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RU Cen and SX Cen: Two strongly depleted RV Tauri stars
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Abstract. We present a chemical abundance analysis on the basis of high signal-to-noise and high-resolution
(λ/∆λ ∼ 48 000) optical spectra of two RV Tauri stars RU Cen and SX Cen. With an [Fe/H] = −1.9 and a
[Zn/Fe] = +0.9 for RU Cen and a [Fe/H] = −1.1 and a [Zn/Fe] = +0.6 for SX Cen, both stars of spectroscopic
class B display strong depletion of refractory elements in their photospheres. Our CORALIE radial velocity
measurements prove the stars to be members of binary systems and a detailed construction of the spectral energy
distribution indicate the presence of a large amount of hot circumstellar dust. Moreover, the orbital period of SX
Cen of around 600 days is similar to the published period of mean magnitude variation in the light curve (RV
Tauri phomometric class b phenomenon). All these observations indicate the presence of a stable circumbinary
disk in the objects and strengthen the model that this is a necessary condition for the depletion process to take
place.
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1. Introduction

The RV Tauri class of objects is a rather inhomogeneous
group of luminous radially-pulsating stars which show a
light curve with alternating deep and shallow minima.
They were identified by Jura (1986) as Post-AGB objects
on the basis of their high luminosity, their F, G and K
spectral classes and the presence of circumstellar dust.

Preston et al. (1963) introduced a spectroscopic classi-
fication of RV Tauri stars: stars of type RVA are of spectral
type G-K, show strong absorption lines but normal CN or
CH bands while TiO bands sometimes appear at photo-
metric minimum. RVB stars are generally somewhat hot-
ter (spectral type Fp(R)) weak lined objects which show
enhanced CN and CH bands indicating evidence of en-
hanced carbon. RVC stars are also weak lined stars but
show normal bands of CH and CN. This last class contains
the globular cluster RV Tauri stars. For historical reasons,
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also the photometric classes are labeled with “a” (which
are the objects with a constant mean magnitude) and “b”
(which are the objects with a long-term variability in the
mean magnitude).

In recent years it became clear that RV Tauri pho-
tospheres often show chemical anomalies: elements with
a high condensation temperature have low photospheric
abundances, while elements with a low condensation tem-
perature show higher abundances (Giridhar et al. 1994,
1998, 2000; Gonzalez et al. 1997a, 1997b; Van Winckel
et al. 1998). There is general agreement that this is the
result of gas-dust separation followed by selective re-
accretion by the star of gas devoid of refractories.

The severity of this depletion abundance pattern dif-
fers from star to star but the general trend is that the
spectroscopic class A objects are less or not affected by the
gas-dust separation while the RVB stars are more severely
affected. The studied stars of the spectroscopic class RVC,
which have a low initial metallicity ([Fe/H] ≤ −1.0), do
not show any depletion (Giridhar et al. 2000).

The same depletion patterns, but much more ex-
treme, were found in the binary Post-AGB stars HR 4049
(Lambert et al. 1988; Waelkens et al. 1991a) HD 52961,
(Waelkens et al. 1991b) and HD 44179, the central
star of the Red Rectangle (Waelkens et al. 1992) and
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BD+39◦4926 (Kodaira et al. 1970). The metallicities of
these stars are respectively −4.8, −4.8, −3.4 and −3.0
versus −2.1 which is the lowest metallicity of an RVB star
(AD Aql) (Giridhar et al. 1998). Less extremely deficient
Post-AGB stars are HD 46703 (Bond & Luck 1987) and
HD 213985 (Waelkens et al. 1991a). Radial velocity mea-
surements proved that all these extremely deficient stars
are binaries (Van Winckel et al. 1995) with orbital periods
which surely prevented normal, single star AGB evolution.
The objects therefore represent a peculiar stage in binary
evolution. Waters et al. (1992) proposed a scenario which
accounts for this depletion: in this scenario, the star will
reaccrete clean gas from a stable circumbinary disc. For
Post-AGB stars the presence of a circum-system disc im-
plies binarity. This scenario was corroborated by the bi-
narity of the extremely deficient Post-AGB stars and the
detected dust discs around some of them (Waelkens et al.
1991a; Roddier et al. 1995; Bond et al. 1997).

Since the depletion patterns are observed in all field
RV Tauri stars of type B and in some of type A, the bina-
rity of all these stars should be addressed as well, together
with the total absence of the depletion patterns in C-type
RV Tauri stars studied so far. In the past, orbital ele-
ments have been determined for U Mon (Pollard & Cottrel
1995), AC Her (Van Winckel et al. 1998) and EN Tra
(Van Winckel et al. 1999). Orbital motion is also found
for IW Car (Pollard et al. 1997) and EP Lyr (Gonzalez
et al. 1997a). One of the reasons for this low number of
known binaries among RV Tauri stars (122 members ac-
cording to the fourth edition of the General Catalog of
Variable Stars) is the fact that the detection of binarity
for RV Tauri stars on the basis of radial velocity measure-
ments is far from trivial. The presence of shocks in the at-
mosphere causes line-deformation and line-splitting which
makes the determination of the radial velocity difficult.
Moreover, to study the orbital motion, the radial velocity
variations due to the pulsation have to be removed. This is
hampered by the instability of the period and the velocity
amplitude of the pulsation of most RV Tauri stars.

However, there are several indirect indications that the
binary fraction among RV Tauri stars may be very high in-
deed (Van Winckel et al. 1999):
The spectral energy distributions of many RV Tauri stars
show a considerable near IR-excess caused by a hot
dust component (Gehrz 1972; Gehrz & Ney 1972; Lloyd
Evans 1985). This hot dust component is also present in
the extremely depleted binary Post-AGB stars HR 4049,
HD 44179 and HD 52961. In the latter binaries this hot
dust emission is interpreted as coming from dust that is
stored in a circumbinary disk close to the star, since there
is no evidence for current dusty mass loss. The stability
of the disk is further illustrated by the high level of dust
processing in some of these discs as shown by the detailed
analysis of mid-IR spectra (Molster et al. 1999).

