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Abstract. We present the first diffraction—limited specklgossible limitations of dust shell models which are constrained
masking observations of the oxygen—rich AGB star AFGL 2296olely by the spectral energy distribution, and emphasizes the
The speckle interferograms were recorded with the Russian émportance of high spatial resolution observations for the de-
SAO telescope. At the waveleng?hl 1 um a resolution of 75 termination of the structure and the properties of circumstellar
milli—arcsec (mas) was obtained. The reconstructed diffractioddst shells around evolved stars.

limited image reveals that the circumstellar dust shell (CDS)

of AFGL 2290 is at least slightly non—spherical. The visiKey words: stars: imaging — stars: individual: AFGL 2290 —
bility function shows that the stellar contribution to the totadtars: AGB and post-AGB — stars: mass-loss — stars: circum-
2.11 pm flux is less thanv 40%, indicating a rather large opti- stellar matter — infrared: stars

cal depth of the circumstellar dust shell. The 2—dimensionat
Gaussian visibility fit yields a diameter of AFGL 2290 at

2.11 pm of 43 mas<51 mas, which corresponds to a diame-

ter of 42 AUx50 AU for an adopted distance of 0.98 kpc. 1. Introduction

Our new observational resu]ts provide additiona] constrqir)&%GL 2290 (OH 39.7+1.5, IRAS 18560+0638, V1366 Aql)
on the CDS of AFGL 2290,.Wh|ch'supplement the mformatlogek)ngs to the group of type Il OH/IR stars, which can be de-
from the spectral energy distribution (SED). To determine the o o< infrared point sources with a maximum of the spectral
structure and the properties of the CDS we have perform&qergy distribution (SED) aroung-10 um, with the 9.7 um
radiative transfer calculations for spherically symmetric du§ﬁicate band in absorption, and with OH maser emission in the
shell models. The observed SED approximately at phase 0.2 $892 MHz line (Habing 1996). Most of these objects show a

be well reproduced at all wavelengths by a.model With = long-period variability in the infrared and the OH maser emis-
2000 K_’ a dust temperature of 800 K_at the inner _bounda}_ry sion (Engels 1982; Herman & Habing 1985), although also a
an optical depthr,, = 100 and a radius for the single—sizedy -/ traction either varies irregularly with small amplitude or
grains oOfag, = 0.1 ym. However, th&.11 um visibility of the 4,65 ot vary at all. OH/IR stars are surrounded by massive

model does not match the observation. circumstellar envelopes composed of gas and small solid par-

Exploring the pa}ramet_er space, we found that graip ,Si??ti'éles (dust, grains). These circumstellar dust shells (CDS) are
the key parameter in achieving a fit of the observed visibili roduced by the ejection of matter at large ratés & 10~7

while retaining the match of the SED, at least partially. Both t . yr—) and low velocities { 15 kms '), and in some cases

slope_ and the cur_\(ature of the visibility strongly constrain ﬂ}ﬁey totally obscur the underlying star. Based on the luminosi-
possible grain radii. On the other hand, the SED at Iongerwa\{%-S (~ 10" L), the periods (500d to 3000d) and bolometric
lengths, the silicate feature in particular, determines the dusf i \qes € 1 mag), the kinematical properties and galac-
mass loss rate gnd, thereby, I’e.StI’I(':tS the possible optlpal de’ﬁ@ istribution, the majority of OH/IR stars are highly evolved
of the model. With a larger grain size 6f16 um and a higher |, 5 intermediate—mass stars populating the asymptotic gi-

Tv = 150, the observed visibility can be reproduced preservi%t branch (AGB) (Habing 1996). They extend the sequence of
the match of the SED at longer wavelengths. Nevertheless, figic| Mira variables to longer periods, larger optical depths

model shows a deficiency of flux at short wavelengths, whiché d higher mass loss rates (Engels ef al. 1983; Habing 1990:
attributed to the model assumption of a spherically symmetyig, ' ' - ’

dust distributi h h | fthe CD (Pine et al. 1995).
ustdistribution, whereas the actual structure of the CDS aroun The improvements of the observational techniques, espe-

AFGL 2290is infactnon-spherical. Our study demonstrates g 4t infrared wavelengths, and the elaboration of increas-
ingly sophisticated theoretical models have provided a wealth

Send offprint requestsiR. Osterbart (osterbart@mpifr-bonn.mpg.de®f new information on the structure, the dynamics, and the evo-
* Based on data collected aeth m telescope of the Special Astrodution of the atmospheres and circumstellar shells of AGB stars,
physical Observatory in Russia although many details still remain to be clarified (see the review
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by Habind 1996). A general picture has become widely acceptbeé OH maser (Herman & Habing 1985) and the high mass loss
in which both the large amplitude pulsations and the acceleate suggest, that the star is in a late phase of its AGB evolution.
ation by radiation pressure on dust contribute to the mass lossSo far, Chapman & Wolstencroft (1987) reported the only
phenomenon for AGB stars. From observations, correlations aigh angular—resolution infrared observations of AFGL 2290.
found between the period and the infrared excess (indicating #frem 1-dimensional slit-scan speckle interferometry with the
mass loss rate) (DeGioia—Eastwood et al. 1981;[Jura 1986), &iIRT 3.8 m telescope &.8 um and4.8 ym they derive 1—
between the period and the terminal outflow velocity (Heskimensional visibilities and determine Gaussian FWHM di-
1990). On the theoretical side, hydrodynamical models showaieters. Radiative transfer models for the AFGL 2290 dust
that due to the passage of shocks generated by the stellar phéll have been presented by Rowan—Robinson {1982), Bedijn
sation the atmosphere is highly extended, thus enabling d(i€287), Suhi(1991) and recently by Bressan et al. (1998). These
formation and the subsequent acceleration of the matter (Wauaddels yield dust shell properties within the typical range of
1979; Bowen 1988). The inclusion of a detailed treatment of duBH/IR stars, e.g. a dust mass loss rate of abdot " M yr—!
formation revealed a complex interaction between pulsation afi8edijn/1987; Bressan et al. 1998), or an optical depth@tm

dust formation, which results e.qg. in a layered dust distributiarf about 10 (Bedijn 1987; Suh 1991). However, none of these
and affects the derived optical appearance (Fleischer et al. 1988dies includes constraints from high spatial resolution infrared
1995; Winters et al. 1994, 1905). measurements.

