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Abstract. We derive relations between mass-loss rates and IR-colours (J-K, H-K, K-L, L-M and K—[12]) for the carbon-
rich, dust-driven stellar winds of extreme tip-AGB objects by applying a maximum-likelihood procedure to a representative set
of 50 self-consistent, pulsating wind models. The J—K index shows the largest mass-loss related IR excess, which is consistent
with observations. All synthetic IR-colours depend, in addition, on the luminosity of the individual model star. Consequently,
the superwind mass-loss rates may be determined from observation by log M = —8.20+0.156 (J-K) —0.463 Mg, for J-K 2 4.
As a case study for the interpretation of IR photometric data, we quantify the collective and individual tip-AGB mass-loss of
the solar neighbourhood stellar population by means of a matching synthetic stellar sample, its IR properties and its present-day
mass-loss distribution. The synthetic stars are generated on a grid of evolution tracks with a consistent mass-loss description
(see Schroder et al. 1999; Wachter et al. 2002) and an IMF and SFR found in the local stellar population (Schroder & Sedlmayr
2001). The display of the tip-AGB stars in a (/-K, Mp,;) diagram could be compared directly with observations once appropriate
data become available. On a basis of 1.4 million stars brighter than My = 4.0, our synthetic present-day sample includes
5067 giant stars with B-V > 1.4, and the collective mass-loss rate is 5.0 x 107 M yr~!. There are 20 carbon-rich supergiants
with an IR excess of J-K > 4.0 and a mass-loss rate well in excess of 10 M, yr™!, including 10 dust-enshrouded, extreme
tip-AGB stars with J-K > 6.0, seen in their short-lived (%30 000 yrs) superwind phase with M > 10~ M, yr~!. They produce
about 50% of the collective mass-loss of the whole sample.
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1. Introduction

Moderate-mass stars (i.e., according to Schroder et al. 1999,
from M; 2 1.3 Mg, and up to 8 M), when arriving on the tip-
AGB, develop dust-driven, cool winds with mass-loss rates in
excess of 107 M yr~! (often referred to as “superwinds”, see
Renzini 1981). Once a galaxy is several billion years old (the
evolution time-scale of most moderate mass stars), these very
cool and luminous giants make a significant contribution to the
galactic mass-injection rate. They become strongly enshrouded
in their dust-forming circumstellar envelopes, and IR obser-
vations are required to detect them with sufficient sensitivity.
The importance of the tip-AGB for the galactic mass-recycling
process and the chemical evolution has long been fully recog-
nized and is reflected in the large observational and theoretical
progress made in the past 2 decades (see the substantial review
by Habing 1996).

Still, it is not possible to account for the dust-enshrouded
tip-AGB stars of the solar neighbourhood in an absolute way
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by observations alone, see e.g. van Loon (2000). Rather, any
mass-loss assessment of individual sources usually involves a
parameterized radiative transfer code and depends on the model
assumptions made (e.g. van Loon et al. 1999). Unfortunately,
galactic distances and luminosities are often mere estimates
since there are no objects of this kind near enough to yield pre-
cise Hipparcos parallax measurements. Rather, the superwind-
phase is so short-lived that a very large volume is required to
find a reasonable number of these extreme tip-AGB stars. This
has motivated the recent deep photometric IR survey DENIS,
by which large numbers of tip-AGB stars have been observed
at the known distances of the Magellanic clouds (see Cioni
et al. 2001). They form very large samples which are complete
within their space volume and luminosity threshold, but their
sub-solar metallicity must be accounted for. Consequently, di-
rect and quantitative relations between the mass-loss rate and
the observed IR colours, ideally for a range of solar and sub-
solar metallicities, are most desirable.

For a small sample of about 40 well observed sources in the
solar neighborhood, tight (semi-)empirical relations between
the individual mass loss rate and near infrared color indices
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(e.g., J-K) have indeed been found by Le Bertre (1997) for car-
bon stars, and by Le Bertre & Winters (1998) for oxygen-rich
Mira variables. These relations have been derived by a phase-
dependent spectral modeling and, in principle, allow to deter-
mine the mass loss rate from a suitable near infrared color in-
dex alone, independent of the distance to the source. Of course,
these relations depend on the assumptions made in the spec-
tral modeling (e.g., the dust-to-gas ratio is assumed to be con-
stant), and they should be confirmed on a larger sample of well
observed sources (i.e. a near infrared monitoring over several
pulsation periods is required for this approach.)

