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ABSTRACT

Context. Based on their stellar parameters and the presence of a mid-IR excess due to circumstellar dust, RV Tauri stars have been
classified as post-AGB stars. Our recent studies, however, reveal diverse spectral energy distributions (SEDs) among RV Tauri stars,
suggesting they may occupy other evolutionary channels as well.
Aims. The aim of this paper is to present the diverse SED characteristics of RV Tauri stars and investigate their evolutionary nature as
a function of their SEDs.
Methods. We carried out a systematic study of RV Tauri stars in the SMC and LMC because of their known distances and hence
luminosities. Their SEDs were classified into three groups: dusty (disc-type), non-dusty (non-IR), and uncertain. A period-luminosity-
colour (PLC) relation was calibrated. The luminosities from the PLC were complemented with those found using their SEDs and the
stars were placed on a Hertzsprung-Russell diagram (HRD). I-band time series were used to search for period changes via (O−C)
analyses to identify period changes.
Results. The four main results from this study are: (1) RV Tauri stars with a clear IR excess have disc-type SEDs, which indicates that
the dust is trapped in a stable disc. Given the strong link between disc-type SEDs and binarity in the Galaxy, we postulate that these
are binaries as well. These cover a range of luminosities and we argue that the more luminous binaries are post-AGB stars while the
lower luminosity binaries are likely post-red giant branch (post-RGB) stars. (2) Two of these objects have variable mean brightness
with periods of 916 and 850 days, respectively, caused by variable extinction during orbital motion. (3) Non-dusty RV Tauri stars and
objects with an uncertain SED evolve such that the circumstellar dust has dispersed. If they are single stars, they are post-AGB objects
of low initial mass (<1.25 M�), while if they are binaries, the low-luminosity portion of the sample are likely post-RGB stars. (4) We
find that RV Tauri stars with dust are on average more luminous than the rest of the sample.

Key words. stars: AGB and post-AGB – binaries: general – stars: chemically peculiar – stars: Population II – stars: evolution –
techniques: photometric

1. Introduction

RV Tauri stars are the most luminous stars among the type II
Cepheids and are mostly of F to K spectral types. A defining
characteristic of RV Tauri stars is their light curves, which al-
ternate between deep and shallow minima. In most cases, the
light curves can be decomposed into two periodic signals: one
with a formal period (the time between two adjacent deep min-
ima) and the other with a fundamental period (the time between
consecutive deep and shallow minima). The fundamental period
typically ranges between 20 days and 75 days and the formal
period has a range that is twice that of the fundamental period
(Preston et al. 1963; Wallerstein 2002).

In addition to the pulsational variability, a number of RV
Tauri stars display a long-term periodic variability in the mean
flux of the order of 600–2600 days. Stars exhibiting this long-
term variability have been classified photometrically as RVb
types (Pollard et al. 1996), while those with a constant mean
flux in their time series are classified as RVa photometric types
(Evans 1985; Pollard et al. 1996).

The mechanism giving rise to RV Tauri-like pulsations is
not well understood (Takeuti & Petersen 1983; Percy 2007).

However, there are two leading hypotheses explaining their
nature. The first explanation is that the stars are experiencing
double-mode pulsators in which the periods are in ratio 2:1
(Takeuti & Petersen 1983; Fokin 1994) and (2) the stars are un-
dergoing low-dimensional chaos (Buchler & Kovacs 1987).

RV Tauri stars have been linked to post-AGB stars. Their
high luminosities and the presence of circumstellar dust around
many of these stars were the main arguments to classify
the whole sample of RV Tauri stars as post-AGB stars (e.g.
Lloyd Evans 1985; Jura 1986). Later, with the advent of a
period-luminosity (PL) relation for the type II Cepheids in the
LMC, calibrated by Alcock et al. (1998), and the resulting high
luminosities from their work, the post-AGB nature of RV Tauri
stars was corroborated. The observational picture is, however,
more complicated.

Colour-colour plots based on surveys such as the Infra-
Red Astronomical Satellite (IRAS), Wide-field Infrared Survey
Explorer (WISE), Spitzer (IRAC and MIPS) have led to a sys-
tematic characterisation of the IR excesses (e.g. Lloyd Evans
1985; Gezer et al. 2015b; Kamath et al. 2014, 2015). Detailed
spectral energy distribution (SED) studies of optically bright
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post-AGB candidates have shown that they can be subdivided
into three main categories based on the types of their IR
excess (Trams et al. 1991; van der Veen et al. 1994; Bogaert
1994; Van Winckel 2003; De Ruyter et al. 2006):

– Disc-type: a broad IR excess with a hot dust component start-
ing at the dust sublimation temperature.

– Shell-type: a double peaked SED with the first peak rep-
resenting the photospheric component and the second peak
characterizing a detached and expanding shell of cold dust
– a remnant of the AGB dust shell – peaking in the mid-IR
(Volk & Kwok 1989).

– Uncertain: the type of IR excess in their SEDs is not
clear owing to the scarcity of data at long wavelengths
(Kamath et al. 2014, 2015).

In our systematic SED study of the ∼128 known RV Tauri
stars in the Galaxy (Gezer et al. 2015a,b), we showed that RV
Tauri stars display three main types of IR properties in the
SEDs: disc-type (23%), uncertain (27%), and non-dusty (50%).
The first two of these SED types (disc-type and uncertain) are
similar to what is observed in post-AGB stars (as mentioned
above). The latter class of objects, i.e. the non-dusty stars show
no IR excess in their SEDs and were hence classified as non-
IR. Furthermore, the results of our study also demonstrated
that when dust is present in RV Tauri stars, it is always in
the form of a disc and not in the form of a clear detached
shell.

It is now well established that post-AGB stars with a disc-
type SED are likely all binaries (Van Winckel et al. 2009). The
disc-binary correlation is bona fide among Galactic RV Tauri
stars as well. At present, there are 12 spectroscopically con-
firmed binaries among Galactic RV Tauri stars with a disc,
six of which are U Mon (Pollard & Cottrell 1995; Pollard et al.
1997), IW Car (Pollard et al. 1997), AC Her (Van Winckel et al.
1998), EN Tra (Van Winckel et al. 1999), SX Cen (Maas et al.
2002), and RU Cen (Maas et al. 2002). The spectroscopic or-
bits of the additional six stars (DY Ori, EP Lyr, HP Lyr, IRAS
17038−4815, IRAS 09144−4933, and TW Cam) were presented
in our previous paper (Manick et al. 2017). We also used the
PLC relation to quantify their luminosities. We found that while
the most luminous binaries comply with a post-AGB track, some
objects are less luminous than the tip of the red giant branch
(RGB) of a low-mass star. We argued that these objects evolve
likely on tracks in which the binary interaction already took
place on the RGB and these objects can be seen as examples
of post-RGB stars. This class was introduced by Kamath et al.
(2016) to account for dusty objects at low luminosity that were
discovered in their systematic large-scale survey of the SMC and
LMC, respectively (Kamath et al. 2014, 2015).

Chemically, most RV Tauri stars do not display signs of
the third dredge-up, i.e. no enrichment in C and s-process ele-
mental abundances in their photospheres (Giridhar et al. 1994,
2000; Gonzalez et al. 1997a,b; Van Winckel et al. 1998). There
are, however, three noticeable exceptions in which either one
or both of these elements are seen: HD 158616 (Van Winckel
1997), MACHO 47.2496.8 (Reyniers et al. 2007), and OGLE-
SMC-T2CEP-018 (SMC J005107.19−734133.3) (Kamath et al.
2014). Instead, the photospheric composition of most RV Tauri
stars with a disc-type SED displays a phenomenon called deple-
tion. Depleted photospheres are selectively under-abundant of
refractory relative to non-refractory elements. A seminal study
by Waters et al. (1992) introduced the following explanation for
the depletion process: the circumbinary disc is composed of
dust and gas; there is selective re-accretion of gas onto the
stellar photosphere from the disc, while refractory elements that

stick to the dust particles remain in the dust component. This
idea is supported observationally by the fact that many disc
sources are highly depleted (Maas et al. 2002; Giridhar et al.
2005; Gezer et al. 2015b).

While some observational aspects of a subset of RV Tauri
stars indicate that they are likely post-AGB stars in binary
systems, a few of their characteristics may suggest they are
likely single post-AGB stars. One of these features is that none
of the known optically bright RV Tauri stars display a clear
shell-type SED, which is characteristic of an expanding de-
tached shell around a single star after an event of high mass
loss on the AGB (Fujii et al. 2002; Van Winckel 2003). In ad-
dition, there is a significant percentage (∼45%) of the afore-
mentioned non-dusty RV Tauri stars (Gezer et al. 2015b). These
stars do not seem to comply with post-AGB evolution mainly
because typically the AGB phase is terminated either by a su-
perwind driven mass loss or binary interaction that sheds the
outer envelope of the star. The ejected circumstellar material
is either in the form of a detached shell (for single stars)
or a hot dusty disc (for binaries). Thus a main characteris-
tic of post-AGB stars is the large IR excess indicative of the
circumstellar dust.

The different SED characteristics and the observed chem-
ical patterns amongst RV Tauri stars suggest that their evo-
lutionary nature is more complex than their currently hypoth-
esised post-AGB nature. Central to this research is the evo-
lutionary nature of RV Tauri stars with different SED char-
acteristics. We focus on a systematic study of RV Tauri
stars in the SMC and LMC because the well-known dis-
tances to the Magellanic clouds allows for accurate luminosity
determination.

In Sect. 2, we describe our sample selection in the SMC and
LMC. We illustrate our time series and SED data in Sect. 3. The
analysis and results from the time series data are presented in
Sect. 4. We outline the IR classification of their SED character-
istics in Sect. 5. The SED fitting method is described in Sect. 6.
The derivation of the luminosities based on the PLC relation and
SEDs is presented in Sect. 7. We describe in Sect. 8, the com-
putation of the (O−C) for stars that show period variation. In
Sect. 9 we discuss our results and we present our conclusion in
Sect. 10.

2. Sample selection

Our sample consists of RV Tauri stars identified in both the SMC
and LMC by the OGLE-III survey. We give a brief account of the
selection process and classification of the RV Tauri variables. For
a full description, see Soszyński et al. (2008 and 2010). These
authors classify a star as an RV Tauri pulsator if the star has a
pulsational period greater than ∼20 days and has the proper lo-
cation on the PL diagram. A description of our sample is given in
Tables 1 and 2.

2.1. LMC Sample

The initial selection process by Soszyński et al. (2008) con-
sisted of a massive period search among 32 million objects
in the OGLE-III time series. Stars that showed periodic vari-
ability (pulsating, eclipsing, and other variables) were selected.
The pulsating variables were then plotted on a PL diagram and
the type-II Cepheids were identified based on their position on
the PL diagram. The outcome of this process was the identi-
fication of 42 RV Tauri variables, which we use as our LMC
sample. Thirteen of the LMC stars were already part of
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Table 1. Summary of our sample of RV Tauri stars in the LMC.

Star MACHO ID RA Dec I (mag) V (mag) P0 (days) Nepochs Ref.

