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Abstract. Near-infrared lunar occultation observations of
eleven late-type giants in the spectral range KO to M6 (includ-
ing one carbon star) are reported here. These stars are resolved
from our observations carried out at 2.2 um, resulting in accurate
determinations of their angular sizes, with values in the range
1.4 to 7.1 milliseconds of arc (mas) and a typical accuracy of
0.12 mas. Nine out of eleven sources are resolved for the first
time.

In addition, near infrared photometric observations of some
of the sources have been carried out to compute stellar bolo-
metric fluxes, and hence derive the effective temperatures. Our
accurate angular diameter measurements (at least in the case of
eight sources) have the potential to provide effective temper-
atures with an accuracy less than 3% when bolometric fluxes
become available with an accuracy less than 10%. The observed
sources are discussed in conjunction with earlier high angular
resolution observations and available photometric data. A com-
parison of the current performance of lunar occultations and
long baseline inferferometry in the field of angular diameters
and effective temperatures is presented.

Key words: occultation —stars: fundamental parameters —stars:
late-type — stars: circumstellar matter

1. Introduction

The importance of angular diameter measurements is related
mainly to the fact that this is the only means to determine di-
rectly the effective temperature of a star, independently from
its distance and any model-dependent assumptions. The effec-
tive temperature in turn is one of the fundamental parameters
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needed to compare theories of model atmospheres against ob-
servation, and its calibration is still uncertain especially for the
coolest spectral types. Another aspect is that, by means of the
Hipparcos parallaxes, it is becoming possible to convert angular
to linear diameters for an increasingly larger number of stars,
thus providing direct checks for current theoretical models.

We will not discuss in detail in this paper these themes, as
they will be the subject of a separate, more general work to
be presented elsewhere. However, this is sufficient to motivate
our ongoing effort to measure angular diameters, especially for
the coolest stars. Some results have been published already by
our group in this area, the most recent ones being described in
Richichi et al. (1995) and Ragland et al. (1997). In particular,
in this paper we will describe our measurement of the angular
diameter for eleven late-type giants in the spectral range KO to
M6, including one carbon star. We will also present photometric
data, necessary to compute the bolometric flux which has been
used, together with the angular diameter, to derive the effec-
tive temperatures. Similar material has been presented already
in Richichi et al. (1992a, 1992b; Papers I and II respectively
hereafter). Since it is likely that such results will continue in the
near future, we have decided to adopt from now on a common
title, and number the papers in their subtitles; accordingly, this
is then Paper III in this series. The material will be described
and organized following the style of Paper II.

The technique used to obtain the angular diameters de-
scribed in this paper is that of lunar occultations (LO). Tra-
ditionally, this technique has been the most productive in this
area, with 127 stars (many of which with independent repeated
measurements) listed already in the compilation of White &
Feierman (1987). Since then, several more have been added
(Richichi 1997). In spite of several disadvantages, LO continue
to be a competitive and productive technique thanks to their
simplicity and to the fact that they permit the achievement of
resolution at the level of one milli-arcsecond (mas) even to small
and medium sized telescopes. At the same time, one should rec-
ognize that more modern techniques such as long-baseline inter-
ferometry (LBI) are becoming steadily more reliable and read-
ily available, making a major contribution in the area of angular
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Table 1. Summary of the occultation observations

(D 2) 3 @ & ®’ O ®)
Source Date Event Tel. PA D At T
UT ° " ms ms
SW Gem 23-09-89 R C3 289 6 139 -
AX Gem 07-01-93 D C3 134 6 1.86 —
IRC+20133 03-02-93 D T 41 28 274 240
T Ari 24-12-93 D C1 52 21 200 -
IRC—20307 18-07-94 D Cc2 120 17 2.00 —
IRC—20445 20-07-94 D Cc2 130 17 2.00 -
IRC—-20550 22-07-94 D Cc2 144 17  2.00 —
AB Gem 28-09-94 R T 335 28 343 3.01
IRC+20071 15-09-95 R T 255 28 242 2.00
IRC+10034 11-10-95 R T 276 28 542 5.00
IRC+20141 15-10-95 R T 352 21 242 2.00

