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Abstract. New observations of AGB circumstellar envelopekengths are a preferred diagnostic tool to investigate the physical
made with the mid-IR imaging camera CAMIRAS are preand chemical composition of dusty circumstellar environments
sented. Diagnostic tools based on mid-IR colors are proposedund AGB stars (Waters et al. 1998; Blommaert et al. 1998;
for the analysis of the observed objects, and tested again&ijestra et all 1995; Willems & de Jong 1988; van der Veen &
larger sample of AGB sources derived from IRAS observatiortdabing 1988). The composition and properties of AGB circum-
Radiative transfer modelling is used to calibrate our diagnostitellar environments derive from the chemical mix in the stellar
procedures, in order to investigate the physical and chemicahvective envelope, and in particular from the C/O abundance
characteristics of both samples. The different chemical signmatio. This is in turn determined by the initial mass of the
tures of C-rich and O-rich envelopes are put in evidence btar, and by the time spent on the AGB, that set strong limits
mid-IR color-color diagrams, and correlations are found ben the creation of aarbon star(having C/O> 1 in the photo-
tween the observed colors and a mass loss parameter derivesidhere) from an O-rich M-giant entering the AGB phase. The C
radio observations. Evidences for possible temporal variatiomsrichment of the convective envelope is the consequence of a
in the mass loss rates are also suggested. The possibility tordedng process known akird dredge-uplt occurs repeatedly
rive direct information on the spatial structure and symmetry ofi the AGB, after thermal instabilities of the He-shell that in-
the envelopes is finally investigated, and the image of the O-righrupt the normal power release by the H-burning shell (Iben
star WX Psc, as an example of a spatially resolved axisymmeidkenzini|1983; Busso et &l. 1999).
envelope, is presented. Recently, updated stellar models (Straniero et al. 1995,
1997) found that, for solar metallicity, only stars above 1.5—
Key words: stars: AGB and post-AGB — stars: circumstella.0 Mg can undergo a sufficient number of third dredge-up
matter — stars: individual: 0191-B2B — infrared: stars episodes to drive an increase of the C/O ratio above unity. On
the other hand, AGB stars with/; 2 5-6 M., experience par-
tial H-burning at the base of the convective evelope (Hot Bottom
Burning, or HBB, see e.g. Sugimato 1971; Renzini & Vol 1981;
Blocker & Sclonbernef1991; Sackmann & Boothroyd 1992;
Low mass stars (LMS) and intermediate mass stars (IMS), in tassiliadis & Wood 1993; Frost et &l. 1998). This consumes the
late evolutionary stages populate a sequence in the H-R diagr@wly produced C, preventing the stars from becoming C-rich
known as the Asymptotic Giant Branch (AGB). Here they urthowever, see Frost et al. 1998). As aresult, C stars can probably
dergointense mass loss, responsible for the creation of a circiyaformed at the end of AGB evolution in a quite narrow mass
stellar envelope of gas and dust. This envelope is often opaquesiege (2—-4 M,). More massive AGB stars appear to be Li-rich,
visible photons coming from the central star, due to dust graiasd are of class S (Smith & Lambért 1989); in general, O-rich
condensing in the stellar extended atmosphere. It is nonetbavelopes are therefore expected around very different objects,
less a source of thermal infrared (IR) radiation, especially in teéther of very low mass¥/ < 2 M) or rather massivel( 2 5
range 5-2@Qum. For this reason, and for the optical propertiel . ), and in very different evolutionary stages. This is directly
of silicates, amorphous carbon and silicon carbide (SiC), thaflected in the larger variety of O-rich envelopes, compared to
are the main constituents of circumstellar grains, mid-IR wavihe rather uniform properties of the C-rich ones.
. In this paper, we want to show that this dichotomy is re-
Send offprint requests tb. Marengo flected in the mid-IR properties of the two classes of sources and

Based on observations made at the Italian Infrared Telescc’pet(? derive criteria for discriminating them and/or understanding
Gornergrat (TIRGO)

1. Introduction
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Table 1. Mid-IR flux densities of the observed (CAMIRAS) AGB stars.

Source Fss5 Fssr  Fose Fiio1  Fiaoa  Fiaas  Fieesa epoch

Byl Dyl [yl [Jyl [Jy] [Jyl [Jyl
KU And 488 433 763 1030 - 497 — Nov. 96
WX Psc 846 702 1050 1040 - 364 863 Nov. 96
W And 154 151 188 162 - 115 — Nov. 96
CRL 618 226 192 322 378 413 484 882 Nov. 96

- - 272 - 559 - —  Feb. 97

IRAS 06088+1909 40 — 37 42 - 37 — Nov. 96
Red Rectangle 235 - 93 - - — 3030 Feb.97
IRC+40156 - 54 - 76 50 - — Nov. 96
CIT6 - - - 3880 3070 — 1930 Feb. 97
NSV 9118 221 - 283 222 290 - —  Feb.97
CRL 3068 288 - 362 404 - 472 280 Nov. 96

their properties from their infrared emission. For a more genela achieved using medium and large aperture telescopes on the
discussion of AGB evolution and nucleosynthesis the readegi®und, and with very short integration times to obtain nearly
referred to Busso et al. (1999). The various classes of carlffraction limited images. To demonstrate the feasibility of this
stars are discussed at length in the review by Wallerstein aedhnique, we present in Sddt. 6 the mid-IR images of an AGB
Knapp (199B). source (WX Psc), for which we were able to spatially resolve

