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CHAPTER 5

Photometric observations and angular size
estimates of mid infrared interferometric

calibration sources

R. van Boekel, T. Verhoelst, Ch. Leinert, L. Decin, A. de Koter,
L. B. F.M. Waters, B. Stecklum, F. Marang, and P. A. Whitelock

To be submitted.

Abstract A new catalogue of 464 interferometric calibration stars at
δ ≤ +35◦ is presented, primarily intended for the calibration of interferomet-
ric measurements in the 10 and 20 µm atmospheric windows. The major-
ity of sources are K and M giants, the sample is flux limited at N≈2 mag.
We obtained near-infrared (JHKL) photometric observations for all stars,
which are combined with new and existing optical (Geneva) photometry
and 8-25 µm satellite data to fully characterize the SED. Kurucz and MARCS
model atmosphere SEDs are fitted to the optical and NIR photometry,
yielding angular diameter estimates. We compare our results with previous
diameter determinations, that are available for a subset of our stars, and
find good agreement within the fit uncertainties. We compare our newly
derived diameters with previous estimates, and discuss the applicability
and limitations of the catalogue.

5.1 Introduction

With newly commissioned interferometric instrumentation in the southern hemi-
sphere becoming available to the community, the need arises for a well charac-
terized network of calibration sources. Cohen et al. (1992) presented an all sky
network of such calibrators, with angular sizes derived from fitting the spectral
energy distribution (SED). Their network contains 336 calibration stars at declin-
ations south of +35◦, i.e. observable from the European Southern Observatory,
at Paranal. Our new catalogue contains 464 stars, of which 338 are not present
in the Cohen et al. (1992) network. This work therefore doubles the number of
calibration sources at δ ≤ 35◦, suitable for calibrating interferometric measure-
ments in the thermal infrared. Especially near the galactic plane, the sky density
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100 Mid infrared interferometric calibrators

of available interferometric calibrators is strongly increased. The first 10 µm
interferometric facility operating in the southern hemisphere is the MIDI instru-
ment (Leinert et al. 2003) on the Very Large Telescope Interferometer (VLTI,
e.g. Glindemann et al. 2003). This work is part of the calibration effort of the
MIDI consortium.
In contrast to classical imaging on single telescopes, interferometric meas-

urements do not directly yield the two dimensional (2D) intensity distribution
of the source under investigation. Rather, the result of an interferometric ob-
servation is a measurement of the the complex degree of coherence of the light,
also called visibility (V), at a spatial frequency k = B/λ, where λ denotes the
wavelength of observation, and B is the baseline, or projected distance between
the interferometer elements. As the baselines can be much larger than the dia-
meters of existing telescopes, the spatial resolution of an interferometer is ac-
cordingly higher than that of classical imaging devices. The visibility is directly
related to the 2D intensity distribution (or “image”) of the source through the
van Citterd Zernike theorem, which states that the visibility is the Fourier trans-
form of the intensity distribution of the source. At any baseline, the visibility1

is equal to the fringe contrast (Imax − Imin)/(Imax + Imin), where Imax and Imin de-
note the maximum and minimum intensity in the combined signal from the two
telescopes, respectively.
Ideally, an interferometric calibrator should be bright, and unresolved for the

interferometer such that the highest possible fringe contrast is obtained. This
requires the angular diameter of the calibration source to be ≪ λ/B. Stars are
the natural celestial sources that best fulfill these basic criteria. Stars of early
spectral type are better suited than stars of late spectral type, as they have the
smallest angular diameter for a given brightness. However, there are only about
a dozen southern A or B stars stars that are bright enough for our purposes, and
therefore we must go to later type stars to get good sky coverage, at the expense
of the “compactness” of the calibrators. In practice it is possible to use also
slightly resolved stars, if the angular diameter of the calibrator is known a priori
to sufficient accuracy. This allows the use of also later type stars for calibration
purposes at 10 µm, which dramatically increases the number of available sources.
Compared to direct (single telescope) imaging, interferometric measure-

ments in the optical and infrared have very poor sensitivity, since the interfer-
ometric signal needs to be recorded within an atmospheric coherence time τ0.

1The visibility is a complex quantity, exhibiting both an amplitude and a phase. With a 2-
element (optical/IR) interferometer it is not possible to recover the phase, and when we speak
of “visibility” in this paper, we mean the amplitude of the visibility. Sources that exhibit point
symmetry - such as almost all stars, not considering starspots - always have zero phase.
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This time is typically of order 10ms at 10 µm, and less at shorter wavelengths.
In the case of MIDI measurements without atmospheric compensation, this re-
quires a source to be brighter than ≈1 Jy at 10 µm (N≈4mag)2. A calibrator
however should be significantly brighter than the detection limit. We have re-
quired a minimum brightness of 5 Jy (N≈2mag).
Here, our effort to extend the number of available calibration sources with

respect to the network of Cohen et al. (1992) is presented. In Section 5.2 we will
describe the selection of the stars in the calibration network, Section 5.3 reports
on the (new) photometry obtained. In Section 5.4, the fitting of angular diameters
to the SED is covered in detail. The catalogue is described in Section 5.5. In the
final section, the results are discussed and compared to previous work.

