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ABSTRACT

Aims. We present asteroseismological inferences on RX J2117.1+3412, the hottest known pulsating PG 1159 star. Our results are
based on full PG 1159 evolutionary models recently presented by Miller Bertolami & Althaus (2006).

Methods. We performed extensive computations of adiabatic g-mode pulsation periods on PG 1159 evolutionary models with stellar
masses ranging from 0.530 to 0.741 M.. PG 1159 stellar models are extracted from the complete evolution of progenitor stars started
from the ZAMS, through the thermally pulsing AGB and born-again phases to the domain of the PG 1159 stars. We constrained the
stellar mass of RX J2117.1+3412 by comparing the observed period spacing with the asymptotic period spacing and with the average
of the computed period spacings. We also employed the individual observed periods to find a representative seismological model for
RXJ2117.1+3412.

Resuits. We derive a stellar mass M, ~ 0.56—0.57 M. from the period spacing data alone. In addition, we found a best-fit model
representative for RX J2117.1+3412 with an effective temperature 7.5 = 163400 K. a stellar mass M, = 0.565 M., and a surface
gravity log g = 6.61. The derived stellar luminosity and radius are log (l../Ls) = 3.36 and log (R, /R-) = —1.23, respectively, and
the He-rich envelope thickness is M., = 0.02 M,. We derive a seismic distance d ~ 452 pc and a linear size of the planetary
nebula Dpx ~ 1.72 pe. These inferences seem to solve the discrepancy between the RX J2117.1+3412 evolutionary timescale and the
size of the nebula. All of the seismological tools we use concur to the conclusion that RX J2117.1+3412 must have a stellar mass
M, ~ 0.565 M., much in agreement with recent asteroseismology studies and in clear conflict with the predictions of spectroscopy

plus evolutionary tracks.
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1. Introduction

Pulsating PG 1159 stars (or GW Vir stars) are very hot
hydrogen-deficient post-Asymptotic Giant Branch (AGB) stars
with surface layers rich in helium, carbon and oxygen (Werner
& Herwig 2006). They exhibit multiperiodic luminosity varia-
tions with periods in the range 300-3000 s, attributable to non-
radial pulsation g-modes. Some GW Vir stars are still embed-
ded in a planetary nebula (commonly called PNNVs; Planetary
Nebula Nucleus Variable), and are characterized by much higher
luminosity than the *naked™ GW Vir stars (those without nebu-
lae). PG 1159 stars are thought to be the evolutionary link be-
tween post-AGB stars and most of the hydrogen-deficient white
dwarfs. These stars are believed to be the result of a born
again episode triggered either by a very late helium thermal
pulse (VLTP) occurring in a hot white dwarf shortly after hydro-
gen burning has almost ceased (see Schonberner 1979 and more
recently Herwig 2001; Lawlor & MacDonald 2003; Althaus
et al. 2005; and Miller Bertolami et al. 2006) or a late helium
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thermal pulse (LTP) that takes place during the post-AGB evolu-
tion when hydrogen burning is still active (see Blocker 2001, for
references). During a VLTP episode, most of the hydrogen-rich
envelope of the star is burnt in the helium flash-driven convec-
tion zone, while in a LTP the hydrogen deficiency is the result
of a dilution episode. In both cases, the star returns rapidly back
to the AGB and finally into the domain of high effective temper-
ature as a hydrogen-deficient, quiescent helium-burning object.
This helium burning phase continues until the hot white-dwarf
domain is reached.

RXJ2117.1+3412 is the hottest known pulsating
PG 1159 star. It was discovered as an X-ray source in the
ROSAT sky survey (Motch et al. 1993). The star is embedded
in an old, extended and diffuse planetary nebula, which at the
distance of 1400 pc (Appleton et al. 1993) makes it the largest
presently known with a diameter of 5.3 pc. This implies an
expansion age much in excess as compared with that predicted
by stellar evolution (Appleton et al. 1993). For the central star
Werner et al. (1996) and Rauch & Werner (1997) derived, with
the help of optical, UV, and X-ray spectra and NLTE model
atmospheres, Teg = 170 + 10 kK and logg = 61,3, and a surface
composition of He/C/O =47.5/23.8/6.2 (by number of atoms).
Furthermore, a strong mass-loss rate of M =~ 1077108 M, Jyr
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has been measured (Koesterke et al. 1998; Koesterke & Werner
1998). The central star of RXJ2117.1+3412 was discovered
to be a pulsator independently by Watson (1992) and Vauclair
et al. (1993), with pulsation periods that are intermediate
between those of PNNVs and naked GW Vir stars. The ef-
fective temperature of the central star defines the blue edge
of the observational PG 1159 instability strip. Vauclair et al.
(2002) (hereinafter VEAO2) published an amazing richness
of asteroseismological results on RXJ2117.1+3412 from a
multisite photometric campaign that included two Whole Earth
Telescope (WET, Nather et al. 1990) runs. Without actually
performing pulsation computations, they were still able to
derive fundamental quantities for RXJ2117.1+3412, such as the
stellar mass, the helium-rich envelope mass fraction, rotation
rate, luminosity, and distance.

