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ABSTRACT

Aims. We present a stringent test on the forward modeling technique in asteroseismology by confronting the predictions of a detailed
seismic analysis of the pulsating subdwarf component in the unique close eclipsing binary system PG 1336−018 with those derived
independently from modeling the binary light curve of the system. We also take advantage of the observed rotationally-split rich
period spectrum to investigate the internal dynamics of the pulsating component in this system expected to be tidally locked.
Methods. We carry out numerical exercises based on the double optimization technique that we developed within the framework of the
forward modeling approach in asteroseismology. We use a recently updated version that now incorporates the effects of stellar rotation
on the pulsation properties. We thus search in parameter space for the optimal model that objectively leads to the best simultaneous
match of the 25 periods (including rotationally-split components) observed in PG 1336−018. For the first time, we also attempt to
precisely reconstruct the internal rotation profile of the pulsator from its oscillations.
Results. Our principal result is that our seismic model, which closely reproduces the observed periods, is remarkably consistent with
one of the best-fitting possible solutions uncovered independently from the binary light curve analysis, in effect pointing to the correct
one. The latter indicates a mass of M∗ = 0.466 ± 0.006 M� and a radius of R∗ = 0.15 ± 0.01 R� for the sdB star. In comparison,
our seismic analysis, combined to high-quality time-averaged spectroscopy, leads to the following estimates of the basic structural
parameters of the sdB component: M∗ = 0.459± 0.005 M�, R∗ = 0.151± 0.001 R�, log g = 5.739± 0.002, Teff = 32 740± 400 K, and
log(Menv/M∗) = −4.54± 0.07. We also find strong evidence that the sdB star has reached spin-orbit synchronism and rotates as a solid
body down to at least r ∼ 0.55 R∗. We further estimate that higher-order perturbation effects due to rotation and tidal deformation of
the star are insufficient to alter in a significant way the proposed asteroseismic solution itself (i.e., the derived structural parameters
and rotation properties). Future efforts to improve further the accuracy of the seismic models will clearly have to incorporate such
effects, however.
Conclusions. We conclude that our approach to the asteroseismology of sdB stars has passed a fundamental test with this analysis of
PG 1336−018. The structural parameters and inferences about the internal dynamics of this star derived in the present paper through
this approach should rest on very solid grounds. More generally, our results underline the power and usefulness of the forward
modeling method in asteroseismology, despite historical misgivings about it.

Key words. stars: binaries: close – stars: subdwarfs – stars: oscillations – stars: interiors – stars: rotation –
stars: individual: PG 1336−018

1. Introduction

The object PG 1336−018 (V = 13.45 ± 0.09) was discovered in
the course of the Palomar-Green survey where it was first classi-
fied as a hot B subdwarf (sdB) star (Green et al. 1986). Kilkenny
et al. (1998) found out subsequently that PG 1336−018 is, in
fact, a double system, one of the very few known HW Vir-type
sdB + dwarf M close eclipsing binaries, featuring deep eclipses
and strong reflection effects. Its official IAU name then became
NY Virginis. Only three other eclipsing binaries of this kind

are currently known: HW Vir (PG 1241−084) itself (Menzies
& Marang 1986; Wood et al. 1993), HS 0705+6700 (Drechsel
et al. 2001), and HS 2231+2441 (Østensen et al. 2007). One
unique feature of PG 1336−018 among this very select class
of stars, is that its sdB component, contrary to that of the other
members of the class, is also a short-period pulsating star. The
presence of pulsations in PG 1336−018 elevates this system
to the status of a virtual Rosetta Stone of stellar astrophysics,
offering the possibility for carrying out a basic test in stel-
lar structure. Indeed, considering that asteroseismic and orbital
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modeling techniques can be used independently for accurate and
concurrent assessments of important properties of the stellar
components, it follows that a comparison of the results of these
two approaches constitutes a fundamental consistency check
between the two techniques.

Subdwarf B stars are found in the old disk (field sdBs), halo
populations (globular cluster members), and in the bulge of our
own Galaxy (Busso et al. 2005). In field surveys, they domi-
nate the population of faint blue stars down to V ∼ 16 and are
now recognized as the most likely source for the UV-upturn phe-
nomenon observed in old elliptical galaxies (Brown et al. 1997).
They are hot and compact stars with atmospheric parameters in
the ranges 20 000 K � Teff � 40 000 K and 5.0 � log g � 6.2.
The evolutionary status of sdB stars is now well established fol-
lowing their identification with models of Extreme Horizontal
Branch (EHB) stars (Heber 1986; Saffer et al. 1994) that burn
helium in their core and that have very thin H-rich residual en-
velopes (Dorman et al. 1993). However, major uncertainties still
remain concerning the mechanisms that lead to the formation
of such stars. While B subdwarfs undoubtedly evolved from the
Red Giant Branch (RGB), they managed, unlike other classical
horizontal branch stars, to loose all but a tiny fraction of their
H-rich envelope at the tip of the RGB, before or during the he-
lium flash. Single star evolution would require enhanced and
tuned mass loss on the RGB (D’Cruz et al. 1996) to produce
EHB stars, a possibility that is deemed rather implausible nowa-
days as a major contributing channel to the whole population of
sdB stars. Instead, focus has moved on binary evolution scenar-
ios after recent observational surveys showed that a majority of
sdB stars are found in binaries, with a significant fraction of them
having nearby white dwarfs or M dwarf companions and show-
ing orbital periods from hours to days (Green et al. 1997; Maxted
et al. 2001; Morales-Rueda et al. 2003). The formation chan-
nels invoked include: 1) evolution via a common envelope (CE)
that is ultimately ejected, leading to the formation of binaries
with short orbital periods (between 0.1 and 10 days) and sdB
stars with preferentially thin residual H-rich envelopes, 2) evo-
lution through stable Roche lobe overflow (RLOF) resulting in
binaries with somewhat longer orbital periods (10 to 100 days)
and sdB stars having thicker H-rich envelopes, and 3) mergers of
two helium white dwarfs that result in single sdB stars. All these
channels are expected to leave specific imprints not only on the
binary distribution of hot B subdwarfs, but also on the structural
properties of the produced sdB stars. In particular, each channel
predicts a mass distribution for sdB stars that is strongly peaked
at ∼0.46 M� (i.e., close to the canonical mass value that is of-
ten assumed for these stars) but featuring more or less extended
wings. The broader distribution results from the merger chan-
nel that could possibly produce sdB stars with masses as low as
0.3 M� and as high as 0.7 M� (see Han et al. 2002, 2003, and
references therein).

Subdwarf B stars host two groups of nonradial pulsators.
The first group – known as the V361 Hya or EC 14026 stars –
was discovered by Kilkenny et al. (1997) and independently
predicted by Charpinet et al. (1996) on the basis of theoreti-
cal considerations. More than three dozen of these EC 14026
variables are now identified, all characterized by rapid oscil-
lations with periods in the 80–600 s range. These pulsations
are observed exclusively – but not systematically (only a mi-
nority of them show this behavior) – in the hottest sdB stars
having Teff ∼ 30 000–36 000 K. The oscillations are caused by
low-order, low-degree acoustic waves (or p-modes) driven by
a κ-mechanism powered by local accumulations of iron due to
radiative levitation, the latter being particularly efficient in the

envelope of sdB stars (Charpinet et al. 1997, 2001). The second
group of pulsators – named the V1093 Her, “Betsy stars”, or PG
1716+426 stars – was discovered more recently by Green et al.
(2003) and is characterized by much longer oscillation periods
in the 2000–9000 s range. These pulsations are observed exclu-
sively – and, this time, almost systematically – in the coolest
sdB stars with Teff � 30 000 K. In that case, the oscillations
correspond to relatively high-order, low-degree gravity waves
(or g-modes) driven by the same mechanism responsible for the
pulsations in EC 14026 stars (Fontaine et al. 2003).

The EC 14026 pulsators have attracted particular attention
these past few years because of their high potential in terms of
probing sdB internal structures using asteroseismic techniques.
The long period g-mode pulsators also hold very good promises
for asteroseismology which, however, may be more difficult
to exploit with our current modeling tools and ground-based
observing facilities (but see the recent attempts conducted by
Randall et al. 2005b, 2006b,c). Improvements in the models are
currently being developed and observations from space, espe-
cially with the French satellite CoRoT, should also allow us to
progress on this front in a very near future.

Initiated with the pioneering work of Brassard et al. (2001)
on the rapid sdB pulsator PG 0014+067, precise quantitative as-
teroseismic studies of EC 14026 stars have been carried on seven
additional targets so far: PG 1047+003 (Charpinet et al. 2003),
PG 1219+534 (Charpinet et al. 2005b), Feige 48 (Charpinet et al.
2005a; Van Grootel et al. 2008a), EC 20117−4014 (Randall et al.
2006a), PG 1325+101 (Charpinet et al. 2006), PG 0911+456
(Randall et al. 2007), and BAL 090100001 (Van Grootel et al.
2008b). In all cases, the analysis succeeded in finding a consis-
tent optimal seismic model that provides the best simultaneous
match of all the observed periodicities, thus allowing the deriva-
tion of the basic structural parameters of the scrutinized star.
Among these parameters, two important quantities are evaluated
at interesting levels of accuracy: the total mass (M∗) and the mass
of the residual H-rich envelope (Menv). While the total mass can,
in some very rare cases, be estimated by other means (see be-
low), direct measurements of the H-rich envelope thickness is
totally out of reach without asteroseismology. With current dif-
ficulties for understanding the details of sdB star formation, this
approach should be particularly suitable for disentangling the
relative importance of various evolutionary channels, notably by
providing information on the mass distribution among the pul-
sators (see, e.g., Fontaine et al. 2006b; Charpinet et al. 2007).

It is possible to estimate the mass of a hot B subdwarf in
another way, for instance in the rare occurrence where the star
belongs to a short period eclipsing binary system. Indeed, in a
recent work, Vučković et al. (2007) modeled the orbital behav-
ior of PG 1336−018 based on high sensitivity multiband (u′, g′,
r′) photometry obtained with the camera ultracam mounted
on the VLT. These authors found solutions that provide the best
possible fit to the orbital light curve, thus estimating important
parameters of the system components, including the mass and ra-
dius of the sdB primary. Solutions were not unique, however, due
in particular to the q-degeneracy, q being the mass ratio between
the two components of the system. Meanwhile, Vučković et al.
(2007) retained two favored solutions corresponding to a mass
for the sdB star of either 0.466± 0.006 M� or 0.389± 0.005 M�.

Beyond the inherent difficulty of finding unique solutions
for masses of sdB stars in this way, it is already clear that the
application of the light curve technique will be strongly lim-
ited if the goal is to build up significant statistics for estab-
lishing a mass distribution. Such systems are simply too rare
for systematic studies of the sort to be carried out efficiently.
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Moreover, the derived mass distribution would likely be biased
as sdB stars in close binaries are thought to have evolved from
the common envelope (CE) channel only1. On the other hand,
because the presence of pulsations is independent of the binary
nature of the star (hence, a seismic mass distribution will not
be biased in this respect), and pulsators are much more com-
mon than close eclipsing binaries (thus allowing meaningful sta-
tistical studies), asteroseismology obviously remains the diag-
nostic tool with the highest potential in this domain. The ma-
jor interest of PG 1336−018 resides in that the sdB primary is
also an EC 14026-type pulsator, thus allowing, for the first time,
to confront (and eventually calibrate) the two independent tech-
niques. Hence, this system offers the ideal conditions to set up
a new stringent test of the asteroseismic technique that we have
developed for pulsating sdB stars. We point out here that an-
other important test of our method, comparing the seismic so-
lutions obtained with and without a priori mode identification
(as can be obtained, for instance, from independent multicolor
photometry or time-resolved spectroscopy), has been presented
by Van Grootel et al. (2008b) in the first of this short series of
papers.