Another argument comes from the weak circumstellar
CO-emission of RV Tauri stars. The CO-emission and the
flux at 60 µm in single Post-AGB stars show the same cor-
relation as is observed in AGB-stars. In the objects with

Table 1. Basic parameters of RU Cen and SX Cen. The param-
eters are from SIMBAD except for the periods (for RU Cen
Pollard et al. 1996 and for SX Cen Kholopov et al. 1999)
and the mean visual magnitude and the visual amplitude for
RU Cen, Pollard et al. (1996).

RU Cen SX Cen

HD-number HD 105578 HD 107439

Coordinates α2000 12 09 23.8 12 21 12.6

δ2000 −45 25 34.8 −49 12 41.1

Mean mv 9.05 9.03

Amplitude mV 1.28

Period(days) 64.6 32.8642

Galactic l 295.25 297.87

coordinates b +16.82 +13.36

Parallax(mas) .61

an expanding dust shell, there is no big spread in gas-to-
dust ratio. The RV Tauri stars do not follow this relation
and are deficient in CO. For other objects which show
weak and narrow circumstellar CO, a stable dusty disc is
suspected (Jura & Kahane 1999 and references therein).

Clearly, to directly reveal the binary nature of an
RV Tau star, detailed monitoring is needed over many
photometric cycles. In this paper we report upon such
a monitoring programme and discuss two RV Tauri stars
of spectroscopic type B: RU Cen and SX Cen. Both stars
are known to be rather regular pulsators. RU Cen is of
the photometric class a, while SX Cen is of the photomet-
ric class b, with a period of the long time variation in
mean magnitude of 615 days (Lloyd Evans 1985 quoted
from O’Connell 1933 and Voûte 1940). The basic param-
eters of these stars are given in Table 1. The outline of
this paper is as follows: in Sect. 2 we give an overview
of the accumulated observations. In the third section we
show that both stars show a strong depletion in the pho-
tospheric abundances. In the fourth section we construct
and discuss the spectral energy distribution. In Sect. 5 we
treat the CORALIE radial velocities. We also used the
CORALIE spectra to study the changes in the Hα line
profile during the different phases of the pulsation cycle.
In Sect. 6 we discuss all observed data of the two stars
together, and we summarize our main conclusions.

2. Observations

2.1. Spectroscopy

2.1.1. FEROS spectra

High-resolution, high signal-to-noise spectra for RU Cen
and SX Cen were obtained with the fiber-fed spectograph
FEROS mounted on the ESO 1.52-m telescope at la Silla.
These spectra ranging from 3600 Å to 8900 Å are ob-
tained in one integration on a monolithic 2 K× 4 K EEV
CCD chip. The log of the observations is given in Table 2
together with the obtained signal-to-noise ratio in the red.
An echelle spectrum does not have a very homogeneous
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Table 2. The log of the FEROS spectra and the signal-to-noise
around 5850 Å.

Date and UT S/N

RU Cen 24/03/00 2:51 250–350

SX Cen 24/03/00 3:40 100-150

SX Cen 27/06/01 0:01

SX Cen 27/06/01 1:03

}
200–250

S/N so we list the range of S/N obtained near the blaze
wavelengths of different spectral orders. The standard re-
duction was performed by the pipe-line reduction in the
MIDAS environment, and included bias subtraction, wave-
length calibration (using a Th-Ar lamp comparison spec-
trum) and flat-fielding after extraction. The extraction
was performed as a simple average of the extracted pixels
with cosmic hit clipping. The two spectra of SX Cen taken
on June 27th 2001 were added. We normalised the spectra
interactively using smoothed splines. Sample spectra are
shown in Figs. 4–7 and 12.

2.1.2. Coralie data

We have been observing RU Cen and SX Cen since June
2000 with the spectrograph CORALIE mounted on the
1.2 m Euler Swiss Telescope at La Silla, ESO Chile.
CORALIE (Queloz et al. 1999), with which several ex-
trasolar planets were detected recently, is an improved
version of the ELODIE (Baranne et al. 1996) spectro-
graph. CORALIE has a very stable configuration and is
fed by an optical fibre with an aperture projected on the
sky of 1′′. We used the on-line data-reduction and cross-
correlation system. Until now we gathered for RU Cen 48
and for SX Cen 46 low signal-to-noise but high resolution
(λ/δλ = 50 000) spectra and we will enlarge this sam-
ple in the future. The radial velocities are computed using
cross-correlation with a software template. For RU Cen we
used a template of spectral type F, for SX Cen a template
of spectral type G. We also used two old measurements
from the CORAVEL spectrograph mounted on the Danish
1.5 m ESO telescope.

2.2. Photometry

Our optical photometric measurements of the two objects
were obtained with the 70 cm Swiss telescope at La Silla
using the Geneva 7-band photometric system. These mea-
surements are, however, too sparse (26 for RU Cen and 19
for SX Cen) to study the photometric behaviour of both
objects in detail. Therefore, we only used these data to
construct a spectral energy distribution (SED) (see fol-
lowing section). We obtained near-IR photometry with
the ESO JHKLM bands with the ESO 1m telescope at
La Silla for RU Cen and with the 2.2 m ESO telescope for
SX Cen.

3. Spectral energy distribution

The main problem in constructing an SED of pulsating
stars is the difficulty of obtaining simultaneous data in a
wide spectral domain. We therefore constructed the SEDs
with (spectro) photometric data of the same pulsation
phase but obtained during different cycles.