5.2 Sample selection

In order to obtain a statistically complete, flux limited sample, we selected our
sources solely from infrared data taken by the Infra Red Astronomical Satellite
(IRAS, Neugebauer et al. 1984) and the Midcourse Space Experiment (MSX,
e.g. Price & et al. 1999) satellite. Whereas IRAS performed an all-sky survey,
the MSX survey covered the galactic plane and Magellanic clouds. Since our
primary focus is the calibration of instrumentation in the southern hemisphere
we restricted our sample to sources at δ ≤ +35◦.
Candidate calibration sources were selected from the IRAS Point Source

Catalogue, according to the following criteria:

• 12/25 µm color temperature ≥ 4000K

• color corrected 12 µm flux ≥ 5 Jy
The color correction was done according to the IRAS point source catalogue
explanatory supplement (Beichman et al. 1988), the 12/25 µm flux ratio was used
to derive the color temperature.
Additional sources were selected from the MSX Point Source Catalogue

(Egan et al. 1997), using the SPIRIT III instrument A (8.3 µm), C (12.1 µm)
and D (14.7 µm) band fluxes as follows:

2Note that this does not mean that it is impossible to observe fainter sources with an IR inter-
ferometer. If there is a bright source nearby, the effects of the atmosphere can be measured on this
reference source and compensated for (“fringe tracking”), allowing an integration time of many
times τ0 on the faint source. For many sources it is also possible to do the fringe tracking on the
science target itself in the NIR while doing a science integration at 10 µm, where the sensitivity is
generally much lower due to the extremely high background from the atmosphere and telescope
optics.



102 Mid infrared interferometric calibrators

HD 281813

Figure 5.1—A comparison between the observed (J-K) vs.(V-K) colors (diamonds) and
their synthetic counterparts, based on the Kurucz SEDs (asterisks) and the MARCS SEDs
(+ signs). HD89353 is found to have circumstellar matter, we will check on the possibly
erroneous NIR photometry of HD281813.

• A/C and A/D color temperature ≥ 4000K

• C-band flux ≥ 5 Jy

where a blackbody fit was used to derive the color temperatures.
This selection yielded a total of 459+145 (IRAS+MSX) sources. These

were visually inspected on (digitized) Palomar Observatory Sky Survey plates
(Abell 1959; Reid & Djorgovski 1993) to exclude crowded fields for which large
aperture near-infrared and mid-infrared photometry would suffer from confu-
sion problems. Stars surrounded by strong nebulosity or sources in dark clouds,
where no optical star is seen at all, were also excluded since these objects are
likely to have circumstellar matter, rendering them unsuitable as interferometric
calibrators. The optical selection resulted in the rejection of 51+5 sources. In the
remaining sample of 548 sources, there is a 37 star overlap between the samples
selected from the IRAS and MSX data, which leaves us with 511 candidate cal-
ibrators.
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Figure 5.2— Sky distribution of the 464 stars in the calibration network. Coordinates
are J2000 right ascension (hours) and declination (degrees). + symbols denote sources
drawn from the IRAS point source catalogue, sources indicated with × symbols are
selected from the MSX point source catalogue.

Optical coordinates, proper motions, parallaxes, spectral types and HD num-
bers were obtained from SIMBAD. We demanded association of the selected
infrared sources with a star, which was possible for all but one of the candidate
calibrators (IRAS 15583-5030 was removed from the sample). All other stars
have an entry in the Henry Draper catalogue. Since our sample is flux limited at
12 µm, we preferentially select K andM giants. We removed 40 stars with known
binarity (Section 5.2.1) and 5 stars of unsuitable spectral type (Section 5.2.1), re-
ducing the sample of candidate calibrators to 465 stars. We note that unknown
binarity can in principle render some of the stars unsuitable for calibration pur-
poses. Such binaries would in general yield unrealistically low values of the
transfer function (quantifying the degradation of the interferometric signal), and
would usually be noted by comparison to other calibration measurements if the
observing night is stable. The further characterization of the calibrators by the
use of actual interferometric measurements (using both MIDI and NIR instru-
mentation) is an ongoing effort.
A color color diagram of the selected stars is shown in Fig. 5.1. One star

clearly has colors that deviate from those of normal stars: HD89353. The 10 µm
spectrum of this star shows clear evidence of circumstellar matter, and we have
therefore removed it from our sample, reducing the final list to 464 stars. The
distribution of the stars over the sky is shown in Fig. 5.2.
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5.2.1 Requirements on the calibrators

A good interferometric calibration source needs to comply with several criteria:
(1) the star should not be a (close) binary, (2) the star should be of ’normal’
spectral type, (3) the star should not be (highly) variable, and (4) the star should
not have an IR-excess (indicating circumstellar matter). In order to check for
requirements 3 and 4, we used our model atmosphere SED fits (the fitting pro-
cedure is described in Section 5.4). These fits yield the angular diameter of the
calibrators which determines how much photometric variability can be tolerated,
and the predicted photospheric emission level at 12 µm which can then be com-
pared to measured values (IRAS, MSX) to determine whether the source has an
IR-excess. We will now discuss these four criteria in more detail.