This work extends a previous analysis of a sample of AGBe extended emission from circumstellar dust, revealing depar-
circumstellar envelopes performed with the 10x20imaging tures from spherical symmetry and a complex mass loss history
camera TIRCAM, aimed at analyzing the correlation betwe@wer the timescale in which the envelope was formed.
mass loss rates and mid-IR colors in the AGB phase (Busso The main results of our work are then summarized and dis-
et al. 1996, hereafter papeér I), and the subsequent modellugsed in Sedil 7.
needed to derive the physical parameters of the observed objects
(Marengo etal. 1997, hereafter papér I1). New observations wigh Opservations
the IR camera CAMIRAS (Lagage etlal. 1992) have been carried ] ) )
out to measure IR colors of a larger sample of C-rich and O-riéfjd-IR images of ten AGB stars were obtained in November
sources, and to explore the possibility of direct imaging of tH&96 and February 1997 using the mid-IR camera CAMIRAS
AGB circumstellar envelopes. The details of the observatiorfiveloped at the Service d’Astrophysique at Saclay (Lagage et
runs are presented in Sddt. 2; the sample characteristics are gile992) equipped with a 192128 Si:Ga/DVR array detector,
in Sect[3, while in Sedfl4 mid-IR colors are derived and tr1d mounted atthe 1.5m Italian Infrared telescope of Gornergrat
relationship between colors and mass loss is discussed. ~ (TIRGO). We used a scale of 0.7ix and a set of 10% pass-

In Sect[$ we compare the results for our sources with sim@nd filters centered at 8.55, 9.56, 11.21, 12.45 and 16164
lations computed using a much larger sample compiled by LoBjy'S narrow band filters at 8.57 and 12/24. The sky and tele-
etal. (1993), hereafter 93, for which mid-IR colors are derive¥fOP€ emissions were subtracted using the standard chopping
from a rebinning of the IRAS Low Resolution Spectira (1986?‘.nOI ?Qdd'”g techniques for observgtlons n h'gh background
Simple radiative transfer modelling (Ivéz& Elitzur 1997) is conditions. In order to have a good image quality, each obser-
then used for the interpretation of both samples, and to inv&&tion was splitin many short exposures (2-10 seconds), then
tigate the physics of mass loss in the AGB phase from mid-fecentered and coadded to obtain the required total integration
data. time (from 5 to 15 minutes, according to the source brightness).

Near infrared observations of AGB and post-AGB objectshe secondary mirror throw (for chopping) and the nodding an-
from space (Sahai et 4, 1998) and from the ground (Weig8lg Were chosen in order to have the target in all four beams,
et al.[1998; Monnier et al. 1998) reveal how mass loss in tf#!S maximizing the signal of the sources and minimizing the
AGB phases is variable on different timescales, and modulaf€éf! integration ime.
by various periodicities, such as the thermal pulses (Steffen et The standard stars Ari, o Aur, a Tau, 5 And, 5 Gem,
al.[1998), LPV-Mira pulsations (Le Bertre & Wintdrs 1998) an@nd/3 Peg were observed to calibrate the images and to derive
dynamical times for dust condensation (Fleischer et al. 1998€ point-spread-function (PSF). The calibration fluxes in the
Winters et al, 1994, 1995). Imaging in the mid-IR is compleme&AMIRAS photometric system were derived for each standard
tary to high resolution observations in the near-IR (that can orffyy @ two step process: (1) a synthetic spectrum for each star
access the hotter regions where dust is condensing near the ¥@f constructed by fitting available IR photometric data (Gezari
lar photosphere) or to radio interferometric data (mapping tA&93) with a modified black body (Engelke 1992), and then (2)
spatial distributions of molecular gas at much larger distancg&volved with CAMIRAS filter profiles to provide the flux at

from the star). The required sub-arcsec angular resolution &a¢h wavelength. The observed PSF varies from night to night,
and in the mean is- 2.2" at 8.55um and~ 3" at 12.45.m.
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Table 2.List of the observed sources (TIRCAM+CAMIRAS). For each source the IRAS name and IRAS LRS code are indicated. The chemical
class of the envelope, the variability type, the bolometric flux (in units of the source luminosity for a “standard” distance of 1 kpc), the mass
loss estimate, the gas outflow velocity and the distance are obtained frdm L93. The total luminosity is computedasikpc® - Fiorar /d>,

and is thus affected by the errors in the distance determination and bolometric flux estimate by L93 (based on IRAS colors, and thus quite crude
for objects whose spectra are dominated by near-IR emission). Note that, in some cases, more than one estimate exists for the mass loss rate,
and/or distance and luminosity.

# Source Class IRAS LRS Var.typedr - IKpG Forar M Ve d L
Lo Moyr '] [kms™'] [kpc] Lol
1 KUAnd O-rich  00042+4248 26 M 1.5-10% 9.7-107¢ 21.7 0.82 1.0-10*
2.4-107° 21.7 1.10 1.8-10%
2  WXPsc O-rich  01037+1219  4n M 3.4-10* 85-107¢ 20.7 0.54 9.9-10°

1.2-107° 20.7 0.51 8.8-10°
2.4-107° 20.7 0.51 8.8-10°

3 WAnd S-star  02143+4404 22 M 4.4-10* 8.0-1077 10.7 0.48 1.0-10°
9.7-107" 10.7 0.63 1.7-10%
4 oCet O-rich 02168-0312 2n M 8.1-10° 5.0-1077 5.6 0.11 9.8-10°

