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ABSTRACT

Following the discovery with EXOSAT of intensity-dependent 2040 Hz quasi-periodic oscillations (QPO)
from GX 5—1, similar oscillations at 6 Hz were discovered from EXOSAT observations of Sco X-1 in its
quiescent state by Middleditch and Priedhorsky. We report here on the properties of the QPO seen in earlier
EXOSAT observations of Sco X-1. During these observations QPO were also detected when Sco X-1 was in
an active state, in ~20 minute dips between flares and prior to a transition to an extended quiescent state; in
these cases QPO frequency varied between 10 and 20 Hz and was strongly correlated with source intensity.
The transition between an active and a quiescent state was marked by variations in QPO frequency between 6
and 16 Hz which occurred on time scales of several minutes, with no intensity correlation. When the source
finally entered an extended quiescent state, the QPO frequency settled down in the 6-8 Hz range and was
slightly anticorrelated with intensity, confirming the relation for the quiescent state previously reported by
Middleditch and Priedhorsky. We also find quiescent intervals when the 6 Hz QPO disappear. These results
suggest that the QPO are associated with the transition between the two source states. The data also show
that the intensity-dependent low-frequency noise has a power typically less than 10% of the power in the
QPO when they are present but becomes stronger as the source intensity increases and the QPO disappear;
this is the opposite to the case of GX 5—1.

We search for a correlation between the QPO modes and the spectral properties of the source using the
two-component blackbody plus unsaturated Compton spectral model proposed in 1985 by White, Peacock,
and Taylor. A correlation between QPO frequency and blackbody luminosity is found that is independent of
the intensity state of the source. These results are discussed in terms of previously proposed models. We also
present an oscillating thick disc obscuration model to explain the observed QPO and X-ray spectral behavior
from Sco X-1.

Subject headings: stars: individual (Sco X-1) — stars: pulsation — X-rays: binaries

I. INTRODUCTION

Quasi-periodic oscillations (QPO) with frequencies between
20 and 40 Hz and amplitudes of up to 6% were recently dis-
covered from the bright galactic bulge source GX 5—1 (van
der Klis et al. 1985a). In GX 5—1 the QPO frequency shows a
strong positive correlation with source intensity. The QPO are
most coherent when the intensity is lowest, and both QPO and
low-frequency noise (LFN) decrease in strength at the highest
intensity levels. The oscillations cannot directly reflect the
underlying rotation period of a compact object, and their inter-
pretation is open to a number of possibilities (see van der Klis
et al. 1985a).

Some proposed models involve a neutron star with a mag-
netic field strong enough to form a small magnetosphere
(~10° G). In the beat-frequency model (BFM), proposed by
Alpar and Shaham (1985) and further developed in Lamb et al.
(1985), the QPO are interpreted as a modulation of the mass-
accretion rate at the difference frequency between the

1 On leave from I.C.R.A., Department of Physics “G. Marconi,” University
of Rome.

Keplerian frequency of matter circulating at the inner edge of
an accretion disk, and the neutron star magnetosphere. Other
versions of the BFM were proposed by Morfill and Triimper
(1985) and by Berman and Stollman (1986). These models have
been influenced, in part, by the recent discovery of binary milli-
second radio pulsars which may be the remnants of bright
galactic bulge sources; the field strengths inferred from the
pulsar spin-down gives values of ~10° G (cf. van den Heuvel,
van Paradijs, and Taam 1986).

Two models for the QPO have been considered in some
detail which do not require the neutron star to have a signifi-
cant magnetosphere, such that the accretion disk “touches”
the neutron star surface. Hameury, King, and Lasota (1985) in
an adaptation of King’s (1985) model for dwarf nova oscil-
lations, identify the observed frequency with the rotation rate
of a strongly differentially rotating boundary layer between
accretion disk and neutron star surface. In another model pro-
posed by Boyle, Fabian, and Guilbert (1986), oscillations in an
accretion disk corona are invoked to explain the QPO.

Quasi-periodic oscillations similar to those from GX 5—1
have now been discovered from Sco X-1 (Middleditch and
Priedhorsky 1985, 1986, hereafter MP85 and MP86), Cyg X-2
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(Hasinger et al. 1986), GX 349+2 (Lewin et al. 1985), GX
17+ 2 (Stella, Parmar, and White 1985), 4U 1820— 30 (Stella,
White, and Priedhorsky 1985), and GX 3+1 (Lewin et al.
1986). The wide variety of QPO properties which has recently
been found from the Rapid Burster (MXB 1730—335; Stella et
al. 1985) shows that also the oscillations from this source, dis-
covered by Tawara et al. (1982), fall in the same category. A
forgotten first glimpse of the QPO from Sco X-1 may have
been the report by Angel, Kestenbaum, and Novick (1971).

The 2-10 keV variability of Sco X-1 is characterized on a
time scale of hours to days by a succession of quiescent states
with relatively little variability, and active states containing
episodes when the source flares by a factor of 2 or more on a
time scale of minutes (cf. Canizares et al. 1973). During the
flares the X-ray spectrum hardens considerably (White et al.
1976). Both the flaring and quiescent intervals can last many
(typically 12) hours. The flaring episodes can be interrupted by
short, 20-30 minute dips during which the intensity drops to
about the quiescent level; these are of particular interest for the
present analysis.