diameters. Recent results include those of Dyck et al. (1996)
and Perrin et al. (1997). Typically, LBI and LO measurements
have operated in different resolution ranges, the former having a
median of the resolved angular diameters close to 15 mas (Per-
rin et al. 1997), and the latter close to 5 mas (Richichi 1997).
However, this gap will soon vanish as longer baselines and more
sensitive instruments will come into LBI facilities. This high-
lights an important role of LO measurements, namely to provide
an independent means of checking the high angular resolution
results of improved LBI observations.

2. Observations and data analysis

The observational details of the recorded events reported in this
paper are summarized in Table 1, in a format very similar to that
used in previous papers (see for instance Richichi et al. 1996b).
In column (1) and (2) we list the source name and the date of
the event. Column (3) lists the symbols denoting the event type,
D for disappearance and R for reappearance. Column (4) lists
the symbols to identify the telescope used: T denotes the 1.5 m
TIRGO telescope, while C1, C2 & C3 denote the Calar Alto
1.23,2.2 & 3.5 mtelescopes respectively. In column (5) through
(8) we list the predicted position angle of occultation, the aper-
ture of the photometer, the sampling time of the lightcurve and
the integration time of each data point. The last column is used
for remarks, that are explained in more detail in Sect. 3. Table 2
lists cross-identifications of the observed sources in various cat-
alogues, as well as some source details.

All occultations were observed with fast photometers, the
characteristics of which as well as of the filters used are de-
scribed in Richichi et al. (1996b), and references therein. All
events reported here were night time events except the occulta-
tion of IRC+20071 which was recorded at twilight.

The LO observations were complemented when possible
by near-infrared photometry in the JHKLM bands, which is re-
ported in Table 3. This was carried out with the 1.5m telescope
at TIRGO, 1.23m telescope at Calar Alto and 2.2m telescope
at ESO (this latter denoted as E in the table). Note that the K
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Notes

IR excess
IR excess

IR excess
IR excess
previous angular diameter by LO; IR excess
LO binary; previous angular diameter by LO
IR excess
LO binary

LO binary

magnitudes listed in Table 2 are taken from the literature, and
there can be some difference with our determinations due most
likely to intrinsic variability of the source. In the computation
of the bolometric fluxes (see Sect. 3.8), the values listed in Ta-
ble 3 where preferred, since they were taken close to the date of
occultation whenever possible. Also at TIRGO, the LONGSP
spectrometer (Gennari & Vanzi 1994) was employed to obtain
a near-IR spectrum of AB Gem (see Sect. 3.5).

The observed occultation lightcurves were analysed using
a standard nonlinear least squares method to recover the high
angular resolution information present in the data. Our data re-
duction program is based on the scheme originally proposed by
Nather & McCants (1970), but incorporates important additions,
such as the provision to account for the effects of scintillation,
the finite time response of the instrument and spurious frequen-
cies (generally due to mains pickup, or to telescope oscillations
excited by wind), if any. The data reduction procedure has been
discussed in more detail in Paper 1.

3. Results and discussion

The stellar angular diameters derived from our LO data are listed
in Table 4. Instead of showing all the lightcurves and the cor-
responding fits, we show in Fig. 1 only some cases, selected to
illustrate different situations of angular diameter, atmospheric
scintillation, telescope aperture and filter bandwidth. Some of
the sources in our sample do not have sufficient earlier observa-
tions to discuss them at present. The other sources are discussed
below briefly.