5.7-1077 5.6 0.08 5.1-10°
1.0-107¢ 5.6 0.08 5.1-10°
1.0-1077 5.6 0.08 5.1-10°
2.1-107¢ 5.6 0.08 5.1-10°
5 CRL618 C-rich 04395+3601 62 - 7.8.10° 6.7-107° 19.5 1.30 1.3-10*
5.6-107° 195 1.30 1.7-10*

6 IRAS06088+1909 C-rich 06088+1909  — - - - - - -
7 Red Rect C-rich  06176-1036 80 - - - - — -
8 IRC+40156 O-rich 06297+4045 27 - 3.7-10° 1.0-107° 16.3 1.60 9.5-10°
9 XcCnC C-rich 08525+1725 42 SRb 2.1-10% 7.7-1077 9.7 0.69 1.0-10%
4.6-1077 9.7 0.64 8.6-10°

10 RLMi O-rich 09425+3444 24 M 9.4.10* 2.8-1077 7.0 0.33 1.0-10*
5.0-1077 7.0 0.35 1.2-10%

11 RLeo O-rich 09448+1139 1n M 5.0-10° 1.0-1077 8.5 0.14 9.8-10°
8.0-1078 8.5 0.30 4.5-10*

6.0-1077 8.5 0.24 2.9-10*

12 CW Leo C-rich 09452+1330 43 M 6.6 - 10° 4.8-107° 14.7 0.29 5.6-10*
2.2.107° 14.7 0.22 5.6-10*

13 CIT6 C-rich 10131+3049 04 SRa 6.9 - 10* 6.0-107¢ 16.8 0.38 1.0-10%

2.6-107° 16.8 0.19 2.5-103
4.8.107° 16.8 0.39 1.0-10*
7.5-107¢ 16.8 0.48 1.6-10*
14 Y CVn C-rich  12427+4542 42 SRb 8.7-10% 4.2-1077 8.2 0.34 1.0-10*
2.8-1077 8.2 0.35 1.1-10*
1.4-1076 8.2 0.35 1.1-10%
1.2-1077 8.2 0.41 1.5-10*

15 RT Vir O-rich  13001+0527 21 SRb 1.3-10° 7.4-1077 9.3 0.28 1.0-10*
1.3-1076 9.3 0.97 1.2-10°
6.0-107¢ 9.3 1.00 1.3-10°
4.9-1077 9.3 0.32 1.3-10*

16 SCrB O-rich  15193+3132 24 M 2.3-10% 5.8-1077 6.3 0.66 1.0-10%
6.0-1077 6.3 0.42 4.1-10°

17 WX Ser O-rich  15255+1944 29 M 7.2-103 2.6-107° 8.8 1.20 1.0-10°
5.3-1077 8.8 0.72 3.7-10°

18 VCrB C-rich  15477+3943  4n M 1.5-10% 5.2-1077 7.8 0.82 1.0-10*
5.8-1077 7.8 1.02 1.6-10*

19 UHer O-rich  16235+1900 23 M 3.2-10° 2.6-1077 13.1 0.18 1.0-10%

20 NSV 9118 O-rich  17297+1747 14 SR 1.6-10% 9.7-107° 16.3 0.79 1.0-10*

2.0-107° 16.3 1.20 2.3-10*
1.6-107° 16.3 1.20 2.3-10*
21 RAFGL 2205 O-rich  18348-0526  3n M 1.1-10% 2.1-107° 10.6 0.95 9.9-10*
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Table 2. (continued)

# Source Class IRAS LRS Vartype4r - 1kp& Fiotal M Ve d L
Lo Moyr'] [kms™'] [kpc] [Lo]
22 NSV 11225 C-rich 18397+1738 43 - 2.8-10% 3.8.107° 14.2 0.60 1.0-10*

9.1-107° 14.2 0.79 1.7-10%
2.4-107° 14.2 0.79 1.7-10*
6.0-1076 14.2 0.64 1.1-10*
23 CRL3068 C-rich 23166+1655 02 - 1.1-10% 8.4-107° 14.1 0.95 9.9.10°
6.4-107° 14.1 0.57 3.6-10°
1.2-107° 14.1 1.00 1.1-10%
2.1-107° 14.1 1.04 1.2-10%

In Table[1 we report the integrated flux densities of ouogether with the gas outflow velocity, an estimate of the source
observed AGB stars. The photometric statistical error (compigistance and bolometric flux (computed in 1.93 from the IRAS
hensive of the calibration errors) is approximately 10%. Of dlR, 25, 60 and 100m photometry), and the total luminosity;
the observed AGB stars in Talile 1, only WX Psc and the Rétkse parameters will be used in Sglct. 4 to compare the relation
Rectangle appear to be spatially resolved (within our measubEtween mid-IR colors and mass loss introducéd in paper |, with
PSF) in all the filters, while most of the other sources are unitte new CAMIRAS data.
solved, or show extended mid-IR emissions only in the shortest
wavelength filters (where the PSF is smaller).