OGLE-LMC-T2CEP-003 04:43:05.54 −66:49:36.1 14.166 14.953 35.659 383 a
OGLE-LMC-T2CEP-005 04:48:08.33 −69:51:14.2 14.739 15.796 33.185 364 a
OGLE-LMC-T2CEP-011 04:54:38.69 −67:30:12.2 14.089 14.789 39.256 378 a,f
OGLE-LMC-T2CEP-014 04:55:35.40 −69:54:04.2 14.312 15.103 61.875 370 a
OGLE-LMC-T2CEP-015∗ MACHO 47.2496.8 04:55:43.25 −67:51:09.9 14.061 15.243 56.521 386 a,b,e,f
OGLE-LMC-T2CEP-016 04:55:45.99 −69:07:46.3 15.458 15.891 20.295 370 a
OGLE-LMC-T2CEP-025 05:01:38.78 −68:35:19.0 14.042 15.102 67.965 370 a
OGLE-LMC-T2CEP-029∗ MACHO 19.3694.19 05:03:04.97 −68:40:24.7 14.642 15.446 31.245 658 a,c,e,f
OGLE-LMC-T2CEP-032 05:03:56.31 −67:27:24.6 14.011 14.992 44.561 610 a
OGLE-LMC-T2CEP-045 05:06:34.06 −69:30:03.7 13.729 14.787 63.386 363 a
OGLE-LMC-T2CEP-050 05:09:26.15 −68:50:05.0 14.964 15.661 34.748 667 a
OGLE-LMC-T2CEP-051 05:09:41.93 −68:51:25.0 14.569 15.440 40.606 658 a
OGLE-LMC-T2CEP-055 05:11:15.17 −67:56:00.4 14.262 15.078 41.005 387 a
OGLE-LMC-T2CEP-058 MACHO 2.5026.30 05:11:33.52 −68:35:53.7 15.511 16.594 21.482 384 a,e
OGLE-LMC-T2CEP-065 05:14:00.76 −68:57:56.8 14.699 15.611 35.054 783 a
OGLE-LMC-T2CEP-067∗ MACHO 79.5501.13 05:14:18.11 −69:12:35.0 13.825 14.627 48.231 760 a,c,d,e,f
OGLE-LMC-T2CEP-075 05:16:16.06 −69:43:36.9 14.568 15.728 50.186 781 a
OGLE-LMC-T2CEP-080 MACHO 78.5856.2363 05:16:47.43 −69:44:15.1 14.341 15.175 40.916 735 a,e
OGLE-LMC-T2CEP-082 05:16:55.33 −71:41:41.5 14.982 16.065 35.124 364 a
OGLE-LMC-T2CEP-091 05:18:45.47 −69:03:21.6 14.203 14.899 35.749 899 a,c,f
OGLE-LMC-T2CEP-104 MACHO 78.6698.38 05:21:49.10 −70:04:34.3 14.937 15.830 24.879 867 a,e
OGLE-LMC-T2CEP-108 05:22:11.27 −68:11:31.3 14.746 15.477 30.010 738 a
OGLE-LMC-T2CEP-112 05:22:58.36 −69:26:20.9 14.065 14.749 39.397 885 a
OGLE-LMC-T2CEP-115 MACHO 77.7069.213 05:23:43.53 −69:32:06.8 15.593 16.651 24.966 413 a,e
OGLE-LMC-T2CEP-119∗ 05:25:19.48 −70:54:10.0 14.391 15.225 33.825 366 a,c,f
OGLE-LMC-T2CEP-125 05:27:39.18 −71:47:57.0 14.934 15.924 33.033 365 a
OGLE-LMC-T2CEP-129 05:28:54.60 −69:52:41.1 14.096 14.813 62.508 1069 a
OGLE-LMC-T2CEP-135 MACHO 82.8041.17 05:29:38.50 −69:15:12.2 15.194 16.162 26.522 446 a,e
OGLE-LMC-T2CEP-147∗ MACHO 82.8405.15 05:31:51.00 −69:11:46.3 13.678 14.391 46.795 524 a,d,e,f
OGLE-LMC-T2CEP-149∗ MACHO 81.8520.15 05:32:54.46 −69:35:13.2 14.151 14.868 42.480 399 a,d,e,f
OGLE-LMC-T2CEP-162 MACHO 81.9362.25 05:37:44.96 −69:54:16.5 15.112 16.200 30.394 639 a,e
OGLE-LMC-T2CEP-169 MACHO 14.9582.9 05:39:32.80 −71:21:54.3 14.699 15.651 30.955 352 a,e
OGLE-LMC-T2CEP-174∗ MACHO 81.9728.14 05:40:00.50 −69:42:14.7 13.693 14.457 46.818 372 a,c,d,e,f
OGLE-LMC-T2CEP-180∗ 05:43:12.87 −68:33:57.1 14.502 15.303 30.996 351 a,c,f
OGLE-LMC-T2CEP-190 05:50:20.46 −69:30:54.6 14.307 15.147 38.361 355 a
OGLE-LMC-T2CEP-191∗ 05:51:22.54 −69:53:51.4 14.220 15.017 34.344 359 a,c,f
OGLE-LMC-T2CEP-192 05:53:55.69 −70:17:11.4 15.233 16.148 26.194 327 a
OGLE-LMC-T2CEP-198 04:39:35.27 −69:33:28.9 15.271 16.474 38.274 436 a
OGLE-LMC-T2CEP-199 05:04:44.83 −68:58:31.8 13.658 13.806 37.203 756 a
OGLE-LMC-T2CEP-200 05:13:56.44 −69:31:58.3 15.092 16.124 34.916 917 a
OGLE-LMC-T2CEP-202 05:21:49.09 −70:46:01.4 15.167 16.359 38.135 738 a
OGLE-LMC-T2CEP-203 05:22:33.79 −69:38:08.5 15.395 16.723 37.126 1480 a

Notes. Columns 3 and 4 give the position of the stars in the LMC. Columns 5 and 6 display the mean I and V magnitude of each star, respectively.
In Col. 7 the fundamental period of each star is shown and Col. 8 represents the number of I-band data points available for each star. The stars
marked by an asterisk (∗) indicate those that have already been studied spectroscopically.
References. (a)Soszyński et al. (2010), (b)Reyniers et al. (2007), (c)Kamath et al. (2015), (d)Gielen et al. (2009), (e)Alcock et al. (1998),
( f )Groenewegen & Jurkovic (2017b).

the MACHO database compiled by Alcock et al. (1998).
The MACHO names are included in the second column of
Table 1.

2.2. SMC Sample

The selection process of the SMC RV Tauri stars is similar to that
adopted for the LMC targets, but with a period search among
6 million stars. Based on this analysis, Soszyński et al. (2010)
discovered 43 type II Cepheids in the SMC, of which 9 were

classified as RV Tauri pulsators. These 9 stars are part of our
SMC sample.

3. Data

3.1. Time series

We used time series data from the OGLE-III survey carried out us-
ing the 1.3 m Warsaw Telescope at Las Campanas Observatory,
Chile (Soszyński et al. 2008, 2010). The telescope is equipped

A21, page 3 of 31



A&A 618, A21 (2018)

Table 2. A summary of our sample of RV Tauri stars in the SMC.

Star RA Dec I (mag) V (mag) P0 (days) Nepochs Ref.

OGLE-SMC-T2CEP-07 00:42:57.49 –73:07:14.8 13.572 14.440 30.961 1015 a
OGLE-SMC-T2CEP-12 00:45:19.69 –73:20:13.7 15.415 16.369 29.219 1020 a
OGLE-SMC-T2CEP-18∗ 00:51:07.23 –73:41:33.4 14.813 15.627 39.519 710 a,b,c
OGLE-SMC-T2CEP-19 00:53:27.69 –73:38:09.5 14.481 15.064 40.912 710 a
OGLE-SMC-T2CEP-20 00:53:35.98 –72:34:21.8 14.894 15.890 50.623 1033 a
OGLE-SMC-T2CEP-24 00:55:20.55 –73:21:37.9 14.511 15.308 43.961 870 a
OGLE-SMC-T2CEP-29 00:57:38.09 –72:18:12.2 13.648 14.556 33.676 846 a,c
OGLE-SMC-T2CEP-41 01:13:19.05 –73:18:07.8 15.353 16.068 29.118 653 a
OGLE-SMC-T2CEP-43 01:23:53.06 –72:16:45.9 15.398 16.342 23.743 595 a

Notes. Columns 2 and 3 give the position of the stars in the SMC. Columns 4 and 5 display the mean I and V magnitude of each star, respectively.
In Col. 6 the fundamental period of each star is shown and Col. 7 represents the number of I-band datapoints available for each star. The stars
marked by an asterisk (∗) indicate the ones which have already been studied spectroscopically.
References. (a)Soszyński et al. (2008), (b)Kamath et al. (2014), (c)Groenewegen & Jurkovic (2017b).

with a large field CCD mosaic camera, consisting of eight
2048× 4096 pixel detectors. Each detector has a pixel size of
15 µm at a resolution of 0.26 arcsec per pixel and a field of view
of 35× 35.5 arcmins2. For more details, see Udalski (2003).

The observations were carried out in two bands, I and V ,
with better sampling in the I band. For both the SMC and LMC
targets, the span of the time series data is ∼2400 days. The num-
ber of I-band data points for each star is included in Col. 8 of
Table 1 and Col. 7 of Table 2.

3.2. Spectral energy distribution

To construct the SEDs for the individual stars, we obtained
various sets of broadband photometry available in the literature.
The search was carried out homogeneously within a radius of
2 arcseconds of the 2MASS coordinates. We excluded any pho-
tometric point that was marked in the catalogue as having an
unreliable flux determination. There were a few objects that had
the WISE [12] micron and (or) [22] micron fluxes flagged as
upper limits (S/N < 2) in the WISE catalogue. These points were
also excluded in our analyses.

The final dataset consists of UBVRI photometry from the
Johnson (UBVR; Johnson & Morgan 1953), and Sloan Digi-
tal Sky Survey (SDSS) I-band filters (York et al. 2000). The
near-IR region is covered by J-, H- and K-band photometry
from the Two Micron All Sky Survey (2 MASS; Skrutskie et al.
2006) and JOHNSON J- and H-band photometry from the IRSF
Magellanic Clouds Point Source Catalogue (Kato et al. 2007).
The mid-IR data is composed of data from the WISE
(Wright et al. 2010) and Spitzer (IRAC) survey (Houck et al.
2004; Fazio et al. 2004). The WISE data is comprised of four
bands, centred at [3.4], [4.6], [12], and [22] µm (W1, W2, W3,
W4) at angular resolutions of 6.1′′, 6.4′′, 6.5′′, and 12.0′′ in the
four bands, respectively. The full width half maximum (FWHM)
of the point spread function (PSF) of the four IRAC bands at
[3.6], [4.5], [5.8] and [8.0] µm are 1.6′′, 1.6′′, 1.8′′, and 1.9′′,
respectively. At longer wavelengths, the far-IR region is charac-
terised by the Spitzer MIPS 24 µm data (Rieke et al. 2004). The
MIPS 24 µm filter has a PSF of 6′′.

4. Time series analysis

4.1. LMC

We pre-whitened the I-band photometric time series to find
the dominant periods in the data. This was achieved using the

Lomb-Scargle method for unequally spaced data (Lomb 1976;
Scargle 1982). The obtained fundamental pulsation periods (P0)
and the formal pulsation periods (P1) were consistently checked
with those provided by Soszyński et al. (2008) and are the same
for all stars.

The time series, phase-folded on the formal pulsation peri-
ods (P1), are shown in Appendix C for the LMC targets. We note
that the plots are grouped in terms of their SED types. Most of
the phase-folded light curves show well-behaved RV Tauri-like
pulsations with the exception of a few cases in which the
alternating deep and shallow minima are not easily discernible.
An example of such a case is OGLE-LMC-T2CEP-108 (see
Fig. C.1d).

In some objects, we see evidence of modulation in the
minima that is indicative of period variation (e.g. Percy et al.
1997). An example of such a case is OGLE-LMC-T2CEP-191
(see Fig. C.5f). Stars that showed such variability were further
analysed using an (O−C) diagram to determine the nature of
the period change. The (O−C) variation is discussed further in
Sect. 8.

In addition, we see long-term variability in the light curves of
OGLE-LMC-T2CEP-032 and OGLE-LMC-T2CEP-200 at peri-
ods of 850 days and 916 days, respectively. This variation is typ-
ical of the RVb nature and this is discussed further in Sect. 9.2.2.
The rest of the stars do not show any prominent long-term vari-
ability in the time series and are therefore RVa types.

