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Abstract

A 0.65-s period oscillation was detected near the peak of an X-ray
burst from X 1608—522. The burst exhibits a clear photospheric expansion
at the peak flux which is probably at the Eddington limit of the underlying
star. The 0.65-s oscillation was seen in the contracting phase during
which the flux stayed at the maximum value. An anticorrelation between
counts in the low- and high-energy bands was observed during the oscilla-
tion. This can be interpreted as a radial oscillation of the envelope which
was radiating at the Eddington luminosity.
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1. Introduction

During the past ten years the study of X-ray burst sources has progressed re-
markably both in observation and theory (Lewin and Joss 1983; Joss and Rappaport
1984; Tanaka 1986, and references therein). In particular, it has been revealed that
in some bursts their peak luminosities saturate at the Eddington limit with photo-
spheric expansion (Tawara et al. 1984; Lewin et al. 1984; Inoue et al. 1984). The
behavior of the photospheric expansion can now be well understood through studies
of a neutron star envelope radiating at the Eddington luminosity (Ebisuzaki et al.
1983; Kato 1983; Sugimoto et al. 1984; Tawara et al. 1984; Paczynski and Prészynski
1986).

In a burst from X 1608—522 a 0.65-s oscillation was detected at the peak of the
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burst luminosity but in the contracting phase of the photosphere. The presence of
oscillations in X-ray bursts has been pointed out by several authors (Hoffman et al.
1979; Sadeh et al. 1982; Tawara et al. 1982). Some theorctical works predict
oscillations of an expanding atmosphere with increasing period which are driven
by radiation pressure (Yahel et al. 1984) and in an envelope being in the course of
thermonuclear flash at its base (Starrfield et al. 1982).

In this paper we present clear evidence of oscillations in an X-ray burst from
X 1608—522 observed with the X-ray astronomy satellite Hakucho. Careful analysis
of the burst data provides us with a clue that the neutron star envelope oscillates at a
period of 0.65 s, whereas the total bolometric luminosity stays at a constant level.
Such oscillations are not easily reconciled with theoretical predictions, since they re-
quire an oscillation of the luminosity as well as the radial pulsation. We discuss
implications of the observed radial oscillation of a neutron star envelope with a radia-
tive flux close to the Eddington limit. A possible model for the radial oscillation is
also suggested.

2. Observations and Results

Hakucho monitored the region from Norma to Serpens along the galactic plane,
as a part of a survey program of X-ray burst activity, from April to September in 1980.
During this period, more than 100 X-ray bursts were recorded by the CMC detectors
with a wider field of view of 1724 (FWHM) and equipped with a pair of coarse modula-
tion collimators to locate burst sources. Among these, 22 bursts were found to come
from X 1608—522. The X-ray burst source X 1608—522, was in a burst active phase
such as in 1979 (Murakami et al. 1980) throughout this observation period. However,
the persistent X-ray flux was as low as 0.05 Crab (1-9 keV).

Among these 22 bursts from X 1608— 522, an X-ray burst observed at 17h 05m 14s
(UT) on April 8 showed a unique character. An oscillation in X-ray counts during
the peak of the burst was observed. Analysis of this burst was performed using the
data from the FMC detector which has a better signal-to-noise ratio compared to the
CMC detector because of the narrower field of view of 5°8 (FWHM). The energy
ranges of FMC were 1-9 keV and 9-22 keV for the low- and the high-energy channels,
respectively, during these observations. More details of the instrumentation and the
method of burst observations are found in Kondo et al. (1981).

a. Period of Oscillations

The raw counting rate histograms of the burst (not corrected for aspect) on April
8 are shown in figure 1 with a time resolution of 0.75s in two energy bands. The
higher energy band shows a double peaked structure. Figure 2 shows the first 18 s
of this X-ray burst with a fine time resolution of 0.1875s. We notice an oscillation
in counts at the peak of the X-ray burst. In order to quantify this variability and to
investigate the possibility of coherent periodicity, we carried out a Fourier power
spectrum analysis for the data indicated by the arrow in figure 2. We prewhitened
the data by subtracting the DC component. We see in the power spectrum shown in
figure 3, a clear peak at a period 0.67s. A chi-square test, by folding the data in the
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Fig. 1. The raw counting rate histograms (not corrected for the aspect) of the burst from
X1608—522 observed on April 8 with 0.75-s time binning. The upper and lower
panels are counting rates for the energy bands of 1-9 and 9-22 keV, respectively.
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Fig. 2. The raw counting rate histograms of the first 18 s of figure 1 with a fine resolution
of 0.1875s. The oscillations around the peak of the burst are clearly seen. The
horizontal arrow shown in the figure indicates the data interval used for the Fourier
analysis shown in figure 3 and for the two-color diagram in figure 6.
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The Fourier power spectrum of the
6-s interval of data shown by the
arrow in figure 2. The wavenumber 9
corresponds to 0.67s in period. The
data were prewhitened by subtracting a
DC component before Fourier analysis.
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Fig. 4. The folded light curves of the raw