On the other hand, a quantitative description of individual
tip-AGB stars and their mass-loss is also possible by a theoret-
ical and computational approach, independent of any observa-
tion: Schroder et al. (1999) combined a theoretical mass-loss
description (Arndt et al. 1997) with actual stellar models ob-
tained from a fast and well tested evolution code. The theoret-
ical mass-loss rates are based on a larger number of sophisti-
cated numerical models of a pulsating, dust-driven cool wind.
These wind models, which describe the time-dependent dust-
formation, radiation transport and radiative acceleration in a
self-consistent way, have been developed over the past 10 years
by the Sedlmayr group. Their complex treatment of dust-driven
winds has been described by a number of papers, e.g.: Fleischer
et al. (1992), Sedlmayr (1994), Sedlmayr & Winters (1997),
Winters et al. (2000b).

The resulting mass-loss rate — colour relations are in agree-
ment with the (semi-)empirical relations within about a fac-
tor of 2 for the mass-loss (Winters et al. 2000b). However,
the theoretical relations, obtained from an unselected set
of about 150 models, show a much larger scatter than the
(semi-)empirical ones (obtained from about 20 sources), which
is mainly induced by the large parameter range covered by the
model grid. The most typical outflow velocities for extreme tip-
AGB objects (Habing 1996) of 10 to 15 km s~! can be matched
well by the wind models, see a case study of Winters et al.
(2000a) on IRC+10216. The models used here have ve,q values
which mostly fall in the range of 8 to 22 km s~! (see Table 1).
In addition, we used some models with a large C:O abundance
ratio of ec/ep = 1.8, which produce higher outflow velocities
but, in any case, normal mass-loss rates (see the discussion in
Winters et al. 2000b).

From the work of Schroder et al. (1999), the follow-
ing picture emerges for the evolution of C-rich mass-loss on
the tip-AGB: Only stars with an initial mass M; of more
than 1.3 Mg can become bright enough on the tip AGB to
exceed the Eddington-type, critical luminosity L. for a sta-
ble, C-rich, dust-driven wind. To account for the moderate
mass-loss of AGB (and RGB) stars with luminosities lower
than L. (and warmer photospheres), we use an empirically
calibrated mass-loss relation, mainly based on the Reimers
equation (for details, see Schroder et al. 1999). This RGB and
earlier AGB mass-loss, as well as the empirically adjusted over-
shoot and mixing parameters (Schroder et al. 1997) determine
the mass of the H-rich stellar envelope of the tip-AGB star.
Once that star evolves beyond L, then with (mostly) effective
temperature Ter < 3200 K, an increasingly strong, dust-driven
superwind depletes the envelope mass of the giant as both T
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and gravity g decrease further, until the stellar core comes near
to exposure.

The superwind mass loss evolves in a consistent interac-
tion with the main stellar properties (i.e., Teg, L. and M.). But
the basic superwind time scale depends only on the ratio of
the remaining mass of the H-rich stellar envelope (between 0.5
and more than 1 M) over the mean superwind mass-loss rate
(between 107> and 107* M, yr‘l). Over the range of stel-
lar masses studied here, we obtain a superwind time scale of
about 30000 years. This is in good agreement with the mass-
loss requirements for the formation of planetary nebulae (PN).

For the post-AGB, mixing becomes as important to the
evolution time-scale as is mass-loss, since the nuclear burning
time-scales are no longer much larger than the mixing time-
scales. Unlike Blocker’s detailed tip-AGB evolution computa-
tions (1995), the code used here does not provide an adequate
description of this particular problem. Also, the mass-loss of
this phase is no longer dust-driven and its description would
be a guess. Therefore, we cannot provide any duration of the
transition to the onset of radiative ionization.

As the next step, we undertook a quantitative study of the
collective tip-AGB mass-loss of a whole stellar sample, with
the same IMF and SFR as of the solar neighbourhood (Schroder
& Sedlmayr 2001). Very recently, this work has been updated
by Wachter et al. (2002), where we derive and apply an im-
proved mass-loss relation, based only on the principal stellar
parameters (M., Teg, and L,). The same maximum-likelihood
procedure as used by Arndt et al. (1997) was now applied to
a larger number (50) of wind models to fit the resulting set of
time-averaged mass-loss rates as a function of the input param-
eters. But in contrast to Arndt et al. (1997), evident dependence
on some model parameters was not eliminated by averaging.
Rather, the set of models used is now restricted to those pa-
rameters which yield best match to IR colours and variability
of real objects. In addition, the period term in the mass-loss
relation is taken into account but substituted by an empirical
period-luminosity relation.