4.2. SMC

The time series data analysis of the SMC targets was carried out
in the same way as the LMC ones. A few stars showed significant
amplitude variations in the light curves, namely OGLE-SMC-
T2CEP-19, OGLE-SMC-T2CEP-20,OGLE-SMC- T2CEP-24,
and OGLE-SMC-T2CEP-29. The amplitude variations in OGLE-
SMC-T2CEP-24 was also reported by Groenewegen & Jurkovic
(2017b). Evidence of period-changes are seen in OGLE-SMC-
T2CEP-19, OGLE-SMC-T2CEP-20, and OGLE-SMC-T2CEP-
24, but are not significant enough to derive any conclusions (see
Sect. 8).

Apart from the pulsation periods, we detect significant long-
term periodic variability in the periodograms of OGLE-SMC-
T2CEP-07 and OGLE-SMC-T2CEP-29. The period search
in the time series of these two stars reveals a period of
196.7 days for OGLE-SMC-T2CEP-07 and 304.04 days for
OGLE-SMC-T2CEP-29. Long periodic variability in these two
stars were already reported by Soszyński et al. (2010) and
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Groenewegen & Jurkovic (2017b). The periods were linked to
their binary nature: OGLE-SMC-T2CEP-07 is an ellipsoidal
variable and OGLE-SMC-T2CEP-29 is an eclipsing binary.

Ellipsoidal variables are non-eclipsing close binaries in
which one or both components is or are distorted (Wood et al.
1999; Pawlak et al. 2014). This results in a distinct light curve
shape with periodic light variations due to the changing cross-
sectional areas of at least one of the components. The brightness
variations occur with a period that is equal to half of the orbital
period of the binary star (Morris 1985). The long-term period
of 196.7 days that we detect in the light curve of OGLE-SMC-
T2CEP-07 is therefore half of the orbital period of ∼393 days
given by Soszyński et al. (2010).

Soszyński et al. (2010) found that OGLE-SMC-T2CEP-29 is
an eclipsing binary with a period of 608.6 days. The light curve
phased on the orbital period shows occultations in the form of
dips in the I-band flux. The significant long-term periodicity of
304.04 days that we detect in the time series for this object is half
of the orbital period.

We believe that the long-term variability in these two stars is
not due to the RVb phenomenon because the SEDs do not show
the presence of dust in the IR region (see Figs. B.3a and b).

5. Infrared colour classification

The infrared colour classification of our sample stars was
performed based on two colour-colour classification schemes:
(1) the Spitzer (IRAC and MIPS) colour-colour diagram by
Kamath et al. (2015), which uses the [8]−[24] and [3.6]−[4.5]
micron fluxes and (2) the WISE colour-colour plot by
Gezer et al. (2015b), which is based on the [12]−[22] and
[3.3]−[4.6] micron fluxes. A sample of Galactic post-AGB stars
(shown by the black star markers in Figs. 1 and 3), which are
already classified as disc or shell types, were used as reference
in our WISE classification.

In the reference sample, the disc objects display a broad IR
excess starting at ∼[2] µm, which is an observational signature
of a disc. These stars are typically located in the blue shaded
region in Figs. 1 and 3. The SEDs of post-AGB stars represent-
ing shell types are double peaked with a mild [3.3]−[4.6] mi-
cron excess. These stars lie in the red shaded region of the WISE
colour-colour plot; see Figs. 1 and 3.

5.1. LMC IR classification

Most of the LMC targets had IR data from the WISE catalogue,
while only few had Spitzer data. There were a few cases in which
either the WISE [22] micron or the MIPS [24] micron flux was
not available and these stars were not included in the respective
colour-colour plots. We note that the non-IRs are not plotted in
any of the colour-colour diagrams. A summary of our LMC IR
classification is shown in Col. 10 of Table 3.

5.1.1. Disc-type LMC stars

The disc-type stars are identified by the red dots in Fig. 1.
Among the disc-types, there are 14 stars for which both WISE
[3.4]−[4.6] and [12]−[22] colour were available. Not included
in this figure are two other objects namely, OGLE-LMC-
T2CEP-149 and OGLE-LMC-T2CEP-200, which show clear
disc-type SEDs (see Figs. A.2c and g), but no WISE data were
available.

We complemented the WISE classification with the Spitzer
classification for 12 stars that had both IRAC and MIPS data.
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Fig. 1. WISE colour-colour plot of the sample RV Tauri stars in the
LMC. The reference Galactic sample is shown by the black star mark-
ers. The blue shaded region corresponds to stars in the reference sample
with disc-type characteristics and the red shaded region displays stars
in the reference sample with shell-type characteristics. The markers are
colour-coded according to their IR characteristics.

These stars are indicated with red dots in Fig. 2. These objects
are located in the disc region of Kamath et al. (2015), shown by
the blue shaded area, which contains post-AGB and post-RGB
with a clear near-IR excess in their SEDs. The Spitzer classi-
fication of our sample stars matches well with the WISE clas-
sification scheme. The total number of objects in the LMC we
classified as disc types using these two classication schemes is
16. They are listed as “disc” in Col. 10 of Table 3. Their SEDs
are shown in Figs. A.1a–A.2g.

5.1.2. Non-IR LMC stars

We identified nine non-IR stars in the LMC. These stars show no
clear IR excess at longer wavelengths (see Figs. A.5a–i). In some
cases there was a mild WISE [12] and/or [22] micron excess, but
closer inspection revealed that they were flagged as upper limits
in the catalogue and were therefore removed from our analyses.
These stars are outlined as “non-IR” in Col. 10 of Table 3.

5.1.3. Uncertain LMC stars

The rest of the stars has either one or a few points in excess in
the reddest wavelength region, the characteristics of which are
not clear. These constitute of 17 stars and are classified as uncer-
tain (see Figs. A.3a–A.4h). Notably, among these 17 stars, there
are a few in which there are indications of an IR excess. Ex-
amples of such stars are OGLE-LMC-T2CEP-011 (Fig. A.3a),
OGLE-LMC-T2CEP-025 (Fig. A.3c), OGLE-LMC-T2CEP-055
(Fig. A.3f), and OGLE-LMC-T2CEP-112 (Fig. A.4b). For these
stars we clearly see an excess at around 2 µm but the WISE [12]
micron fluxes are not in excess, thus introducing an ambiguity in
their classification.

There are other cases for which the high-amplitude pulsa-
tions induce a scatter in the IR region and the star appears as hav-
ing an excess. Examples of such cases are OGLE-LMC-T2CEP-
050 (Fig. A.3e) and OGLE-LMC-T2CEP-058 (Fig. A.3g). These
stars are still classified as uncertain because we do not know the
nature of the IR excess. All these stars are listed as “uncertain”
in Col. 10 of Table 3.
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Table 3. Luminosities of the LMC and SMC targets derived using the PLC relation and SED.

Star P0 LPLC 4 LPLC LSED 4 LSED Teff E(B−V) log g SED type Notes
(days) (L�) (L�) (L�) (L�) (K) (mag)

OGLE-LMC-T2CEP-003 35.6 2256 270 3236 129 5700 0.01 2.49 disc
OGLE-LMC-T2CEP-014 38.5 3450 269 2430 97 5947 0.11 2.50 disc
OGLE-LMC-T2CEP-015 56.5 2879 524 3141 125 5013 0.09 0.45 disc
OGLE-LMC-T2CEP-029 31.2 2629 188 2728 109 6143 0.14 0.55 disc
OGLE-LMC-T2CEP-032 44.5 2963 360 3435 137 5070 0.07 2.48 disc Binary, POrb ∼916 d
OGLE-LMC-T2CEP-067 48.2 3434 344 4163 166 5687 0.01 0.55 disc
OGLE-LMC-T2CEP-091 35.7 2689 231 2690 107 5973 0.01 1.65 disc
OGLE-LMC-T2CEP-104 24.8 1165 165 1352 54 5182 0.01 0.96 disc
OGLE-LMC-T2CEP-119 33.8 5676 192 5209 208 7306 0.38 1.09 disc Period change
OGLE-LMC-T2CEP-129 62.5 7808 523 4025 161 6122 0.10 2.09 disc
OGLE-LMC-T2CEP-147 46.7 6989 349 5936 237 6599 0.20 0.55 disc
OGLE-LMC-T2CEP-149 42.4 4013 262 3093 123 6001 0.06 1.10 disc Period change
OGLE-LMC-T2CEP-174 46.8 3560 346 4920 106 5733 0.01 1.64 disc
OGLE-LMC-T2CEP-180 30.9 2743 219 2407 96 5608 0.13 1.36 disc
OGLE-LMC-T2CEP-191 34.3 2652 203 2996 119 5805 0.08 1.65 disc Period change
OGLE-LMC-T2CEP-200 34.9 2724 201 1622 64 4887 0.01 0.50 disc Binary, POrb ∼850 d
OGLE-LMC-T2CEP-011 39.2 4989 260 3497 139 6250 0.16 2.50 uncertain
OGLE-LMC-T2CEP-016 20.2 2000 92 967 38 6752 0.00 2.50 uncertain
OGLE-LMC-T2CEP-025 67.9 5164 530 2963 118 5129 0.11 1.28 uncertain
OGLE-LMC-T2CEP-045 63.3 3130 584 3574 143 5267 0.00 0.54 uncertain
OGLE-LMC-T2CEP-050 34.7 2440 195 1908 76 6518 0.00 2.48 uncertain
OGLE-LMC-T2CEP-055 41.0 4617 269 4056 162 6738 0.21 2.37 uncertain
OGLE-LMC-T2CEP-058 21.4 533 106 848 33 5630 0.00 1.77 uncertain
OGLE-LMC-T2CEP-065 35.0 3176 224 2281 91 6045 0.22 2.47 uncertain
OGLE-LMC-T2CEP-075 50.1 2869 344 1803 72 4814 0.10 1.09 uncertain
OGLE-LMC-T2CEP-080 40.9 2534 286 2249 90 5591 0.00 2.41 uncertain
OGLE-LMC-T2CEP-112 39.3 3953 264 3436 137 6100 0.07 1.94 uncertain
OGLE-LMC-T2CEP-115 24.9 2137 143 1377 55 6031 0.36 2.50 uncertain
OGLE-LMC-T2CEP-125 33.0 1886 251 1660 66 5750 0.13 2.49 uncertain
OGLE-LMC-T2CEP-162 30.3 2348 187 2114 84 5808 0.31 2.50 uncertain
OGLE-LMC-T2CEP-169 30.9 3216 195 4973 199 5473 0.28 1.09 uncertain
OGLE-LMC-T2CEP-199 37.2 14073 206 13049 522 10624 0.00 1.00 uncertain Contamination
OGLE-LMC-T2CEP-202 38.1 1589 337 1216 48 4966 0.09 2.07 uncertain
OGLE-LMC-T2CEP-005 33.2 7586 243 8372 335 4412 0.44 2.50 non-IR Contamination
OGLE-LMC-T2CEP-051 40.6 2331 203 1770 70 5524 0.00 1.13 non-IR
OGLE-LMC-T2CEP-082 35.1 1806 223 1635 65 5059 0.10 2.50 non-IR
OGLE-LMC-T2CEP-108 30.0 2567 166 2061 82 6201 0.10 2.50 non-IR
OGLE-LMC-T2CEP-135 26.5 1128 152 1066 42 5045 0.00 0.50 non-IR
OGLE-LMC-T2CEP-190 38.3 3049 246 3890 155 5746 0.10 2.47 non-IR Period change
OGLE-LMC-T2CEP-192 26.1 2136 140 1449 58 6212 0.24 2.50 non-IR
OGLE-LMC-T2CEP-198 38.2 2803 275 1988 79 4541 0.20 0.54 non-IR
OGLE-LMC-T2CEP-203 37.1 1205 178 972 38 4677 0.07 1.79 non-IR
OGLE-SMC-T2CEP-18 39.5 2687 325 3181 194 5699 0.19 0.79 disc
OGLE-SMC-T2CEP-12 29.2 2448 296 1691 103 5665 0.20 2.50 uncertain
OGLE-SMC-T2CEP-19 41.6 2489 301 3642 222 6283 0.06 2.50 uncertain
OGLE-SMC-T2CEP-20 50.6 3486 421 2039 124 5540 0.01 2.14 uncertain
OGLE-SMC-T2CEP-24 43.9 2600 314 3182 194 6056 0.01 2.40 uncertain
OGLE-SMC-T2CEP-43 23.7 2210 267 1546 94 5306 0.50 2.45 uncertain
OGLE-SMC-T2CEP-07 30.9 2258 273 7011 429 5743 0.01 2.45 non-IR Ellipsoidal variability
OGLE-SMC-T2CEP-29 33.6 2427 293 8456 517 5789 0.16 2.49 non-IR Eclipsing
OGLE-SMC-T2CEP-41 29.1 2060 249 1843 112 6256 0.13 2.49 non-IR

Notes. The luminosity deduced from the PLC relation and the errors are shown in Cols. 3 and 4, respectively. In Col. 5 we display the luminosities
derived from the SED and the errors are shown in Col. 6. The effective temperature, reddening, and log g obtained from the SED model are shown
in Cols. 7–9, respectively.

