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Abstract. We present new imaging and spectroscopy of the Garda-Lario et al. (1994) discovered nebular line emission
post-red supergiant binary AFGL 4106. Coronographic imagifigm the IR object AFGL 4106, which came as a surprise be-
in Ha reveals the shape and extent of the ionized region in tbause the central star was thought to be of spectral type G: too
circumstellar envelope (CSE). Echelle spectroscopy with the gi@ol to ionize a CSE. The dust shell around AFGL 4106 was
covering almost the entire extent of the CSE is used to derive theaged in the infrared (IR) by Molster et al. (1999) who mod-
physical conditions in the ionized region and the optical depéfied the spectral energy distribution as observed by ISO with
of the dust contained within the CSE. a radiation transfer code. They provide evidence that the object
The dust shell around AFGL 4106 is clumpy and mixed witis a binary consisting of a late-A/early-F type star and a some-
ionized gas. K and [N 11] emission is brightest from a thin what fainter M-type companion. Their distance estimate yields
bow-shaped layer just outside of the detached dust shell. Quminosities too high for AGB evolution and hence AFGL 4106
going mass loss is traced by [@& emission and blue-shifted must be the result of post-RSG evolution.
absorption in lines of low-ionization species. A simple model Here we present and analyse new observations of this ob-
is used to interpret the spatial distribution of the circumstellg@ct and focus on the spatial distribution and physical conditions
extinction and the dust emission in a consistent way. of the CSE around AFGL4106. Coronographic imaging im H
shows the spatial distribution of the ionized material around
Key words: stars: binaries: spectroscopic — stars: circumstellaFGL 4106. Spatially resolved echelle spectroscopy is per-
matter — stars: individual: AFGL 4106 — stars: mass-loss — stafiermed to measure expansion velocities, electron densities and
AGB and post-AGB - stars: supergiants the internal extinction by the dust. The spatial distribution of
dust extinction and emission is modelled in a consistent way.
Finally we discuss the structure of the circumstellar envelope
and the recent mass-loss history of AFGL 4106.

1. Introduction

In their final stages of evolution, both massive/ £8 M) 2. Observations

and intermediate-mas$ { M <8 M) stars can become dust-2.1. Hy coronographic imaging

enshrouded as a result of intense mass loss at rates &fup . .
t0 10~3 M, yr—!. For the massive stars, this heavy mass lo§¥ February 4, 1996, we used the multi-mode instrument EMMI

occurs during the red supergiant (RSG) phase, while for tREth® ESO 3.5m NTT on La Silla, Chile, to image AFGL 4106

intermediate-mass stars this happens during the Asymptotic Ef0ugh afilter centred atdd with arather narrow width of 38

antBranch (AGB) evolution. After having lost a significant fracl® @void contamination by [h] emission. Because of the high

tion of their initial mass during this episode, the photosphef@PParent brightness of the _StaI"'(Qﬂag in V) coronographic
temperature of the star increases again and the stellar ultravilfi&niques were used to limit the saturation of the CCD. A glass
(UV) radiation field starts ionizing the dusty CSE, producing eP!ate was inserted in the aperture wheel, holding six dark blots
ther a Planetary Nebula (PN) or a post-RSG nebulasurroundmgj'ﬁerem_ size and attenuation. The star was placed behind a
a Wolf-Rayet star. The mechanisms at play during the shokt2 Plotwith acentral attenuation of a few mag. Two frames of
lasting transition stage between RSG/AGB and WR/PN are sGfich S min integration time inddwere combined. A 10s expo-
poorly known. Especially the final evolution of the massive ots!re through a broad-band Johnson R filter was used to correct

jects is hitherto poorly documented. One such massive objecdd§the continuum contribution within the dfilter band. The
AFGL 4106. R-band image was aligned with thexHmage and scaled lin-

early by comparing the intensities of several field stars. Before
Send offprint requests tdacco Th. van Loon (jacco@ast.cam.ac.ukgubtracting the R-band image from the kinage both were cor-
* Based on observations obtained at the European Southern Obggeted for structure in the instrumental response over the pixels
vatory, La Silla, Chile of the CCD by dividing them by images of the morning twilight
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graphic blot, resulting in the artificial NS-orientated bar. The
absolute flux density calibration was derived from the spec-
tra and is estimated to be accurate within20%. The flux
density level of the brightest part of the extended emission is
~ 7 x 1071 W m=2pm~! arcsec?. The faintest emission
visible in the picture is about a factor of ten fainter.