3.1. SW Gem

The occultation lightcurve of SW Gem is shown in Fig. 1a, from
which it can be seen that scintillation corrections are essential to
obtain an accurate estimation of the angular diameter. A polyno-
mial of degree 4 with 3 free parameters has been used to account
for the scintillation effect. This star is a semi-regular variable
of period P=680¢ and amplitude of variability AV ~ 1.4 mag
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Table 2. Cross identifications of the occulted sources and their characteristics

Source TMSS IRAS SAO HD Other v K Sp.
SW Gem +30170  06564+2606 267341 BD+26 1412 89 1.88 MSIII Var
AX Gem +20153  06341+2109 260525 RAFGL 970 9.0 169 M5
IRC+20133 420133  06065+2211 78045 42049 HR 2169 593 208 K4III
T Ari +20049  02455+1718 93115 17446  AFGL 379 7.3 03 M6
IRC—-20307 —20307 16039—2040 253 M6
IRC—20445 —20445 18093-2107 1.94 Ml /M4
IRC—-20550 —20550 19147—1902 162413 180540 43 Sgr 496 220 KOII
AB Gem +20145  06232+1906 45087  AFGL 937 >82 255 N Var
IRC+20071  +20071  04051+1712 93777 26038 HR 1280 5.80 232 KS5II
IRC+10034  +10034  02541+1424 93196 18310 AFGL 404 8.8 1.3 M4
IRC+20141  +20141  06127+1818 95456 43185 BD+18 1141 6.61 2.87 K2III
Table 3. Near infrared photometry

Source Date Tel. J H K L M
SW Gem 06-11-92 T  3.2440.01 2.19+0.02 1.98+£0.02 1.674+0.04
AX Gem 28-09-93 C1  3.06£0.05 2.084+0.03 1.77+£0.03
IRC+20133  28-09-93 C1 3.164+0.05 2.30£0.03 2.12+0.03
T Ari 25-10-94 C1  1.83£0.05 1.184+0.39 0.48+0.05
IRC-20550 17-07-95 E  3.314+0.08 2.79£0.09 2.71+0.05 2.62+0.02 2.71£0.10
AB Gem 23-10-94 T  4.944+0.02 3.584+0.02 2.66£0.02 1.89+0.03
AB Gem 25-10-94 T  4.90£0.02 3.57+0.01 2.70+£0.01 1.984+0.02

(Kukarkin et al. 1958). The spectral type is M5 III (Bidelman
1980).

The IRAS LRS spectrum of this source shows a silicate
feature in emission at 10um (Olnon et al. 1986). A radiative
model fit to the IRAS colors and the silicate feature strength has
been carried out by Hashimoto (1994) for a sample of oxygen
rich AGB stars and the dust shell parameters have been derived.
The reported value for the inner dust shell radius was 20 R, ata
temperature of 663 K, while the outer shell radius was 316 R,..
There is no signature of circumstellar dust in our occultation
data, as explained in Sect. 3.8. SW Gem was not detected in the
search for OH (Chengalur et al. 1993) and H,O (Lewis 1992;
Dickinson 1976) emissions.

3.2. T Ari

The occultation lightcurve of T Ari is shown in Fig. 1b. The
data have been affected by scintillation noise of relatively higher
frequencies in the range 20-30 Hz, while at lower frequencies
some signatures of the oscillating frequency of the telescope
structure subject to strong wind could be seen. A polynomial
of degree 7 with 6 free parameters has been adopted, and 3
more monochromatic frequencies have been removed. T Ari is
a semi-regular variable of period 323 (Keenan et al. 1974) and
visual magnitude in the range 7.5 to 11.3 (Celis 1995). The
spectral type is in the range M6e-M8 (Keenan et al. 1974).

Young (1995) has estimated the outflow velocity in
T Ari to be 2.7£0.7 km/s and the mass loss rate to be
0.6+0.2x1078 Mg, yr~! from CO(3-2) observations. The
IRAS 60,m images of a sample of circumstellar dust shell can-
didates have been fitted with a model of an unresolved central
star surrounded by a dust envelope (Young et al. 1993). T Ari
doesn’t show any extended structure from their analysis.

