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ABSTRACT

Context. The influence of binarity on the late stages of stellar evolution remains an open issue.
Aims. While the first binary post-AGB stars were serendipitously discovered, the distinct characteristics of their spectral energy
distribution (SED) allowed us to launch a more systematic search for binaries. We selected post-AGB objects, which exhibit a broad
dust excess starting either at H or K, pointing to the presence of a gravitationally bound dusty disc in the system. We initiated an
extensive multiwavelength study of those systems and here report on our radial velocity and photometric monitoring results for six
stars of early F type, which are pulsators of small amplitude.
Methods. To determine the radial velocity of low signal-to-noise ratio time-series data, we constructed dedicated autocorrelation
masks based on high signal-to-noise ratio spectra, used in our published chemical studies. The radial velocity variations were analysed
in detail to differentiate between pulsational variability and variability caused by orbital motion. When available, the photometric
monitoring data were used to complement the time series of radial velocity data and to establish the nature of the pulsation. Finally,
orbital minimalisation was performed to constrain the orbital elements.
Results. All of the six objects are binaries with orbital periods ranging from 120 to 1800 days. Five systems have non-circular orbits.
The mass functions range from 0.004 to 0.57 M� and the companions are probably unevolved objects of (very) low initial mass. We
argue that these binaries must have evolved through a phase of strong binary interaction when the primary was a cool supergiant.
Although the origin of the circumstellar disc is not well understood, the disc is generally believed to have formed during this strong
interaction phase. The eccentric orbits of these highly evolved objects remain poorly understood. In one object, the line-of-sight grazes
the edge of the puffed-up inner rim of the disc.
Conclusions. These results corroborate our earlier statement that evolved objects in binary stars create a Keplerian dusty circumbinary
disc. With the measured orbits and mass functions, we conclude that the circumbinary discs seem to have a major impact on the
evolution of a significant fraction of binary systems.

Key words. stars: AGB and post-AGB – stars: binaries: general – stars: binaries: spectroscopic – stars: chemically peculiar –
stars: evolution

� based on observations collected with the Flemish 1.2 m Mercator
telescope at Roque de los Muchachos (Spain), the Swiss 1.2 m Euler
telescope at La Silla (Chile) and the 0.5 m and 0.75 m telescopes at
SAAO (South-Africa).
�� Tables 4–6 are only available in electronic form at
http://www.aanda.org

��� Postdoctoral fellow of the Fund for Scientific Research, Flanders.
† Ph.D. student of the Fund for Scientific Research, Flanders.

1. Introduction

Post-AGB stars are low- and intermediate-mass stars that evolve
rapidly from the asymptotic giant branch (AGB) toward the plan-
etary nebulae phase (PNe), before cooling to form a white dwarf.
The processes that govern the transition between the symmetry
in the AGB outflows and the observed large variety in geome-
tries of proto-PNe and PNe, are still poorly understood (Balick
& Frank 2002; Sahai et al. 2007, and references therein). During
the transition time, the star and its circumstellar envelope must
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be subject to fundamental and rapid changes in structure, mass-
loss mode, and geometry. It is now generally acknowledged that
binary interaction in these evolved stars could be responsible
for a large fraction of the observed asymmetric nebular mor-
phologies, but direct observational evidence of binarity in PNe is
weak (Moe & De Marco 2006; Zijlstra 2007). An analysis of the
lightcurves obtained by the OGLE microlensing survey towards
the Galactic bulge, inferred a close binary fraction of 12−21%
(Miszalski et al. 2009). These data are only sensitive to the de-
tection of systems which underwent a strong orbital decrease
during interaction.

Testing the (wide) binary hypothesis is severely limited by
the lack of observational information about binarity in PNe and
the often very obscured proto planetary nebulae (PPNe), and also
by our poor theoretical understanding of AGB evolution in bi-
nary systems. A major shortcoming is that detailed studies of
individual, often spectacular, evolved objects prevail and sys-
tematic studies of a homogeneous sample are lacking. To study
late stellar evolution in binary systems, optically bright, less ob-
scured post-AGB stars are ideal candidates, and it has become
clear that binarity is indeed very common (Van Winckel 2007).

The first binary post-AGB stars were serendipitously dis-
covered and found to have distinct observational characteris-
tics, including broad dust excesses often starting already at H
or K, inferring the presence of both hot and cool dust around
the system. It was postulated that this indicates the presence
of gravitationally-bound circumstellar material in the system
(Van Winckel 2003, and references therein). The most famous
example is the Red Rectangle, for which the Keplerian kine-
matics have been resolved by interferometric CO measurements
(Bujarrabal et al. 2005).

These characteristics of their SEDs allowed us to develop a
more systematic search for candidate binaries. In de Ruyter et al.
(2006), we presented 51 objects and the number of known ex-
amples has since increased. The total sample is now a fair pro-
portion of the 326 “very likely post-AGB stars” known in the
Galaxy (Szczerba et al. 2007). Our selection criteria focused on
infrared colours and resulted in including the RV Tauri stars with
a dust excess detected by IRAS, the known binary post-AGB
stars and newly characterised objects selected by Lloyd Evans
(1999) on the basis of their position in the “RV Tauri” box in the
IRAS [12]−[25], [25]−[60] two-colour diagram (see also Maas
et al. 2003).

A typical spectral energy distribution is shown in Fig. 1. The
stellar flux reprocessed into the infrared is about 50% for this
star. The interested reader is referred to de Ruyter et al. (2006)
for the SEDs of the complete sample. In all objects of the sample,
the dust excess starts at, or very close to, dust sublimation tem-
perature, irrespective of the spectral type of the central star. With
a typical luminosity of a post-AGB star, this sublimation temper-
ature edge is within a distance of 10 AU from the central source.
We therefore inferred (e.g. Van Winckel 2003) that part of the
dust must be gravitationally bound: any typical AGB outflow ve-
locity would bring the dust to cooler regions within years. This
time is much shorter than the likely evolutionary timescale of the
central object. We argued that the same inner geometry, found
in the resolved system HD 44179 (Men’shchikov et al. 2002;
Cohen et al. 2004; Bujarrabal et al. 2005), applies to the whole
sample, i.e., the objects seem to be surrounded by Keplerian
discs of dust.

Our interferometric studies confirm the very compact na-
ture of the circumstellar material (Deroo et al. 2006, 2007).
Our Spitzer and ground-based N-band spectroscopic data show
that dust grain processing is strong, the oxygen-rich dust being

dominated by, considerably larger, crystalline silicates (Gielen
et al. 2008). Sub-mm bolometric data, which is available for
only a few sources, show the presence of large grains in the
circumstellar environment (De Ruyter et al. 2005). These large
grains have relatively small dust-settling times, probably causing
the disc to be inhomogeneous with small hot grains dominating
the surface layers and a cooler midplane of mainly large grains
(Gielen et al. 2007).

The true structure of those discs, in addition to their for-
mation, stability, and evolution, are not well understood. We
therefore initiated an extensive multiwavelength study of those
systems. In this contribution, we report on our detailed radial
velocity monitoring programme on the 1.2 m Swiss Euler tele-
scope. The complementary photometric monitoring was per-
formed at both SAAO and the 1.2 m Flemish Mercator telescope.
The main aim of this programme was to investigate the link be-
tween binarity and the presence of gravitationally bound mate-
rial, and gain insight into the final evolution of what appears to
be a significant population of binary stars.

We organised the paper as follows. In the next section we
introduce the sample stars as well as the specific criteria used to
select the objects discussed in this paper. In Sect. 3, we sketch
the data gathering procedure as well as the reduction methods.
In Sect. 4, we focus on the radial velocity determination, and in
Sect. 5, we report on the analyses of the sample stars individu-
ally. In Sect. 6, we discuss the binary frequency of the sample
and the analyses of the orbital elements. We then place our re-
sults in a broader context of stellar evolution.

2. Sample

The total sample selected by our specific criteria is described in
detail in de Ruyter et al. (2006).

In this paper, we restricted ourselves to the stars in our radial
velocity programme with spectral type F, five in total, which ex-
hibit only small amplitude photometric variability with a peak-
to-peak amplitude of up to 0.25 mag in the V-band and are ac-
cessible from the southern hemisphere. In addition, we included
HD 131356 (EN TrA), which was recognised to be of RV Tauri
type by Pel (1976) and found to have a large excess in L by
Lloyd Evans (1985), despite the higher peak-to-peak pulsational
amplitude. The main reason for its inclusion is that, because of
the longer time baseline of our velocity monitoring, we were able
to confirm the binary nature of the star and update the period es-
timate of Van Winckel et al. (1999). It shares the early F spectral
type of the other stars discussed here, and in the 2001/2 season,
its V amplitude was only 0.3 mag.

The spectral types are taken from objective prism work
(Houk et al. 1976; MacConnell & Bidelman 1976; Kwok et al.
1997) in the case of IRAS 12222-4652 and EN TrA. The four
remaining stars, which were all initially selected for their large
infrared excesses (Lloyd Evans 1999), were classified by Lloyd
Evans on the basis of blue light spectra of resolution 7 Å. Only
the higher Balmer lines are relatively unaffected by emission.
Intrinsic metal deficiency and subsequent depletion, weaken
the metallic lines and vitiate the usual classification criteria.
Luminosity class Ib was assumed to be broadly consistent with
both the sharpness of the hydrogen lines and the similarity of
the other properties of these stars to those of type II Cepheids.
Published spectral types of B7III for IRAS 19125+0343 (Kwok
et al. 1997) and B9Ib or B1III for IRAS 19157-0247 (Kwok et al.
1997; Parthasarathy et al. 2000; Gauba et al. 2003) may be dis-
counted, since red spectra show strong lines of the CaII triplet,
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Table 1. General characteristics of the sample.

IRAS HD sp. type α2000 δ2000 l b m(v) Teff(K) log g [Fe/H] Reference
08544−4431 V390 Vel F3 08 56 14.18 −44 43 10.7 265.51 +0.39 9.13 7250 1.5 −0.5 Maas et al. (2005)
12222−4652 HD 108015 F3Ib 12 24 53.50 −47 09 07.5 298.25 +15.48 7.95 7000 1.5 −0.1 Van Winckel (1997)

NSV 5601
14524−6838 HD 131356 F2Ib 14 57 00.69 −68 50 22.9 313.90 –8.68 8.77 6000 1.0 −0.7 Van Winckel (1997)

EN TrA
15469−5311 F3 15 50 43.80 −53 20 43.3 327.82 +0.63 10.56 7500 1.5 0.0 Maas et al. (2005)
19125+0343 F2 19 15 01.17 +03 48 42.7 39.02 –3.49 10.16 7750 1.0 −0.5 Maas et al. (2005)
19157−0247 F3 19 18 22.71 −02 42 10.8 33.59 –7.22 10.70 7750 1.0 −0.4 Maas et al. (2005)

Table 2. General characteristics of the spectral dataset obtained for ev-
ery object.

Object Ntot Nused ΔHJD (24+) ΔVrad ΔV
IRAS km s−1

08544−4431 181 161 51 147–54 487 22.1 0.25
12222−4652 83 82 45 397–53 833 13.5 0.23
14524−6838 75 63 48 313–53 904 45.7 0.81
15469−5311 175 161 51 278–54 680 28.2 0.25
19125+0343 103 90 51 278–54 331 29.6 0.19
19157−0247 137 111 51 279–54 680 24.2 0.23

which have an excited lower state and so do not appear as inter-
stellar absorption lines, whereas the H and K lines of interstellar
origin may be quite strong.

Cooler objects of the entire sample of de Ruyter et al. (2006)
are in the Population II Cepheid instability strip and have pho-
tospheric pulsations of far larger amplitude. These stars have
typical hydrogen line spectral types of G0 (Lloyd Evans 1999).
In many of those, the pulsations show substantial cycle-to-cycle
variability. These pulsations often show the defining alternating
deep and shallow minima of RV Tauri stars. The detection of
orbital motion in those objects is very difficult because of con-
fusion with the radial velocity variations induced by the photo-
spheric pulsations (Maas et al. 2002; Van Winckel et al. 1998,
1999).

In Table 1, the programme stars are listed with their spec-
tral type, equatorial coordinates, Galactic coordinates, and vi-
sual mean magnitude. Mean photospheric characteristics are also
given, including the appropriate reference.

3. Data and data reduction

In the framework of the cooperation between the Geneva
Observatory and the Institute of Astronomy in Leuven
(Belgium), the twin 1.2 m telescopes Euler (La Silla) and
Mercator (La Palma) were constructed. Within this framework,
the observers of Leuven have regular access to the Swiss
Euler telescope operated by the Geneva observatory and the
observers of the Geneva Observatory have regular access to
the Flemish Mercator telescope operated by the Institute in
Leuven. During the Leuven telescope time on Euler, typically
3 runs of 10−14 days every semester, the programme stars were
monitored in radial velocity with the spectrograph CORALIE
(Queloz et al. 1999). We started this campaign at the end of
November 1998. In Table 2 we list the main characteristics of the
observational data. Ntot is the number of observations, Nused the
number used after our quality test (see later in the text), and
ΔHJD is the time range of the observations. The total peak-to-
peak radial velocity spread, ΔVrad (km s−1) and ΔV , the visual
photometric peak-to-peak variation, are also shown.

Fig. 1. The SED of IRAS 19125+0343. The SED is typical for the
sample, showing a large and broad IR-excess. A total reddening of
E(B − V) = 1.1 was deduced by minimizing the difference between the
dereddened broadband fluxes (diamonds) and the appropriate model at-
mosphere (full black line). The infrared excess was not considered in
this minimalisation. The Spitzer infrared spectrum (Gielen et al. 2008)
is also shown.

The CORALIE spectrograph is a fibre-fed spectrograph that
samples the visual spectrum in 68 spectral orders ranging from
388 nm to 682 nm. The resolving power (λ/Δλ) is 50 000
at 500 nm, with a 3 pixel sampling. The fibre diameter is
2 arcsec on the sky. We used the online data reduction system
(Queloz et al. 1999), which includes all standard steps in echelle
reduction.

Older radial velocity data of IRAS 12222-4652 and EN TrA
are also included. These data were obtained with the CES spec-
trograph mounted on the CAT telescope at La Silla (ESO) as
well as with the CORAVEL instrument mounted on the 1.5 m
Danish telescope also on La Silla. CORAVEL is a spectropho-
tometer with which the radial velocity was obtained by cross-
correlation of the stellar spectrum with a hardware mask created
from the spectrum of the K2 III star Arcturus (Baranne et al.
1979). EN TrA has stronger lines than the other stars observed,
so that clear correlation profiles are obtained from these data.
The zeropoint of the system was regularly assessed during the
night by measuring CORAVEL radial velocity standards. These
calibrations were performed at intervals of about 1−2 h. All the
CORAVEL observations, including ours, are held in a database
that is maintained by the owners of the CORAVELs in Geneva.

The stars accessible from La Palma were included in
the long-term photometric monitoring programme performed
with the 1.2 m Mercator telescope using the refurbished
Geneva 7-band dual-beam photometer (Raskin et al. 2004). This
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Table 3. General characteristics of the photometric datasets obtained for every object.

Object P7 SAAO ASAS
IRAS 08544-4431 91 (50858–52060) 830 (51868–54843)
IRAS 12222-4652 120 (47258–47824) 166 (51625–53195) 576 (52441–54711)
EN TrA 61 (47608–49853) 58 (43979–49564) 633 (51905–54743)
IRAS 15469-5311 49 (48803–51712) 550 (51925–54743)
IRAS 19125+0343 47 (52415–53606) 30 (49485–51819) 362 (52442–54772)
IRAS 19157-0247 6 (52446–52561) 50 (48404–51819) 386 (51979–54777)

resulted in 47 high quality absolute photometric measurements
for IRAS 19125+0343, but only 6 for IRAS 19157-0247. The
seven bands are measured quasi-simultaneously using a filter
wheel that cycles through all seven filters four times per sec-
ond alternating as well between the sky and the object chan-
nel (Golay 1980). The same instrument was previously attached
to the now decommissioned 0.7 m Swiss telescope at La Silla.
During that period, we obtained many measurements for the
Southern stars, IRAS 12222-4652 and EN TrA.

The photometric observations in the Cousins UBVRI system
were obtained from SAAO with the Modular Photometer on the
0.5 m telescope and subsequently with a very similar photome-
ter on the 0.75 m Automatic Photoelectric Telescope (Martinez
et al. 2002). These observations were made with reference to
the Cousins standards in the E-regions (Menzies et al. 1989).
The data are contained in Table 5, except for EN TrA for which
the observations were made by Berdnikov & Turner (1995) and
Caldwell et al. (2001).

Since these monitoring programmes require the dedicated ef-
forts of many people, the observers responsible for the data ac-
quisition for this project are included as co-authors in alphabeti-
cal order.