4. Mid-IR colors and mass loss

The photometric systems of CAMIRAS and TIRCAM (and in
general of all mid-IR imaging cameras and photometers) are
In ordertoincrease the statistical significance of our data on mahosen in order to facilitate the chemical discrimination of as-
IR fluxes for AGB stars, we have enlarged our sample, additrgnomical dust.
the mid-IR data of other AGBs previously taken with the camera The O-rich dust present in the AGB circumstellar envelopes
TIRCAM (paper |). Since TIRCAM observations were carriettaving C/O< 1 is characterized by a mixture of pyroxenes
out using a slightly different photometric system (8.8, 9.8, 11dhd olivines, collectively known aastronomical silicatesThe
and 12.5:m), the IRAS LRS of some AGB sources of differenbptical properties of silicate dust varies with the associated crys-
chemical type in our sample were used to estimate the calalline or amorphous structure and with the relative amount of
corrections needed to compare data in the grdilter with  Fe and Mg in the silicate stoichiometry, but is in general char-
those inthe 8.8 m one, and data in the 9.5n filter with those acterized by two broad features peaked at 9.8 andhi8rhese
in the 9.8um one. These color corrections, however, turned ofgatures can easily be detected above or below the continuum
to be much smaller than the uncertainty of the measurementgmission (according to their occurrence in emission or in ab-
our photometry, and have therefore been ignored in the pressmiption) by the 10% passband filters available for CAMIRAS
work. at9.56 and 16.64m and for TIRCAM at 9.8:m. Several other

All the data presented in papér | were revised during tminor components are assumed to be presentin the O-rich dust,
preparation of this paper, in order to ensure an homogeneaunsong which ice and oxides, to explain the presence of sec-
quality of the photometry in the combined sample. For this reandary features observed in spectra collected by space, as the
son the C-rich TIRCAM source FX Ser was rejected, due tol8.m feature seen in a fraction of O-rich IRAS LRS and gener-
vignetting of the original image in the 8:8n filter. The TIR- ally attributed to corundum (ADs, see e.g. Onaka et al. 1989;
CAM photometry of the S-star W And reported in pager | walsittle-Marenin & Little [1990; Sloan & Pricé_199%, 1908; but
also discarded in favour of the more accurate CAMIRAS phsee also Spec¢k 1998, in which Si@3 proposed instead). Due
tometry of the same source, since the I TIRCAM image to the atmospheric opacity, the wavelengths of these features
of W And was found to be contaminated by a residual backre not accessible from the ground, and cannot be studied with
ground signal. ground-based mid-IR cameras.

The complete list of AGB stars considered here is reported AGB stars having C/Q 1 form carbonaceous dust, mostly
in Table2. Each source is chemically characterized by its IRASade of amorphous carbon (“sooth”, composed of graphite
LRS code (based on the features of the IRAS 7#23Low crystals arranged in amorphous conglomerates), with important
Resolution Spectra), and by the “chemical type” of the envelom®condary components as Polycyclic Aromatic Hydrocarbons
as given inL93. For all the variable sources, the variability tyd®AH), silicon carbide (SiC) and other carbon bearing conden-
is also reported (again fromLB3). sates. Being the amorphous carbon opacity essentially feature-

One or more estimates of the mass loss rate, derived frtess, the spectral properties of circumstellar envelopes with car-
CO/HCN radio millimetric observations, are available in .93 fobonaceous dust are in general characterized by a narrow emis-
many of the sources in our list. Talilk 2 reports these estimatgon feature peaked at 11u#h, that can be put in evidence by the

3. The AGB sample
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Fig.1. Color color diagrams of the observed sources (CAMI-

the envelopes, indication of the amount of dust around the AGB
star).

Note that the above color definition[l{ — [2] =
2.5log F5/Fy) does not take into account the fluxes of the
0 magnitude star; this choice was made In paper | for con-
sistency with the (IRAS) colors defined in van der Veen &
Habing [1988). Equivalent colors calibrated on the zero magni-
tude fluxeg1]o — [2]o = 2.5 log[(F2/FY)/(Fy/FY)] are related
to ours by an offsefjy1_j9) = ([1]o — [2]o) — ([1] — [2]), with:
Ags—[9.8] = 0.24, Ags)—11.2) = 0.59 and Az 5_[12.5] =
0.81.

The “silicate feature” plot in FidL]1 shows the C-rich sources
aligned along a sequence around the black body curve, while the
O-rich ones appear to be more dispersed; this different distribu-
tion can be explained by considering that the C-rich envelopes
are featureless in all the colors of the plot, while the disper-
sion of the O-rich envelopes is a measure of the strength of the
silicate feature. The “SiC feature” plot shows the same pattern,
because the silicate feature of the O-rich sources is wide enough
to extend into the 11.2m filter in the[8.5] — [11.2] color, and
the amount of SiC of the C-rich sources in our sample is not high
enough to determine a strong dispersion of the sources with car-
bonaceous dust (at least within the photometric errors). In both
plots the more evolved sources have a lafgéi — [12.5] color,
in agreement with the result found|in papker .

The chosen colors can in principle have a dependance on the
phase of the variable sources; we however found that the color
variations of sources observed months apart are much smaller
than at optical and near-IR wavelengths (see e.g. the source CRL
618 in Tabldl and o Cet n papér I).

To test if the[8.5] — [12.5] color is directly correlated with

RAS+TIRCAM). C-rich envelopes are the filled circles, O-rich sourcehie amount of dust in the circumstellar envelope (i.e. the mass
are empty circles and the only S-star is grey. Colors of black bodim‘ss) in[ paper|| the mass loss param@‘.érlog[lOSMve/L4]

with different temperatures are also plotted.

was derived from_L93 data for all observed sources. C-rich
sources were shown to have values of the mass loss parame-
ter linearly related to th&.5] — [12.5] color. O-rich ones were

mid-IR filter centered at the same wavelength. PAH emissi#istead grouped very close to one another, to the point of being
lines can only be detected in post-AGB and pre-PN objects, haadistinguishable within the limits of the photometric and mass
ing hot central stars whose spectra are rich in the UV radiatit#$s uncertainty. Two exceptions to this rule were found: a single
needed to populate the transition levels of the PAH molecul&@urce in a late evolutionary stage, having a very red color and
we have attempted PAH detection for a number of sourceshigh mass loss (RAFGL 2205), and an S-star (W And) having

Table[1 using the narrow-band filters at 8.57 and 12:24il-

intermediate mass loss and a substantial infrared excess. This

ters, without success (the flux in the PAH filters was similar @fference was tentatively explained with the assumptions that:

the one expected for the continuum).