Until now most interpretations of observations as well as In Sect[2 we present the results of our speckle masking
most theoretical models are based on the assumption of a sphbservations of AFGL 2290. The approach for the radiative
ically symmetric dust shell, often motivated by the circularity afansfer modeling is described in Sé¢t. 3 comprising a short de-
the OH maser maps. However, observations show that some stription of the code, the selection of the photometric data and
jects have substantial deviations from spherical symmetry (eagdiscussion of input parameters for the models. In §kct. 4 we
Dyck et al.[1984; Kastner & Weintraub_1994; Weigelt et apresent the results of the radiative transfer modeling starting
1998). This suggests that the asymmetries observed in mavith the discussion of a model, which yields a good fit of the
post—-AGB objects and planetary nebulae (cf. Iben 1995) malgserved SED at all wavelengths but does not reproduce the
already start to develop during the preceding AGB phase, whigchserved®.11 um visibility. In search of an improved model
provides new challenges for the modeling of the mechanisithe changes of the resulting SED and visibility under variations
and processes determining the structure of the dust shells aroofthe input parameters are investigated in the following sec-
AGB stars. tions. We finish the paper with a summary of the results and our

High spatial resolution observations can yield direct infoconclusions in Sedtl 5.
mation on important properties of the dust shells around AGB
stars, such as the dimensions and geometry of the shell. There-

fore, such observations contribute additional strong constraifitsSPECkle masking observations

for the modeling of these circumstellar environments, whicthe AFGL 2290 speckle data presented here were obtained with
supplement the information from the spectral energy distribthe Russia 6 m telescope at the Special Astrophysical Observa-
tion. Measurements of the visibility at near-IR wavelengths, feéry (SAO) on June 14 and 16, 1998. We recorded a total number
example, can be used to determine the radius of the onsebpf200 speckle interferograms of AFGL 2290 (600 on June 14
dust formation as well as to constrain the dominant grain Slaﬁd 600 on June 16) and 2400 Speck|e interferograms of the
(Groenewegen 1997). To gain information on details of the spghresolved reference star HIP 93260 (1200 on each of the two
tial structure, in particular on asymmetries and inhomogenetigights) with our 256256 pixel NICMOS 3 camera through an
of the CDS, the interferometric imaging with large single—dishterference filter with center wavelength 2/rh and a band-
telescopes is especially well suited because one observation pfigith of 0.192um. The exposure time per frame was 100 ms,
vides all spatial frequencies up to the diffraction limit of thehe pixel size was 30.61 mas and the field of vigh# x 7/8. The
telescope and for all position angles simultaneously, allowingi 1 ,m seeing was about 172. A diffraction-limited image
the reconstruction of true images of the object. of AFGL 2290 was reconstructed from the speckle data by the
We have chosen AFGL 2290 for our study because it regpeckle masking bispectrum method (Weigelt 1977; Lohmann
resents a typical obscured OH/IR star with a high mass lassal[1983; Weige[t 1991). The process includes the calculation
rate, whose location is not too far away from us. The distangethe average power spectrum and of the average bi—spectrum
to AFGL 2290 can be determined directly with the phase Iaghd the subtraction of the detector noise terms from those. The
method (cf. Jewell et al. 1979), which gives= 0.98 kpc (van  modulus of the object Fourier transform was determined with
Langevelde et &l. 1990). For the bolometric flux at earth a valie speckle interferometry method (Labeyrie 1970). The Fourier
of fi, ~2.4107'* Wm~? is derived by van der Veen & Rugersphase was derived from the bias—compensated average bispec-
(1989) from infrared photometry betweémum and12 ym and  trym.
the IRAS fluxes. A0.98kpc the luminosity isL = 7200 L, Figs[1 andR2 show the visibility function of AFGL 2290 at
which is within the typical range for an oxygen—rich AGB stap 11 ,m. The azimuthally averaged visibility decreases steadily
The long period of” = 1424 d determined from the variation of to values below~ 0.40 of the peak visibility at the diffrac-
tion cut—off frequency3.5 arcsec™1). Thus, the circumstellar
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Fig. 1. Two—dimensiona®.11 um visibility function of AFGL 2290 Fig. 3. Diffraction—limited 2.11 ym speckle masking image of the

derived from the speckle interferograms. The contour levels are plot®GGL 2290. North is at the top and east to the left. The contours level
from 20% to 80% of the peak value in steps of 10%. intervals are 0.25 mag. The lowest contour level is 3.25 mag fainter

than the peak intensity.
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Fig. 2. Azimuthally average®.11 um visibility function of AFGL

2290 and errorbars. Fig. 4. Azimuthally averaged image of AFGL 2290 (solid line) and of

the unresolved reference star HIP 93260 (dashed line).

dust shell is almost totally resolved, and the contribution E&P 93260. In the 2-dimensional AFGL 2290 image a devia-

the unresolved stellar component to the monochromatic fl . . i i
1on from spherical symmetry can be recognized. The intensity

at2.11pm must be less than. 40%, suggesting a rather ontours are elongated in the south—eastern direction along an
high optical depth at this wavelength. In order to derive diart"! 9 9

eters for the dust shell, the object visibility function was fitte@*'S With @ position angle af30°.

with an elliptical Gaussian model visibility function within a

range ofl.5 arcsec™! up to7.5 arcsec™!. We obtain a Gaussian 3. The radiative transfer modeling approach

fit diameter of 43 mas51 mas for AFGL 2290 correspond- i

ing to 42 AUx50 AU for an adopted distance of 0.98 kpc o?'l' The radiative transfer code

5.7r,.x6.8 r, foran adopted distance of 0.98 kpc and an adopté&tie radiative transfer calculations are performed with the code

stellar radius of, = 7.5 mas (cf. Sect 4.1), respectively. DUSTY developed by Ivezi et al. (199F), which is publicly
Fig[3 showsthe reconstruct2d 1 ym speckle maskingim- available. The program solves the radiative transfer problem for

age of AFGL 2290. The resolution is 75 mas. Elg. 4 shows thespherically symmetric dust distribution around a central source

azimuthally averaged images derived from the reconstruckfdradiation and takes full advantage of the scaling properties

2—dimensional images of AFGL 2290 and the reference staherent in the formulation of the problem. The formulation of
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the radiative transfer problem, the model assumptions and the The distributed version of the code provides a variety of
scaling properties are described in detail by Ige&iElitzur quantities of interest including the monochromatic fluxes and
(1997). Therefore, we give only a brief discussion here. Thige spatial intensity distribution at wavelengths selected by the
problem under consideration is a spherically symmetric duster, but not the corresponding visibilities. Since we want to
envelope with a dust free inner cavity surrounding a centrinploy the visibilities obtained from our high spatial resolution
source of radiation. This geometry is not restricted to the duseasurements as constraints for the radiative transfer models,
shell of a single star. It can as well describe a dust envelope have supplemented the code with routines for the calculation
around a group of stars (e.g a binary) or even around a galacfisynthetic visibility functions.
nucleus. The radial dependence of the dust density between the
inner and outer boundary can be chosen arbitrarily. To arriveﬁ
a scale invariant formulation two assumptions are introduced: ™
i) the grains are in radiative equilibrium with the radiation fieldAn important ingredient for the radiative transfer modeling of
and ii) the location of the inner boundary of the dust enve- circumstellar dust shells around evolved stars is the spectral
lope is controlled by a fixed temperattife of the grains at,. energy distribution (SED). Due to the variability of Miras and
Due to radiative equilibrium this temperature is determined H/IR stars, the SED of such objects ideally has to be deter-
the energy flux at, which in turn is controlled by the energymined from coeval observations covering all wavelengths of
flux from the central source via the radiative transfer throughterest. Unfortunately, no such coeval photometric data set for
the dusty envelope. Then prescribing the dust temperaturdhs wavelength region from ~ 1 ym to A > 20 pm is avail-
r1 is equivalent to specifying the bolometric flux at the inneable in the literature for AFGL 2290. Thus, we have to define
boundary, and the only relevant property of the input radiati@n‘composite’ SED, which is derived from observations made
is its spectral shape (lvezi& Elitzur [1997). Similarly, if the by different authors at different epochs, but at about the same
overall optical depth of the dust envelope at some referergleotometric phase (Griffin 1983).
wavelength is prescribed, only dimensionless, normalized dis- Fromthe infrared photometry of AFGL 2290 available in the
tributions describing the spatial variation of the dust density aliterature, we selected those publications which specify the date
the wavelength dependence of the grain optical properties ertEobservation and present the fluxes in tabulated form, either in
into the problem. physical units (e.g. Jy) or in magnitudes with given conversion
This formulation of the radiative transfer problem for a dustiactors (at least as a reference). TdBle 1 lists the references, the
envelope is well suited for model fits of IR observations, becaudate and phase of observation and the wavelengths. The phases
it minimizes the number of independent model parameters. Tiwere determined from the peridd = 1424d and the epoch of
input consists of: maximum, JD = 244 4860.8, which has been derived from the
monitoring of the OH maser emission by Herman & Habing
— the spectral shape of the central source of radiation, i(985). Engels et al. (1983) determined periods of OH/IR stars
the variation of the normalized monochromatic flux witfirom infrared observations and found thatthe periods and phases