We complemented our own observations with the V-band
data available from the All Sky Automated Survey (Pojmanski
2002). These data were obtained with the ASAS-3 configuration
using the wide field (8.8◦ × 8.8◦) CCD camera with a sampling
of ∼15′′/pix. The critical PSF sampling is not reached and the
pipeline reduction approximates aperture photometry with 5 cir-
cular apertures from 2 to 6 pixels in diameter. The ASAS guide-
lines foresee a preferred aperture for every magnitude bin and
we limited our analysis to measurements with quality flag A,
according to the less rigorous classification applied to the re-
reduced data on the ASAS website. The recommended apertures
were used, except that for IRAS 19125+0343 we used aper-
ture 4, MAG-3, rather than aperture 1, MAG-2, to ensure full
inclusion of the M star at an angular distance of 9.9 arcsec.
We applied corrections for the small offsets between the mag-
nitudes of the same star observed with different cameras and for
the offsets between the original and later reductions of early ob-
servations, many of which were not included in the re-reduced
data on the ASAS website after recovery from the data stor-
age crash. The photometric zeropoint is tied to the Hipparcos
catalogue, since in every frame a few hundred Hipparcos
stars are located. These were used in the zeropoint definition
(Pojmanski 2002). Near simultaneity of some of our observa-
tions with ASAS data enabled determination of zeropoint differ-
ences and error estimates. The offsets (ASAS-other), standard
deviation (s.d.) of the single observations, the number of data
points, and the source of comparison data are: IRAS 08544-
4431, +0.043 mag, 0.010 mag, 14, SAAO; IRAS 12222-4652,
+0.009, 0.015, 44, SAAO; IRAS 19125+0343, −0.057, 0.022,
18, P7; IRAS 19157-0247, +0.043, 0.023, 3, P7. These differ-
ences have been allowed for in combining the relevant datasets.

Additionally, from non-overlapping datasets, we have offsets for
IRAS 15469-5311,−0.030, SAAO; IRAS 19125+0343,+0.045,
SAAO; IRAS 19157-0247, +0.070, SAAO. The SAAO mag-
nitudes of IRAS 19125+0343 are 0.09 mag brighter than the
P7 observations, because of the inclusion of the M star in the
aperture used at SAAO. These last values will include any true
changes in brightness between the two epochs.

The shift between SAAO and P7 for IRAS 19125+0343 is
attributable to the inclusion or exclusion of the nearby M type
star. The reason for offsets for other stars is unknown. The s.d.
obtained by direct comparison of photometric data, are smaller
than the errors ascribed to individual observations in ASAS,
which must therefore be more precise than previously recog-
nised. Intercomparison of three independent subsets within the
ASAS data for IRAS 08544-4431 gives values in the range 0.011
to 0.024 mag, confirming the typical values above.

The ASAS data proved to be valuable in compensating for
the poorer sampling of our own multi-colour measurements in
the search for the long periods expected. ASAS data were used
by Kiss et al. (2007) in their study of the pulsations of these and
similar stars, but the continuation of the ASAS project has dou-
bled the timespan of the observations, which now extend from
2001 or 2002 to the end of the 2008 season. Moreover, the re-
reduction of much lost ASAS data has filled the gap around
JD 2 453 500 seen in the plots by Kiss et al. (2007) for these
stars. The more extensive data facilitate the characterisation of
the noisy small amplitude oscillations of these stars.

In Table 3, we list the main characteristics of the raw pho-
tometric data sets for all objects. The number of measurements
in the different photometric systems is given. P7 is the 7-band
Geneva photometric system, SAAO is the Cousins UBVRI-
system, and the ASAS monitoring is obtained in the V-band
only. In brackets we show the total time coverage in HJD (24+).

4. Radial velocity determination

To obtain accurate radial velocity information based on low
S/N spectra, we determined cross-correlation profiles for all in-
dividual measurements. The standard spectral mask includes a
large set of distinctive spectral lines for the given spectral type.
Our chemical analysis, based on high signal-to-noise optical
spectra, showed that for most stars, several elements, including
iron, are underabundant (Maas et al. 2005). By eliminating, from
the standard spectral mask, those lines not detected in our high-
quality spectrum, we created an appropriate spectral mask for
every individual star. Moreover, we selected only single lines
with clear symmetric profiles.

In Fig. 2, we compare the cross-correlation profile obtained
by the standard mask with the one obtained by the specific mask,
constructed on the basis of the high signal-to-noise ratio spec-
trum for IRAS 19157-0247. No accurate velocity can be derived
by using the standard mask, while a Gaussian fit of the profile,
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Fig. 2. Comparison between cross-correlation profiles obtained with a
standard spectral mask (dashed line) and with a software mask adapted
to the individual spectral characteristics of IRAS 19157-0247 (full line).

obtained by the specified mask for IRAS 19157-0247, provides
a good estimate of the radial velocity.

The radial velocity is computed using the mean of a 50-point
bisector of the cross-correlation function. An initial Gaussian fit
was used to determine the bisector points, which are defined
on an equidistant velocity grid centred on the velocity mini-
mum of the Gaussian fit. The grid spans twice the Gaussian
width (σ). The internal uncertainty in a radial velocity measure-
ment is estimated from the rms of these 50 bisector values. We
eliminated these cross-correlation profiles for which the rms is
larger than 1 km s−1. Several spectra were obtained in very poor
weather conditions and/or guiding failures. These measurements
were eliminated in this step of the analysis. Although the ob-
jects do not have a large pulsational amplitude, some objects do
show asymmetries in these cross-correlation profiles at particu-
lar phases in the pulsation cycle. These profiles are also elim-
inated at this point bacause our study focuses on the detection
of orbital motion. The number of radial velocity measurements
that passed our critical quality assessment test is given in Table 2.
The individual datapoints are given in Table 4.

5. Variability study of individual stars

The main goal of our programme was to search for evidence of
binary motion in the radial velocity data and, if found, deter-
mine the orbital elements. Although for this paper, we selected
objects with a small pulsational amplitude in V, they all show
some photometric variability, which could also be present in the
radial velocity data.

Luminous stars on the blue side of the population II Cepheid
instability strip are, however, far from being regular mono-
periodic pulsators and often exhibit a very complex pulsational
behaviour. One example is HD 56126 (Barthès et al. 2000; Fokin
et al. 2001), where the main pulsation mode is shown to gen-
erate shocks provoking a complex asynchronous motion in the
outer layers. Another example is HR 7671 (HD 190390), where
the main period of 28.6 days is accompanied by a beating be-
haviour caused either by a stable pulsation triplet or an unstable
main period. Consequently, the description of the pulsation in ra-
dial velocity, modelled as a simple harmonic, fails to reproduce
the complete dataset, which has a peak-to-peak difference of
8.2 km s−1(Reyniers & Cuypers 2005), as well as a correspond-
ing light amplitude of 0.36 mag. Neither object shows evidence
of binary motion. Since the programme stars of this project are
also on the hot side of the instability strip, we investigated the
photometric dataset in parallel with the radial velocity data to
compare radial velocity variability with photometric behaviour.

For the variability study, we used phase dispersion minimiza-
tion PDM (Stellingwerf 1978) and, for the photometric data,

Fig. 3. The radial velocities folded on the orbital period of 508 days
for IRAS 08544-4431. The errorbars are defined as the standard devia-
tion in the 50-point bisector of the cross-correlation profile. The system
velocity is given by a dashed line.

the Lomb-Scargle method to search for periodicities. The or-
bital solutions were then computed using an altered version of
the Fortran code VCURVE (Bertiau & Grobben 1969) as well
as the minimisation code FOTEL (Hadrava 2004). The weights
of the individual velocity points were based on the rms values
of the bisector analyses. All errors quoted in the individual or-
bital elements are rms errors of these elements calculated from
the covariance matrix. Plots of the photometry of single seasons
were used to look at the individual cycles in some cases. The
individual photometric datapoints are given in Tables 5 and 6.

5.1. IRAS 08544-4431

We demonstrated that this object is a spectroscopic binary in
Maas et al. (2003). We continued our monitoring of this object
to refine its orbital elements. We gathered a total of 161 good
radial velocity measurements sampling more than 6 orbital peri-
ods. The resulting radial velocity variations are shown in Fig. 3.
An orbital period of 508 days and an eccentricity of 0.25 were
found. All orbital elements are listed in Table 7. In this table
we list P as the orbital period in days, K as the velocity am-
plitude, e as the eccentricity, ω as the angle in the orbital plane
between the direction to the ascending node and the direction
to the periastron, T0 as the time of periastron passage, γ as the
system velocity, rms (O−C) as the root mean square of the er-
rors, a1 sin i as the semi major axis, F(M) as the mass function
in solar masses, N as the number of observations, Δt (cycles)
as the number of cycles used and ΔV as the visual photometric
peak-to-peak variation.

Our previous pulsational analysis of photometry from SAAO
(Maas et al. 2003) showed that low-amplitude pulsations are
present, but that the cycle-to-cycle variability is large. Periods
of 72.3 and 89.9 d were reported. Kiss et al. (2007) confirmed
the shorter period and obtained two new periods, 68.9 d and
133 d, from ASAS data that extended to JD 2 453 900, with a
break 2 453 200−2 453 750.

We combined the SAAO and the highest quality ASAS
dataset (see Table 3) and analysed the total V-band time-series.
In Fig. 4, the total dataset is shown and a beating pattern with a
clear amplitude modulation is present, as well as a slow bright-
ening. The dominant period of 71.7 ± 0.4 d gives in a harmonic
fit of 0.03 mag amplitude and a variance reduction of 21%.
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Table 7. The orbital elements of the programme stars.

IRAS 08544 IRAS 12222 EN Tra IRAS 15469 IRAS 19125 IRAS 19157
σ σ σ σ σ σ

Period (days) 507.8 1.5 913.8 4.3 1493. 7. 389.9 0.5 519.6 2 119.5 0.2
K (km s−1) 8.6 0.3 3.5 0.5 16.3 0.6 11.9 0.3 12.6 0.5 7.3 0.7
e 0.24 0.02 0.00 0.0 0.32 0.04 0.09 0.02 0.25 0.03 0.31 0.07
ω (◦) 47. 7. 160. 6. 133. 16. 242. 6. 80. 14.
T0 (periastron) (JD24+) 51482. 10. 538535. 22. 51491. 17 53061. 8. 51849. 5.
γ (km s−1) 61.98 0.16 3.65 0.17 −7.1 0.4 −14.9 0.2 67.0 0.3 33.1 0.3
rms (km s−1) 1.88 1.47 2.42 2.1 1.98 3.31
a1 sin i (AU) 0.39 0.01 0.29 0.04 2.12 0.08 0.42 0.01 0.58 0.02 0.08 0.01
F(M) (M�) 0.0304 0.0033 0.0042 0.0017 0.57 0.06 0.068 0.006 0.097 0.012 0.0041 0.0012
N 161 82 63 161 90 111
Δt (cycles) 6.6 9.2 3.8 8.7 5.9 28.4
Δm(V) 0.25 0.23 0.81 0.25 0.19 0.23

Fig. 4. The combined datasets of the V-band photometric measurements
of IRAS 08544-4431. The x-symbols are the SAAO data and the dia-
monds are the ASAS measurements.

The amplitude was greatest, at 0.20 mag, during the inter-
val from JD 2 452 850 to 2 453 500. Figure 5 shows these data,
phased at the double period 143.6 d. The alternate minima are of
different depth and the alternate maxima are of unequal height,
although the differences are quite small. The behaviour was
maintained for almost 2 years and is reminiscent of the typical
RV Tauri light curves, albeit of a far smaller amplitude. Much
of the small scatter may be attributed to the observational error
of about 0.02 mag. Corresponding plots for the two intervals of
small amplitude, represented by SAAO data from JD 2 450 850
to 2 451 500 and ASAS data from JD 2 452 400 to 2 452 750
show amplitudes of 0.08 mag and 0.06 mag, respectively, while
the curves are less clearly defined. The separation of these inter-
vals, at least 1400 d, is less than expected for a beat between the
two principal periods, 2800 d, as suggested by Kiss et al. (2007),
although the next interval of small amplitude had not occurred
by early 2009, JD 2 454 840, and may yet fit the prediction.

There is evidence of this orbital period in neither the
ASAS photometry (Kiss et al. 2007) nor our extended multi-
colour photometry. Given the complex atmospheric pulsations,
we did not attempt to clean the low amplitude irregular pulsa-
tional variability from the radial velocity dataset.

5.2. IRAS 12222-4652

IRAS 12222-4652 also exhibits a complex pulsational pattern
with a significant amplitude modulation and a smaller amplitude

Fig. 5. The V magnitudes for IRAS 08544-4431 plotted against the dou-
ble period, 143.6 days. Data of period JD 2 452 887−2 453 397, when
IRAS 08544-4431 showed a large amplitude.

at earlier times (see Fig. 6). ASAS data for the period before
JD 2 452 300 have been rejected as they were highly erratic, in
contrast to contemporaneous SAAO data. Our Geneva photom-
etry was poorly sampled over many years, while the SAAO and
ASAS photometry combine well to provide a larger dataset. We
find a dominant period of 60.5 ± 0.11 d and a second period of
55.3 ± 0.2 d, in agreement with (Kiss et al. 2007). A combined
harmonic fit infers a fractional variance reduction of 52%. Plots
of the V magnitude against time show continuous variability in
the amplitudes and lengths of successive cycles, from 0.11 to
0.20 mag and from 48 to 76 days. The longer cycles tend to have
amplitudes that are below average. The PDM analysis also yields
an additional period of 120.6 ± 1.0 d, or twice the principal pe-
riod. IRAS 12222-4652 is clearly another star with a complex
dynamical photosphere, which complicates the interpretation of
its radial velocity variations.

The total radial velocity dataset of IRAS 12222-4652 in-
cludes older data, measured on high-quality spectra obtained to
study the chemical composition (Van Winckel 1997). Our total
timespan is therefore longer than 23 years. The dataset infers a
significant initial period of 917 ± 4 days, which we interpret as
due to orbital motion. A circular orbit gives a fractional variance
reduction of 65%. After cleaning this first circular model, we re-
trieve the dominant photometric period of 60.5 d in our θ-statistic
with an amplitude of 1.4 km s−1. Our final orbital solution (see
Fig. 7) is then obtained after cleaning the original dataset with
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Fig. 6. The combined datasets of the V-band photometric measure-
ments of IRAS 12222-4652. The + are the Geneva measurements,
the x-symbols are the SAAO data and the diamonds are the ASAS
measurements.

Fig. 7. The radial velocity variations of IRAS 12222-4652, after correc-
tion for the variations induced by the pulsations. The data are folded
at the orbital period of 914 days. The full line is a circular model for
the orbit.

the harmonic fit of the dominant photospheric pulsation mode.
The small eccentricity does not differ significantly from zero,
so our final solution gives a circular orbit of 914 ± 4 days. The
fractional variance reduction is 75%. The orbital period is not
present, either in magnitude or colours.

5.3. EN TrA

HD 131356 (EN TrA) was discovered to be variable by Miss
Leavitt (Pickering 1907). The binary nature and preliminary or-
bital elements were given in Van Winckel et al. (1999). We have
since accumulated more data using the CORALIE spectrograph
to improve the orbital solution.

The object is catalogued in the GCVS as a small ampli-
tude Cepheid with a published pulsation period of 36.54 d
(Grayzeck 1978), based on a limited dataset covering part of
two pulsational cycles, with poor coverage in phase. Pel (1976)
obtained a continuous time-series of 44 measurements on the
Walraven photometric system. The object showed at that time
(JD 2 440 990−2 441 171) a large V-band amplitude with a max-
imum of V = 8.55, a deep minimum of 9.2, and a shallow mini-
mum of 8.8. The Hipparcos catalogue (HIP 73152) lists a period
of 37.10 days (Perryman & ESA 1997).

Our Geneva photometry is poorly sampled and no periodic-
ity could be determined. Two sets of observations obtained at

Fig. 8. The V-band photometric dataset of EN TrA obtained by the
ASAS project (Pojmanski 2002).

SAAO on the UBVRI system are available, comprising 42 ob-
servations (JD 2 443 979−2 445 155) by Caldwell et al. (2001)
and 16 observations (JD 2 449 522−2 449 564) by Berdnikov &
Turner (1995). Both indicate a range of V = 8.5−9.05, with lit-
tle difference between deep and shallow minima. A short dataset
by Eggen (1986) gives a range of V-magnitudes between 8.55
and 8.96, without full coverage of the extrema. The first season
of ASAS data, 2001−2002, shows a variable amplitude of up to
0.3 mag, similar to the other stars (see Fig. 10).