In this article, we present a detailed asteroseismic analysis
of the pulsating sdB star in PG 1336−018. With the help of ad-
ditional spectroscopy described in Sect. 2, we propose a precise
asteroseismic determination of the basic structural parameters
of the pulsating sdB star, in particular its mass and radius which
can both be compared with the values found by Vučković et al.
(2007) from the modeling of the binary light curve (Sect. 3). In
that context, we also discuss the mode identification resulting
from this analysis and its implication concerning the geometri-
cal configuration of the oscillations in this close binary system.
In Sect. 4, we push the seismic analysis of PG 1336−018 into to-
tally new grounds and present, for the first time in asteroseismol-
ogy (helioseismology being the exception), a detailed inversion
of the rotation profile of the pulsating sdB star. We also evaluate
the impact on pulsation frequencies of higher-order perturbation
effects induced by the fairly rapid rotation rate of the star and
its tidal interaction with the companion. Finally, we provide a
summary and our conclusions in Sect. 5.

2. PG 1336–018 through the prism of spectroscopy

2.1. Inferred atmospheric properties from past studies

The first estimates for the atmospheric parameters of the sdB pri-
mary in PG 1336−018 must be credited to Kilkenny et al. (1998)
as part of their discovery paper. These authors performed a se-
ries of dedicated spectroscopic observations on the 1.9 m tele-
scope at the Sutherland site of the SAAO using the Image Tube
Spectrograph. These observations were primarily aimed at mon-
itoring the radial velocity variations of the system, but summing
up individual spectrograms allowed them to construct two time-
averaged spectra suitable for atmospheric analysis. From their
∼1 Å resolution spectra, fitting the available Balmer line profiles
with pure hydrogen LTE model atmospheres led them to derive
Teff = 33 139 ± 1000 K and log g = 5.78 ± 0.10 from their first
spectrum (using the Hγ to H9 lines) and Teff = 32 895 ± 1000 K
and log g = 5.67 ± 0.10 from their second spectrum (using
the Hδ to H9 lines). Hence, averaging these values, the atmo-
spheric parameters of PG 1336−018 can be estimated to be

1 Although we point out that such a suspected bias can also be seen
as an interesting opportunity to single out one channel among all others
and study the end product of it.

Teff = 33 000 ± 1000 K and log g = 5.73 ± 0.10. Kilkenny
et al. (1998) also examined ultraviolet spectrophotometric data
available for PG 1336−018 in the IUE Final Archive. By com-
puting the energy distribution in the 1150–5500 Å range for
various effective temperatures (assuming log g = 6.0 for the
star) and interstellar reddening values, they found a best-fit so-
lution to the observed spectrum in that wavelength range for
Teff = 33 000 ± 3000 K and E(B − V) = 0.05. This indepen-
dent estimate of Teff, although less accurate, confirms the value
derived from the optical spectra.

More spectroscopy of PG 1336−018 was recently presented
by Vučković et al. (2007). In the context of that work, the
main goal was to acquire new time-resolved spectroscopy of
PG 1336−018 to produce a radial velocity curve with a good
phase coverage of the orbital motion. This was done using the
high-resolution Ultraviolet Visual Echelle Spectrograph (UVES)
during one full night obtained on the VLT at the Paranal
Observatory in Chile. By co-adding all Echelle spectra taken
during these observations, the authors also produced a very high
signal-to-noise ratio, high resolution (R ∼ 46 890) spectrum cov-
ering the range 3900–5000 Å. However, this high-S/N spec-
trum is plagued with discontinuities and distortions resulting
from imperfect merging of the orders in the Echelle spectro-
gram. Meanwhile, by attempting to fit H/He, LTE models from
Heber et al. (2000) to the available Balmer lines (minus Hγ, ob-
viously polluted by a large discontinuity in its red wing; see their
Fig. 5) and He lines in this spectrum, Vučković et al. (2007) ob-
tained the following estimates for the atmospheric parameters of
the sdB primary: Teff = 31 300 ± 250 K, log g = 5.60 ± 0.05,
and log N(He)/N(H) = −2.93 ± 0.05. The values for the effec-
tive temperature and surface gravity are somewhat lower than
those measured by Kilkenny et al. (1998). However, the authors
recognize that the Echelle extraction problem encountered with
this spectrum is likely to affect the results from the model at-
mosphere fit, especially for the evaluation of log g, a parameter
particularly sensitive to the wing shape of the Balmer lines. They
also stress that “such a low log g is inconsistent with any realis-
tic mass-radius relationship that can be derived from the orbit by
at least 0.15 dex”, thus advising caution about the atmospheric
parameters they provide.

2.2. New evaluation from high-S/N, low-resolution spectra

Considering the key role that spectroscopic constraints usually
play in discriminating between various possible asteroseismic
solutions (see, e.g., Charpinet et al. 2005b,a, for examples of
this), we found it necessary, in the situation summarized above,
to obtain additional measurements for the atmospheric parame-
ters of the sdB primary. To this end, we first analyzed an optical
spectrum of PG 1336−018 with ∼6 Å-resolution and S/N ∼ 80
covering the range from 3060 Å to 5240 Å kindly obtained for us
by Pierre Bergeron at the Steward Observatory 2.3 m Telescope.
We will refer to this new spectrum as PB6. We also obtained
at the same telescope another spectrum, with a lower resolution
(∼9 Å) but higher sensitivity (S/N ∼ 175), covering the range
from 3620 Å to 6900 Å. We will refer to that one as BG9.

We analyzed these new time-averaged spectra of PG
1336−018 with our grid of NLTE, H/HE model atmospheres
specifically designed for subdwarf B stars. These banks of
atmosphere models and synthetic spectra were computed re-
cently with the help of the public codes Tlusty and Synspec
(Hubeny & Lanz 1995; Lanz & Hubeny 1995). Some proper-
ties of these models are discussed in Charpinet et al. (2005b),
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Fig. 1. Model fits (thick curves) to the hydrogen and helium lines (thin curves) available in our time-averaged high signal-to-noise, low-resolution
spectra PB6 (left panel) and BG9 (right panel).

and further details will be provided in Green et al. (2008, in
preparation). The best-fit results for these two spectra are shown
in Fig. 1. In both cases, the line profiles are very well reproduced
for the best model atmospheric parameters given in each panel.
Note that the quoted uncertainties are the formal errors of the fit
and do not include external errors. These two estimates, evalu-
ated from independent spectra, show a remarkable internal con-
sistency and, moreover, are in close agreement with the evalua-
tion of Kilkenny et al. (1998). In this respect, our spectroscopic
determinations confirm the earliest values derived by these au-
thors, as opposed to the more recent measurement provided by
Vučković et al. (2007). The clarification of this particular issue
constitutes an important step for the success of the detailed as-
teroseismic study that follows. Note that the value given for the
atmospheric He abundance by Vučković et al. (2007) is consis-
tent with ours, as one may expect since the relatively narrow he-
lium lines do not suffer much from the order extraction problem
encountered by these authors with their Echelle spectrum.

In summary, combining the results obtained from our
two low-resolution spectra, we propose the weighted mean
values for the atmospheric parameters of PG 1336−018:
Teff = 32 780 ± 200 K, log g = 5.76 ± 0.03, and
log N(He)/N(H) = −2.94 ± 0.14. These values will be our
favored guides in the following attempt to isolate a unique
asteroseismic solution for this star.

3. PG 1336–018 in the light of asteroseismology

3.1. The pulsation periods

After the discovery of Kilkenny et al. (1998) that established
both the pulsating and eclipsing binary nature of PG 1336−018,
this system became the target of several follow-up multisite ob-
servations, including a fully dedicated Whole Earth Telescope
(WET) photometric campaign (codename: Xcov17). Held in

April 1999 for its main part, the Xcov17 campaign resulted in
∼172 h of observations for a coverage of ∼47%, which still con-
stitutes the most extensive monitoring available to date for PG
1336−018. The detailed analysis of the Xcov17 light curves pub-
lished by Kilkenny et al. (2003) revealed that the oscillating sdB
primary has a rich pulsation spectrum, thus positioning this star
as a target of choice for asteroseismology.

The present seismic analysis relies on the pulsation periods
uncovered in the above mentioned work. We have selected 25 out
of the 28 periodicities listed in Table 4 of Kilkenny et al. (2003).
These, for convenience, are reproduced in Table 1, where the
identification number ( fn) given to each period follows the con-
vention adopted by Kilkenny et al. (2003), who ranked the pe-
riods by order of decreasing amplitude. The three periods left
aside ( f10, f13, and f8) are all very close – i.e., of the order of the
campaign frequency resolution – to peaks of higher amplitudes
in the Fourier spectrum ( f5, f2, and f1, respectively). Backing up
the comments of Kilkenny et al. on this, we agree that these pe-
riods could be real pulsation modes, but they may as well orig-
inate from apparent amplitude variations due, for instance, to
instrumental differences and/or heterogeneous observing condi-
tions that can easily occur in such a large multisite campaign.
Hence, we decided to simply ignore these three periods for the
present asteroseismic analysis in order to avoid any risk of overly
constraining the pulsation models and biasing the solution with
possible spurious modes. We stress that the 25 remaining periods
easily provide enough modes to tightly constrain the asteroseis-
mic solution. In this context, we also point out that all quanti-
tative asteroseismic studies of EC 14026 pulsators conducted so
far relied on significantly less observed periods.

3.2. On the nature of the problem

While well suited at first sight for asteroseismology because
of its rich period spectrum, PG 1336−018 has remained a

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200809907&pdf_id=1
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Table 1. Periods and amplitudes of 25 modes found by Kilkenny et al.
(2003) and selected for asteroseismology.

Id. Period Amplitude Comments
(s) (%)

f18 204.70 0.07
f27 195.65 0.05 full campaign only
f21 191.61 0.06
f16 186.69 0.08
f3 186.24 0.37
f4 185.45 0.25
f25 185.15 0.06
f5 183.98 0.20 period ( f10) at 184.05 s ignored
f7 183.68 0.17
f22 182.79 0.06
f17 181.63 0.08
f12 181.27 0.10
f2 179.03 0.40 period ( f13) at 178.96 s ignored
f6 178.62 0.17
f20 177.90 0.07 full campaign only
f1 173.69 0.47 period ( f8) at 173.59 s ignored
f15 169.74 0.09
f11 169.03 0.10
f28 162.25 0.05 full campaign only
f9 141.42 0.13
f14 140.67 0.09
f23 134.90 0.06 full campaign only
f19 126.89 0.07
f24 125.81 0.06
f26 96.95 0.50

challenging object due to its close binary nature. Indeed, tidal in-
teraction in this system is strongly expected to lead to orbit circu-
larization and spin-orbit synchronization between the two stellar
components. This hypothesis will be investigated further in the
following seismic analysis, but this implies that the sdB pulsator
likely rotates as a solid body with a period Prot = 2.42438 h,
identical to the orbital period of PG 1336−018 accurately mea-
sured by Kilkenny et al. (2000). This would mean that the pulsat-
ing sdB star is a fairly fast rotator, thus generating complications
for the asteroseismic analysis that we detail below.