Selection of photometric data

wavelength, are in agreementfor objects in common with the sample Herman
— the absorption and scattering efficiencies of the grains, & Habing (1985).
— the normalized density distribution of the dust, It can be seen from the entries in Tdble 1 that the wavelength
— the radius of the outer boundary in units of the inner bountange from\ = 1.2 um to A = 20 um is only fully covered

ary, by observations around phase 0.2 (see entries 2, 4, 9, 12).The
— the dust temperature at the inner boundary, respective fluxes are shown in Hi. 5.
— the overall optical depth at a reference wavelength. The measurements of Herman etial. (1984) and Nyman et al.

(1993) match each other quite wellat= 3.8 and\ = 4.8 um,

For a given set of parameter®/STY iteratively determines the although the observations are separated by two periods. The
radiation field and the dust temperature distribution by solvidyxes of Price & Murdock (1976) and Gehrz et al. (1985) agree
anintegral equation for the energy density, which is derived froff{th the Herman et al. and Nyman et al. data within the errors
a formal integration of the radiative transfer equation. For a prélven by the authors.

scribed radial grid the numerical integrations of radial functions T0 represent the SED of AFGL 2290 we adopt the data
are transformed into multiplications with a matrix of weighf Herman et al.[(1984), Gehrz et &l. (1985), and Nyman et
factors determined purely by the geometry. Then, the ene@y (1993). The scatter between the different data sets gives a
density at every point is determined by matrix inversion, whidiugh estimate of the uncertainty of the ‘composite’ SED at
avoids iterations over the energy density itself and allows a @hase 0.2 ok 0.25. We do not correct for interstellar extinction
rect solution of the pure scattering problem. Typically fewdecause the corrections are less than, or of the same order as,
than 30 grid points are needed to achieve a relative error of fi¢ uncertainty estimated above. For AFGL 2290 Herman et al.
conservation of less than 1%. The number of points used in £4984) give a value ofi,, = 1.6 for an adopted distance of
gular integrations is 2—3 times the number of radial grid points;19 kpc which reduces td,, = 1.3 at a distance of 0.98 kpc.

and the build—in wavelength grid has 98 points in the range frofiith the wavelength dependence of the interstellar extinction in
0.01 xm to 3.6 cm (see Appendix C in Iveiz& Elitzur 1997).  the infrared from Becklin et all (1978) one obtains a correction
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Table 1.Infrared photometry of AFGL 2290 ordered by the date of observation

No. Julian Date  Phase” Ref. Wavelengths
244 0000+ P = 1424d [ pem]

1 1045 0.320-3) 1 4.2 11.0 19.8
2 2295 0.198-2) 1 11.0 19.8

3 2725 0.500—2) 2 22 36 50 84,88 104106 116 126

4 3726 0.203-1) 3 23 36 49 8.7 100 114 126 195
5 3972 0.376-1) 4 125,165 22 37 48

6 4082 0.453-1) 3 23 36 49 8.7 100 114 126 195
7 4348 0.640-1) 3 23 36 49 8.7 100 114 126 195
8 4533 0.770-1) 4 125,165 22 37 48 82 9.6 10.2 12.2 19.6
9 5146 0.200+-0) 5 38 48 8.7 9.7 105 115 125 20
10 7816 0.07%+2) 6 163 223 3.79
11 7832 0.087+2) 7 1.26,1.68 2.28 3.80
12 8041 0.233+2) 8 124,163 219 379 464

Referencest) Price & Murdock 1976, 2) Lebofsky et al. 1976, 3) Gehrz etal. 1985, 4) Eingels 1982, 5) Herman etlal. 1984, 6) Nogtlchi et al. 1993,
7) Xiong et al[1994, 8) Nyman et al. 1993.
* Numbers in parantheses give the cycle with respect to epoch JD 244 4860.8.

given by van der Veen et al. (1995) and the IRAS low resolu-
tion spectra from the IRAS Catalog of Low Resolution Spec-
N tra (1987). The latter are corrected according to Cohen et al.
\ g . (1992). Since the broadband fluxes and spectra are averages of
g " several measurements taken at different phases (IRAS Explana-
tory Supplemerit 1985), the flux levels, e.gl2j:m, are lower
than the fluxes from ground based observations around phase
0.2. Therefore, we multiply the IRAS data with a factor of 1.95
Al « | tojointhem with the ground based data.

Finally, observations at mm wavelengths were reported by
N Walmsley et al.[(1991) who measured a flux of 0.025 Jy at
o 2 " i 1.25mm at phase 0.18 (JD 2447960), and by van der Veen et
al. (1995) who derive@o upper limits of 0.13 Jy and 0.14 Jy at
Az r 7 0.76 mmand 1.1 mm respectively for phase 0.25 (JD 2448069),
14 - T which are consistent with the 1.25 mm flux.

Log AFy [Wm™?]

-16 | o 3.3. Selection of input parameters

-13 R A . .
N Oflmm imm We represent the central star by a blackbody with an effective

' temperatur.g. In contrastto the visible M type Mira variables
! Wavele::-woth 100 \with T < 3500K, the effective temperature of OH/IR stars
gth [um] with optically thick dust shells cannot be directly determined.
Fig. 5. IR—-fluxes of AFGL 2290 observed about phase 0.2 and at phagewever, if OH/IR stars can be considered as an extension of
0.77. The data are taken from Price & Murdock 197§,(Herman et the Mira sequence to longer periods and larger optical depths,
al.[1984 ¢), Gehrz et al 19854), and Nyman et al. 1993). Also  one might extrapolate the peridfly relation for Mira variables
shown are the colour corrected IRAS fluxes adopted from van der Vegsrived by Alvarez & Mennessigr (1997) &> 650 d, which

et al[T995 (filled sqares), and the IRAS low resolution spectra (das gIdSTeﬂ‘ < 2500 K in agreement with the values expected for
line). The IRAS data are multiplied by a factor of 1.95 in order to mat e tip of the AGB

the photometric data dt2 um. The insert shows mm measurements
by Walmsley et a[. T991e) and van der Veen et al. 199%/( 3 o upper
limits).