In this paper we present the results of a study of QPO in
EXOSAT observations of Sco X-1 made in 1983 August and
1984 March. This study was prompted by the discovery of
QPO in the quiescent state of Sco X-1 (MP85a) and led to the
first report of QPO in the active state and during the transition
to quiescence (van der Klis et al. 1985b, hereafter K85; and van
der Klis and Jansen 1985a, b, hereafter KJ85a, b). Following
these early reports further work showed that the important
differences between the QPO first reported in MP85 and
those first reported in K85 coincided with two different
intensity/spectral states of the source in the two cases (van der
Klis 1985; Middleditch 1985). Further work reported by Pried-
horsky (1985) and Priedhorsky et al. (1986, hereafter P86)
showed the existence of a strict correlation between the QPO
and hardness ratio mode. After giving the observational details
in § II, we discuss the properties of the QPO and their depen-
dence on the overall state of the source in § III. In § IV we
report on the spectral dependence of the QPO in terms of a
two component spectral model. The consequences of these
results for magnetic and nonmagnetic neutron star models are
discussed in § V, and our conclusions are summarized in § VI

II. OBSERVATIONS

We will report on a ~20 hr EXOSAT observation of Sco
X-1 obtained on 1983 August 29 and 30 and a series of three
shorter ~ 5 hr observations made on 1984 March 11, 12, and
13. The observational details are summarized in Table 1. The
data were obtained with an array of eight ~200 cm? pro-
portional counter detectors in the medium energy (ME) instru-
ment (Turner, Smith, and Zimmermann 1981). Each detector is
multilayered consisting of an argon-filled (Ar) chamber sensi-
tive in the 1-15 keV energy band over a xenon-filled (Xe)
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chamber sensitive in the 5-35 keV band. Four of these detec-
tors were pointed directly at the source, but, because of danger-
ously high count rates in argon, only the Xe chambers were
switched on. Four similar detectors were partially offset such
that the source was at 5%—-10% of the collimator response. In
the offset detectors both the Ar and Xe chambers were oper-
ated.

Accumulations were obtained with a time resolution of
about 8 ms (1/128 s) from the summed output of all eight Xe
detectors during the first 12.5 hr of the 1983 August observa-
tion and the entire 1984 March 11 observation. For the 1984
March 12 and 13 observations, 8 ms data were obtained from
the four offset Ar chambers. The 8 ms data are continuous with
a nearly constant dead-time loss of ~ 1% (approximately inde-
pendent of source count rate). The raw count rate over the
whole Xe detector array varied between 1600 and 5700 counts
s~ ! and includes an approximately constant background of
~580 counts s~ 1.

For the 1983 August observation, accumulations were also
obtained with 31.25 ms resolution from both the four Xe cham-
bers pointed directly at Sco X-1 and independently from the
summed signal of the four partially offset detectors. The latter
data thus contain both Ar and Xe counts, in a ratio of about
3:1. The 31.25 ms data are affected by electronic and data-
handling dead-time losses varying between 30% and 60% and
show dead-time corrected count rates per four detectors
between 1200 and 4900 counts s~* in Xe and 1100 and 3100
counts s~ ! in Ar. These numbers include background levels of
roughly 290 counts s~ ! (Xe) and 36 counts s~ * (Ar).

The spacecraft pointing direction was changed slightly on
two occasions during the 1983 August observation. This
resulted in small changes in the collimator efficiencies. Count
rates quoted in Tables 2-4, Figures 2-5, and throughout the
text are background-subtracted and are corrected for dead
time and to 100% collimator efficiency over four detectors (an
array half).

Sco X-1 was also simultaneously observed with a gas scintil-
lation proportional counter (GSPC: Peacock et al. 1982). Dif-
ferent gain settings were used at different times to allow
spectral measurements in the 2-15, 2-30 or 2-60 keV ranges.
Spectral data were also available from the ME. However, these
data show subtle differences when compared to the simulta-
neous GSPC results, with an excess of counts above 10 keV.
We attribute this to the extreme collimator angles at which the
Ar detectors were operated which caused increased transmis-
sion of high-energy photons. Because of this, the ME spectra
have been ignored for the present analysis. .

The GSPC data have been previously discussed in White,
Peacock and Taylor (1985, hereafter WPT). The GSPC light
curve given by WPT indicates that the source was in an active
state from the start of the 1983 observation until ~09:00 UT
on August 30 when it began an extended quiescent interval.

TABLE 1
OBSERVATION LoG

Time 8 ms 31.25 ms Spectral
Date 7 Data Data State QPO
1983 Aug 29...... 23:08-11:30 Xe Xe and Ar Active 10-20 Hz
11:30-18:44 no Xe and Ar Quiescent 6-8 Hz
1984 Mar 11...... 2:05-7:37 Xe no Active 10-20 Hz
1984 Mar 12...... 3:30-8:22 Ar no Quiescent Not seen
1984 Mar 13...... 0:59-4:35 Ar no Quiescent Not seen
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The quiescent state lasted at least until the end of the GSPC
observation at 19:30 UT. The X-ray light curve obtained from
the 31.25 ms Xe data in a somewhat higher energy band is
identical to this with the exception that the amplitude of the
flaring is larger. This might be expected since the flares in Sco
X-1 are known to be hard (White et al. 1976).

III. RESULTS

a) Quasi-periodic Oscillations

The analysis of the high time resolution data follows the
approach taken by van der Klis et al. (1985a). The 8 ms data
were divided into 64 s blocks, each containing 8192 flux
samples, and the 31.25 ms data into 128 s blocks, each contain
ing 4096 samples. A power spectrum was calculated from each
block of data using a fast Fourier transform. These power
spectra were then assembled into a two-dimensional (¢, v)
diagram in which the power measured at time ¢ at a particular
frequency v is indicated by black and white regions (Figs. la
and 1b).