Binarity

Binary stars are generally considered unsuitable as interferometric calibrators,
as their intrinsic visibility can only be accurately predicted when all parameters
of the system (separation, position angle, relative brightness, diameters of the
individual components) are well known. Moreover, the visibility of a binary
system can change quite rapidly with projected baseline, and thus with time
during an observing night. For close (spectroscopic) binaries, the binary position
angle and separation can change significantly on timescales of days or weeks.
All stars marked as binary in the Hipparcos catalogue with a separation of

less than 2 arcseconds were removed from the sample (12 stars). Stars that are
marked as spectroscopic binary (27 stars) or eclipsing binary (1 star) in the SIM-
BAD database have also been discarded.

Spectral type

Stars of very late spectral type often show photometric variations associated with
radial pulsations. Therefore they are normally not considered suitable as interfer-
ometric calibrators. Existing catalogues of interferometric calibrators are aimed
mostly at the optical/NIR spectral region, where the bright late (M type) stars are
usually significantly resolved on baselines of order 100 meter. In this spectral
region, avoiding M type stars as calibrators makes very good sense. However, in
the 10 µm region, angular diameter demands on the calibrators are much more
relaxed, and we can in general allow modestly variable M type stars as calib-
rators. In Sections 5.4.4 we show how for each individual star, we determine
whether or not photometric variability is a concern for the suitability of the star
as a calibrator.
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Figure 5.3— Spectral types and luminosity classes of the calibration stars as listed in the
SIMBAD database. 26 M stars did not have a sub class indicated and are listed under
’M’ in the left hand plot. The majority of the stars are K and M giants of luminosity
class III. 50 stars did not have a luminosity class assigned to them and are listed under
’none’ in the right hand plot.

We rejected five stars on the basis of their spectral type: HD30593 (CII),
HD52432 (C), HD54300 (Spe), HD70276 (Sevar), and HD223075 (CII). An
overview of the spectral types of the stars that remained in the sample is given in
Fig. 5.3.

Variability

Photometric variability is a widespread phenomenon among late-type stars, and
it is usually associated with a varying angular diameter. The Geneva photomet-
ric system has been used systematically for long term monitoring of stars, and
for most of our sample stars, several observations are available. We determ-
ined for all of these stars the weighted standard deviation of all measurements
available and compared this to the standard deviation found within the sample
of Geneva photometric standard stars. Fig. 5.4 presents this comparison. The
standard stars generally have a standard deviation below 0.01 mag (represented
by the horizontal line), while quite a large fraction of the other stars have a sig-
nificantly larger standard deviation, and can therefore be considered intrinsically
variable. However, this does not necessarily render these stars unsuitable for in-
terferometric calibration purposes. For a discussion, see Section 5.4.4 The stars
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Figure 5.4— Standard deviation on the visual magnitude versus visual magnitude for
the stars in our sample (asterisks) and Geneva standard stars (diamonds). The horizontal
line corresponds to sigma = 0.01 mag. A significant number of stars in our sample show
modest intrinsic variability. For a discussion, see Sections 5.2.1, 5.4.4, and 5.4.4.

for which photometric variability is a concern are flagged in the catalogue (see
Section 5.5).

IR-excess

A mid infrared excess is to be avoided when one wants to use a star as a calib-
rator for interferometric measurements: even if the central star is not resolved
by the interferometer, the circumstellar structure might be large enough to cause
some loss of coherence. Even though a first filtering has already been done us-
ing the mid infrared colors, an additional check for infrared excesses should be
performed after the detailed fitting of the synthetic SEDs to the observed fluxes.
This was done by comparing the difference between the observed 12 µm flux and
the flux predicted by our best fitting synthetic SED with the standard deviation
on the measurement. In Fig. 5.5 we show a histogram, showing the distribution
of the observed 12 µm with respect to the predicted values, in bins of one stand-
ard deviation. We find that 49 stars have an observed 12 µm flux that is more than
3σ above the predicted value, these stars have been flagged in the catalogue.
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Figure 5.5— The density of our catalogue with respect to the difference between the
measured and the synthetic 12 micron fluxes, expressed in standard deviations on the
measurement.

5.3 Photometric observations

5.3.1 Literature photometry used

The mid infrared photometric measurements used for the source selection and
the characterization of the long wavelength part of the SED were taken from the
IRAS point source catalogue (Beichman et al. 1988) and the MSX Point Source
Catalogue (Egan et al. 1997). The IRAS satellite had four passbands, at 12,
25, 60 and 100 µm, respectively. The SPIRIT III instrument on board the MSX
satellite had 6 passbands, at 4.29, 4.35, 8.3, 12.1 ,14.7 and 21.3 µm, respectively.
The photometric accuracy of the IRAS bands is typically some 5, 7, 11 and
13%, respectively. Typical errors on the MSX fluxes are 10, 14, 5, 3, 4 and 14%,
respectively.
For the UV-optical wavelength region, several “classic” catalogues were

tested for their overlap with our sample (e.g. the Johnson system: Lanz 1986).
However, only half of our sample could be covered by using just one of these
catalogues. The Geneva-catalogue offers the most complete, homogeneous set
of optical photometry for our sample. In the literature, photometric measure-
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Table 5.1— An overview of the filter properties of the Geneva photometric system (ac-
cording to Rufener & Nicolet 1988), and the SAAO near-infrared system (according to
Fiorucci & Munari 2003).

system band λ [µm] ∆λ [µm]
Geneva B 0.4227 0.0282

U 0.3464 0.0159
V 0.5488 0.0296
G 0.5807 0.0200

SAAO J 1.229 0.286
H 1.657 0.323
K 2.227 0.380
L 3.442 0.613

ments were available for 342 stars (Rufener 1988), amounting to 74% of our
sample. In the SED fits, only measurements in the broad-band Geneva filters (U,
B, V and G) were used (see Table 5.1).