The dust density distribution is obtained from the velocity
law, which results from an approximate analytic solution for a
stationary dust driven wind with constant mass loss rate (e.qg.
Schutte & Tielens 1989). If the gas pressure force is neglected
factor of 1.35 at\ = 1.25 um, 1.03 at\ = 4.8 um, and 1.15 at and the flux averaged absorption coefficient is assumed to be
A =9.5pm. constant with the radiusin the wind, the velocity distribution
AFGL 2290 was observed by IRAS (IRAS Point Sourcis given by
Catalog 1985). We adopt the colour corrected broadband fluxes
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2 Table 2. Parameters and resulting properties of model A.
1 U1
V(1) = Voo |1 — — <1 - <) ) (@)
r Voo Tog [K] Ty [K] age [pm]  Tour/T1  To.55
2000 800 0.10 10* 100
wherev, denotes the velocity at the inner boundayyandvss  yr, (Moyr—] i [R.]  fo [Wm~2] 6. [mas] 7o
is the velocity at infinity. The relevant free parameter is the ratio 2 7197 7.80 3.010~10 7.50 7.49

of these velocitie$ = v /v, because only the normalized
density distribution enters into the calculation.

We adopt this velocity law, because itaccounts for the charntpe complex refractive index, especially at shorter wavelengths
ing density gradient due to the acceleration of the matter by (&-< 8 um). These constants yield a good match of the overall
diation pressure on dust in the innermost parts of the dust sheflectral shape of the observed SED of AFGL 2290, especially
Compared to a dust shell withlar? density distribution and of the9.7 .m silicate feature. However, we will also discuss the
equal optical depth the dust densityratis higher by a factor effects on the radiative transfer models resulting from different
of 0.5(1 + §)/6 and the mass loss rate is lower by a factor @fptical constants in the Appendix. With the tabulated values of
0.5(1+0) (cf. Le Sidaner & Le Bertre 1993). According to thethe complex refractive index the extinction and scattering effi-
theory of dust driven winds the velocity at the inner boundargiencies are calculated from Mie theory for spherical particles
where efficient grain condensation takes place and the accelassuming isotropic scattering.
tion of the matter by radiation pressure on dust starts, is close to Once a satisfactory fit of the spectral shape is achieved with
local sound velocity; (see Gail 1990). This is supported by obsuitably chosen values for the remaining input paraméters
servations of the velocity separation of the SiO maser emissibp a,,, andr 55 (the optical depth at the reference wavelength
in OH/IR stars (Jewell et &l. 1984), which presumably originat@ss5 ym) the match of the normalized synthetic SED with the
from the dust forming region. With, < 2kms~! for temper- observed SED determines the bolometric flux at estiCom-
atures of about000 K and with the measured outflow velocitybined with the effective temperature one obtains the angular
of AFGL 2290 ofv,, = 16 kms™! (Herman & Habing 1985) stellar diamete#, and thereby the spatial scale of the system.
one obtaing ~ 0.12, which we adopt as the standard value foWith an assumed distande to the object, the luminosity.,,

d. the radius of the inner boundary in cm, and the dust mass loss

As described in the previous section, the location of the irate M4 can be calculated. The latter quantity is given by:
ner boundary- of the dust shell is determined by the choice of
the dust temperaturg; atr,. For the outer boundamiu We Ny = 277 va0 (1 + ) Per j—d()\) (2)
adopt a default value of,,, = 10 r;. As shown in the follow- Qext ()
ing section a larger outer boundary affects only the far infrargg, . e
fluxes forA = 100 pm without altering the other properties ofT
the model. d

per denotes the specific density of the grain material,
(M) is the dust optical depth at wavelengthand Qext =

: . . . . Vg is the extinction cross secti er unit volumé/,
We consider spherical grains of equal size described g%;/e g];ains For single sized rai@(mxitsp roportional to tgrrwe
the grain radius.,,. This is certainly a simplification because g . g 9 xt 1S Prop

based on theoretical and observational arguments, one expgéimctlon efficiency divided by the grain radi@. /a,,, and

the presence of a grain size distributiefa,,). Therefore, |rn diﬁl,?sRayllil)grhtrl:zlsm;ﬁ‘ricie/\nlstitls Lr}dslﬁ)farlgenrta?rf]sthﬁeggg i
a size distribution similiar to the one observed in the ISI\/Fl gr- P y 9 P

3.5y o . = 3gem~? as a typical value. For the distance to AFGL
(n(agr) o< ag> ) is often assumed for radiative transfer mode%g290 we use) — 0.98 kpe (van Langevelde et 21, 1990)
of circumstellar dust shells (e.g. Justtanont & Tielens 1992, Grif- = UIeRD 9 a '

fin[1993). Consistent models fstationarydust driven winds,

which include a detailed treatment of (carbon) grain formatigh Radiative transfer modeling of AFGL 2290

and growth, in .fact yield a broad size d|str|t_>u.t|on which Ca 1. A radiative transfer model for the SED of AFGL 2290

well be approximated by a power law (Dominik et |al. 1989).

However, in circumstellar shells aroupdilsatingAGB stars Starting with the parameters of previous radiative transfer mod-

the conditions determining the condensation of grains chargle for AFGL 2290 presented by Rowan—Robinson (1982), Be-

periodically. The time available for the growth of the particledijn (1987), and Sul (1991), we achieved a satisfactory match

is restricted by the periodic variations of the temperature anfithe observed SED with the set of parameters given in Table 2

density. This results in a narrower size distribution (Gauger after a few trials. Henceforth we will refer to this parameter set

al.[1990, Winters et dl. 1997) which might roughly be approxas model A, and we will first discuss its properties before we

mated by a single dominant grain size. use it as a reference for an investigation of the sensitivity of the
For the dust optical properties we adopt the complex refraesults on the parameters.

tive index given by Ossenkopf et &l. {1992) for ‘warm, oxygen— The SED of model A is shown in Figl 6. FIg. 7 displays

deficient’ silicates. The authors consider observational determi enlargement of th&-25 pm region with thed.7 um silicate

nations of opacities of circumstellar silicates as well as laborf@ature. From the shortest wavelengthhat= 1.25 ym up to

tory data and discuss quantitatively the effects of inclusions an= 1.25 mm model A provides a good fit to the observations.
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Fig. 8. Synthetic2.11 pm visibility for model A (solid line) and the
azimuthally average®l.11 pm visibility obtained from the speckle ob-
-13 7 servation (squares).
1 100
Wavelength [um] isf, = 7.5 mas and we obtain a stellar radis. = 790 R and

luminosityL.. = 9000 L, adopting a distanc® = 0.98 kpc.