In standard pulsation theory (see, e.g., Unno et al. 1989), os-
cillation eigenmodes are characterized by three quantum num-
bers, respectively, the radial order k, the degree �, and the az-
imuthal order m. The two last indices are associated with the
spherical harmonics Ym

l (θ, φ) that represent the nonradial (angu-
lar) geometrical aspect of the oscillation modes, while k is the
number of nodes of the eigenfunction in the radial direction be-
tween the surface and the center of the star. The main effect of
slow stellar rotation on pulsations is to lift, for nonradial (� ≥ 1)
modes, the m degeneracy that exists on frequencies (or periods)
when the star is considered spherically symmetric, i.e., nonro-
tating2. This leads to the splitting of all {�, k,m = 0} modes of
frequency νk�0 into their 2� + 1 components (differing by their
m values, with −� ≤ m ≤ +�), each now having a different
frequency νklm (here, and from now on, we use by convention
ν = 1/P, where P is the period the mode). Generally treated as a
perturbation, rotational splitting, at the first order of approxima-
tion (valid for a slowly rotating star, see below), creates groups

2 Of course, all stars must rotate. The assumption of no rotation is a
common simplification used in stellar and pulsation modeling, which is
well justified as long as rotation does not affect significantly the stellar
structure itself. In this situation, rotation can be considered as a small
perturbation to the equilibrium structure of a nonrotating star.

of evenly spaced multiplets in the frequency domain3. In the case
of solid body rotation relevant for a star like PG 1336−018, the
multiplet components are separated by

Δνk� = Vrot(1 −Ck�), (1)

and their frequencies are given by the relationship

νk�m = νk�0 − mΔνk�. (2)

Here, Vrot ≡ Ωrot/2π = 1/Prot is the rotation rate of the star
(in Hz) and Ck�, the dimensionless rotation coefficient (also
known as the Ledoux coefficient; Ledoux 1951), specific to each
mode of radial order k and degree �, is defined as

Ck� =

∫ R

0
{ξ2h + 2ξrξh}ρr2dr∫ R

0
{ξ2r + �(� + 1)ξ2h}ρr2dr

, (3)

with ξr(r) and ξh(r) being respectively the zeroth-order (i.e., non-
perturbed) radial and horizontal displacement eigenfunctions of
the mode.

For PG 1336−018 in which the stellar components are
most likely locked tidally to the orbital motion, the expected
frequency spacing due to rotational splitting is approximately
Δν ∼ 1/Prot ∼ 114 μHz. This value, roughly estimated by simply
neglecting the Ck� coefficients which are typically small (�0.10)
for p-modes, is sufficiently large, especially viewed as a factor of
the m index in Eq. (2), compared to the typical frequency spac-
ings between modes of adjacent k and/or � indices (see, e.g.,
Table 3) that several multiplets are bound to overlap in the fre-
quency domain. This constitutes a serious difficulty for identify-
ing a priori the central m = 0 components of multiplets. So far,
this a priori identification has been a prerequisite in all our pre-
vious seismic analyses of slowly rotating pulsators. An eventual
misidentification of the m = 0 component for a slowly rotating
star where rotational splitting generates multiplets of frequen-
cies separated only by a few μHz has, in practice, no significant
impact on the determination of the seismic solution (see, e.g.,
Van Grootel et al. 2008b). Obviously, this cannot be true for a
moderate rotator like PG 1336−018, where an error of ∼114 μHz
on one or several modes due to such eventual misidentifications
would certainly impact considerably the asteroseismic solution.
The situation is even worse when we consider the mode depen-
dent Ck� contribution to the frequency spacings. Although the
values of this coefficient are generally small for p-modes, they
can still contribute to as much as∼10% of the rotational splitting.
Hence, the multiplets are likely to have their own values of Δν
with differences reaching as much as ∼11 μHz approximately in
the 103–114 μHz range. This complicates significantly the task
of identifying multiplet components, as rotational splitting no
longer produce the same frequency spacing for all multiplets. To
add to the difficulty of making a sensible a priori identification,
and basically render the task nearly impossible, higher-order per-
turbation effects may become significant when stellar rotation
reaches moderate rates like the one observed in PG 1336−018
(see Sect. 4.2). These effects add a nonuniform contribution
to the frequency for each component in a given multiplet. In
other words, the symmetry of each multiplet (i.e., the equal fre-
quency spacings) is no longer preserved and the relatively clear
signature of rotation simply disappears.

The only objective approach allowing us to bypass the seri-
ous difficulties explained above is to fully integrate stellar rota-
tion and its effects on the pulsation frequencies in the detailed

3 Note that even frequency spacings only occur if the rotation is
spherically symmetric, as we assume in this study.
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Fig. 2. Capabilities of the multimodal hybrid GA optimization code to find all relevant optima (here maxima) of a complex function. The test
function is, for clarity and illustration purposes, a 2-dimensional landscape built with 200 random gaussians, except for the three highest peaks
whose respective height and position in parameter space are fixed. Left (right) panel is a 3D (contour) representation of the function. In the right
panel, each numbered filled circle shows where a solution is found by the code. The number corresponds to the rank of the solution, in order of
decreasing height. This result was obtained using the GA code with a population of 500 individuals evolved over 100 generations.

asteroseismic analysis. When no longer using purely spherical
pulsation models, the need for identifying a priori – and some-
times subjectively – the central (m = 0) components of multi-
plets is suppressed. This way, the whole period spectrum gener-
ated by the {k, �,m} eigenmodes (and not only by the {k, �,m = 0}
modes, in the purely spherical case) can be used in the seismic
fitting procedure. This was done and tested for the first time by
Van Grootel et al. (2008a) in a re-analysis of the moderately
rotating pulsating sdB star Feige 48. We describe this modi-
fied approach adapted to the case of PG 1336−018 in the next
subsection.

3.3. Strategy and tools for a challenging pulsating star

The method and tools developed to perform objective asteroseis-
mology of sdB pulsators have been described in some details in
Charpinet et al. (2005b, and references therein). In a nutshell,
the method follows the so-called “forward modeling” strategy
that consists of comparing quantitatively computed pulsation pe-
riods for large batches of stellar models of varying parameters to
the observed period spectrum of the scrutinized star. By optimiz-
ing this comparison to find the best possible match (or matches)
to the observations, one seeks to determine precisely some of the
inner properties and parameters of the star. Two software pack-
ages exist to achieve this goal, one developed in Montréal and the
other in Toulouse which mainly differ at the level of the numer-
ical codes and algorithms used to explore the model parameter
space. Needless to mention that both packages, although using
different optimization techniques, have always led to identical
results, thus providing an excellent guarantee that the numerical
tools themselves are robust and reliable.

In the present analysis of PG 1336−018, the Toulouse pack-
age is used. It is designed to efficiently perform a double

optimization procedure as described in Charpinet et al. (2005b),
using codes based on Genetic Algorithm (GA) implementations.
The double optimization scheme consists of finding simultane-
ously the best association of observed/computed periods along
with the best fitting model parameters. In this procedure, the
quality of the fit is evaluated quantitatively through a merit
function, S 2, defined as

S 2(a1, a2, ..., aN) =
Nobs∑
i=1

⎛⎜⎜⎜⎜⎜⎝P
(i)
obs − P(i)

th

σi

⎞⎟⎟⎟⎟⎟⎠
2

, (4)

where Nobs is the number of observed periods, {a1, a2, ..., aN} are
the model parameters (in the general case), and each {P(i)

obs, P
(i)
th }

is an associated pair of observed/theoretical periods for that
model. Two minimizations are required because, without strict
a priori mode identification (which is normally not available),
the best possible association between observed and computed
periods for a given model (a first minimization of S 2 viewed as a
combinatorial optimization problem) must be found at the same
time as S 2(a1, a2, ..., aN) is minimized in the N-dimensional
model parameter space (i.e., the second optimization). Our nu-
merical tools to achieve this include a GA-based period match-
ing algorithm, for the first combinatorial minimization, and a
massively parallel hybrid-GA code for multimodal optimization
of functions in N-dimension to explore efficiently the model pa-
rameter space in search of the best-fit solution (the global min-
imum of the S 2 function) and all relevant secondary solutions
(i.e., eventual local minima of S 2 that may also be of interest).

A detailed description of the latter code is beyond the scope
of this paper and shall be presented elsewhere, but for illustra-
tive purposes, Fig. 2 demonstrates its capabilities to detect all
significant optima (maxima in that case) of a complex test func-
tion (see details provided in the figure caption).With this repre-
sentative example, we simply emphasize the robustness of this

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200809907&pdf_id=2
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code in finding the best optimum, as well as all relevant sec-
ondary optima of a given function, even in difficult situations.
Hence, when used in the context of asteroseismology to localize
minima of the S 2(a1, a2, ..., aN) function, this code ensures with
a high level of confidence that the best solution (of lowest S 2

value) is indeed recovered, as well as all potentially interesting
secondary solutions (of higher S 2 values). Therefore, the code
provides two very important guarantees regarding the objectiv-
ity of the method: first, a complete and exhaustive exploration of
the entire model parameter space is done and second, feedback
on the uniqueness (or not) of the solution is available.

The evaluation of S 2 requires the computation of theoretical
period spectra to compare with the observed periods. This pro-
cedure involves several steps. First, the structure of a subdwarf B
star of given parameters (see below) is computed. As in previous
seismic analysis done so far, the structure is obtained with our
“second generation” models appropriate for sdB asteroseismol-
ogy. We recall that these models are static structures expanding
as deep as log q ≡ log(1 − M(r)/M∗) 
 −0.05 that incorpo-
rate nonuniform abundance profiles of iron derived from detailed
microscopic diffusion calculations assuming an equilibrium be-
tween gravitational settling and radiative levitation. The latter is
a key ingredient to construct reliable models of pulsating sdB
stars (see, e.g., Fontaine et al. 2006a). Four fundamental param-
eters are needed to fully specify the structure of an sdB star with
these models: the effective temperature Teff, the surface grav-
ity log g, the total mass of the star M∗, and the logarithmic frac-
tional mass of the H-rich envelope log q(H) ≡ log[M(H)/M∗].
The second step is the evaluation of the adiabatic pulsation prop-
erties of the model, assumed purely spherical at this stage, using
an efficient and robust code based on finite element techniques
(Brassard et al. 1992; Brassard & Charpinet 2008). The novelty
in the present analysis is to incorporate a third step to account
for the effects of stellar rotation on the pulsation spectrum. This
is done by computing for each mode the first-order perturba-
tions of the pulsation frequencies caused by rotation according
to Eqs. (1)–(3) given in Sect. 3.2. Note that, in this procedure,
we explicitly neglect higher-order perturbation effects (but see
Sect. 4.2) and we assume solid body rotation, a choice a pri-
ori justified by the fact that PG 1336−018 is very likely tidally
locked. We later discuss, in light of our best-fit solution, the rele-
vance of this hypothesis and explore possible departures from it
(see Sect. 4.1). With this complete rotationally-split theoretical
period spectrum available (each mode now being nondegener-
ate and uniquely identified by its k, �, and m indices), the first
optimization step mentioned above is performed by the period
matching code.

3.4. Optimal solution in the model parameter space

The search for best-fit solutions to the observed periods of
PG 1336−018 was launched in a vast parameter space domain
defined as follows: 30 000 K ≤ Teff ≤ 36 000 K, 5.6 ≤ log g ≤
5.9, −5.2 ≤ log q(H) ≤ −2.0, and 0.3 ≤ M∗/M� ≤ 0.7. These
quantities are the four natural parameters that define the sdB
star model, as mentioned previously. With the inclusion of ro-
tational splitting in the fitting procedure, there is in the context
of the solid body rotation law assumed here, a fifth parameter,
Prot, which specifies the rotation period of the star and con-
trols the magnitude of the frequency splitting through Eq. (1).
While Prot could also be considered as a free parameter in our
initial search, we chose instead to fix it at the same value as
the orbital period of the binary in order to be fully consis-
tent with the initial hypothesis that the system has reached full

spin-orbit synchronism and rotates as a solid body. Hence, we
used Prot = Porb = 2.42438 h (or 8727.78 s), as measured by
Kilkenny et al. (2000). The ranges for the four structural param-
eters are set according to various constraints: the limits on Teff
and log g are loosely based on the independent spectroscopic
estimates of these atmospheric parameters, whereas the ranges
of log q(H) and M∗ rely on stellar evolution constraints, includ-
ing various possible formation scenarios (see, Han et al. 2002,
2003).