It is important to note that at the time the analysis of
VEAOQ2 was performed, no realistic PG 1159 evolutionary mod-
els suitable for interpreting high-luminosity, high-temperature
transition objects such as RXJ2117.1+3412 were available.
In fact, while the 0.7 Mg evolutionary sequence of Wood
& Faulkner (1986) available at that time fits the location of
RXJ2117.1+3412 in the log g—log Teq plane, its predicted sur-
face abundance composition is not representative of the observed
abundances in RXJ2117.1+3412. More importantly, the Wood
& Faulkner (1986) models do not constitute appropriate struc-
tures for PG 1159 models that have been evolved through a born-
again episode. On the other hand, the evolutionary tracks of
Gautschy (1997), with surface abundances more appropriate to
PG 1159 stars, do not have luminosities high enough to be com-
patible with RX J2117.1+3412. In view of the lack of realistic
stellar models for a full asteroseismological analysis, VEA02
were forced to use the scaling relation between period spacing
and mass of Kawaler & Bradley (1994) to infer the stellar mass
of RXJ2117.1+3412. 1t is worth noting that this relation was de-
rived for GW Vir stars characterized by much lower luminosities
than those of the PNNVs.

One of the results of VEAO2 is that the asteroseismologi-
cal mass they derive for RXJ2117.1+3412 is about 0.56 M, in
serious disagreement with the mass derived from spectroscopi-
cal analysis (0.72 M,). This fact has motivated us to undertake
the present investigation taking full advantage of the new gen-
eration of PG 1159 evolutionary models recently developed by
Miller Bertolami & Althaus (2006). In fact, these authors have
computed realistic PG 1159 evolutionary sequences for different
stellar masses by considering the complete evolution of progen-
itor stars. They have followed in detail all of the evolutionary
phases prior to the formation of PG 1159 stars, particularly the
born-again stage. We believe that the evolutionary models pre-
sented by Miller Bertolami & Althaus (2006) represent a solid
theoretical background to analyze the evolutionary and pulsa-
tional status of hot PG 1159 stars like RX J2117.1+3412, a tran-
sition object for which stellar models calculated with artificial
evolutionary procedures should be taken with caution.

In this work we perform an asteroseismological analysis of
RXJ12117.1+3412 based on the PG 1159 evolutionary models of
Miller Bertolami & Althaus (2006). Emphasis is placed on de-
riving pertinent structural parameters for this star by using its ob-
served period spectrum. In particular, we derive the stellar mass
for this object from three different seismological approaches.
Additionally, the implications of our results for the evolution-
ary status of RXJ2117.1+3412 and for its planetary nebula are
discussed. The paper is organized as follows: in the next section
we briefly describe the input physics of the PG 1159 evolution-
ary models and the pulsational code we employ. In Sect. 3 we
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derive the stellar mass of RX12117.1+3412 by means of the ob-
served period spacing. In Sect. 4 we derive structural parame-
ters of this star by employing the individual observed periods. In
Sect. 5 we discuss the discrepancy we found between the seis-
mological and the spectroscopic mass of RXJ2117.1+3412, and
in Sect. 6 we discuss the thickness of the outer envelope of the
star as predicted by our seismological model. The asteroseismo-
logical distance to RX J2117.14+3412 and the implications of our
analysis for its planetary nebula are provided in Sect. 7. Finally,
in Sect. 8 we summarize our main results and make some con-
cluding remarks.

2. Evolutionary models and numerical tools

The pulsation analysis presented in this work relies on stel-
lar models that take into account the complete evolution of
PG 1159 progenitor stars. The pulsation stability properties of
these PG 1159 models have recently been analyzed by Corsico
et al. (2006). The stages for the formation and evolution of
PG 1159 stars were computed with the LPCODE evolution-
ary code, which is described in detail in Althaus et al. (2005).
Briefly, LPCODE uses OPAL radiative opacities (including
carbon- and oxygen-rich mixtures) from the compilation of
Iglesias & Rogers (1996), complemented at the low-temperature
regime with the molecular opacities of Alexander & Ferguson
(1994) (with solar metallicity). Chemical changes are performed
via a time-dependent scheme that simultaneously treats nuclear
evolution and mixing processes due to convection, salt finger and
overshooting. Convective overshooting is treated as an exponen-
tially decaying diffusive process above and below any convective
region.