For RU Cen the UV data, which were downloaded from
the newly extracted IUE archive, were obtained at pulsa-
tion phase 0.37 (15/02/1995) using the ephemeris given
in Sect. 5, while for SX Cen we used the IUE spectra ob-
tained around pulsation phase 0.85 (08/05/1995) using the
ephemeris also given in Sect. 5. The optical and near-IR
photometry of both stars was selected at the same pul-
sation phase while for the far-IR fluxes, where variations
with phase do not occur, we used the IRAS point-source
catalogue.

The total reddening was determined by minimizing the
difference between the dereddened fluxes in the optical
and the Kurucz model atmosphere with the correct metal-
licity. For the model parameters Teff , log g and the overall
metallicity, we used the values obtained during our chem-
ical analysis study of both objects. The SED are given in
Figs. 1 and 2. For RU Cen we obtained a total reddening of
E(B−V ) = 0.6±0.1 while for SX Cen a total reddening of
E(B−V ) = 0.3±0.1 was found. Note that, unfortunately,
the parameters of the Kurucz models were obtained us-
ing spectroscopic data at another pulsation phase. To test
the influence on the reddening estimate, we used the same
photospheric data and fitted a 500 K cooler model through
the points. The best fit was obtained for a total reddening
of E(B−V ) = 0.4, while the main conclusions concerning
the dust-excess remain the same.

The main difference between the SEDs of both objects
and the ones of post-AGB stars of similar effective tem-
perature with a detached expanding circumstellar shell is
the presence of a strong near-IR excess. RU Cen is known
to be a RV Tauri star with a relatively modest near-IR
excess (see e.g. Lloyd Evans 1999) but the SED indicates
that the IR excess does start around the L band (3.8 µm).
The SED of SX Cen was already extensively studied by
Shenton et al. (1994) and we confirm their findings that
there is good evidence for an IR-excess starting already at
K (2.2 µm). Assuming a normal expansion velocity, they
argue that the hot dust component indicates that SX Cen
left the AGB decades ago or that it is in the process of
leaving the AGB at this very moment.

Another alternative explanation is advocated here,
based on the comparison between the SEDs and these of
the post-AGB stars with near-IR excesses in their SED.
In previous monitoring campaigns, it became clear that
post-AGB candidates with a near IR-excess and with a
low amplitude photometric variability (for which binary
motion is more easily detectable), turned out to be bina-
ries (e.g. Waters et al. 1997; Van Winckel 2001 and refer-
ences therein). In these papers, the presence of a near-IR
excess in post-AGB stars is taken to be a signature of a
dusty disc, not of an outflow.
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Fig. 1. The SED of RU Cen. The photometric data (+
signs) are from the same pulsation phase, the full line is
the appropriate Kurucz-model. We used a total reddening of
E(B − V ) = 0.6.

Fig. 2. The SED of SX Cen. Same symbols as in Fig. 1. We
obtained a total reddening of E(B − V ) = 0.3. Note that the
100 µm IRAS fluxpoint is an upper limit.

4. Chemical analysis

4.1. Atmospheric parameters

The abundances are calculated on the basis of a LTE
model atmospheres of Kurucz (1993) and the LTE pro-
gram MOOG of Prof. C. Sneden. A model atmosphere is
determined by its effective temperature (Teff), the gravity
(log g) and the metallicity ([Fe/H]). We determined these
parameters on the basis of spectroscopic criteria: the effec-
tive temperature by forcing the abundances of Fe I-lines to
be independent of the excitation potentials and the grav-
ity by forcing ionsiation balance between the Fe I and Fe II
lines. Moreover, the microturbulent velocity was estimated
by forcing the abundance of the Fe I-lines to be indepen-
dent of the reduced equivalent width. We then used the
model atmospheres with the correct overall metallicity as
given by the Fe abundance.

The oscillator strengths of the lines were taken from
the critically compiled database continuously updated in
our institute. For more details we refer to Van Winckel &
Reyniers (2000).

As we will show in Sect. 5.1.1, RU Cen was observed
at a pulsation phase at which parts of the line-forming
atmosphere were perturbed by shocks. This resulted, for
some transitions, in a splitting of the line. The Fe I-lines
and FeII-lines of RU Cen which showed this splitting have
on average a rather high equivalent width (EW hereafter)
since these lines are formed higher in the atmosphere. We
excluded these lines for the determination of the model
parameters. In this way the remaining list consisted of
48 FeI-lines and 16 FeII-lines. The EW-determination was
determined by single Gaussian fitting.

For RU Cen we obtained Teff = 6000 K, log g = 1.5
with a typical error of ±250 K and 0.5 respectively and
[Fe/H] = −2.0. For the spectrum of SX Cen taken on
April 24 2000 (first spectrum) we obtained Teff = 6000 K,
log g = 1.0 and [Fe/H] = −1.0 and for that taken on June
27 2001 (second spectrum) Teff = 6250 K, log g = 1.5 and
[Fe/H] = −1.0.

4.2. Abundances of RU Cen

The abundance results obtained for RU Cen are listed in
Table 3. In Fig. 3 the abundance of the elements are plot-
ted versus their dust condensation temperature.

We adopted very strong line-selection criteria in our
analysis of RU Cen using only lines with clear profiles and
an equivalenth width smaller than 100 mÅ and in most
cases even smaller than 50 mÅ. Thanks to our very high
S/N between 200 and 250 (see Table 2) we could measure
a fair amount of undisturbed small lines (143 in total) for
our chemical analysis. In Table 3 we list also the mean
equivalenth width of the lines used for every ion. We care-
fully compared the spectrum of RU Cen with the one of
AC Her to check for blending and splitting. AC Her is a
good comparison star since it has similar model param-
eters but is less depleted and shows narrow but clearly
systematically stronger lines. The small line-to-line scat-
ter of the abundances of ions for which we obtained a
fair amount of lines (Col. σ) illustrate that stringent line-
selection criteria do yield consistent results, even if the
stronger lines in the spectrum show line splitting and an
upper atmosphere not in hydrostatic equilibrium. Due to
the strong depletion only Cr shows small lines of a dif-
ferent ionisation stage. The difference in abundance of
only 0.1 dex is a good consistency check on the model
parameters.