For the period computation part, we considered all modes
of degree � = 0, 1, 2, and 4 in the 50–500 s period range,
thus covering amply the range observed in PG 1336−018 (see
Table 1). The upper limit for the degree � corresponds to the
minimum value that can account for the mode density in the ob-
served period range. Indeed, a limit of � ≤ 2 – often assumed in
asteroseismic studies based on general visibility arguments –
does not provide enough theoretical modes to allow reason-
able fits to the period distribution observed in PG 1336−018
and, therefore, must clearly be excluded on this basis. This fact,
again, constitutes a strong indication that modes of degree � > 2
must be observable in EC 14026 stars, and that rotational split-
ting, which is already included in the present analysis, cannot be
an alternative to account for such a mode density. Note that we
explicitly excluded the � = 3 modes, following recent results in-
dicating that these modes are less visible (in the optical domain)
than the � = 4 modes in sdB stars, due to cancellation effects
(Randall et al. 2005a; Tremblay et al. 2006; Randall et al. 2007).
We cannot formally rule out the presence of � = 3 (or even � > 4)
modes in the observed period spectrum of PG 1336−018, but
our approach explicitly excludes this possibility at this stage.
Nevertheless, despite this uncertainty, we stress that with the
limitations we impose on the degree � of the modes, the ob-
served period spectrum can fully be explained, as shown below.
We interpret this as an indication that our assumptions at this
specific level are reasonable. Finally, we mention that, as in pre-
vious studies (see, e.g., Brassard et al. 2001), we used the in-
verse of the theoretical mode density of each model as a global
weight in the evaluation of S 2: in Eq. (4) we set σi = σd, where
σd is the ratio of the width of the considered period window
(here 450 s) to the number of modes in that window. This tech-
nical choice does not affect the localisation of the solutions but
partly removes eventual biases toward unrealistic models having
significantly higher mode densities than the observed spectrum.

Within the four-dimensional search domain specified, the op-
timization code spotted several regions that provide similarly
good matches (i.e., within 1-σ of the best-fit solution as mea-
sured by the quantity S 2) to the 25 periods observed in PG
1336−018. The multiplicity of solutions is typical of sdB as-
teroseismology and it usually requires the use of additional con-
straints or considerations to lift the ambiguities. Not surprisingly,
a more complex case such as PG 1336−018 does not transgress
this rule. Among the possible solutions, however, one in partic-
ular has retained our attention for its outstanding internal con-
sistency as compared to the other families of potentially good
models. We further discuss below the properties of this optimal
solution.

Figure 3 shows maps of the S 2 function (given on a log-
arithmic scale) around the optimal model solution that has at-
tracted our attention. The location of the optimal model in these
maps is indicated by a yellow mark and its structural parameters
are Teff = 32 743 K, log g = 5.7391, log q(H) = −4.6336, and
M∗ = 0.4585 M�. This model solution, with a S 2 value of 1.89
(log S 2 = 0.28), offers an excellent match to the 25 observed
periods considered in this asteroseismic analysis. We discuss
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Fig. 3. S 2 maps (on a logarithmic scale) around the optimal model solution indicated by a yellow mark. Right panels are close-up views of the
solutions shown in the corresponding left panels. The upper plots represent slices of the 4-dimensional S 2 function in the log g − Teff plane, while
the lower plots are slices along the log q(H) − M∗ plane. All slices are centered on the optimal solution. White contours show regions where the
period fits have S 2 values within, respectively, the 1-σ, 2-σ, and 3-σ confidence level relative to the best-fit solution. The solid-line, dotted-line,
and dashed-dotted-line rectangles show, respectively, the spectroscopic constraints derived from the analysis of our spectra, from Kilkenny et al.
(1998), and from Vučković et al. (2007). In the later case, we included these estimates for completeness sake, but, as discussed in Sect. 2.1, there
are known problems associated with this measurement.

below, in Sect. 3.6, the details of this match and the corre-
sponding mode identification that is derived. The first striking
property of this model solution is its remarkable consistency
with the independent measurements of the atmospheric param-
eters log g and Teff derived from spectroscopy. These are rep-
resented as rectangles in the upper panels of Fig. 3 (see figure
caption for details). For completeness, we included the measure-
ments of Vučković et al. (2007) in the plots, but, for the reasons
given in Sect. 2 above, we ignore in what follows that outlying
spectroscopic box. Apart from that, we find that the agreement
is particularly good with our own independent spectroscopic
measurements, and that of Kilkenny et al. (1998).

The consistency between the spectroscopic and asteroseis-
mic solutions is one important factor that has contributed to pre-
fer this model over other solutions found to have comparable
S 2 values in our exhaustive exploration of the model parameter
space. A closer look at the upper-left panel of Fig. 3 shows, in-
deed, that several other regions of good-matching models (i.e.,
within the 1-, 2-, or 3-σ limits relative to the lowest S 2 value
represented as white dashed-line contours) do exist. However,
most of them (those revealed in Fig. 3 and a few others in
regions of the model parameter space not represented here) can
be rejected on the basis of our stringent spectroscopic con-
straints. This proves, once again, that accurate spectroscopy is
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Table 2. Structural parameters of PG 1336−018 (y = 13.450 ± 0.093; Wesemael et al. 1992) derived from asteroseismology, spectroscopy, and
compared with the results from the independent analysis of the orbital light curve proposed by Vučković et al. (2007).

Asteroseismic analysis Spectroscopy & misc. Vučković et al. (2007)

Quantity Estimated value This study Kilkenny et al. Model I Model II Model III‡

(1998)
Teff (K) 32 740 ± 400 32 780 ± 200 33 000 ± 1000 ... ... ...
log g 5.739 ± 0.002 5.76 ± 0.03 5.73 ± 0.1 5.74 ± 0.05 5.77 ± 0.06 5.79 ± 0.07
M∗/M� 0.459 ± 0.005 ... ... 0.389 ± 0.005 0.466 ± 0.006 0.530 ± 0.007
log(Menv/M∗) −4.54 ± 0.07 ... ... ... ... ...
R∗/R� (M∗, g) 0.151 ± 0.001 ... ... 0.14 ± 0.01 0.15 ± 0.01 0.15 ± 0.01
L∗/L� (Teff , R) 23.3 ± 1.5 ... ... ... ... ...
MV (g, Teff , M∗) 4.49 ± 0.04 ... 4.1 ± 0.2 ... ...
d (V , MV ) (pc) 619 ± 38 ... 710 ± 50 ... ... ...
log N(He)/N(H) ... −2.94 ± 0.14 ... ... ... ...
Prot (h)† 2.42438 ... ... ... ... ...
Veq (Prot, R) (km s−1) 75.9 ± 0.6∗ ... ... ... ... ...

† Assumed identical to the orbital period (value taken from the ephemeris of Kilkenny et al. 2000). ‡ Deemed unlikely and, thus, rejected by
Vučković et al. (2007) due to the high mass of the primary. ∗ Hence, we predict that V sin i = 74.9 ± 0.6 km s−1 for the rotating sdB star (i ∼ 81◦),
a value that can be tested from spectroscopy.

often essential in the process of finding unique asteroseismic
solutions. This is particularly important in the present analy-
sis since the shape of S 2 function turns out to be significantly
more complex than it was in our previous asteroseismic studies.
The latter is a consequence of the introduction of rotationally-
split period spectra in the optimization procedure. With 25 pe-
riods to work with, a number significantly larger than in our
previous experiments, the number of combinations available to
match theoretical modes with the observed periods largely in-
creases. Further problems linked to this increased complexity
are illustrated in the lower panels of Fig. 3. These represent the
log q(H) − M∗ plane at fixed Teff and log g values (set to the
values of the optimal model). The region of lowest S 2 values
in which our preferred solution lies, near M ∼ 0.46 M� and
log q(H) ∼ −4.6, clearly appears in these maps, but several areas
with S 2 values within the 3-, 2-, and sometimes 1-σ contours are
also present, notably near M ∼ 0.64, 0.47, 0.43, and 0.36 M�.
These models cannot be rejected on the basis of spectroscopy
alone because they remain consistent with it and, furthermore,
they cannot be segregated either on the basis of their (compara-
ble) values of S 2. However, a closer look at the respective solu-
tions spotted in these areas reveals that none of these alternative
models is fully satisfactory at the level of the mode identifica-
tion itself, a domain where our optimal solution also features re-
markable internal consistency, as we will discuss in detail below
(Sect. 3.6).

3.5. Derived structural parameters

The optimal solution that we uncovered leads to the deter-
mination of important structural properties of PG 1336−018,
following naturally from the fundamental parameters of the
corresponding stellar model. These parameters are the surface
gravity log g, the effective temperature Teff , the stellar mass
M∗, and the mass of the H-rich envelope through the quantity
log(Menv/M∗) 
 log q(H). Secondary quantities can be derived
from these parameters, such as the stellar radius R∗ (as a function
of M∗ and g), the luminosity L∗ (as a function of Teff and R∗),
the absolute magnitude MV (as a function of g, Teff and M∗ in
conjunction with the use of detailed model atmospheres), and
the distance from Earth d (as a function of apparent magnitude

V and MV ). Moreover, with the rotation period, Prot, equal to
the orbital period in this assumed synchronized system, we can
estimate the equatorial velocity Veq (as a function of Prot and
R∗). The derived asteroseismic values for all these quantities are
listed on the left-hand side of Table 2. The quoted 1-σ uncer-
tainties for the asteroseismic quantities are derived following the
method described in Charpinet et al. (2005b).

Table 2 also provides the values derived for some of these
parameters using independent techniques. We have already em-
phasized the excellent agreement that can be achieved between
the spectroscopic and asteroseismic determinations of the effec-
tive temperature and surface gravity of the sdB star. This result
is rather typical in the field of sdB asteroseismology, but is not
fully satisfactory, however, in the sense that spectroscopy has to
be used to guide the selection of the asteroseismic solution in the
vast model parameter space. More interesting is the comparison
that becomes possible with the parameters inferred from the to-
tally independent analysis of the binary light curve performed
by Vučković et al. (2007). From their analysis, these authors
could not formally discriminate between three models that best
reproduce the binary light curve of PG 1336−018, and therefore
proposed three favored solutions for the system parameters. The
relevant parameters of these models are reproduced on the right-
hand side of Table 2. These are the measured surface gravity,
mass, and radius of the sdB primary allowing direct comparison
with our asteroseismic results.

Table 2 immediately reveals that a very strong consistency
exists between Model II of Vučković et al. (2007) and our opti-
mal asteroseismic model of PG 1336−018. The determinations
of the surface gravity log g, and, more importantly, the stellar
mass M∗, and the stellar radius R∗ all agree within their respec-
tive 1-σ uncertainties, a most remarkable convergence between
two completely different methods for evaluating the stellar pa-
rameters of the primary star. Indeed, such a close agreement is
particularly outstanding as both the mass and radius of the star
are determined very accurately with each method. This makes it
highly unlikely that this remarkable agreement has occured by
chance. Considering also that there could have been at the outset
possible important systematic difference in both approaches, the
results presented here are almost overwhelming. At this stage,
we point out that none of the alternative seismic models that
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we found (those providing similarly good matches to the ob-
served periods of PG 1336−018 as measured by the merit func-
tion S 2) can be associated with any of the models of Vučković
et al. (2007). This constitutes, a posteriori, another consistency
argument in favor of the optimal seismic model that we isolated.

It seems particularly clear, from this exceptional conver-
gence with our asteroseismic result, that Model II proposed by
Vučković et al. (2007) is the correct solution and Models I and
III must be rejected. We point out that these authors already sug-
gested that Model III is rather unlikely due to the relatively high
mass inferred for the primary. According to them, such a high
mass would be difficult to explain in a common envelope evo-
lutionary scenario, the formation channel that PG 1336−018 is
expected to have evolved through. Instead, both Model II and
our asteroseismic solution point toward a mass of ∼0.46 M�,
i.e., very close to the peak of the mass distribution for sdB stars
(see, Han et al. 2002, 2003). We also point out that the inferred
value for log(Menv/M∗) indicates a rather thin H-rich envelope as
one would expect, according to stellar evolution theory, for this
relatively hot and compact sdB star.

3.6. Period fit and mode identification

The optimal seismic model selected for PG 1336−018 offers an
excellent match to the 25 periods identified in this star. The re-
sulting identification of the modes involved is given in Table 3.
This table provides the derived distribution of the observed peri-
ods Pobs (or frequencies νobs) as they were matched to the com-
puted modes with periods Pth (or frequency νth), radial order k,
degree �, and azimuthal order m. The relative and absolute dif-
ferences in period and frequency, ΔX/X (where X is either P or
ν; in %), ΔP (in seconds), and Δν (in μHz) for each pair (Pobs,
Pth) is also provided.