The scope of this paper is now to make a first step to link
these tip-AGB wind and evolution models with observation,
since there is a wealth of IR photometric data available to-
day (e.g., Omont et al. 1999; Loup et al. 1999). While our ap-
proach is still restricted to solar metallicity, work is in progress
to directly address the LMC and SMC data. Furthermore, our
method is complementary to the above-mentioned (semi-) em-
pirical relations. Also, while these are limited to J-K < 6.5, we
can describe even the most extreme cases of dust-enshrouded
tip-AGB objects, which remain invisible in the J band.

2. IR-colour—M relations from pulsating
dust-driven, carbon-rich superwind models

We base the description of the relation between IR-colours
and time-averaged mass-loss (and luminosity, see below) on
the same selection of models which was already used by
Wachter et al. (2002). This approach provides consistency with
their mass-loss description, used here for the grid of evolution
tracks, on which we base our synthetic stellar sample (see next
section).
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Fig. 1. Individual, time-averaged wind model J-K IR-colours in a 3D
plot, over both mass-loss rate M (MLR) and stellar luminosity (L). The
best-fit representation is visualized by a broken plane. The viewing
angle reveals the strong dependence of J-K on M and gives an account
of any model-to-model variation, while the dependence on luminosity
is reflected by the plane’s tilt, downwards with increasing L.

This set of wind models is a physically meaningful choice
of the dynamical model parameters (mostly the velocity ampli-
tude of the pulsating lower boundary condition, Av), in order
to best represent the IR variability (i.e., the amplitudes) of a
few observed key objects. In addition, it is important for the
IR-colour/mass-loss relation of dust-driven mass-loss that all
wind models consistently operate above their critical luminos-
ity L, i.e. with a ratio of radiative over gravitational acceler-
ation @ > 1 — which was the other selection criterion used
by Wachter et al. (2002). For this work, we removed a small
number of remaining borderline cases with L, < L., since
the IR properties of a dust-driven wind change significantly
around L. Table 1 gives a listing of the final set of wind mod-
els, their IR properties, and their relevant input parameters.

The same maximum-likelihood procedure as the one em-
ployed by Arndt et al. (1997) and by Wachter et al. (2002)
was used. It gives the optimal fit to any set of quantities by
means of a multi-parameter representation. However, now the
time-averaged IR-colours (J-K, H-K, K-L, L-M and K—[12])
take, one by one, the role of the quantity to be represented.
Consequently, mass-loss is now one of the parameters here.

In order to obtain a reliable, multi-parameter representa-
tion with the limited number of models available (50, listed in
Table 1), we had to restrict the number of relevant parameters
as much as possible. The primary parameter is, of course, the
mass-loss M. In addition, inspection of pairs of models, which
had all but one parameter matching each other, revealed a con-
sistent dependence on the luminosity which clearly dominates
any statistical variation of the time-averaged quantities. The
same method did not show any additional, conclusive depen-
dence on period, effective temperature, nor on the C/O ratio. If
there is any, it would be too subtle to be resolved by the present
set of wind models. That does not mean, however, that there
is no relation between the IR properties and those parameters.
Rather, any such effects are already accounted for indirectly by
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the primary term, since the mass-loss rate itself depends on,
for example, the effective temperature (see, e.g., Winters et al.
2000b; Wachter et al. 2002).

With stellar properties given in solar units, and M
in My, yr~!, the time-averaged IR colours of the pulsating wind
models can be expressed in terms of the time-averaged mass-
loss rate by the following relations:

J-K =7.05+ Crg (log M + 4.66) — 7.4 (log L, — 4.0)
H-K =3.04+ Cyg (logM + 4.66) — 3.1 (log L, — 4.0)
K-L =3.47 + Cxy (log M + 4.66) — 3.2 (log L, — 4.0)
L-M = 0.98 + Cyy (log M + 4.66) — 1.04 (log L, — 4.0).

For0.5x 107 < M < 2.2 x 10_5, we find Cyx =6.39, Cpyx =
2.67, Cgy = 2.81, and Crp = 0.92. For larger mass-loss rates,
these slopes increase to 9.25 (J-K), 3.96 (H-K), 4.24 (K-L),
and 1.35 (L-M), respectively.

Another sensitive and popular indicator of mass-loss is
the K—[12] index, for all cases in which the IRAS 12 ym band
flux is available. For K—[12] we find:

K-[12] = 6.48 + Cx_1» (log M + 4.66) — 5.85 (log L. — 4.0)

with Cxp =527 for 0.5 x 1075 < M < 2.2 x 1073, changing
to 7.67 for larger mass-loss rates.

Since these relations are restricted to strong mass-loss (M 2
0.5 x 107°), they are valid for IR colours (depending on the
stellar luminosity) J-K and K—[12] ® 4, H-K and K-L 2 2,
and L-M = 0.5, only. This restricted application corresponds
to extreme tip-AGB, C-rich objects with L, > L. and T S
3500 K.