5.3.2 New JHKL observations

We obtained a new, fully homogeneous set of near infrared photometric meas-
urements for all our programme stars. Photometric measurements in the near-
infrared passbands J, H, K and L were performed at the South African Astronom-
ical Observatory (SAAO) 0.75-m telescope, using the MkII infrared photometer.
A full description of the MkI photometer, which is very similar in design and
optically identical to MkII, can be found in Glass (1973).
The majority of sources (≈ 85%) were observed during two 7-night runs, in

May and November 2001. The programme was then completed during several
nights throughout 2002 and early 2003. The standard chop/nod procedure was
used, with an integration time of in total 40 s for each ”module” (consisting of
10 s in the main beam, 2×10 s in the alternate beam, and finally another 10 s in
the main beam). Each observation consisted of at least 2 modules, sometimes
more in L for the dimmer sources. A 37 arcsec aperture was used. Calibration
stars from Carter (1990) were measured regularly, of which 50 are contained in
our sample.
Since the sources are all very bright, statistical errors on the measurements

are small (usually ≤0.005mag). The accuracy is governed by the accuracy of the
SAAO calibration network, which is 2% in JHK and 5% in L).
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The colors of HD281813 (see Fig. 5.1) are not in agreement with its spectral
type (M5). We will check on these results, and for the time being, HD281813
has not been included in the catalogue.

5.3.3 New Geneva photometry

Ideally one would like to have photometry in the Geneva system for all candid-
ate calibrators at our disposal. Unfortunately, no more Geneva photometry is
being obtained on the 70 cm Swiss telescope at La Silla observatory, Chile. This
problem was partially solved using the 1.2 m Mercator telescope of the Leuven
Institute for Astronomy at La Palma observatory. We obtained new Geneva pho-
tometry for 42 stars in our list. This brings the number of stars for which we
have Geneva photometry available to 384, which is 83% of our sample.

5.3.4 Absolute calibration of the photometry

We have photometry from two different systems to calibrate, corresponding to
the subsections below: Geneva photometry and SAAO photometry. We will start
by presenting the calibration that was done by the consortia responsible for each
instrument. Afterward, we will confront these calibrations with an absolutely
calibrated spectrum of Sirius and align the photometry accordingly, thus obtain-
ing a consistent absolute calibration between both systems.

Geneva photometry

Since all Geneva system photometry was taken with identical instruments
(though at different telescopes), we take the calibration from Rufener & Nicolet
(1988), which is based on the αLyr calibration by Hayes & Latham (1975) and
the secondary subdwarf standards of Oke & Gunn (1983). Their zero points are
listed in column one of Table 5.2.

SAAO photometry

An absolute calibration of the original SAAO JHKL-system was published by
Glass & Feast (1973). However, since then, filters have been changed and some
differences do exist. Updated calibration constants have been provided by Glass
(private communication) and are given in column 3 of Table 5.2.
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Table 5.2— The calibration constants for the different photometric systems, according
to the cited authors.

band λ R&N Glass Aligned Rel. Diff.
[µm] [Wm−2] [logWm−2Hz−1] [Wm−2]

U 0.346 3.2955e-08 3.2708e-08 0.99132
B 0.423 2.7091e-08 2.6421e-08 0.97527
V 0.549 2.0886e-08 2.0587e-08 0.98567
G 0.581 1.9532e-08 1.9565e-08 1.00171
J 1.25 -19.82 7.8567e-10 1.04755
H 1.65 -20.01 2.5340e-10 1.03781
K 2.2 -20.21 1.2474e-10 1.05309
L 3.5 -20.55 3.4601e-11 1.00013

5.3.5 Alignment of the photometry

To achieve the best possible accuracy when fitting models, the photometric cal-
ibrations should be checked for their consistency and their agreement with an ab-
solutely calibrated standard. Multiplication factors (with a value close to unity)
are applied to the calibration constants such that the measured flux (integrated
over whole the filter) is equal to the predicted flux of the absolutely calibrated
standard. Rufener & Nicolet (1988) used the spectrum of Vega by Hayes &
Latham (1975) for their absolute calibration. However, the declination of Vega
is too northern for it to be observed under reasonable circumstances from South
Africa. The southern hemisphere counterpart of Vega is Sirius. For Sirius as
well there exists an absolute calibration, which makes it well suited for the abso-
lute calibration and alignment of our photometric systems. Both Vega and Sirius
have been used for similar purposes by Cohen et al. (1992). For our absolutely
calibrated model of Sirius, we adopt the same parameters as Cohen et al. (1992):
Teff=9850K, log g=4.25, vt=0 km/s, [Fe/H]=+0.5, and an angular diameter of
θ=6.04mas. We used a Kurucz model with these parameters to determine the
aligned zero points of all photometric filters. These are listed in the one but last
column of Table 5.2. Some differences between these values and those of the
cited papers are present, with a maximum deviation of a few percent (see last
column of Table 5.2).