15

10

= AFGL 4106 appears to be situated in a bright, spatially ex-
tended emission complex. From N to W of the star, the strongest
emission delineates a bow-shaped structure much akin the bow-
shocks associated with stars that move supersonically through
the interstellar medium (Kaper et al. 1997). The emission bow
-5 is located at a projected distance ¢fip to 10’ from the cen-

tral star. The faintest &l emission is detected up to 14" from
the central star. In the SE much lesa ldmission is detected.
Interestingly, the 1Q.m emission (Molster et al. 1999) shows a
clear anti-correlation with theddemission: the 1Q:m emission
peaks in the SE and is faintest in the NW.
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Fig. 1. Coronographic image in the light ofddon a logarithmic flux 3.2.1. Absorption lines

density scale. The flux density level of the brightest part of the extendgfie spectral type has been redetermined by van Winckel et al.
emissionisv 7> 107"Wm™" um™" arcsec”. The faintestemission (i, sreparation) and Molster et al. (1999). The optical spectrum
;/(l)stlﬁleelér;tthe picture is a factor of ten fainter. North is up, and East 1§ dominated by a late-A or early-F type stat{T~ 7500 K)

' with a nitrogen-enhanced photosphere resulting in strong N

absorption lines around 8080 They also spectroscopically

sky, taken through the corresponding filters. Remaining CGiiscovered the presence of an early-M type companion star
artifacts and cosmic ray impacts were removed by hand. THes ~ 3750K). The self-absorbed & line profile centred
seeing was constant aft,Jand the pixel size was 0.268 on the star is identical to that observed by Gaxicario et al.
(1994). This suggests that thextemission conditions in the
vicinity of the star have been stable over a period of at least six
years.
OnFebruary 4, 1996, we used the same telescope and instrumené total of 31 absorption lines of the atomic and singly ion-
to take echelle spectra of AFGL 4106 with several slit orientized species Fe Fe1i, Scii, Sii, O1, Mg 11, Na1 and N1
tions. The wavelength region extended from 6000 to 8850 were selected for measuring the star’s radial velocity. Consid-
Using a slit width of 1 a resolving power oR ~ 7.5 x 10* ering a heliocentric correction for the movement of the Earth
was obtained corresponding to a velocity resolution of 4 kfn s of +13.3kms™!, the heliocentric velocity of the star is deter-
The slit length was set to ¥5and the spatial resolution wasmined atv, = +8.1 + 0.7kms~!. For an individual line, the
0.268' per pixel. We centred the star in the middle of the sltypical deviation from the mean was 4 km's which is equal
but obtained 15 min spectra with different position anglés: Oto the spectral resolution. The stellar velocity differs consid-
45°, 90° and 138 where the position angle is defined fronerably from the value of, = —47 + 2kms™! derived by
West over North. The reduction of the spectra was standdsdrda-Lario et al. (1994) from the Si A\6347,6371 lines
and included flat-fielding, wavelength calibration on the badiafter transforming from LSR to heliocentre) in their spectra
of Th-Ar exposures, spectral response correction on the bdsisen in February 1990. In March 1992C0O J=1-0 emission
of a measured spectrum of standard star HD 60753, interaciel15 GHz was detected by Josselin et al. (1998). From the
cosmic hit cleaning, extinction correction with average extintaean of the velocities of the blue- and red-most CO emission
tion values, and finally absolute flux calibration. The seeing wae estimate, = —3 + 1 kms~!. An additional measurement

2.2. Echelle spectroscopic imaging

about 0.810 0.9. from photospheric absorption lines in high resolution spectra
taken in July 1996 (van Winckel et al., in preparation) yields
3 Results Uy = —4 4+ 1.2kms~!. An approximate radial velocity curve
' (Fig. 2) for the maximum period possible, assuming circular or-
3.1. Ha coronographic imaging bits, yields P, = 4500 d. For (currently) equal masses of

o o .. the two stars Kepler’s third law yields the mass of each star:
The coronographic image indis displayed on a logarithmic 5, ;5 ,-3; M, with orbital inclination angle (shorter
flux density scale in Fig. 1. North is up, and East is to the 'eEeriods imply smaller masses)
The star itself is heavily saturated despite the use of the corono-
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Fig. 3. Spectrum around Si A6347A (solid) and the same spectrumrig. 4. Spatial and kinematic map of [N] A6583. The stellar con-

mirrored with respect to 6347.Z9where the line profile is deepesttinuum is subtracted, and the flux scale is logarithmic. The relative

(dashed). Below, their difference spectrum is plotted. The WaVe'engfbsmons are defined as running from E to W at a position arfgleB

axis is heliocentric. to NW at 45, Sto N at 90 and SW to NE at 135 The wavelength
axes are transformed into heliocentric Doppler velocity axes.