Abundances crucial to determine whether the chemi-
cal composition is due to depletion or not, are those of
Zn and S. Zn is an element with a nucleosynthesis very
similar to that of Fe, but with a much lower condensa-
tion temperature. The abundance of Zn [Zn/H] = −1.0
or [Zn/Fe] = +0.9 undoubtedly points in the direction of
a depletion process. This abundance is well established
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Table 3. Chemical analysis of RU Cen. The solar abundances
to compute the [el/H] ratios are taken from Anders & Grevesse
(1989). The dust condensation temperatures are from Lodders
and Fegley (1988) and references therein. They are computed
using a solar abundance mix at a pressure of 10−4 atm. They
do not ascribe a condensation temperature to O as it is the
most abundant element in rock and therefore a separate con-
densation temperature is meaning less.

RU Cen

Teff = 6000 K

log g = 1.5

ξt = 3.50 km s−1

[Fe/H] = −2.0

ion N Wλ ε σ [el/H] Tcond

C I 10 42 8.14 0.12 −0.42 78

N I 2 10 7.72 0.03 −0.33 120

O I 4 11 8.57 0.08 −0.36

Na I 2 25 5.19 0.08 −1.14 970

Mg I 2 42 5.90 0.06 −1.68 1340

S I 6 14 6.53 0.10 −0.68 674

Ca I 7 30 4.47 0.06 −1.89 1634

Sc II 1 21 1.22 −1.88 1652

Ti II 8 24 3.03 0.15 −1.96 1600

V II 2 46 2.23 0.04 −1.77 1455

Cr I 4 18 3.75 0.08 −1.92 1301

Cr II 2 15 3.85 0.18 −1.82

Mn I 3 33 3.75 0.14 −1.64 1190

Fe I 66 32 5.65 0.12 −1.87 1337

Fe II 16 40 5.60 0.10 −1.92

Co I 1 37 3.09 −1.83

Ni I 5 17 4.57 0.10 −1.68 1354

Zn I 2 54 3.60 0.03 −1.00 684

Zr II 1 19 0.95 −1.65 1717

La II −0.23 <−1.45 1520

Ce II −0.43 <−1.98 1599

Pr II −0.78 <−1.49 1532

Nd II −0.64 <−2.14 1563

Sm II −0.67 <−1.67 1515

by two lines with nice profiles which results in a high in-
ternal accuracy σ = 0.03 (see Figs. 5 and 6). S is an α-
element with a lower condensation temperature than the
other α-elements Mg, Si, Ca and Ti. The abundance of
S [S/Fe] = +1.2 versus an average abundance [α/Fe] =
+0.2 of Mg, Si, Ca and Ti confirms the depleted nature
of the photosphere of RU Cen. Note that the [Zn/Fe] and
[S/Fe] abundance ratios are much less dependent on the
model atmosphere parameters than the values of the ab-
solute abundances. By increasing the model temerature
by as much as 500 K, one obtaines a difference in Fe I
abundance of 0.26 dex. This is similar to the Zn I abun-
dance difference of 0.23 making the [Zn I/Fe I] abundance
of this hotter model nearly equal than for our preferred
model. The relative abundance ratios are therefore very
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Fig. 3. The composition of RU Cen against the dust conden-
sation temperature of the chemical element.

Fig. 4. The normalised FEROS spectrum of RU Cen around
Hα.

robuust against errors in the model parameters. Although
the spectrum of RU Cen was not obtained during an op-
timal pulsation phase, all the abundances yield a consis-
tent picture (see Fig. 3) with a clear correlation between
the underabundance of the chemical element and its con-
densation temperature. Since all studied RV Tauri stars of
spectral type RVB show this depletion pattern, it does not
come as a surprise. RU Cen belongs to the more depleted
of the sample studied till now (see Table 8 of Giridhar
et al. 2000).

The documented carbon abundance of [C/Fe] = +1.5
does not reflect the internal nucleosynthesis history of the
object. For suspected post-AGB stars one might expect
to find an enrichment of carbon and also of s-process
elements, but due to the depletion process, the C/Fe
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Fig. 5. Sample spectra of SX Cen and RU Cen around the Zn-
line at 4810.54 Å. The spectra are velocity corrected. At the
bottom the depleted RV Tauri star AC Her (Van Winckel et al.
1998) is plotted.

Fig. 6. Sample spectra of SX Cen and RU Cen around the Zn-
line at 4680.140 Å and the S triplet around 4695 Å. The spectra
are velocity corrected. At the bottom the depleted RV Tauri
star AC Her (Van Winckel et al. 1998) is plotted.

ratio is heavily affected. s-process elements show, on
general, a high dust condensation temperature so their
abundances follow the depletion of Fe. Only Zr shows a
line-profile which is consistent with our selection crite-
ria and we found a slight overabundance of [Zr/Fe] =
+0.3, although it has a higher condensation tempera-
ture than Fe. The N -abundance is based on only two
very small lines. The stronger N -lines around 8685 Å
are present but were not used because the line-profiles
were affected by artificial signal (cosmic hits, spectral
order matching problems). For the other s-process ele-
ments (La, Ce, Pr, Nd and Sm) we derived an upper
limit for the abundance since even the strongest expected
lines were not present in the spectra. The upper limit is
therefore derived assuming a fixed EW of 5 mÅ for the
strongest line in a clear part of the spectrum. We used
the line lists of the Vienna Atomic Line Database (Vald2,

Fig. 7. The normalised FEROS spectrum of SX Cen around
Hα.

http://www.astro.univie.ac.at/vald/, Kupka et al.
1999) to look for these strongest optical lines. From the
s-process/Fe ratio, one can conclude that there is no evi-
dence for AGB chemical enrichment in RU Cen.