(1) for all sources, a greater IR excess was a measure of higher

From the discussion above, it is clear that mid-IR colof§ass loss; (2) the O-rich sources in the TIRCAM sample, (apart
based on the 9.8 and 11uh filters might in principle allow from the more evolved RAFGL 2205), share the same evolu-
one to discriminate sources characterized by silicate and dignary stage and thus have similar colors; (3) TIRCAM C-rich
bonaceous dust; as jn paper | we have thus defined the &gurces have a higher mass loss rate but lower IR excesses, be-

ors [85] — [98] = 2.510gF9_8/F8,55 and [85] — [112] =

cause in the 1pm region the opacity of carbonaceous dust is

2.5log F11.01/Fs 55 as indicators of the strength of the sili-smaller than that of astronomical silicates.

cate and the SiC features respectively. Both colors use the flux We have reproduced in FIg. 2 the same mass loss plot already
at 8.55um (equivalent to the 8.8m for TIRCAM sources) shown in paper I, but including CAMIRAS data. Note how the
as reference for the continuum; a second “continuum” figame regression line of C-stars previously found with TIRCAM

ter at 12.45m is used to define the cold8.5] — [12.5]

holds also for the new C-rich envelopes. The distribution of O-

2.5log F12.45/Fs.55, Which in[paper|l was proven to measurdich stars, instead, now has a much larger spread, both in mass
the “infrared excess” of the sources (e.g. the optical depthlgss and in color. In view of the above interpretation, this would
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the observed sources (CAMIRAS+TIRCAM). Again, filled circlesare | 5 — — T T
C-rich envelopes, empty ones are O-rich and the S-star is grey. A re-
gression line for C-rich sources is computed and drawn on the diagram. L
The mass loss parameter is derived from.TEbIe 2 (the average value is 1.or ]
used for sources with multiple estimatesifandL). -
S osf .
be an indication that either the CAMIRAS O-rich sample is-
less homogeneous than the one observed with TIRCAM, or tﬁe 0.or
previous, weak correlation between mass loss and excess mid-
IR color for these sources was simply an effect of low statistics. o 5[ it ]
We have to underline here that some caution is necessary in i
using the parameters plotted as abscissa (IR color) and ordinate , ,+
(mass loss) in Figl2. Indeed mass loss is derived fromradiodata _; 05 0.0 0.5 10

on extended regions of the circumstellar envelope, while mid- [8.5]-[12.5]
IR colors probe a more internal dust shell. Different parts of the

circumstellar environment may refer to different AGB phase ig. 3. Color color diagrams of all the selected sources inlL93 sample.
“rich envelopes are represented by filled symbols, O-rich ones by

Wh?n the star mar)]{ have peen ea(perlr(]ancmg ltljlcfi‘ferent _massf ! i ty symbols and S-stars by gray circles. The colors of black bodies
regimes. Due to this caution, and to the small dimension of (g, gtferent temperatures are plotted, and the silicate feature diagram

observed sample, we cannot as yet decide which interpretatiogiged in three regions according to the LRS code of the sources.
to favour; for this reason the same analysis will be carried outin

the next section using a much larger sample, derived from the
L93 catalog, and “simulated” mid-IR colors derived from IRA$.93 for which the IRAS LRS is available. Note that the selected
LRS. sources do not represent a statistically significant sample, since
A final note concerns the color of the S-star W And. AF93 catalog is biased toward strong CO emitters, and the IRAS
explained in Sedfl3, the 12.8n flux reported in paper | was | RS catalog is affected by source confusion in the Galactic
found to be contaminated by a residual background signal, gmgne.
was discarded. The IR color of this starin Fﬁb 2isthus Computed For each source the two LRS segments were rectified and
only using the new CAMIRAS measurements, and places t§gliced together as described in Cohen et’al. (1992), and then
source in the same region as other O-rich envelopes with l@@¢nvolved with CAMIRAS filter profiles to estimate mid-IR
mass loss. photometry and colors in the same photometric system as used
in Sectl#. Fid.B shows the silicate and SiC feature color color di-
agrams obtained with L93 sources of all chemical types: the two
plots confirm the distribution of the observed sources, adding
The catalog collected in L93 contains a list of AGB sourcgsieces of information that are useful for their interpretation,
for which millimetric observations of CO and HCN lines ardased on the LRS class.
available, giving estimates of the total mass loss rates. The “silicate feature” diagram in the top panel of Elg. 3, in
In order to confirm our mid-IR analysis of circumstellaparticular, can be divided into three regions. The first is above
envelopes around mass losing AGB stars with a larger samphes black body curve, and all the O-rich sources of LRS class
we have selected 154 O-rich, 7 S-type and 167 C-rich source&in(with the silicate feature in emission) are found here; the

5. Mid-IR color analysis of an extended sample
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Fig. 4.Color color diagrams of the O-rich and S sources in the L93 saffig. 5. Color color diagrams of the C-rich sources in the L93 sample.
ple, plotted with the usual symbols. Model tracks havingof 1800, Model tracks having SiC/amC of 0, 0.06, 0.10 and 0.14 are plotted;
1000, 600, 400 and 200K are plotted; marks on each track indicatarks on each track indicate models havifgof 0.01, 0.1, 1, 10 and
models having of 0.01, 0.1, 1, 10 and 100. 100.