It was immediately evident from the (¢, v) diagram (Fig. 1a),
constructed from the 8 ms data of 1983 August, that 10-20 Hz
QPO were detected in the active state during short (~20
minute) dips in the intensity and during the transition to the
quiescent state (K85, KJ85a, b). This result was later confirmed
by P86 and by Pollock et al. (1986); a broad band of power
between 14 and 24 Hz was noted by MP86. The 31.25 ms Xe
data (Fig. 1b) showed QPO between 6 and 8 Hz similar to
those first reported by MP85,86 during a different quiescent
state. During this interval the 8 ms data were not available. In
the 31.25 ms data mode, the 10-20 Hz QPO detected during
the active state straddle the 16 Hz Nyquist frequency. Between
12:05 and 12:50 UT a transition from ~15 Hz to ~6 Hz
QPO occurs. A sequence of four power spectra is shown in
Figure 2 to illustrate the evolution of the QPO during one of
the dips in the active state. The broad QPO peak appears and
disappears as the intensity passes through a minimum with, in
addition, the broad peak shifting to a lower frequency as the
intensity drops.

The centroid frequency of the peaks (hereafter QPO
frequency) and their width and strength were measured by
fitting a Lorentz function to the individual power spectra
obtained from one data block of 64 or 128 s. Over the entire
data set the QPO frequency varies between 6 and 20 Hz, and
the peak FWHM between 2 and 12 Hz. The power in the
oscillations ranges up to values corresponding to 10% rms
variation in the 5-35 keV source flux.

The data set was divided into three intervals designated
active (23:08-10:07 UT), intermediate (10:07-12:50 UT), and
quiescent (12:50-18:44 UT). The properties of the power
spectra were determined in the active state and in quiescence as
a function of intensity by sorting the spectra according to
count rate (see van der Klis et al. 1985q). In the intermediate
interval the individual power spectra were sorted into contig-
uous time bins. For Xe count rates exceeding 1300-1350
counts s~ ! the peaks in the power spectra sometimes become
very wide and tend to merge in the background noise, making
them difficult to measure. Consequently, systematic errors may
affect some of the values quoted for power spectra in this inten-
sity range. The results from the 1983 observation are given in
Tables 2, 3, and 4.

In the active state, QPO were only seen during the short dips
and during the transition to the intermediate state. Until 10:07
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UT on August 30, the QPO frequency v was approximately
linearly related to the 5-35 keV count rate I, with the same I, v
relation applying to each of the data segments (Fig. 3a). Unfor-
tunately between 10:18 and 10:39 on August 30 the spacecraft
pointing direction was being changed to a slightly different
direction, and we cannot rule out that the corrected source flux
was being affected by this. QPO were always detected during
the interval 10:07-10:39 UT. Initially the QPO frequency
drops from ~ 15 Hz to ~6 Hz within 6 minutes and then rises
back to ~10 Hz. After 10:39 UT when the spacecraft pointing
was again stable, it is evident that the I, v correlation found
before 10:07 UT is replaced by a more complex variation.
During the 50 minute interval until the end of the 8 ms data at
11:30 UT, the I, v relation as measured from the power spectra
with 8 ms resolution executes a loop (Fig. 3b). Average power
spectra constructed from seven contiguous data segments illus-
trate this behavior (Fig. 4). Note that at all QPO frequencies
the peaks are narrow: the data cannot be explained as “mode
shifting” between two single different frequencies (e.g., 6 and
16 Hz).

After 11:30 UT, only data with 31.25 ms time resolution
were available. Up until 12:05 UT, QPO were not detected
below the 16 Hz Nyquist frequency. It is possible that higher
frequency QPO were still present in this interval. Between
12:05 and 12:50 UT, the QPO frequency shows a final
decrease from 16 Hz to 6 Hz that is not correlated to any
change in intensity. As in the case of MP86 and P86, the
transition is not sudden; all intermediate QPO frequencies
occur. The interval between 10:07 and 12:50 UT, which is
characterized by erratic fluctuations in QPO frequency on time
scales from minutes to tens of minutes, is the one that we have
defined as the “intermediate state.” After 12:50 UT (with the
source well into quiescence), strong 6-8 Hz QPO were detected
until 16:05 UT. During this interval the count rate and QPO
frequency showed an anti-correlated behavior (Fig. 3c) similar
to that reported by MP86.

After 16:05 UT, QPO at frequencies below 16 Hz were weak
and at times not detected. In particular, no QPO were detected
from 17:10 UT until the end of the ME observation at 18:44
UT (their rms amplitude was at least a factor of 2 below the
typical value seen earlier). The disappearance of the QPO
around 17:00 UT may be related to a gradual rise in count rate
through quiescence—the QPO disappeared when the Xe count
rate exceeded ~ 1500 countss™*.

During the 1984 March 11 observation the source was in an
active state. Strong (~10%) QPO with frequencies of 13-20
Hz were detected at the beginning and end of the observation
when the source was relatively quiet. The I, v relation was
consistent with the one observed during the active state in 1983
August. During the final hour of the observation the source
became quiescent, but another intermediate state (as defined
by an erratic I, v relation) was not observed.

Throughout the observations on 1984 March 12 and 13, the
source was quiescent. Data obtained from the (1-15 keV) Ar
detectors with a time resolution of 8 ms do not show QPO
with an upper limit of ~1%.

b) Low-Frequency Noise

In this section we describe the properties of the low-
frequency noise (LFN), which we define as the variability com-
ponent that dominates the power spectra at the lowest
observed frequencies and whose power decreases monotoni-
cally as a function of frequency. This LFN was found in all
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F1G. 1.—(a) The time-frequency diagram (upper) and the simultaneous 5-35 keV count rate (lower) during the 1983 August observation as obtained from 8 ms
resolution data. The black points in the upper diagram indicate that a high power density was measured at the corresponding frequency (left-hand scale) and time
(lower scale). The spectra have been smoothed with a 0.75 Hz wide rectangular window. QPO are clearly seen during interflare dips and near the end of the
observation during the initial stages of the transition to quiescence. Note the rapid variations in QPO frequency in the latter interval. (b) As (a) but for the 31.25 ms
resolution data. The spectra have been smoothed with a 0.44 Hz wide rectangular window. Note the rapid transition of QPO frequency from the 16 Hz Nyquist
frequency down to ~6 Hz near 12:30 UT. Thereafter the QPO settle in a nearly constant 6 Hz mode, interrupted only by a short 8 Hz interval near 14:00 UT for the
lowest observed posttransition intensity, until 16:00-17:00 UT when QPO disappear.