Luck & Bond (1989) carried out a chemical abundance
analysis of RU Cen on the basis of photographic spectra.
They derived also a metal deficiency with [Fe/H] = −1.4
but didn’t determine abundances for S and Zn which made
the link to the depletion history of the object not obvious.
For the common elements there is an agreement for O, Na,
Mg, Si, Ca, Ti, Mn, Fe, Ni. For the elements Sc, V, Cr,
Ba, Nd the differences are larger.

To summarise, the correlation between the photo-
spheric underabundances and the condensation temper-
ature is clear: RU Cen is an RV Tauri where the depletion
process has altered the photospheric abundances severely
([Fe/H] = −1.9, [S/Fe] = +1.2, [Zn/Fe] = +0.9).

4.3. SX Cen

Since the star is strongly variable, we derived the atmo-
spheric parameters and computed the chemical compo-
sition based on the two spectral measurements indepen-
dently. The relative abundances were consistent. We list
here the results of the second spectrum because of its
higher signal to noise, less deformed line profiles and more
accurate abundances for N and O based on more detected
lines. The results are listed in Table 4 while in Fig. 8 we
show the abundance of the elements versus their conden-
sation temperature.

The low Fe-abundance ([Fe/H] = −1.1) combined with
the high abundance of Zn ([Zn/H] = −0.5 or [Zn/Fe] =
+0.6) and of S ([S/H] = −0.1 or [S/α] = +1.2 with
α = Mg, Si, Ca and Ti) prove that the photospheric
abundances of SX Cen are determined by depletion rather
than internal nucleosynthesis and dredge-up processes (see
Figs. 5 and 6). Also here the Fe abundance is not a reli-
able measure of the initial metallicity. The correlation be-
tween the condensation temperature and the photospheric
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Table 4. Same as Table 3 but now for SX Cen.

SX Cen

Teff = 6500 K

log g = 1.5

ξt = 4 km s−1

[Fe/H] = −1.0

ion N Wλ ε σ [el/H] Tcond

C I 14 74 8.50 0.10 −0.06 78

N I 3 93 8.42 0.05 +0.37 120

O I 3 46 9.00 0.15 +0.07

Na I 3 71 6.29 0.14 −0.04 970

Mg I 1 33 6.61 −0.97 1340

Si II 2 98 6.77 0.05 −0.78 1529

S I 6 54 7.13 0.13 −0.08 674

Ca I 4 75 4.84 0.11 −1.52 1634

Sc II 2 50 1.14 0.11 −1.96 1652

Ti II 4 37 3.02 0.08 −1.97 1600

Cr I 3 56 4.45 0.10 −1.22 1301

Cr II 8 61 4.68 0.12 −0.99

Mn I 2 65 4.60 0.06 −0.79 1190

Fe I 48 63 6.36 0.13 −1.16 1337

Fe II 18 64 6.38 0.14 −1.14

Ni I 1 23 4.95 −1.30 1354

Cu I 1 62 3.99 −0.22 1170

Zn I 2 93 4.06 0.07 −0.54 684

Y II 2 82 1.27 0.07 −0.97 1622

Zr II 1 37 1.37 −1.23 1717

Ba II 1 74 0.89 −1.24 1162

La II −0.19 <−1.41 1544

Ce II 0.02 <−1.53 1440

Nd II 1 7 −0.36 −1.86 1563

Sm II −0.10 <−1.10 1560

abundance in SX Cen is different than in RU Cen. Instead
of a linear relation like in RU Cen, the relation is flatter for
C, S, Zn and Na, which show solar abundances, and drops
steeply only for elements with a condensation temperature
higher than about 1200 K ranging from −0.8 for [Mn/H]
down to−2.0 for [Sc/H] and [Ti/H].N shows a super-solar
abundance and may indicate the CNO-burning products
were dredged-up prior to the depletion process, while the
s-process abundances indicate that there is no evidence
for AGB nucleosynthethic product enhancement.

5. Spectral monitoring

During our spectral monitoring campaigns we obtain high-
resolution but low signal-to-noise spectra with the main
objective to obtain radial velocity measurements. Strong
emission lines like Hα can, however, also be studied on
the extracted spectrum itself. Although we will continue
this monitoring, we feel confident that for both objects
important conclusions can already be drawn based on the
data obtained so far.
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Fig. 8. The chemical deficiencies in the atmosphere of SX Cen
against the dust condensation temperature of the chemical
element.

The occurrence of line-profile deformation in the spec-
tra of RV Tauri stars and the interpretation as being due
to the passage of two shock waves in every pulsation cycle
(period between two successive minima) was discussed for
R Scuti and for AC Her by Gillet et al. (1989, 1990) and
Lèbre & Gillet (1991) and theoretically by Fokin (1994).
The cross-correlation profile will, of course, also be af-
fected by the unstable photosphere and the dynamics of
the line-forming region are very well traced by the cross-
correlation profile.

5.1. RU Cen

5.1.1. Radial velocities

We can divide the observed correlation profiles roughly
into three categories: Gaussian profiles, profiles showing
line-deformation and profiles showing line-splitting. These
different types of profiles are shown in Fig. 11.

At some photospheric phases it is therefore difficult to
determine the radial velocity with a standard mask and we
will construct special masks aiming at lines formed deep
in the photosphere, in the near future for these pulsation
phases. We have chosen till now the center of a Gaussian fit
to be the radial velocity. In this way we obtained 48 good
velocity measurements over a total time span of 407 days
omitting one profile showing severe line-splitting with two
equally strong components.