The average relative dispersion between the fitted periods
(frequencies) is ΔX/X 
 0.17%. On an absolute scale, this rep-
resents an average period dispersion of ΔP 
 0.27 s (with a
standard deviation around this mean of ∼ 0.20 s) or an aver-
age frequency dispersion of Δν 
 10.5 μHz (with a standard
deviation of ∼9.4 μHz) with, for the worst cases, a difference
of ΔP ∼ 0.55 s and Δν ∼ 37.8 μHz. The quality of this si-
multaneous fit is well within the standards that can currently
be achieved in sdB asteroseismology. This is remarkable, con-
sidering that 25 periods had to be reproduced simultaneously,
a number significantly larger than those involved in all analy-
ses carried out so far. This result, not guaranteed at the outset,
is a strong indication that our initial choice of imposing syn-
chronous rigid rotation is correct. With 15 periods (out of 25)
being identified as components of multiplets (see Table 3), and
therefore having a very significant weight in the determination
of the best fit solution, it is highly unlikely that a wrong hypoth-
esis for the rotation law would lead to a period fit at this level
of accuracy (for an optimal model with parameters consistent
with the orbital solution, moreover). This fact strongly suggests
that the sdB star in PG 1336–018 is indeed tidally synchronised
and in rigid rotation, as it will be illustrated and discussed fur-
ther, later on, in Sect. 4.1. We still point out, however, that the
accuracy at which the frequencies are reproduced (∼10.5 μHz
on average) is still approximately one order of magnitude larger
than the accuracy at which these periods are measured (∼1 μHz,
the resolution in the Fourier domain resulting from the length
of the observational campaign). Hence, there is clearly room for
further improvements in the physics of the stellar structures used
to model the interiors of sdB stars. This was already noted in our

previous studies. Such improvements are among the goals to be
sought in future asteroseismic studies of sdB pulsators.

Focusing now on the details of the mode identification, we
note that the observed periods are identified with radial (� = 0)
and nonradial � = 1, 2, and 4 acoustic modes with radial or-
ders k in the range 0–3 (except for one low-amplitude period
identified with a k = 5 mode). This is typical of EC 14026-
type pulsators. Complementary nonadiabatic pulsation calcula-
tion for this model also indicates that these modes are indeed
predicted to be unstable due to the usual κ-mechanism that in-
volves the Z-bump enhanced by local diffusive accumulations
of iron. This optimal solution is therefore fully consistent at the
nonadiabatic level as well, a consistency that has always been
verified in all our previous asteroseismic studies performed to
date. We also point out that, according to this mode identifica-
tion, the observed periods are found in the low-radial order part
of the theoretical band of unstable p-modes that, in this particu-
lar model, extends up to k ∼ 7. This trend was already noticed in
previous analyses and points toward a general property of rapid
sdB pulsators that seems to preferentially excite the lowest-order
modes within their unstable period range. The fact that our pro-
posed mode identification for PG 1336−018 also conforms to
this rule is another element accrediting the validity of the chosen
optimal seismic model.

Another interesting property of this mode identification is
that a consistent hierarchy in terms of apparent mode amplitudes
is fairly well established. Due to spatial averaging effects occur-
ring when the observed stellar disk is not resolved (which is al-
ways the case, except for the Sun), the visibility of modes tend
to decrease when the number of nodal lines at the surface (i.e.,
the degree �) increases. For sdB stars, the apparent mode ampli-
tudes should be maximum for the unaffected � = 0 modes and
should decrease for � = 1, 2 and 4 in that order, the � = 4 modes,
in particular, being much more affected. This simple argument
should not be blindly applied to all individual modes, however,
as their intrinsic amplitudes are not known a priori and possibly
(likely?) differ very significantly from one mode to the other. For
this reason, modes of higher degree � excited with high intrinsic
amplitudes can possibly show higher apparent amplitudes than
modes of lower degrees but carrying less energy, thus having
lower intrinsic amplitudes. In spite of this, one may expect that,
on average, modes of higher �would tend to have lower apparent
amplitudes. PG 1336−018 turns out to be interesting at this level
too, since the relatively high number of available periods (25)
provide, for the first time in the field, a relatively meaningful
basis for such statistical arguments. We note, in particular, that
the measured amplitudes for the fitted periods given in Table 3
show the expected qualitative trend: according to the inferred
mode identification, the observed average amplitudes, A�, are:
A0 = 0.200 % (for � = 0 modes), A1 = 0.196 % (for � = 1
modes), A2 = 0.166 % (for � = 2 modes), and A4 = 0.096 %
(for � = 4 modes). The significant drop of average amplitude
for the periods identified as � = 4 modes is particularly strik-
ing and corresponds well, at least qualitatively, to the theoretical
expectation that there is, indeed, a stronger visibility penalty for
modes with � = 4 compared to modes having � ≤ 2 (see, Randall
et al. 2005a, 2007).

The fair consistency achieved by our optimal model at the
level of the mode amplitude hierarchy is another argument con-
tributing to the overall credibility of this seismic solution for
PG 1336−018. As a matter of comparison, we mentioned in
Sect. 3.4 (see also Fig. 3) that a few regions of the model pa-
rameter space could provide acceptable models in terms strictly
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Table 3. Period fit and derived mode identification for the optimal model of PG 1336−018. Only the relevant theoretical modes are shown in this
table, due to space limitations.

νobs νth Pobs Pth ΔX/X ΔP Δν Ampl. Comments
l k m (μHz) (μHz) (s) (s) (%) (s) (μHz) (%)
0 1 0 ... 5827.935 ... 171.5874 ... ... ... ...
0 0 0 5435.373 5439.147 183.9800 183.8524 +0.0694 +0.1276 −3.773 0.20 f5

1 2 −1 6163.328 6143.287 162.2500 162.7793 −0.3262 −0.5293 +20.041 0.05 f28
1 2 0 ... 6032.043 ... 165.7813 ... ... ... ...
1 2 +1 5916.110 5920.798 169.0300 168.8961 +0.0792 +0.1339 −4.689 0.10 f11

1 1 −1 5585.656 5586.476 179.0300 179.0037 +0.0147 +0.0263 −0.820 0.40 f2
1 1 0 5470.759 5474.019 182.7900 182.6811 +0.0596 +0.1089 −3.260 0.06 f22
1 1 +1 5369.416 5361.562 186.2400 186.5128 −0.1465 −0.2728 +7.854 0.37 f3

2 3 −2 ... 7401.844 ... 135.1015 ... ... ... ...
2 3 −1 ... 7290.492 ... 137.1649 ... ... ... ...
2 3 0 ... 7179.141 ... 139.2924 ... ... ... ...
2 3 +1 7071.136 7067.789 141.4200 141.4870 −0.0474 −0.0670 +3.347 0.13 f9
2 3 +2 ... 6956.437 ... 143.7518 ... ... ... ...

2 2 −2 ... 6677.528 ... 149.7560 ... ... ... ...
2 2 −1 ... 6570.556 ... 152.1941 ... ... ... ...
2 2 0 ... 6463.583 ... 154.7129 ... ... ... ...
2 2 +1 ... 6356.611 ... 157.3165 ... ... ... ...
2 2 +2 ... 6249.639 ... 160.0092 ... ... ... ...

2 1 −2 5757.384 5742.918 173.6900 174.1275 −0.2519 −0.4375 +14.466 0.47 f1
2 1 −1 5621.135 5630.979 177.9000 177.5890 +0.1748 +0.3110 −9.844 0.07 f20
2 1 0 5516.633 5519.041 181.2700 181.1909 +0.0436 +0.0791 −2.409 0.10 f12
2 1 +1 5401.026 5407.103 185.1500 184.9419 +0.1124 +0.2081 −6.077 0.06 f25
2 1 +2 ... 5295.165 ... 188.8515 ... ... ... ...

4 5 0 ... 10 387.173 ... 96.2726 ... ... ... ...
4 5 +1 10 314.595 10 276.775 96.9500 97.3068 −0.3680 −0.3568 +37.820 0.05 f26
4 5 +2 ... 10 166.377 ... 98.3635 ... ... ... ...

4 3 −2 ... 8178.214 ... 122.2761 ... ... ... ...
4 3 −1 ... 8071.613 ... 123.8910 ... ... ... ...
4 3 0 7948.494 7965.012 125.8100 125.5491 +0.2074 +0.2609 −16.518 0.06 f24
4 3 +1 7880.842 7858.411 126.8900 127.2522 −0.2854 −0.3622 +22.431 0.07 f19
4 3 +2 ... 7751.810 ... 129.0021 ... ... ... ...

4 2 −4 7412.898 7414.010 134.9000 134.8798 +0.0150 +0.0202 −1.111 0.06 f23
4 2 −3 ... 7303.060 ... 136.9289 ... ... ... ...
4 2 −2 ... 7192.111 ... 139.0412 ... ... ... ...
4 2 −1 7108.836 7081.161 140.6700 141.2198 −0.3908 −0.5498 +27.675 0.09 f14
4 2 0 ... 6970.211 ... 143.4677 ... ... ... ...
4 2 +1 ... 6859.262 ... 145.7883 ... ... ... ...
4 2 +2 ... 6748.312 ... 148.1852 ... ... ... ...

4 1 −4 ... 6104.366 ... 163.8172 ... ... ... ...
4 1 −3 ... 5997.193 ... 166.7447 ... ... ... ...
4 1 −2 5891.363 5890.020 169.7400 169.7787 −0.0228 −0.0387 +1.343 0.09 f15
4 1 −1 ... 5782.847 ... 172.9252 ... ... ... ... [close to f8]
4 1 0 ... 5675.674 ... 176.1905 ... ... ... ...
4 1 +1 ... 5568.500 ... 179.5816 ... ... ... ... [close to f13]
4 1 +2 5444.251 5461.327 183.6800 183.1057 +0.3127 +0.5743 −17.076 0.17 f7
4 1 +3 5356.473 5354.154 186.6900 186.7709 −0.0433 −0.0809 +2.319 0.08 f16
4 1 +4 ... 5246.981 ... 190.5858 ... ... ... ...

4 0 −4 ... 5706.791 ... 175.2298 ... ... ... ...
4 0 −3 5598.477 5606.049 178.6200 178.3787 +0.1351 +0.2413 −7.572 0.17 f6
4 0 −2 5505.698 5505.307 181.6300 181.6429 −0.0071 −0.0129 +0.391 0.08 f17
4 0 −1 5392.289 5404.565 185.4500 185.0288 +0.2271 +0.4212 −12.276 0.25 f4
4 0 0 ... 5303.823 ... 188.5432 ... ... ... ...
4 0 +1 5218.934 5203.081 191.6100 192.1938 −0.3047 −0.5838 +15.853 0.06 f21
4 0 +2 5111.168 5102.340 195.6500 195.9885 −0.1730 −0.3385 +8.828 0.05 f27
4 0 +3 ... 5001.598 ... 199.9361 ... ... ... ...
4 0 +4 4885.198 4900.856 204.7000 204.0460 +0.3195 +0.6540 −15.658 0.07 f18
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of the quality of fit to the observed periods (i.e., within 3-σ in
S 2 value relative to the best-fit model), while being also con-
sistent with the spectroscopic constraints. However, for all these
regions, the resulting mode identifications are much less con-
vincing regarding the hierarchy of apparent mode amplitudes.
The region near M ∼ 0.64 M� provides a seismic model can-
didate with an inconsistent distribution for the average ampli-
tude values: A� = {0.065, 0.073, 0.209, 0.115%} (for � = {0, 1,
2, 4}, respectively). The M ∼ 0.36 M� solution results in val-
ues A� = {0.170, 0.167, 0.190, 0.082%} and is less convincing
(since A2 > A0, A1), despite the fact that the periods identified as
� = 4 modes have clearly lower amplitudes. The family of mod-
els near M ∼ 0.43 M� provides a period fit with A� = {0.170,
0.220, 0.120, 0.114%} which, again, is not very satisfactory in
terms of amplitude hierarchy. Finally, the M ∼ 0.47 M� solution
is in fact very close to our optimal solution parameter-wise, but
provides a significantly different distribution of the (Pobs, Pth)
pairs in the resulting period fit. The average amplitude distribu-
tion in that case is A� = {0.215, 0.082, 0.216, 0.111%}, i.e., less
credible. Hence, based on these specific arguments, we find that
our optimal model solution is also the one that provides the most
consistent mode identification in terms of preserving statistically
the expected hierarchy of apparent mode amplitudes. This con-
sideration adds up to the other elements mentioned previously
that conducted us to favor this model as the best asteroseismic
solution for PG 1336−018.