Representative for all five of the above relations, Fig. 1
shows a 3D-display of the individual, time-averaged J—K
model colours together with the best-fitting, broken plane ac-
cording to the representation obtained above. The viewing an-
gle reveals the strong dependence of J-K on M, and the intrin-
sically variable conditions in the wind models are reflected in
a stochastic spreading of the individual values. However, the
above formulae give a very good representation: The typical
mean deviation is about 6%, and all correlation coefficients are
about 0.96 or better.

The critical luminosity L. of the dust-driven winds is, in
fact, defined in terms of L./M. (see Schroder et al. 1999). In a
very simplified picture, L. represents the balance between radi-
ation pressure and gravity for the average dust grain. Therefore,
we also tried best-fit representations of the IR colours with an
L. /M., (rather than L,) term. Over the rather narrow mass range
of the wind models (from 0.63 to 1.2 M, see Table 1), the re-
spective correlation is just a little inferior (by about 1%). An
explanation may be that the mass-loss rate does not depend on
the radiative acceleration @ = ¢g™4/g% («L,/M,) itself, but
on the density in the sonic region, where @ reaches a value of
about 1.

As far as individual tip-AGB objects are concerned, the
L, term (rather than L./M,) brings along the big advantage
that superwind mass-loss rates can be determined from pho-
tometric observation alone — provided, of course, the luminos-
ity is known reasonably well. For example: log M = —8.20 +
0.156 (J-K) — 0.463 Mp, over4 < J-K < 7.
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Table 1. Listing of the selected wind models used, including IR and mass-loss properties.

No. | MMy Tu/K  LlLo efeo P/ (MY vea J-K H-K KL LM K-12] | W-No.
1 0.63 3000 8000 130 820 || 3.0e5 143 892 380 422 1.16 758 | w55
2 070 3000 12000 130 1100 || 6.2e-5 166 1055 449 504 143 9.15 | wi56
3 070 3500 12000 130 650 || 1.0e-5 195 389 172 208 0.2 387 | wl74
4 0.80 2200 15000 130 300 || l.le4 166 13.66 589 657  2.00 12.11 w38
5 0.80 2400 7500 150 104 || l4e-5 214 742 323 361 1.04 6.62 | wi25
6 0.80 2550 7500 150 104 || 6.0e6 209 451 200 236 0.62 431 | w130
7 0.80 2600 5000 130 300 || 74e6 86 589 257 296 083 5.52 w49
8 0.80 2600 5000 130 350 || 64e-6 84  7.06 3.05 347  0.99 6.40 | w110
9 0.80 2600 5000 130 400 || 13e-5 9.1 751 323 364  1.03 6.73 wid