In Fig. 9 we have folded the radial velocity variations
on the sampled cycles on the pulsation period of Pollard
et al. (1996) refined by us to 64.64 days (see Sect. 5.1.2).
We used JD 2448124.57 as the zero-point which is a phase
of deep photometric minimum. Pollard et al. (1997)
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Fig. 9. The radial velocities versus photometric phase for
RU Cen. The used photometric period is 64.64 days with
the zero-point of the pulsation cycle set to JD 2448124.57.
CORALIE velocities are indicated with a full circle, the veloc-
ities of Pollard et al. (1997) with an open box, the velocity of
the FEROS spectrum with an open circle and the cross indi-
cates a CORAVEL measurment. Velocities of the same cycle
are connected and each cycle is labeled. To prevent confusion
the datapoints of cycle 59 are connected with a dotted line.

obtained data on two consecutive pulsation cycles and
these data are included in the figure as well. They deter-
mined the velocity on the basis of one C absorption line at
6587.622 Å. Cycle 59, for which we have a good sampel-
ing of both the maximum and the minimum, of our data
shows that the amplitude of radial velocity variations due
to pulsation can be as high as 45 km s−1. Although none of
the photometric cycles is completely sampled, we obtained
many data around phase 0.3, which is around radial veloc-
ity minimum during a pulsation cycle. Around this phase
we observe a cycle-to-cycle variability with a peak-to-peak
amplitude of ∼30 km s−1. Since RU Cen is a very regular
pulsator (Pollard et al. 1997), this large shift is difficult
to interpret as due to pulsational irregularities. There is a
large time gap between the radial velocities obtained by
Pollard (cycles 4 + 5) and the beginning of our monitoring
(50 pulsation cycles) so the relative pulsation phase is not
well constrained. However, there is clearly no overlap in
radial velocities between our monitoring dataset (cycles 55
to 60) and the datapoints of Pollard et al.

Our homogeneous dataset alone, (cycles 54–61) we do
have a clear systematic difference between the radial ve-
locities obtained at different pulsation cycles: the radial
velocities of different cycles are offset but show the same
structure.

Both the peak-to-peak velocity difference at the same
pulstation phase as well as the systematic offset between
well sampled different pulsations cycles are significant.
Since apart from binary motion, we do not know of any
physical mechanism that can account for this behaviour,
we conclude that RU Cen is very likely a spectroscopic
binary. More detailed and longer velocity monitoring is
needed to make this statement conclusive and to obtain
the orbital elements, but this will take several years more
of regular monitoring.

5.1.2. Hα line profile

The Hα line-profile variations of RV Tauri stars are, in
general, complex and at most photometric phases (strong)
emission components are seen (e.g. Pollard et al. 1997).

RU Cen is no exception and an example of a complex
Hα line profile of RU Cen is shown in Fig. 4. To obtain a
quantitative view of the changing strength of the Hα emis-
sion components, we adopt the same strategy as Pollard
et al. (1997): we integrated the Hα line profile of RU Cen
and folded the EW on the pulsation cycle. The EW is pos-
itive if the absorption is dominant, negative if the emission
is dominant. After filtering of the cosmic hits and normal-
isation of the CORALIE spectral order, we computed the
EW by direct integration. The uncertainty on the EW
of the Hα line profile is mainly determined by the un-
certainty on the continuum placement. We estimated the
error to be around 15%.

In Fig. 10 we confirm the results of Pollard et al. (1997)
where the maximum of the Hα emission is found around
pulsation phase 0.1 with a second lower maximum around
phase 0.6. This is consistent with the passage of two shock
waves during the full photometric period. For a period of
64.6 we found a small phase difference for the first peak
so thanks to our long-term monitoring we could refine the
period to 64.64 days, for which no shift of the maximum
is observed. We have adopted this period throughout this
article.

In RU Cen the primary shock is accompanied by line-
splitting (ϕ = 0.07−0.26) or line-deformation (ϕ =
0.16−0.30). The line-splitting points to a very strong
shock. The perturbation of the line-forming region caused
by the primary shock diminishes which can be seen in
the gradually changing profile from line-deformation to
Gaussian between phases 0.25 and 0.37. For RU Cen the
same is observed during the secondary shock with line-
deformation (ϕ = 0.57−0.60) and even line-splitting (ϕ =
0.68−0.76). Before the primary shock (ϕ = 0.77−0.04)
the atmosphere is no longer perturbed and the profiles
are again Gaussian (see Fig. 10).

5.1.3. He-emission

In RU Cen both shocks are so energetic that even He line
emission is observed at these phases (see Fig. 12) which is,
to our knowledge not yet reported in the literature. He line
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Fig. 10. Upper part: the equivalent width of the Hα line pro-
files versus photometric phase for RU Cen. CORALIE data
are indicated with a full circle, the data of Pollard with an
open box and the result of the FEROS spectrum with an
open circle. Middel part: the equivalent width of the He-line
at 5876.50 Å, the result of the FEROS spectrum is indicated
with an open circle. Lower part: line-splitting (crosses) oc-
curs at ϕ = 0.07−0.26 and ϕ = 0.68−0.76; line-deformation
(filled circles) at ϕ = 0.16−0.30 and ϕ = 0.57−0.60 and
Gaussian profiles (open circles) are seen at ϕ = 0.33−0.43 and
at ϕ = 0.77−0.04. The adopted photometric period is 64.64
days with the zero-point set to JD 2448124.57.

emission is not a general characteristic of RV Tau stars but
there are a few individual stars for which it is also cum-
municated in the literature: for U Mon this line emission
is strong and present during a significant phase interval of
the puslation cycle (Preston 1964), while for R Sct (Gillet
et al. 1989) and AC Her (Baird 1982) He emission is only
detected at a few spectra during monitoring campaigns.