Specifically, the background of stellar models were extracted
from the PG 1159 evolutionary calculations recently presented
in Miller Bertolami & Althaus (2006) (0.53, 0.542, 0.565, 0.609
and 0.664 M., sequences), Althaus et al. (2005) (0.589 M) and
Corsico et al. (2006) (0.741 My). The range of initial masses of
these models on the ZAMS is 1-3.75 M. We refer the reader
to those works for details. All of the sequences were followed
from the ZAMS (assuming solar metallicities) through the ther-
mally pulsing and mass-loss phases on the AGB. After expe-
riencing several thermal pulses, the progenitors departed from
the AGB and evolved towards high effective temperatures. The
mass-loss rate during the AGB was arbitrarily kept fixed, as to
obtain a final helium shell flash during the early white dwarf
cooling phase (VLTP). As a result, evolution proceeds through
the born-again stage, which brings the remnants back to the gi-
ant domain. After this episode, most of the hydrogen content of
the stars was burnt, and the hydrogen-deficient remnants evolved
at constant luminosity to the domain of PG 1159 stars with sur-
face chemical composition rich in helium, carbon and oxygen.
The evolutionary tracks in the log T.g— log g plane are displayed
in Fig. 1. For the 1-M,, sequence two different AGB evolutions
were considered, with different mass-loss rates as to obtain dif-
ferent numbers of thermal pulses and, eventually, two different
remnant masses of 0.530 and 0.542 M,,. Mass-loss episodes af-
ter the VTP were not considered in the PG 1159 evolutionary
sequences we employed here, despite the fact that mass-loss
episodes for PG 1159 stars have been reported (see Werner &
Herwig 2006).

We computed adiabatic pulsation periods with the help
of the numerical code we employed in our previous works
(see Corsico & Althaus 2006, for details). We analyzed
about 3000 PG 1159 models covering a wide range of effec-
tive temperatures (5.5 2 log(Teg) 2 4.8) and luminosities
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Fig.1. The Miller Bertolami & Althaus (2006) PG 1159 full evo-
lutionary tracks in the log T.5—logg plane. corresponding to stellar
masses of (from right to left): 0.530.0.542,0.565, 0.589,0.609. 0.664,
and 0.741 M.. Thick (thin) curves correspond to stages before (after)
the models reach their highest effective temperature. The black circle
with the error box is the location of RXJ2117.1+3412 according to
spectroscopy (Teg = 170 = 10 kK and logg = 6f5’§) and the black
square is the location of the star as predicted by our asteroseismologi-
cal analysis (Sect. 4). The blue (hot) and red (cool) boundaries of the
theoretical dipole (£ = 1) instability domain according to Corsico et al.
(2006) are depicted with thin dashed lines.

(0 s log(L./Ls) = 4.2), and a range of stellar masses (0.530 <
M./M,; < 0.741). For each model we computed £ = 1 g-
mode periods' in the range 50 < I1; < 3600 s, which comfort-
ably covers the period spectrum observed in RXJ2117.1+3412
(690—-1200 s).

3. Mass determination from the observed period
spacing

Here, we constrain the stellar mass of RXJ2117.1+3412 by
comparing the asymptotic period spacing (AIT}) and the average

of the computed period spacings (All) with the observed period
spacing (ATI°)?. These methods take full advantage of the fact
that the period spacing of PG 1159 pulsators depends primarily
on the stellar mass (Kawaler & Bradley 1994; Corsico & Althaus
2006).

The asymptotic period spacing and the average of the com-
puted period spacings for £ = 1 modes as a function of the ef-
fective temperature are displayed in Figs. 2 and 3, respectively,
for different stellar masses. Also shown in these diagrams is
the location of RXJ2117.1+3412, with T.g = 170 £ 10 kK
(Werner et al. 1996) and ATII® = 21.618 + 0.008 s (VEAQ2).

Here, AT} = Tly/VEZ+ 1), where Ty = 272 | [(N/rdr|
being N the Brunt-Vaisala frequency (Tassoul et al. 1990). The

quantity Allg, on the other hand, is assessed by averaging the
computed forward period spacings (Ally = Tlx; — Ip) in
the range of the observed periods in RX J2117.1+3412.

L Quadrupole (¢ = 2) modes have not been detected in
RXJ2117.1+3412 (VEA02).
2 Note that the vast majority of asteroseismic studies are based on the

asymptotic period spacing to infer the stellar mass of GW Vir pulsators.
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Fig. 2. The dipole (£ = 1) asymptotic period spacing (AII}) for different
stellar masses in terms of the effective temperature. Numbers at the left
of each curve denote the stellar masses (in solar units). Thick (thin)
curves correspond to stages before (after) the models reach their highest
effective temperature. The small black circle with the error bar depicts
the location of RXJ2117.1+3412 (T.x = 170 + 10 kK and ATI°® =
21.618 £ 0.008 s).

From a comparison between ATI® and AIT? (“first method™),

we obtain a stellar mass of M, = 0.568+""¢ M. The quoted un-
certainties in the value of M, come from the errors in the spec-
troscopic determination of the effective temperature®. Note that,
since the M. = 0.565 M, evolutionary track does not reach the
spectroscopic Teg of RXJ2117.14+3412 (see Figs. 1 and 2), we
are forced to extrapolate the value of AlI; for that effective tem-
perature (170 kK) and also for its upper limit (180 kK) to derive
the stellar mass. 5

In the same way, we get M, = 0.560"011% M, if we com-

pare AII® and AII, (“second method™). Again, we need to ex-
trapolate the values of All; for the spectroscopic value of Teg
and its upper limit in order to derive the stellar mass and its lower
limit.