Fig. 6. Spectral energy distribution for model A (solid line) and adopte? - . S
photometry of AFGL 2290 at about phase 0.2 (see[Fig. 5 for the refhe bolometric flux should be quite accurate considering the

erences and corresponding symbols). The insert shows the SED in HS"”}’ of the fit. However, the errors in the distance deter-
mm range. The dotted line displays the SED for a model with tfBination (e.g.op = 0.34, van Langevelde et al. 1990) and

parameters of model A and an outer boundaryoqt — 103 1. the Uncel’talnty in the determlnatlon mﬁ‘ fl’0m the rad'aUVe
transfer modeling (see Selct. 412.2) are rather large, resulting in
2 T T T correspondingly large uncertainties for, R, andMg.

The derived dust mass loss rate D7 10~" Mg yr~? is
close to the values derived from radiative transfer models by
other authors. Bressan et al. (1998) obtam10~" My yr—1,
and the model of Bedijr (1987) yiefig 10~ Moyr—. From
a relation between the strength of théu m feature and the
color temperature Schutte & Tieleris (1989) obtaided =
2.410~" M, yr~! for AFGL 2290, and Heske et al. (1990) es-

AF, [1070 wm?]

05 —

timatedMy = 1.21077 M, yr—! from the60 um IRAS flux.
All together the parameters and derived properties of model
0 ! : ! Alieinthe typical range of values obtained from radiative trans-
> 10 15 20 25 fer models for OH/IR stars showing the silicate feature in ab-

Wavelength [um] sorption. In the calculations of Lorenz—Martins & de Aja

Fig. 7. 5-25 um spectrum of model A (solid line) and the corrected1997) Ter ranges fromi800 K to 2400 K, T} from 650K to
IRAS LRS spectra (dashed lines). The IRAS data are scaled by a 4800 K, and o7 from 7 to 17. Justtanont & Tielen5 (1992)
tor of 1.95 to match the ground based photometry (sedFig. 5 for #erive dust mass loss rates betwezi10~" Moyr~' and
references and corresponding symbols). 2.2107¢Myyr~1, and optical depthsy ; between 4.85 and
19.6 for their sample of OH/IR stars.
_ - In addition to model A withr,,;/r; = 10%, Figl8 also

The location, shape and strength of the silicate feature aro‘!ﬂéiplays the SED for a model with the same parameters but with
10 um is well reproduced with t_he adopted o_pticgl data frorg,, outer boundary, whichis ten times smalleryi,g, /r1 = 103
Ossenkopf et al (1992). Only in thies um region is there a (qotted line). The spectra are virtually indistinguishable up to
noticeable deviation because the model shows a weak, brgag. 60um. The additional cold dust due to the larger outer
emission which is absent in the IRAS LRS spectrum. boundary of model A increases the far infrared fluxes (see insert

In addition to the input parameters, Table 2 also lists thg rig [G), but does not affect the SED at shorter wavelengths

derived properties of model A. Our value for the bolometrig jysttanont & Tieleris 1992). Since the values of the derived
luminosity at earth off, = 310~'° Wm™2 is consistent with

the values 0R.4 1071 Wm~2 determined by van der Veen & ! We have calculated/, from the values for; andrio given by
Rugersl(1989). Witl.g = 2000 K the angular stellar diameterBedijn (1987) adoptingex: (10 #m) = 5.6 10* cm ™.
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properties f;,, My,...) are determined essentially by the shapkable 3. Resulting properties for models with the parameters of model
of the SED belov0 m, they do not change fa,,,; /r; 2 103. A, but with different dust temperatures at the inner boundary.

Fig[8 shows a comparison of tiel1 pm visibility cal-
culated for model A with the azimuthally averaged1 pym 70 7055 My 1 T10 fo
visibility Vs derived from our speckle observations. AlthougHKI Moyr™1  [R.] [Wm™?]
model A yields a good fit to the observed SED, it fails to reprog 65 2.8610-7 12.89 487 2.6010-1°
duce the observed visibility. The slope of the model visibilityyog 100 2660-7 7.80 7.49 3.0010-1°
is much shallower than the slope of the observed one, and ildggg 150 2.7a0" 527 11.23 3.1210°1°
model visibility levels off aly 2 20 arcsec™! with V511 = 0.6. 1200 200 2.660~7 3.91 14.97 3.2510" '
From the observed visibility we obtained an upper limit for the
contribution of the star to the monochromatic fluatl pm of
~ 40 %, whereas model Ayield® %, indicating that the model
optical depth of» ;; = 3at2.11 pmistoo low. Furthermore the
steeper slope df;,s suggests that a levelling—off should occups a consequence, the bolometric fluxes are different for these
at a smaller spatial frequency compared to the model visibilityodels.
which means that the observed intensity distribution would be The changes of the SED for a variatiorifgfwith fixed other
rather more extended than the intensity profile of model A. parameters, including, 55, have been studied already by IVezi

To summarize, a dust shell model, which yields a V|S|b|||t& Elitzur (1997) For high—o_55 > 100 decreasing’l lowers the
in agreement with the observations, requires a larger optiggl at shorter wavelengths, increases the strength of the silicate
depth at2.11 ym and a more extended intensity distributiofeature and raises the flux at larger wavelengths, similiar to the
compared to model A, but it has to produce the same spectiBhnges produced by increasingss. Since we have adjusted
energy distribution. It turns out that these requirements canRe.. for each value off} to reproduce the observed strength
partially fulfilled with suitably modified parameter values.  of the9.7 um silicate feature, the model SED are only changed

at shorter wavelengths in a modified way. This behaviour can
4.2. Effects of parameter variations be understood from the competition of the effects caused by

on the calculated SED and the model visibility lowering 7' and simultaneously decreasingss. Up to A <

3 um the increase of the monochromatic flux induced by the
In order to find a model which matches both the observed SkRhaller optical depth more than compensates the decrease of
and the V|S|b|l|ty, aswellas eXploring the SenSitiVity of the SE@]e flux due to a |0weT1, but in the regiorﬁ pm S A S 8 pm
and the2.11 pm visibility of the models on the input parame-the effect of lowering’; dominates and the monochromatic flux
ters, we have calculated various sequences of models. In egsbreases Wit .
sequence one parameter was varied within a certain range, whileThe variation ofr} mainly affects the slope of th211 pm
the other parameters were kept fixed at the values of model\/psibmty V11 Via the differentry 5. The optical depth in-
except for the optical depth at the reference wavelengti. creases withl; resulting in a broader intensity profile and a
This quantity was adjusted for each model in order to obtaifnaller stellar contribution to the monochromatic flux. This
a match of the SED with the observation, especially with thgads to a steeper decline 6f 11 (see Ivezt & Elitzur [L996).
observed strength of tie7 nm silicate feature. It turns out thatThe curvature of the visibility only noticeably changes at higher
models, for which the SED fit the feature equally well havgaues of the spatial frequency. This change of the slope of the
(almost) equal dust mass loss rates, i.e. with our procedure\y}@bi"ty indicates the onset of a levelling off df, 1, espe-
force the models in a sequence to have equal mass loss rafgsy for the model withI; = 600 K. Since its inner boundary

instead of equaty 5. is located afl 2.9 R, or 97 mas, the visibility should approach
a constant value at ~ 13 arcsec™!. An increase ofl; above
4.2.1. Effects of different dust temperatures 1000 K yields only a marginally steeper slope of the visibil-
at the inner boundary ity, althoughy 55 increases and the stellar contribution to the

2.11 pm flux correspondingly decreases. However, the inner

The effects of different dust temperatures at the inner boundg@gyundary is shifted simultaneously to smaller radii, resulting in
onthe calculated SED and the 1 ym visibility are displayedin  simjliar slopes oftz 1; belowq < 13 arcsec™!.