boekel
these are in [erg/s/cm2/Hz], not [W/m2/Hz]
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5.4 Modeling

In this section we describe the determination of effective temperatures and an-
gular diameters from the available photometry by synthetic SED fitting. This
includes a description of the models used to construct the synthetic SEDs, of
the minimization method and of our treatment of interstellar extinction. Finally,
we discuss the resulting uncertainties in the interferometric calibration. The free
parameters in the fitting routine are: effective temperature (Teff), angular dia-
meter (θ) and interstellar visual extinction (AV). However, Teff and AV were
fitted only for those stars for which Geneva photometry is available. If not, Teff
and AV were kept fixed; Teff was taken from the spectral type and AV from the
Arenou-model (see Section 5.4.3).

5.4.1 Models

In principle the entire temperature range of our programme stars is covered by
the Kurucz grid, which contains models with effective temperature ranging from
3 000 to 50 000 K. However, Kurucz models neglect the contribution of complex
molecules, which is problematic for the coolest stars in our sample. Therefore,
we also employ a grid of MARCS models, which account for the effects of tens of
millions of lines of TiO, CO, OH, SiO, H2O and other molecules. The treatment
of these molecular lines is self-consistent, implying that line blanketing effects
caused by these lines are accounted for. This is important as we need to integrate
over large parts of the spectrum to derive synthetic broad-band photometric data.
All our ATLAS9 (Kurucz 1979, 1992, 1994) and MARCS (Gustafsson et al. 1975;
Plez et al. 1992) models have a solar metal content, and adopt a hydrostatic at-
mosphere consisting of planar layers. We did not succeed in converging MARCS
models with a surface gravity below log g = 0.5. Only very few stars may suffer
from this limit, and have been labeled in the catalogue.
The synthetic spectral energy distributions of the Kurucz models are readily

available from internet. These have a spectral resolution of only 20 Angstrom
in the optical, but do correctly weigh the blanketing of lines. The spectra in our
grid of MARCS models have been computed using the opacity sampling method.
To assure correct determination of the model structure and SED we used over
150 000 frequency points. The grid parameters of Kurucz and MARCS models
are summarized in Table 5.3.
To check whether our synthetic grid covers the parameter range of our pro-

gramme stars, and to verify whether the Kurucz and MARCS models smoothly
connect near 4 500 K we plot the J-K versus V-K diagram in Fig. 5.1 following
Bessell et al. (1998). Indeed the total grid covers well the observed range in
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Table 5.3— Model grid parameters for the ATLAS9 and MARCS models used in this
work.

Grid ATLAS9 MARCS

Min. Teff [K] 3500 3000
Max. Teff [K] 50000 4500
Teff-step [K] 250-2500 250
log g 0.0-5.0 0.5-3.0
log g-step 0.5 0.5
λ-range [µm] 0.001-160 0.009-200
# λ points 1469 153910

colors. Models with very red V-K colors, but blue J-K colors, show no observed
counterparts. This is because these models represent K and M dwarfs, which are
not present in our sample due to their low luminosity. The agreement between
the Kurucz and MARCS models is very good down to almost 3 750 K.

5.4.2 SED fitting method

The essence of our method is a minimization of the reduced χ2 which compares
observed with synthetic photon count rates:

χ2reduced =
1
N − 1

$ (Qobs,dered − Qsynth)2
σ2Qobs

where N is the number of photometric observations, Qobs,dered are the dereddened
observations, Qsynth the synthetic photon count rates (depending on Teff and θ)
and σQobs the internal photometric errors on the observations. The Qsynth can
be calculated from the models and the known filter transmission properties and
detector quantum efficiencies.
For a grid of 256 equidistant temperatures in the range [0.75, 1.25] ×

Teff,spectral type the best fitting angular diameter and amount of visual extinction
are determined by applying the downhill simplex method of Nelder & Mead
(1965) to the above χ2 function. The appropriate gravity for each star is determ-
ined from the combination Teff,spectral type - luminosity class as listed in Table B1
of Gray (1992). As error bar on the observations, we use the internal error
of the photometric system which is possible because of the alignment of the
photometry discussed in Section 5.3.5. The error determination is described in
more detail in Section 5.4.4. We found it necessary to restrict the AV range to
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[0.5, 1.5]× AV,Arenou, in order to avoid finding solutions far from the actual solu-
tion due to a degeneracy in Teff and reddening. This problem will be discussed
in more detail in Section 5.4.3. Solutions which have AV at either limit of this
interval are flagged in the catalogue.
Once we have calculated the χ2 for each of the 256 temperatures in the al-

lowed temperature range, we choose the Teff corresponding to the minimum χ2,
and its associated θ and AV. If possible, i.e. if the lower limit of the temperature
grid is below 4 500 K, this procedure is performed for both ATLAS9 and MARCS
models, and the best fitting model is chosen. For the coolest stars this is always
the MARCS model. For each individual star, the nature of the best fitting model
(ATLAS9/MARCS) is indicated in the catalogue. Given the need for UV/optical
photometry to have a good handle on the effective temperature and on the inter-
stellar extinction, we decided to fix Teff to Teff,spectral type and AV to AV,Arenou if
only near-IR photometry was available.