counts with the period of 0.65s in two
energy bands. The phase lag of about
1/2 period between the low- and the high-
energy bands is clear. The time resolution
of observations is coarser than the phase

binning, so that these folded light curves
may be smeared.

low-energy band, also yields 0.654-0.03 s (FWHM) as the most likely period, with a
reduced chi-square value of 3.2 (d.o.f.=7). The light curves in two energy bands
folded with the 0.65-s period are plotted in figure 4 for the same data. There was no
significant periodicity in any other portion of the data, including the steady X-ray
component, except in the contracting phase indicated by the arrow in figure 2. Note
that the time resolution of the observation is coarser than the phase binning of figure 4,
so that these folded light curves may be smeared.

b. Temperature and Flux

Using the light curves in two energy bands shown in figure 2 and assuming a
blackbody spectrum from a spherical surface (Swank et al. 1977; Hoffman et al. 1979),
we calculated the bolometric flux, the blackbody temperature, and the radius for the
burst. The results are shown in figure 5. The hydrogen column density used in this
analysis is 1.8 X 10?2 Ny cm~? which was derived from an analysis of X-ray bursts from
the same source observed by the Tenma satellite (Nakamura et al. 1988). Figure 5
shows a clear photospheric expansion as the luminosity approaches the maximum
value.

The oscillation is noticeable only in the relatively slow contracting phase of the
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Fig. 5. Assuming a blackbody spectrum and a spherical emission, the bolometric flux,
the blackbody temperature, and the radius for an assumed distance of 10 kpc are shown
with 0,1875-s time bins. During the contraction phase of the burst, the radial oscilla-
tion is distinct.
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Fig. 6. Counts between low- and high-energy bands with a time resolution of 0.1875s
plotted in the two color diagram for the data indicated by the arrow in figure 2. The
dashed line in the figure indicates a relation expected when a spherical blackbody
changes its radius while keeping a constant luminosity.

envelope, while the luminosity is still near the peak level. As found from figure 4,
the relative phases of the oscillations in the two energy bands seem to be shifted by
about half a period. This is better seen in figure 6, which is a correlation plot between
high-energy channel counts vs. low-energy channel counts, with 0.1875-s time resolu-
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tion. A clear anticorrelation is seen in this figure. The cross product ((x—{x))
X(y—<{ »))) is calculated to be —154.6 (counts/bin)?, while the standard deviation
expected from the Poisson distribution is 38.3 (counts/bin)’.. Hence, the anticor-
relation is significant at about a 4o level. The dashed curve in figure 6 indicates
the relation between the counts in the two energy bands expected when a spherical
blackbody changes its radius while keeping a constant luminosity. This analysis
implies that the observed oscillation is consistent with radial oscillation of a spherical
envelope radiating with a constant luminosity. In fact, the result of the blackbody

analysis in figure 5 is also indicative of a radial oscillation with a relatively large and
constant amplitude.

3. Discussion

The burst discussed here shows a clear photospheric expansion. The peak flux
is almost the same within the uncertainties as the highest peak flux of burst from X
1608 —522 observed with Tenma (Nakamura et al. 1988). The overall changes in the
temperature and the radius during the peak of the luminosity are also very similar to
those bursts having the highest peak flux observed from X 1608—522 with Tenma
(Nakamura et al. 1988). Thus, we conclude that the peak flux of this burst is at
the Eddington limit of the underlying neutron star. Using the Eddington luminosity,
we can estimate the distance to this X-ray source to be about 3.5 kpc.

We have detected a 0.65-s oscillation during the period when the flux is almost
at the Eddington limit. Figures 5 and 6 are consistent with an oscillation of a black-
body radiating with constant luminosity. These facts suggest a radial oscillation of
the envelope with a 0.65-s periodicity during the contracting phase of an envelope
radiating at the Eddington luminosity.