The Sitt A\6347,6371, Far \6456, N1 A\7468 and Fa
A8327 absorption lines have asymmetric line profiles, with mofi@m both the velocity of AFGL 4106 as measured from the
absorption in the blue wing. This may be caused by outflowirspectra as well as the system velocity of AFGL4106, confirming
matter due to present day mass loss. The spectrum around 8iat the DIBs are of interstellar not circumstellar origin.
A6347 is shown as an example (Fig. 3). The spectrum was nor-
mali_sed by dividing by_ a Cpnstant equal to the spectr_um Ie\f?lz_s_ [N11] emission lines
outside of the absorption line, i.e. the spectral slope is not af-
fected. Also plotted is the difference between this spectruiffie [N 11] A6583 line is the strongest emission line in AFGL
and the spectrum after mirroring with respect to the absorpt06, and the best tracer of the kinematics of the circumstel-
tion extremum at 6347.2&(after heliocentric correction). This lar nebula. Unlike the H, there is no stellar contribution to
difference spectrum shows the absorption excess in the blbe line profile. The underlying stellar continuum is subtracted
wing of the line profile, reaching a maximum at a blueshift dfy scaling the spatial profile of the stellar spectrum outside the
~40kms!, kinematic extend of the [Ni] emission. In this way a map is
constructed of the [N1] emission as a function of the posi-
tion along the slit relative to the stellar position, and the helio-
centric Doppler velocity, for each of the four slit orientations
The centroid wavelengths and equivalent widths of 68 Diffug€ig. 4). The flux scale is logarithmic, and the relative positions
Interstellar Bands (DIBs) were measured. These DIBs are fousr@ counted from E to W (af, from SE to NW (at 45), from
over the entire spectral coverage, although few are foundSato N (at 90) and from SW to NE (at 135. Close to the stellar
wavelengthslongerthan 7480The DIBs were identified using position the stellar continuum was too dominant over thei[N
Jenniskens & Desert (1994), from which also the conversiemission to reliably correct for it, and this region in the four
factors between equivalent width and colour exd86B — V') maps is covered by the labels with the slit position angles.
for each DIB were adopted. The derived colour excef& 8 — The maps of the [Ni] emission are consistent with emission
V) = 0.9f8'§ mag, confirming the estimatell(B — V) = from a radially expanding shell, with an expansion velocity of
1.0 & 0.2 mag from a smaller selection of DIBs by Molster et- 30 kms™! and a radius of- 7. As in the Hx emission map,
al. (1999) to whom we refer for a thorough discussion on thiee NW side is brighter than the SE side. The expansion velocity
distance to AFGL 4106. The heliocentric velocity:is;s = is smaller than the 40 knvd derived from the Sit absorption
+3 + 2kms™!. The velocity of the DIBs differs significantly and also smaller than the,, = 35+ 1kms™! that we estimate

3.2.2. Diffuse Interstellar Bands and th€ B — V')
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fromthe'?CO J=1-0 emission at 115 GHz detected by Josselin_
etal. (1998). % 60

The spectra at the four different position angles weré
summed and integrated over the blue- and red-shifted veloci
range, respectively. This results in an effective cross section%
the spatially extended emission complex running roughly fro
SE to NW, i.e. from the minimum to the maximum of the emis=. 5,
sion measure. The result is plotted in the top panel of Fig. 5.
Assuming that the source of the |y emission is a spherically =
symmetric expanding shell, the logarithm of the ratio of the o
blue- over the red-shifted emission corresponds to the optica|
depth within the emitting shell. This is because the red-shifted
emission corresponds to the far side of the shell and has to tra-
verse through the dusty CSE within the shell before it emerges !
at the observer’s side which is also where the blue-shifted emis-
sion arises from. The derived spatial profile of the optical deptho.5
is shown in the bottom panel of Fig. 5.