power spectra, but, as reported previously (KJ85a, b, MP86), it
was weak, and in most cases it was only detected below 1 Hz.
The slope of the LFN was measured by including a power-law
component in the function which was fitted to the power
spectra. It was generally found to be in the range 1.4-2, with a
tendency toward steeper LFN during flaring episodes. In some
cases, notably at the peak of flares, the slope exceeds 2, indicat-
ing it to be too steep for the parameters of the LFN to be

reliably estimated from a Fourier transform (Deeter 1984). The
weakness of the LFN when QPO were present prevents a reli-
able estimate of the LFN strength from the fit parameters. We
estimated the strength of the LFN by directly summing up the
excess power in the range 1/64-1 Hz, and the results are given
in Tables 2, 3, and 4 and in Figures 5a and 5c. The power in the
LFN was always less than ~20% of the power in the QPO
and rarely exceeded 10% ofit.
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F1G. 2—The evolution of the QPO peak during one of the interflare dips.
Average 5-35 keV count rate and the time interval (UT) corresponding to each
power spectrum are indicated. Note how the peak narrows then flattens back
out on a time scale of minutes, and how its centroid frequency shifts to lower
values when the flux drops.
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TABLE 2
BEST-FIT PARAMETERS OF POWER SPECTRA: ACTIVE STATE

Relative LFN

Relative QPO Strength
r v FWHM? Strength (1/64-1 Hz)

(counts s™Y) N® (Hz) (% rms) (% tms)
1174.......... 11 11.0 £ 0.3 62+ 06 80+03 1.7+ 0.2
1217.......... 16 142 + 0.2 6.0 + 0.5 88 +02 1.7+0.2
1249.......... 28 149 + 0.2 73+05 8.7+02 1.5+02
1287.......... 16 164 + 0.3 92 +0.7 92 +05 1.7+02
1323.......... 9 169 + 0.5 89 + 1.1 8.0+ 04 26+02
1366.......... 4 207 £ 05 1.6 + 1.1 52+05 22+03
1400.......... 6 144 +23 202 + 44 7.6 +£ 0.6 19+03
1437.......... 4 220+25 323+ 54 104 + 0.7 1.5+ 04

Note.—Errors are projection of the y? + 1 contours on coordinate axes in parameter space.

* 5-35 keV count rate.
® Number of power spectra.
¢ QPO frequency.

¢ Full width at half-maximum of QPO peak.

TABLE 3
BEST-FIT PARAMETERS OF POWER SPECTRA: INTERMEDIATE STATE

Relative LFN

Relative QPO Strength
im 1 v FWHM Strength (1/64-1 Hz)
UT) (counts s™*) N (Hz) Hz) ~ (% rms) (% rms)
10:39
10:5'4} ...... 1174 14 109 + 04 6.8 + 09 8.1+ 04 12+ 04
10'58} ...... 1232 4 17.7 + 0.6 63+ 14 8.6 + 0.6 1.5+ 0.6
1 :02} ...... 1316 4 16.6 + 0.4 57+10 84+ 05 22403
1 : 04} ...... 1321 1 132 + 0.6 48 + 1.7 9.8 +0.8 2.7+ 06
11:10 ...... 1295 5 89+03 35+08 82+ 04 21403
11:23} ...... 1242 13 6.9 + 0.2 35+05 6.6 + 0.3 1.3+ 04
1 ;27} ...... 1178 4 9.7+ 08 71415 8.0+ 0.7 14 + 0.6
TABLE 4
BEST-FIT PARAMETERS OF POWER SPECTRA: QUIESCENT STATE
Relative LFN
Relative QPO Strength
I v FWHM Strength (1/64-1 Hz)
(counts s~ 1) N (Hz) (Hz) (% rms) (% rms)
1236.......... 6 792 + 0.26 1.3+0.7 6.59 + 0.15 1.80 + 0.35
1280.......... 9 6.27 + 0.11 1.0 + 04 422 +0.20 1.86 + 0.29
1323.......... 18 6.14 + 0.10 1.6 £ 03 477 +£0.23 1.54 +0.20
1366.......... 27 6.07 + 0.07 14+02 447 +0.18 203 +0.14
1411.......... 23 6.05 + 0.10 1.7+03 48 +04 1.83 £ 0.16
1456.......... 14 6.0+ 04 32+12 42+ 04 1.82 +0.21
1501.......... 6 593 + 0.26 20+ 1.1 47+ 10 2.13 + 040

We estimated the LFN strength in the flaring episodes (when
no QPO were detected), from the fit parameters using
intensity-sorted power spectra. The LEN power is found to rise
considerably with intensity and finally, in terms of fractional
rms variation, approaches the strength of the QPO seen in the
interflare dips (Fig. 5b).

During the March 11 observation, when the source was
active and strong QPO were observed, the LFN was weak
(< 1% rms). However, the March 12 and 13 data, taken in the
1-15 keV band when the source was quiescent but did not
show significant QPO, show LFN with a strength correspond-
ing to a ~2.5% rms flux variation (0~16 Hz). The statistics of

these data are very good (3000-3500 counts s~ ! with very
small dead time), and significant LFN excess power is detected
up to ~25 Hz.