EN TrA fades by some 0.5 mag near JD 2 452 800 and again,
by about 0.1 mag, near JD 2 454 300 (see Fig. 8). Outside the in-
tervals, the mean magnitude is fairly constant but the amplitude
is variable. A period analysis infers a single period P = 37.04 ±
0.03 d and a double period 74.1 ± 0.1 d. Aliases correspond to
the orbital period and the calendar year. The magnitudes at max-
imum and minimum light are both very variable from cycle to
cycle and from year to year. The deep and shallow minima, and
bright and faint maxima, generally retain the same relative phas-
ing within a given season, but they sometimes interchange in
successive years. These phenomena are well known in RV Tauri
stars.

Because of the very long baseline of our radial velocity data,
we could sample about 3.7 orbital cycles. In a first iteration, af-
ter the removal of the orbital solution, the residuals showed a
very clear periodicity with a period of 36.70 d, which we link to
the pulsation timescale found in the photometry. A harmonic fit
inferred a radial velocity amplitude of 4 km s−1 and we cleaned
the original data with this mean pulsation model. The final solu-
tion gives an orbit with a period of 1493 ± 10 days and a large
eccentricity of 0.31 ± 0.05. (see Fig. 9, Table 7).

To investigate the secular variations in the mean magnitude,
we selected only those pulsation cycles for which 6 or more data
points are available. We then cleaned the pulsation amplitude
and reduced the pulsation cycle to the mean magnitude alone.
This mean magnitude is around 8.6, but there is a significant
drop when the object enters the conjunction phase (see Fig. 9).
The minimum (mean magnitude of 9.1) is obtained at exactly in-
ferior conjunction and EN TrA then slowly recovers to its nom-
inal mean values of about 0.3 in orbital phase later. There are
shallower fadings at the same orbital phase: three orbits earlier,
near JD 2 448 350 (P7 data) and JD 2 454 300 (ASAS data). The
corresponding orbital phase is not covered by any of the other
datasets. The most natural explanation of the secular variability
is that the star experiences from variable circumstellar reddening
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Fig. 9. The top panel shows the radial velocity variations of EN TrA
folded at the orbital period of 1493 days. The full line represents the
orbital model. The lower panel gives the mean magnitude determined
on those pulsation cycles with more than six data points. The differ-
ent symbols represent two different orbital cycles. Mean minimal light
is measured when the object is at inferior conjunction but in the two
different orbital cycles, the effect is not equally prominent.

Fig. 10. The V-band magnitudes of EN TrA, from the ASAS photo-
metric monitoring project of the first season (JD 2 451 903−2 452 173),
folded on the pulsation period of 36.70 days found in the radial velocity
data.

during orbital motion. The minimum is reached when the object
suffers from a maximal reddening of circumstellar material in
the line-of-sight, which would occur when the star is at inferior
conjunction if there is a circumbinary disk.

5.4. IRAS 15469-5311

IRAS 15469-5311 is another low-amplitude pulsator that has
been little studied in the literature. The mean magnitude varies
with a fairly abrupt brightening of 0.045 mag after JD 2 454 000,
and exhibits smaller variations on a timescale greater than
1000 days. We combined the ASAS and SAAO photometric
V-band measurements for the pulsation study. The main period
is 54.5 ± 0.3 d, which is consistent with that of 54.4 ± 1 d found
by Kiss et al. (2007), and a harmonic fit gives a fractional vari-
ance reduction of 21% with an amplitude of only 0.028 mag.
The extended dataset did not confirm the second pulsation pe-
riod of 49.1 days given by Kiss et al. (2007); this might be a one

Fig. 11. The radial velocities of IRAS 15469-5311 folded ot the orbital
period of 389.9 days. The full line is the orbital solution, and the dash-
dotted line is the best-fit circular orbital curve.

year alias of the primary period. The cleaned data yield the next
possible period of 56.6 ± 0.3 d, but the variance reduction is lim-
ited. Possible other periods of 164 and 77 days may be spurious
as well, as they also appear in the windowed data. Plots of mag-
nitude against JD for 20 well observed cycles in four seasons
give lengths of 32 to 77 days, with a mean of 54.0 days. The
amplitude varies from 0.02 mag to 0.15 mag. The mean ampli-
tude quoted above is an underestimate of the true variability, as
the mean light curve is blurred by variability in both amplitude
and length of period. The double period also emerges from the
PDM analysis and a plot of V against 109.2 days shows a weak
tendency towards alternate deep and shallow minima, as well as
bright and faint maxima.

We have 160 good radial velocity measurements for
IRAS 15469-5311 over a time range of 3402 days. The orbit of
390 days is very well defined (see Fig. 11). The classical Lucy
and Sweeney test (Lucy & Sweeney 1971) shows that the or-
bit has a small but significant eccentricity of 0.09. In Table 7,
all other orbital parameters are given. There is an indication of
the orbital period in the photometric data, for which Kiss et al.
(2007) give a period of 384 ± 50 days, but the phase diagram is
not convincing. The residual velocity variations have a peak-to-
peak amplitude of 10 km s−1 (standard deviation of 2.1 km s−1),
but there is no clear indication of the main pulsation period nor
could we discover a clear periodicity in the residuals.

5.5. IRAS 19125+0343

IRAS 19125+0343 is also a poorly studied object, despite hav-
ing both rather bright IRAS fluxes and a significant visual flux
of m(v) = 10.16. The LRS-IRAS spectrum is featureless (Kwok
et al. 1997) and the source was not detected in the OH survey
of Le Squeren et al. (1992). The object was rediscovered by
Lloyd Evans (1999) in the search for new RV Tauri stars.

The photometric variability is small: the SAAO and P7
datasets give ranges of 0.11 and 0.07 mag, respectively, in the
V-band. Kiss et al. (2007) found a possible long period of
2300 d; the more extensive ASAS data available now are con-
sistent with this, with an amplitude of about 0.03 mag, but in-
stead a step change of 0.03 mag fainter after JD 2 453 400 is a
possibility.

Application of the period search algorithms to the complete
dataset yielded several periods between 34 and 43 days, 42.3
and 38.9 days being the strongest. Phase plots against any of
these periods showed much greater scatter than can be attributed
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Fig. 12. Detail of the lightcurve of IRAS 19125+0343. Period changes
occur on irregular time intervals illustrating the strong cycle-to-cycle
differences observed in this object. P7 data are denoted by plus signs
and ASAS data by diamonds.

to observational errors. The light curves (Fig. 12) for individual
seasons were inspected, and the times between identifiable fea-
tures, generally near the mean magnitude on the ascending or
declining branches of the light curve, were estimated for succes-
sive cycles. There were insufficient data in 2006, and variations
were small and/or erratic in 2004, 2005, and 2007. Estimates of
the period could be made for 1994, from SAAO data, for 2002,
from P7 and ASAS data, and for 2003 and 2008 from ASAS
data. The values for 15 cycles ranged from 29 to 51 days, with a
mean of 38.2 days. On two occasions, an incipient decline after
maximum was reversed to give a second maximum and an un-
usually long interval between mid-decline points. This occurred
in 2002, turning a tentative 32 day interval into 47 days, and in
2003, turning a 39 day interval into 51 days. The 519 d orbital
period is not present in the photometry.

We have 91 good radial velocity measurements over a time
range of 3389 days. We found a clear periodicity of 519 days and
the peak-to-peak velocity amplitude is no less than 29.5 km s−1.
Given the period and amplitude, we interpret this variability as
being due to orbital motion. We obtained orbital elements with
a significant eccentricity of 0.26 ± 0.03. We sampled in total
6.5 orbital cycles. Figure 13 shows the radial velocities folded on
this period. The full line represents the best-fit Keplerian orbital
solution (see Table 7).

The strongest peak in both the PDM and Scargle peri-
odograms for the residual velocity variations corresponds to
43 days, which leads to a variance reduction of 39%, and is fairly
close to the mean of the cycle lengths found in the photometry.
The orbital period is much shorter than the possible long photo-
metric period (Kiss et al. 2007) in the ASAS data.

5.6. IRAS 19157-0247

The SAAO and ASAS photometry show that IRAS 19157-0247
varies with an amplitude of up to 0.15 mag but there is no long-
term trend, although there is a possible modulation in the ampli-
tude. The ASAS photometry, whether taken as a whole or subdi-
vided into shorter intervals, or supplemented by the SAAO and
P7 data, consistently indicates periods of 22.5 to 22.8 days, but
with low significance. This period does not give a satisfactory
light curve for any of these datasets, even for the data obtained
in a single season: there is only a weak tendency toward a vari-
ation with phase in the derived period. Detailed examination of
the time series for individual seasons shows great variability in

Fig. 13. The radial velocity data are folded at the orbital period of
IRAS 19125+0343, 519.6 days. The full line is the orbital model.

both amplitude and length of successive cycles. The data are un-
dersampled for this star, making delineation of the variability
difficult. Kiss et al. (2007) found an irregular variation, with a
possible periodicity of 25 days.

We have 111 radial velocity measurements over a time range
of 3397 days. Both PDM and a Fourier analysis indicate that
the 120 day period is significant. This period in radial velocity
is not present in the photometry and we interpret this as the or-
bital period. The non-pulsational origin of the 120 day period is
corroborated by two arguments. First, 120 days is a very long
pulsational period for an F-type post-AGB star, and in any case
it is not found in the photometric analysis. Secondly, the peak-
to-peak variations in V for IRAS 19157-0247 average 0.13 mag
at most, so it is very doubtful that the radial velocity variations
with a peak-to-peak amplitude of 24 km s−1 are only due to pul-
sations. Interpreting the velocity curve as being produced by pul-
sations of the photosphere, the integrated velocity would yield a
radius increase of about half the initial radius. Such a pulsation
would clearly not go unnoticed in the photometry. We therefore
interpret the velocity variations as being caused by orbital mo-
tion. This is a very short orbital period with a high eccentricity
placing strong constraints on the evolutionary history of the star!

Figure 14 shows the radial velocities and the residuals folded
at this period. We found an eccentricity of 0.31. The other or-
bital elements are shown in Table 7. The non-zero eccentricity
was tested with the classical Lucy and Sweeney test (Lucy &
Sweeney 1971). The value of

∑
(O−C)2 is 14% higher for a cir-

cular fit. This, together with the many cycles sampled, shows that
the eccentricity is significant. The periodograms for the residual
velocities show several peaks between 9 and 20 days, probably
related to the timescale of the pulsations. None of them, how-
ever, lead to a significant variance reduction.

6. Discussion

6.1. Orbits

The most important conclusion of this extensive monitoring ef-
fort is that we have proven that all the stars in the programme are
binaries. Unsurprisingly, given the high luminosities of the pri-
maries, they are single-lined spectroscopic binaries because we
have found no evidence in the spectra of flux contributions from
a companion.

The orbital elements cover a wide range of periods, from 120
to 1500 days, for a range in mass functions of 0.004 to 0.57 M�.
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Fig. 14. The radial velocities of IRAS 19157-0247 folded at the orbital
period of 119.5 days. The full line is the best-fit orbital model, the
dashed-dotted line is the circular model. The horizontal line indicates
the system velocity.

Table 8. The evaluation of the mass of the invisible companion of every
programme star.

Star Mass of the companion in solar mass.
i = 90◦ i = 65◦

IRAS 08544-4431 0.29 0.33
IRAS 12222-4652 0.13 0.15
EN TrA 1.25 1.50
IRAS 15469-5311 0.41 0.47
IRAS 19125+0343 0.49 0.56
IRAS 19157-0247 0.13 0.15

The semi-major axes of the orbits of the primaries around the
centre of mass cover the range a sin i = 0.08 to 2.1 AU. These
are rather small orbits compared to the dimensions of a single
AGB star. With their present estimated luminosity, these stars
were too large while on the AGB to fit within their orbits and
they must have been subject to severe binary interaction.

The physical interpretation of the orbital elements is ham-
pered by the unknown inclination. Provided the evolved com-
ponent has a remaining canonical mass of 0.6 M�, the minimal
masses of the companions are given in Table 8 as well as the
masses obtained assuming an inclination of 65◦.

It is, however, very unlikely that we observe the objects
nearly edge-on. To quantify the impact of the inclination on the
observed SED and observed line-of-sight reddening, we used the
detailed radiative transfer model of the disc around IRAS 08544-
4431 (Deroo et al. 2007) and assumed that a similar model ap-
plies to all programme stars. The inner hole is dust free since we
assume that dust grains cannot exist above the sublimation tem-
perature. The presence of this inner gap allows the existence of
a vertical boundary directly irradiated by the central star, creat-
ing a puffed-up geometry (Deroo et al. 2007). The scale height of
the disc must be significant in all objects because of the very sig-
nificant near infrared luminosity in the entire sample (de Ruyter
et al. 2006). The temperature, density, and scale height of the
disc are calculated based on the condition of hydrostatic equi-
librium, and iterated to obtain the convergent structure. The con-
straints on the model parameters of the disc around IRAS 08544-
4431 were taken from spectrally resolved interferometric data in
both the near-IR and the N-band (Deroo et al. 2007).

In Fig. 15, we show the impact of different inclinations
on the SED. The figure illustrates that around an inclination
of 70◦, the line-of-sight towards the central object will graze the

Fig. 15. The impact of the inclination on the SED computed by radiative
transfer using typical parameters for a passively irradiated disc. The
lower inclinations coincide on this scale so the same dotted line is used.

disc. This will strongly affect the circumstellar reddening. The
line-of-sight circumstellar reddening in the 70◦ model is about
E(B − V) = 0.8. Edge-on, the discs are strongly opaque and no
direct visible light of the central star will reach us. The objects
with the largest reddening are IRAS 08544-4431, IRAS 15469-
5311, and IRAS 19125+0343 with E(B − V) = 1.5 ± 0.3, 1.5 ±
0.3, and 1.2 ± 0.3, respectively (de Ruyter et al. 2006). The low
Galactic latitudes and the strong interstellar DIBs in their spec-
tra (Fig. 3 of Maas et al. 2005) indicate, however, that the greater
part is of interstellar origin. We conclude that in all six objects,
the inclination of the orbit is very likely to be less than or equal
to 65◦ and the corresponding lower limits to the mass estimates
are also given in Table 8. EN TrA is the only object for which
we have direct evidence that the companion is too massive to
be a white dwarf. We also note that for the other objects, there
is no evidence of a hot white dwarf, in neither the energetics
nor the lack of spectroscopic evidence of symbiotic activity. The
companion stars are likely to be unevolved main-sequence stars,
which do not contribute significantly to the energy budget of the
systems.

6.2. Chemical composition

A surprising effect of the presence of a disc is that the pho-
tospheric chemical content can be strongly affected by deple-
tion (Van Winckel et al. 1992; Waters et al. 1992). The observed
chemical pattern in the photospheres is the result of gas-dust sep-
aration followed by re-accretion of only the gas, which is poor
in refractory elements. The photospheres are then deficient in re-
fractories (such as Fe and Ca and the s-process elements), while
the non-refractories are not affected. Photospheric depletion is
surprisingly common in evolved objects (Giridhar et al. 2005;
Maas et al. 2005, 2007, and references therein). We also found
that depletion is present in the LMC (Reyniers & van Winckel
2007), again around objects where the presence of a gravitation-
ally bound disc is suspected.

Here we strengthen the link between the efficiency of the de-
pletion process and the binary nature of the object. IRAS 08544-
4431, IRAS 15469-5311, IRAS 19125+0343, and, to a much
lesser extent, IRAS 19157-0247 are affected by photospheric
depletion (Maas et al. 2005). EN TrA is iron deficient but the
signature of depletion is less clear, while IRAS 12222-4652
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has mainly solar abundances (Van Winckel 1997). The depletion
process will mask third dredge-up chemical enrichment since
the s-process elements are strongly refractory (Lodders 2003).
In none of these objects is there any evidence of AGB nucle-
osynthetic enrichment.

Infrared spectra of EN TrA, IRAS 19125+0343, and
IRAS 19157-0247 were presented by Gielen et al. (2008), and
for IRAS 08544-4431 by Deroo et al. (2007). In all objects,
the dust features are dominated by silicates and characterised
by a very strong degree of processing both in grainsize and
crystallinity. The dust disc creation occurred when the envelope
was O-rich. This is a general characteristic of the entire sample
(Van Winckel 2003) and the chemical evidence of both the pho-
tospheres and the circumstellar material show that the AGB evo-
lution of those binaries was cut short by the phase of strong bi-
nary interaction.

6.3. Binary evolution

Calculations from Schuerman (1972) show that, when one takes
into account the radiation pressure of the AGB-star in a close
binary system, the critical Roche potential degenerates into a
surface containing the inner Lagrangian point L1 and the outer
Lagrangian point L2 for a critical ratio of the radiation pressure
force to the gravitational attraction. For this critical ratio, ma-
terial lost by the AGB star flows through the L1 point and can
settle itself through the L2 point into a circumbinary disc (see
also Frankowski & Jorissen 2007).