second is aligned along the black body line, and groups all the
C-rich sources plus the O-rich ones without the silicate featumad small infrared excesses, that require cold envelopes to be
(classesin and 1n respectively). Finally, the third region ismodelled. We will discuss in greater detail the modelling of
below the black body line, and collects all the O-rich envelop&srich envelopes in a separate paper, focussing on the correla-
of class3n (with the silicate feature in absorption). A similations between the temperatdreand the variability type (Mira,
(but less dispersed) distribution of the O-rich sources is pressatniregular or irregular) of an even larger sample. Note, finally,
inthe lower panel (“SiC feature” diagram); the C-rich envelopgbat model tracks for differerit; join in the region of maxi-
appear here to have a larger sprabdvethe black body, due to mum source density. This means that the same silicate feature
the presence of the SiC feature in emission. It is evident that $teength, relative to the continuum, can be obtained either with
characteristics of O-rich sources are best recognized in the fivggh 77 andr, = 1 or with low 77 and7y < 1, and the two
plot, while those of C-rich sources are best put into evidencedases cannot be well separated on the basis of the mid-IR col-
the second one. ors alone. To derive in a unique way the physical parameters
To quantify the distribution of the AGB circumstellar en-of O-rich AGB circumstellar envelopes thus requires either to
velopes in the color color diagrams as a function of the envelopensider the whole LRS distribution, or to fit, together with
physical parameters, we have run a set of simple radiative tratie mid-IR colors, also the photometry at 12 and.#5 (plus
fer models of spherically symmetric circumstellar envelopethe fluxes at 60 and 1Qem whenever they are not affected by
using the public domain code DUSTY (lvez Elitzur[1997). “cirrus” contamination).
Model tracks of envelopes having different optical depths (A similar plot is shown in Fid.]5 for all C-rich sources and
from 0.01 to 100) are computed assuming steady mass loss (nadels computed with amorphous carbon opacity mixed with
dial densityp ~ r~2) and dust opacities from Ossenkopf edifferent amounts (from 0 to 0.14) of SiC. The position of the
al. (1992) for silicates, from Hanner (1988) for amorphous carnodel tracks confirms that the color distribution of the sources
bon and from Bgouré (1988) for SiC. The central AGB stardepends on the abundance ratio of SiC to amorphous carbon,
spectral energy distribution is simulated by a black body at thed that the relative proportion of the two dust components can
temperature of 2500 K. be estimated (at least for moderaig by a fitting to the mid-IR
Fig[4 shows model tracks computed with silicate dust opamslors. Note that for the L93 sample the maximum amount of
ity superimposed on the O-rich sources. Each curve correspo8as in the dust mixture is of the order of 14%, (in number density
to a different temperatufg, ofthe inner envelope boundaRy;, of the dust grains) confirming that it is not a major component
whereR; is either the dust condensation radius (if the dust & C-rich dust.
presently being produced), or the radius of the internal cav- Since for all L93 sources at least one mass loss estimate is
ity generated by the envelope expansion (if the mass lossaimilable, we have reproduced in Hib. 6 the mass loss parameter
presently quiescent). Note that the whole area occupied by tse mid-IR color for the whole sample. The sources of different
color distributions of the observed sources is also covered dyemical type are not completely separated in the plot, but the
model tracks with different model parameters, and a wide ran@erich sources appear to be more concentrated in the upper left
of temperatured’ is necessary to explain mid-IR colors ofide of the diagram (higher mass loss, lower infrared excess),
all sources, in particular those having weak silicate featuretile the O-rich ones are grouped in the lower right side (higher
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Mass “O‘SS‘ d@g@“j — Loup sources thermal pulses of the AGB phase, and too long with respect to
10 ] the LPV variability, but is compatible with the temporal sepa-
8k TIRCAMACAMIRAS . ration of the structures observed in the remnant AGB shells of
I e ooufees j 1 post-AGB objects like the Egg Nebula (Sahai efal. 1998), per-
> 6r ° e haps associated with dynamical times of dust condensation or
§ . a E with low frequency variability created by interference of close-
= r ] by dynamical modes (but see also Mastrodemos & Morris|1998
© LL 4 for an alternative hypothesis involving the “evaporation” of a
= 1 close companion due to the AGB wind).
5 O ]
N r ]
-2 b 6. Images of extended sources
40 Radiative transfer modelling allows one to determine the main

1.0 physical and chemical parameters of dusty circumstellar en-
velopes by a model fitting of their mid-IR spectral energy dis-

Fig. 6. The mass loss parameter vs. mid-IR color for all sources ffbution (7—23um, as in the IRAS LRS); this however requires
93l As usual, the symbols (circles) for C-rich sources are filled, fotnderlying assumptions about the geometry of the system. Since
O-rich sources are empty and for S-stars are grey. The regression e source spectra alone do not provide sufficient information to
computed for the ground-based observations (TIRCAM+CAMIRASjt the extra free parameters introduced by a complex geometry,
is reproduced in the diagram. spherical symmetry and steady mass loss (density r—?2)

have usually to be assumed. This is an important limitation,

since observational evidences at several wavelengths indicate
infrared excesses and lower mass loss rate), with the few S-sthgiations from spherical symmetry in AGB and post-AGB ob-
in between. jects (Hora et al. 1996; Dayal et al. 1998; Skinner ef al. 1998;