During the quiescent part of the 1983 August observation
we were able to simultaneously measure the strength of the
QPO/LFN separately in the Ar and Xe detectors from the
31.25 ms data. We confirm the finding of P86, that the QPO
have a harder spectrum than the average source flux: the rms
fractional variation in the intensity caused by the QPO is
1.8% =+ 0.2% in Ar (1-15 keV) and 4.6% + 0.2% in Xe (5-35
keV). For the LFN (1/64-1 Hz) these values are <1% (2 o) and
1.9% =+ 0.2%, respectively. These numbers were corrected for
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first-order dead-time effects, taking into account the effects of
channel cross-talk; we assumed that both the QPO and LFN
differ between the two channels only in amplitude.

IV. A RELATION BETWEEN QPO PROPERTIES AND X-RAY
SPECTRUM

The continuum spectrum of Sco X-1 can be well described
by a two-component model consisting of a blackbody and an
unsaturated Comptonized spectrum with the latter approx-
imated by the function E~T exp (— E/kT) (WPT). In this model
the flaring intervals are caused primarily by increases in the

luminosity of the blackbody component from 10% to 40% of
the total. The derived radius of this component (assuming a
distance of 1.5 kpc; WPT) varies between 2 and 6 km, suggest-
ing that it is associated with the heated surface of (part of) a
neutron star (WPT). White et al. (1986) show that this two-
component model provides a better representation of the data
on several bright low-mass X-ray binaries than the earlier pro-
posed self-Comptonized thermal bremsstrahlung model (Lamb
and Sanford 1979) or the two-component model of Mitsuda et
al. (1985).

The GSPC data from the observations reported here have
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F1G. 6—Spectral correlations of the QPO. The blackbody temperature and the luminosity of the Comptonized component are plotted separately as functions of
the blackbody luminosity. Filled symbols indicate the presence of QPO; open symbols indicate their absence. Note how on both branches the QPO become
undetectable when the luminosity exceeds a certain level. The spectral parameters in the intermediate state were indistinguishable from those in the active state and

were also plotted as filled circles.
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already been discussed by WPT with particular emphasis on
the properties of the iron K line at 6.7 keV. We have re-
analyzed the GSPC spectral data taken during these observa-
tions in order to investigate the relationship between the QPO
properties and the spectral state of the source. This reanalysis
concentrated on (1) the interflare dips in the active state and
the transition to the intermediate state when the 10-20 Hz
QPO appear, (2) the intermediate state, and (3) the quiescent
state when the 6-8 Hz oscillations were strong.

Figure 6 summarizes the observed variations in some of the
spectral parameters. The overall results are similar to those
given by WPT. Active and quiescent states form two branches
in the diagrams, with increases in the luminosity and tem-
perature of the blackbody component explaining the hard
flaring. In quiescence the blackbody temperature increases
with source intensity, but its radius shrinks and this causes its
luminosity to remain constant or decrease slightly. The lumin-
osity of the Comptonized component increases with intensity
in quiescence. Spectra taken during intervals when QPO were
detected are indicated in Figure 6 by filled symbols; intervals
when QPO are not detected are indicated by open symbols.
Clearly QPO were mainly observed near the branching point
between the quiescent and active state.

The spectral changes seen when QPO are present are very
small when compared to the major changes seen when the
source is flaring. In quiescence the equivalent hydrogen

QUASI-PERIODIC OSCILLATIONS IN SCO X-1 421

column density Ny to Sco X-1 obtained from the fitting pro-
cedure has very large error bars and is strongly correlated with
the luminosity of the blackbody component and I'. If an Ny of
zero is assumed, then the luminosity of the blackbody com-
ponent is close to zero (it is no longer statistically required) and
the best fit value for I' is ~0.8. However, an independent
measure of Ny from simultaneous objective grating measure-
ments using the EXOSAT low-energy telescopes (Brinkman et
al. 1985) constrains Ny to 22 x 10?' H cm ™ 2. This constraint
results in a finite blackbody luminosity of ~1 x 1037 ergs s !
and I in the range 1.2-1.3. Nonetheless, we are dealing with
very strong interdependence of the parameters, and any inter-
pretation must be treated cautiously.

In spite of these problems it is notable that when we plot the
frequency of the QPO against blackbody luminosity,” Lgg,
there is a strong correlation between the two (Fig. 7). The
looping behavior during the intermediate state and the anti-
correlation between v and I in quiescence are approximately
matched by similar behavior of Lgg versus I so that the rela-
tion between v and Lgp remains the same for active, interme-

2 Note that the frequency-intensity relations in the active and quiescent
states were derived by sorting the power spectra according to Xe count rate.
This was not feasible for the GSPC X-ray spectra, so we first separately deter-
mined the relation between blackbody luminosity and Xe count rate and then
applied this relation to the frequency measurements.
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FiG. 7—The dependence of QPO frequency in all three states on blackbody luminosity. Except for the intermediate state, frequency and blackbody luminosity
were not measured strictly simultaneously, but were coupled via the 5-35 keV count rate. Although considerable systematic effects on the blackbody luminosities can
not entirely be excluded (see text), a simple dependence with QPO frequency seems to exist.
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diate, and quiescent states, even though the QPO are present
only when the blackbody component is weak.

V. DISCUSSION

In the following, we first summarize the main observational
results as obtained by us (K85; KJ854, b; this paper) and other
authors (MPS8S, 86; Pollock et al. 1986). We then compare
these results with previously proposed models and finally we
consider some aspects of an obscuring thick disk scenario as an
explanation for the QPO, LFN, and spectral behavior.

a) Observational Summary

The properties of the QPO from Sco X-1 indicate the exis-
tence of four different fast timing modes which can be associ-
ated with the quiescent and active intensity states:

1. The flaring episodes in the active state, during which QPO
are not detected and the LFN is strong (4%—-8% rms in the
5-35 keV band). These episodes can be spectrally characterized
by a strongly variable blackbody component.