10 0.80 2600 5000 130 500 || 1.3e5 93 794 341 385 112 7.14 | wlll
11 0.80 2600 5000 130 600 || 1.6e-5 9.6 893 384 429 125 789 | wll2
12 0.80 2600 6000 130 400 || 1.6e-5 100  8.00 345 390 1.14 7.25 w51
13 0.80 2600 7000 130 450 || 1.9e-5 108 796 343 389 113 7.24 w60
14 0.80 2600 7500 130 300 || 1.0e-5 11.8 577 253 293 082 544 | will3
15 0.80 2600 7500 130 450 || 2.5e-5 113 817 353 402 117 7.55 w48
16 0.80 2600 7500 130 600 || 5.le-5 11.8 11.78 506 5.66  1.68 1041 | wli4
17 0.80 2600 7500 130 800 || 3.6e-5 13.1 1002 430 479  1.39 879 | wl4l
18 0.80 2600 10000 130 640 || 5.0e-5 128 1027 443 495 143 9.05 w63
19 0.80 2600 12000 130 800 || 7.0e-5 162 1058 457 513 1.0 9.48 w61
20 0.80 2600 15000 130 1000 || 9.9e-5 166 1181 512 572 171 10.57 w62
21 0.80 2700 5000 130 300 || 3.9e-6 84 437 191 227 0.9 426 | w167
22 0.80 2700 5000 130 350 || 5.6e-6 94 556 241 279 075 512 | wil68
23 0.80 3000 7500 150 400 || 9.0e-6 21.6 584 252 289 0.7 533 | wi2d
24 0.80 3000 7500 1.80 450 || 8.3e-6 316 600 259 293 0.8 5.35 w32
25 0.80 3000 7500 1.80 650 || 1.0e-5 342 632 273 311 085 5.78 w3l
26 0.80 3000 15000 150 300 || 1.7e-5 250 528 229 271 072 5.21 w30
27 0.80 3000 15000 150 650 || 3.0e-5 261 772 330 376  1.04 6.98 w28
28 0.80 3000 15000 150 800 || 4.le-5 254  9.04 385 434 122 7.97 w29
29 0.84 3000 20000 130 1200 || 7.9e-5 196  9.80  4.18 469 132 8.53 | wlis7
30 0.84 3500 20000 130 880 || 2.0e-5 206 469 206 246  0.66 460 | w177
31 0.84 3700 20000 130 710 || l.le5 161 305 139 179 046 345 | wl78
32 094 3000 25000 130 1300 || 8.8e-5 207  9.50  4.05 455 1.8 828 | wiss8
33 094 3500 25000 130 1000 || 2.3e-5 220 478 209 248  0.67 468 | w180
34 094 3700 25000 130 810 || 1.2e-5 181 287 131 1.68 042 323 | wisl
35 094 3900 25000 130 1300 || 2.5e-5 219 399 175 215 0.8 414 | wis3
36 1.00 2400 12000 130 300 || 2.6e5 136 696 3.04 344  0.99 643 | wi22
37 1.00 2400 12000 130 500 || 59e-5 134 1089 471 523 155 9.66 | wldd
38 1.00 2400 12000 130 600 || 7.7e-5 147 1159 502 557  1.67 1033 | wl20
39 1.00 2400 12000 130 800 || 7.9e-5 144 1180 511 566  1.71 1049 | w145
40 1.00 2600 10000 130 640 || 43e5 126 959 412 464 136 8.62 w64
41 1.00 2600 10000  1.80 650 || 2.6e-5 31.8 935 402 448 131 8.25 wli3
0 1.00 2800 7000 130 400 || 5.4e-6 97 424 187 222 058 4.14 w78
43 1.00 2800 8000 130 400 || 5.1e-6 12.0 422 186 222  0.58 4.09 w97
44 1.00 2800 10000 130 640 || 1.8e-5 129 654 280 322  0.88 5.97 w69
45 1.00 2900 10000 125 578 || 9.6e-6 105 442 194 230  0.60 4.34 w72
46 1.00 2900 10000 130 578 || 1.3e-5 13.1 543 235 275 075 521 w7l
47 120 2600 7000 130 400 || 6.1e6 7.9 574 250 2.88  0.79 5.24 w53
48 120 2800 10000  1.40 400 || 9.8¢-6 169 494 216 250  0.66 465 | wl26
49 120 2800 10000 150 400 || 1.6e-5 206 693 299 339 095 6.38 | w108
50 120 2800 10000  1.80 400 || 1.3e5 309 646 279 3.16  0.88 593 | w109

Since large data sets of stars observed by IR photometry exact, collective tip-AGB mass-loss of a stellar population. In
have become available, recently, we also want to address the principle, it can be derived from a complete sample of giants
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Fig. 2. AGB evolution of a star with M; = 1.85M,, in the (Mp,, J-K) diagram. Age intervals of 5000 yrs are marked (o) from the tip of the
AGB onwards in order to show the accelerated evolution through the most extreme mass-loss (i.e., J-K > 6), and to better distinguish between

regular evolution and rapid changes during thermal pulses.

by finding a best matching synthetic sample with respect to
the (J-K, Mp,)) diagram. To illustrate this approach for future
applications, we devote the next section to a synthetic sample
which would match a solar neighbourhood stellar population.

3. A synthetic (J-K, Mg, ) diagram for the solar
neighbourhood tip-AGB

From all IR colour indices considered here, J-K depends most
sensitively on the mass-loss rate as its relation has the largest C
value. Consequently, we have chosen to plot our representative
synthetic sample of tip-AGB stars in a (/J-K, Mp,) diagram.
In this visualization of our synthetic stars, the dust-enshrouded
objects stand out best, and a direct comparison with observa-
tion can easily be made.

The evolution tracks and the mass-loss description, which
form the basis for the generation of the synthetic tip-AGB gi-
ant stars, are the same as those of our previous publication
(Wachter et al. 2002). Table 4 therein gives the basic properties
of every second of the evolution models with a complete super-
wind phase. The latter is based on our description of a carbon-
rich mass-loss according to detailed, pulsating wind models,
which is fed into the outer boundary condition of the evolution
code, developed by Eggleton and collaborators (see Pols et al.
1998 and references therein). Representative for other models,
Fig. 2 shows the AGB and tip-AGB track of our model with an
initial mass of 1.85 M. The track is plotted over My, and J—K,
using the IR-colour—M relation for the superwind phase, as de-
rived in the previous section.