5.2. SMC IR classification

We adopted the same criterion as in the LMC to classify the
SMC IR colours. None of the SMC targets had Spitzer data to be
classified according to the Spitzer colour-colour plot. So, only a
WISE classification was carried out. A summary of our SMC IR
classification is shown in Col. 10 of Table 3.

5.2.1. Disc-type SMC star

Based on the WISE classification, we found one disc-type ob-
ject (OGLE-SMC-T2CEP-18) among the nine RV Tauri stars in
the SMC. This star is plotted as a red dot in the SMC WISE
colour-colour plot (see Fig. 3). The SED of this object is shown
in Fig. B.1a.
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Fig. 2. Spitzer colour-colour plot of the sample RV Tauri stars in the
LMC. The red markers show the 12 sample stars for which IRAC
and MIPS fluxes were available. The stars lie in the blue shaded re-
gion, which is defined as the region occupied by disc-type objects
(Kamath et al. 2015).

5.2.2. Non-IR SMC stars

Three stars, OGLE-SMC-T2CEP-07,OGLE-SMC-T2CEP-29,
and OGLE-SMC-T2CEP-41, showed signs of excesses in the
WISE data points, but closer inspection revealed that the [12]
and [22] micron fluxes were flagged as upper limits in the
WISE catalogue. We therefore removed these flux points in our
analyses, identifying them as non-IRs. The SEDs of the non-IRs
are shown in Figs. B.3a–c.

5.2.3. Uncertain SMC stars

The rest of the stars in the SMC are classified as uncertain
for the same reasons as described for the LMC objects (see
Figs. B.2a–e). In the case of OGLE-SMC-T2CEP-20 (see
Fig. B.2c), the high amplitude pulsations introduces a large scatter
and it becomes difficult to infer the correct SED type.

Based on these aspects, we identified five stars in the SMC as
uncertain. These stars could not be included in the WISE colour-
colour plot (Fig. 3) because either the WISE [12] or WISE [22]
micron flux was flagged as the upper limit in the catalogue.

6. SED fitting

One of the challenges of fitting SEDs to large amplitude pul-
sators is that the pulsations induce a scatter in the photometric
data points. To circumvent this problem, photometric data at spe-
cific phases of the pulsations are required. Since we do not have
such equally phased data, we used all available photometric data
points to construct the SEDs.

We analysed and fitted the SEDs of the SMC and LMC tar-
gets in a homogeneous and systematic way. We carried out the
SED fitting with a parameter-grid search to reach the optimised
Kurucz model (see Degroote et al. 2011, for details). The input
parameters of the fit are effective temperature (Teff), metallic-
ity ([Fe/H]), the extinction (E(B−V)), and log g. The extinction,
E(B−V), was left as a free parameter in our SED fitting. We as-
sumed that the line-of-sight extinction follows the extinction law
given by Aν = Rν × E(B−V) (Fitzpatrick 1999). We used a value

0 1 2 3 4 5 6 7

[12] - [22]

0.5

0.0

0.5

1.0

1.5

2.0

2.5

[3
.3

] 
- 

[4
.6

]

Galactic p-AGB ref.
SMC disc RV Tauris

Article number, page 6 of 32page.32

Fig. 3. WISE colour-colour plot of the disc-type RV Tauri star in the
SMC (shown in red dot). The reference Galactic sample is shown by
the black stars. The blue shaded region corresponds to stars in the ref-
erence sample with disc-type characteristics and the red shaded region
represents stars in the reference sample with shell-type characteristics.

of Rν = 3.1 for the SMC and LMC, which roughly has the same
value in the Milky Way (Fitzpatrick 1998).

The high reddening values for stars without circumstel-
lar dust excess indicates that the interstellar medium line-of-
sight extinction is high for these stars (see Table 3). We notice
that the reddening is high for some of the non-dusty stars
(e.g. OGLE-LMC-T2CEP-005, OGLE-LMC-T2CEP-192, and
OGLE-LMC-T2CEP-198), while it is low for a few sources with
circumstellar dust (e.g. OGLE-LMC-T2CEP-003 and OGLE-
LMCT2CEP-067). The low reddening values in stars with dust
is only a contradiction when the dust is spherically symmetric.
In the case of a dusty disc, however, the viewing angle deter-
mines the line-of-sight extinction. All objects are optically
bright, so we are biased towards objects in which we do not
look into the plane of the disc; hence in these objects our line
of sight towards the star does not encounter circumstellar ma-
terial, yet these objects show an IR excess. The high reddening
values for stars without circumstellar dust excess suggests that
the ISM line-of-sight extinction is high for these stars.

6.1. Stars with known spectroscopic stellar parameters

We obtained spectroscopic Teff , [Fe/H] and log g for ten stars
in our LMC sample from the previous work of Reyniers et al.
(2007), Gielen et al. (2009), and Kamath et al. (2015). These
stars are indicated by an asterisk (*) in Tables 1 and 2. For these
stars, the SED modelling was carried out using metallicity fixed
to the obtained literature values. However, the Teff and log g were
let to vary by a small amount (5%) in the fitting to account for
the scatter in the data points due to pulsations.

The only RV Tauri star studied spectroscopically in the SMC
is OGLE-SMC-T2CEP-18. The SED fit for this star was car-
ried out using the spectroscopic stellar parameters obtained by
Kamath et al. (2014). We emphasise that for this star the pulsa-
tional amplitude is large, which introduces a large scatter in the
SED data points, and the SED fit is not optimal (see Fig. B.1a).

6.2. Stars without known spectroscopic stellar parameters

For the rest of the stars in the SMC and LMC, we assumed
an effective temperature of 5500 K, which is the approximate
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mean Teff of type II Cepheids in the theoretical instability strip
(Demers & Harris 1974; Kiss et al. 2007). This temperature was
let to vary in the fitting by an even larger amount of ∼20%.
For these stars we used the mean metallicity of the LMC and
SMC in the fitting, which have values of −0.3 dex and −0.65 dex,
respectively (Westerlund 1997; Larsen et al. 2000). In the fit-
ting, [Fe/H] was let to vary within a range corresponding to
the spread in metallicity for a sample of G and K giants, which
have values of 0.45 and 0.15 for the SMC and LMC, respec-
tively (Larsen et al. 2000). The SED data and the modelled SEDs
are shown in Appendices A and B for the LMC and SMC,
respectively.

7. Luminosities

This study is focussed on understanding the evolutionary nature
of RV Tauri stars. Hence, it is crucial to constrain their luminosi-
ties as accurately as possible. We used the known mean distance
to the LMC and SMC to obtain the luminosities. These luminosi-
ties combined with their effective temperatures allow us to place
our sample stars on the Hertzsprung-Russell diagram (HRD) and
therefore in an evolutionary context. We computed the luminosi-
ties using two different methods, i.e. the PLC relation (LPLC) and
the SED fit (LSED).

7.1. PLC relation and luminosity determination

One of the main advantages of the type II Cepheids is that
their pulsations can be used to determine their luminosi-
ties due to the correlation between their pulsational periods
and luminosities. Type II Cepheids in the Magellanic Clouds
have been particularly useful in calibrating the P–L relation
because of their known distances. Some of the P–L rela-
tion studies of the type II Cepheids in the Galactic glob-
ular clusters, SMC, and LMC are included in the work of
Nemec et al. (1994), Alcock et al. (1998), Ripepi et al. (2015),
and Groenewegen & Jurkovic (2017a).

In the top panel of Figs. 4 and 5, we show the fundamental
period, P0, plotted with the apparent V-band magnitude of the
sample stars. The luminosity dependance of the periods is clear
in the LMC (see top panel of Fig. 5), but the scatter is still sig-
nificant. Given that there is a comparably lower number of RV
Tauri stars in the SMC sample, the correlation is not clear (see
top panel of Fig. 4).

Given that the luminosity of a star is dependent on its effec-
tive temperature and radius, we expect a PLC relation to be that
where the scatter is significantly reduced due to a colour correc-
tion term. The colour-corrected V-band magnitude is termed as
the Wesenheit index, WI (Ngeow & Kanbur 2005), given by the
equation

WI = V − 2.55 (V − I). (1)

The PLC relation plotted on the Wesenheit plane indeed shows
a reduction in scatter and better correlation between the pulsa-
tion period and Wesenheit indices (see bottom panels of Figs. 4
and 5). There are two noticeable exceptions in the SMC, namely
OGLE-SMC-T2CEP-07 (an ellipsoidal variable) and OGLE-
SMC-T2CEP-29 (an eclipsing binary). These stars are discussed
in Sect. 7.5.

In principle, Eq. (1) can be rewritten in terms of the
intrinsic properties of the star as the following equation
(van den Bergh & Hagen 1968; Madore 1976, 1982):

WI = V0 − 2.55 (V − I)0. (2)
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Fig. 4. Period-luminosity-colour relation for the RV Tauri stars in the
SMC. The top panel shows the V-band magnitudes plotted with the Log
(P0) of the sample stars. The two noticeable outliers are OGLE-SMC-
T2CEP-07 (an ellipsoidal variable) and OGLE-SMC-T2CEP-29 (an
eclipsing binary), see Sect. 7.5. The bottom panel shows the reddening-
free Wesenheit index plotted with the Log (P0) of the sample stars.
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Fig. 5. Period-luminosity-colour relation for the RV Tauri stars in the
LMC. The top panel shows the V-band magnitudes plotted with the Log
(P0) of the sample stars. The bottom panel represents the reddening-free
Wesenheit index plotted with the Log (P0) of the sample stars. In the top
panel, OGLE-LMC-T2CEP-199 has the brightest V-mag among all the
RV Tauri stars. This star is discussed in Sect. 7.5.
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The Wesenheit index can be transformed into the absolute
magnitude of each star, provided that the intrinsic (V − I)0
colour correction terms are known for each individual star (e.g.
Alcock et al. 1998).

The amount of extinction towards each star is caused mainly
by two sources: interstellar and circumstellar dust. We ac-
counted for the interstellar extinction using a mean reddening of
0.056 mag to the SMC (Deb 2017) and 0.085 mag for the LMC
(Haschke et al. 2011). These values were combined with the cir-
cumstellar extinction obtained from the dereddened SED model
(see Sect. 7.2 and Col. 8 of Table 3).