2. The low-intensity episodes in the active state (including
both interflare dips and the initial stages of transition to
quiescence) where the 10-20 Hz QPO first reported in K85 are
seen whose frequency is found to be strongly correlated with
intensity (when the QPO peak is sufficiently narrow for the
frequency to be measured).

3. The “intermediate” state, spectrally similar to the low-
intensity episodes in the active state, but characterized by rapid
(time scales as short as several minutes) variations in the QPO
frequency between 6 and 20 Hz. During this interval, loops in
the frequency-intensity relation are sometimes seen. We
observed this intermediate-state behavior during a transition
from an active to a quiescent state (KJ85a, b); Pollock et al.
(1986) apparently observed it during the opposite transition
and maybe even in the middle of a quiescent state. We note
that looplike structures are also seen in dwarf nova oscillation
frequency-intensity diagrams (e.g., Patterson 1981).

4. The quiescent state, during which the 6-8 Hz QPO first
reported in MP85 and MP86 were detected. The QPO are seen
only during the lowest 70% of the total intensity range. Their
frequency is weakly anticorrelated with the source intensity. In
this state, the blackbody component is very weak. Intensity
changes are dominated by the variations in the Comptonized
component. A different type of quiescent state is possibly seen
on 1984 March 12 and 13 where in the 1-15 keV band no QPO
are detected but relatively strong LFN is observed.

In general, QPO are detected when the spectral character-
istics of the source approach the branching point between the
two intensity states. The occurrence of a particular QPO/LFN
state is observed to be strictly correlated with the spectral
behavior. In addition a correlation was found between QPO
frequency and blackbody luminosity which held for all states
in which QPO were detected. The strength of the QPO in the
5-35 keV band was ~9% rms in the active and intermediate
state and ~ 5% in quiescence. Simultaneously occurring LFN
measured over the 1/64-1 Hz range was always much weaker
than the QPO, typically 1%-2% rms.

b) Comparison with Proposed QPO Models

In comparing these data with proposed models, we first turn
to magnetospheric models, in which the QPO are caused by
the interaction of matter at the inner edge of a Keplerian accre-
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tion disk with a neutron star magnetosphere. Due to the com-
pression of the magnetosphere the QPO increase in frequency
when the accretion rate M increases.

The development of this class of models has been strongly
influenced by the need to explain the strong dependence of
QPO frequency on intensity observed from GX 5— 1. To avoid
the problem that the Keplerian frequency of matter circulating
at the magnetospheric radius depends weakly on M (to the 3th
power) while the observed dependence in GX 5—1 is strong,
the BFM was proposed (Alpar and Shaham 1985). In the BFM
the QPO frequency v arises as a beat between the Keplerian
frequency v, and the neutron star rotation frequency
v,; v = v, — v,. Several mechanisms are conceivable by which
L, could be modulated at this beat frequency; modulation of
the accretion rate (Lamb et al. 1985; Berman and Stollman
1986), modulation of the disk emission (Morfill and Triimper
1985), or obscuration of the central source.

In each application of the BFM the observed relation
between QPO frequency and intensity I can be used to predict
a rotation rate and a magnetic field strength of the neutron
star. This prediction is critically dependent on the conversion
of I into M (cf. Lamb ez al. 1985). If M is proportional to the
total X-ray luminosity L., then from the L,, v relation we
observe from Sco X-1 in the active state, the BFM predicts (for
similar assumptions as in van der Klis et al. 1985a) a neutron
star rotation period of roughly 4 ms, a magnetospheric radius
r,, of ~35km and (for a distance of 1.5 kpc) a magnetic field -
strength B, of ~10° G. By contrast, the raw I, v relation
predicts a longer rotation period of 10 ms and correspondingly
different values for other parameters.

The anticorrelation between L, and v observed in quiescence
might be expected from the BFM for low accretion rates when
r. €xceeds the corotation radius. Accretion would in this situ-
ation be inhibited by centrifugal forces, but not necessarily
over the whole magnetospheric boundary, such that some
material might still accrete. However, L, is not lower in quies-
cence than during the low-intensity episodes in the active state,
as required in this interpretation. Also the L,, v relation
actually observed in quiescence is different from the predicted
one in that it does not pass through zero frequency and shows
a sharp break near 1250 counts s ~* (Fig. 3c). Finally, the large
rapid variations in QPO frequency with hardly any luminosity
changes that are observed in the intermediate state also cannot
be explained in a BFM where L, is proportional to M.

A better measure for M may be the blackbody luminosity
Lgy, since this could be emission from the neutron star surface.
The relation we observe in all states between QPO frequency
and Lgg is approximately linear. It is less steep than when the
total luminosity is considered, but it is still not flat enough to
allow the identification of the QPO frequency with the
Keplerian frequency of matter at r,,. The BFM applied directly
to the Lgg, v relation (Fig. 7) yields a neutron star spin period
of roughly 30 ms, r,, ~110-130 km and B, =5 x 10° G. If the
nonblackbody component originates outside the magneto-
sphere in the accretion disk, then this magnetospheric radius is
too large to account for the fact that this component comprises
up to 95% of the total X-ray luminosity.

To make any BFM work for Sco X-1 from the point of view
of the correlation of the QPO properties with the X-ray spec-
trum, assumptions different from the preceding have to be
made about the estimate of M from the X-ray intensity. As
long as these assumptions are more or less arbitrary, it is not
possible to exclude the simpler magnetospheric model where
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the QPO frequency is identified with the Kepler frequency at
the magnetospheric boundary.

Priedhorsky (1986) has recently pointed out that the rota-
tional energy lost by a rapidly rotating weakly magnetized
neutron star can be fed back into the disk (Ghosh and Lamb
1979) and may, during intervals of spin-down when the magne-
tospheric radius exceeds the corotation radius, play an impor-
tant role in explaining the strength of the Comptonized
component and the anticorrelation of its luminosity to Lgg in
quiescence.