The optical depth profile traces the dusty CSE out to aradius o
of 5”, which corresponds to the spatial extent of the /4
emission (Molster et al. 1999), to the inner boundary of the H
maximum (Fig. 1) and the forbidden line maxima (Fig. 4). The
optical depth ah = 6583 A exceeds unity at a distanceof2”

5

lar envelope of AFGL 4106

123

[N II] (6583 A)red

-5 0
rel pos (arcsec)

Fig. 5. Spatial profile of [N11] A6583 (top panel), obtained by sum-

from the star, but is lower closer to the star. This correspongii,q the spectra taken at the four different position angles, with the
to the inner cavity also seen in the 30n emission. The red- yg|ative position defined as in Fig. 4. Positive relative positions roughly
shifted [N 11] emission becomes stronger than the blue-shiftedrrespond to NW. The blue- and red-shifted emission is shown indi-
emission at relative positions5”. This cannot be explained byvidually. The logarithm of their ratio yields the internal optical depth
optical depth effects and must therefore indicate deviations franfbottom panel) under the assumption that thaiNemission arises
spherical symmetry in the density and/or excitation conditioffom a spherically symmetric expanding shell.

in that part of the nebula.

3.2.4. [SI11] emission lines

The [S11] A\6717,6731 emission is co-spatial with the {ijl 6
emission, as seen from the spectra at the four different positign
angles. The spectra are summed in the same way as in prepagng
the [N 11] spatial profile in Fig. 5, but now the emission line is*
integrated over its entire kinematic extent. This results in one-
dimensional spatial emission profiles for both componentsﬂ%f
the [S11] doublet (Fig. 6, top panel). The emission peaks in thg
NW (positive relative position), where theaHs brightest too. <

/@ csec?)
T T ‘_V_ T T ‘ T 1 7T

\

The ratio of the emission profiles of the 6717 and 6&31
components (Fig. 6, bottom panel) may be used to derive the lo-
cal electron density. (Osterbrock 1988). Fat, < 100 cm—3
this ratio is> 1.3, with a maximum of 1.42. Fot, > 10*cm™3
the ratio is< 0.5, with a minimum of 0.44. This holds for an
electron temperature @, = 10* K. The derived electron den-
sity scales withy/T,.. The CSE of AFGL 4106 outside of the
region of 10 um emission has,. < 100 cm~3, whereas the
inner CSE corresponding to the cavity in the Afh emission
hasn, > 10* cm3.

2

Flux ratio

3.2.5. Hx emission line

-5 0

rel pos (arcsec)

. . L . Fig. 6.Spatial profile of [S1] A6717 and\6731 (top panel), obtained as
Spatial profiles of the H emission were created in the Same, Fig. 5 but integrated over the entire kinematic extent of the emission

way as for [Si1]. The Hx profile is compared with the profilesjine, Their flux ratio is plotted in the bottom panel.

of [N 11] (Fig. 7) and [St] (Fig. 8).
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Fig. 7. Spatial profiles of kk and [N11] A\6548,6583, obtained as

in_.
Fig. 5 (top panel). Their flux ratio is plotted in the bottom panel. Fig. 9. Spectrum around [Ca] AA7291,7324. The wavelength axes

are transformed into heliocentric Doppler velocity axes.

80 75 ? f’ —
RN position of+5”. The Hy/[S 11] ratio seems to be smallest close
60 s \ to the star. This effect may be caused by the spatial variation of
Ha / the ratio of the [Si1] components, with the 6717 component

40 essentially following the | emission.
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<0 3.2.6. Fa and [Ca1] emission lines

Though reported by Gaia-Lario et al. (1994), 16.8 wide Fer

i | ~ | 1 emission centred at 638087could not be confirmed.

‘ J Instead, weak fluorescence emission of the 1F doublet of

4 [Cam] A\7291,7324 is detected (Fig. 9). The spectra have been

1 normalised in the same way as therSspectrum (Fig. 3). The

emission is centred on the star and spatially unresolved. The line

| profiles are distorted due to the presence of numerous telluric

1 absorption lines but appear to be kinematically symmetric with
Fig | respect to the stellar velocity. The emission extends between

F | about+20kms~!, which is somewhat narrower than therH

1[N 1] and [St1] emission. The equivalent widths of the lines are

(‘) 5‘) Wragr = —26+3 andWrggy = —31+4mA, respectively. The

rel pos (arcsec) line profiles peak at a flux density (above the stellar continuum)

of Firo91 ~ 3.0x10712 andFrzoq ~ 2.3x10"12Wm~2 ,U,mil,
respectively.