The IRAS colors and LRS silicate feature strength at 10um
of T Ari have been fitted with a radiative transfer model by
Hashimoto (1994) to obtain dust shell parameters. The reported
values for the inner and outer dust shell radii were 100 R, and
1000 R, respectively; the dust temperature at the inner shell was
289 K. There is no evidence for the dust shell from our observa-
tions. SiO (Bujarrabal et al. 1987) and H,O (Takabaet al. 1994)
maser emissions have been detected in T Ari. However, there is
no detection of OH emission (Lewis et al. 1995).

3.3. IRC—20445

The spectral type of IRC—20445 is M4 (Bidelman 1980). An
alternative classification of M1 is given by Hansen & Blanco
(1975). There is no positive detection of H,O maser emission
from this source (Deguchi et al. 1989, Dickinson et al. 1973).

This source was resolved earlier by a lunar occultation
(Ridgway et al. 1977). Their derived angular diameter was
441 mas, about a factor of two larger than our value listed
in Table 4; correspondingly, also their estimate of the effec-
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Fig. 1a—d. Examples of selected occul-
tation lightcurves and our model fits
to data are shown in the upper pan-
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tive temperature was remarkably low, 25204300 K. Itis worth  3.5. AB Gem

mentioning that the analysis of the lightcurve of this source
by the authors above was not based on a least-squares analy-
sis, but on visual inspection. However, this fact alone can not
explain the discrepancy in the measured angular diameter. Ridg-
way et al. (1977) have also reported variability in this source of
at least 0.3 magnitude at 2um. Given that a new occultation
series of IRC—20445 will begin in mid-1999, it is worthwhile
to reobserve this source and carry out photometric and spectro-
scopic monitoring to resolve this discrepancy.

3.4. IRC—-20550

The occultation data of IRC—20550 were affected by scintilla-
tion. A polynomial of degree 5 with 3 free parameters has been
used to model these effects.

The spectral type of IRC—20550 is G8 II-III (Keenan &
McNeil 1989). Several LO events of this source were observed
already in the previous series, all at visual wavelengths, namely
by Evans & Edwards (1981), Radick et al. (1982) and Beavers
et al. (1982). While these latter found the source to be unre-
solved at their resolution, Evans & Edwards (1981) derived
a fully darkened disk angular diameter of 2.3+0.4 mas. They
also reported duplicity in this source. Radick et al. (1982) did
not detect any duplicity from their observations, and derived a
uniformly illuminated disk diameter of 1.2740.26 mas for the
source. There is no detection of duplicity from our observation
(Richichi et al. 1996a).

The angular diameter that we derive for this carbon star, listed
in Table 4, when combined with the bolometric flux, implies a
remarkably low effective temperature. Therefore, some discus-
sion is necessary.

The spectrum of AB Gem was initially classified as a generic
variable N type by Sanford (1944). A type of N3 was also re-
ported (Grasdalen et al. 1983). We have obtained an IR spec-
trum at resolution A/AX ~ 1000 at the TIRGO telescope in
February 1996, covering the region of the K band around 2pm.
Although it is difficult to assign a spectral type from this spec-
trum due to the scarcity of good indicators, we have compared
the slope of the continuum shortward of the onset of the CO band
at 2.3pum, with that of TU Gem. The result is that, apart from
considerations of variability which could have some importance
considering the 1.5 years elapsed between the recordings of the
occultation and of the spectrum, AB Gem appears to be some-
what cooler than TU Gem, which is reported to have Teg in the
range 2400-2800 K (Ullaet al. 1997). This provides an indirect
qualitative confirmation of our result listed in Table 4.