5.4.3 Interstellar extinction

Since it is unfeasible to search for B-type stars near every star in our catalogue,
and to use these to accurately determine E(B-V), we opted for the 3D galactic
interstellar extinction model by Arenou et al. (1992) as a way of making an initial
estimate of the interstellar extinction toward each star. This model gives AV as a
function of galactic longitude, galactic latitude and distance (up to about 1 kpc).
The galactic latitude was sampled using the following bin limits: -90, -60, -30,
-15, 0 ,15, 30, 60, 90 degrees, and the longitude was sampled using 20◦ bins.
Using this value for the extinction in the V-band, E(B-V) can be obtained from
the average interstellar extinction law of Savage & Mathis (1979) and hence, the
interstellar extinction for all filters can be computed. The amount of extinction
as a function of E(B-V) for each filter is given in Table 5.4. Given the high
uncertainty on the values given by the model, we use these values only as a
starting point, from which further progress can be made if Geneva photometry is
available.
The interstellar extinction remains one of the major unknowns for quite a

few of our stars. For about 25% of the catalogue, the fitting routine ran into
the limits of the allowed extinction range. In case of a high absolute extinction
value, such an event has possibly resulted in an inaccurate temperature and dia-
meter determination. To estimate the magnitude of this effect, we tested how
far the extinction value used for the temperature and diameter determination can
deviate from the actual extinction without moving the derived temperature and
diameter more than 1σ away from the actual values. Since the better part of our
catalogue is made up of K giants, we used Arcturus as our test star. The first step
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Table 5.4— The average interstellar extinction law by Savage & Mathis (1979) for the
Geneva and SAAO photometric systems.

filter λ−1 (µm−1) Aλ/E(B-V)
U 2.89 4.32
B 2.37 3.75
V 1.82 2.75
G 1.72 2.58
J 0.80 0.77
H 0.61 0.53
K 0.45 0.34
L 0.29 0.14

was to deredden the Arcturus observations with the actual amount of extinction
(AV = 0.07mag). Then we reddened the observations with AV ranging from 0 to
0.8mag and derived effective temperature and angular diameter for each set of
“new” observations, while forcing the code to use AV = 0mag. In this way, the
value of AV used in the fit is lower than the actual value. We use this approach
since in our fits, when the value of AV runs into the limit of the allowed range,
it usually does so at the high end (and thus the actual extinction may be higher
than the values we allow). The results are shown in Fig. 5.6.
We conclude from this test that, although the temperature and diameter de-

terminations are affected already at 0.1 mag of interstellar extinction, the in-
crease in error bar implies the derived temperature is wrong at the 1σ level only
if the interstellar extinction exceeds 0.4mag. Moreover, for the angular diameter,
the increase in error bar is such that even at almost 1mag of interstellar extinction
unaccounted for, the actual diameter is still within 1σ of the determined value.
This is caused by the lower fitted luminosity that accompanies a high value of
AV in the test, which counteracts the effect of the lower fitted Teff .

5.4.4 Error determination

We distinguish two sources of error that limit the achievable accuracy of the
interferometric calibration: (1) the formal fit uncertainty in the derived angular
diameter (∆θfit), and (2) the variations in diameter associated with photometric
variability of the star (∆θvar).
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Figure 5.6— Effective temperature and angular diameter derived for artificially
reddened Arcturus observations, while forcing the code to use AV = 0mag (for a dis-
cussion, see Section 5.4.3)

Angular diameter uncertainty in the SED fit

Uncertainties on the derived angular diameter are composed of three different
contributions, listed below in decreasing order of significance:
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1. the uncertainty on the effective temperature

2. the uncertainty in the absolute calibration of the photometry

3. the uncertainty in the fitting of the angular diameter to the photometry for
a given effective temperature.

The uncertainty on the effective temperature is by far the dominant factor.
It is determined through analysis of the reduced χ2 surface around the optimal
effective temperature. Since this profile is rarely symmetrical around the op-
timum, the largest temperature deviation with a χ2 < 2× χ2optimal was used as 1σ
error bar. Note that different temperatures probably go with a different optimal
value of the interstellar extinction, which implies the χ2 surface is flatter than
when the interstellar reddening is kept fixed. This increases the size of the error
bar. Nevertheless, given the uncertainty on interstellar extinction values, this is
the correct way to determine the actual uncertainty on the temperature, ∆Teff ,
derived from SED fitting. Typical values are 1-2% relative error.
From the uncertainty on the temperature follows the largest part of the un-

certainty on the diameter, computed through the fitting of the angular diameter
at Teff ± ∆Teff . Since the total luminosity should be conserved, one can see that
this error will reach 2-4% of the diameter. To this error should be added the error
due to the absolute calibration of the Sirius spectrum, used for the alignment of
our photometry. As in Cohen et al. (1992), we take this to be 1.46% in flux, or
half of this value in angular diameter (0.73%).
Given the high quality of our photometric data, with optical internal errors

as low as 0.5%, and the number of photometric points available, the third source
of possible error will only lead to an uncertainty well below 0.5%: half of the
photometric error (since flux goes as radius squared) divided by the square root
of the number of observations, and is thus negligible. Since the first and second
source of uncertainty are fully independent, they should be added as squares.