From the point of view of its timing properties, Sco X-1
presents two problems to beat-frequency models. The first is

the absence of detectable coherent pulsations, which it shares -

with all QPO sources detected so far. This is a problem,
because BFMs specifically require a rapidly rotating neutron
star with a nonaxisymmetric magnetic field which in all pro-
posed BFMs periodically interacts with the accreting matter.
There are reasons why the pulsations might be weak (Lamb et
al. 1985) but at some level they should be detected (MP86). For
Sco X-1 MP86 have obtained an observational upper limit of
0.8% for the pulsed fraction of coherent pulsations below
250 Hz.

The second problem is the weakness of the low-frequency
noise when QPO are present. With respect to this basic pro-
perty of the power spectrum, Sco X-1 seems to be different
from GX 5—1 and several other QPO sources. In GX 5—1, the
power in the LFN (down to 0.5 Hz) and in the QPO is similar
(van der Klis et al. 1985a), while in Sco X-1 we find that the
power in the LFN even down to 1/64 Hz, is usually less than
10% of the power in the QPO. Moreover, the fact that the
LFN becomes stronger when the QPO disappear suggests that
the LFN is not directly related to the QPO in Sco X-1. Models
(such as most BFMs) which require that the QPO are caused
by “oscillating shots ”—i.e., wave trains which give a positive
net contribution to the total flux, explain the observed proper-
ties of GX 5—1 but fail to account for what is observed in Sco
X-1 (unless one assumes a strong phase dependence between
the oscillations in different shots; Lamb et al. 1985).

The two proposed nonmagnetospheric models (Hameury,
King, and Lasota 1985; Boyle, Fabian, and Guilbert 1986) do
not make quantitative predictions for the relation between
QPO frequency and accretion rate.

¢) An Obscuration Model

A model that has not, to date, received much attention is
that in which the QPO are the result of quasi-periodic partial
obscuration of the central source by, e.g., structure in the accre-
tion disk. Simulated power spectra are shown in Figure 8 for
two different obscuration geometries. Figure 8a shows the situ-
ation in which an obscuring straight edge is centered on a
circular, uniformly emitting source. When the edge is quasi-
periodically oscillating, a QPO peak is produced but no LFN.
Figure 8b is the same situation as seen from a slightly different
inclination, so that the edge is offset from the source center and
the X-ray source is completely covered during half of each
oscillation cycle. This leads to a power spectrum with QPO
and appreciable LFN.

In the situation of Figure 8a, the QPO wave trains do not (as
is the case in oscillating shot models) give a net contribution to
the source flux but, rather, give equal positive and negative
contributions which cancel, so that no LFN is produced.
QPO-related LFN is produced in an obscuration model if
the obscured region is not uniform. An extreme case obtains
if during part of the oscillation cycle the X-ray emitting region

QUASI-PERIODIC OSCILLATIONS IN SCO X-1 423

becomes completely obscured (as in Fig. 8b) or completely
uncovered. This results in a truncated (flat-topped or flat-
bottomed) sinusoid wave train with an average level different
from the nonoscillating flux. Thus, in an obscuration model the
presence of QPO-related LFN is dependent on the detailed
geometry of the obscuring medium and the emission region.
The difference in the LFN between GX 5—1 and Sco X-1 can
in such a model be due to the viewing geometry, i.e., inclination.
The maximum LFN strength which can be produced by this
mechanism is about equal to the strength of the QPO. The
observed LFN might be stronger than this if there is additional
non—QPO-related LFN.

Magnetospheric obscuration models in which periodic
motion of obscuring matter at the magnetospheric boundary
explains the QPO are conceivable (van der Klis et al. 1985a),
but we will assume here that the neutron star does not have an
appreciable magnetic field and that the disk can extend to the
neutron star surface (see also Stella 1986). In the standard
model (Shakura and Sunyaev 1973), for accretion rates
approaching the Eddington limit, the inner radiation-
pressure—dominated disk will have a half-thickness of ~30 km
which decreases as (1 — R™%%), where R is the radius in
neutron star radii. It has been proposed that the inner
radiation-pressure-dominated regions of the accretion disk are
unstable to thermal and secular instabilities and that the scale
height will increase (see Pringle 1981 and references therein)
until it becomes of the order of the radius r to the center. While
its geometry is uncertain, it seems probable that such a thick
disk may extend out to several hundred kilometers from the
center. Without specifying the physics determining the exact
shape and size of the inner thick disk, we will consider here
whether such a geometry can explain the observed com-
bination of fast timing and spectral behavior (see Fig. 9).

Nearly all gravitational energy will be released in the inner-
most part of the thick disk, close to the neutron star and at its
surface. The resulting primary radiation will only be able to
escape directly through a polar “channel” perpendicular to
the disk plane (cf. Lamb et al. 1985). It will only be possible to
observe the neutron star and the central disk region when we
are looking close to pole-on. There are several ways in which
radiation might be observed at higher inclinations: (1) the
primary radiation can be scattered out of the polar channel; (2)
if the thick disk is not completely optically thick radiation may
be scattered through it; and (3) radiation might be reprocessed
in the walls of the polar channel. If we identify the blackbody
component in the spectrum of Sco X-1 with the emission from
the neutron star surface and the Comptonized component with
emission from the central disk regions and from the polar
channel, then the flaring episodes can be interpreted as times
when a decrease in h/r allows a more direct view of the central
neutron star. The inclination of Sco X-1 is rather low
(Crampton et al. 1976), which may be ideal for the occasional
uncovering of the central region.