The location of the [Ca1] emission can be further con-
strained by estimating where the outflow reaches the critical
The flux ratios of Hv and forbidden lines are in the rangedensity for the [Cai] lines of n.,;; = 107 cm~3. However, this
log(Faa/Fin 1) ~ —0.3 to —0.05 andlog(Fua/Fis 1) ~ requires calculation of the mass-loss rate. The mass-loss rate
0.3 to 0.7. This strongly suggests excitation conditions similanay be estimated from the CO emission reported by Josselin et
to those in Planetary Nebulae but different from those i H al. (1998). For the moment it is assumed that this mass-loss rate

regions (Gara-Lario etal. 1991). The dlemission s co-spatial is valid for the unresolved inner regions of the nebula.
with the forbidden line emission. ThedAN 11] ratio seems With distanceD, outflow velocityv, CO abundancé with
smallest in the brightest part of the nebula around a relatikespect to H, CO peak antenna temperatdteand a simplified

~
[ B BT I B

F (10-18W/m?/um /arcsec?)

Flux ratio

Fig. 8. Spatial profiles of k& and [S11] AA6717,6731, obtained as in
Fig. 5 (top panel). Their flux ratio is plotted in the bottom panel.
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model for the CSE (Kastner 1992), the total mass-loss rate can

be derived:
y —12 T \7
2 1202 [kms—?! 2
x Dot et @

with the parameter approximated as follows: ST ——

3 for M < 107" Mg yr!
y=4q 2 for1077 < M < 107 Mg yr—t 2)

3 for1075 < M <1075 Mg yr!
For higher mass-loss rates, more detailed modelling is required.
Inthat case the CO line profile will become saturated, and hence, o
itis no longer the peak antenna temperature, but the shape of thé ¢ €mission observer

line profile that yields an estimate of the mass-loss rate. With ) )
v = 35kms!, F=2x 10~4, T = 0.14K, and~y = %’ the Fig. 10.Schematic representation of the dust shell around AFGL 4106,

: . . and the coordinates used in the modelling.
mass-loss rate is obtained:

) B 9 _
M = 3.5 x107°D? [kpc]" Mgyr~! () plue-shifted velocities directly yields the differential extinction
This implies a very high mass-loss rate if the star were to Géperlenced by the backside emission after traversing the dusty

considerably more distant than one kpc, but still an order GPE- The [Ni1] A6583 line is best suited for this method be-

magnitude less than the mass-loss rate derived by Molster e€8HS€ itis strong and its intrinsic width is small compared to the
(1999) who estimata’ ~ 3 x 10-4D kpc] Mo, yr1. much larger thermal width of theddline emission.

The angular separatiatfrom the star from which the [Oal The mass-loss rate history through the dusty CSE is param-

emission arises can now be estimated assuming a constant §{S€d as:
flow velocity of v = 35kms™!, and an average particle mass; _ »; ()" .
r = MR ( )

of 2.7 x 10~ g: R

The case ofv = 0 corresponds to a steady mass loss. The out-
flow velocity through the dusty CSE is assumed to be constant.
Hence for distances ab<20 kpc the [Car1] emission must The optical depthr ¢ at 0.66 um as a function of dimension-
arise from well within the inner cavity that is seen in the/h  less projected distanck is:

emission and in the internal extinction of the {ijlemission. If
the mass-loss rate in those inner regions is lower than the (oo kA C9(A) (6)
estimate, then the [Ga] emission is located even closer to thevhere A = 1 at the outer radiusk of the dusty CSE, and
star. This is consistent with the [Gd emission being spatially A = A, at the inner radiu, of the dusty CSE (Fig. 10). The

d=1.4 x 10D [kpc] m = 0.09” 4)

unresolved. spatial profile of the observed optical depth has a shape:
1 a—1
. . Y
4. Modell h Il I A) = / ——dy 7
odelling the circumstellar dust envelope 9(A) AV y (7

The dust around AFGL 4106 causes extinction of line emission
that originates from behind the dusty CSE, and emission in e
mid- and far-IR. Our spatially resolved spectra of the nebular 1 ifA>1

line emission were used to construct a spatial profile of the— ! A if Aj < A <1 (8)
optical depth of the dusty CSE, and the spatially resolved dust Ao if A < Ag
emission at 1Qum was published by Molster et al. (1999). Here .

we make an attempt to simultaneously model the spatial profifidd a scaling parameter:
of the optical depth and of the dust emission. | 3yMp ) Qo6

~ 87Rus a
with dust-to-gas ratigh = 5 x 10~3, constant outflow velocity
Suppose that the bulk of theaHand [N11] emission originates v, dust grain specific mass = 3gcm3 and radiusa, and
fromaregion justoutside the dusty envelope. The emission fraxtinction coefficientQq ¢s = 14a [um] for oxygen-rich dust
the front and backside is observed at blue- and red-shifted {dolk & Kwok 1988).