The regression line previously found through ground basBdjarrabal et al. 1992; Dyck et al. 1887; Barnbaum €t al. 1995;
mid-IR observations of C-rich AGB stars defines a sort of lowétastner & Weintraulh 1994). Also a non homogeneous radial
boundary of the region populated by C-rich envelopes in tidensity distribution often appears characterized by detached
L93 sample. This is probably a consequence of the selectihrells (Hashimoto et dl. 1998; Olofsson et[al. 1992; Willems
process in which the targets to be observed were chosen&lide Jong[1988; Zijlstra et al. 1992) and clumpy structures
order to maximize the S/N ratio achievable with TIRCAM an@_opez et al[ 1997; Olofsson et al. 1996; Weigelt af al. 1998)
CAMIRAS detectors, we have selected the brightest sourdbat can be related to different phenomena (temporal modulation
with the largest infrared excess available: in the case of the @the mass loss rate and of the dust condensation mechanisms;
rich envelopes this favoured the sources at the lower boundprgsence of a close companion; building of a circumstellar disk,
of the color distribution, that is where the infrared excess &c...).
maximum. Itis thus evidentthat the availability of spatially resolved im-

In general, the L93 sources confirm the interpretation givaiges of AGB circumstellar envelopes, coupled with two- or even
in[paper |l and reported in Selk. 4, according to which C-statsee-dimensional radiative transfer codes (see e.g. Lopez et al.
tend to have lower infrared excesses for a given mass loss E85) would greatly improve our knowledge of the mass loss
as compared to O-rich sources, due to the intrinsic optical prggecesses in the latest stages of the AGB evolution. The develop-
erties of the dust particles in the two cases. ment of infrared interferometry (see e.g. Monnier e¢tal. 1997 and

Even though the error bars on the estimates of mass Igssvious work) and the extension of interferometric techniques
rate in the_L93 sample are quite large (in general larger thatmid-IR wavelengths (Sudol et al. 1299) have recently made
the error for the better defined TIRCAM and CAMIRAS sampossible to obtain one-dimensional visibility curves of AGB en-
ples), it is unlikely that the errors ol alone can explain the velopes that were previously unresolved atif) The direct
spread in the source distribution shown in Eig. 6. This favourwo dimensional imaging of these sources, however, is still lim-
the idea that the spread is intrinsic to the sample, and possiitdd in the mid-IR by diffraction, because of the small size of
due to temporal variations in the mass loss rates on timescdlesenvelope regions emitting in the mid-IR (10-100 A.U.) that
smaller than the crossing time of the circumstellar enveloperastricts the possibility of obtaining spatially resolved maps at
the stellar wind speed. Since the 1.93 mass loss estimates Hdgm to the brightest and nearest objects.
based on CO emission taking place in a shell of radius of Due to the small aperture of the TIRGO telescope (1.5m),
the order ofl0'7 cm, while the mid-IR photosphere is usuallymost of the observed sources appear to be spatially unresolved
at a distance of about'“—10' cm, in order to break the corre-in our observations. There are, however, some exceptions in
lation between the gaseous and the dusty envelopes we neegtich the images show departures from spherical symmetry
postulate temporal variations 8f on timescales of the order ofand extended emissions beyond the instrumental Point Spread
103 yr (assuming an outflow velocity of 10 km'$), or shorter. Function (PSF). We will discuss them in a separate paper but, as
This timescale is in general too short to be associated with tie example, we present in Fig. 7 the image of the best resolved




M. Marengo et al.: Mid-IR colors as a diagnostic tool of AGB CSE 509

WX Psc at A=8.20um
Co O S R R IR R B

1 2ag = 3.0" 20, = 9.8" |
1 2bg = 2.3" 2biy = 6.8" |
104 0 = —104° 0o = —45°  F
1 €r = 0.31 €co = 018 - Fig. 7. Images and contour plots of the O-

- + rich AGB envelope WX Psc at 8.536m.
- Contour levels are shown at 0.01, 0.02, 0.05,
- 0.1, 0.2 and 0.5 of the source maximum,
—  where the 0.01 contour corresponds to the
- 50 noise level. The source radial bright-
- ness distribution is fitted with a 2D elliptical
+ gaussian whose major and minor axis, orien-
L tation (from East direction, clockwise) and
I asymmetry are indicated in the left column.
L The “sizes”a andb of the interpolating el-
L liptical gaussian are related to the FWHM
L by the relation FWHM = sizeyv21n 2. The
L dashed contour and line are the half maxi-
- mum ellipse of the fitting gaussian, and the
L orientation of its major axis. The dot dashed
~ | contour and line indicate the size and orien-
L tation of the secondary gaussian component
L ofthe CO (J=1%0) emission as measured by
| Nerietal.[I998B). The parameters of the CO
L fitting are indicated in the right column for
L comparison; note the 8%otation between
L the orientation of the IR and the CO ma-
jor axis. The dotted circle in the lower right
corner is the beam size of the PSF, derived
from the half maximum contour of a stan-
arc sec dard star.