Population synthesis experiments (Bonačić Marinović et al.
2008) account for tidally enhanced mass-loss (Tout & Eggleton
1988) during AGB evolution and balance the eccentricity pump-
ing mechanisms induced by a prescription of the mass-loss that
is orbital phase related, so that at periastron passage, mass loss
is enhanced (Soker 2000). The conclusion of Bonačić Marinović
et al. (2008) was that the eccentricity enhancement process is
in balance with the circularisation for objects that do not enter
the common envelope phase and are expected to leave the AGB
in orbits of around 1000 days or longer. The eccentric orbits
with shorter periods (those of IRAS 08544-4431, IRAS 15469-
5311, IRAS 19125+0343, and especially IRAS 19157-0247) are
still not accounted for. In these systems, additional eccentricity
pumping mechanisms should be at work which may be linked
to the presence of the circumbinary disc (Waelkens et al. 1996;
Artymowicz et al. 1991). Similar but less pronounced excess ec-
centricities with respect to theory are found in related objects
(e.g., Jorissen et al. 2009). Despite the phase of strong binary
interaction, there is no evidence that the mass transfer towards
the undetected companion has been very efficient, the mass func-
tions implying rather low minimal masses for the secondary (see
Table 8).

The global picture that emerges from our radial velocity
monitoring is that the post-AGB stars evolved in a system that is
too small to accommodate a peak AGB star. During a poorly un-
derstood phase of strong interaction, which for small orbits was
probably a common envelope phase, a circumbinary dusty disc
was formed, but the binary system did not experience a dramatic
decrease in orbital radius. What we observe now is an F-G super-
giant in a binary system, which is surrounded by a circumbinary
dusty disc in a bound orbit. Although not yet proven, the fact that
we found a 100% binarity rate for our subsample of objects with
low pulsational amplitude strongly favours the binary nature of
all post-AGB stars with a hot dust component.

The formation, structure, and evolution of the disc are far
from being understood, but do appear to be key ingredients in our

understanding of the late evolution of a very significant binary
population.

6.4. Variability

These six stars exhibit a wide range of properties, in particu-
lar in terms of amplitude and, especially, the regularity of varia-
tion. The first three stars, IRAS 08544-4431, IRAS 12222-4652,
and EN TrA, have periodograms with peaks which stand out
strongly from the noise, while IRAS 15469-5311 has a much
weaker peak and IRAS 19125+0343 and IRAS 19157-0247 ex-
hibit only a confused scatter, with minor peaks on a noisy back-
ground. IRAS 08544-4431 is the only one of the six stars to ex-
hibit clearly defined, coherent variations for as long as one or
two years. IRAS 12222-4652 and EN TrA have better defined
peaks in their periodogram than IRAS 08544-4431, with a sin-
gle period in the case of EN TrA, but their amplitudes and, in
the case of IRAS 12222-4652, the lengths of individual cycles
change continuously. The variations of IRAS 15469-5311 and
IRAS 19125+0343 exhibit cycles of very variable amplitude and
length, with evidence of changes in the direction of pulsation
within a given cycle for IRAS 19125+0343, while the data for
IRAS 19157-0247 are inadequate to elucidate the nature of the
variations, which are probably even more irregular and of rela-
tively short period.

These stars are of earlier spectral type and so are hotter than
classical RV Tauri stars (Lloyd Evans 1999) and appear therefore
to lie toward the blue side of the Cepheid instability strip. This
raises a question about the nature of their pulsation. The ratio
of the two principal periods is 0.96 for IRAS 08544-4431 and
0.91 for IRAS 12222-4652, whereas the ratio of the first over-
tone to the fundamental, P1/P0, is always close to 0.705 in clas-
sical Cepheids (Stobie 1977). Two high overtones might have the
period ratios that we observe, but it seems implausible that these
would be dominant, and the periods of these two stars are quite
long, implying very long fundamental periods and a correspond-
ingly high luminosity. This suggests that the pulsations of these
stars are non-radial. EN TrA, which has a single, shorter, period
and a larger amplitude, is, however, probably a radial pulsator.
The apparently abrupt turnaround in the direction of the change
in V magnitude, leading to a second maximum and a consequent
lengthening of individual cycles in IRAS 19125+0343, recalls
the suggestion that shockwaves may be involved in the complex
motions of the outer atmosphere of the post-AGB star HD 56126
(Barthès et al. 2000).

The four stars of largest amplitude showed indications of the
classical RV Tauri feature of alternating deep and shallow min-
ima, but an equally large alternation of the magnitude at succes-
sive maxima.

Multicolour observations may be used to compare light and
colour curves, which follow a similar phase relationship in clas-
sical Cepheids but which differ in type II Cepheids, for which
an atmospheric shock leads to a bluer colour on the rise to max-
imum light, with wide loops in two-colour diagrams, whereas
classical Cepheids have very narrow loops. The amount by
which the B curve leads the V curve, in terms of relative phase
in the single period, is: IRAS 08544-4431, 0.00:, IRAS 12222-
4652, 0.04, EN TrA, 0.17. The scatter in the data and small am-
plitudes preclude any finding for the remaining stars. It is unfor-
tunate that the SAAO observations of IRAS 08544-4431 were
made when the amplitude was relatively small. It is only for
EN TrA, the star of largest amplitude, that the phase shift typical
of type II Cepheids is clearly seen.
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7. Conclusions

The summary of the main conclusions of this contribution is that:

– Our radial velocity monitoring show that post-AGB stars that
have both a hot dust component (and hence a disc) and a low
photospheric pulsational amplitude (de Ruyter et al. 2006),
are binaries. Even in these objects, the amplitude of the ra-
dial velocity variations induced by the pulsation is a signif-
icant fraction of the orbital velocity. It is an observational
challenge to prove the binary nature of all post-AGB objects
with a hot dust component, because in many systems large
amplitude pulsations are present. Nevertheless, that 100%
of our low amplitude pulsator programme stars are binaries
is a strong indication that binarity is a prerequisite for disc
formation.

– We confirm and strengthen the conclusion of Kiss et al.
(2007) that complex multi-periodic but low-amplitude pul-
sational behaviour is present at the blue side of the type II
Cepheid instability strip.

– The evolution of the binaries in the resulting period-
eccentricity parameter space is not understood by using
standard binary evolution channels. Theoretical efforts have
included enhanced mass-loss and an efficient eccentricity
pumping mechanism induced by modulation of the mass-
loss in the orbital period. Nevertheless, the high eccentric-
ity of IRAS 08544-4431, IRAS 19125+0343 and especially
IRAS 19157-0247 (with a period of 120 days and a sig-
nificant non-zero eccentricity) are detected in systems that
are very likely to be post-common envelope systems and in
these systems, the high eccentricity remains very poorly un-
derstood. The (on average) small mass functions imply that
mass transfer to the companion has been limited.

– In all systems found so far, the dust in the disc is O-rich. The
AGB evolution was likely cut short by the binary interac-
tion event and with the orbital elements found in this work,
the systems should be seen as post-interacting binaries rather
than canonical post-AGB stars.

– The wide range of orbits and mass function detected here
show that the creation of a circumbinary gravitationally
bound disc is the final evolutionary product of a wide range
of binaries.

Acknowledgements. The authors want to acknowledge the Geneva Observatory
and its staff for the generous time allocation on the Swiss Euler telescope. The
IvS acknowledges support from the Fund for Scientific Research of Flanders
(FWO) under the grants G.0178.02., G.0703.08, G.0332.06 and G.0470.07. This
research was made possible thanks to support from the Research Council of
K.U.Leuven under grant GOA/2008/04. We would like to express our appre-
ciation to Grzegorz Pojmanski for his efforts to provide and maintain the ASAS
data in a form accessible to the astronomical community.

References
Artymowicz, P., Clarke, C. J., Lubow, S. H., & Pringle, J. E. 1991, ApJ, 370,

L35
Balick, B., & Frank, A. 2002, ARA&A, 40, 439
Baranne, A., Mayor, M., & Poncet, J. L. 1979, Vistas Astron., 23, 279
Barthès, D., Lèbre, A., Gillet, D., & Mauron, N. 2000, A&A, 359, 168
Berdnikov, L. N., & Turner, D. G. 1995, Pis’ma Astronomich. Zh., 21, 603
Bertiau, F. C., & Grobben, J. 1969, Ricerche Astron., 8, 1
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Table 4. Individual heliocentric radial velocity datapoints of the programme stars.

JD(24+) V(rad) σ JD(24+) V(rad) σ JD(24+) V(rad) σ
IRAS 08544-4431

51 146.7632 53.93 0.46 52 019.5475 65.09 0.82 52 736.5670 55.73 0.45
51 275.5548 58.82 0.67 52 020.5660 64.57 0.89 52 737.5675 55.23 0.66
51 276.5400 58.41 0.83 52 025.5503 62.85 0.89 52 738.5715 55.44 0.35
51 278.5411 58.55 0.69 52 026.5400 62.50 0.88 52 740.6439 54.65 0.34
51 282.5516 59.17 0.71 52 227.8345 54.60 0.36 52 983.7815 73.75 0.18
51 284.5721 59.32 0.65 52 229.8411 55.27 0.36 52 985.8487 75.66 0.91
51 467.8209 69.46 0.72 52 230.7878 55.48 0.47 52 986.7656 73.35 0.28
51 468.8564 68.67 0.63 52 231.8190 55.92 0.45 52 987.7777 72.92 0.20
51 510.8488 66.78 0.88 52 232.8366 56.32 0.47 52 988.7097 72.75 0.32
51 593.7902 60.27 0.51 52 233.8223 56.59 0.43 52 989.7627 72.25 0.35
51 596.5369 60.64 0.91 52 234.8312 56.93 0.43 52 990.7121 71.86 0.38
51 600.5514 58.22 0.43 52 235.8421 57.33 0.39 52 991.7597 71.52 0.47
51 603.5344 57.93 0.32 52 236.8460 57.39 0.44 52 992.7407 71.04 0.47
51 652.6373 53.56 0.25 52 237.8173 57.41 0.50 52 993.7198 70.53 0.50
51 655.6467 54.94 0.51 52 238.8600 57.51 0.47 52 994.8236 69.88 0.61
51 659.5312 56.51 0.26 52 239.8453 57.39 0.52 53 072.6987 56.49 0.67
51 716.4844 54.94 0.45 52 240.8067 57.35 0.56 53 073.6075 56.03 0.70
51 722.5308 56.82 0.45 52 272.7653 62.12 0.57 53 077.6309 55.84 0.99
51 726.4784 57.69 0.42 52 273.6877 62.32 0.42 53 078.6744 55.59 0.59
51 728.5054 58.24 0.41 52 274.7185 61.92 0.47 53 079.6282 56.25 0.85
51 730.4723 58.43 0.42 52 278.6249 61.41 0.37 53 083.6303 54.27 0.72
51 732.4845 58.61 0.48 52 279.7142 61.56 0.48 53 178.4623 53.52 0.44
51 816.8902 64.86 0.37 52 280.5488 61.87 0.45 53 179.4637 53.85 0.19
51 817.8948 64.60 0.39 52 281.7330 62.11 0.36 53 180.4955 54.40 0.80
51 818.9059 63.78 0.56 52 282.6908 62.63 0.25 53 182.4735 56.05 0.64
51 819.8806 64.79 0.40 52 282.6914 62.48 0.38 53 183.4791 55.77 0.37
51 820.8975 63.12 0.85 52 283.5876 62.60 0.33 53 184.4639 56.24 0.49
51 821.8891 62.68 0.55 52 284.6146 62.81 0.22 53 185.4616 57.85 0.78
51 822.8886 62.80 0.41 52 285.7966 63.59 0.33 53 187.4640 56.03 0.61
51 823.8627 62.33 0.43 52 285.8736 62.98 0.40 53 354.7158 65.77 0.66
51 824.8883 62.10 0.53 52 329.6329 62.15 0.71 53 356.6942 64.76 0.70
51 825.8752 61.63 0.51 52 330.6253 62.01 0.95 53 358.7105 63.70 0.78
51 826.8900 61.49 0.55 52 331.6184 61.97 0.83 53 360.7139 62.70 0.71
51 827.8881 61.55 0.59 52 332.6912 62.09 0.85 53 390.6954 63.46 0.81
51 828.8850 61.34 0.54 52 333.5833 61.89 0.94 53 394.7595 65.80 0.39
51 829.8889 61.03 0.30 52 334.6246 62.05 0.73 53 397.8360 67.23 0.35
51 881.8564 67.73 0.75 52 335.5591 62.19 0.87 53 402.8070 69.07 0.14
51 882.8542 68.19 0.74 52 336.6016 62.51 0.91 53 475.6505 71.21 0.50
51 886.7729 70.85 0.64 52 337.6051 62.72 0.91 53 481.6464 70.85 0.86
51 887.8017 71.15 0.59 52 338.5929 63.03 0.85 53 705.6999 55.87 0.28
51 890.7917 72.65 0.48 52 339.5910 63.10 0.71 53 706.6992 55.41 0.49
51 891.8222 72.72 0.51 52 340.6162 62.78 0.69 53 713.7763 53.82 0.67
51 892.8058 73.43 0.48 52 341.5897 63.06 0.79 53 833.6118 61.90 0.36
51 894.8195 73.29 0.67 52 571.8377 59.18 0.93 53 837.4779 62.28 0.58
51 940.7879 68.49 0.81 52 581.8738 58.91 0.46 54 077.8299 60.43 0.36
51 943.7737 69.84 0.63 52 727.5427 54.28 0.52 54 080.8300 60.65 0.18
51 944.5971 69.83 0.70 52 728.5978 54.28 0.39 54 180.5587 55.01 0.39
51 948.6634 71.90 0.66 52 729.5123 54.86 0.43 54 183.5442 55.84 0.38
51 951.7377 71.96 0.59 52 730.5892 54.87 0.43 54 190.5308 55.69 0.64
51 953.6671 71.86 0.63 52 731.5081 55.54 0.34 54 478.6732 68.75 0.33
52 015.5681 65.37 0.59 52 732.5623 55.61 0.43 54 479.6564 68.73 0.40
52 016.5395 65.55 0.63 52 733.5647 55.62 0.62 54 482.8249 69.43 0.40
52 017.5686 65.51 0.81 52 734.5704 55.79 0.50 54 486.7220 69.69 0.45
52 018.5751 65.03 0.84 52 735.5964 55.80 0.52

IRAS 12222-4652
45 397.800 7.44 .5 49 406.840 0.09 .5 52 340.7693 2.55 0.61
45 767.857 2.35 .5 49 407.826 −0.78 .5 52 469.6082 5.62 0.36
45 881.510 −1.29 .5 49 409.851 −1.43 .5 52 729.7034 11.28 0.24
47 913.900 5.4 1.0 49 522.582 0.90 .5 52 733.7608 10.55 0.35
47 914.900 2.8 1.0 49 526.659 0.81 .5 52 736.7651 8.16 0.47
47 915.800 4.4 1.0 50 527.749 3.7 1.0 52 739.6906 4.48 0.20
47 915.800 5.8 1.0 50 530.799 3.5 1.0 52 804.5557 2.05 0.11
47 917.800 6.6 1.0 51 594.8448 5.64 0.50 53 073.7687 1.21 0.37
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Table 4. continued.