Finally, it is interesting to look back at the three uncertain pe-
riods from the original set of Kilkenny et al. (2003) that were not
considered for the search of a best-fit asteroseismic model (see
Sect. 3.1 and Table 1), and check if these have counterparts in
our optimal seismic model of PG 1336−018. These periods are
184.04 s ( f10), 178.96 s ( f13), and 173.59 s ( f8). We find that f10
has no acceptable counterpart in the proposed model, but both
f13 and f8 can be associated with unassigned theoretical periods.
Indeed, f13 can be associated with the mode � = 4, k = 1, m = +1
that has a period of ∼179.58 s (see Table 3). This match has a
relative dispersion of ΔP/P = −0.35% (ΔP = −0.62 s, on an
absolute scale). For its part, f8 can be associated with the mode
� = 4, k = 1, m = −1 that has a period of ∼172.92 s. This match
has a relative dispersion of ΔP/P = +0.39% (ΔP = +0.67 s, on
an absolute scale). Hence, these two a posteriori period matches
show dispersions comparable to the other fitted periods and
do not affect significantly the overall quality of the fit if in-
cluded. This suggests that f13 and f8 may well be real oscillation
modes of the star, a proposition that would require additional
observations, however, to be confirmed.

3.7. On the orientation of the pulsation axis

An interesting and unexpected byproduct of the present astero-
seismic analysis is related to the derived mode identification for
the 25 periods observed in PG 1336−018. Table 3 shows that
5 observed periods have been identified as components of two
� = 1 triplets of radial order k = 1 and 2. In these triplets, it
turns out that the periods with the highest observed amplitudes
are associated with the m = ±1 components. This is particularly
striking for the � = 1, k = 1 triplet where the m = +1,−1 compo-
nents have amplitudes of 0.37 and 0.40% respectively, while the
central m = 0 component has an amplitude of 0.06 %, only. In
the same vain, the � = 1, k = 2 triplet has only the two m = −1
and +1 components associated with observed periods of rather
low amplitudes (0.05 and 0.10% respectively), while the central

m = 0 mode is not seen in that case (its amplitude could very
well be below the detection limit of the current data).

It is well known from stellar pulsation theory that the visi-
bility of modes of azimuthal order m for unresolved stellar disks
is modulated by the orientation of the pulsation axis relative to
the observer. For instance, an � = 1, m = 0 mode, whose ge-
ometry imposes an equatorial node between two hemispheres in
opposition of phase during a pulsation cycle, will be severely
attenuated by disk-averaging effects if the pulsations are seen
nearly equator on. Conversely, such a mode would suffer only
weak attenuation if the pulsations are seen pole on by the ob-
server. The situation is reversed for the � = 1 modes having
m = ±1 azimuthal orders, whose geometry imposes, this time, a
longitudinal node between regions of opposite phase.

In the present situation, the amplitude configuration ob-
served for the dipole (� = 1) modes is favored if the pulsations
are seen nearly equator on (i.e., at a high inclination angle). In
that case, strong attenuation of the central m = 0 components
are likely to lower significantly their observable amplitudes rel-
ative to the m = ±1 components, as it is apparently the case
according to Table 3. The case for a high inclination angle is fur-
ther strengthened by invoking the relative amplitudes of the four
components of the multiplet corresponding to the modes with
� = 2 and k = 1. Indeed, a quadrupole observed nearly equator
on and split by rotation will tend to show |m| = 2 components
with higher amplitudes than the central m = 0 component, while
the |m| = 1 components tend to be invisible (see, e.g., Fig. 1
of Brassard et al. 1995). This is exactly what is suggested in
Table 3, although the m = +2 component is not seen for some
reason in that quintuplet. The interesting point about this dis-
cussion of the inclination angle is that we already know that the
eclipsing binary system PG 1336−018 is seen nearly equator on,
with an inclination angle of ∼81◦ well constrained from the bi-
nary light curve analysis of Vučković et al. (2007). Hence, this
very strongly suggests that the pulsation axis is aligned with the
rotation axis of the sdB star in PG 1336−018, the latter being
most likely perpendicular to the orbital plane as must be the case
in such a close binary system.

This result is enlightening in view of recent claims to the ef-
fect that the pulsation axis could be tipped toward the companion
star in close binary systems such as PG 1336−018 (Reed et al.
2006, and references therein). It was indeed argued, although
there was no credible theoretical foundations for this proposi-
tion to be made, that tidal effects could tip the pulsation axis of
the sdB star toward the companion and into the orbital plane.
Such a tipped axis would then precess with the rotation of the
star and produce all sorts of complications that would render an
asteroseismic interpretation of the light curve nearly impossible.
Our results show, on the contrary, that PG 1336−018 is amenable
to detailed studies. In particular, they demonstrate that the pul-
sation axis of that star is not tipped as argued by some authors.

4. Expanding the limits of asteroseismology

4.1. Relaxing the spin-orbit synchronism hypothesis

One underlying hypothesis imposed in the previous asteroseis-
mic analysis of PG 1336−018 is that the rotation of the sdB star
is fully synchronized with its orbital motion, i.e., from the stel-
lar surface down to the central region. The star was therefore
assumed to rotate as a solid body with a period, Prot, equal to
∼8728 s, i.e., identical to the measured orbital period of the sys-
tem. The properties of the asteroseismic solution presented pre-
viously and inferred within the framework of this assumption
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strongly suggest at this stage that the star is indeed fully syn-
chronized. As an additional independent check and in the spirit
of relaxing this hypothesis, we also operated a search in the en-
tire model parameter space still assuming rigid rotation, but leav-
ing this time Prot as a free parameter. Not surprisingly, the same
families of model solutions which were found in Sect. 3 emerged
from this exploration, all with values for the period Prot very
close (i.e., within 1-σ) to the orbital period of the system. This
further strengthen the fact that PG 1336−018 is very likely in
synchronous rigid rotation. However, the idea of complete spin-
orbit synchronism deserves more attention in our view, and we
further investigate it in what follows.

The theoretical framework describing tidal frictions in close
binaries has been developed essentially by Zahn (1977) and
Tassoul & Tassoul (1992a,b). These studies show that synchro-
nization times depend notably on the orbital period, but can dif-
fer by orders of magnitude depending on the physical mech-
anism invoked to insure synchronism. This is particularly true
for hot stars with radiative envelopes (such as sdB stars), where
tidal forces are believed to be less efficient for synchroniza-
tion. While the mechanism of Zahn is not dissipative enough
to explain the observed levels of synchronization, the validity
of the mechanism proposed by Tassoul & Tassoul is still under
debate, given its free parameter dependence (see, Claret et al.
1995; Claret & Cunha 1997). Independently of these theoret-
ical uncertainties, observational evidence already exists in fa-
vor of the idea that very close systems such as the sdB+WD
binaries KPD 0422+5421 (Orosz & Wade 1999) and KPD
1930+2752 (Billères et al. 2000), with orbital periods of ∼2.16 h
and ∼2.28 h, respectively, have achieved spin-orbit synchro-
nism, at least superficially, over the typical lifetime of a sdB
star (∼108 yrs), since both systems show ellipsoidal luminos-
ity variations with a period of exactly half the orbital period, as
expected for tidally locked binaries. The hypothesis of spin-orbit
synchronism was indeed used recently by Geier et al. (2007) to
constrain the binary parameters of KPD 1930+2752 and, in a
more recent work, Geier et al. (2008) also presented a study of a
third sdB+WD system, PG 0101+039, for which they were able
to show that the tiny ellipsoidal variation has a period that is,
again, equal to half the orbital period of 13.68 h. These results
suggest that tidal synchronization, at least for the outermost stel-
lar layers, is achieved in sdB+WD systems with orbital periods
of less than ∼14 h. Remarkably, asteroseismology has recently
taken hold of these questions too, by providing very strong evi-
dence that another sdB+WD system, Feige 48 having an orbital
period of ∼9.02 h, is tidally locked but also rotates most likely
as a solid body (Van Grootel et al. 2008a). This pioneering work
is the first explicit demonstration of spin-orbit synchronism in a
binary star by asteroseismic means.

On the basis of this evidence, there is little doubt that the out-
ermost layers (the surface at the very least) of the sdB primary
in PG 1336−018 should be tidally locked in this close system.
However, our knowledge of the dynamical status of the inner
layers of the star is a lot more uncertain. In this context, it ap-
pears highly legitimate to challenge, if possible, the hypothesis
that a star can really rotate as a solid body. There is, indeed, a
more general and highly interesting question linked to this sit-
uation: how deep can tidal spin-orbit synchronization migrate
inside stars within their lifetime? It turns out that PG 1336−018
is also a particularly interesting laboratory for addressing that
specific issue, as we shall see below.

In order to explore this particular question, we relaxed the
strict spin-orbit synchronism hypothesis adopted in the preced-
ing analysis. Specifically, we gave up the simple solid-body

rotation law that was used in the computation of the rotation-
ally split pulsation frequencies and replaced it with a spherically
symmetric differential rotation law (we do not consider axisym-
metric differential rotation here). In this more general context,
Eqs. (1) and (3) are no longer valid and must be replaced by the
general relations

Δνk� =

∫ R

0
Vrot(r)Kk�(r)dr, (5)

where Vrot(r) ≡ Ωrot(r)/2π = 1/Prot(r) is the rotation rate of
the star (in Hz), now a function of the radius r, and Kk�(r)
is the first-order rotation kernel computed from the mode
eigenfunctions ξr(r) and ξh(r):

Kk�(r) =
ξ2r − [�(� + 1) − 1]ξ2h − 2ξrξh∫ R

0
{ξ2r + �(� + 1)ξ2h}ρr2dr

ρr2. (6)

Equation (2) then applies to derive the first-order corrections
to the eigenfrequencies. In this exploration, we considered a
simple differential rotation law characterized by two regions –
the “core” and the “envelope” – rotating each as independent
solid structures. The position of the transition (or sheer) layer
between the “core” and the “envelope” is specified by the pa-
rameter Rs/R∗ (i.e., the radius expressed as a fraction of the
total radius of the star, R∗). Two other parameters are needed
to specify fully this rotation law. These are the rotation pe-
riod for the envelope, Penv (in seconds), and the rotation pe-
riod for the core, Pcore (also in seconds). For PG 1336−018,
we further assumed that the “envelope” is tidally synchronized
and therefore the parameter Penv was fixed to the value of the
orbital period, i.e., 8727.78 s. The two other parameters were
varied, in the ranges 1000–19 000 s (by steps of 200 s) and
0.2–1.0 (by steps of 0.01) for Pcore and Rs/R∗, respectively.
Since Rs/R∗ is a free parameter, we stress that what we call
the “envelope” in this context is the region between the sur-
face (r/R∗ = 1.0) and this “sheer layer” placed at the position
Rs/R∗. The so-called “core” is therefore the region below this
transition. We also note that the particular case Rs/R∗ = 1.0,
considered in our grid exploration, is equivalent to a solid body
rotation law of period P = Pcore, where this time P is a free
parameter contrary to the analysis of Sect. 3. Finally, in this ex-
ercise, we kept all other structural parameters of the star (Teff,
log g, log q(H), and M∗) constant, set to the firmly established
values derived formerly from our optimal seismic model solu-
tion. Indeed, we consider from that point that these parameters
have been well secured owing to the fact that both the asteroseis-
mic and the orbital solutions independently point toward these
values. Figure 4 shows the resulting S 2 map in the 2-dimensional
(Pcore, Rs/R∗) parameter space explored.