Our grid of evolution models covers all masses from M; =
0.9to 16 M, (see Schroder & Sedlmayr 2001), but not all these
stars turn C-rich on their tip-AGB. This concerns stars at the
lower end of the (initial) mass range (M; < 1.5 Mg according
to Groenewegen et al. 1995), as well as those with hot bottom
burning (M; 3 My). The dust-formation during the super-
wind then depends on oxygen-rich chemistry, for which we do
not have a synthetic mass-loss description yet. Consequently,
our models of stars, which presumably remain O-rich to the
very tip-AGB, must miss out on their superwind phase. Hence,
some related objects probably remain unaccounted for by the
synthetic stellar sample presented here (see our discussion in
Sect. 4). All mass-loss prior to the superwind phase is repre-
sented mainly by a recalibrated Reimers law, see Schroder et al.
(1999) for details.

The procedure to randomly distribute synthetic stars in time
and mass on a fine-meshed grid of evolution models is the
same as the one used and described by Schroder & Sedlmayr
(2001). In the same paper, we derived the IMF of the solar
neighbourhood by finding a matching synthetic stellar sam-
ple to a complete, observed sample, based on the Hipparcos
catalogue entries for d < 50 pc distance. The synthetic sam-
ple presented here has been generated with the same IMF,
dN/dlog M; o« M:'7 for M; < 1.8 Mo, and o< M; ', else. In
order to obtain sufficient numbers of tip-AGB giants, we used
a 1000 times larger sample: 1.4 x 10° present-day stars more
luminous than My = 4.0 were generated by an apparent SFR
of 1.14 x 1073 e~*9/63) stars with 0.9 < M;/M < 12 per year,
with 7,9 as the star’s age in Gyrs (0 < 7,9 < 12). On this basis,
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Fig. 3. Mass-loss rate distribution of the synthetic giant sample —
hatched: RGB giants; see text for more details.

there is a total of 5067 red giants (B—V > 1.4) with a mass-loss
ranging between ~10~ and 10™* M, yr~! (see Fig. 3).

In order to apply the appropriate description of IR proper-
ties to each synthetic star, we distinguish between four cases:

(1) Stars with very little mass-loss, where the J-K index is
defined by the “naked” photosphere of the giant: For this case,
which applies to most objects which are still ascending on the
AGB (or RGB), we adopted the J—K colours of model photo-
spheres from Bessel et al. (1989), represented by the expression
J-K = 0.928 — 0.00428 (Tex/K — 4000).

(2) Stars with mass-loss which are still O-rich, as they (i)
have yet to advance further on the tip-AGB, or as (ii) some
are very luminous, massive stars where hot-bottom burning de-
stroys the newly produced carbon. The IR properties of these
O-rich stars are best described by the (semi-)empirical rela-
tion derived from O-rich winds by Le Bertre & Winters (1998):
J-K = 0.65—2.5/(log M + 4.25).

(3) Tip-AGB stars which have just turned C-rich, with a
moderate, dust-driven mass-loss: Since the observed lower lu-
minosity limit for C-rich stars lies just a little below the critical
luminosity for the dust-driven, C-rich winds (see Schroder et al.
1999, and references therein), we adopted log L. > log L. —0.1
for this group. For the J—K index of these stars we use a semi-
empirical relation which is a best match of the C-rich mass-
loss rates given by Le Bertre (1997), specifically in the range
of 2.5 S J-K £ 4: J-K = —0.10—6.0/(log M +4.00). By a ran-
dom spread of +0.5™* we account for the observed variability.

(4) The objects which exceed the critical luminosity L. of
our models to drive a stable superwind: Based on the results of
Schroder et al. (1999, Fig. 1), we approximated L.(M., Teg) by
the relation log L. /M, = 3.80+4. (log T.z—3.45). For synthetic
stars of this group, J—K is given by the relation derived in the
previous section, with J-K > 4.

Among the so characterized synthetic giants, there is a to-
tal of 20 tip-AGB stars in group (4) with a mass-loss rate M
well in excess of 107 Mg yr~! (see Fig. 4 and a detailed list-
ing in Table 2). This includes 10 dust-enshrouded objects with

-6 -5.5 -5
log(dM/dt)

-4.5 -4

Fig.4. Enlarged view of the same mass-loss rate distribution as in
Fig. 3: the dust-enshrouded tip-AGB stars with noticeable IR excess.

J-K > 6.0 which would be difficult to observe, all in their su-
perwind phase (i.e. their final 30 000 yrs on the tip-AGB, with
M > 107 M, yr!). These objects are easily identified in
Fig. 5, the (J-K, Mp,) diagram which results from the proper-
ties of our synthetic sample.