Fig.[d. The dust temperature is varied betw&enr= 600 K and To summarize, the changes of the SED due to a variation of

Ty = 1200K, and the derived properties of the corresponding, can in principle be compensated by a corresponding varia-

models are given in Tablé 3. tion of 7955, but the presence of the silicate feature constrains
For the values off; presented here, the SED is changeghe choice of the optical depth to values which reproduce the

at wavelengths below ~ 9 um. Compared to model A with syrength of the observed feature, i.e. to combinationgof

T) = 800 K a smaller value of; results in a higher flux below and Ty 55 which yield a fixed value fofly « r1710. Increas-

A = 3 pm and adeficiency of flux at wavelengths betwdem  jhg 7, yields a steeper slope of ti2el1 um visibility. Above

and9 ym. Values ofI’ > 800K produce a deficiency of flux 7, — 1000 K, however, these changes are small and will not

belowA = 3 um and an excess of flux betwespm and9 um.  result in a model which matches the observed visibility.
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Fig. 9a and b. SEDa and visibilitiesb for models with the parametersFig. 10a and b. SEDaand visibilitiesb for models with the parameters

of model A, but with different dust temperatures at the inner boundaigf model A, but with different effective temperatur&s = 1600 K

T: = 600K (long dashed line)800 K (solid line), 1000 K (short (dashed line)2000 K (solid line), 2400 K (dotted line). The corre-
dashed line)]1200 K (dotted line). The corresponding optical depthsponding optical depths and derived properties are given in Table 4.
and derived model properties are given in TdHle 3. The spectra have spectra have been scaled with differénto match the observa-
been scaled with differenf, to match the observations at> 8 yum. tions atA > 8 ym. The symbols denote the observations (see Higs. 2

The symbols denote the observations (see Eigs. £land 5). and®).

4.2.2. Effects of different effept!\{e temperatures is the shift of the wavelength,,,, where the stellar (black-
on the SED and the visibility . .
body) spectrum reaches its maximum, frog = 1.5 ym to

Fig.[ZQ displays the effects of different effective temperatures ap, = 2.3 um. The monochromatic flux of the ‘hotter’ star is

the calculated SED and tBel 1 um visibility. The effective tem- larger below a certain wavelength, which s, in addition, affected

perature is varied betweéhgs = 1600 K and7T.¢ = 2400K. by the slightly different optical depths. However, for the large

The derived properties of the corresponding models are givaptical depths considered here, the effects of diffefiegton

in Table[4. the SED are small as already shown by e.g. Rowan—Robinson
The effects of the variation df.g on the model SED are (1980). It is interesting to note that the changes of the SED due

qualitatively similiar to the effects induced by a variatiorifef to a variation ofl}; can be compensated for by a corresponding

LoweringT.g from 2400 K to 1600 K decreases the monochraariation of T, at least within a certain range of values.

matic flux below\ < 2.5 um and increases the flux at longer The variation ofT.g¢ has only a negligible effect on the

wavelengths up ta = 8 um. The main cause for these change3.11 ym visibility for the temperature range considered here.



514 A. Gauger et al.: Speckle masking interferometry and radiative transfer modeling of AFGL 2290

Table 4.Resulting properties for models with the parameters of model
A, but with different effective temperatures.

Teg  To.55 My ri o Tio 0+ fo
[K] [Moyr™']  [Ri] [mas] [Wm™?]

1600 110 2.610°7 445 823 11.7 3.1107'
2000 100 2.660°° 780 749 75 301071
2400 92 273077 1260 6.86 52 29107'°

_2]

£
2
Table 5.Resulting properties for models with the parameters of modé
A, but with different grain radii. 2
)
Agy T0.55 Md T1 T10 T2.2
[pum] [Meyr~™']  [R.]

0.04 200 26007 6.93 822 286
0.06 375 26907 7.15 824 296
0.08 656 26607 741 7.86 298
0.10 100 26607 7.80 7.49 3.07
0.12 140 26307 822 7.03 3.20
0.14 170 26007 870 6.59 3.40
0.16 150 26507 9.24 6.33 3.76

fo =310"1"Wm~2, 6. = 7.5 mas.

Since the changes of the optical depths are small, both tée
angular diameter of the inner boundary and the stellar cog+

tribution to the2.11 um flux only moderately increase with > [ ag, = 0.0
T, Correspondingly, the visibility approaches a slightly higheE 04l agrfg.gg um e 7
constant value at a slightly smaller spatial frequency resuliz L S %I o0 ﬁm }
. . . . . . > 3 agr )
ing in the minor differences fok5 1, at spatial frequencies 02 f - 3 =012um ]
¢ < 13.5arcsec™L. Thus, changing thé.q within a reason- S gg;;&%g m _
able range cannot produce a model, which matches the observed 0 s e L L L
visibility. 0 2 4 6 8 o 12

Spatial frequency q [arcsec™]
4.2.3. Effects of different grain radii Fig. 11aand b. SEDaand visibilitiesb for models with the parameters

of model A, but with different grain radii ranging fromy, = 0.04 pm

The effects of different grain radii on the calculated SED and a,, = 0.16 um. The corresponding optical depths and derived
the2.11 um visibility are displayed in Fig. 11. The grain radiusnodel properties are given in Taljlé 5. The symbols denote the ob-
is varied betweem,, = 0.04m anda, = 0.12um. The servations (see Fids. 2 aidl 5).
derived properties of the corresponding models are given in
Table®. Figl IR shows the extinction coefficient per unit volume
of the grainss.x: /V;: obtained from the optical data for ‘warm’fore, the grain radius is constrained by the observed fluxes at
silicates from Ossenkopf et all. (1992). the shortest wavelengths < 2 um. In our case the photom-

The choice of the grain radius only affects the short wavetry atA = 1.65 um excludes grain radiig, < 0.12 4m and
length tail of the SED below < 3 um, because at these wave«,, < 0.06 ym and the photometry a = 1.25 um restricts
lengthskex: / Ve Still depends o, but it becomes indepen-the grain radii to values close tg, = 0.1 um. However, the
dent ofa,, at longer wavelengths (see Higl 12). This behavioualues of the absorption and scattering efficiency depend on the
is caused by two factors: the contribution of scattering to extinaedlopted optical data. A different data set can result in vastly
tion and the dependence of the absorption efficiency on the grdifierent grain radii (see Appendix A).
size. The scattering efficiency per unit volume of the grains, The variation of the grain radius has two effects on the
which is o agr, steeply declines with increasing wavelength.11 ym visibility. First, the slope ofl; 1, steepens with in-
and can be neglected above a certain wavelength dependingm@asing values af,,, because models with larger grain radius
agr. The absorption efficiency depends on the grain size onlgguire a higher optical depth 2tl1 ym in order to match the
at short wavelengths and becomes independemt.afnce the observed SED fon > 2 pum. With increasing optical depth
grains are sufficiently small compared to the wavelength. Thetbe intensity distribution becomes broader and the stellar con-
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ST T T T T the model is due to the assumption of a spherically symmetric