We computed E(V − I) for the individual stars using the con-
version relation by Tammann et al. (2003) and Haschke et al.
(2011), i.e.

E(V − I) = 1.38 E(B−V), (3)

where E(B−V) is the total reddening towards each star (inter-
stellar and circumstellar). The E(V − I) and (V − I) values were
then used to calculate the intrinsic (V − I)0 for each star in the
SMC and LMC.

A linear regression in log (P0) against the quantity
V0 − 2.55(V − I)0 yields the following PLC relation for the in-
trinsic apparent magnitude (V0) of the targets:

V0 = m × log (P0) + c + 2.55 (V − I)0, (4)

where m is the slope and c the intercept of the linear regression
in the Wesenheit plane. We obtained m = − 1.33 and c = 15.42
for SMC and m =−3.75 and c = 19.04 for the LMC.

The parameters of the regression and the fundamental pulsa-
tion periods were then used to compute the bolometric absolute
magnitude given by

Mbol,WI = m × log(P0) + c − µ + BC + 2.55 (V − I)0, (5)

where µ is the distance modulus for the SMC and LMC and have
values of 18.965 (Graczyk et al. 2013) and 18.49 (Walker 2012;
Pietrzyński et al. 2013), respectively. The value BC is the bolo-
metric correction for each star computed using the relation be-
tween BC and effective temperature provided by Flower (1996).
This relation is shown in Fig. 6, which is reproduced using their
data. A zoom-in is shown in the same plot to represent the ap-
proximate range of temperatures occupied by our sample stars.
We used the absolute bolometric magnitude, Mbol,WI to compute
luminosities for each star using the PLC, denoted by LPLC (see
Col. 3 of Table 3).

7.2. LMC luminosities from SED

Kurucz model atmospheres were fit to the original data points
and a dereddened SED model was computed using the extinc-
tion parameter, (E(B−V)), corresponding to the lowest χ2 value
of the parameter grid search (see Fig. 7 for an example). The
bolometric luminosities, LSED, were then computed using the
integrated flux below the dereddened photospheric SED
model and assuming an average distance of 49.97± 1 kpc to the
LMC (Walker 2012; Pietrzyński et al. 2013). In this process we
assumed that the flux from the star is radiated isotropically. The
derived SED luminosities for the LMC sample are shown in
Col. 5 of Table 3.

7.3. SMC luminosities from SED

The SED luminosities of the SMC sample stars were computed
in the same way as described for the LMC targets. We assumed
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Fig. 6. Bolometric correction factor we used to obtain the bolometric
magnitudes of our stars.

Fig. 7. Example of the χ2 plot of OGLE-LMC-T2CEP-169 to obtain the
reddening parameter (E(B−V)) after the parameter grid search.

a mean distance of 62.1± 1.9 kpc to the SMC (Graczyk et al.
2013). The computed SMC luminosities from the SED (LSED)
are shown in Col. 3 of Table 3.

7.4. Luminosity correlation: LSED vs LPLC

The top and bottom panels of Fig. 8 show a comparison between
the luminosities derived from the dereddened SED models and
the PLC. The top panel represents the LMC and bottom panel
represents for the SMC. We conclude from these two plots that
the luminosities derived using the two methods correlate well
within 1σ except for the two distinct outliers in the SMC, which
show ellipsoidal and eclipsing variations in their light curves.
This is further discussed in Sect. 7.5. We use the luminosities
obtained from the SED in our analyses.

7.5. Over-luminous stars in the SMC and LMC

There are a few stars in our sample that do not follow the
general luminosity trend of the rest of the stars. OGLE-SMC-
T2CEP-07 and OGLE-SMC-T2CEP-29 are two such examples,
which have SED luminosities significantly higher than what is
expected from the PLC. Both stars are the two distinct outliers
in the Wesenheit plane (see Fig. 4) and in Fig. 8. As reported
by Soszyński et al. (2010), one of these stars (OGLE-SMC-
T2CEP-07) also shows ellipsoidal variability in its light
curve. Ellipsoidal variables are non-eclipsing close binaries
in which one or both components is or are distorted (e.g.
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Fig. 8. Comparison of the luminosities derived from the deredenned
SED models and the PLC relation. The top panel indicates the LMC
and the bottom panel indicates the SMC. The blue dashed lines show the
1σ from the mean. The markers are scaled according to the reddening
value obtained in the SED fit. The two distinct outliers in the SMC are
binaries and are discussed in Sect. 7.5.

Wood et al. 1999; Pawlak et al. 2014). On the other hand,
OGLE-SMC-T2CEP-29 was shown to be an eclipsing binary by
Soszyński et al. (2010). Soszyński et al. (2010) argued that for
both objects, the luminous companion contributes significantly to
the total observed luminosity. High-resolution data with a wide
wavelength coverage is needed to investigate both stars in detail.

In the case of the over-luminous OGLE-LMC-T2CEP-005,
we find that the carbon star [KDM2001] 547 is within 1.4 arcsec
to the RV Tauri star. This is below the spatial resolution of the
instruments used to generate the data in the photospheric part
of our SEDs; for example, the spatial resolution of the 2 MASS
survey is 4 arcsec and the UBVI photometry by Zaritsky et al.
(2002) are at a spatial resolution of ∼3.6 arcsec. The carbon star
is around 1 magnitude brighter in the J band and almost 2 mag-
nitudes brighter in the H and K bands. Thus, it is highly likely
that the photospheric part of the SED of OGLE-LMC-T2CEP-
005 is contaminated by this star, leading to a higher luminosity
determination.

In a similar case, the SED photometry of OGLE-LMC-
T2CEP-199 is likely contaminated by another long-period vari-
able star (2MASS J05044388−6858371). This star is within

Table 4. Results from the K–S test on the luminosity distribution, show-
ing the significance level at which the null hypothesis is rejected.

Test samples p-value % of rejecting the
null hypothesis

Disc and non-IR 0.01 99
non-IR and uncertain 0.33 67
Disc and uncertain 0.04 96

8 arcsec of OGLE-LMC-T2CEP-199. It is as bright in the I band
and is around 2 magnitudes brighter in the J- and H bands.

7.6. Luminosity difference between dusty and non-dusty
stars

We carried out a Kolmogorov–Smirnov (K–S) test on the lu-
minosities of the LMC sample to investigate whether the stars
showing three different SED characteristics are statistically dif-
ferent. We only performed the test for the LMC stars because the
sample size was large enough for a statistical study. Assuming
the null hypothesis that all three distributions (disc-type, non-
IR, and uncertain) are drawn from the same sample, we tested
the significance at which this hypothesis is rejected; the lower
the p value, the greater the statistical significance of rejecting
the null hypothesis. We concluded the distributions are different
at the 1− p significance level. We show in Table 4 the results of
the K–S test.

We obtained the average luminosity in each of the sam-
ple representing disc-type, non-IR and uncertain as 3336 L�,
1854 L� and 2432 L�, respectively. Based on the results of the
K–S test we concluded that on average, the dusty (disc-type) ob-
jects are significantly more luminous than the non-dusty stars
(non-IRs). The implications of these results are discussed in
Sect. 9.5.

8. (O−C)

A few of the RV Tauri stars showed significant period change in
their phased light curves. This led us to investigate their pulsa-
tional behaviour via an (O−C, obsereved – calculated) diagram.

The (O−C) diagram is useful to investigate long-term period
changes and hence the evolution of stars, RV Tauri stars in partic-
ular (e.g. Percy et al. 1997; Percy &Bakos 1998; Percy & Coffey
2005; Groenewegen & Jurkovic 2017b). A preliminary study of
the (O−C) diagrams of RV Tauri stars, carried out by Percy et al.
(1991), reported that 13 out of 16 RV Tauri stars have decreasing
periods. We apply the same method as an attempt to trace their
period evolution.

If there are significant changes in the period over time, the
(O−C) diagram will be a parabola with positive or negative
curvature representing an increase or decrease in period, respec-
tively. In principle, this method can be used to trace the evo-
lution of a star: if there is an increase in the radius of a star,
the period increases and vice-versa. Percy & Coffey (2005) ap-
plied this method to a sample of RV Tauri pulsators and SRd
variables. Their results show that indeed the sample RV Tauri
stars are evolving towards lower radii. We note that their data
coverage was of the order of a few tens of decades up to a cen-
tury in some cases. Their results predict the pulsational evolu-
tion of RV Tauri stars to be on the scale of a few decades to
a century, as is the span of their data. This fast evolution was
found to be in contradiction to the theoretical predictions, how-
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ever, as theory predicts evolution at a much longer timescale
of a few hundreds to a thousand years (Schönberner 1983;
Percy et al. 1991).

Some of our stars do not show prominent RV Tauri charac-
teristics, i.e. indiscernible deep and shallow minima. So, for the
sake of homogeneity, we used the fundamental period (P0) for all
stars to construct the (O−C) diagram, following Percy & Coffey
(2005).

The (O−C) analysis starts with knowing the average period
and adopting a fixed epoch of a variable star. The epoch (T0) is
chosen as the time of occurrence of the first deep minumum. The
minima in the time series data, the pulsational fit represented by
Ti, and the fundamental period, P0 were used in the following
equation to obtain the (O−C) as follows:

(O−C) = Ti − (T0 + ni × P0), (6)

where ni represents the number of cycles.
A pulsation model was fit with the significant periods found

after iteratively pre-whitening the time series data. We added
several overtones to the fit to obtain the best fitting model and
thus accurate values for the subsequent minima. The black dots
in Fig. 9 represent the (O−C) computed from the minima of the
pulsation model fit. As a check, we compared the (O−C) from
the model to that obtained from the data itself, plotted as cyan
stars in Fig. 9. We traced the cycle-to-cycle variability by chunk-
ing the time series data and computing the mean period in each
chunk. These are shown in Fig. E.1.

In the LMC sample, the following four stars show
period change in the (O−C): OGLE-LMC-T2CEP-119,
OGLE-LMC- T2CEP-149, OGLE-LMC-T2CEP-190, and
OGLE-LMC-T2CEP-191. The period change is more noticeable
in the chunk time series (see Fig. E.1), as increasing (OGLE-
LMC-T2CEP-119 and OGLE-LMC-T2CEP-190) or decreasing
periods (OGLE-LMC-T2CEP-149 and OGLE-LMC-T2CEP-
191). These results are discussed in Sect. 9.6. We note that a
few more stars in the LMC showed evidence of period changes
in the (O−C), but the changes were not clear in the chunk time
series.

In the SMC sample, OGLE-SMC-T2CEP-19, OGLE-SMC-
T2CEP-20, and OGLE-SMC-T2CEP-24 show evidence of pe-
riod changes in their phased light curves. Analysis of their
(O−C), however, did not reveal significant variability in their pe-
riods. Remarkably, OGLE-SMC-T2CEP-43 show variability in
the (O−C) with a slightly negative curvature, which was also re-
ported to have a decreasing period by Groenewegen & Jurkovic
(2017b).

9. Discussion

9.1. SEDs

Based on our classification of the SEDs, we identified 16
objects with dust in the form of a clear disc in the LMC (see
Figs. A.2a–A.2g) and 1 in the SMC (Fig. B.1a). In most cases,
the IR excess already starts at ∼2 µm and provides a clear indi-
cation of the presence of hot dust at the dust sublimation radius
(Hillen et al. 2016).

A few stars with a disc-type SED in the LMC display
SEDs in which the IR excesses start at longer wavelengths,
namely OGLE-LMC-T2CEP-014, OGLE-LMC-T2CEP-015,
and OGLE-LMC-T2CEP-129. In the case of OGLE-LMC-
T2CEP-015, the IR excess starts at ∼3 µm, while for OGLE-
LMC-T2CEP-014 and OGLE-LMC-T2CEP-129, the excess
starts at a much longer wavelength (∼4 µm see Fig. 10). The IR

excesses in these systems appear similar to that of OGLE-LMC-
T2CEP-149 (MACHO 81.8520.15, Gielen et al. 2009) and rep-
resent the existence of dust further out from the dust sublimation
radius.