Uncertainty in angular diameter due to variability

Out of the 384 stars for which we have Geneva photometry available, 376 were
observed multiple times, and we therefore have an estimate of the photometric
variability of these stars (see also Fig. 5.4). To estimate the influence of the pho-
tometric observations on the angular diameter, we have assumed that the stars
radiate as blackbodies with a constant luminosity (i.e. T 4effR

2 = constant). We
take the variations in V-band magnitude to represent the monochromatic vari-
ations of the blackbody flux at 0.55 µm. Then, the corresponding variation in
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temperature and angular diameter are calculated3. We generally find that the
uncertainties in the fitted diameter (∆θfit, see Section 5.4.4) are larger than the
variations in diameter associated with photometric variability of the star (∆θvar).
We have flagged sources for which the photometric variations lead to large un-
certainties in the interferometric calibration in the catalogue.

Uncertainty in the interferometric calibration

In order to determine whether or not a specific star is suitable for use as an inter-
ferometric calibrator, we need only to answer one question: “is the uncertainty
in relative visibility (∆V/V , not to be confused with the variability in V-band
magnitude) that arises from the uncertainty in the angular diameter smaller than
the desired calibration accuracy?” If the answer is “yes”, the star is a suitable
calibrator.
The relative uncertainty in the visibility depends on several quantities, but

most importantly on the angular size of the calibrator compared to the resolution
of the interferometric measurement. If the calibrator is very small compared to
the interferometric resolution, uncertainties in the calibrator diameter will usu-
ally have negligible effects on ∆V/V . If the interferometric resolution is compar-
able to the calibrator diameter, uncertainties in the calibrator size will result in
high values of ∆V/V , limiting the suitability of the calibrator.
In order to quantify how the uncertainties in angular diameter propagate into

∆V/V for the individual stars, we have assumed that the brightness profiles of
our stars are uniform disks. The visibility of a uniform disk is given by:

V =
2J1(ρ)
ρ

with ρ =
πBθUD
λ
, (5.1)

where J1(ρ) denotes the first order Bessel function, B is the interferometric
baseline, θUD is the angular diameter and λ is the wavelength of observation. We
calculate the visibility at a specific baseline for angular diameters θ and θ + ∆θ,
from which we find a value of ∆V/V .
How much uncertainty in angular diameter can be tolerated depends on the

required accuracy of the transfer function. The goal of MIDI is to reach visibility
accuracies of about 1%. In the catalogue we have indicated whether the uncer-
tainty in ∆V/V , arising from ∆θfit and ∆θvar exceeds 1%, for a baseline of 100m

3Note that this method grossly overestimates the errors of stars in a narrow temperature range
around 6600 K, as this is the point where the variations in temperature and radius almost perfectly
counteract each other in the brightness at 0.55 µm. Therefore, the assumption of constant lumin-
osity at this temperature will lead to unrealistically large variations in temperature and radius for
small variations in V-band magnitude.
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and 200m. In Section 5.6.2 we give an overview of how many stars are suit-
able as interferometric calibrators in the 10 µm band, as a function of required
calibration accuracy and baseline.

5.5 Description of the catalogue

The MIDI calibrator catalogue is available electronically, on:
http://www.science.uva.nl/∼vboekel/MIDI calibration/mcc.txt
For each star, its name, coordinates (J2000), and proper motion are given

in columns 1, 2 and 3. The spectral type and Hipparcos parallax are listed in
columns 4 and 5. In columns 6, 7 and 8 we list the Geneva (literature and new)
and SAAO (new) photometry, and the flux at 12 µm as measured by IRAS and
MSX. The fitted parameters (Teff , θ, and AV) are given in columns 9, 10 and 11.
We also list Teff as inferred by the spectral type, and AV as estimated in the
model by Arenou et al. (1992), in columns 9a and 11a, respectively. The χ2

values of the resulting fits are listed in column 12. The model used for each
star (Kurucz/MARCS) is indicated in column 13. The remaining columns in the
catalogue give a number of quality flags. In column 14, all stars that have an
IRAS/MSX flux of more than 3σ above the predicted level are flagged. The
stars for which we do not have Geneva photometry are flagged in column 15.
The stars for which the derived effective temperature deviates more than 10%
from the temperature inferred from the spectral type receive a flag in column 16.
If the fitted interstellar extinction is at either limit of the allowed range this is
indicated in column 17. The stars that have been fitted with MARCS models and
are of luminosity class I and spectral type M or unknown, possibly have a lower
gravity than our grid allowed, and have been flagged in column 18. The most
important quality flag is given in column 19, where we indicate whether the
uncertainty in the transfer function arising from the uncertainty in the SED fit
∆θfit (for a baseline of 100 and 200m, column 19a and 19b), and the photometric
variability ∆θvar (column 19c and 19d), exceeds 1%.