3.6. IRC+20071

The reappearance lightcurve of IRC+20071 is shown in Fig. 1d.
A polynomial of degree 5 with 3 free parameters has been used
to model the scintillation effect, which are already removed in
the data shown in the figure.
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Table 4. Angular diameter and effective temperature results

Source ¢ Bolom. flux Tetr(K)
(mas) (107" Wm~2)
SW Gem 2.80 + 0.09 328 +1.38 3350 + 380
AX Gem 3.02 £ 0.07 393+ 1.92 3370 £+ 440
IRC+20133  2.81 +0.09 6.63 £ 1.80 3985 + 280
T Ari 7.08 +£0.13 21.95 4+ 7.03 3385 + 280
IRC—-20307 2.05+£0.16 1.56 + 0.74 3315 £ 420
IRC—20445 1.74 +0.24 2.40 +£0.99 3930 + 510
IRC—20550 1.43 +0.15 3.85 £ 1.07 4880 + 430
AB Gem 4.06 £+ 0.09 1.43 +£0.25 2330 4+ 160
IRC+20071  2.71 £ 0.15 4.81 +1.32 3740 + 280
IRC+10034  3.64 + 0.07 5.89 £ 1.76 3400 + 250
IRC+20141  2.11 £+ 0.09 4.68 £ 141 4215 + 340

IRC+20071 has been reported to be a LO binary with sepa-
ration 005 (Dunham 1977). However, there is no positive de-
tection of binarity from speckle interferometric observations in
the optical at an angular resolution of 0’03 (Hartkopf & McAl-
ister 1984). There is no evidence for a secondary component
from our observations (Richichi et al. 1996b).

3.7. IRC+20141

Two events of IRC+20141 have been recorded at TIRGO. The
second event was recorded under unfavorable observing con-
ditions (close to full Moon and through clouds) and the data
analysis could not reach any positive conclusion. However, we
have resolved the source from the lightcurve of the first event.
A polynomial of degree 5 with 2 free parameters has been used
to account for the scintillation effect.

This source was observed earlier by Africano et al. (1978)
at visual wavelengths, who reported duplicity in this source.
However, there is no evidence for duplicity from our observation
carried out at 2.2um (Richichi et al. 1996b).

3.8. Bolometric fluxes and effective temperatures

From the angular diameter, the effective temperature Tes can be
directly derived, given the bolometric flux F'. To compute this
latter, we have fitted the photometric data of each of the sources
in our sample. The data available from the literature have been
used, complemented by our own photometry as listed in Table 3.
In the case of IRC+20141 and IRC+20071 we assumed J, L &
M magnitudes from the standard Johnson (1966) colors in the
absence of any measurements, to constrain our fit.

The fits to the photometric data have been computed using
a model with a black body. Interstellar extinction has been es-
timated on the basis of the presumed distance to the star, and
accounted for. In those cases where infrared excess is evident,
a second blackbody arising for the dust emission has been in-
corporated, as well as the additional circumstellar absorption.
This was the case for six sources, namely SW Gem, AX Gem,
T Ari, AB Gem, IRC—20307 and IRC—20445. However, the
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Fig. 2. Examples of black-body fits to photometric data. The two cases
are discussed in the text.

shell contribution to the observed flux at 2.2um is computed to
be negligible in all cases. This explains why no evidence of dust
shells is apparent from the analysis of our LO data.

In Fig. 2 we show two representative examples of our fits
to the photometric data. A case representative of a single black
body is that of IRC+20133, for which the fit required some
amount of extinction, which however could not be uniquely
constrained by the available data; the value Ay=1.0 is derived
by minimizing the x* and is consistent with the observed B-V
color. In the case of AB Gem, we used two black bodies to fit the
stellar component and the IR excess (the dashed and the dotted
lines respectively in the lower panel of Fig. 2). In addition, we
had to introduce an amount of extinction, which we estimate
at Ay=2.0 on the basis of a minimization of the x? of the fit.
This incorporates both the extinction due to interstellar dust,
and that caused by the circumstellar dust. The resulting total fit
is shown as a solid line in the figure. In both panels of Fig. 2,
the solid dots are the photometric data effectively used in the
fit, while the open circles represent available data which were
not used because the quality is not convincing, and are shown
for reference only. This is the case for instance for the H band,
where opacity is important.