JD(24+) V(rad) σ JD(24+) V(rad) σ JD(24+) V(rad) σ
48 289.868 5.67 .5 51 766.5384 7.91 0.49 53 075.8142 1.01 0.37
48 312.794 0.07 .5 51 768.5061 6.09 0.44 53 076.8279 0.85 0.28
48 317.694 −0.12 .5 51 769.5234 5.43 0.38 53 078.8192 0.23 0.21
48 400.651 3.41 .5 51 771.4884 5.27 0.53 53 080.7999 0.33 0.26
48 453.476 1.74 .5 51 772.4816 5.40 0.60 53 085.7984 0.89 0.27
48 460.500 1.79 .5 51 945.7182 5.28 0.56 53 178.5860 −1.44 0.27
48 648.885 2.33 .5 52 016.7528 1.86 0.13 53 182.6712 −2.26 0.38
49 006.800 8.9 1.0 52 018.7552 2.25 0.18 53 185.6080 −2.15 0.23
49 031.800 5.8 1.0 52 021.7249 1.88 0.20 53 188.4618 −0.87 0.26
49 054.811 7.97 .5 52 024.6860 1.05 0.15 53 189.4601 −0.64 0.29
49 099.700 5.4 1.0 52 027.7294 1.69 0.15 53 399.8023 6.85 0.59
49 121.600 3.4 1.0 52 111.5528 2.93 0.40 53 402.8788 7.68 0.21
49 122.600 6.4 1.0 52 114.5745 1.98 0.40 53 475.7560 4.39 0.59
49 122.700 4.8 1.0 52 115.5823 1.58 0.20 53 478.7847 5.10 0.32
49 172.529 1.96 .5 52 118.5568 0.67 0.27 53 481.7560 5.61 0.89
49 189.500 7. 1.0 52 122.5608 −0.70 0.17 53 483.7766 5.04 0.24
49 190.600 7.6 1.0 52 329.8192 2.34 0.58 53 808.7140 8.26 0.71
49 191.500 8.5 1.0 52 332.8234 2.26 0.68 53 830.7574 2.47 1.04
49 334.800 −1.1 1.0 52 334.7261 2.18 0.60 53 833.7463 1.40 0.88
49 404.830 −1.42 .5 52 338.7713 2.64 0.53

EN TrA
48 312.891 −3.29 0.5 49 478.646 −29.4 1.0 52 339.9001 −25.78 0.16
48 324.812 −2.18 0.5 49 478.699 −29.8 1.0 52 417.6713 −22.85 0.47
48 327.796 −3.7 1. 49 485.839 −24. 1.0 52 425.6327 −26.47 0.23
48 329.854 −7.3 1. 49 774.878 −7.3 1.0 52 728.6876 −8.99 0.35
48 329.769 −6.5 1. 49 798.846 −9.26 0.5 52 731.7055 −8.60 0.55
48 329.855 −6.5 1. 49 831.822 −4. 1.0 52 803.6081 0.20 0.44
48 456.520 −0.07 0.5 49 953.507 −2.0 1.0 52 817.5814 −1.58 0.38
48 459.524 3.30 0.5 49 967.470 7.4 1.0 53 072.8237 −4.37 0.24
48 460.518 5.12 0.5 50 168.870 −0.9 1.0 53 073.7795 −3.75 0.27
48 461.513 5.24 0.5 50 189.870 10.2 1.0 53 078.8486 0.23 0.22
48 462.506 6.69 0.5 50 263.677 13.8 1.0 53 084.8179 5.47 0.33
48 732.817 5.9 1.0 50 276.5543 2.55 0.5 53 179.6833 2.12 0.35
48 842.506 2.1 1.0 50 496.865 −0.5 1.0 53 182.7142 2.23 0.04
48 844.516 −0.3 1.0 50 512.858 −1.5 1.0 53 185.6862 2.09 0.16
48 845.545 0.6 1.0 50 526.894 5.4 1.0 53 476.7417 −2.14 0.36
48 845.511 0.5 1.0 50 530.878 5.1 1.00 53 481.7673 0.23 0.38
48 846.515 0.6 1.0 50 532.901 3.2 1.00 53 830.7692 −21.91 0.45
49 031.842 −2.5 1.0 52 329.8257 −29.35 0.33 53 833.7578 −26.71 0.31
49 099.765 −0.6 1.0 52 332.8298 −29.26 0.06 53 837.6745 −31.87 0.70
49 121.681 −3.7 1.0 52 335.7537 −28.33 0.08 53 894.5700 −25.87 0.46
49 188.565 −11.9 1.0 52 337.8864 −27.22 0.14 53 896.7059 −24.65 0.84

IRAS 15469-5311
51 277.7428 −23.28 0.50 52 115.6775 −9.76 0.70 53 074.8473 −17.24 0.27
51 278.6732 −23.20 0.55 52 116.7262 −9.94 0.49 53 075.8342 −16.32 0.21
51 469.4940 −5.99 0.23 52 117.5683 −9.07 0.47 53 076.8545 −16.92 0.24
51 471.5005 −6.71 0.38 52 118.6009 −8.90 0.24 53 077.8545 −17.00 0.20
51 478.5067 −10.32 0.58 52 122.5860 −10.05 0.19 53 078.8712 −16.61 0.65
51 593.8952 −27.10 0.49 52 123.6856 −10.10 0.15 53 079.8356 −17.57 0.38
51 595.8875 −26.71 0.19 52 278.8688 −12.72 0.48 53 081.8432 −17.80 0.20
51 597.8803 −26.39 0.35 52 279.8866 −11.88 0.31 53 083.8381 −19.06 0.35
51 599.8606 −25.19 0.42 52 280.8549 −13.11 0.52 53 084.8360 −16.68 0.36
51 601.8871 −24.05 0.47 52 281.8797 −13.64 0.18 53 085.8280 −17.15 0.11
51 603.8850 −23.69 0.83 52 283.8831 −15.29 0.25 53 182.7423 −26.95 0.45
51 652.7351 −22.93 0.23 52 284.8682 −16.01 0.38 53 183.6508 −26.38 0.33
51 652.7553 −22.46 0.09 52 285.8629 −15.71 0.38 53 184.6563 −27.14 0.78
51 654.7638 −22.67 0.31 52 329.8361 −20.85 0.36 53 185.6962 −26.24 0.48
51 659.7827 −21.98 0.42 52 330.8421 −21.35 0.14 53 187.6351 −23.49 0.79
51 716.5979 −14.11 0.31 52 331.8053 −21.56 0.35 53 228.5658 −19.17 0.25
51 718.6738 −14.00 0.27 52 333.8440 −21.91 0.12 53 230.6595 −18.30 0.20
51 729.7062 −12.17 0.43 52 334.7942 −22.23 0.11 53 231.5788 −18.26 0.21
51 730.7659 −11.77 0.34 52 336.8282 −21.36 0.52 53 232.5444 −17.87 0.05
51 732.7620 −11.74 0.33 52 337.7946 −22.11 0.27 53 391.8499 −3.47 0.76
51 760.5349 −4.76 0.45 52 338.8093 −24.81 0.56 53 397.7728 −4.73 0.68
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Table 4. continued.

JD(24+) V(rad) σ JD(24+) V(rad) σ JD(24+) V(rad) σ
51 761.4994 −4.53 0.34 52 339.7781 −22.87 0.52 53 399.7905 −3.13 0.32
51 762.5343 −4.48 0.36 52 340.8450 −25.11 0.21 53 477.7892 −20.06 0.66
51 762.5467 −3.97 0.29 52 341.7736 −24.51 0.28 53 479.7884 −20.09 0.65
51 763.5447 −3.87 0.40 52 416.7697 −24.46 0.11 53 480.7505 −20.16 0.53
51 765.5127 −4.54 0.58 52 424.6481 −21.68 0.16 53 482.7946 −20.39 0.78
51 766.5339 −4.27 0.62 52 424.7176 −22.57 0.24 53 837.6853 −11.32 0.47
51 768.5679 −4.78 0.69 52 468.6674 −16.01 0.22 53 894.5796 −23.52 0.39
51 769.5646 −3.94 0.85 52 469.6336 −15.60 0.21 53 898.6560 −22.85 0.54
51 940.8625 −19.12 0.07 52 470.6850 −15.01 0.19 53 903.6450 −25.77 0.66
51 942.8880 −20.90 0.17 52 472.6732 −14.31 0.19 54 211.8782 −14.91 0.48
51 943.8385 −21.79 0.19 52 473.6416 −14.03 0.39 54 219.8503 −11.92 0.53
51 944.8526 −23.03 0.35 52 474.6498 −13.30 0.14 54 302.6379 −31.31 0.46
51 945.8252 −23.71 0.51 52 481.6175 −13.52 0.09 54 304.5784 −31.23 0.38
51 946.8458 −23.71 0.82 52 571.4983 −5.83 0.32 54 305.5780 −30.75 0.46
51 948.8802 −25.00 0.19 52 727.7383 −29.48 0.53 54 310.5047 −30.20 0.28
51 949.8475 −25.11 0.47 52 728.6970 −29.44 0.26 54 331.5914 −24.90 0.28
51 950.8386 −25.46 0.40 52 729.7127 −29.88 0.50 54 336.5006 −24.51 0.47
51 951.8346 −26.00 0.23 52 730.7218 −30.40 0.45 54 572.8004 −8.27 0.45
51 952.8300 −26.70 0.22 52 731.7150 −30.50 0.50 54 625.5740 −14.00 0.13
51 953.8449 −27.37 0.18 52 732.8830 −30.54 0.54 54 625.6043 −14.11 0.12
52 015.7748 −28.58 0.24 52 733.7957 −30.30 0.49 54 628.5107 −14.66 0.10
52 016.8033 −28.21 0.15 52 735.6860 −29.25 0.46 54 628.7443 −14.58 0.05
52 017.7562 −27.22 0.08 52 736.7746 −28.41 0.47 54 629.5725 −14.49 0.19
52 018.7724 −26.36 0.13 52 737.7340 −28.57 0.60 54 629.6498 −14.32 0.12
52 019.7750 −25.38 0.16 52 738.7553 −28.37 0.67 54 630.5171 −14.41 0.13
52 020.7769 −24.35 0.10 52 739.7448 −27.68 0.51 54 632.5266 −14.15 0.25
52 021.7452 −23.51 0.09 52 740.8043 −27.81 0.39 54 670.5925 −20.79 0.45
52 024.7130 −23.23 0.21 52 803.5603 −21.56 0.84 54 671.6170 −20.17 0.60
52 025.7119 −23.40 0.23 52 804.4995 −22.23 0.80 54 672.5327 −20.18 0.42
52 026.7477 −23.58 0.21 52 817.5699 −24.40 0.60 54 674.6597 −20.54 0.61
52 027.7771 −23.45 0.29 53 072.8326 −17.46 0.20 54 677.5327 −22.27 0.21
52 111.6771 −11.26 0.19 53 073.7938 −17.43 0.24 54 678.6760 −22.59 0.21

54 679.6688 −22.68 0.16
IRAS 19125+0343

51 277.9046 67.62 0.34 52 121.7094 75.54 0.71 53 180.7526 80.94 0.09
51 281.9142 67.48 0.61 52 123.7786 75.24 0.48 53 182.8327 81.45 0.11
51 469.5423 52.73 0.26 52 416.8105 55.29 0.13 53 183.7827 82.19 0.74
51 654.8809 79.72 0.66 52 417.8448 56.07 0.11 53 184.7404 79.96 0.16
51 655.8857 79.70 0.71 52 424.8240 55.49 0.48 53 184.7839 79.62 0.22
51 659.9231 81.77 0.36 52 468.8291 58.53 0.62 53 190.8718 75.60 0.22
51 760.6545 71.90 0.52 52 570.5382 66.61 0.31 53 191.8179 75.50 0.38
51 762.6816 70.35 0.32 52 571.5524 66.88 0.18 53 224.7553 75.40 0.20
51 763.6553 69.59 0.20 52 572.5529 66.49 0.54 53 232.7510 74.68 0.45
51 768.6680 68.74 0.13 52 573.5369 67.15 0.14 53 271.6065 75.07 0.30
51 773.7340 68.30 0.43 52 574.5574 68.15 0.08 53 273.5852 73.95 0.16
51 817.5984 64.36 0.26 52 575.5369 69.39 0.27 53 275.5725 72.53 0.09
51 819.5323 65.19 0.29 52 576.5504 70.35 0.20 53 278.5542 72.98 0.08
51 820.5569 65.97 0.36 52 577.5583 70.66 0.14 53 280.5621 73.21 0.27
51 821.5251 65.14 0.46 52 578.5386 70.56 0.32 53 283.5685 72.39 0.25
51 822.5530 64.91 0.05 52 579.5452 69.48 0.27 53 477.8754 54.14 0.35
51 823.5479 64.74 0.07 52 580.5299 67.78 0.51 53 479.8841 54.14 0.69
51 824.5235 64.72 0.14 52 581.5401 66.86 0.12 53 481.8821 54.62 0.65
51 825.5270 65.30 0.13 52 734.8964 77.60 0.12 53 482.8847 54.82 0.45
51 826.5340 66.08 0.11 52 735.8820 77.49 0.08 53 483.8867 54.77 0.36
51 827.5488 66.27 0.15 52 737.8768 76.76 0.08 53 648.5544 71.51 0.54
51 828.5417 66.19 0.14 52 738.9052 76.98 0.34 53 651.5256 73.75 0.31
52 015.9054 58.46 0.64 52 739.8834 77.10 0.28 53 653.5139 75.62 0.72
52 018.8886 60.38 0.14 52 740.8896 77.02 0.25 53 654.5258 75.79 0.94
52 024.8528 60.05 0.36 52 854.7053 64.85 0.07 53 898.8262 71.10 0.68
52 025.8665 59.34 0.15 52 857.6949 68.01 0.26 53 901.8042 69.85 0.66
52 026.8543 60.98 0.68 52 858.6964 69.00 0.28 53 954.7359 61.06 0.62
52 114.6868 76.02 0.18 52 866.6696 70.17 0.29 54 302.7889 72.11 0.59
52 115.6880 75.35 0.22 52 867.6726 68.24 0.36 54 303.7651 72.13 0.37
52 118.6850 75.39 0.31 53 179.7887 79.78 0.25 54 331.6422 73.60 0.82

54 666.8072 73.13 0.53
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Table 4. continued.

JD(24+) V(rad) σ JD(24+) V(rad) σ JD(24+) V(rad) σ
IRAS 19157-0247

51 278.9071 23.53 0.27 52 416.8728 34.95 0.68 53 272.5760 39.39 1.02
51 280.9177 21.31 0.60 52 417.9179 37.25 0.92 53 273.5944 37.06 1.10
51 469.5487 37.83 0.63 52 571.5700 23.03 0.85 53 274.5934 38.01 0.19
51 471.5432 38.91 0.33 52 572.5797 26.16 0.94 53 275.5991 38.67 0.24
51 507.5279 25.58 0.90 52 574.5789 29.83 0.42 53 279.5319 42.27 0.20
51 652.9129 26.58 0.43 52 575.5604 30.82 0.72 53 281.5973 42.64 1.03
51 654.8925 27.64 0.40 52 576.5738 30.20 0.74 53 475.9058 29.89 0.50
51 760.6956 26.46 0.36 52 578.5621 27.82 0.27 53 476.9032 31.35 1.13
51 761.6696 28.09 0.31 52 579.5684 26.96 0.50 53 477.9035 34.83 0.00
51 762.7170 30.41 0.17 52 580.5533 25.16 1.05 53 478.9114 36.92 0.32
51 763.6769 32.51 0.26 52 581.5633 22.01 1.40 53 479.8996 38.47 0.12
51 765.6332 34.48 0.23 52 728.8557 20.67 0.58 53 481.9049 38.40 0.37
51 766.6211 35.12 0.27 52 734.8735 33.11 0.26 53 482.9121 39.90 0.86
51 769.7570 26.37 0.93 52 735.8335 33.70 0.33 53 483.9209 40.61 1.12
51 772.5723 24.10 0.17 52 736.8830 33.63 0.23 53 651.5721 27.45 0.73
51 816.5981 39.53 0.65 52 737.9002 32.41 0.20 53 652.5030 26.45 1.35
51 817.6263 39.84 0.28 52 738.8819 32.63 0.45 53 653.5579 26.00 0.80
51 819.5685 41.45 0.53 52 739.8598 32.19 0.50 53 809.8992 25.62 0.62
51 820.5746 43.44 0.46 52 740.9131 31.66 0.49 53 902.8038 27.46 0.19
51 821.5452 44.33 0.66 52 854.7293 33.04 0.50 53 903.8061 30.22 1.23
51 822.5745 43.81 0.39 52 855.7233 29.67 0.35 53 951.6950 35.49 1.18
51 823.5724 43.79 0.47 52 857.7190 27.54 0.52 53 954.7735 33.80 0.00
51 824.5479 41.91 0.81 52 859.7232 27.54 0.72 53 956.7439 33.99 1.09
51 825.5514 38.89 1.16 52 861.7367 27.65 0.09 53 960.7338 41.74 1.15
51 826.5596 36.03 1.04 52 862.7190 26.11 0.25 54 303.7769 33.05 0.83
51 827.5749 36.71 0.38 52 865.7062 26.99 0.33 54 305.8161 37.83 0.54
51 828.5661 37.19 0.39 52 867.6963 33.14 0.23 54 308.7831 44.33 0.64
51 829.5199 38.42 0.18 53 179.8589 25.49 0.20 54 581.9151 44.84 1.11
51 829.5403 38.17 0.27 53 179.8946 26.30 1.00 54 625.8859 28.83 1.48
52 020.8803 36.02 0.43 53 184.8284 25.87 1.37 54 626.8699 28.58 0.61
52 025.8955 27.45 0.36 53 188.8789 25.64 0.60 54 628.7670 27.76 0.71
52 026.8832 28.65 0.32 53 190.8982 24.37 1.44 54 630.7473 27.48 0.32
52 027.8899 29.46 0.19 53 191.8399 24.05 0.75 54 630.7917 28.22 1.33
52 114.8391 29.58 1.12 53 224.7904 33.36 0.54 54 632.7171 28.95 1.20
52 116.8258 28.42 1.29 53 232.7181 34.83 0.28 54 666.8228 33.33 0.37
52 227.5114 29.59 0.32 53 270.5775 38.37 0.72 54 672.7039 32.89 0.90
52 227.5322 29.76 0.21 53 271.6303 39.54 0.82 54 675.7832 37.97 1.40
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Table 5. Individual photometric datapoints of the programme stars obtained at SAAO.