circumstellar dust shell.
i A more general assumption would be that the CDS has an
axisymmetric, ‘disk—like’ structure. Theoretical investigations
show that the variation of the effective optical depth with the in-
clination of a disk—like dust distribution affects the shape of the
SED up to far infrared wavelengths, as well as the monochro-
matic intensity distributions and the corresponding visibilities
(e.g. Efstathiou & Rowan—Robinson1990; Collison & FIX1991;
Lopez et al. 1995; Men’shchikov & Henning 1997). If the disk—
. like dust distribution is viewed at an intermediate inclination
one expects more flux at visual wavelengths than in the case
) L A of a spherically symmetric dust distribution, due to scattered
1 10 100 light escaping from the optically thinner polar region located
Wavelength [um] either above or below the equatorial plane. In other words, we
expect a deficiency of the model flux at short wavelengths if we
model the SED of an aspherical dust distribution assuming a
rﬁpherically symmetric dust distribution.

Log Keyi(A) / Vgr

Fig. 12. Extinction coefficient per unit volume of the grains / V:
for different grain radii ranging from,, = 0.04 umtoa,, = 0.16 um
calculated with the optical data from Ossenkopfefal. (1992) for ‘war
silicates.

5. Summary and conclusions

We have presented the first diffraction—limit2d1 um speckle
tribution to the monochromatic flux at11 ym decreases. Cor- masking observations of the circumstellar dust shell around the
respondingly, the decline of visibility with spatial frequencyighly obscured type Il OH/IR star AFGL 2290. The resolu-
becomes steeper (see \e&i Elitzur[199€). The second effecttion achieved with the SB 6 m telescope is 75 mas, which is
is the change of the curvature ¥% 1, which is noticable at sufficient to partially resolve the circumstellar dust shell at this
low spatial frequencies. The curvature changes its sign at abaavelength. From a 2—dimensional Gaussian fit of the visibility
agr < 0.1 pm. This behaviour reflects the changes of the spati@inction the diameter was determined to be 43 & mas,
intensity distribution. At large radial offseésfrom the star the which corresponds to a diameter of 42 ABO AU for a dis-
intensity decreases approximately/d8) « b—2, because the tance of 0.98 kpc. The reconstructed image shows deviations
optical depth along the line of sight at b becomes small (see Jfmam a spherical structure with an elongation at position angle
& Jacoby 1976). For smaller offseishowever, the decline of 130°.
the intensity steepens and the slope of the visibility changes ac- Our new high resolution spatial measurements provide ad-
cordingly, i.e. the curvature of V indicates the changing slope ditional strong constraints for radiative transfer models for the
the spatial intensity distribution. Thus, the visibility constraingust shell of AFGL 2290, supplementing the information pro-
the grain radii not only via its slope, but also via its curvaturevided by the spectral energy distribution (SED). In order to

The observed visibility,,,s declines in almost a straightinvestigate the structure and the properties of the circumstellar
line to values below~ 0.40 atq = 13.5arcsec™! with only a dust shell we have performed radiative transfer calculations as-
slight curvatureV, is fairly well matched by the model with suming a spherically symmetric dust distribution. The spectral
agr = 0.16 pm, although the curvature of the model visibilityenergy distribution at phase 0.2 can be well fitted at all wave-
is a little too strong. Since the visibilities for models with = lengths by a model with an effective temperature of 2000 K,
0.15 pmandag, = 0.17 um already fall outside the error bars ofa dust temperature at the inner boundary of 800 K, an optical
the observation, at least for certain spatial frequencies, the grd@pth ab.55 um of 100, and a radius for the single—sized grains
radius is determined by, with an uncertainty 0.01 um (cf.  of 0.1 um, using the optical constants for ‘warm’ silicates from
Groenewegeh 1997). Ossenkopf et al[ (1992). From this fit we derived e.g. a bolo-

However, the SED for the model with, = 0.16 xm, shows metric flux at earth of3 10~19Wm~2, a radius of the inner
a deficit of flux belowA\ = 3 um. This deficit cannot be removedboundary of the dust shell ofy = 7.8 R, and a dust mass
by a change of} or T.g. Although loweringT} increases the loss rate o2.710~7 M, yr~!, in agreement with the results of
flux at A < 3 um it also decreases the flux at longer waveprevious radiative transfer models for AFGL 2290. However,
lengths. Furthermore, the inner boundary of the dust shelltiss modeldoes notreproduce the observeédi1 ym visibility
moved outwards which deforms the resulting visibility in a wafunction.
that destroys the fit. Increasifigs yields a similiar behaviour. We have, therefore, investigated the changes of the calcu-

The deficit of the short wavelength model flux could haviated SED and the model visibility with the input parameters in
several causes, but the clear evidence for a non-spherical destrch of an improved model. We found that the grain size is
distribution around AFGL 2290 from our speckle masking olthe key parameter in achieving a fit of the observed visibility,
servations favors the explanation that the deficiency of flux while retaining at least a partial match of the SED. Both the
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slope and the curvature of the visibility react sensitively to thiable Al. Resulting properties for models with the parameters of
assumed grain radii. With the assumption of single—sized gramsdel A, but with different dust optical properties.
we obtain an uncertainty of less th0.01 ym for ag,.. Another

result was that the dust mass loss rate is well constrained by thetical  70.55 My r1 T10 fo
shape of the SED at longer wavelengths and, especially, by dagstants Moyr™']  [R.] [Wm~?]
shape of the silicate absorption feature. For given optical cogs_q,, 100 2.6610-7 7.80 7.49 3.0010-'°
stants the value of the dust mass loss rate, as derived from thg o 85 23307 763 7.81 2.7510-'°
match of the feature, is not very sensitive to changes of the ig;ji_p| 50 157107 6.23 7.74 3.7510~1°
put parameters. The uncertainty bf; is ~ 3108 Moyr~'.  Sjl-DP 50 1.71077 594 929 4.50107%

The effective temperature and the dust temperature at the-in-
ner boundary, however, are less well constrained. We roughly

estimate a range af300 K for T.g and+100 K for 77. Because the shape of the silicate features at ard0pah and

The shape of the observed visibility and the strength of thg ;,m is similiar for the sil-Ow, sil-Oc, and sil-DP data, except
silicate feature constrain the possible grain radii and optigak a slightly different ratio of the peak strengths, they yield com-
depths of the model. The observed visibility can be reproducggrably good fits to width and strength of the observed feature,
by a model with a larger grain size 6f16 um and a higher which has its center at0 ym. In contrast, the silicate feature
Tv = 150, preserving the match of the SED at longer wavgrom the sil-DL data peaks 8t7 um, and it is broader than the
lengths. Nevertheless, the model shows a deficiency of fluxgiiserved one.
short Wavelengths, which can be explained if the dust distri- Because the value OMd depends on the adopted op-
bution is not Sperically Symmetric. If the CDS of AFGL 229Gjcal properties of the grains (see Eh 2), we Obtm
has in fact a disk—like structure, the radial optical depths vayr the different models ranging from.6 10~7 Mgyr—! to
between the equatorial and polar direction. Due to the scattepeg1o—7 Moyr~! (see TablEAN). Nevertheless, if the dust mass
radiation escaping from the optically thinner polar regions ongss rate is derived from the match of the silicate absorption fea-
expects more flux at shorter wavelengths than from a sphericaliye, its value is not very sensitive to variations of the effective
symmetric system with equal optical depth towards the star.temperature, dust temperature at the inner boundary and the