It is evident that both estimations of the stellar mass nearly
agree*. The slightly higher value of M, as derived from AT is
due to that usually the asymptotic period spacing is a bit larger
than the average of the computed period spacings (see Corsico
& Althaus 2006). The first method to derive the stellar mass is
somewhat less realistic than the second one, because the asymp-
totic predictions are, in principle, only valid for chemically ho-
mogeneous stellar models, while our PG 1159 models are indeed
chemically stratified (see Sect. 6).

3 Qur uncertainties are different from those quoted in VEA02 which
are due entirely to the fact that they lack evolutionary calculations ap-
propriate for RXJ2117.1+3412.

4 Note that in both derivations of M, we have assumed that
RXJ2117.14+3412 is evolving towards higher effective temperatures,
before it reaches the evolutionary knee in the log T.z— log g diagram.
In other words, we have used the thick portions of the curves in Figs. 2
and 3 to infer the stellar mass. Assuming instead that the star is on the
beginning of its white dwarf cooling phase, then the thin portions of
the curves should have been considered. In that case we would have
obtained values of the stellar mass only slightly different from those
quoted in the text.
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Fig. 3. Same as Fig. 2, but for the average of the computed period spac-
ings (Ally).

VEAO2 derive a stellar mass of M, = 0.567003 Mo by ex-
trapolating Iy from the formula of Kawaler & Bradley (1994).
It is interesting to note that, despite that extrapolation being
based on a relation which is valid for luminosities between
1.6 < log(L./Ls) < 2.8 (much lower than the luminosity
of RXJ2117.1+3412), the mass derived by VEAO2 is in com-
plete agreement with our predictions, although our uncertainties
are much smaller.

Finally, we note that our inferred stellar mass value of
M, = 0.56-0.57 M, is in serious conflict with the value
M, = 0.72!213 M, as derived from spectroscopy coupled to evo-
lutionary tracks® (Miller Bertolami & Althaus 2006). This will
be discussed in more detail below.

4. Constraints from the individual observed periods

In this approach we seek a pulsation model that best matches the
individual pulsation periods of RXJ2117.1+3412. The goodness
of the match between the theoretical ¢ = 1 pulsation periods (I1)
and the observed periods (HZQ) is measured by means of a qual-
ity function defined as x> (M., Tex) = Xy min [(T° — Ik)*1/n,
where 7 (= 20) is the number of observed periods (first column in
Table 1). The PG 1159 model that shows the lowest value of y?
will be adopted as the “best-fit” model.

We evaluate the function )(Z(M*, T.) for stellar masses
0.530,0.542,0.565,0.589,0.609,0.664, and 0.741 M., whereas
for the effective temperature we employed a much more finer
grid (AT = 10-30 K). The function )(2 in terms of the effective
temperature for different stellar masses is shown in the mosaic
of Fig. 4. We found only two important minima of comparable
magnitude, one of them for the model with M, = 0.565 M, and
T.g = 163.4 kK (panel ¢) and the other one for the model with
M, =0.589 My and Tg = 105 kK (panel d). Another minimum,
albeit less pronounced, is also encountered for the model with
M, =0.565 My at Teg = 123 kK. We adopt the first model as the
best-fit model because it has an effective temperature relatively

3 The quoted uncertainties in the spectroscopic value of M, have their
origin in the uncertainties in the determination of log g and 7eg, €.g., we
neglect possible uncertainties in the evolutionary computations.
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Table 1. Observed m = 0 periods (HZQ) of RXJ2117.1+3412 (taken
from VEAO2), theoretical £ = 1 periods (Ilx), period differences (511;),
radial orders (k), normalized growth rates (1), and rates of period
change (II;) of the best-fit model.

[s] [s] [s] [1077]  [107" s/s]
692.27 689.77 2.5 30 -0.25 -2.99
712.98 711.61 137 31 -0.23 -5.38
733.95 732.36 1.59 32 -0.15 -5.52
757.35 754.47 2.88 33 0.18 -5.85
778.92 776.99 1.93 34 0.10 -5.02
799.50 798.55 0.95 35 0.62 -3.29
821.15 820.45 0.7 36 0.78 -3.22
843.69 843.05 0.64 37 1.75 —6.00

- 865.34 - 38 3.15 -8.14
885.74 886.67 —-0.93 39 3.68 =7.76
907.49 907.18 0.31 40 5.54 —8.47

- 929.26 - 41 6.75 —6.26
951.75 95270  -0.95 42 8.44 -4.84
972.25 97432  =2.07 43 12.8 -8.73
994.39 994.46  -0.07 44 16.5 -11.76
1016.47 1016.43 0.04 45 20.6 -10.94
1038.12 1038.84 -0.72 46 24.8 -11.12
1058.03  1059.87 -1.84 47 233 -8.72

- 1081.23 - 48 255 -8.25
1103.29 1103.12  0.17 49 319 -14.24
112412 1124.68 —-0.56 50 27.8 —13.66
1146.35 1146.53 -0.18 51 19.2 -10.07

- 1167.32 - 52 11.2 -12.32
1189.96  1188.85 1.11 53 =227 -10.27

close to that suggested by spectroscopy. A detailed comparison
of the observed m = 0 periods of RXJ2117.1+3412 with the
theoretical periods of the best-fit model is given in Table 1.
The high quality of our period fit is quantitatively reflected by
the average of the absolute period differences, SII; =
(X7, 161D /n, where 6T1; = HlQ — II;, and by the root-mean-

square residual, o, = (X |61L;%)/n. We obtain 61; = 1.08 s
and oy, = 1.34s. The quality of our fit for RXJ2117.1+3412 is
substantially better than those achieved by Kawaler & Bradley
(1994) and Corsico & Althaus (2006) (6II; = 1.19 s and 611; =
1.79 s, respectively) for PG 1159-035.