locities, respectively. Assuming equally strong front and back- Fora € {-2,—1,0,1,2} the functiong can be evaluated
side emission, the ratio of the observed line flux at red- andatalytically. To obtain a reasonable fit to the observed profile,

h lower integration boundary:

¢ (9)

4.1. Circumstellar dust extinction
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A T ‘ with total optical depthry along line-of-sightA:
observed
oa=-2
— - a=-1

1.5

™~ = QO—{ZGTO.% (14)

T
|
|
|
|
Q
Il
—

and 7y (y) the partial optical depth through the CSE between
us and the poing. The dust is assumed to be in radiative equi-
librium with the diluted and attenuated stellar radiation field.
The stellar radiation is generated by two stars that have temper-
aturesT, and¢rT,, and luminositied., and¢y, L. We adopt

Q@ x vP for the overall frequency dependence of the extinction
coefficient, withp between~ 1 and 2. The temperature profile

is then given by (see also Sopka et al. 1985):

1) =6 |25 [ 2w (o (1) 1) x

xexp (&7 [0 5072a6) dn|* (15)

withw =1/(4+ p) and
A

5 w
rel pos (arcsec) §1= |:4(3 +p)'Z(4 +p):|
Fig. 11. Top panel: spatial profile of the optical deptlat 0.66um as . oo .
derived from the [Ni1] A6583 emission. Bottom panel: spatial profileWhere the values of the Euler Zeta functigii) = anl no*
of the 10 zm emission, fop = 1. In both panels, calculated profilesfof » = 1 andp = 2 are Z(5) ~ 1.037 and Z(6) ~ 1.0173,
are plotted for different mass-loss rate historiesgee text). respectively, and

To.66

0.5

log Fy(10-13W/m?/um/arcsec?)

(16)

' ¢ Dossk\” 17
the parameterdy, R and{ need to be tuned accordingly. Thé? = o he (7)
model profiles are convolved with a gaussiansof= 0.36", . )
corresponding to the Full Width at Half Maximum of the stellaf e correction factor is:
continuum in the spatial directior).85”). We fitted by eye, TY_1
o . : _ 4, 00| exp(n/TV)

aiming at equal maximum optical depth for all The results Y(1) = 1 + o Loxp (n) (62T =1
are plotted in Fig. 11 (top panel) and summarised in Table 1. T NPT
wherevy = 1 in the case of a single star and= 2 in the case
of two identical stars.

Model profiles are calculated for the mass-loss histories ex-
The spatial profile of the observed N-band flux density pamined above. The profiles are convolved with a gaussian of

(18)

4.2. Circumstellar dust emission

square arcsecond can be calculated as follows: o = 0.26”, which corresponds to the diffraction limit of the ESO
Fy = C'd'(A) (10) 3.6 mat 10.1:m. We adopt a stellar temperatdfre = 7500 K
N=59 and¢r = 4000/7500, with a luminosity ratio ofp;, = 1/1.8
with a shape: (Molster et al. 1999, van Winckel et al., in preparation). The
1 a1 only free parameter left is the stellar radills of the primary.
A= | Y fitted by eye, aiming at equal emission in the centre for all
g(8) = F(y)dy (11) We fitted by eye, aiming at eq
e VY2 — A2 «. The results fop = 1 are plotted in Fig. 11 (bottom panel)
and a scaling factor: and summarised in Table 1.
2 2
= 1 2he A ¢ (12) 4.3. Model results
648, 000 A% Qoce

From the output parameters, Ry, R, and( the mass-loss
rates at the inner and outer radiiZ§ and M), the total mass

oxygen-rich dus_t (Volk & KW.Ok .1988) is convolved with theMCSE in the dusty CSE and the total luminosityof the object
TIMMI N-band filter curve, yieldingQ = 3.18a [um]. The are derived, assuming a distanbe= 1 kpc. The results for

qut emission Is given by a blackbody and experiences ext|r21jc—: 1 are summarised in Table 1. The emission profiles for
tion on its way out of the CSE:

p = 2 are indistinguishable from those fpr = 1, with the
fly) = [e—m(w + e—m+m(y)] % only difference being the stellar radius (and hence the stellar
-1 luminosity) which is almost six times larger for = 1. The
X [GXP (Mﬁi%(y)) - 1} (13) CSE radii are related to the time in the past when the material

The wavelength dependence of the extinction coeffidigfar
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Table 1. Modelling parameters of the spatial profiles of the optical depth at priéand the 10um flux density. Five models are concerned,
with p = 1 and different mass-loss rate histories parameterised Bistance dependent quantities are given assuming a disfared kpc.