In such a thick disk geometry, the QPO could be caused by
quasi-periodic oscillations in the thick inner accretion disk
which partially obscures the radiation emitted in our direction
out of the polar channel. The difference of our model with that
of the Boyle, Fabian, and Guilbert (1986) is that the mecha-
nism allowing the disk oscillations to modulate the source
intensity is obscuration rather than reflection of X-rays. The
combination of thick disk and viewing geometry would deter-
mine the radius vector of the point of interception of the line of
sight and thereby the frequency of the QPO (see Fig. 9); the
model requires that the thick disk is not optically thin. From
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OBSCURATION MODEL

NEUTRON S,TA;B (

INNER DISC

TO OBSERVER

F1G. 9.—Schematic of a phenomenological oscillating thick disk obscuration model (see text). Thick dots indicate the interception point of the line of sight by the
thick disk. The radius vector of this point determines the observable disk oscillation frequency. Radiation emitted out of the polar channel in our direction can be
obscured for a wide range of inclinations. The source flares when the inner disk flattens out sufficiently to allow us a direct view of the neutron star.

simple considerations (e.g., Pringle 1981) one expects oscil-
lations (or the passage of circulating blobs) in an accretion disk
at radius r to occur at a frequency close to the Kepler fre-
quency at r. The 6-8 Hz oscillations in quiescence would then
indicate that the thick disk intercepts our line of sight at
r ~ 400 km. In the low-flux episodes of the active state (10-20
Hz); this would be r ~ 250 km. During the flaring episodes
finally, h/r becomes too small to obscure any appreciable emit-
ting region, so that no QPO are produced. The amplitude of
the QPO would tend to be larger when the source is close to
transitioning from one state to the next and the disk rim is
passing in front of the central source.

In this scenario the observed intensity variations are domi-
nated by variations in the geometry rather than accretion rate.
The smaller thick disk dimensions required in the active state
imply a lower accretion rate than in quiescence; the
uncovering of the central region compensates for the resulting
lower X-ray production. The decrease in the blackbody lumin-
osity associated with the transition to quiescence is suggestive
of a progressive covering up of the central region, resulting in
an X-ray spectrum dominated by the Comptonized polar
channel emission.

If we identify the QPO frequency with the Kepler frequency
at the outer boundary of the radiation-pressure—~dominated
region of the disk, we predict v oc M ~%/7 (Stella 1986). As in the
case of the BFM, lack of exact knowledge of M precludes a
direct comparison of this relation with observations. In the
active state, as the torus shrinks and uncovers the neutron star
(see Fig. 9) the QPO frequency will increase, resulting in a
positive I, v correlation, as observed. In quiescence, we observe

that when the intensity drops, the QPO frequency increases,
indicating a decrease in the size of the thick disk region. These
changes are all in the sense expected from a lower M. However,
once again geometrical effects would be expected to affect the
conversion of I into M, so that a direct comparison with the
predicted M, v relation is not possible.

Optical and radio observations as well as X-ray observa-
tions of the iron line at 6.7 keV seem to be consistent with this
picture. The optical flux is correlated with L, in the active state
and anticorrelated in quiescence (Canizares et al. 1975). Since
the optical radiation is most probably reprocessed X-ray emis-
sion, shadowing of the outer disk by the thick inner disk can
explain the observed optical variations. During the flaring epi-
sodes, the iron line intensity does not change (WPT). If this line
is the result of recombination in an accretion disk corona then,
its invariance also indicates that the X-ray continuum varia-
tions are caused by geometrical effects. Radio outbursts start
only in X-ray quiescence (Miyamoto and Matsuoka 1977),
when h/r is largest and the polar channel narrowest, which is
when the most efficient particle acceleration might be expected.
Whether the outer disk rim or the thick inner disk spans a
greater angle as seen from the neutron star (cf. Milgrom 1978)
may determine whether a system shows X-ray dips at the
orbital period (e.g., White and Mason 1985) or QPO.

The weak LFN is in this scenario due to the low inclination
of Sco X-1 (“pole-on” view), allowing the disk oscillations to
cause a signal which gives equal positive and negative contri-
butions to the total intensity. If the region which is periodically
being occulted is fairly uniform in its X-ray emission proper-
ties, then suppression of the LFN follows automatically—no

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1987ApJ...316..411V&amp;db_key=AST

J.7 13060 ATV

]

[1987A

426 VAN DER KLIS ET AL.

“fine tuning” is required. In GX 5—1, a higher inclination
would allow the thick disk oscillations to cause “net-nonzero”
wave trains resulting in QPO-related LFN (for example,
because the polar channel becomes completely obscured
during part of the oscillation cycle). This higher inclination at
the same time could prevent hard flaring: the disk would be
always thick enough to intercept our line of sight to the
neutron star.

GX 5—1 and Cyg X-2 also show two branched spectral
behavior (Ponman 1982; Shibazaki and Mitsuda 1983; Brand-
uardi et al. 1980), which is correlated with different QPO/LFN
modes (van der Klis et al. 1985¢; Hasinger et al. 1985). These
might be explained in a similar way as considered here for Sco
X-1, with any differences being due to the higher inclination
and the smaller thick disk radii derived from the (usually)
higher QPO frequencies.

VI. CONCLUSION

The QPO behavior of Sco X-1 is much more complex than
that first reported from GX 5—1 and cannot without addi-

tional assumptions be explained by any of the models orig-
inally proposed for GX 5— 1. The transitions we observe in Sco
X-1 between the different QPO modes, and the direct relation
between the QPO frequency and the blackbody luminosity,
which holds for all states, both indicate that a single mecha-
nism is responsible for the QPO properties seen in the two
intensity states. We have explored the possibility of an obscur-
ing oscillating disk model and find qualitative agreement with
many of the observed X-ray spectral and fast timing character-
istics of Sco X-1.
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