Table 1 also shows the linear growth rates () of the fitted
pulsation modes (fifth column), computed with the linear, non-
radial, nonadiabatic pulsation code described in Cérsico et al.
(2006). A positive value of i, implies pulsational instability. It
is interesting to note that the domain of unstable-mode periods
(757 S Il < 1167 s) of our best-fit model nearly coincides
with the range of the observed periods for RXJ2117.1+3412,
although our calculations predict the observed modes with
k = 30,31,32 and 53 to be pulsationally stables, and con-
versely, modes such as k = 38,41,48 and 52, which are un-
stable according to our predictions, are not observed at all
in RXJ2117.1+3412.

The last column in Table 1 shows the theoretical rate of pe-
riod change of the fitted pulsation modes. Our calculations pre-
dict all pulsation periods to decrease with time (II; < 0), an ef-
fect attributable to the rapid contraction experienced by the star
in its evolution to the blue (see Fig. 1). Unfortunately, an un-
ambiguous I1 measurement for any mode of RXJ2117.1+3412
is currently very difficult because of the large amplitude vari-
ations of the modes (VEAQO2). On the basis of considerations
of the mass-loss rate and the helium-rich envelope mass in
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Fig.4. The quality function of the period fit, y-. in terms of T.¢ for
the PG 1159 sequences with different stellar masses, indicated (in so-
lar mass) at the right-bottom corner of each panel. Note the strong
minima in panels ¢) and d), corresponding to M, = 0.565 M, and
M, = 0.589 M., respectively. Panel h) is a zoom of the region with
the strong minimum seen in panel ¢) (arrow). The vertical dashed line
is the spectroscopic 1.y of RXJ2117.1+3412 (170 kK) and the grey
zone depicts its uncertainties (+10 kK).

RXJ2117.1+3412, VEAO2 give a rough estimation of the rate
of period change of |IT| ~ 3-24 x 107! s/s, much in agreement
with our predictions.

5. Discrepancy between spectroscopic and seismic
mass

The main features of our best-fit model are summarized
in Table 2°, where we also include the parameters of
RX1J2117.1+3412 from other published studies. Note that the
effective temperature of the best-fit model is compatible at 1o
with the spectroscopically inferred value. According to our re-
sults, the temperature of RXJ2117.1+3412 is somewhat lower

S Errors in 7eq and log (L./Ls) are estimated from the width of the
minimum in the function y~ vs. T and log (L, /Ly ). respectively; the
error in the stellar mass comes from the grid resolution in M,. Errors in
the other quantities are derived from these values.

. H. Cérsico et al.: Asteroseismological constraints on RX J2117.1+3412
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Table 2. The main characteristics of the central star and the planetary
nebula of RXJ2117.1+3412. The second column corresponds to spec-
troscopic results, whereas the third and fourth columns present results
from the pulsation study of VEAO2 and from the asteroseismological
model of this work, respectively.

uantit Spectrosco Pulsations Asteroseismolo
y P Py gy

(VEAO02) (This work)
Al [s] — 21.618 + 0.008 21.707
T.x [kK] 170 = 100 = 163.4+23
MM 0TIV 0seRR 0sesi

+0.3(a) §
log g [cm/s?] 6.07,5" — 6.61754%
log(L,/Ls) 3.95+0.5'9 40502 3.36 £ 0.04
log (R./R-) = —0.91f8:12 —1.2?3:832
My [M-] = 0.0073 - 0.044  0.02 £ 0.006
Xue. Xc. X0 0.39.0.55.0.06 = 0.39.0.32,0.22
BC [mag] == == ~7.9547891
My [mag] — — 443153
Ay [mag] = 0.86 0.45+0.038
d [pel 1400770 7607230 452°4¢
: 059 i

7 [mas] 0717558 1327 2.217512
t, [yr] 2-5 % 104%@ >1.3x10° 22.5 % 10*
Dy [pe] 537270 29+09 1.72+018
tpn [yr] 21.5x 1079 ~9.1 x 10%* 5.43:0,:% x 10

References: @ Werner et al. (1996); ® Miller Bertolami & Althaus
(2006): © Motch et al. (1993): 'Y Appleton et al. (1993). * This value is
inferred from the linear size of the planetary nebula derived by VEAO2
and a mean expansion velocity of the nebula of 31 kms'.