At high values of Rs/R∗ (� 0.55), we find a very well defined
valley of low S 2 values corresponding to the models that best
fit the 25 periods of PG 1336−018. Interestingly, we find that
this valley is centered around a rotation period Pcore correspond-
ing to the orbital period of the system (the dot-dashed vertical
line in Fig. 4). This means that, even with the additional free-
dom offered by the new rotation law considered, best-fit models
spontaneously converge toward tidally synchronized solid body
rotation, at least down to ∼0.55 R∗ inside the star. Indeed, the fact
that the bottom of the valley, indicated by the white solid-curve
in Fig. 4, matches almost exactly the dot-dashed vertical line
in that radius range is particularly suggestive. In addition, we
note that this solution is unique, as the quality of the fit rapidly
degrades for models that differ significantly from that rotation
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Fig. 4. Seismic inversion of the internal rotation profile of the sdB star in
PG 1336−018. This S 2 map (on a logarithmic scale) shows the quality
of fit to the observed pulsation periods as a function of the parameters
Pcore and RS /R∗ that define the differential rotation law explored (see
text for details). The white dot-dashed vertical line indicates the rota-
tion period of PG 1336−018 assuming a fully synchronized star and,
therefore, pure solid body rotation with a period of ∼8728 s. The white
solid curve represents the line of minimum S 2 in this map for RS /R∗
in the range 0.4–1.0. White dotted-line contours show regions where
the period fits have S 2 values within, respectively, the 1-σ, 2-σ, and
3-σ confidence level relative to the best-fit solution. Finally, the black
horizontal dotted-lines show, respectively, the location of the transition
between the H-rich envelope and the helium core in our optimal stellar
model (at R/R ∼ 0.72) and the typical location of the boundary of the
inner, convective He-burning core according to standard evolutionary
models (see, e.g., Dorman et al. 1993).

profile. Hence, alternative rotation periods for the sdB primary
star in PG 1336−018 can clearly be excluded, at least in the ex-
plored period range. This finding is quite consistent with the fact
that our optimal solution identified in Sect. 3 already matches
the 25 observed periods with an accuracy comparable, from our
past experience, to the best that can be achieved in sdB astero-
seismology with current models. Consequently, there should be
practically no room left for further improvements at that level
based on such models.

For values of Rs/R∗ � 0.55, the valley enlarges significantly,
as the 1-, 2-, and 3-σ confidence levels represented by the white
dotted-curves in Fig. 4 diverge to both shorter and longer pe-
riods. This means that, as we move the “sheer layer” deeper
and deeper inside the star, models with Pcore values increasingly
different from the orbital period can no longer be formally dis-
tinguished from the pure solid body rotation solution. This be-
havior is easily understood by recalling that acoustic modes in
hot B subdwarfs are envelope modes, propagating mostly in the
outer stellar regions (see, e.g., Charpinet et al. 2000). These
modes have amplitudes that decrease significantly in the core
to the extent of becoming unaffected by the innermost regions.
Hence, the shape of the valley observed in Fig. 4 is simply the
signature of the p-modes observed in PG 1336−018 losing pro-
gressively their sensitivity to the stellar innermost layers. The
bottom line is that it becomes formally impossible, at this stage,

to state whether PG 1336−018 is in synchronized solid body ro-
tation in its deepest regions or not. Nonetheless, we point out
that near Rs/R∗ ∼ 0.6 and deeper, the bottom of the valley shows
a slight inflection toward shorter periods. Such a trend, if real,
would indicate that the star is no longer synchronized and rotat-
ing as a solid body in these regions and below. But, again, this
cannot be formally established, as the differences of S 2 values
are not significant.

To summarize the results of this experiment, we found a
very clear asteroseismic evidence that the sdB primary in PG
1336−018 has a solid-body rotation profile with a period equal
to the orbital period of the system from its surface down to
∼0.5–0.6 R∗, at least. This means that spin-orbit synchroniza-
tion mechanisms have been effective for tidally locking this star
over approximately half its radius, at least. This range includes
the whole H-rich outer envelope of the star – its inner boundary
being located near ∼0.72 R∗ according to our optimal seismic
model of PG 1336−018 – and the outermost layers of the He
radiative core (see Fig. 4). The dynamical status of the deeper
layers is more uncertain, however, due to the fact that p-modes
probe mainly the outer layers of sdB stars and loose their sensi-
tivity to the innermost regions. Synchronized solid body rotation
extending to deeper regions (and even down to the center of the
star) remains a valid option but cannot be verified. Alternatively,
a very slight trend indicates that solid body rotation and tidal
synchronization might break down below ∼0.55 R∗, the rota-
tion rate slowly increasing downward, but this also cannot be
formally proved and should be taken with great caution.

Finally, we mention that, to our knowledge, this is the first
time that such an explicit seismic inversion of the inner rotation
profile of a star other than the Sun has been successfully car-
ried out. Approximate inferences of internal rotation properties
of some pulsating stars already exist in the litterature, most no-
tably for a few β-Cephei stars showing rotationally-split compo-
nents for both a “shallow” p-mode probing mostly the envelope
and a “deep” g-mode probing the core region (Pamyatnykh et al.
2004; Dupret et al. 2004; Briquet et al. 2007). These were lim-
ited, however, by the small number of frequencies available (ar-
guably compensated by the fact that partial independent mode
identification of � and m was available in those cases). At the
outset, PG 1336−018, with up to 15 modes constraining the rota-
tion (while 10 modes determine the internal structure itself; see,
again, Table 3), demonstrated a remarkable potential in that re-
spect. This potential can possibly be exploited further when sdB
stellar models become more realistic, and when our ability to
fit the pulsation periods at an even higher level of accuracy still
improves. We might then be able to constrain more tightly the
rotation profile and extract useful information on the dynamics
of even deeper regions. On a more general note, this new result
is a clear demonstration that asteroseismology is indeed a very
powerful tool to probe stellar structures and internal dynamics.
This has very often been claimed in the past, but we offer here
an explicit example of such realization.

4.2. Higher-order effects due to rotation and tidal distortion

For PG 1336−018 which rotates fairly rapidly and has a close
companion, questions related to the importance of higher-order
effects due to rotation and tidal distortions are legitimate.
However, this is not a trivial problem since, unlike first-order
corrections used in the present analysis, there is currently no
simple formulation that would allow us to compute precisely
second-order (and above) effects for moderately rotating sdB
pulsators. In the present context, the goal is first to evaluate the
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Fig. 5. Modes of degree � = 0 − 3 in the frequency range 3–10 mHz
are shown as a function of the rotation rate of the star (in units of

the breakup rotation rate ΩK ≡
√

GM/R3
eq). Parameters relevant to

PG 1336−018 were used in this calculation (M = 0.459 M� and
R = 0.15 R�). The range of validity for each level of approximation,
defined as the range where the difference with the exact frequency (i.e.,
computed in a nonperturbative way) is less than the precision of the
observed frequencies (fixed to 1 μHz in this case), is indicated by the
color segments: green, cyan, and red represent the first-order, second-
order, and third-order approximations, respectively. The black portions
indicate regions where effects of higher-order show-up above the 1 μHz
limit. PG 1336−018, assuming a rotation period of 2.4244 h, lies near
Ω/ΩK ∼ 0.1 in this diagram.

eventual significance of these corrections and determine if this
lack would gain to be filled in the future.

To progress in this area, we exploited the tools recently de-
veloped, in part, by one of us (D. R.) to study the behavior of os-
cillation modes in rapidly rotating stars. This original approach,
described in detail in Lignières et al. (2006) and Reese et al.
(2006), relies on a nonperturbative treatment of stellar rotation
that provides “exact” solutions for the frequencies of the modes.
By “exact”, we mean that the full set of equations describing this
problem is solved and no approximate development of the solu-
tion is made, contrary to the perturbative approach. The projec-
tion of these “exact” solutions on the {Ω1,Ω2, ...,Ωn}-basis leads,
after truncation at the nth power of Ω, to the solution approxi-
mated at the nth-order whose precision can then be estimated.
However, the current trade-off in these exact calculations is that
the method has not yet been applied to realistic stellar structures
and relies instead on approximate representations of stars based
on polytropes. Nonetheless, although precise numerical evalua-
tions of the rotation effects very likely remain impaired by this
limitation, interesting insight on the importance of such effects
in the context of PG 1336−018 can still be gained, at least at the
level of providing orders of magnitudes for the various effects.

Figure 5 shows the expected behavior of the relevant p-mode
frequencies in a star like PG 1336−018 (i.e., in the 3–10 mHz
range) using this nonperturbative method to evaluate the effects
of rotation. It also indicates the range of validity of various or-
ders of approximation related to the standard perturbative ap-
proach (see the figure caption for details). In this calculation,
the sdB star structure was approximated by a polytrope of index
N = 3 roughly representative of the outermost layers of this type

of stars where acoustic waves predominantly exist. A mass of
0.459 M� and an equatorial radius of 0.151 R� corresponding
to the values derived in Sect. 3 from our asteroseismic analy-
sis were assumed in that context. Figure 5 immediately indicates
that in PG 1336−018, a rotation period of 2.4244 h produces
higher-order and most notably second-order corrections to the
frequencies that are larger than the precision of the observations
(approximately 1 μHz). Hence, these are expected to be signif-
icant in this star. Interestingly, the calculation indicates that the
first-order perturbation is valid, strictly speaking, down to peri-
ods of ∼10 h (the green segments shown in Fig. 5), while second-
order corrections (blue segments) remain accurate at the level of
the precision of the observations down to periods of 2.0–2.7 h,
depending on the modes. PG 1336−018 , with typical frequen-
cies between 5 and 8 mHz, lies well within the limits of valid-
ity of the second-order corrections but relatively far above the
first-order limit, thus suggesting that second-order corrections
may be large enough to produce significant distortions relative to
calculations limited to first-order.

In order to assess that latter point, we provide in Fig. 6 a
close-up view showing the behavior of a representative nonra-
dial mode (with � = 2, k = 2) as a function of the rotation
rate of the star. For this mode, a comparison between the exact
solution and the first- and second-order truncated calculations
is shown in upper-left panel of Fig. 6. The separated contribu-
tions from the various levels of perturbative corrections, respec-
tively δ f 1

pert, δ f 2
pert, δ f 3

pert, and
∑
δ f >3

pert (given in μHz) for the first-,
second-, third-, and the sum of all remaining perturbations, are
also illustrated in the other panels of this figure. As expected,
the first-order correction (δ f 1

pert) largely dominates the rotational
splitting, producing an equidistant (in frequency) quintuplet with
the prograde (m < 0) modes having their frequencies increased
and the retrograde (m > 0) modes having their frequency de-
creased compared to the central m = 0 component. As discussed
already, this correction leads, for PG 1336−018 rotating with
Prot = 2.4244 h (Ω/ΩK ∼ 0.1), to a splitting between |Δm| = 1
modes of ∼114 μHz. The frequency of the axisymmetric (m = 0)
mode is unaffected at this level of approximation. The second-
order corrections (δ f 2

pert) are all very small (i.e., irrelevant) for
rotation periods beyond ∼10 h, but start to significantly affect
the frequencies at higher rotation rates. Figure 6 shows that these
corrections, in a star rotating at the rate of PG 1336−018, could
reach a magnitude of 10–15 μHz and affect unevenly the com-
ponents of a multiplet. For the sample mode represented, the
m = ±2 sectoral modes experience a decrease in their frequency
relative to their first-order truncated frequency, while the m = ±1
modes have their frequency increased, as well as the axisymmet-
ric (m = 0) mode which is now affected by the rotation of the
star. Higher-order corrections remain marginal in the context of
PG 1336−018. The third-order perturbations (δ f 3

pert) are well be-
low the frequency resolution of the observations, and corrections
of higher-orders all summed-up (

∑
δ f >3

pert) are not significant, ex-
cept maybe for the m = 0 component for a modest contribution
of ∼2 μHz. Finally, the lower right panel of Fig. 6 illustrates
the impact on mode frequencies induced by the tidal deforma-
tion of the sdB star generated by the dwarf-M companion. This
effect was estimated using the second-order perturbative formal-
ism and coefficients of Saio (1981) and, as expected, is simi-
lar (even slightly inferior), with corrections of �5 μHz, to the
second-order corrections caused by rotation.