In Fig. 10, we show as an example, the SED of OGLE-LMC-
T2CEP-129. Assuming the disc absorbs and emits as a black
body we fit two black bodies (one for the photosphere and the
other for the dust) to the SED data and estimate the dust temper-
ature. We also assume that the inner rim of the disc dominates the
IR luminosity. The fitting was performed using a Markov Chain
Monte Carlo (MCMC) method via the DREAM(ZS) package
(ter Braak & Vrugt 2008). We estimate the dust temperature to
be ∼440± 9 K. This temperature can be used to estimate the
inner-rim radius (Rin) of the disc around OGLE-LMC-T2CEP-
129, which scales with the bolometric luminosity of the star
(Lbol) and the dust temperature (Tdust) through the equation
(Dullemond et al. 2001; Kama et al. 2009)

Rin =
1
2

(Cbw/ε)1/2 (Lbol/4πσT 4
dust)

1/2, (7)

where Cbw is defined as the backwarming coefficient, ranging
from 1 to 4 depending on the optical thickness of the disc
(Kama et al. 2009). The cooling efficiency (ε) of the dust grains
is a ratio of the Planck mean opacity of the dust species at their
own temperature to the effective temperature of the star. For
an estimate of the inner-rim radius, these two coefficients can
be assigned a value of 1 (e.g. Lazareff et al. 2017). Based on
our assumptions, we compute the inner-rim radius of OGLE-
LMC-T2CEP-129 to be ∼25 au. This indicates that the disc
around this system is clearly an evolved disc and is not at the
dust sublimation radius (Hillen et al. 2016). This is likely the
case for the other stars we mentioned as displaying similar SED
characteristics.

Interestingly, none of the RV Tauri stars in the Magellanic
Clouds show clear shell type SEDs. This indicates that optically
bright RV Tauri stars with dust might all exist as disc objects
and evolve solely through a binary channel, given the strong link
between the presence of a disc and binarity among post-AGB
stars (Van Winckel et al. 2009) and RV Tauri stars (Manick et al.
2017).

In total, we found 12 RV Tauri stars in the Magellanic Clouds
that displayed SEDs without IR excesses (see Figs. A.5a–i for
the LMC and Figs. B.3a–c for the SMC). This represents ∼24 %
of the RV Tauri population in the Magellanic Clouds, which
is interestingly lower than the ∼50 % known non-IRs in the
Galaxy (Gezer et al. 2015b). We note that the LMC is crowded,
which makes it possible that the SEDs are contaminated by
a nearby source (as in OGLE-LMC-T2CEP-005 and OGLE-
LMC-T2CEP-199, see Sect. 7.5), thus making it hard to dis-
tinguish the correct SED characteristic of the star in question.
It is therefore possible that some of the objects classified as
“uncertain” are actually non-IRs, with the excess flux(es) caused
by a potential background or nearby source.

The SEDs of the rest of the 22 stars in the Magellanic Clouds
were classified as uncertain because the IR excesses were not
clear either because of the lack of data or the fact that only one or
two flux points is in excess in the IR region without a clear disc
or shell SED characteristic (see Figs. A.3a–A.4h for the LMC
and Figs. B.2a–e for the SMC).

9.2. Disc-type objects

In the following two subsections, we describe the evolutionary
nature of the dusty (disc-type) RV Tauri stars based on their
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(b) OGLE-LMC-T2CEP-149
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Fig. 9. (O−C) diagrams of LMC targets. The black dots and cyan stars represent the (O−C) computed from the model fit and the data points,
respectively. The dashed line indicates the parabolic fit to the (O−C).
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Fig. 10. SED of OGLE-LMC-T2CEP-129 fitted using black bodies at
temperatures of ∼5240 K (stellar component shown in blue dashed line)
and 440 K (dust component shown in green dashed line). The red line
shows the best fit to the data.

derived position on the HRD. We also report the discovery
of two binaries via the RVb phenomenon among the LMC
targets.

Figures 11 and 12 show evolutionary tracks from the
zero age main sequence (ZAMS) until the AGB from
Bertelli et al. (2009). The post-AGB tracks were modelled by
Miller Bertolami (2016) and include evolution from the AGB
to the white dwarf phase for stars with initial masses between
1.0 and 3.0 M�. We identify the evolutionary nature of our
sample stars based on these evolutionary tracks. However, we
do not disregard the fact that these tracks are computed in
the framework of single stellar evolution, while many stars in
our sample (especially the disc-types) follow a binary evolu-
tion channel, for which models are unavailable at this stage
and differ for different initial orbital periods, mass ratios, and
eccentricities.

9.2.1. Evolutionary nature of disc objects

The position of the dusty (disc) RV Tauri stars are indicated by
the red circles in Fig. 11 for the LMC and Fig. 12 for the SMC.
Our derived range of luminosities, effective temperatures, and
their dusty (disc) nature suggest that these stars are either post-
RGB or post-AGB objects. These stars could have evolve off into
the post-RGB or post-AGB domain from different initial mass
tracks. As an attempt to differentiate between their post-RGB or
post-AGB nature and hence their progenitor-mass, we use as a
criterion, the luminosity at the RGB-tip attained by stars with
different initial masses.

A21, page 12 of 31

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833130&pdf_id=9
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833130&pdf_id=10


R. Manick et al.: Evolutionary nature of RV Tauri stars

3.43.53.63.73.83.94.04.1
Log Teff

2.5

3.0

3.5

4.0

Lo
g
 (

L/
L
¯
)

1 M¯

2 M¯

3 M¯

4 M¯

Mi  = 1.0 M¯

Mi  = 1.25 M¯

Mi  = 2.0 M¯

Mi  = 3.0 M¯

LMC-199

LMC-005

Disc

Uncertain

Non-IR

Fig. 11. LMC RV Tauri stars with different SED characteristic, plotted in the HRD. The black lines are evolutionary tracks for a 1 M�, 2 M�,
3 M�, and 4 M� stars with a composition of Z = 0.008 and Y = 0.26 for the LMC (Bertelli et al. 2009). The dashed lines are post-AGB tracks from
Miller Bertolami (2016) for 1 M�, 1.25 M�, 2 M�, and 3 M� initial mass stars with an initial metallicity of Z = 0.001. The blue line represents
the evolution of a 3 M� star, which goes through a blue-loop phase. The slanted dotted lines show the theoretical instability strip taken from
Kiss et al. (2007). The four points with cyan marker edges indicate the position of OGLE-LMC-T2CEP-119, OGLE-LMC-T2CEP-149,OGLE-
LMC-T2CEP-190, and OGLE-LMC-T2CEP-191, which display clear period change in their (O−C) diagram. The stars in the grey circles denote
the position of OGLE-LMC-T2CEP-005 and OGLE-LMC-T2CEP-199, which have higher-than-expected luminosities (see Sect. 7.5). The tip of
the RGB for each track corresponding to a mean metallicity of the LMC are indicated with orange “+” signs, which are at L∼ 3150, 330, 630, and
1450 L� for the 1, 2, 3, and 4 M� tracks, respectively. The upper and lower horizontal dotted lines indicate the tip of the RGB for a 1 and 4 M� star,
respectively. The cyan “x” markers represent the start of the early AGB phase (E-AGB); these markers are at L∼ 170, 370 and 1090 L� for the 2,
3 and 4 M� tracks, respectively.

The RGB-tip of a 1 M� star is denoted by a horizontal dotted
line at L∼ 3150 L� for the LMC (Fig. 11) and at L∼ 2880 L� for
the SMC (Fig. 12). The 2, 3, and 4 M� stars reach the tip of the
RGB at luminosities lower than that of a 1 M� star (see yellow
“+” signs in Figs. 11 and 12) and start their early AGB phase
at positions denoted by the cyan crosses. The lower horizontal
dotted line in Fig. 11 indicates the RGB-tip of a 4 M� star at
L∼ 1450 L�, which is at a luminosity just below most of the disc
stars. For the SMC (Fig. 12), the lower horizontal dotted line
denotes the RGB-tip luminosity at L∼ 1560 L� of a 4 M� star.

Using the RGB-tip-luminosity argument, if the disc-type
stars lying between these two horizontal dotted lines are indeed
progenies of stars with masses between ∼2 and 4 M�, they would
be post-AGB objects. Otherwise, they are likely post-RGB stars
evolved from a lower mass progenitor.

The only objects that we are relatively certain are post-AGBs
among the RV Tauri sample are those that lie above the RGB-
tip of a 1 M� star. These are stars plotted as red markers above
the upper dotted horizontal line in Figs. 11 and 12. The fact
that these stars lie above the RGB-tip of all four stellar model
tracks, their high luminosities in combination with their dusty
nature, indicates that they likely post-AGB progenies of stars
with initial masses higher than ∼1 M�. This viewpoint is rein-
forced by the fact that two of these stars (OGLE-SMC-T2CEP-

18 and OGLE-LMC-T2CEP-015) have previously been proven
to be genuine post-AGB stars chemically; their photospheres
were found to be C and s-process enriched by Reyniers et al.
(2007) and Kamath et al. (2015), respectively.

The stars with a disc-type SED have evolved off the RGB
or AGB likely from binary interaction, making these ob-
jects post-RGB or post-AGB binaries. Their disc SED nature
and the strong correlation between disc-types and binarity,
justifies their likely binary nature (Van Winckel et al. 1999;
Manick et al. 2017). Assuming they are indeed binaries, to dif-
ferentiate between their post-RGB or post-AGB nature, we anal-
ysed the probability of interaction between the primary and the
companion at various stages of the evolution of the primary.
In Fig. 13, we show the radius evolution of the primary
as a function of the initial mass. The radii are computed
using the luminosities and Teff output from the models of
Bertelli et al. (2009).

If the progenitor mass of the disc-type objects is ∼1 M�
then the star would have swelled considerably (up to ∼0.8 au)
upon reaching the RGB stage (see top panel of Fig. 13) and
hence with a higher probability of interaction with the com-
panion already on the RGB. This evolutionary scenario would
make most of the disc stars below a luminosity of ∼3150, which
is the tip of the RGB for a 1 M� star, post-RGB binaries. On
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Fig. 12. SMC RV Tauri stars with different SED characteristic, plotted in the HRD. The black lines are evolutionary tracks for a 1 M�, 2 M�,
3 M�, and 4 M� stars with a composition of Z = 0.004 and Y = 0.26 for the SMC (Bertelli et al. 2009). The dashed lines are post-AGB tracks from
Miller Bertolami (2016) for 1 M� and 1.5 M� stars and Z = 0.001, plotted as 2nd and 3rd from bottom, respectively. The bottom-most dashed track
is for a 1 M� star with a metallicity of Z = 0.01, which is at a lower luminosity than a post-AGB track of Z = 0.001. The blue line represents the
evolution of a 3 M� star, which goes through a blue-loop phase. The slanted dotted lines show the theoretical instability strip taken from Kiss et al.
(2007). The tip of the RGB for each track corresponding to a mean metallicity of the SMC are indicated with orange “+” signs , which are at
L∼ 2880, 330, 660, and 1560 L� for the 1, 2, 3, and 4 M� tracks, respectively. The cyan “x” markers represent the start of the early AGB phase
(E-AGB), which are at L∼ 170, 510, and 1380 L� for the 2, 3, and 4 M� tracks, respectively. The stars in the grey circle are the OGLE-SMC-
T2CEP-07 and OGLE-SMC-T2CEP-29, which shows ellipsoidal variability and eclipses in their light curves, respectively. The upper and lower
horizontal dotted lines indicate the tip of the RGB for a 1 and 4 M� star, respectively.

the other hand, if the progenitor is more massive, for example
higher than ∼2 M�, we can deduce from the middle and bottom
panel of Fig. 13 that the radius of the primary is much larger on
the AGB than on the RGB. Thus, the probability of interaction
with the companion would be much higher on the AGB, con-
sequently making the disc objects more likely to be post-AGB
binaries.