Thanks to our good sampling, we can describe the He
line emission behaviour during the pulsation cycle. We in-
tegrated the emission line of He at 5876.5 Å and folded
the EW of the line with the pulsation period. We present
the result in the middle part of Fig. 10. Like for Hα the
figure shows two maxima of the EW: a strong one around
ϕ = 0.18 and a weaker one around ϕ = 0.69, corrobo-
rating the two-shock model. The maxima are well defined
and narrower in phase-space than the Hα peaks shown in
the upper part of the figure. The He emission is associated
with strong shocks but there is a clear significant phase
delay of 0.08–0.09 between the maxima of the Hα emis-
sion and those of He emission. Detailed modelling of the
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Fig. 11. Different types of cross-correlation profiles: line-
splitting at ϕ = 0.21, line-deformation at ϕ = 0.25 and a
Gaussian profile at ϕ = 0.29.

Fig. 12. The normalised FEROS spectrum of RU Cen around
the He I emission line at 5876.5 Å .

behaviour of the outer atmospheric layers constrained by
this type of monitoring is needed to understand the pulsa-
tional behaviour of RU Cen in particular and RV Tau stars
in general but is beyond the scope of this paper.

5.2. SX Cen

5.2.1. Radial velocities

We determined the radial velocities for SX Cen in the
same way as for RU Cen but we rejected three profiles:
two because they were very wide, asymmetric and with-
out a clear minimum, one because of strong line-splitting.
As in RU Cen, three different types of correlation profiles
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Fig. 13. CORALIE radial velocities versus photometric phase
for SX Cen. The period used is 32.8642 days with zero point on
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Fig. 14. The top panel shows all the radial velocities of
SX Cen. The bottom panel only the data around phase 0.92
of cycles 1, 4, 5, 9, 13, 15 and 16. The full line present a sine-fit
with a period of 621 days.

were observed: Gaussian profile, line-deformation and line-
splitting (which was only observed once). These different
types of profiles are shown in Fig. 15.

This resulted in 46 velocity measurements over a total
time span of 402 days. Figure 13 shows the radial veloc-
ity versus the pulsation phase. Since many data points
fall in the 0.7–1.2 phase interval, we have plotted a 0.4–
1.4 abscissa range. For the pulsation period we used P =
32.8642 days (Kholopov et al. 1999) and the zero-point
of the pulsation cycle was set to JD 2447324.97 (Shenton
et al. 1994) which is the phase of deep photometric mini-
mum.

Shenton et al. (1994) carried out multiwavelength ob-
servations of SX Cen and noted that SX Cen pulsates in a
purely radial mode, its radius showing approximately sinu-
soidal variations. Unfortunately we do not have a complete
well sampled pulsation cycle, but the radial velocity vari-
ations due to the pulsations have probably a lower ampli-
tude and are more regular than for RU Cen. Furthermore
our data show that SX Cen has two velocity cycles per
pulsation period as is observed in many RV Tauri stars
(Pollard et al. 1997).

The main point in Fig. 13 are the large cycle to cy-
cle radial velocity differences at the same photospheric
phases. The different cycles show a consistent picture in
which it is clearly the mean radial velocity that changes.
This is illustrated in the top panel of Fig. 14 where we see
that the mean radial velocity of every run has a peak-to-
peak amplitude of some 40 km s−1. We interpret this as
due to orbital motion of the object and classify SX Cen as
a spectroscopic binary.

We plotted the measured radial velocities of differ-
ent cycles around the best sampled photospheric phase
(phase 0.92) in Fig. 14 bottom panel and computed a
least square sine-fit through the data points. The period
deduced was 621 ± 31 days with a system velocity of
11.0± 0.1 km s−1 and an amplitude of 20.6± 0.1 km s−1.
This implies a mass function of 0.56 M�, a sin i = 1.2 AU.
Assuming a typical mass of 0.6 M� for M1, the minimal
mass of the secondary would be 1.2 M�. As there is no
evidence for a white dwarf companion of this mass, we
assume the secondary to be an unevolved main sequence
object. Since the sampling of the data is not optimal and
we did not observe yet during a full orbit, a better knowl-
edge of all the orbital elements will only become available
after our planned intensive monitoring campaigns. Ideally
we need to acquire several orbital cycles but, obviously,
that will take several years.

5.2.2. Hα line profile

The Hα line profile of SX Cen is clearly different from that
of RU Cen since on every photometric phase the strong
photospheric absorption is prominent. The strength of
the emission components does vary (see Fig. 7) but our
CORALIE data are of too low a signal-to-noise to perform
the same exercise as for RU Cen. We could not detect He
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Fig. 15. Different types of cross-correlation profiles observed
for SX Cen: (from bottom to top) a Gaussian profile, line dis-
tortion and line splitting.

line emission in any of the obtained spectra and we con-
clude that the shocks in SX Cen are probably weaker than
in RU Cen.

6. Discussion

The main conclusions of our detailed chemical analy-
sis and our long-term radial velocity monitoring with
CORALIE are that: 1) the RV Tauri stars RU Cen
([Fe/H] = −1.9; [Zn/Fe] = +0.9) and SX Cen ([Fe/H] =
−1.1; [Zn/Fe] = +0.6) are depleted in refractory elements;
2) both show strong evidence for binary motion such that
we classify both as spectroscopic binaries; 3) the SED of
both stars indicate the presence of large amounts of hot
dust; 4) the spectral monitoring of RU Cen is consistent
with the picture described previously in which there is evi-
dence for the passage of two shock waves in every pulsation
cycle. Both shocks are energetic enough to excite He in the
case of RU Cen and, last but not least, 5) for SX Cen the
deduced orbital period of 621± 31 days is, within the er-
ror, the same as the period of the long-term variability of
the mean light (RV Tauri photometric b phenomenon).

