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How the fast stellar wind blowing?

A lesson from the recent Suzaku X-ray observations of planetary nebula
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The recent observation with Suzaku X-ray Image Spectrometer reveals the abundances
of carbon, nitrogen, oxygen, and neon for the X-ray emitting gas from a compact planetary
nebula BD+30◦ 3639. The peculiar abundance pattern (C/O ≅ 41, N/O ≅ 0.43, Ne/O ≅
0.77) provides the first definite evidence that the fast wind can blow off the helium zone as
well as the hydrogen-rich envelope during the post-AGB. This directly produces a hydrogen-
deficient central star of planetary nebula. We propose that the strong X-ray emission of
BD+30◦ 3639 is attributed to a larger mass, within a pressure scale-height, in the helium
zone than in the hydrogen-rich envelope. This interpretation is compatible with the X-ray
observations from other planetary nebulae.

§1. Introduction

Planetary nebulae are known as the final stages of low- and intermediate-mass
stars in the mass range 0.8 . M/M⊙ . 8.0. The evolution to them is connected with
the mass loss by the stellar wind from stars. At asymptotic giant branch (AGB),
the stars blow off their envelope by “superwind” (v ∼ 20 km/s) to leave the AGB,
and then eject the fast wind (v & 103 km/s) at post-AGB phase along with the
radial shrinkage of central stars. Since the fast wind can catch up with the remnant
of superwind, X-ray can be emitted by the interaction with the circumstellar shells,
ejected earlier at lower velocity.1) Thanks to the progress in X-ray observations,
information about the abundances is drawn from X-ray spectroscopy, which enables
us to speculate the evolutionary properties of AGB and post-AGB stars. Recently,
Suzaku X-ray Image Spectrometer (XIS) reveals a peculiar abundance pattern of
X-ray gas for a planetary nebula (PNe) BD+30◦ 3639.2)

In this paper, we explore the implications of the observation of BD+30◦ 3639
to the final evolution of AGB stars. We discuss an evolutionary scenario for the
BD+30◦ 3639 and a general characteristics of X-ray emissions from PNe.

§2. Origin of BD+30◦ 3639

The high resolution at low energy of Suzaku XIS makes it possible to resolve the
blending of CNO lines and to determine the relative abundances among CNO and

typeset using PTPTEX.cls 〈Ver.0.9〉
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Ne in the X-ray emitting gas of planetary nebula BD+30◦ 3639 for the first time ;2)

Their abundance ratios in number are given as

NC/NO = 41+93
−24, NN/NO = 0.43+0.18

−0.14, NNe/NO = 0.77+0.18
−0.11 (2.1)

with an upper bound on the iron abundance, NFe/NO < 0.014.
The large ratio of carbon to oxygen is typical of the partial helium burning,

which results from the competition between 3-α and 12C(α,γ)16O reactions. The
observed ratio can be realized in the helium flash convective zone with XC ≅ 0.2 and
at the temperature T ≅ 2−3×108 K.3) In addition, the neon abundance is explained
by 22Ne produced by two α captures on 14N during the helium shell flashes. Since
almost all CNO elements in the envelope are converted into 22Ne, the observed neon
abundance (XNe/XC ≅ 0.035) may be transferred into the CNO abundance in the
envelope of

[CNO/H]env ≅ −0.49 + log(XC,He−conv/0.2), (2.2)

where XC,He−conv is the carbon abundance in the helium flash convective zone.
The detected nitrogen (XN/XC ≅ 0.012) with the Suzaku X-ray spectrum should

come from the overlying radiative helium zone, left untouched by the flash convection,
or further outward from the hydrogen-rich envelope, since nitrogen is easily destroyed
during the helium flash. The shells overlying the helium flash convective zone have
been ejected during the superwind and taken over by the shock, generated by the
fast wind. From the observed N/C ratio, we may evaluate the mass ratio of the shell
including nitrogen to the helium flash convective zone as;

(∆MX,He−rad + ∆MX,envXN,env/XCNO,env)/(∆MX,He−con) ≅ 0.56. (2.3)
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Fig. 1. Mass distribution in the envelope of AGB stars during the helium and hydrogen shell-

burning (thick and thin lines) for the models of initial masses, 2 (solid) and 7M⊙ (broken),

respectively. The helium zone is demarcated by filled circle (bottom) and by open square (top)

on each curves.