HJD V B − V U − B V − R V − I HJD V B − V U − B V − R V − I
IRAS 08544-4431

2 450 858.47530 9.149 1.553 1.180 0.995 2.029 2 451 581.33470 9.163 1.580 1.191 0.992 2.042
2 450 866.39190 9.164 1.555 1.167 0.993 2.025 2 451 582.39140 9.169 1.583 1.188 0.997 2.046
2 450 867.38350 9.156 1.547 1.169 0.990 2.018 2 451 608.44360 9.035 1.511 1.148 0.961 1.982
2 450 868.39470 9.168 1.546 1.154 0.990 2.017 2 451 609.37170 9.017 1.516 1.127 0.965 1.993
2 450 869.41250 9.153 1.545 1.157 0.994 2.026 2 451 625.28560 9.071 1.547 1.176 0.977 2.014
2 450 871.39890 9.151 1.540 1.151 0.994 2.020 2 451 626.29140 9.072 1.547 1.173 0.977 2.017
2 450 872.40870 9.169 1.541 1.158 0.999 2.011 2 451 663.23130 9.133 1.548 1.162 0.979 2.036
2 450 874.38380 9.158 1.536 1.156 0.992 2.014 2 451 666.22130 9.106 1.538 1.155 0.972 2.014
2 450 879.39550 9.163 1.532 1.160 0.984 2.005 2 451 929.49208 9.142 1.548 1.162 0.995 2.021
2 450 883.34250 9.140 1.539 1.161 0.983 2.010 2 451 930.48697 9.149 1.547 1.180 0.996 2.026
2 450 884.46330 9.167 1.537 1.149 0.997 2.014 2 451 931.49118 9.163 1.547 1.189 1.001 2.036
2 450 885.37300 9.133 1.538 1.193 0.990 2.006 2 451 936.49577 9.180 1.555 1.190 1.000 2.028
2 450 886.41580 9.127 1.536 1.190 0.984 2.013 2 451 939.53417 9.174 1.566 1.326 1.005 2.043
2 450 887.44010 9.123 1.544 1.163 0.992 2.017 2 451 941.48938 9.168 1.561 1.196 1.006 2.037
2 450 889.44560 9.122 1.544 1.165 0.996 2.021 2 451 944.48373 9.167 1.550 1.158 1.005 2.039
2 450 918.28290 9.144 1.555 1.178 0.989 2.023 2 451 945.50376 9.175 1.555 1.150 1.002 2.038
2 450 919.28720 9.148 1.552 1.175 0.994 2.027 2 451 956.47669 9.129 1.557 1.188 1.001 2.038
2 450 929.29080 9.180 1.541 1.144 0.996 2.022 2 451 957.45032 9.125 1.549 1.170 1.002 2.032
2 450 931.32500 9.173 1.542 1.149 0.994 2.023 2 451 960.40009 9.122 1.541 1.153 1.001 2.031
2 450 937.26810 9.160 1.544 1.143 0.997 2.033 2 451 961.44573 9.112 1.543 1.157 0.993 2.022
2 450 948.26710 9.116 1.540 1.152 0.989 2.017 2 451 962.44569 9.112 1.540 1.154 0.990 2.020
2 450 957.21450 9.110 1.522 1.136 0.984 2.010 2 451 963.44349 9.106 1.531 1.120 0.984 2.019
2 450 959.21680 9.114 1.523 1.145 0.982 2.011 2 451 964.44258 9.113 1.544 1.149 0.988 2.023
2 451 205.47480 9.143 1.540 1.165 0.990 2.030 2 451 965.44219 9.110 1.538 1.160 0.996 2.018
2 451 209.41850 9.132 1.554 1.161 0.999 2.034 2 451 969.45933 9.098 1.537 1.163 0.984 2.016
2 451 210.39440 9.139 1.553 1.196 0.995 2.031 2 451 970.47381 9.098 1.526 1.148 0.986 2.006
2 451 215.42880 9.155 1.549 1.196 0.996 2.033 2 451 972.38308 9.082 1.533 1.183 0.991 2.018
2 451 216.40510 9.148 1.555 1.179 0.994 2.026 2 451 976.44461 9.082 1.549 1.462 0.985 2.014
2 451 228.38630 9.148 1.559 1.190 0.991 2.028 2 451 981.36532 9.087 1.538 1.289 0.988 2.016
2 451 230.37560 9.138 1.553 1.175 0.988 2.024 2 451 982.36317 9.080 1.530 1.200 0.994 2.021
2 451 231.37210 9.142 1.546 1.178 0.992 2.027 2 451 988.35682 9.101 1.529 1.144 0.990 2.024
2 451 232.36380 9.145 1.549 1.193 0.990 2.026 2 452 002.34988 9.093 1.537 1.142 0.994 2.022
2 451 233.36640 9.145 1.549 1.181 0.991 2.023 2 452 003.37655 9.093 1.529 1.139 0.991 2.028
2 451 234.34890 9.146 1.543 1.177 0.993 2.030 2 452 011.34254 9.081 1.537 1.173 0.988 2.020
2 451 235.35870 9.143 1.541 1.188 0.997 2.028 2 452 012.35521 9.086 1.536 1.183 0.986 2.024
2 451 236.34840 9.136 1.545 1.175 0.987 2.016 2 452 019.25966 9.113 1.533 1.150 0.992 2.027
2 451 238.33990 9.128 1.537 1.161 0.993 2.021 2 452 022.27246 9.122 1.532 1.145 0.993 2.027
2 451 239.34330 9.124 1.548 1.200 0.985 2.016 2 452 030.23594 9.128 1.528 1.139 0.990 2.021
2 451 240.37060 9.132 1.535 1.211 0.992 2.020 2 452 033.27647 9.131 1.537 1.183 0.980 2.023
2 451 298.24170 9.192 1.575 1.178 1.007 2.056 2 452 041.25064 9.142 1.544 1.159 0.994 2.027
2 451 300.23330 9.192 1.564 1.226 1.006 2.053 2 452 042.24695 9.141 1.543 1.141 0.998 2.032
2 451 303.24530 9.170 1.557 1.182 0.997 2.040 2 452 043.23925 9.137 1.541 1.144 0.984 2.015
2 451 309.23600 9.154 1.548 1.169 0.999 2.040 2 452 045.25507 9.130 1.545 1.142 0.989 2.033
2 451 576.40290 9.179 1.589 1.203 0.996 2.050 2 452 057.26545 9.080 1.529 1.117 0.986 2.020
2 451 579.40000 9.168 1.580 1.213 0.993 2.049 2 452 060.29439 9.062 1.533 1.140 0.990 2.027
2 451 580.35280 9.167 1.582 1.183 0.993 2.046

IRAS 12222-4652
2 451 625.4862 7.977 0.426 0.345 0.265 0.528 2 452 428.3283 7.936 0.423 0.335 0.255 0.523
2 451 626.5038 8.005 0.425 0.334 0.274 0.542 2 452 429.2922 7.929 0.421 0.329 0.255 0.519
2 451 663.3917 7.972 0.423 0.337 0.259 0.519 2 452 430.2371 7.935 0.422 0.345 0.239 0.510
2 451 688.3192 7.937 0.408 0.342 0.248 0.507 2 452 431.2499 7.937 0.414 0.337 0.247 0.520
2 451 691.4224 7.957 0.421 0.330 0.257 0.516 2 452 440.2451 7.889 0.397 0.337 0.213 0.485
2 451 692.3194 7.965 0.417 0.342 0.256 0.525 2 452 441.2684 7.869 0.404 0.313 0.239 0.497
2 451 712.2471 7.917 0.408 0.337 0.250 0.509 2 452 445.2723 7.889 0.404 0.332 0.243 0.491
2 451 976.5085 8.004 0.433 0.369 0.267 0.544 2 452 450.2713 7.917 0.405 0.334 0.248 0.508
2 451 977.5076 8.011 0.441 0.364 0.272 0.540 2 452 458.2337 7.966 0.417 0.349 0.250 0.531
2 451 978.4812 8.005 0.425 0.358 0.271 0.546 2 452 684.5593 7.880 0.402 0.331 0.245 0.492
2 451 980.5089 8.004 0.434 0.324 0.271 0.541 2 452 686.5516 7.876 0.402 0.331 0.239 0.495
2 451 981.5092 8.002 0.433 0.364 0.269 0.536 2 452 687.5810 7.881 0.403 0.328 0.244 0.498
2 451 982.4785 8.006 0.433 0.359 0.268 0.547 2 452 690.5702 7.892 0.402 0.331 0.242 0.493
2 451 988.5325 7.983 0.432 0.340 0.261 0.523 2 452 691.5556 7.917 0.408 0.344 0.243 0.492
2 452 017.3946 7.922 0.398 0.335 0.248 0.504 2 452 692.5686 7.936 0.411 0.344 0.251 0.506
2 452 017.4016 7.919 0.399 0.329 0.250 0.508 2 452 693.5684 7.944 0.413 0.343 0.250 0.508
2 452 018.5058 7.921 0.402 0.338 0.243 0.502 2 452 701.5593 7.994 0.431 0.352 0.255 0.522
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Table 5. continued.

HJD V B − V U − B V − R V − I HJD V B − V U − B V − R V − I
2 452 019.3085 7.915 0.403 0.345 0.246 0.501 2 452 705.5750 8.009 0.444 0.348 0.266 0.540
2 452 022.3214 7.941 0.414 0.339 0.250 0.509 2 452 706.5443 8.022 0.453 0.347 0.270 0.541
2 452 025.4453 7.961 0.415 0.338 0.257 0.519 2 452 707.5710 8.024 0.456 0.346 0.276 0.545
2 452 029.3838 7.985 0.433 0.350 0.264 0.533 2 452 710.5422 8.017 0.456 0.354 0.277 0.559
2 452 030.2856 7.979 0.435 0.343 0.258 0.531 2 452 725.5131 7.891 0.407 0.320 0.242 0.505
2 452 033.3263 7.970 0.431 0.341 0.262 0.533 2 452 726.4868 7.876 0.404 0.313 0.241 0.500
2 452 033.3603 7.983 0.431 0.340 0.260 0.533 2 452 727.5105 7.866 0.392 0.318 0.239 0.495
2 452 037.3227 7.972 0.418 0.335 0.257 0.531 2 452 728.5041 7.861 0.395 0.311 0.239 0.494
2 452 038.3380 7.969 0.415 0.329 0.259 0.529 2 452 729.4815 7.852 0.386 0.312 0.237 0.495
2 452 040.3509 7.958 0.418 0.332 0.260 0.529 2 452 730.4904 7.837 0.395 0.301 0.236 0.493
2 452 041.3004 7.964 0.421 0.326 0.261 0.529 2 452 731.5323 7.858 0.389 0.299 0.240 0.499
2 452 041.3152 7.964 0.420 0.331 0.259 0.524 2 452 732.4831 7.839 0.393 0.294 0.238 0.495
2 452 042.2969 7.961 0.414 0.332 0.262 0.530 2 452 733.4773 7.840 0.395 0.301 0.231 0.489
2 452 042.3178 7.957 0.426 0.329 0.261 0.523 2 452 734.4769 7.834 0.391 0.299 0.236 0.491
2 452 043.2893 7.952 0.423 0.324 0.256 0.523 2 452 753.4278 7.965 0.421 0.333 0.252 0.521
2 452 045.2852 7.950 0.424 0.335 0.260 0.533 2 452 754.4274 7.967 0.421 0.338 0.251 0.518
2 452 057.2957 7.917 0.404 0.319 0.244 0.506 2 452 755.4106 7.972 0.422 0.339 0.254 0.524
2 452 057.3704 7.923 0.406 0.308 0.253 0.517 2 452 756.4091 7.968 0.424 0.340 0.253 0.520
2 452 060.3245 7.922 0.410 0.330 0.251 0.512 2 452 759.4382 8.000 0.429 0.344 0.257 0.531
2 452 061.2747 7.902 0.415 0.337 0.248 0.509 2 452 762.4125 8.005 0.440 0.336 0.260 0.533
2 452 072.3048 8.003 0.436 0.328 0.276 0.545 2 452 766.4175 8.013 0.436 0.350 0.265 0.537
2 452 073.2156 7.974 0.418 0.343 0.258 0.526 2 452 778.3267 7.999 0.431 0.338 0.268 0.536
2 452 073.2555 7.965 0.419 0.351 0.259 0.526 2 452 779.3598 8.032 0.452 0.359 0.035 0.488
2 452 074.2161 7.954 0.423 0.334 0.255 0.526 2 452 781.4304 7.966 0.414 0.308 0.253 0.521
2 452 075.2183 7.965 0.416 0.342 0.252 0.531 2 452 783.3404 7.957 0.414 0.328 0.257 0.519
2 452 075.2587 7.965 0.404 0.338 0.274 0.540 2 452 789.3391 7.882 0.394 0.323 0.241 0.493
2 452 076.2181 7.958 0.419 0.343 0.251 0.528 2 453 039.6049 7.937 0.413 0.317 0.248 0.507
2 452 076.2558 7.957 0.411 0.339 0.264 0.533 2 453 040.5528 7.961 0.419 0.316 0.252 0.511
2 452 080.2331 7.978 0.433 0.351 0.267 0.535 2 453 041.5818 7.929 0.401 0.329 0.253 0.507
2 452 080.2653 7.981 0.425 0.345 0.273 0.543 2 453 044.5784 7.915 0.401 0.313 0.245 0.502
2 452 081.2366 7.996 0.427 0.346 0.260 0.536 2 453 045.5349 7.921 0.399 0.287 0.238 0.489
2 452 081.2559 7.979 0.428 0.343 0.264 0.536 2 453 055.5898 7.895 0.402 0.323 0.241 0.500
2 452 082.2652 7.975 0.443 0.347 0.256 0.542 2 453 057.5522 7.906 0.404 0.338 0.246 0.499
2 452 087.2278 7.986 0.435 0.355 0.262 0.544 2 453 063.5137 7.922 0.417 0.338 0.239 0.503
2 452 087.2564 7.979 0.434 0.344 0.267 0.538 2 453 065.5130 7.927 0.420 0.335 0.249 0.511
2 452 093.2241 7.971 0.429 0.342 0.265 0.541 2 453 067.5134 7.929 0.422 0.333 0.246 0.511
2 452 112.2266 7.946 0.401 0.335 0.251 0.519 2 453 068.5419 7.937 0.414 0.346 0.255 0.512
2 452 319.5708 7.939 0.403 0.331 0.248 0.503 2 453 079.4706 7.989 0.440 0.341 0.258 0.534
2 452 320.5606 7.950 0.413 0.337 0.242 0.497 2 453 087.4741 7.995 0.431 0.339 0.262 0.528
2 452 321.5606 7.949 0.413 0.338 0.241 0.497 2 453 109.4551 7.860 0.393 0.329 0.230 0.482
2 452 322.5773 7.955 0.414 0.333 0.255 0.512 2 453 113.3709 7.886 0.392 0.330 0.237 0.489
2 452 324.5259 7.962 0.410 0.346 0.260 0.520 2 453 118.3713 7.904 0.394 0.319 0.246 0.492
2 452 324.6051 7.956 0.414 0.340 0.247 0.509 2 453 119.3629 7.906 0.400 0.328 0.242 0.494
2 452 327.5389 7.956 0.420 0.335 0.261 0.518 2 453 121.4304 7.905 0.395 0.331 0.251 0.504
2 452 336.5080 7.931 0.415 0.347 0.244 0.506 2 453 123.3593 7.948 0.408 0.333 0.241 0.501
2 452 346.5020 7.965 0.420 0.343 0.267 0.523 2 453 124.3617 7.958 0.407 0.329 0.248 0.505
2 452 347.5431 7.954 0.425 0.340 0.259 0.520 2 453 129.3564 8.005 0.427 0.342 0.264 0.530
2 452 348.5020 7.955 0.425 0.355 0.255 0.518 2 453 137.3513 8.022 0.455 0.359 0.281 0.552
2 452 349.5037 7.964 0.426 0.353 0.258 0.516 2 453 139.3497 8.048 0.458 0.367 0.277 0.550
2 452 350.5134 7.961 0.426 0.346 0.258 0.518 2 453 140.3455 8.037 0.462 0.351 0.271 0.549
2 452 352.4633 7.964 0.427 0.353 0.256 0.521 2 453 142.3413 8.036 0.465 0.350 0.275 0.547
2 452 356.4939 7.945 0.419 0.348 0.264 0.518 2 453 144.2756 8.021 0.461 0.347 0.276 0.556
2 452 357.5297 7.946 0.419 0.349 0.250 0.513 2 453 146.3328 8.008 0.453 0.343 0.270 0.551
2 452 376.3944 7.989 0.418 0.347 0.285 0.550 2 453 147.3217 8.005 0.455 0.335 0.269 0.544
2 452 377.3793 7.954 0.431 0.356 0.264 0.529 2 453 152.2814 7.979 0.443 0.331 0.256 0.532
2 452 381.4302 7.952 0.418 0.339 0.254 0.519 2 453 156.2780 7.924 0.416 0.306 0.248 0.511
2 452 383.3994 7.947 0.417 0.340 0.261 0.523 2 453 158.3357 7.922 0.405 0.305 0.243 0.504
2 452 384.3629 7.940 0.407 0.347 0.250 0.517 2 453 173.2689 7.865 0.385 0.315 0.231 0.480
2 452 403.4261 7.979 0.420 0.349 0.254 0.520 2 453 174.2657 7.870 0.386 0.318 0.232 0.480
2 452 404.3022 8.002 0.426 0.347 0.259 0.534 2 453 178.2723 7.902 0.403 0.319 0.247 0.506
2 452 405.3038 7.985 0.432 0.356 0.257 0.519 2 453 180.2890 7.920 0.410 0.325 0.249 0.505
2 452 408.3870 7.993 0.434 0.338 0.264 0.542 2 453 181.2758 7.924 0.416 0.328 0.249 0.506
2 452 410.3089 7.995 0.445 0.362 0.262 0.538 2 453 184.2745 7.953 0.426 0.316 0.250 0.516
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Table 5. continued.