# o R["] tlyl Ro["l tolyl R.["] R.Re] ¢ MMoyr 'l MoMoyr'l MMe]l List[lo]
A -2 7 948 1.9 257 34107% 73 0.05 1.0x107° 1.4 x 1074 0.027 1.5¢10*
B -1 49 664 1.85 251 34107* 67 0.28 4.1x107° 1.1x 1074 0.026 1.%10%
C 0 44 596 1.8 244 30107* 64 0.60 7.9x107° 7.9x 1075 0.028 1.%10*
D +1 4 542 1.7 230 2.9107* 62 1.05 1.3x107* 5.3x107° 0.028 1.x10*
E +2 37 501 1.6 217 2:8107* 60 1.60 1.8x107% 33x107° 0.027 1.0¢10%

at those radii had been expelled, assuming a constant expangtierdust shell: the electron density as traced by the ratio of the
velocity of vex, = 35kms™1. The stellar radius of the hot startwo components of the [8] doublet is higher at smaller pro-
is expressed both in arcseconds and in solar radii. Again, thessed distances from the star. A mixed dust/ion shell may result
conversions are made under the assumption of adisfaned  from a clumpy dust distribution, with some of the stellar UV ra-
kpc. Radii (not angular), dynamical times, and mass-loss ratiation able to permeate the dust shell. Indeed therhdmage
scale linearly with distance, whereas the CSE mass and &ié\FGL 4106 (Molster et al. 1999) suggests a clumpy density
(total) luminosity scale quadratically with distance. or temperature distribution. An extinction map such ash3

The mass-loss history (afpha) is not much constrained by would be useful to trace the dust, whereas a radio map obtained
the optical depth and the 10m emission. The dynamical timesin the free-free continuum may be used to trace the distribution
do not depend strongly on the mass-loss history, and we find@fionized matter. Density-bounded ionized nebulae like the one
most identical total CSE masses/af = 0.027 M D?[kpc]?. around AFGL 4106 are rare and presumably short-lived, but not
Our model does not reproduce the 1n emission exactly. unique: similar nebulae are observed around Luminous Blue
Apart from an observed point-source component in the centfariables (e.g AG Car) and Wolf-Rayet stars (Moors et al., in
with a flux density o8B0 x 10713 W m=2 um~! (= 90 Jy) that preparation).
is not reproduced by our model, the observed emission is more Unless a significant population of very small grains is postu-
compact than our model produces. Lowering the effective tefated, dust temperatures in the detached dust shell around AFGL
perature of the star(s) and/or including absorption of stellar light06 do not reach more than a fewt0? K and hence thermal
by a fixed column density before the stellar radiation reachesiission from dust grains cannot explain the part of the near-IR
the spatially resolved dust shell both lead to a larger derivethission observed by GaseLario et al. (1994) that is (pro-
stellar radius and luminosity — and thus reduces the need fected) co-spatial with the dust shell. Thus it seems more likely
an additional point source in the centre — but the shape of tthat the near-IR emission is due to either free-free emission
emission profiles remains virtually identical. from the ionized component in the dust shell or starlight that
is scattered by the large grains £ 1 um) found by Molster
et al. (1999). The line intensity ratios ofck [N 11] and [S11]
unambiguously point at excitation conditions similar to those
5.1. Binary orbit found in Planetary Nebulae (see Gartario et al. 1991). In

o ] . the bow-shaped region where the line emission reaches its max-
The preliminary binary velocity curve that we present can only,um the excitation mechanism may have a shock component,

be used as an indication for the maximum masses of the stefladyiting in enhanced emission by [§ over that by Hv. The
components of the binary in AFGL 4106. Their current massggock may be due to the collision of the CSE of AFGL 4106
are limited to 15sin™> i Mg, which is consistent both with yith the interstellar medium if the system is moving with a su-
the masses and luminosities derived for a distance of 3.3 liﬂ?rsonic velocity with respect to the interstellar medium. H
by Molster et al. (1999) and with the high ratio of 661 flux  emission from regions outside of the bow shape (up to about

density over CO brightness temperature (see Josselinetal. 193fJe the outer radius of the dust shell) may be explained by an
if the inclination angle is close t90° (edge-on). H 11 region being formed.