For BD+30◦ 3639, the wind velocity is estimated at v∞ ≅ 790 ± 50 km/s from
the P-Cygni profile,4) smaller compared with the typical fast wind. This implies
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relatively larger radius of central star of BD+30◦ 3639(R ≅ 0.4R⊙ for M ≅ 0.6M⊙),
and hence, smaller core mass and smaller initial mass. In Figure 1, we compare the
internal structures between the AGB models of 2 and 7 M⊙models during the he-
lium and hydrogen shell-burning phase. The value of |dMr/d lnP | (= 4πr4P/GMr)
represents the mass contained within a pressure scale height at the shell and ba-
sically determines the strength of the fast wind and the ejected mass at the shell.
For the helium burner of initial mass M . 2M⊙, the helium zone can expand large
enough to reproduce the above small wind velocity. In addition, the estimated mass
of X-ray emitting gas of BD+30◦ 3639(MX ≅ 5 × 10−4M⊙

2)) are compatible with
the mass-scale around the radius inferred from the wind velocity in the top of helium
zone during the helium shell-burning phase for low mass models of M . 2M⊙.

For BD+30◦ 3639, the mass loss rate is estimated at Ṁwind ≅ (3− 7)× 10−6M⊙
yr−1.5) This is much larger than the typical rate observed from circumstellar plan-
etary nebulae (∼ 10−7M⊙ yr−1). To fill up the X-ray emitting bubbles with the
ejected gas, it takes only ∼ 100 years. It is to be noted that the time necessary for
the matter, ejected by superwind, to pass across the X-ray emitting bubble (the ra-
dius RX ≅ 0.02 pc) coincides the kinematic age of BD+30◦ 3639 (∼ 800 yr), derived
from HST images. These timescales are much shorter than the duration of planetary
nebulae (≅ 104 yr) and than the recurrence period of helium shell flashes (> 105yr
for low-mass stars with M . 2M⊙).

§3. Scenarios for X-ray emission from planetary nebulae

Iben (1984)6) classifies the evolutionary paths to PNe by the final mass loss
according to whether the star leaves the AGB during the hydrogen (types I-IV)
or the helium (types V-VI) burning phase. The X-ray emitting gas of BD+30◦

3639 presents the first direct evidence of the fast wind, powered by the helium shell
burning. Although the “born-again” AGB of type II (Very Late Thermal Pulse,
VLTP) may experience the fast wind blowing off the helium zone, the ejected matter
will be much more diluted when it mixes with the remnant of the superwind. This
is also the case for the shell flashes of type III (Late Thermal Pulse; LTP) for which
the final flash ignites with a thin hydrogen-rich envelope during the planetary nebula
stage while the hydrogen-shell burning is still active. In addition, the “born-again”
AGB stars differ in processing the hydrogen-rich matter and give a larger nitrogen
abundance. For NGC2392, Murashima (2006)2) finds [N/O] ≅ 1.5, much larger
than for BD+30◦ 3639([N/O] ≅ 0.5), although the both display the similar value of
[Ne/O]. These abundances and weaker X-ray luminosity of point-like source suggests
that NGC2392 is the result of “born-again” scenario of type II (VLTP).

There are two ways to becoming hydrogen-deficient CSPNe, i.e., the direct re-
moval of entire hydrogen-rich envelope by fast wind during the post-AGB phase and
the “born-again” scenario (VLTP and LTP). These evolution require the mass loss
rate, larger than the growth rate of helium core by the hydrogen shell-burning, and
the two modes are estimated to compose ∼ 20% of AGB stars. Their progeny may
be PG1159 stars with hydrogen-deficient surface abundance, which occupies ∼ 20%
of stars at corresponding stages.
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The present results lead us to a conjecture that strong X-ray emissions of PN
is caused by the fast wind driven by the helium shell-burning and starts blowing off
the helium zone. The relative abundances of oxygen and neon are derived for other
X-ray emitting PNe using Chandra ACIS-S and XMM-Newton EPIC-pn archive
data.7) For point-like sources, the abundance ratios in number are estimated at

NNe/NO ≅ 1.6(NGC6534), 1.7(NGC7293), 0.60(NGC2329). (3.1)

They are consistent with the theoretical prediction under a nearly solar initial
abundances (NGC 6543, NGC 7293) and a slightly sub-solar abundance similar to
BD+30◦ 3639 (NGC 2392). For the latter, the neon enhancement in their X-ray emis-
sions comes from the hydrogen burning shell and from the helium-flash convective
zone and oxygen comes from the helium convective zone. Although the observations
have fairy large uncertainties, the abundances are larger than those observed from
the diffuse (extended) source components, estimated at

NNe/NO ≅ 0.41+0.48
−0.32(NGC6534), 0.18+0.16

−0.12(NGC7009), 0.028(< 0.17)(NGC3243).
(3.2)

This can be explained by the later mixing with the hydrogen-rich matter ejected
earlier by the superwind where it has larger oxygen abundance and smaller neon
abundance than in the helium-flash convective zone. This relationship provides a
support to our conjecture.

In exploring the nature of the fast wind and its role in the final evolution of low-
and intermediate mass stars, critical is the C/O abundance ratio in X-ray emitting
gas. Future X-ray observations on planetary nebulae with finer resolutions, sufficient
to determine the CNO abundances are necessary for further understandings of the
post-AGB evolution and the formation of PNe.
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