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ABSTRACT

Scorpius X-1 was observed with the Japanese X-ray satellite Ginga on 1989 March 9-11 as part of a multi-
wavelength campaign. The source was observed to be on the flaring branch for the first 31 hr, on the lower
normal branch for the next 7 hr, and on the flaring branch during a brief observation 17 hr after the final
normal branch observation.

We constructed a standard color-color, or Z-, diagram for Sco X-1. We then parameterized the state of Sco
X-1 by determining s, the distance along the Z-diagram from the flaring branch-normal branch vertex, as a
function of time. Sco X-1 moved smoothly and continuously through the Z-diagram and was never observed
to jump from one branch to another. All observed spectral characteristics (intensity, X-ray hardness ratios) are
well correlated with s,, indicating that the source changes its physical state smoothly as it moves along the
Z-diagram. The tight correlation of observables with s, is consistent with variation of a single physical param-
eter being responsible for the changes in state. There is no correlation between §,, the rate of change of s,
and observed spectral characteristics indicating that there is little, if any, hysteresis or memory in the spectral
state of Sco X-1 and that motion in the Z-diagram is essentially stochastic. The range of observed values of §,
depends on s;: s; always changes slowly along the flaring branch when it is near the flaring branch-normal
branch vertex, but can change rapidly during the excursions up and down the flaring branch which corre-
spond to large flares. A self-similarity is observed in the temporal profile of flares which is independent of flare
amplitude.

The temporal characteristics observed—including quasi-periodic oscillations, high-frequency noise, and very
low frequency noise—are consistent with previous observations of Sco X-1. Quasi-periodic oscillations are
observed on both the normal branch (6.3 Hz mean frequency) and the lower flaring branch (14.4 Hz mean
frequency), but not on the upper flaring branch. Limits are placed on the fractional rms variation of quasi-
periodic oscillations on the upper flaring branch of <2% of the total intensity. The characteristics of the
observed red noise components are found to vary along the flaring branch. The fractional rms variation of
very low frequency noise increases from <2% to 2 6% as Sco X-1 moves from the flaring branch-normal
branch vertex to the upper end of the flaring branch; the power-law index for very low frequency noise, a,
remains constant along the flaring branch (¢ = 1.72 £+ 0.01). Both the rms fractional variation and the width of
the high-frequency noise component vary as Sco X-1 moves out the flaring branch, with the rms fractional
variation decreasing from ~3% to <1% and the Gaussian rms width decreasing from ~15 Hz to ~5 Hz.
No dependence on §; is observed for any of the temporal characteristics.

A search for coherent pulsations was made in both high time resolution optical and X-ray data. Limits on
the 95% confidence limit pulsed amplitude are set at 0.10% (optical) and 0.19% (X-ray) for v < 50 Hz and
0.26% (X-ray) for v < 400 Hz. A search was made for optical quasi-periodic oscillations in data obtained while
normal branch oscillations were observed in the Ginga data; none were seen with an upper limit to the frac-
tional rms variation of 0.23% of the total intensity.

Subject headings: binaries: close — stars: individual (Scorpius X-1) — stars: variables: other — X-rays: stars

1. INTRODUCTION

Scorpius X-1 is the brightest extrasolar X-ray source in the
sky and the historical prototype of the class of low-mass X-ray
binaries (LMXBs). LMXBs contain a neutron star accreting
matter from a close, low-mass, main-sequence binary compan-
ion through Roche lobe overflow (Lewin & Joss 1983; White
1989). In recent years, our understanding of LMXBs has been
considerably enhanced by the closely coupled discoveries of
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quasi-periodic oscillations (QPOs) and distinct spectral states
in LMXBs. Sco X-1 is one of six LMXBs which have been
observed to have up to three spectral states or branches; each
branch has its own spectrum, characteristic QPO and red
noise phenomena, and variability properties. When an X-ray
color-color diagram is made of these six sources, it is found
that the X-ray colors, or hardness ratios, are correlated in all
three spectral states in such a way that the loci of the source
states form a doubly bent line which looks somewhat like a
“Z” (Hasinger 1987; Hasinger & van der Klis 1989). These six
sources (Sco X-1, GX340+0, GX349+2, GX5—1, GX17+2,
Cyg X-2) are known as Z-sources, and the three legs of the “Z”
are the horizontal branch, the normal branch, and the flaring
branch (see Lewin, van Paradijs, & van der Klis 1988 and van
der Klis 1989a for reviews of QPO observations).