The depletion of refractory elements in many RV Tauri
stars is now well documented (see Giridhar et al. 2000 and
references therein) and since all the Preston B class ob-
jects studied till now are strongly affected, the depletion of
RU Cen and SX Cen discussed here is not surprising. In the
picture described by Waters et al. (1992), the basic struc-
ture for the depletion process to be effective for evolved
stars is the presence of a stable circumstellar environment
where the timescale and expected densities are favorable
for gas-dust separation and gas accretion. The binary

nature of many RV Tauri stars, as proposed by
Van Winckel et al. (1999), is, however, not generally ac-
cepted. Based on the propositions of Mathis & Lamers
(1992), Giridhar et al. (2000) sketch also a single star de-
pletion process. In such a process it is, however, not clear
how the special characteristics of the dusty circumstellar
environment (see introduction) around RV Tauri stars are
produced and maintained.

Van Winckel et al. (1999) argued that the basic struc-
ture of many RV Tauri stars (certainly the depleted ones)
is a binary with a stable circumstellar dusty disc. The
evolution and evolutionary timescale of the IR-excess of
RV Tau stars is therefore not determined by the outflow
velocity of the detaching dust shell, but by dust process-
ing in the radiative environment of the central stars. The
stability of the disc-structure is well documented, not only
in RV Tauri stars, but also in post-AGB binaries and even
some AGB objects (see introduction).

Giridhar et al. (2000) show that there is no expected
correlation between the strength of the IR-excess and the
severeness of the depletion observed in RV Tauri stars.
Also for the strongly depleted post-AGB binaries there
is no such correlation: the stars display a bewildering va-
riety of IR excesses but they are all strongly depleted.
The orbits found in these binaries prevented them from
evolving along and off the AGB on single-star evolution-
ary tracks. Moreover, in several of them the disc is resolved
and proven to be very stable, while some do not even have
a (detected) IR-excess. The variety of IR excesses observed
in these strongly depleted stars is also determined by a dif-
ference in the level of dust processing and disc evolution.

In the prototypical RV Tauri star AC Her this basic
structure is spatially resolved: the star shows clear chem-
ical depletion patterns (Van Winckel et al. 1998; Giridhar
et al. 2000) and detailed radial velocity monitoring re-
vealed it is a binary with an orbital period of about
1200 days (Van Winckel et al. 1998). The observational
evidence for the presence of a stable strongly processed
dusty disc comes from mid-IR spectra indicating the pres-
ence of highly crystalline oxygen rich material (Molster
et al. 1999), narrow and faint CO microwave emission
(Bujarrabal et al. 1988; Jura & Kahane 1999) and the
presence of large grains (Shenton et al. 1995). Recently
the circumstellar material was resolved into two spots at
mid-IR wavelength which is interpreted as due to a re-
solved dusty ring (Jura et al. 2000).

The binary nature of RU Cen and SX Cen together
with the characteristics of their SED, indicate that this
picture can also apply for these stars. Moreover, the ob-
servational characteristic that the RV Tauri stars occupy a
special region in the IRAS colour-colour diagram in com-
bination with an often observed K and L excess (see e.g.
Lloyd Evans 1999) can be naturally explained since the
dust close to the central stars will remain hot, which would
not be the case in a slowly expanding shell. The existence
of a clear period-luminosity relation for type II Cepheids
with the RV Tauri stars occupying the luminous end of the
instability strip (Alcock et al. 1998) suggest that not the
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pulsation itself is induced/changed by binary interaction
but that it is the location in the HR-diagram and/or the
evolutionary timescale which is strongly affected by the
presence of a binary companion.

SX Cen is an RV Tauri star of photometric class b with
a secular photometric variation of 615 days (Lloyd Evans
1985) and turns out to be a binary with an orbital pe-
riod of very similar length. The same was observed in
the strongly depleted RV Tau star HD 52961 (Van Winckel
et al. 1999).

The idea that the photometric b phenomenon itself is
linked with binarity is not new (e.g. Lloyd-Evans 1985;
Fokin 1994). Since the RVb stars have in general redder
colours than the RVa stars (Lloyd Evans 1985) variable
circumstellar absorption in the variable line of sight dur-
ing orbital motion is a very good candidate to explain
the RVb phenomenon (Percy 1993; Waelkens & Waters
1993; Fokin 1994). Note that not all the characteristics of
the light curve of some objects can be explained by vari-
able circumstellar absorption alone: in U Mon for instance,
amplitude damping is detected during the long-term pho-
tometric minimum (Pollard et al. 1996) which is difficult
to account for in a simple geometric picture. AC Her is
a binary of photometric class “a” while SX Cen is a bi-
nary of photometric class “b”. Nevertheless, in this paper
we have good evidence that both stars have intrinsically
the same structure. This confirms the suggestion that the
photometric class of RV Tauri stars does not represent a
physical difference but merely a geometric projection ef-
fect (Van Winckel et al. 1999). SX Cen would then be an
object with a high binary inclination (near edge-on) and
the long term photometric variation would be mainly due
to the variable circumstellar extinction.

Although the RV Tauri class of objects is rather inho-
mogeneous and it is dangerous to overgeneralise results
on a limited number of objects to a whole class of stars,
the binary nature of RU Cen and SX Cen strengthens the
statement that binarity in combination with the presence
of a stable circumstellar dusty disc, is a widespread phe-
nomenon among RV Tauri stars. Although many observa-
tional characteristics of RV Tauri stars can be explained
in this picture, only long-term multi-wavelength spectral
and photometric monitoring will be able to study the enig-
matic objects in detail. Needless to say this is not a trivial
observational challenge. Moreover, the spe(c)(t)ial charac-
teristics of the circumstellar environment should certainly
not be overlooked in these studies. The current and up-
coming high-spatial resolution IR imaging facilities will be
very valuable, also in this respect.
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