HJD V B − V U − B V − R V − I HJD V B − V U − B V − R V − I
2 452 412.2881 7.999 0.446 0.355 0.265 0.540 2 453 185.2637 7.980 0.412 0.334 0.265 0.530
2 452 413.3215 8.013 0.450 0.366 0.243 0.516 2 453 193.2971 8.008 0.431 0.338 0.259 0.530
2 452 414.2939 7.987 0.435 0.346 0.261 0.538 2 453 194.2470 8.009 0.445 0.326 0.260 0.530
2 452 426.2840 7.961 0.425 0.343 0.266 0.536 2 453 195.2581 8.017 0.441 0.322 0.264 0.536

IRAS 15469-5311
2 448 803.3438 10.518 1.428 1.064 0.890 1.823 2 449 213.2441 10.572 1.434 1.058 0.897 1.824
2 448 829.3045 10.589 1.446 1.048 0.895 1.832 2 449 434.5918 10.567 1.447 1.072 0.902 1.840
2 448 834.3133 10.580 1.442 1.065 0.888 1.835 2 449 438.6216 10.596 1.436 0.938 0.892 1.816
2 448 844.2302 10.573 1.444 1.09 0.898 1.838 2 449 442.6260 10.622 1.468 0.973 0.904 1.853
2 449 091.5265 10.540 1.432 1.037 0.888 1.815 2 449 485.4741 10.532 1.438 1.050 0.891 1.820
2 449 093.5068 10.569 1.441 1.046 0.898 1.830 2 449 489.4590 10.493 1.428 1.064 0.884 1.817
2 449 098.5501 10.578 1.450 1.043 0.895 1.826 2 449 490.4805 10.520 1.448 1.076 0.897 1.829
2 449 102.6072 10.616 1.457 1.070 0.905 1.832 2 449 495.4346 10.503 1.426 1.036 0.895 1.821
2 449 104.5423 10.593 1.449 1.040 0.899 1.828 2 449 498.5151 10.507 1.445 1.066 0.890 1.824
2 449 107.5335 10.607 1.456 1.050 0.901 1.836 2 449 503.4702 10.525 1.432 1.080 0.892 1.824
2 449 112.4527 10.581 1.459 1.009 0.896 1.829 2 449 510.4556 10.550 1.428 1.042 0.887 1.807
2 449 115.4539 10.585 1.437 1.074 0.914 1.831 2 449 513.4326 10.565 1.433 1.050 0.892 1.822
2 449 120.4480 10.555 1.437 1.045 0.897 1.827 2 449 515.3564 10.562 1.437 1.062 0.893 1.825
2 449 124.5799 10.529 1.436 1.031 0.890 1.817 2 449 518.4131 10.556 1.441 1.058 0.896 1.820
2 449 126.4214 10.527 1.438 1.036 0.890 1.817 2 449 534.4077 10.573 1.440 1.101 0.895 1.819
2 449 128.4615 10.537 1.425 1.045 0.894 1.819 2 449 537.3081 10.553 1.434 1.056 0.890 1.810
2 449 125.5241 10.538 1.431 1.025 0.891 1.819 2 449 539.3550 10.545 1.430 1.056 0.890 1.814
2 449 138.3878 10.582 1.446 1.04 0.895 1.818 2 449 544.3740 10.532 1.433 1.060 0.892 1.808
2 449 142.3606 10.573 1.456 1.061 0.886 1.821 2 449 562.2744 10.530 1.424 1.053 0.885 1.814
2 449 146.4118 10.571 1.449 1.079 0.899 1.833 2 449 566.2617 10.543 1.438 1.062 0.887 1.816
2 449 147.3900 10.563 1.445 1.085 0.895 1.830 2 449 574.2617 10.605 1.435 1.034 0.885 1.792
2 449 156.4061 10.525 1.420 1.030 0.887 1.804 2 449 582.2446 10.571 1.457 1.085 0.900 1.842
2 449 168.3833 10.543 1.442 1.075 0.881 1.801 2 451 626.5864 10.516 1.434 0.981 0.889 1.826
2 449 172.3808 10.567 1.436 1.056 0.891 1.810 2 451 712.3599 10.527 1.479 1.131 0.894 1.808
2 449 209.3057 10.522 1.430 1.028 0.888 1.807

IRAS 19125+0343
2 449 485.5996 10.136 1.003 0.644 0.675 1.458 2 449 561.3525 10.112 0.993 0.624 0.672 1.450
2 449 489.5518 10.137 1.013 0.655 0.674 1.466 2 449 563.4150 10.100 0.997 0.627 0.662 1.439
2 449 492.5127 10.110 1.010 0.649 0.666 1.459 2 449 575.4209 10.155 1.011 0.673 0.674 1.462
2 449 495.5205 10.136 1.008 0.617 0.672 1.467 2 449 587.3325 10.186 1.032 0.696 0.683 1.483
2 449 497.5693 10.139 0.995 0.627 0.673 1.472 2 449 590.3867 10.143 1.011 0.684 0.683 1.472
2 449 502.5557 10.201 1.005 0.663 0.667 1.438 2 449 595.2964 10.116 0.996 0.685 0.660 1.454
2 449 510.5547 10.215 1.022 0.684 0.683 1.484 2 449 598.3110 10.122 0.982 0.612 0.663 1.441
2 449 513.4912 10.196 1.016 0.667 0.690 1.491 2 449 603.2734 10.147 1.023 0.624 0.675 1.466
2 449 515.4893 10.196 1.016 0.668 0.687 1.485 2 449 607.2588 10.165 1.003 0.657 0.679 1.482
2 449 518.5161 10.200 1.028 0.672 0.686 1.493 2 449 621.2637 10.187 1.029 0.660 0.688 1.499
2 449 534.4951 10.148 1.004 0.655 0.671 1.461 2 449 624.2871 10.185 1.018 0.679 0.684 1.489
2 449 538.5215 10.177 1.014 0.648 0.674 1.465 2 449 629.2793 10.149 1.021 0.655 0.687 1.490
2 449 539.4331 10.174 1.015 0.651 0.677 1.472 2 451 626.6389 10.125 1.007 0.595 0.675 1.457
2 449 544.4565 10.196 1.018 0.672 0.680 1.468 2 451 816.2607 10.197 1.018 0.660 0.684 1.492
2 449 547.4580 10.197 1.014 0.665 0.688 1.482 2 451 819.3136 10.191 1.023 0.646 0.685 1.482

IRAS 19157-0247
2 448 404.634 10.740 0.856 0.590 0.530 1.115 2 449 147.5633 10.674 0.802 0.535 0.516 1.061
2 448 406.616 10.740 0.854 0.594 0.535 1.111 2 449 170.4974 10.740 0.800 0.524 0.499 1.042
2 448 408.640 10.719 0.843 0.580 0.515 1.087 2 449 183.5664 10.689 0.801 0.487 0.509 1.062
2 448 409.557 10.703 0.823 0.547 0.519 1.080 2 449 188.5495 10.694 0.815 0.522 0.518 1.077
2 448 412.583 10.672 0.800 0.514 0.501 1.045 2 449 207.4435 10.624 0.774 0.464 0.498 1.036
2 448 417.533 10.668 0.806 0.540 0.512 1.073 2 449 213.3872 10.733 0.817 0.529 0.512 1.066
2 448 419.530 10.672 0.814 0.551 0.512 1.070 2 449 228.2715 10.699 0.840 0.542 0.517 1.098
2 448 427.484 10.720 0.817 0.586 0.509 1.073 2 449 232.3948 10.736 0.855 0.588 0.538 1.110
2 448 434.514 10.696 0.818 0.535 0.507 1.082 2 449 244.3211 10.700 0.806 0.527 0.510 1.062
2 448 435.486 10.703 0.818 0.512 0.517 1.087 2 449 245.3233 10.680 0.806 0.534 0.510 1.059
2 448 436.507 10.727 0.823 0.527 0.516 1.083 2 451 626.6478 10.662 0.876 0.571 0.508 1.065
2 448 437.490 10.720 0.810 0.535 0.518 1.082 2 451 692.6036 10.659 0.798 0.544 0.522 1.067
2 448 454.465 10.688 0.825 0.559 0.521 1.088 2 451 746.4517 10.713 0.804 0.516 0.508 1.056
2 448 456.432 10.674 0.806 0.516 0.514 1.081 2 451 747.4226 10.710 0.800 0.500 0.502 1.052
2 448 457.433 10.669 0.816 0.516 0.514 1.067 2 451 751.4427 10.697 0.811 0.504 0.511 1.062
2 448 462.416 10.650 0.799 0.496 0.509 1.065 2 451 752.5005 10.724 0.828 0.532 0.523 1.077
2 448 480.470 10.726 0.801 0.511 0.509 1.083 2 451 761.4192 10.753 0.852 0.555 0.540 1.121
2 448 483.370 10.698 0.807 0.511 0.503 1.062 2 451 762.3703 10.736 0.844 0.555 0.525 1.097
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Table 5. continued.

HJD V B − V U − B V − R V − I HJD V B − V U − B V − R V − I
2 448 500.383 10.696 0.819 0.538 0.518 1.089 2 451 772.3775 10.729 0.840 0.529 0.511 1.077
2 448 511.324 10.719 0.813 0.518 0.522 1.087 2 451 773.3774 10.736 0.835 0.524 0.511 1.077

2 448 799.5644 10.692 0.810 0.540 0.516 1.088 2 451 782.3920 10.664 0.820 0.534 0.511 1.072
2 448 828.4964 10.630 0.806 0.534 0.507 1.072 2 451 784.3776 10.650 0.803 0.503 0.508 1.057
2 448 843.3588 10.672 0.808 0.541 0.516 1.084 2 451 786.3757 10.682 0.801 0.498 0.505 1.049
2 449 138.5385 10.708 0.815 0.563 0.524 1.085 2 451 816.2680 10.739 0.824 0.565 0.525 1.091
2 449 146.5408 10.644 0.793 0.510 0.511 1.067 2 451 819.3207 10.725 0.846 0.547 0.524 1.092
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Table 6. Individual photometric datapoints of the programme stars obtained with the Geneva P7 photometer, both on the Swiss telescope at La
Silla and on the Flemish 1.2 m Mercator telescope.

HJD(24+) V [U − B] [V − B] [B1 − B] [B2 − B] [V1 − B] [G − B] Weight(mag) Weight(colour)
IRAS 12222-4652

47 258.707 7.930 1.961 0.451 0.993 1.377 1.177 1.509 2 2
47 261.651 7.943 1.952 0.454 0.996 1.380 1.186 1.516 3 3
47 264.569 7.934 1.959 0.460 0.989 1.386 1.192 1.547 2 3
47 266.642 7.882 1.959 0.473 0.986 1.385 1.206 1.547 1 0
47 269.556 7.931 1.946 0.453 0.988 1.389 1.183 1.525 3 3
47 273.552 7.920 1.954 0.462 0.989 1.392 1.195 1.535 3 3
47 276.551 7.922 1.946 0.457 0.995 1.389 1.190 1.529 3 3
47 282.624 7.930 1.941 0.446 0.988 1.390 1.183 1.522 3 3
47 284.625 7.924 1.960 0.457 0.998 1.388 1.183 1.528 3 3
47 289.644 7.919 1.946 0.474 0.984 1.392 1.207 1.546 2 3
47 296.656 7.958 1.951 0.477 0.990 1.386 1.211 1.549 0 2
47 304.565 7.905 1.958 0.472 0.992 1.393 1.207 1.547 3 3
47 308.600 7.916 1.977 0.462 0.995 1.389 1.200 1.533 3 3
47 315.589 7.944 1.952 0.454 0.993 1.395 1.183 1.525 3 3
47 493.816 7.894 1.939 0.477 0.989 1.396 1.211 1.552 3 3
47 495.814 7.896 1.934 0.472 0.979 1.393 1.197 1.548 3 3
47 505.839 7.906 1.946 0.468 0.985 1.383 1.204 1.549 3 4
47 519.850 7.932 1.963 0.440 0.990 1.383 1.173 1.512 3 3
47 521.832 7.945 1.954 0.432 0.995 1.368 1.174 1.501 3 3
47 537.845 7.935 1.973 0.456 0.996 1.388 1.187 1.532 4 4
47 540.844 7.945 1.962 0.447 0.999 1.380 1.177 1.521 4 4
47 542.844 7.938 1.983 0.447 0.997 1.382 1.183 1.524 3 3
47 544.821 7.934 1.981 0.441 1.000 1.375 1.180 1.512 3 3
47 546.849 7.928 1.982 0.457 1.003 1.387 1.183 1.529 3 3
47 549.823 7.945 1.967 0.447 0.998 1.387 1.184 1.521 3 3
47 551.838 7.915 1.974 0.463 0.995 1.384 1.197 1.532 3 3
47 596.748 7.944 1.964 0.439 1.001 1.376 1.170 1.502 3 3
47 598.772 7.941 1.966 0.439 1.003 1.369 1.175 1.511 3 3
47 600.764 7.937 1.947 0.450 0.998 1.382 1.183 1.516 3 3
47 601.733 7.928 1.956 0.463 0.996 1.390 1.197 1.526 2 3
47 602.692 7.916 1.959 0.457 0.990 1.388 1.183 1.534 3 3
47 605.675 7.928 1.976 0.458 0.991 1.393 1.189 1.526 3 4
47 606.673 7.936 1.961 0.455 0.987 1.382 1.185 1.527 3 3
47 607.669 7.932 1.953 0.457 0.985 1.383 1.187 1.530 2 2
47 608.714 7.925 1.952 0.460 0.986 1.385 1.189 1.522 3 3
47 609.733 7.913 1.962 0.461 0.995 1.387 1.192 1.540 2 3
47 610.678 7.914 1.946 0.468 0.985 1.388 1.198 1.537 2 3
47 611.683 7.914 1.945 0.458 0.989 1.389 1.189 1.528 2 3
47 612.650 7.922 1.960 0.464 0.997 1.390 1.194 1.529 2 2
47 613.630 7.908 1.946 0.463 0.985 1.393 1.202 1.544 2 3
47 614.616 7.940 1.960 0.444 0.994 1.387 1.181 1.522 2 2
47 636.622 7.917 1.926 0.469 0.988 1.391 1.201 1.539 3 3
47 637.557 7.904 1.931 0.472 0.989 1.396 1.200 1.546 3 3
47 638.572 7.898 1.935 0.462 0.991 1.391 1.198 1.545 3 3
47 639.559 7.903 1.935 0.467 0.988 1.383 1.195 1.539 3 3
47 640.572 7.889 1.935 0.467 0.984 1.392 1.208 1.549 3 3
47 643.654 7.900 1.950 0.472 0.979 1.390 1.207 1.549 3 3
47 648.573 7.894 1.955 0.474 0.986 1.394 1.204 1.553 2 3
47 655.605 7.930 1.962 0.459 0.986 1.394 1.190 1.535 3 3
47 656.599 7.934 1.961 0.455 0.988 1.383 1.190 1.529 3 3
47 881.838 7.984 1.974 0.425 1.003 1.366 1.158 1.490 2 3
47 883.832 7.973 1.941 0.429 1.011 1.373 1.163 1.493 3 3
47 885.829 7.978 1.943 0.429 1.005 1.380 1.163 1.494 3 3
47 887.830 7.979 1.962 0.418 1.008 1.372 1.154 1.487 2 2
47 892.827 7.957 1.950 0.425 0.992 1.374 1.159 1.493 3 3
47 893.821 7.945 1.967 0.436 1.000 1.377 1.173 1.504 3 3
47 896.787 7.944 1.978 0.440 1.006 1.379 1.175 1.510 3 3
47 898.826 7.932 1.969 0.456 0.995 1.378 1.185 1.522 3 3
47 901.846 7.935 1.954 0.465 0.993 1.392 1.198 1.541 3 3
47 902.836 7.930 1.969 0.465 0.991 1.381 1.200 1.535 3 3
47 903.848 7.933 1.976 0.468 0.989 1.395 1.201 1.541 3 3
48 701.675 8.012 1.943 0.417 1.011 1.369 1.153 1.484 2 2
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Table 6. continued.

