obeys &/ density distribution, the outer shell adiameter of approximately 50 mas. The presence of a rotating

1/7*7 density distribution. Model parameters are: black bady, = €duatorial disk has been proposed by Jones et al. (1993), and
7000K, T1 = 1000K, 7o 55 .m = 7.0, Draine & Lee (1984) silicates, Oudmaijer et al. (1996) interpreted their hot dust-shell as a disk

and Mathis et al. (1977) grain size distribution with.. = 0.45 um. aswell. Provided the disk is not viewed pole-on, the correspond-

ing two-dimensional power spectra should be clearly elongated.

It should be noted, however, that disks with an extension of typ-

n(a) ~ a4, density distributionp ~ 1/7* within the shells, and ically 50 mas can only be detected in the power spectra if they
temperature§? at the inner boundary of the hot shell. provide atleast, say, 10% of the total flux. Oudmaijer (1995) dis-

An MRN grain size distributionn(a) ~ « 3% with cussed several models for the circumstellar shell of IRC +10 420
0.005 um < a < 0.45um was found to be well suited for and found neither a bipolar nor a disk-like wind to be consis-
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tent with optical and infrared high-resolution spectroscopy. Thizuger A., Balega Y., Irrgang P., Osterbart R., Weigelt G., 1999, A&A
seems to be supported by the present observations. In order to b46, 505

in line with optical blue-shifted emission lines and red-shiftegiguere P.T., Woolf N.J., Webber J.C., 1976, ApJ 207, L195
absorption lines Oudmaijer suggested the scenario of infall @foenewegen M.-A.T., 1997, A&A 317, 503

circumstellar material onto the stellar photosphere. HowevEnson M-M., Conti P.S., Rieke M.J., 1996, ApJS 107, 281

: . Hofmann K.-H., Weigelt G., 1986, A&A 167, L15
according to Klochkova et al. (1997_) th_e concept of accreti Limphreys R.M.. Smith N, Davidson K., et al., 1997, AJ 114, 2778
does not appear to be unproblematic either.

- . . . .. _Humphreys R.M., Strecker D.W., Murdock T.L., Low F.J., 1973, ApJ
Thus, the question which scenario is best suited still ap- 1‘;9 2149 P

pears to be a matter of debate. Bispectrum speckle interfgfynak B.J., Kwok S., Volk K.M, 1989, ApJ 346, 265
ometry gives important information on the spatial extension Rfzi¢ 7., Elitzur M., 1996, MNRAS 279, 1019
the circumstellar shell. It will be in particular the combinatiomvezic Z., Elitzur M., 1997, MNRAS 287, 799
of different observations - photometry, spectroscopy and higkezic Z., Nenkova M., Elitzur M., 1997, User Manual for DUSTY,
resolution imaging - and their simultaneous modelling, which University of Kentucky (http://iwww.pa.uky.edbshe/dusty)
will shed more light on the nature of IRC +10 420 that is proklones T.J., Humphreys R.M, Gehrz R.D., etal., 1993, ApJ 411, 323
ably being witnessed in its transition to the Wolf-Rayet phas&astner J., Weintraub D.A., 1995, ApJ 452, 833

Klochkova V.G., Chentsov E.L., Panchuk V.E., 1997, MNRAS 292, 19
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