5. Discussion

5.2. Structure of the ionized nebula 5.3. Evidence for on-going mass loss

Our coronographic imaging and spectroscopy provide new IRFGL 4106 is experiencing on-going mass loss. Evidence for
sightinto the compl_ex structure of the cwcur_nstella_renvelopefpﬁS is seen in enhanced absorption in the short-wavelength
AFGL 4106. Emission from H and the forbidden lines [N]  yings of Sit, Fe 1,11 and N1 lines. Fluorescence emission
and [Su] originates mainly from a thin shell envelopping &f [Ca 1] (see also Riera et al. 1995) originates from mate-
roughly spherical thicker shell of dust. This dust shell extends,| that has been expelled not more than a few decades ago.
from ~ 2.7 x 10'° Dlkpc] cm to~ 6.6 x 10'° Dlkpclem and - Fyrthermore, the core emission in the én image must be

has an optical depth aroundattlose to unity. There is evi- of circumstellar origin (either dust or ionized gas). If dust is
dence for part of the nebular emission to also arise from within
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present close to the star then it must be optically thin at visual The expansion velocity has increased over time frem
wavelengths. The reason for this is that our modelling of tlB® kms~! at the time when the material at the outer rim of
10 um emission yields a luminosity that is in perfect agreghe dust shell was expelled (tracer: i) through~ 35 kms™!
ment with the integrated bolometric luminosity and reasonalteacer: CO) up te~ 40 kms™! at present (tracers: §i, Fer,11
estimations for interstellar extinction (GéaelLario et al. 1994; and Ni). In combination with a steady mass loss this velocity
Molster et al. 1999) if the dust extinction coefficientingex 1  evolution could yield the radial density dependencpoof —2-2
(as in Volk & Kwok 1988). as derived by Molster et al. (1999). This consideration suggests
that of our models, model C is to be favoured: a constant mass-

5.4. Mass-loss history loss rate during the formation of the dust shell.

The mass contained in the dust shell is a fet)~2D2[kpc]2 AcknowledgementsiVe greatly appreciate having been granted Di-

Mg and~ 13 times less than the mass as derived by MolstE§ctor’s Discretionary Time to obtain the NTT images and spectra. We
et al. (1999). This is in part due to the choices by Molster et g\{ould like to thank the anonymous referee for her/his suggestions. This
for the (smaller) inner and (larger) outer radii of the dust sh search was partly supported by NWO under Pionier Grant 600-78-

_that together yi.eld a duration of the dgsty mass losst, that néglp?d'\g g(e::g?g/frdg?T']su?tlj)pgl?ert;;i:d':zzzg g};?\]%la:; 052. Jacco
is about three times as long as we estimate here. They assume a

gas-to-dust ratio of 100 whereas here we adopt a value of 200,

but the time-averaged dust mass-loss rate that Molster etRgferences

derive from their modelling of the spectral energy distributiogrga-Lario P., Manchado A., Riera A., Mampaso A., Pottasch S.R.,
is an order of a magnitude higher than we estimate here. This 1991, A&A 249, 223

may be the result of differences in the optical constants of t3arda-Lario P., Manchado A., Parthasarathy M., Pottasch S.R., 1994,
dust species used in their modelling using large grains-( A&A 285, 179

1 um) from those of the dust in Volk & Kwok (1988) that weJenniskens P., Desert F.-X., 1994, A&AS 106, 39 .

use here. The mass-loss rate estimate from the CO emiss#®sselin E., Loup C., Omont A., Barnbaum C., NymarAL,.1996,
however, is in between the mass-loss rates that we estimate forA&A 315, L23

the inner and outer radii of the dusty CSE, and thus seemgg§selin E., Loup C., Omont A., et al., 1998, A&AS 129, 45

favour our more moderate mass-loss rates over the extre ;rel;‘j\’:n ;gg; iTg'Agfg;;e”n T, etal., 1997, ApJ 475, L37
high mass-loss rates estimated by Molster et al. (1999). Mgl P 2P ’

. ) . ster F.J., Waters L.B.F.M., Trams N.R., et al., 1999, A&A, in press
discrepancy might be resolved by storing most of the dust M@$iSarprock D.E.. 1988. PASP 100, 412

into large grains at large distances from the star, outside @5 A, Garea-Lario P., Manchado A., Pottasch S.R., Raga A.C.,

CSE as traced by the 10m emission, yielding the observed 1995, A&A 302, 137

emission at wavelengths longward-ef50 ym. Sopka R.J., Hildebrand R., Jaffe D.T., et al., 1985, ApJ 294, 242
Volk K., Kwok S., 1988, ApJ 331, 435
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