If the disc RV Tauri stars are indeed post-RGB or post-
AGB binaries, they are likely in wide orbits. We already have
indications of the existence of long period binaries among
the LMC and SMC RV Tauri sample with the long orbital
periods of 850 and 916 days we found in OGLE-LMC-T2CEP-
200 and OGLE-LMC-T2CEP-032, respectively. Addtionally,
Groenewegen & Jurkovic (2017b) found three more binary can-
didates: OGLE-LMC-T2CEP-011, OGLE-SMC-T2CEP-018,
and OGLE-SMC-T2CEP-029, which have periods between
∼ 609 and 1657 days. It is worth mentioning that their Galactic
counterparts presented in Van Winckel et al. (1999) and
Manick et al. (2017), have wide orbits as well.

Interestingly, OGLE-SMC-T2CEP-07 and OGLE-SMC-
T2CEP-29 do not show dust excess in their SEDs (see Figs. B.3a
and B.3b), but are strong binary candidates with orbital of
periods of 394 days and 609 days, respectively (see Sect. 4.2;
Soszyński et al. 2010; Groenewegen & Jurkovic 2017b). If bina-
rity is indeed confirmed via spectroscopy in these two stars, they

would be the first known RV Tauri stars in a binary system that
display no IR excess.

9.2.2. Binary nature of OGLE-LMC-T2CEP-200 and
OGLE-LMC-T2CEP-032

The link between the RVb phenomenon and binarity was first
predicted by Waelkens et al. (1991), based on the long-term vari-
ability seen in the post-AGB star HR 4049. These authors hy-
pothesised that it was likely due to variable obscuration by the
circumstellar dust of the order of the orbital period of the bi-
nary system. Since then, this concept has been discussed and
explored in the literature owing to the discovery of the same phe-
nomenon in many more binary stars with a dusty circumbinary
disc. Van Winckel et al. (1999) and Manick et al. (2017) showed
that the long-term period in the photometric time series due to
the RVb nature, corresponds to the periods found in the radial
velocities. These results are thus best explained by variable ex-
tinction in our line of sight through the dust that is caused by the
orbital motion of the binary.

We therefore claim that the RV Tauri stars OGLE-LMC-
T2CEP-200 and OGLE-LMC-T2CEP-032, which display the
RVb phenomenon in their light curves, are binaries with
orbital periods of ∼850 and 916 days (see Fig. 14). The
RVb nature of these two stars was already pointed out by
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Fig. 13. Evolution of the stellar radius of a 1, 2, and 3 M�
star, from the models of Bertelli et al. (2009). This figure
shows the late stages of the stars’ evolution, i.e. from the
onset of a noticeable change in radius through the evolution.

Soszyński et al. (2008), who mentioned a long-term period of
854 days in only one of this pair, OGLE-LMC-T2CEP-200. In
the case of OGLE-LMC-T2CEP-032, the RVb phenomenon is
not as pronounced as in OGLE-LMC-T2CEP-200, most proba-
bly because of an inclination effect.

These two stars are perfect candidates within our LMC RV
Tauri sample for a spectroscopic follow-up to confirm their
binary nature. However, tracing orbital motions in RV Tauri
stars using radial velocity shifts could be challenging for the
Magellanic Cloud targets: they are faint and are in wide orbital
configurations (Van Winckel et al. 1999; Manick et al. 2017).
In addition, their high amplitude pulsations and line splitting
due to shocks in their atmospheres, subdue the orbital motions
and make binary detection challenging (Baird 1982; Gillet et al.
1990; Pollard et al. 1997).

9.3. Evolutionary nature of the non-IR objects

Since the discovery of RV Tauri stars in the early 1900s, their
post-AGB nature has been extensively hypothesised in the litera-
ture (e.g. Jura 1986, Alcock et al. 1998). Their link to post-AGB
stars has been only considered the dusty RV Tauri stars without
much consideration to the non-IR stars, which represent a size-
able portion (∼ 42%) of all the known RV Tauri stars in the Milky
Way and Magellanic clouds (Gezer et al. 2015b; Soszyński et al.
2008, 2010).

Their derived position on the HRD raises interesting ques-
tions regarding their evolutionary nature. Given their derived
luminosities and their apparent evolved nature, we expect to see
dust in the form of IR excess at longer wavelengths. If these are sin-
gle post-AGB stars, the dust should be in the form of an expanding
shell (double peaked SED) in the infrared region as seen in many
single post-AGB stars (Volk & Kwok 1989; Van Winckel 2003),
whereas in the case of binaries, we expect a dusty circumbinary
disc (Van Winckel et al. 2009; Hillen et al. 2017). However, their
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Fig. 14. Stars in the LMC that display RVb type light curves. The red
line shows the pulsation model combined with the long-term variable
period of the orbit. The blue dashed line shows the long-term variability.

non-dusty SED characteristics contradict their post-AGB or post-
RGB nature. One possibility is that they left the AGB or RGB long
enough ago for the dust to have dispersed.

The dust (disc or shell) dissipation lifetime is not well con-
strained in the literature, but can be estimated in the case of a
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shell. Our WISE SED data range is wavelength-limited up to
around 22 µm. We can calculate roughly how long it takes for
an expanding shell of dust to create an IR excess at ∼22 µm.
This gives us an idea of the age of the dust shell (if indeed
present around these stars) to create a detectable IR excess
around 22 µm.

In Fig. 15 we show the evolution of the SED produced by
an expanding dust shell around a post-AGB star assuming Teff of
5900 K and L = 3300 L�. We assume that the dust shell absorbs
and emits as a black body and that 5% of the luminosity of the star
is in the dust. According to this plot, the highest temperature that
the dust can have without creating an IR excess at 22 µm is around
40 K. This temperature can be used to compute the shell radius,
“a”, around the star using the equation Tdust = Teff × (R/2 a)0.5,
where Tdust is the dust temperature, Teff is the effective tempera-
ture of the star, and R is the stellar radius. We find the dust-shell
radius to be of the order of 4.7×1011 km. Assuming a 15 km s−1

expansion rate of the shell (e.g. Likkel et al. 1991; Loup et al.
1993), the age is estimated to be ∼1000 yr.

The positions of most of the non-dusty stars in the SMC and
LMC coincide with the post-AGB track of a 1.0 M� initial mass
star. Our estimated dust-shell lifetime is shown by a black star
marker on this track (see Figs. 11 and 12). This is shortly after
the start of the post-AGB phase of such a star. The implication
is that if these stars are indeed evolving through this track, they
would be low-luminous single post AGB stars in which the dust
has dissipated ∼1000 yr after the start of the post-AGB phase.
It is very unlikely that these are single post-AGB stars with ini-
tial masses of ∼1.25 M� or higher because the post-AGB models
predict that single stars with such initial masses would have
luminosities much higher than those of our non-dusty RV Tauri
sample (see dashed post-AGB track of a 1.25 M� in Figs. 11
and 12).

On the other hand, considering the possibility that these
stars have evolved off the track due to binary interaction, it is
more likely that they are post-RGB binaries with the primary
star having an initial mass of 1 M� or less. There are two main
explanations for this possibility: first, a 1 M� star would be-
come large enough on the RGB-tip already to interact with the

companion (see Fig. 13) and, second, a low mass primary would
evolve slowly enough for the dust to have dissipated at this stage.

It is also possible that the dust around these stars is in the
form of a disc, but is too evolved for the IR excess to be de-
tectable. The best example of an evolved circumbinary disc is
probably that around the Galactic post-AGB binary BD+39 4926
(Kodaira et al. 1970; De Ruyter et al. 2006). This is a strongly
depleted binary that evolved off the AGB, but shows only a very
small infrared excess at 22 µm (Gezer et al. 2015b). If such a
small excess is present in our non-dusty RV Tauri sample, given
they are Magellanic cloud objects, the excess would be too faint
to be detected by the WISE instrument.

Interestingly, the region occupied by the non-IRs on the HRD
corresponds to that of blue-loop stars as well. Blue-loop evo-
lution in intermediate-mass stars (∼3−9 M�) occurs when they
start burning helium in their cores (Walmswell et al. 2015). In
the first part of the loop, the stars move leftward of the HRD as
a result of contraction and heating up. They eventually attain a
maximum effective temperature and return to the Hayashi track
via the second part of the loop.

The occurrence of blue loops is very metallicity-dependent
in the models of Bertelli et al. (2009) and occurs mostly at low
metallicities. The blue line in Figs. 11 and 12, shows the blue-
loop track of a 3 M� star with the lowest metallicity (Z = 0.001)
and highest helium content (Y = 0.4). According to the mod-
els, low-metallicity stars with a range of initial masses between
∼3 M� and 4 M�, evolve along blue loops around the same re-
gion too, but for the sake of convenience we show only the blue-
loop track of the 3 M� star.

We argue that it is highly unlikely that these are blue-loop
stars mainly because blue loops occur in stars with masses above
3 M� and this mass regime is more representative of population
I Cepheids, which follow a completely different PL relation (e.g.
Tammann et al. 2003). In addition, the light-curve characteris-
tics of our non-IR sample clearly contradicts the hypothesis that
these could be population I Cepheids.

9.4. Uncertain objects

The uncertain objects display an SED with only one or a few
points in excess in the IR region, but none of these objects dis-
play a clear disc- or shell-type characteristic. If these excesses
are indeed due to dust around the stars, they might be coming
from either an expanding shell or an evolved disc. As discussed
by Gezer et al. (2015b), an expanding shell of cold gas would
imply that these stars likely evolve in the same way as single
post-AGB stars. On the other hand, an evolved disc would mean
that the central source is likely a binary.

The results of our statistics on the luminosities, however,
show that the objects with an uncertain SED are not significantly
different from the non-dusty objects in terms of luminosities (see
Table 4). It is therefore plausible that, similar to the non-dusty
objects, the dust is dispersed in these systems and the few IR
fluxes in excess are arising because of the remnant dust. More
photometry at longer wavelengths is needed to better classify
their SEDs and be conclusive about their evolution.

9.5. Most luminous dusty stars

Interestingly, we find, with high statistical significance, that the
luminosities of the dusty (disc) stars are on average highest
among the RV Tauri stars (see Sect. 7.6 and Fig. 11). Assum-
ing that these are binaries with orbits similar to the Galactic
disc-type sources (see introduction), they evolved as interacting
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binaries on the RGB or AGB. We therefore expect their evo-
lution to be interrupted by a phase of binary interaction on the
giant branch. As a consequence, they should, in principle, ap-
pear at lower luminosities than the single stars on the HRD.
The results presented in this work, however, contradict this
hypothesis.

We believe that our derived luminosities are not a result of
an observational or methodological bias because the higher lu-
minosities of the dusty objects are already seen in the Wesenheit
plane in the form of their pulsation periods being higher on av-
erage (see the bottom panel of Fig. 5).

The apparent high luminosities among the disc-type objects
was also reported by Groenewegen & Jurkovic (2017b), which
was attributed to a potential contribution in flux from the com-
panion. Given the high luminosity of the primary star, this seems
to be highly improbable.

9.6. (O−C) variability

Percy & Coffey (2005) used time series data of the order of
several decades to trace the period evolution and hence the evo-
lutionary stage of RV Tauri stars across the HRD. The downward
bending parabola in the (O−C) variation of the two RV Tauri stars
they studied provides a clear indication of an overall decrease in
period and hence, a decrease in overall radius. This indicates that
the stars are evolving towards higher temperatures at constant lu-
minosity, thereby complying with post-AGB evolution.