than previous estimations, but it is still the hottest known
PG 1159 pulsator. On the other hand, the best-fit model has
a stellar mass of M. = 0.565 M, very close to the values
found from the period spacing data (see Sect. 3). Thus, the lin-
ear pulsation theory strongly suggests that RXJ2117.1+3412
is an average-mass PG 1159 star with M. ~ 0.56—0.57 M.
This is clearly at odds with the spectroscopic-evolutionary pre-
dictions, that indicate a rather high mass of 0.70-0.72 M, for
this star (Werner & Herwig 2006; Miller Bertolami & Althaus
2006). A mass discrepancy is also encountered with other
PG 1159 pulsators (PG 1159-035, PG 1707+427, PG 2131+066,
PG0122+200). In those cases the seismic masses are al-
ways higher than the spectroscopic masses (see Corsico et al.
2006), however, the differences are a factor of three smaller
(0.04-0.06 M) than for RX12117.1+3412.

The mass discrepancy for RX J2117.1+3412 is reflected by
the difference between the surface gravity of our pulsation model
and the value predicted by spectroscopy. In fact, for our best-fit
model we have logg = 6.61, large in excess as compared with
the derived value of logg = 6.0‘*_};5 by using NLTE model at-
mospheres. Hence, the location of the star in the log Teg—log g
plane shifts, according to our seismological predictions, down-
wards well beyond the limits of the observational error box (see
Fig. 1).

It is obvious that the seismic results on Teg and log g are
difficult to reconcile with results of model atmosphere analyses.
This is demonstrated with Fig. 5, which shows a HST spectrum
of RXJ2117.1+3412 in the vicinity of the O v 1371 A line. This
feature is very temperature sensitive and is therefore used as a
strategic line to fix T in PG 1159 stars. It is not detectable
in RXJ2117.1+3412 which puts a tight lower limit to Te¢. The
lower panel of Fig.5 shows a series of model profiles with
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Fig.5. Detail of a HST spectrum of RX J2117.1+3412 comprising a CIV line and the location of the ;g sensitive OV 1371 A line. The OV line is
not detected, placing a lower limit to 1.¢. Upper panel: comparison with a synthetic spectrum from a model with T,y = 170 kK and log g = 6.0. the
best-fit parameters from optical and UV spectroscopy. At Ty < 170 kK the model predicts a detectable O V line. Lower panel: comparison with four
synthetic spectra with T,z = 160. 170, 180, 190 kK. The OV line gets weaker with increasing Tes. The surface gravity is fixed at log g = 6.6, the
asteroseismic result. At this higher gravity, 7. must exceed 180 kK in order to have non-detectable O V line, significantly above the asteroseismic

result of Ty = 163 kK.

increasing Te.q, whereas the gravity is kept fixed at the asteroseis-
mic value log g =6.6. The model atmospheres were calculated
with the Tiibingen Model Atmosphere Package (see, for details,
Werner et al. 2003). The model with 7o = 160 kK (a value close
to the asteroseismic result of 163 kK) produces a strong O V line,
clearly contradicting the observation. A model temperature of
190 kK is necessary to make the line undetectably weak. In the
upper panel we show the model with the spectroscopically de-
termined best-fit parameters (7.5 = 170 kK, log g =6.0). In the
analysis of Werner et al. (1996) we regarded this Tog as a lower
limit but excluded temperatures higher than 180 kK because
all Hell and C1V lines in the optical and UV become too shal-
low. This discrepancy between spectroscopic and asteroseismic
results calls for a comprehensive re-analysis taking into account
all available spectroscopic material collected since the Werner
et al. (1996) analysis.

VEAO2 infer the stellar luminosity and radius of
RXJ12117.1+3412 on the basis of their mass estimation and the
effective temperature and gravity measured by spectroscopy.
Thus, not surprisingly, their results point to a larger luminosity
and radius (log L./Lo = 4.05% % and log (R./R) = —0.91*110)
as compared with our best-fit model (logL./Ls = 3.36 and
log (R./Ry) = —1.23).

6. Helium envelope thickness

Another important parameter is the thickness of the outer enve-
lope (Meny) of RXJ2117.1+3412. We define M,y as the mass
above the chemical discontinuity between the He-rich enve-
lope and the C/O core (see Fig. 6). Our best-fit model has
Mepy = 0.02 My,”. VEAO2 claim that My, is 0.0073-0.044 M,
which is in line with our results. It is important to note

7 We define the “effective” location of the He/C/O chemical interface
as the position of the layer characterized by an helium abundance of
Xue ~ 0.19. In our best-fit model this corresponds at M, ~ 0.544 M