The computed bolometric fluxes and the resulting effective
temperatures are listed in Table 4. It can be seen that the relative
errors are comparatively large: even considering that ATeg o
1AF + ) A¢, the uncertainties in the bolometric flux account
for the bigger part of the errors in the effective temperature.
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This is due to different factors. Firstly, the sources in our
sample lack a satisfactory photometric coverage in the litera-
ture, both in wavelength and in time. One should consider that
late-type stars emit most of their energy in the near-IR, where
unfortunately measurements are less frequently provided in the
general catalogs. Reversely, the measurements in the visible re-
gion are sometimes not sufficient, because of the appreciable
level of photometric variations exhibited by many of our stars
at the shorter wavelengths. Secondly, extinction caused both
by interstellar dust and by the circumstellar environment has a
significant effect for many of the stars in our sample. This has
been fitted as an additional parameter in our program, and the
uncertainty is reflected in the final error. A program of near-IR
photometry is under way at the TIRGO and Calar Alto observa-
tories, with the purpose of ameliorating the situation described
above.

The effective temperatures listed in Table 4 fit well the exist-
ing empirical calibrations quoted in Sect. 1. However, we post-
pone a thorough discussion of this comparison to another paper,
which we will devote to the subject of a new calibration of the
effective temperature of cool giant stars obtained from all the
LO data collected during our long-term observational program.
For this reason, we do not deal at this point with the necessary
correction for limb darkening (which is typically a 2-5% effect
on the angular diameter at near-IR wavelengths), and all the di-
ameters listed in Table 4 are computed under the assumption of
a uniform disk.

4. Conclusions

Lunar occultation observations of eleven cool giants in the spec-
tral range KO to M6 (including one carbon star) are presented
in this paper. The quality of the lightcurves are good enough
to resolve these giants from our observations. Nine giants are
resolved for the first time from our observations. The mea-
sured (uniform disk) angular diameters fall in the range 1.43
to 7.08 mas with an average accuracy of 0.12 mas. Excluding
the events of IRC—20307, IRC—20445 and IRC—20550, our
measurements resulted in angular diameters with an accuracy
better than 6%. These measurements have the potential to pro-
vide a valuable set of effective temperatures for cool giants with
an accuracy < 3 % when bolometric fluxes for these giants be-
come available with an accuracy < 10 %.

In this respect, it is interesting to compare the performance
of the LO method against the current standards of long baseline
interferometry. For this, we use the work of Perrin et al. (1997),
which used the IOTA interferometer with baselines up to 21 m.
Equipped with the FLUOR beam combiner, this provides cur-
rently the most accurate visibilities in the near-IR. The authors
above have resolved nine stars in the range 10.0 to 20.2 mas,
with an average accuracy of 0.18 mas. They use them to derive
effective temperatures with a typical error < 100 K. The effec-
tive temperatures that we derive are consistent with the presently
available effective temperature calibrations of late-type giants,
but the errors are typically quite large due to the less than sat-
isfactory knowledge of the bolometric fluxes. A program of
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photometric observations to improve this situation is underway,
and a detailed work on effective temperature calibration based
on a homogeneous set of LO observations by our group will be
published elsewhere.

Three sources from our sample, namely IRC—20550,
IRC+20141 and IRC+20071, are reported to be LO binaries.
However, we do not detect any binarity in these giants from
our observations. We find evidence for circumstellar dust shell
around six giants, namely SW Gem, AX Gem, T Ari, AB Gem,
IRC—20307 and IRC—20445, from their infrared excess. How-
ever, we do not detect these dust shells from our observations
as their contribution to the observed flux at 2.2um is well
below the detection limits. Our derived angular diameter of
IRC—20445 is inconsistent with the earlier measurement by
Ridgway et al. (1977). Future high angular resolution observa-
tions and photometric (and spectroscopic) monitoring of this
source could resolve the discrepancy in the measured angular
diameter.
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