In the current theory, X-ray bursts are due to thermonuclear flashes at the base
of the accreted matter on the neutron star surface. In large bursts the released nuclear
energy is deposited in the accreted matter (envelope) as internal energy, since the
Iuminosity saturates at the Eddington limit. Hence the envelope expands appreciably.
In such an envelope, the ratio of specific heats, 7, is close to 4/3. It is known that a
supermassive star with y~4/3 is dynamically unstable due to a general relativistic
effect (Chandrasekhar 1964); this implies a similar instability at a certain evolutionary
stage of the expanding envelope.

In the following, we derive the stability condition for the above-mentioned en-
velope from energetic considerations. Since the envelope is totally supported by the
hard neutron star surface, in the computation of the internal energy the integration is
carried out from the neutron star surface to the surface of the envelope, in contrast
to calculations for a supermassive star (where the integration is carried out from the
center to the surface). This difference adds an extra term in our case, the last terms
in equations (1) and (3). Here, we consider an idealized situation that the neutron
star is a hard sphere on which the envelope is piled up. When the luminosity is close
to the Eddington limit, the ratio of gas pressure to total pressure is small, 31 or
r—(4/3)=p/6<K1 except for the bottom region of the envelope. Under the above
assumptions and post-Newtonian approximation the total energy of the envelope is
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given by

() 2 N O e

where R, and R are the Schwarzschild radius and radius of a neutron star, and G and
7 are the mean values over the envelope defined as

— 1 1 (dm
ﬂ—S,@udm/Sudm, T“%ST‘ (2)
Here, u is the specific internal energy, 4m={dm is the mass of the envelope, r is the
radial distance from the center of the neutron star, and a and b are structure factors
of order unity which depend on the structure of the envelope. In deriving this equa-
tion we assumed S<«1. The envelope is dynamically unstable when dE,,,/dF<0.

This gives
p<sa( L) —sp(5-) (1+5%), (3)

where we have assumed that the structure factors a and » have weak dependences on
F. The existence of a hard neutron star surface stabilizes the envelope through the
last terms in equations (1) and (3). When the envelope becomes unstable, it follows
practically adiabatic contraction or expansion, since in our case the observed oscilla-
tion period is shorter than the duration of the burst. Thus, 8 remains almost con-
stant during the contraction or expansion, because the entropy is a function of § and
the logarithm of the temperature. For a constant 5, as seen from equation (3), the
envelope is stabilized at large and small 7. The overshoot and following bounce in the
stabilized state would develop into a limit cycle. However, overall changes of the
structure in the contraction phase makes the limit cycle terminate when it is totally
stable. This may account for the rather rapid growth and extinction of the ob-
served oscillation. According to Ebisuzaki et al. (1983), mass from the outer en-
velope is lost at a rate of 10'® gs~!in the expanding phase of the envelope. The
time scale for matter to pass the unstable region may be shorter than the growth
time of the instability (0.65 s). This explains why no oscillation is observed in the
expanding phase of the burst. In the contracting phase, however, the rate of mass
loss is so weak that the instability grows to oscillation with a fairly large amplitude.
A theoretical study of the stability of the contracting envelope of a neutron star
radiating at the Eddington luminosityis necessary to confirm this speculation.
Quasi-periodic oscillations (QPO) have been discovered from several bright low-
mass binary X-ray sources (van der Klis et al. 1985; Lewin 1986; and references
therein). Although a beat frequency model has been proposed by Alpar and Shaham
(1985) and Lamb et al. (1985) [see also Lewin (1986) and references therein], the
mechanism of QPOs is still open to future study. The QPOs are observed from
low-mass binary X-ray sources as luminous as 10%® erg s~! which is close to the Edding-
ton limit of a canonical neutron star. X-ray bursts are also detected from low-mass
binary X-ray sources with burst peak luminosities often close to the Eddington limit.
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These similarities suggest that they may share the same mechanism. If the
observed oscillations during type-I bursts from X 1608—522 are, in fact, OPQs, then
this would cast serious doubt on all magnetospheric models of QPOs which rely on the
interaction of accreting matter with a magnetosphere.

The authors thank S. Hayakawa of Nagoya University for helpful comments on
the manuscript.
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