that VEAO2 derive these values of M., on the basis of the re-
sults published by Kawaler & Bradley (1994) for PG 1159-035,
extrapolated to the range of parameters of RXJ2117.1+3412.
Specifically, they use a relation connecting the fractional mass
of the helium-rich envelope with the effective temperature and
the trapping cycle for PG 1159-035 and RX J2117.1+3412. The
underlying assumption is that the mode-trapping features of
PG 1159 stars are inflicted mainly by the outer chemical in-
terface of He/C/O, and thus, the minima seen in the period-
spacing distribution are associated with modes trapped in the
envelopes. However, realistic evolutionary calculations predict
mode-trapping properties of PG 1159 models to be primar-
ily fixed by the stepped structure of the C/O chemical profile
at the core left by prior extra mixing episodes (Fig. 6), the
outer He/C/O interface playing a secondary role (see Corsico
& Althaus 2005, 2006). For instance, the observed periods at
799.50 s (k = 35) and 1058.03 s (k = 47), which corre-
spond to modes trapped in the envelope of RXJ2117.1+3412
according VEAQ2, are modes “confined” to the core region in
our best-fit model and thus not related to the thickness of the
helium-rich outer envelope. Thus, the procedure from which
VEAO2 derived the thickness of the helium-rich outer envelope
of RX J2117.1+3412 should be taken with some caution.

The employment of full PG 1159 evolutionary models allows
us to place constraints on the amount of stellar mass eroded
by winds. We can do this by adopting typical mass loss rates
for the different stages after the VLTP. For the short superwind
phase, that lasts ~800 yr and takes place at log Teg <3.8, we
adopt 107> M.,/vr as observed at Sakurai's Object (Tyne et al.
2002). For the evolution before the star reaches T.g ~ 100 000 K
(this stage takes ~2000 yr) we adopt typical [WR] planetary
nebula nuclei mass loss rates of 107° M.,/vr (Koesterke 2001).
Finally, for the PG 1159 stage we can adopt the observed value

(see the vertical line in Fig. 6), where the contribution of the He/C/O
chemical interface to the Brunt-Vaisala frequency is largest.
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Fig. 6. The internal chemical profile of our best-fit model in terms of
the fractional mass coordinate. The thickness of the outer envelope
is My = 0.02 M.. The location of the C/O and He/C/O chemical
transition regions is emphasized with grey regions. The vertical line
at —log(l — M,/M,) ~ 1.4 marks the location of the layer where
Xie ~ 0.19.

of 4x 107 My/yr (during the 12000 yr until the sequence
reaches the best fit model). Under these assumptions we estimate
the possible mass lost by the star after the VLTP to be 1072 Mo,
which is half of the mass of the He-rich envelope. Thus the re-
maining envelope will be still thick enough for it not to affect
the results of the present work. Even more, as the evolution of
the star would be accelerated by these mass loss episodes, the
previous estimation represents an upper limit under the adopted
mass loss rates.

7. The seismic distance to RXJ2117.1+3412
and the implications for its planetary nebula

In closing, we infer the seismic distance of RXJ2117.14+3412
from the Earth. First, we consider the flux predicted by a
NLTE model atmosphere with Teg = 160 kK and log g = 6.6 in-
tegrated through the spectral response of the V filter. We obtain a
bolometric correction BC = —7.954 and an absolute magnitude
M, = 4.43. Because the proximity of RXJ2117.1+3412 to the
galactic plane, we must account for the interstellar absorption,
Avy. In line with VEAO2, we follow the interstellar extinction
model developed by Chen et al. (1998). We compute the seismic
distance d according to the well-known relation;

1
logd = E [I’IZV e ‘v!\ + 5 _AV(d)] ’ (1)

where the apparent magnitude is m, = 13.16 = 0.01 (Motch
et al. 1993). The interstellar absorption Ay(d) varies non lin-
early with the distance and also depends on the Galactic lat-
itude (») and longitude (£). For the equatorial coordinates of
RXJ12117.1+3412 (Epoch B2000.00, @ = 21M7™T60, § =
+34°12722770) the corresponding Galactic coordinates are b =
—10°24'32704 and ¢ = 80°21'10"8. We solve Eq. (1) itera-
tively and obtain a distance d = 452 pc and an interstellar ex-
tinction Ay = 0.45, substantially lower than the estimations
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of VEA02 (d = 760*3Y pc and Ay = 0.86). This is due to
the fact that the luminosity of our model (2.3 x 10° L) is con-
siderably lower than the luminosity adopted by those authors
(1.1 x 10* Ly).

Our calculations predict a parallax of ~2.21 mas and a linear
diameter of the planetary nebula of ~1.72 pc (5.3 x 10" km).
If we assume a mean expansion velocity for a typical planetary
nebula with a WR-type central star of approximately 31 km s~
(Gorny & Stasinska 1995), then the expansion age for the nebula
would be fpy ~ 543 x 10* yr. On the other hand, our computa-
tions predict an evolutionary age for the best-fit VLTP model of
about £, ~ 2.5 x 10* yr and possible larger if the VLTP would
have occurred later on the hot white dwarf cooling branch than
in our sequence®. This age is well consistent (to a factor less
than two) with the expansion age of the nebula. Thus, our results
seem to solve the apparent inconsistency between the evolution-
ary timescale of RXJ2117.1+3412 and the size of the nebula
(see Appleton et al. 1993, for details). The agreement between £,
and fpny according to the present calculations reinforces the va-
lidity of our asteroseismological model and may suggest that
RX J2117.1+3412 have undergone a VTP episode, a fact that
would be at variance with the lack of '*N in its atmosphere.