HJD(24+) V [U − B] [V − B] [B1 − B] [B2 − B] [V1 − B] [G − B] Weight(mag) Weight(colour)
48 704.747 8.009 1.952 0.421 1.011 1.379 1.154 1.491 3 3
48 706.648 8.010 1.950 0.423 1.012 1.367 1.159 1.490 2 2
48 735.615 7.893 1.980 0.474 0.979 1.392 1.208 1.548 2 3
48 753.660 8.017 1.956 0.430 1.006 1.370 1.157 1.500 2 2
48 794.490 7.944 1.970 0.455 0.992 1.393 1.192 1.520 3 3
49 043.782 7.965 1.922 0.457 0.990 1.380 1.192 1.530 3 3
49 050.771 7.923 1.944 0.473 0.984 1.397 1.200 1.542 3 3
49 057.794 7.879 1.951 0.477 0.981 1.392 1.212 1.549 3 3
49 063.785 7.874 1.951 0.479 0.981 1.396 1.214 1.553 3 3
49 085.668 7.967 1.946 0.448 0.986 1.382 1.185 1.523 2 3
49 095.594 7.938 1.943 0.452 0.992 1.391 1.176 1.518 2 2
49 100.617 7.931 1.944 0.463 0.993 1.387 1.188 1.523 2 2
49 102.615 7.929 1.939 0.466 0.986 1.389 1.201 1.536 3 3
49 104.622 7.907 1.947 0.474 0.986 1.391 1.206 1.550 3 3
49 105.646 7.907 1.943 0.480 0.977 1.382 1.213 1.554 2 3
49 386.836 7.865 1.959 0.487 0.978 1.394 1.214 1.559 2 3
49 407.783 7.967 1.960 0.452 0.996 1.387 1.182 1.520 3 3
49 414.851 7.993 1.937 0.422 1.001 1.367 1.160 1.487 3 3
49 426.796 7.966 1.921 0.421 0.997 1.373 1.159 1.487 3 3
49 451.758 7.913 1.951 0.480 0.978 1.395 1.209 1.558 3 3
49 454.771 7.935 1.935 0.469 0.988 1.388 1.202 1.536 3 3
49 456.751 7.942 1.941 0.458 0.990 1.381 1.188 1.529 3 3
49 459.723 7.965 1.955 0.434 0.992 1.372 1.166 1.505 3 3
49 460.733 7.970 1.939 0.433 1.000 1.384 1.168 1.498 2 2
49 468.725 7.976 1.941 0.437 1.003 1.381 1.170 1.500 3 3
49 513.584 7.931 1.940 0.446 0.995 1.383 1.175 1.513 3 3
49 521.566 7.929 1.936 0.454 0.990 1.387 1.186 1.519 3 3
49 524.543 7.937 1.940 0.452 0.994 1.392 1.194 1.522 4 3
49 794.742 7.937 1.968 0.469 1.001 1.387 1.199 1.536 2 3
49 796.724 7.935 1.969 0.445 0.996 1.385 1.183 1.518 2 2
49 798.764 7.950 1.948 0.447 0.991 1.386 1.179 1.518 3 3
49 800.749 7.965 1.961 0.449 0.997 1.382 1.179 1.515 3 3
49 802.707 7.968 1.960 0.448 0.997 1.385 1.179 1.518 3 2
49 806.613 7.958 1.946 0.441 0.995 1.379 1.181 1.515 3 2
49 808.725 7.962 1.949 0.433 0.996 1.376 1.173 1.500 2 1
49 831.651 7.898 1.948 0.485 0.976 1.395 1.216 1.560 2 3
49 833.676 7.899 1.954 0.487 0.980 1.395 1.220 1.559 3 3
49 836.630 7.904 1.964 0.487 0.974 1.394 1.217 1.554 3 2
49 839.679 7.911 1.965 0.484 0.982 1.390 1.214 1.558 3 3
49 841.517 7.928 1.965 0.485 0.981 1.397 1.210 1.554 3 3
49 846.663 7.939 1.952 0.476 0.996 1.401 1.207 1.543 3 3
49 851.661 7.970 1.939 0.449 0.995 1.386 1.189 1.525 3 3
49 853.656 7.966 1.954 0.451 0.994 1.384 1.183 1.520 3 2
50 109.846 8.002 1.939 0.415 1.013 1.362 1.154 1.474 3 3
50 112.858 8.019 1.933 0.413 1.017 1.381 1.144 1.470 3 3
50 115.801 8.020 1.935 0.414 1.007 1.369 1.143 1.476 3 3
50 116.850 8.018 1.933 0.420 1.009 1.371 1.147 1.483 3 3
50 119.853 7.995 1.923 0.429 1.003 1.380 1.163 1.494 3 2
50 121.851 8.000 1.927 0.425 0.998 1.369 1.157 1.482 3 3
50 123.859 7.972 1.932 0.434 0.999 1.377 1.166 1.500 2 2
50 124.864 7.962 1.945 0.445 0.994 1.381 1.186 1.520 3 3
50 125.849 7.954 1.938 0.449 0.992 1.386 1.188 1.523 3 3

EN TrA
47 608.812 8.885 2.154 −0.086 1.151 1.242 0.680 0.897 3 3
47 608.817 8.891 2.112 −0.078 1.158 1.242 0.681 0.905 3 3
47 609.759 8.903 2.078 −0.066 1.151 1.250 0.695 0.912 2 3
47 610.756 8.908 2.056 −0.048 1.142 1.255 0.715 0.936 2 3
47 611.793 8.923 2.061 −0.035 1.123 1.255 0.720 0.942 2 3
47 612.785 8.905 2.021 −0.013 1.123 1.264 0.747 0.974 2 2
47 614.822 8.859 2.020 0.032 1.116 1.286 0.789 1.021 2 2
47 636.730 8.477 2.029 0.028 1.116 1.279 0.780 1.021 3 3
47 637.730 8.489 2.032 0.020 1.098 1.278 0.776 1.014 3 3
47 638.678 8.510 2.039 0.026 1.110 1.279 0.784 1.015 3 3
47 639.670 8.530 2.031 0.027 1.115 1.286 0.784 1.022 3 3
47 640.677 8.558 2.042 0.028 1.106 1.281 0.785 1.025 3 3
47 643.718 8.606 2.002 0.063 1.084 1.301 0.817 1.065 3 3
47 648.707 8.651 1.979 0.145 1.060 1.328 0.898 1.157 2 3
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Table 6. continued.

HJD(24+) V [U − B] [V − B] [B1 − B] [B2 − B] [V1 − B] [G − B] Weight(mag) Weight(colour)
47 655.679 8.509 1.972 0.217 1.045 1.345 0.967 1.239 3 3
47 656.686 8.503 1.970 0.199 1.038 1.342 0.947 1.221 3 3
48 099.521 8.614 1.993 0.201 1.039 1.335 0.942 1.207 2 2
48 101.491 8.567 1.986 0.249 1.010 1.347 0.989 1.266 3 3
48 103.496 8.554 2.002 0.257 1.019 1.368 0.996 1.282 2 2
48 105.510 8.582 2.002 0.226 1.036 1.349 0.965 1.251 2 2
48 113.524 8.727 2.031 −0.004 1.123 1.268 0.753 0.985 3 3
48 117.533 8.763 2.119 −0.091 1.159 1.232 0.669 0.881 3 3
48 133.582 9.088 2.112 −0.093 1.169 1.258 0.671 0.875 3 3
48 339.736 8.698 2.082 −0.050 1.143 1.258 0.718 0.934 2 2
48 342.766 8.727 2.106 −0.065 1.157 1.248 0.699 0.922 3 3
48 349.795 8.804 2.092 −0.042 1.141 1.247 0.717 0.943 2 2
48 371.721 8.562 2.043 0.111 1.082 1.304 0.863 1.109 3 3
48 374.709 8.605 2.071 0.033 1.109 1.283 0.792 1.030 2 2
48 377.715 8.645 2.102 −0.008 1.126 1.270 0.753 0.990 3 3
48 384.677 8.812 2.102 −0.079 1.158 1.246 0.684 0.904 3 3
48 389.716 8.932 2.064 −0.082 1.149 1.253 0.679 0.896 3 3
48 735.757 8.536 2.007 0.174 1.052 1.329 0.922 1.195 2 3
48 736.731 8.536 2.021 0.155 1.057 1.331 0.912 1.171 2 3
48 793.619 8.729 2.071 −0.030 1.131 1.254 0.724 0.960 2 3
49 049.872 8.673 2.042 −0.019 1.126 1.257 0.736 0.975 3 3
49 054.849 8.816 1.974 0.022 1.103 1.282 0.780 1.016 3 3
49 057.852 8.811 1.962 0.057 1.084 1.310 0.819 1.066 3 3
49 060.845 8.711 1.937 0.111 1.057 1.317 0.863 1.117 3 3
49 063.832 8.594 1.942 0.150 1.059 1.326 0.899 1.163 3 3
49 085.770 8.627 2.045 0.016 1.132 1.290 0.772 1.010 2 3
49 411.874 8.559 2.047 −0.016 1.130 1.264 0.748 0.970 3 3
49 412.877 8.589 2.045 −0.008 1.124 1.269 0.753 0.988 3 2
49 415.878 8.647 2.033 0.000 1.117 1.275 0.755 0.997 3 3
49 422.856 8.707 1.968 0.133 1.063 1.326 0.885 1.138 2 2
49 426.858 8.563 1.963 0.225 1.028 1.347 0.966 1.254 3 3
49 451.801 8.815 2.151 −0.150 1.181 1.215 0.619 0.817 3 3
49 456.805 8.972 2.132 −0.112 1.173 1.237 0.660 0.858 3 3
49 468.714 8.526 1.988 0.181 1.052 1.331 0.942 1.198 3 3
49 513.624 8.528 2.078 −0.002 1.122 1.263 0.757 0.992 3 3
49 521.676 8.646 2.113 −0.111 1.173 1.235 0.655 0.872 3 3
49 797.816 8.589 1.996 0.221 1.032 1.352 0.977 1.248 3 3
49 800.806 8.617 2.022 0.171 1.044 1.332 0.928 1.179 3 3
49 803.814 8.654 2.052 0.080 1.086 1.306 0.837 1.087 2 2
49 807.796 8.649 2.050 0.008 1.117 1.276 0.772 0.999 3 3
49 831.731 8.647 1.995 0.200 1.042 1.341 0.959 1.219 2 3
49 837.720 8.665 1.986 0.102 1.073 1.308 0.870 1.115 3 2
49 839.734 8.682 2.008 0.058 1.092 1.298 0.817 1.049 3 3
49 841.720 8.695 2.022 0.013 1.108 1.281 0.770 1.001 3 3
49 846.695 8.715 2.110 −0.077 1.162 1.250 0.688 0.902 3 3
49 851.684 8.799 2.052 −0.117 1.170 1.240 0.648 0.859 3 3
49 853.672 8.830 2.057 −0.119 1.165 1.237 0.644 0.865 3 2

IRAS 19125+0343
52 415.66975 10.230 2.381 −0.163 1.033 1.323 0.610 0.791 3 3

524 317.69291 10.238 2.387 −0.153 1.039 1.338 0.622 0.799 3 3
524 219.69850 10.233 2.399 −0.167 1.026 1.315 0.609 0.784 2 2
524 321.66363 10.268 2.372 −0.164 1.036 1.323 0.615 0.773 2 3
524 322.68742 10.269 2.360 −0.173 1.029 1.303 0.600 0.775 3 3
524 327.67544 10.283 2.396 −0.178 1.042 1.317 0.602 0.761 2 3
524 328.67778 10.289 2.409 −0.177 1.050 1.318 0.598 0.771 3 3
524 329.68165 10.286 2.418 −0.176 1.041 1.320 0.601 0.766 2 3
524 251.60071 10.234 2.426 −0.159 1.034 1.333 0.613 0.799 3 2
524 352.60556 10.234 2.421 −0.163 1.021 1.332 0.624 0.794 2 3
524 253.62684 10.242 2.442 −0.161 1.038 1.324 0.614 0.798 2 2
524 354.62246 10.255 2.460 −0.156 1.043 1.339 0.612 0.794 3 3
524 355.62875 10.247 2.419 −0.161 1.040 1.317 0.608 0.779 2 3
524 256.61663 10.258 2.427 −0.167 1.056 1.334 0.606 0.787 3 2
524 358.61192 10.273 2.413 −0.164 1.044 1.324 0.598 0.784 2 3
524 376.52627 10.214 2.427 −0.181 1.030 1.312 0.608 0.786 3 3
524 288.51420 10.216 2.413 −0.160 1.030 1.335 0.606 0.799 2 2
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Table 6. continued.

HJD(24+) V [U − B] [V − B] [B1 − B] [B2 − B] [V1 − B] [G − B] Weight(mag) Weight(colour)
524 391.52369 10.223 2.407 −0.156 1.047 1.334 0.617 0.796 2 3
524 392.47117 10.232 2.385 −0.159 1.045 1.333 0.625 0.797 3 3
524 293.49170 10.234 2.400 −0.160 1.031 1.342 0.623 0.796 3 2
524 399.46539 10.259 2.388 −0.167 1.037 1.333 0.607 0.785 2 3
525 301.45406 10.260 2.405 −0.170 1.030 1.307 0.610 0.781 2 3
525 305.47919 10.275 2.456 −0.168 1.040 1.327 0.606 0.777 3 3
525 306.47941 10.268 2.516 −0.178 1.039 1.325 0.590 0.771 3 3
525 330.42345 10.214 2.402 −0.161 1.030 1.337 0.621 0.786 2 3
525 261.38422 10.218 2.385 −0.162 1.045 1.343 0.617 0.794 2 2
528 319.61978 10.219 2.359 −0.137 1.024 1.331 0.628 0.808 3 3
528 322.61384 10.220 2.360 −0.134 1.019 1.338 0.631 0.829 3 3
528 325.61868 10.230 2.361 −0.136 1.022 1.339 0.632 0.816 2 3
528 352.54597 10.243 2.464 −0.160 1.052 1.332 0.615 0.788 3 3
528 353.50173 10.261 2.452 −0.156 1.042 1.332 0.614 0.788 3 3
528 354.48603 10.249 2.448 −0.167 1.054 1.330 0.620 0.787 2 3
528 456.50272 10.240 2.453 −0.162 1.046 1.325 0.606 0.790 3 4
535 390.49430 10.244 2.412 −0.142 1.033 1.335 0.630 0.807 2 3
535 393.51927 10.233 2.423 −0.154 1.038 1.350 0.621 0.805 2 3
535 394.52526 10.247 2.395 −0.149 1.038 1.334 0.623 0.808 4 3
535 395.52349 10.242 2.380 −0.153 1.035 1.328 0.627 0.798 4 3
536 206.48002 10.265 2.393 −0.169 1.023 1.328 0.601 0.782 2 2

IRAS 19157-0247
52446.63893 10.725 2.290 −0.015 1.006 1.332 0.751 0.964 1 3
52501.50119 10.742 2.339 −0.051 1.033 1.351 0.712 0.911 2 3
52502.46879 10.749 2.351 −0.060 1.026 1.356 0.713 0.903 2 3
52505.44584 10.775 2.332 −0.056 1.026 1.346 0.716 0.921 3 3
52507.43737 10.753 2.290 −0.041 1.012 1.358 0.722 0.941 2 1
52561.39041 10.688 2.278 −0.002 1.004 1.368 0.778 0.969 3 3
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