arc sec

source showing a non-spherical geometry, i.e. the bright O-rich We have attempted a similar 2D gaussian fit on our 885
AGB star WX Psc (alias CIT 3) at 8;8n. image (not deconvolved with the PSF), and the results are shown
This source has been recently observed at A%t the in Fig.[4. The best fit parameters indicate an elongated shape
Wyoming Infrared Observatory (see Sudol et'al.”1999), whefmajor and minor size of 3/0and 2.3 respectively) with asym-
the visibility curve in the E-W direction was derived, and no exnetrye; g = 0.31, oriented with the major axis at T0#dom the
tension was found (leading to the conclusion that at that wae-direction (counterclockwise). The comparison of the source
length the circumstellar shell should have an angular diameitmage with the PSF derived from nearby standard stars (sym-
of 0.63’ or less). Similarly, a far-IR search (60 and 100) in metrical and with FWHM of about 270, implies an extension
the IRAS database conducted by Young etlal. (1993) was wdtWX Psc in the N-S direction, while the source remains un-
able to resolve extended emission from the source. resolved along the E-W axis (in agreement with Sudol et al.
Near-IR speckle observations at the SAO 6m telescope (1899 observation). The extension of the source is less clear in
rgang et al. 1998), however, were able to identify two separater images at longer wavelengths, due to the larger size of the
components in the circumstellar envelope of the source, cddifraction limited) PSF in those cases.
sisting of a partially resolved smaller structure (representing the The smaller dimensions of the mid-IR image, compared to
innermost region of the envelope) and a fully resolved extendid CO map, its larger asymmetry and the different orientation
nebulosity that “[...Jmight point to a change of the physical5% rotation between the CO and the IR envelope) suggest the
properties in the outfloiv possibility that the mid-IR and the CO observations refer to
High resolution'2CO (J=1-0) and (J=2+1) maps of the physically distinct regions of the envelope. This consideration,
O-rich source have been obtained using radio interferomettygether with the failure to detect an extended dust emission at
and could resolve the molecular envelope of this object. In N&® and 10Qum, leads to the conclusion that in the envelope of
et al. [1998) IRAM observations of WX Psc are fitted using WX Psc the dust appears to be concentrated only in the central
double component envelope in which the primary componeegions, close to the stellar photosphere, where it presumably
(of size~ 30") is spherical and the secondary one is ellipticatondensed in a non spherical environment. At larger distances
with asymmetryeco = 0.18 (major and minor sizes 98nd from the central star the dust is undetectable. The progressive
6.8") and major axis rotated by 4%rom E to S. decrease in the envelope asymmetry probed by the CO obser-
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vations can be explained either assuming a disk-like geometBlopes according to the strength of their silicate features. Even
in the dust spatial distribution, or, alternatively, assuming ahough the separation between the two species is not unique, we
axisymmetrical circumstellar envelope that becomes more amale verified that mid-IR photometry, coupled with the IRAS
more spherical as it expands due to the AGB wind. photometric data (available for most of galactic AGBS) is suffi-

Even though the spatial resolution of our observation doeient to specify the physical and chemical status of dust in the
not allow us to decide between these two concurrent hypothesisumstellar environment.
it puts in evidence that also the AGB phase (and not only the A loose correlation found in Setl. 5 between [8.5]-[12.5]
later stages of post-AGB and pre-PN) can be characterizeddojor and a mass loss parameter derived by radio observations,
strong deviations from spherical symmetry. They shape the drefiects a general tendency of having larger infrared excesses
component of the circumstellar envelope, and are detectafdehigher mass loss rates, but also the differences in the optical
using mid-IR imaging. It is clear, however, that only a limiteghroperties of silicate and carbonaceous grains. Aresidual scatter
number of AGB envelopes can be spatially resolved in the migresent in the source distribution on the diagram, was tentatively
IR using a 1.5m telescope: our test only shows that even wékplained as an indication of possible temporal variations in the
such a small aperture it is possible to derive information @hust production, on a temporal scalel6f yr, or less.
the spatial distribution of dust for some bright and close-by We believe that our analysis confirms the value of mid-IR
sources. A detailed discussion of the otherimages obtained withlticolor photometry in investigating the properties of AGB
CAMIRAS at TIRGO, and of simulations aimed at compiling @ircumstellar envelopes; even though the quality of the infor-
list of sources that can be resolved with larger aperture infranedtions that our color-color diagrams provide cannot match the
telescopes (IRTF, UKIRT and the future LBT interferometedetails given by medium or high resolution spectra, the pos-
will be presented in a forthcoming paper. sibility to study a much larger sample of fainter sources still
makes the photometric technique the most suitable for a statis-
tical analysis of large samples.

The main potentialities of mid-IR cameras lie in theirimag-

The advent of semiconductor array detectors sensitive in 1ig capabilities; as shown by the image of the source WX Psc
mid-IR range have made possible in the last decade the full éieSectLB, the possibility to resolve the spatial structure of AGB
velopment of infrared astronomy in the 5-26 window. The €nvelopes can provide valuable insights on mass loss history
IRAS and ISO missions, with their collections of medium an@nd the symmetry of specific sources. The availability of instru-
high resolution spectra, have changed our understanding of f@nts providing better angular resolution and higher sensitivity
molecular and dusty circumstellar environment, giving a cokll permit to spatially resolve a larger number of targets, thus
tribution at least comparable to the one given by spectral obs@aking mid-IR imaging a very important tool for the investiga-
vations in the visible, near-IR or radio. The same is not true fBQn of dust condensation in circumstellar environments and for
mid-IR imaging, that is still limited by low sensitivity due tounderstanding mass loss processes during the AGB phase.
imperfect background S.ubt'rr?lction, narrow fields of view, et,C'AcknowIedgementsThis research made use of the LRS database
The upcoming ava||al_)|l|ty of large format arrays Wlﬂ}naintained at the University of Calgary and the SIMBAD database
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