The collective mass-loss rate of the whole stellar sample
presented here is 5.0 x 107 M, yr™!. To this, the only 20 stars
with J-K > 4.0 contribute 3.3 x 10™* Mg, yr~'. The 10 super-
wind objects alone contribute 2.6 x 10™* My yr~!, which is
about half of the collective stellar mass-loss rate!

4. Discussion

The motivation of this work is to provide an independent theo-
retical approach to derive the mass injection rates from stel-
lar samples in terms of synthetic-colour / mass-loss rate re-
lations, including the most extreme cases of dust-enshrouded
objects (/-K > 6). For this purpose, we studied the time-
averaged properties of selfconsistent, dust-driven and pulsating
wind models. In the resulting IR colour relation with mass-loss,
we find an additional, significant dependence on the luminos-
ity. Hence, mass-loss rates can be derived for individual objects
from observation alone, if the distance is known.

More accurate is the assessment of the collective mass-
loss of a whole sample of stars, provided the IMF is known,
by a direct comparison with a matching synthetic sample in
the (J-K, Mp,) diagram. For our synthetic stellar sample of
tip-AGB stars representing the solar neighbourhood stellar
population, we find a small but crucial number of stars with
extreme mass-loss. In observed samples, these are likely to re-
main undetected.

Unfortunately, a suitable observed sample does not yet ex-
ist, mostly because the distances to appropriate objects are still
just too badly known. The best complete tip-AGB star sam-
ples available to date are those of the Magellanic clouds (Loup
et al. 1999). However, for a comparison in the (J-K, Mp,) di-
agram between our synthetic sample and the observed LMC
or SMC tip-AGB stars we must keep in mind that the initial
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Fig. 5. The resulting synthetic (Mg,1, J—K) diagram for the synthetic

sample. Supposedly O-rich stars are marked by a cross, RGB stars by a

circle, and C-rich stars by a square. See Table 2 for the properties of the dust-enshrouded, carbon-rich tip-AGB stars with J-K > 4.0.

Table 2. Properties of the 20 dust-enshrouded, carbon-rich tip-AGB
organized by increasing J—K colour: J-K, mass-loss rate, initial mass

objects in our synthetic sample with J-K > 4.0 seen in Figs. 4 and 5,
, present mass, age, effective temperature and luminosity.

J-K MMy yr™'l MM, M,
4.07 2.5x 107 1.83
4.11 3.9%x10°° 2.47
4.56 7.4 %107 1.95
478 4.6x10°° 1.54
5.01 1.7 x 1075 2.76
5.32 4.4 %107 1.21
5.33 6.7 x 107 1.56
5.63 8.1x 1076 1.74
5.77 6.1 x 107 1.31
5.97 1.0x107° 1.67
6.82 1.1x107° 1.67
6.67 2.1x107° 2.55
7.02 12x107° 1.41
7.26 1.1x107° 1.48
7.29 1.1x 1075 1.48
7.97 1.9 x 107 1.48
8.01 1.8%107° 1.68
8.70 3.9%x107° 2.46
9.30 3.6x107° 2.16
1131 8.3 %1075 2.66

/Mg Age [yrs Ter /K logL./Le
1.40 1.73 x 10° 2563 3.870
2.00 8.24 x 108 2636 4.058
1.51 1.53 x 10° 2544 3.923
0.65 2.66 x 10° 2928 3.713
2.17 5.98 x 108 2565 4.172
0.84 6.50 x 10° 2552 3.621
1.14 2.66 x 10° 2525 3.777
0.66 2.01 x 10° 3022 3.812
0.92 4.87 x 10° 2524 3.683
1.21 2.35 % 10° 2476 3.843
0.73 2.35 % 10° 2731 3.754
1.64 8.25 x 108 2497 4.031
0.94 3.75 x 10° 2438 3.754
0.76 2.97 x 10° 2542 3.709
0.75 2.97 x 10° 2542 3.715
0.92 2.97 x 10° 2403 3.810
0.81 2.17 x 10° 2483 3.791
1.38 8.25 x 108 2377 4.080
1.11 1.27 x 10° 2377 3.949
1.31 7.00 x 108 2333 4.137

metallicities are not the same. Van Loon (2000) finds evidence
that the mass-loss rate depends only weakly on initial metallic-
ity, but the dust-to-gas ratio depends approximately linearly on
it. Work on appropriate models for smaller metallicities is in
progress but must remain the scope of a future publication.