AcknowledgementsThis research made use of the SIMBAD databasg,raln radius as long as the models are calculated with the same

operated by CDS in Strashourg. optical constants. o ,
The changes of th2 11 pm visibilities are again caused by

the different optical depths of the models at this wavelength. For
other fixed parameters a higher optical depth produces a more
In Sectt4.Z13 the deficiency of short wavelength flux for thextended brightness distribution and, thereby, a steeper decline
model which matches the obsend1 pm visibility of AFGL  of the visibility. The optical depth 211 pm has similiar values
2290 was explained by the assumption of a spherically symmfetr the sil-Ow and sil-Oc models and lower, but again similiar
ric dust distribution. However, the deficiency could be due t@lues for the sil-DL and sil-DP models. Hence, the decline of
a different cause. For example, the optical constants of ‘astuisibilities from the latter models is shallower.
nomical’ silicates at wavelengttss 7.5 ym are not well known The optical properties from David &joure (1995) yield a
(Ossenkopf et al. 1992) and it is possible that the optical propét-of the silicate feature, which is comparable to the fit obtained
ties of the grains around AFGL 2290 at short wavelengths diffeith the Ossenkopf et al. (1992) data, but they produce an excess
from our assumption. of flux at smaller wavelengths for a grain radiu®df yzm. From
Therefore, we have investigated the effects of different dubi investigation of the effects resulting from a variationgfin
optical properties on the SED and the visibility, as shown Bect[4.2.3, we know that the flux at short wavelengths decreases
Fig.[A1l. The models have been calculated with the parameteiith increasing grain radius, and that the decline of the visibil-
of model A (except for the value ofy 55) using the optical ity becomes steeper. Therefore, we have calculated a series of
data from Ossenkopf et al. (1992) for ‘cold’ silicates (sil-Ocmodels with the David & Bgouré (199%) data where we varied
from Draine & Lee[(1984) (sil-DL) and from David &®joureé  the grain radius frona,, = 0.1 gm to 0.5 pm. Fig.[A3 shows
(1995) (sil-DP). The extinction coefficient per unit volume athe calculated SED and the11 pm visibilities. The derived
the grains for,, = 0.1 pm is shown in FiglAPR and the derivedproperties of the corresponding models are given in Table A2.
properties of the models are given in Tablg Al. Fig.[AZ] shows the extinction coefficient per unit volume of the
The differences of the./V;: resulting from the optical grainsk..:/Vs: for the different grain radii.
data sets are more or less directly translated into modifications Compared to the models calculated with the sil-Ow con-
of the SED, if the different values far, 55 are taken into ac- stants, the sil-DP models show a flat flux distribution below
count. Compared to the ‘warm’ silicates of Ossenkopf et al. < 8 um with a steep drop at a certain wavelength, which
(1992) (sil-Ow), the extinction of sil-Oc grains is higher bedepends on the grain radius. Furthermore, much higher values
tween\ ~ 1.3 pm and8 pum, resulting in a lower monochro- of a,, are needed to match the observation. The short wave-
matic flux of the corresponding model. For the sil-DL and sillength photometry of AFGL 2290 constrains the grain radius
DP data the extinction is lower resulting in an excess of fluto a,. ~ 0.5 um, although the slope of the observed SED at

Appendix A: effects of different optical constants



A. Gauger et al.: Speckle masking interferometry and radiative transfer modeling of AFGL 2290 517

T — 45 .
3 ]
S
- i

o 3

£

2 i

0

<

[o))

S 2 ' -

1 10 100
Wavelength [um]
Fig. A2. Extinction coefficient per unit volume of the grains: / Ve:
for ag; = 0.1 pm obtained from different optical constants: ‘warm’
silicates from Ossenkopf et dl. (1992) (solid line), ‘cold’ silicates from
Ossenkopf et all{1992) (long dashed line), Draine & ICee (1984) (short
dashed line), David & &gouré (1995) (dotted line).
1 10 100 ) ) ) )

Wavelength [um] Table A2._ Derived prcgpertnes_ for moc_iels with th_e optl_c_:al constants
from David & Pégouré (1995) and different grain radii. The other
parameters are equal to model A, except fogs which has been
adjusted to fit the observed SED.
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Fig. Ala and b. SEDa and visibilitiesb for models with the param-
eters of model A, but with different dust optical properties: ‘warmoptical depth (see Tabe A2), the changes ofhé pm visi-
silicates from Ossenkopf et &l (1992) (solid line), ‘cold’ silicates frorhility are much more pronounced. With increasing the cur-
Ossenkopf et all (1992) (long dashed line), Draine & Lee (1984) (shedture of the visibility increases, arig 1, falls off to smaller
dashed line), and David & &youre (1995) (dotted line). The cor- values at; = 13.5 arcsec~! because the stellar contribution to
responding optical depths and derived quel properties are giveriid monochromatic flux is reduced. Updg ~ 0.2 um the
Table{E_. The spectra have been scaled with diffefgrib match the change of the curvature is mainly caused by the changing slope
observations ak > § ym. of the spatial intensity distribution, as discussed in $ect.4.2.3.
Atlarger grain radii the increase of the radius of the inner bound-
ary and the corresponding reduction of the spatial frequencies,
wavelengthssS 2.2 um is less well reproduced compared tavherels 1, approaches a constantvalue (or zero) becomes more
the sil-Ow model withu,, = 0.1 um. The different behaviour important.
below A = 8 um is caused by the fact that the sil-DP con- The best match of the observed visibility,,s is obtained
stants yield smaller extinction efficiencies for grains of equédr the model witha,, = 0.2 um (dotted line in FigiZAB), which
radius compared to the sil-Ow constants. Therefore, substsnsomewhat larger tham,, = 0.16 pm for the best matching
tially larger grains are needed to produce comparable opticabdel with the sil-Ow optical constants. The resulting dust
depths at shorter wavelengths. As a consequence, the comtiass loss rate is about 30% smaller, and the radius of the inner
bution of scattering to the extinction is still important up tdoundary is about 12% smaller. Again the curvature of the model
wavelengths, which are approximately 3—4 times larger. visibility is slightly too strong. But in contrast to the model with
Due to the stronger dependence:gf; /V,, on the grain ra- the sil-Ow optical constants, there is now an excess of flux at
dius (Fig[A4) and the resulting larger variation of thél um smaller wavelengths < 5 ym.
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Fig. A4. Extinction coefficient per unit volume of the graiRs: / Ver
calculated with the optical constants from David &gduré [1995)
for different grain radii ranging fromg, = 0.1 pm t0 ag, = 0.5 pm.
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