5.6 Discussion

5.6.1 Comparison angular sizes to literature values

For a significant fraction of the stars in our sample, determinations of the angu-
lar diameter have previously been done, both in the framework of the absolute
calibration of spectrometers and for interferometric calibration purposes. These
are both direct measurements (lunar occultation, long-baseline interferometry)
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Figure 5.7— A comparison between the diameters found in this work and the diameters
derived from lunar occultation (LO) measurements, listed in the CHARM catalogue.

and indirect determinations (SED fitting, similar to our approach). To compare
our newly derived diameters with previous estimates, we employ the CHARM
catalogue (Richichi & Percheron 2002). This catalogue is a compilation of direct
and indirect diameter determinations available in the literature4

In Fig. 5.7 we compare our angular diameter estimates with values determ-
ined by lunar occultation (LO) measurements. Given the rather large uncertain-
ties on most of the LOmeasurements (illustrated by the error bars, and the spread
in derived values when multiple measurements are available), we conclude that
the comparison is satisfactory.
A comparison between our derived diameters and those obtained by long-

baseline interferometric measurements is shown in Fig. 5.8. Again, the agree-
ment is generally good. Several stars (around coordinates [2.5,4.5] and [7,9] in
Fig 5.8) show a large difference in derived diameter between the two methods.

4Note that the CHARM database simply lists all available measurements, it does not guarantee
internal consistency. For the objects that are well represented in the database (say a few tens of
observations), the spread on the listed diameters can be quite large (for example in the case of
αTau, the standard deviation amounts to 9% of the diameter, for αBoo this is 14%).
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Figure 5.8— A comparison between the diameters found in this work and the diameters
derived from long-baseline interferometry (LBI) measurements, listed in the CHARM
catalogue.

These measurements were done in the late 1980s (Shao et al. 1988; Hutter et al.
1989) with the Mark III interferometer. For some of these stars, more recent
LBI measurements exist that agree well with our results (Nordgren et al. 1999,
2001). Note that for the stars that our catalogue has in common with Cohen et al.
(1992), our results are consistent with this work. We therefore conclude that the
early Mark III measurements are erroneous.

In Fig. 5.9 we compare our new determinations with previous work by (Co-
hen et al. 1992), who used a method similar to ours (SED fitting). However,
Cohen et al. (1992) do not fit the effective temperature, but rely rather on the
literature spectral type. They then only fit the angular diameter to match the
photometry. For the stars in common in both catalogues, we find very good
agreement between the derived values. The star at [3.5,2.2] in Fig. 5.9 has a very
low effective temperature in our fit, and due to the high uncertainty in the angular
diameter, has been flagged in the catalogue.
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Figure 5.9— A comparison between the diameters found in this work and the diameters
listed in the CHARM catalogue, derived by indirect (IND) methods (SED fitting).

5.6.2 Catalogue effective size

The most important statistic of the catalogue is how many stars are suitable cal-
ibrators, given the accuracy requirements and the interferometric baseline. For
every star, we calculated ∆V/V at a number of different baselines, up to 200m
(see Section 5.4.4). Fig. 5.10 shows the number of sources, for which ∆V/V is
smaller than the required calibration accuracy, for several different precisions
ranging from 0.1 to 5%. We perform our calculations at a wavelength of 8 µm,
as this is where the requirements on the calibrators are most stringent.

For the uncertainty in the angular diameter, we quadratically added ∆θfit and
∆θvar. For the stars for which we do not have information on optical variability
(88 in total) we have assumed ∆θvar to be zero. The formal uncertainty from
the SED fitting is nearly always the dominant contributer to the total uncertainty
in the angular diameter. It can be seen in Fig. 5.10 that for an accuracy of 1%,
about 75% of the stars can be used at a baseline of 100m, whereas at a baseline
of 200m, only about a third of the stars are suitable.
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Figure 5.10— The number of usable stars in the catalogue, as a function of baseline and
required interferometric calibration accuracy.

5.7 Summary

We have presented a new set of calibrators for interferometric measurements in
the 10 and 20 µm atmospheric windows. Our sample contains 464 stars brighter
than 5 Jy at 12 µm, at declinations south of +35◦. This doubles the number of
available sources with respect to an earlier catalogue of calibrators published by
Cohen et al. (1992). We have obtained new JHKL photometry for all sources at
the South African Astronomical Observatory. We have used a large set of liter-
ature photometry in the Geneva system, and have obtained new Geneva meas-
urements for a smaller number of stars. We have derived angular sizes through
the fitting of model atmospheres to the spectral energy distribution at optical
and near infrared wavelengths. We have discussed the suitability of our stars for
calibration purposes, depending on the required calibration accuracy and the in-
terferometric baselines used. The catalogue can be accessed through the internet
on http://www.science.uva.nl/∼vboekel/MIDI calibration/mcc.txt.
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