If Fig. 6 only illustrates the particular case of one rota-
tionally split non radial mode – other modes will have their
own specific behavior –, we stress nonetheless that the inferred
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Fig. 6. In top left panel, frequencies (in mHz) of a representative quintuplet (of degree � = 2 and radial order n = 2) vs. the rotation rate (or period)
of the star are shown. The frequencies of the m-components are given for the exact computation (i.e., using the nonperturbative approach; solid
curves), as well as in the first-order (dotted curves) and second-order (dashed curves) perturbative approximations. The individual contributions
of the perturbative orders (in μHz) as functions of the rotation rate (or period) of the star are detailed in other panels. Top middle and right panels
shows the first-order (δ f 1

pert) and second-order (δ f 2
pert) contributions to the rotational splitting, while bottom left and middle panels illustrate the

contributions of the third-order (δ f 3
pert), and the sum of all remaining (

∑
δ f >3

pert) perturbations to the frequency of the quintuplet components due
to rotation. Bottom right panel shows the second-order tidal correction as a function of the rotation rate (assumed synchronized with the orbital
period) induced by a dwarf-M companion of 0.122 M� similar to the companion of PG 1336−018.

orders-of-magnitude for the higher-order corrections provided
by this example are representative (see again Fig. 5) and consti-
tute a valuable estimate of the importance of such effects induced
by the moderate rotation rate and tidal distorsion of the sdB star
in PG 1336−018. In this respect, we find that these effects are,
strictly speaking, significant mostly up to second-order with a
typical impact of ∼10–15 μHz or less on the mode frequencies.
Compared to the accuracy of our best fit model (∼10.5 μHz on
average) limited to the first-order rotation approximation, we do
not expect that higher order effects will have a strong impact
on the derived structural and dynamical properties of this star at
the present level of accuracy. However, studies aimed at improv-
ing the seismic fit of PG 1336−018 in the future will need to
accurately incorporate at least the second-order corrections.

5. Summary and conclusion

We presented the first detailed asteroseismic analysis performed
on the primary component of the close sdB+dM eclipsing binary
system PG 1336−018 (NY Virginis). This star, a hot B subdwarf
member of the EC 14026 class of nonradial pulsators, oscillates
in numerous modes with periods in the 96−205 s range. As such,
it has stood out as a target of choice for asteroseismic studies.
The close eclipsing binary nature of PG 1336−018 also offers the
opportunity to measure independently several important proper-
ties of the stars forming the system. This was exploited recently
by Vučković et al. (2007) who proposed three preferred families
of models that can best match the binary light curve properties.
The three solutions, that the authors could not formally separate,

are characterized by different masses for the sdB primary star:
M 
 0.389, 0.466, and 0.530 M� (see Table 2).

We based our seismic analysis on 25 secured pulsation pe-
riods identified from a dedicated Whole Earth Telescope pho-
tometric campaign piloted by Kilkenny et al. (2003). To date,
this campaign has provided the most accurate seismic data avail-
able for that star. An important component of our analysis has
also been to acquire and analyze new high-quality spectra of
PG 1336−018 in order to derive precise constraints for the at-
mospheric parameters of the pulsating sdB star. The seismic
analysis was performed using the forward modeling approach
that we have implemented for pulsating subdwarf B star aster-
oseismology and used quite successfully in past studies (see,
e.g., Charpinet et al. 2006, and references therein). This was
done using efficient optimization tools and methods developed
for that purpose these past few years. This approach guaranties
exhaustive searches in the explored model parameter space and
objective identification of potential best-fit solutions with some
information about their uniqueness. For PG 1336−018, it was
necessary to incorporate the effects of rotational splitting directly
in the period matching procedure, as the star is very likely tidally
locked with the orbital motion in this close system, leading to a
fairly rapid rotation rate. This is a recent addition to our fitting
procedure that was first tested by Van Grootel et al. (2008a) in a
reanalysis of the rapid pulsator Feige 48, and which now allows
us to explore the dynamical properties of pulsating sdB stars. In
the present study, this was done, in a first step, by considering
all rotationally-split multiplet components assuming first-order
perturbations induced by a solid body rotation law with a pe-
riod equal to the orbital period (P = 8727.78 s). In view of the
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properties of our optimal solution obtained within this hy-
pothesis, this approach proved to be very conclusive, pointing
effectively to the fact that the star is indeed most likely a syn-
chronized rigid rotator. Nonetheless, in a second step, this hy-
pothesis of solid body rotation was relaxed, leading us to propose
the first explicit seismic inversion of the internal rotation profile
of a star other than the Sun. Finally, we explored, for the very
first time in the field of sdB asteroseismology, the possible im-
pact of higher-order rotation and tidal distortions effects on the
pulsation frequencies for this fairly rapidly rotating pulsator with
a very close companion. Our main results are summarized as
follows:

1. Our additional high-sensitivity time-averaged spectroscopy
led us to estimate that the sdB star in PG 1336−018 has
Teff = 32 780 ± 200 K, log g = 5.76 ± 0.03, and
log N(He)/N(H) = −2.94 ± 0.14, in excellent agreement
with the former, but less accurate, estimation derived by
Kilkenny et al. (1998) (see Table 2). These values disagree,
except for log N(He)/N(H), with the measurement provided
by Vučković et al. (2007) whose Echelle spectrum is known
to have order-matching problems, however.

2. The seismic search in the vast model parameter space,
guided by the above spectroscopic constraints and further
considerations on the model properties and the derived mode
identification, led us to isolate one optimal model that best
matches simultaneously the 25 periods observed in PG
1336−018 and provides a particularly strong internal consis-
tency. This optimal model allowed us to estimate the struc-
tural parameters for the sdB star as given in Table 2. In par-
ticular, we found an outstanding agreement with the second
model proposed by Vučković et al. (2007) characterized by a
mass M = 0.466±0.006 M� and a radius R = 0.15±0.01 R�,
while our totally independent asteroseismic solution leads to
M = 0.459 ± 0.005 M� and R = 0.151 ± 0.001 R�. Such
an agreement obtained at this high level of accuracy between
two completely independent ways of measuring the mass and
radius of that star is quite outstanding and obviously consti-
tutes a crucial test for the validity of both the asteroseismic
and the binary light curve modeling methods.

3. The period match for our optimal model solution is excel-
lent, as the observed periods are fitted with an average rel-
ative dispersion of ∼0.17% to their associated theoretical
periods. On an absolute scale, this represents an average dis-
persion of 0.27 s or 10.5 μHz only. Of course, this is still
about one order of magnitude larger than the actual preci-
sion of the observations, indicating that there is still room
for improvements in the modeling of the internal structure
of these stars, which is one of our long term goals for sdB
asteroseismology.

4. Our derived mode identification indicates that low-order
acoustic modes of degrees � = 0, 1, 2, 4 and radial-orders
k = 0–3 are observed in PG 1336−018. Several groups of pe-
riods clearly form multiplets of modes induced by rotational
splitting. A follow-up nonadiabatic pulsation calculation
applied to this optimal model shows that all the modes
associated with the observed periods are indeed expected to
be excited through the κ-mechanism at work in EC 14026
stars (Charpinet et al. 1997). Hence, PG 1336−018 conforms
to that requirement as all other EC 14026 pulsators studied
in detail thus far and adds another confirmation – if need
be – that the mechanism generating the oscillations is
correctly identified. We note also that our derived mode

identification preserves the apparent amplitude trends ex-
pected for modes of increasing degree �: on average, the
identified � = 4 modes are found to have significantly lower
amplitudes than the � = 0, 1, and 2 modes, the latter de-
creasing with increasing �, as expected. All these elements
indicate that a strong internal consistency has been achieved
also at the level of the mode identification with the seismic
optimal model uncovered for PG 1336−018. We note that
independent techniques such as multicolor photometry and
time-series spectroscopy could provide interesting indepen-
dent checks to this proposed mode identification and an ad-
ditional test on the robustness of the structural parameters
and rotation properties inferred from our seismic solution.

5. A remarkable implication of the above mentioned mode
identification is that it carries strong indication, from the
amplitude of the fitted � = 1 modes distributed among the
m-components, that the pulsation axis is aligned with the ro-
tation axis of the sdB star. This is the first element of proof
ever gathered concerning this geometrical aspect of pulsa-
tions and it goes against the idea that the pulsation axis may
be tipped toward the companion star due to tidal interactions
as proposed by Reed et al. (2006).

6. By relaxing, for the identified model solution (in terms of
stellar parameters), the originally imposed solid body rota-
tion law, we further demonstrated that the pulsation spectrum
of PG 1336−018 indeed bears the signature of an internal ro-
tation profile that corresponds to a spin-orbit-synchronized
star rotating solidly from the surface down to approximately
half its stellar radius, at least. We found that the seismic in-
version of the rotation profile looses rapidly its accuracy be-
low r ∼ 0.55 R�, as the p-mode sensitivity to the deeper re-
gions greatly diminishes. Complete solid rotation cannot be
formally confirmed or ruled out, but we provide a strong as-
teroseismic evidence that the star is indeed most likely tidally
locked to its close companion down to ∼0.55 R�, which en-
closes completely the H-rich envelope and the upper part of
the He radiative core of the star. This result may be particu-
larly useful to help clarifying the persistent problems related
to spin-orbit synchronism through tidal dissipation processes
in hot radiative stars (Claret et al. 1995; Claret & Cunha
1997, and references therein). We also note that if p-modes
mainly probe the outermost layers of the star, g-modes on the
contrary are sensitive to the structure and dynamics of much
deeper regions and may allow much deeper inversions. In
this context, the potential of the long period sdB pulsators
is very high and observations from space, using for instance
the French satellite CoRoT and possibly the NASA mission
kepler, may provide wonderful opportunities in this area.

7. Finally, we demonstrated that higher-order perturbation ef-
fects due to rotation and tidal distortion on a pulsating star
like PG 1336−018 are, strictly speaking, significant mostly
up to second-order with a typical impact of ∼10–15 μHz on
the mode frequencies. Compared to the achieved accuracy of
our best fit model (∼10.5 μHz on average with a standard de-
viation around that mean of ∼9.4 μHz) limited to first-order
rotation corrections, higher-order effects are unlikely, at the
outset, to have any significant impact on the determination
of the structural and dynamical properties derived for this
star at the present level of accuracy. We point out, however,
that future studies aimed at improving the physical model-
ing of PG 1336−018 in order to tighten further the seismic
constraints will absolutely need to incorporate accurately the
second-order corrections, at the very least.
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We conclude by pointing out that the seismic analysis of PG
1336−018 has led us much farther than anticipated in the early
stages of this study. The list of results summarized just above
constitutes, in our view, a strong demonstration of the validity
and relevance of the forward modeling approach that we have
been developing, these past few years, in the specific context of
pulsating subdwarf B stars. This approach can, in principle, be
generalized to other pulsating stars as well. In this context, our
results go against misgivings about the forward approach that
developed historically at an epoch when computing ressources
were still limited. Of utmost interest here, our forward modeling
approach has passed a fundamental consistency test through the
comparison with the results of the independent analysis of the
binary light curve of PG 1336−018. We suggest, through this
example, that asteroseismology can truly live up to its potential.
It is the tool of choice for studying in greater detail the internal
dynamics and structure of various types of stars.
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