In a qualitative comparison, the synthetic (/J-K, Mpq) di-
agram presented here resembles its observed LMC counter-
part (Loup et al. 1999) quite well, with one exception: While
the synthetic IR colours, in some extreme cases, reach out
to J-K ~ 12, only values up to about 5 have been observed
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in the Magellanic clouds. This should not come as a surprise,
though, since (1) the lower metallicities in the LMC cause
a lower dust-to-gas ratio with, accordingly, lower IR optical
depth, and (2) the most dust-enshrouded objects (J-K = 6) are
so much obscured by their circumstellar extinction that they
would simply not be observable at the distance of the LMC,
given the DENIS threshold (J < 16, K < 14). For example,
the prototypical dust enshrouded carbon star IRC +10216 with
a J-K of just 6 would, at the distance of the LMC, have J ~ 20
and K =~ 14.

A related question is the choice of reasonable IR opacities
by the code (see Winters et al. 2000 for details). The good co-
incidence between IR colours and amplitudes of synthetic light
curves of matching wind models on the one hand, and real ob-
jects on the other (Wachter et al. 2002), suggests to us that the
adopted IR opacities (Preibisch et al. 1993) are appropriate.

While a large number of AGB-stars with O-rich winds
are included in our synthetic sample, with M up to about
0(107%) M, yr~! (see group (2) mentioned in the previous sec-
tion), we have not been able to account for any tip-AGB objects
with O-rich superwinds. These provide an additional mass-loss
which remains to be quantified. Theoretical work on suitable
wind models with an O-rich dust-formation chemistry is pro-
gressing (Jeong et al. 1999), but the number of first generation
numerical simulations is still insufficient to derive representa-
tions of the respective mass-loss and IR properties.

The actual number of unaccounted O-rich stars with strong
mass-loss depends on how large the range of initial masses is,
over which stars do in fact turn C-rich on the tip-AGB: An up-
per mass limit is set by the effect of hot-bottom-burning which
causes massive stars to remain O-rich. According to Blocker
(1999), this is expected to occur with initial masses of M; = 4
to 5 Mg. Due to the steepness of the IMF, that upper limit
would imply only a small fraction of objects with an O-rich
superwind.

By contrast, the ratio of O-rich to C-rich PNs
(about 40%:60%, Zuckerman & Aller 1986; Parthasarathy
1999) would suggest a larger fraction of stars ending with
O-rich superwinds, but only if indeed every PN was the result
of such a superwind. Also, a fraction of the observed PNs
could actually be the result of a wider binary system, triggered
by a common envelope phase before the giant primary turned
C-rich. The LMC tip-AGB sample of Loup et al. (1999),
finally, suggests a fraction of just over 20% of O-rich objects
among the dust-enshrouded tip-AGB stars (which would be
about 4 stars with respect to the 20 C-rich giants of group 4).
But we must keep in mind that the fraction of C-rich tip-AGB
objects may well be higher with lower metallicity, as in
the LMC.

In our model grid, we adopted an upper mass-limit of M; ~
3 M, for the stars which leave the tip-AGB with a C-rich super-
wind. Hence, there remains a mass range of 0.5 < log M; < 0.9
for the unaccounted O-rich superwind objects (more massive
stars lead to a SN). By comparison, the mass range of the
20 synthetic, supposedly C-rich stars of group (4) is 0.1 <
log M; < 0.5. With an IMF o Mi‘”, the number of O-rich ob-
jects in their superwind phase should then be 5 X smaller (even
less, if the IMF is steeper in this mass range). If the O-rich
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dust-driven wind phases were of a similar duration as those of
our 20 C-rich stars, this would correspond to just about 4 unac-
counted tip-AGB, O-rich objects with M > 4 x 107% M yr~'.

In addition, there appears to be observational evidence
(Groenewegen et al. 1995) that stars with M; < 1.5 M may not
become C-rich, either. But this lower mass threshold is quite
close to the one we find (~1.3 M) for a C-rich star to develop
a regular superwind (i.e., for exceeding L. for a time longer
than ~10* yr). The remaining difference may provide a margin
of stars with significant (0(107%) Mg, yr~') mass-loss which re-
main O-rich to their end but here were accounted for as C-rich.

Certainly, a lot more work needs to be done to address
the afore-mentioned unsolved problems. So far, the dust-
enshrouded objects in our synthetic sample represent the main
present-day contributors to the collective mass-loss for, at least,
the mass-range between about 1.5 and 3 M, which is a sub-
stantial fraction of the stellar population that develops cool
winds.

In any case, the creation of synthetic stellar samples offers
a direct way to compare theoretical expectations with obser-
vational evidence. In combination with large, volume-limited
samples of real stars with observed IR colours and C:O ratio,
this approach will help to resolve the open questions and, fi-
nally, it will give a quantitative interpretation of the observa-
tions in terms of mass-loss rates.
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