8. Summary and conclusions

In this paper we carried out an asteroseismological analysis of
the hot pulsating PG 1159 star RXJ2117.1+3412, a g-mode
pulsator with properties intermediate between young planetary
nebula central stars and PG 1159 stars without planetary neb-
ula. Our analysis is based on the full PG 1159 evolutionary mod-
els of Miller Bertolami & Althaus (2006). These models rep-
resent a solid basis to analyze the evolutionary and pulsational
status of hot PG 1159 stars like RX J2117.1+3412, a transition
object for which stellar models extracted from artificial evolu-
tionary procedures are not appropriate. We first made good use
of the fact that the period spacing of variable PG 1159 stars is
mainly a function of the stellar mass, and derived a value of
M, ~ 0.568 M by comparing AII® with the asymptotic period
spacing of our models. We also compared AII® with the com-
puted period spacing averaged over the period range observed in
RXJ2117.1+3412, and derived a value of M, ~ 0.560 M. Note
that in both derivations of the stellar mass we made use of the
spectroscopic constraint that the effective temperature of the star
should be of ~170 kK.

Next, we adopted a less conservative approach in which the
individual pulsation periods alone naturally lead to an “astero-
seismological™ PG 1159 model that is assumed to be represen-
tative of RXJ2117.1+3412. The period fit was made on a grid
of PG 1159 models with a quite fine resolution in effective tem-
perature (AT.g ~ 10-30 K) although admittedly coarse in stel-
lar mass (AM, ~ 0.012—-0.077 M;). The match between the
computed dipole pulsation periods of the best-fit model and the
observed periods in RXJ2117.1+3412 is excellent, with an av-
erage of the absolute period differences of 1.08 s and a root-
mean-square residual of 1.34 s. It is worth noting also that the
domain of unstable-mode periods of the best-fit model nearly
matches the range of the observed periods in RX J2117.1+3412,
although there is no obvious correlation between the magnitude
of the linear growth rates and the observed mode amplitudes.

8 We mention that our 0.565 M, sequence predicts a time inter-
val between the occurrence of the VLTP and the present state of
RXJ2117.1+3412 of ~1.5 x 10* yr.
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Interestingly enough, the mass of the best-fit model (M, =
0.565 M,,) agrees with the mass derived from the observed pe-
riod spacing, but it is ~25% lower than the value M, = 0.72 M,
derived from spectroscopy coupled with our evolutionary tracks.

Other characteristics of the best-fit model are summarized
in Table 2. In particular, the effective temperature is compatible
at 1o with the spectroscopic value. At variance with this, the
surface gravity of the best-fit model is substantially higher than
that given by spectroscopy. We also infer the “seismic distance”
of RXJ2117.1+3412 and obtain a distance d ~ 452 pc, which
places the star markedly closer to the Earth than thought hith-
erto (d ~ 760-1400 pc, Vauclair et al. 2002 and Motch et al.
1993). The derived distance implies a linear size of the nebula of
1.72 pc which implies an expansion age of ~5.43 x 10* yr. This
age is substantially lower than assumed hitherto (Appleton et al.
1993) and in better agreement with the times predicted by evo-
lutionary models. This result reinforces the correctness of our
asteroseismological model for RXJ12117.1+3412.

Finally, our computations predict a temporal period drift for
RXJ2117.1+3412 between —3 x 10711 s/s and —1.4 x 10710 g/s.
The negative values of II reflect the fact that our best-fit model is
still rapidly contracting on its evolutionary road towards higher
effective temperatures in the HR diagram. Unfortunately, the am-
plitude variability of the observed modes in RXJ2117.1+3412
precludes any measurement of II for the moment, thus hindering
any test of our prediction.

The results of the asteroseismological analysis carried out in
this work strongly suggest that the mass of RXJ2117.1+3412 is
considerably lower than suggested by spectroscopy coupled to
evolutionary tracks (Werner & Herwig 2006; Miller Bertolami
& Althaus 2006). This serious disagreement is also seen in
other pulsating PG 1159 stars like PG 1159-035, PG 1707+427,
PG2131+066 and PG0122+200, although in those cases
the seismic masses are always higher than the spectroscopic
masses (Corsico et al. 2006). The discrepancy could be at-
tributed to a number of factors. On the observational side,
possible errors in the spectroscopic determinations of g
and T.g; in particular, as this study suggests in the case
of RXJ2117.1+3412, in the determination of g. In this re-
spect, detailed asteroseismological fits to other pulsating
PG 1159 stars would be valuable. On the theoretical front,
different PG 1159 evolutionary tracks could result from different
dredge-up and/or mass loss history in the AGB progenitor
evolution (Werner & Herwig 2006). But in preliminary sim-
ulations we have found that neither third dredge up efficiency
nor TP-AGB lifetimes play a determining role in the location

A. H. Cérsico et al.: Asteroseismological constraints on RX J2117.1+3412

of PG 1159 tracks. It remains to be seen if other assumptions
in the microphysics such as radiative and conductive opacities
and/or equation of state may be playing a role in the location of
post-AGB tracks.
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