Despite our ∼2500 days time series data span, we computed
the (O−C) as an attempt to trace the period evolution. Indeed,
we notice a change in period for four stars in the LMC, namely
OGLE-LMC-T2CEP-119, OGLE-LMC-T2CEP-149, OGLE-
LMC-T2CEP-190, and OGLE-LMC-T2CEP-191. Closer in-
spection of the (O−C) curvature showed that the periods of
OGLE-LMC-T2CEP-119 and OGLE-LMC-T2CEP-190 are in-
creasing and those of OGLE-LMC-T2CEP-149 and OGLE-
LMC-T2CEP-191 are decreasing (see Fig. E.1). Our results are
in accordance with those reported by Groenewegen & Jurkovic
(2017b) for these stars. Moreover, we note an interesting
feature in the (O−C) of OGLE-LMC-T2CEP-149: there is
a sudden period jump at JD∼ 3800 days (also reported by
Groenewegen & Jurkovic 2017b) and a steep decrease in the cur-
vature as from JD∼ 4200 days. The reason behind this is not
clear.

We speculate that the period change that we observe
is a likely consequence of random cycle-to-cycle variations
(Percy & Coffey 2005), since the time span of our data is not
enough to derive any strong evolutionary conclusion. Random
cycle-to-cycle variations results in wave-like patterns in the
(O−C). One possibility could be that the cyclic changes are
the result of large-scale convectional turbulence in the stel-
lar envelope or periodic thermal pulses in the stellar interiors
(Percy et al. 1991). Moreover, Zsoldos (1988, 1991) found es-
sentially cyclic variations in the (O−C) diagrams of AC Her and
SS Gem, respectively. These works suggest the long-term mod-
ulation might be due to either internal structural changes or ex-
ternal effects, for example binarity.

The timescale at which we can readily predict a period
change in RV Tauri stars and thus their period evolution seems
to be of the order of ∼25000 days (TX Per) to ∼30000 days (UZ
Oph, Percy & Coffey 2005). Thus, time series data of the order
of many decades is required to derive any strong conclusions
about the period evolution and hence their evolutionary nature
across the HRD, from a pulsational point of view.

10. Conclusions

The late stages of stellar evolution from the AGB to the WD
phase are still poorly understood. The study of RV Tauri stars
could potentially increase this understanding mainly because
their luminosities can be constrained accurately via the PLC re-
lation followed by the type II Cepheids.

We have shown that the SEDs of RV Tauri stars in the
Magellanic clouds can be classified in three groups: dusty, non-
dusty, and uncertain. The SEDs of the dusty stars indicate that
when dust is present in RV Tauri stars, it exists only in the form
of a stable disc. Given the strong link between the presence of
a disc and binarity, these disc-type RV Tauri stars are likely all
binaries and follow a binary evolution channel. The RVb phe-
nomenon has enabled us to detect two binaries among the disc-
types (OGLE-LMC-T2CEP-032 and OGLE-LMC-T2CEP-200)
that have orbital periods of 916 and 850 days. The derived lu-
minosities and position on the HRD of the dusty RV Tauri stars
suggest that while the luminous RV Tauri stars with dust indeed
comply with post-AGB evolution, the low-luminosity stars are
post-RGB objects.

The derived position of the non-dusty RV Tauri stars on the
HRD suggests that they should have undergone an episode of
mass loss after which the remnant mass should be seen in the
form of an IR excess in their SEDs at this stage of their evolution.
However, no dust is detected. We speculate that if these are sin-
gle stars, they are low-initial mass (<1.25 M�) and low-luminous
post-AGB stars in which the dust has dissipated shortly after the
start of their post-AGB phase. However, if they are binaries, it is
most likely that they are in a post-RGB stage of evolution as a
result of binary interaction on the RGB. In this evolutionary sce-
nario, the low-mass primary evolved slow enough for the dusty
disc to have dispersed.

Based on our K–S statistics, the objects with uncertain SEDs
are not a too different population from non-dusty objects in terms
of luminosities. We speculate that the objects with uncertain
SEDs could be stars in which the dust has dispersed and the
few IR points in excess are arising because of remnant dust.
More SED data at longer wavelengths would be required to bet-
ter probe their SED characteristics, thereby putting these objects
in an evolutionary context.

One of the most striking results of this paper is the statistical
difference showing the high significance that the dusty RV Tauri
stars are on average more luminous than the non-dusty RV Tauri
stars. In principle, we would expect the dusty RV Tauri stars to
appear at lower luminosities than the non-dusty as a consequence
of their evolution being interrupted by a phase of binary inter-
action. The dusty stars being most luminous may indicate that
these come from a more massive progenitor population than the
rest of the RV Tauri stars. Spectroscopic studies are needed to
investigate this.

Four stars in the LMC sample display variability in their
(O−C) diagram. We speculate that the variability is most likely
due to random cycle-to-cycle variations in the time series or due
to binarity, although pulsation evolution on this timescale can-
not be completely ruled out. Time series of the order of many
decades are a prerequisite to probe their evolutionary status,
pulsation-wise. Whether RV Tauri stars have a dusty disc or do
not have proven circumstellar dust, we conclude that these stars
cannot simply be seen as post-AGB stars evolving on tracks pre-
dicted by single star evolutionary models.
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Pietrzyński, G., Graczyk, D., Gieren, W., et al. 2013, Nature, 495, 76
Pollard, K. H., & Cottrell, P. L. 1995, ASP Conf. Ser., 83, 409
Pollard, K. R., Cottrell, P. L., Kilmartin, P. M., & Gilmore, A. C. 1996, MNRAS,

279, 949
Pollard, K. R., Cottrell, P. L., Lawson, W. A., Albrow, M. D., & Tobin, W. 1997,

MNRAS, 286, 1
Preston, G. W., Krzeminski, W., Smak, J., & Williams, J. A. 1963, ApJ, 137,

401
Reyniers, M., Abia, C., Van Winckel, H., et al. 2007, A&A, 461, 641
Rieke, G. H., Young, E. T., Engelbracht, C. W., et al. 2004, ApJS, 154, 25
Ripepi, V., Moretti, M. I., Marconi, M., et al. 2015, MNRAS, 446, 3034
Scargle, J. D. 1982, ApJ, 263, 835
Schönberner, D. 1983, ApJ, 272, 708
Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163
Soszyński, I., Udalski, A., Szymański, M. K., et al. 2008, Acta Astron., 58, 293
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Appendix A: SEDs LMC

(a) OGLE-LMC-T2CEP-003 (b) OGLE-LMC-T2CEP-014 (c) OGLE-LMC-T2CEP-015

(d) OGLE-LMC-T2CEP-029 (e) OGLE-LMC-T2CEP-032 (f) OGLE-LMC-T2CEP-067

(g) OGLE-LMC-T2CEP-091 (h) OGLE-LMC-T2CEP-104 (i) OGLE-LMC-T2CEP-119

Fig. A.1. LMC disc SEDs fitted with Kurucz model (Red). The black line shows the de-reddened SED model.
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A&A 618, A21 (2018)

(a) OGLE-LMC-T2CEP-129 (b) OGLE-LMC-T2CEP-147 (c) OGLE-LMC-T2CEP-149

(d) OGLE-LMC-T2CEP-174 (e) OGLE-LMC-T2CEP-180 (f) OGLE-LMC-T2CEP-191

(g) OGLE-LMC-T2CEP-200

Fig. A.2. Continuation of Fig. A.1. LMC disc SEDs fitted with Kurucz model (red) and de-reddened model (black).
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(a) OGLE-LMC-T2CEP-011 (b) OGLE-LMC-T2CEP-016 (c) OGLE-LMC-T2CEP-025

(d) OGLE-LMC-T2CEP-045 (e) OGLE-LMC-T2CEP-050 (f) OGLE-LMC-T2CEP-055

(g) OGLE-LMC-T2CEP-058 (h) OGLE-LMC-T2CEP-065 (i) OGLE-LMC-T2CEP-075

Fig. A.3. LMC uncertain SEDs fitted with Kurucz model (red) and de-reddened model (black).
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(a) OGLE-LMC-T2CEP-080 (b) OGLE-LMC-T2CEP-112 (c) OGLE-LMC-T2CEP-115

(d) OGLE-LMC-T2CEP-125 (e) OGLE-LMC-T2CEP-162 (f) OGLE-LMC-T2CEP-169

(g) OGLE-LMC-T2CEP-199 (h) OGLE-LMC-T2CEP-202

Fig. A.4. Continuation of Fig. A.3. LMC uncertain SEDs.
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(a) OGLE-LMC-T2CEP-005 (b) OGLE-LMC-T2CEP-051 (c) OGLE-LMC-T2CEP-082

(d) OGLE-LMC-T2CEP-108 (e) OGLE-LMC-T2CEP-135 (f) OGLE-LMC-T2CEP-190

(g) OGLE-LMC-T2CEP-192 (h) OGLE-LMC-T2CEP-198 (i) OGLE-LMC-T2CEP-203

Fig. A.5. LMC non-IR SEDs fitted with Kurucz model (red). The black line shows the de-reddened SED model.

Appendix B: SEDs SMC

(a) OGLE-SMC-T2CEP-018

Fig. B.1. SMC disc SED fitted with Kurucz model (red). The black
line shows the de-reddened SED model.
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(a) OGLE-SMC-T2CEP-012 (b) OGLE-SMC-T2CEP-019 (c) OGLE-SMC-T2CEP-020

(d) OGLE-SMC-T2CEP-024 (e) OGLE-SMC-T2CEP-043

Fig. B.2. SMC uncertain SEDs fitted with Kurucz model (red). The black line shows the de-reddened SED model.

(a) OGLE-SMC-T2CEP-007 (b) OGLE-SMC-T2CEP-029 (c) OGLE-SMC-T2CEP-041

Fig. B.3. SMC non-IR SEDs fitted with Kurucz model (red). The black line shows the de-reddened SED model.
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Appendix C: Pulsations LMC

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. C.1. Photometric time series of the LMC RV Tauri stars that have SEDs showing no IR excess, phase-folded on their formal periods. The
horizontal line indicates the mean Imag.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. C.2. Photometric timeseries of the LMC RV Tauri stars that have uncertain SEDs, phase-folded on their formal periods. The horizontal line
shows the mean Imag.
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(a) (b) (c)

(d) (e)

Fig. C.3. Photometric time series of the LMC RV Tauri stars that have uncertain SEDs, continued.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. C.4. Photometric time series of the LMC RV Tauri stars that have SEDs showing a broad IR excess (disc-type), phase folded on their formal
periods. The horizontal line shows the mean Imag.
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(a) (b) (c)

(d) (e) (f)

(g)

Fig. C.5. continued. For OGLE-LMC-T2CEP-200, the light curve is folded on the 850 days orbital period of the binary.

Appendix D: Pulsations SMC

(a)

Fig. D.1. Photometric time series of the only disc plus 1pt minus 1pt
object in the SMC, phase folded on its formal period. The horizon-
tal line shows the mean Imag.
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A&A 618, A21 (2018)

(a) (b) (c)

(d) (e)

Fig. D.2. Photometric time series of the SMC RV Tauri stars that have uncertain SEDs, phase folded on their formal period, shown in each panel.
The horizontal line shows the mean Imag.

(a) (b) (c)

Fig. D.3. Photometric time series of the SMC RV Tauri stars that have non-IR SEDs, phase folded on their formal period. The horizontal line
shows the mean Imag.
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Appendix E: Period evolution in the time series
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(a) OGLE-LMC-T2CEP-119
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(b) OGLE-LMC-T2CEP-149
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(c) OGLE-LMC-T2CEP-190
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(d) OGLE-LMC-T2CEP-191

Fig. E.1. Period evolution of LMC targets. The black dots represent the mean period in each time series chunk. The green dashed line indicates an
interpolation through the points.
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