Sco X-1 has long been known to have bimodal spectral
behavior. Until recently these spectral states were termed the
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“active” and “ quiescent ” states, and Sco X-1 was observed to
remain in a given state for a few hours to a few days (Bradt et
al. 1975; Canizares et al. 1975). The discovery of three spectral
and QPO states in other LM XBEs, including Cyg X-2 (Hasinger
1988b; Dotani & Mitsuda 1988) and GX17+2 (Langmeier
1988; Penninx et al. 1990), as well as the observation of a
third spectral state in Sco X-1 (Hasinger, Priedhorsky, &
Middleditch 1989), led to the identification of the “active”
state with the flaring branch and the “ quiescent ” state with the
normal branch (Hasinger 1987), while the third state seen by
Hasinger et al. (1989) is identified by the presence of low-
frequency noise as the only observation to date of Sco X-1 on
the horizontal branch.

Because it is so bright, Sco X-1’s spectra and QPO behavior
has been well studied. On the normal branch, where spectral
hardness is strongly correlated with intensity, Sco X-1 exhibits
a QPO with mean frequency ~6 Hz, FWHM ~1 Hz, and
fractional’ rms variation ~5% of total intensity (Middleditch
& Priedhorsky 1986; Priedhorsky et al 1986; van der Klis et al.
1987; Hasinger & van der Klis 1989). This normal-branch
QPO is observed only on the lower normal branch near the
flaring branch and has never been observed on the upper
normal branch near the horizontal branch (Hasinger et al.
1989). The frequency and fractional rms variation of the 6 Hz
normal branch QPO usually vary by ~10% and are weakly
anticorrelated with source intensity (v oc I ~%-5; Middleditch &
Priedhorsky 1986; van der Klis et al. 1987). The flaring branch
is characterized by flares of 25%-100% in intensity lasting tens
of minutes, interspersed with quiescent behavior. Spectral
hardness is strongly correlated with intensity during flares. On
the lower flaring branch, close to the flaring branch-normal
branch vertex, 10-20 Hz QPO with fractional rms variation

between 5% and 10% of intensity are observed, with the QPO ~

frequency strongly correlated with source intensity (v oc I3;
Priedhorsky et al. 1986; van der Klis et al. 1987). The horizon-
tal branch is recognized by a constant spectral hardness, inde-
pendent of changes in source intensity. On the single occasion
Sco X-1 was observed on the horizontal branch, no QPOs
were observed (Hasinger et al. 1989).

In addition to QPOs, several red noise components are seen
in Sco X-1 power spectra. On the flaring and normal branches,
a steep red noise component, which is identified with the very
low frequency noise (VLFN) seen in GX5—1 and Cyg X-2, is
observed below 1 Hz. The VLFN has a power-law index
between —1.4 and —2 and fractional rms variation ranging
from ~1.5% of intensity on the normal branch to ~6% of
intensity on the upper flaring branch (van der Klis et al. 1987;
Hasinger et al. 1989; Hasinger & van der Klis 1989). Low-
frequency noise (LFN), similar to that observed in Cyg X-2 and
GX5—1, has been observed in Sco X-1 only when it is on the
horizontal branch; the presence of LFN is one of the key
observational features of horizontal branch behavior. The
LFN in Sco X-1 can be described as a broad peak centered at
~2 Hz or as a power law with slope ~ 1 and exponential cutoff
between 2 and 5 Hz (Hasinger et al. 1989; Hasinger & van der
Klis 1989). Excess power with a high-frequency cutoff of ~60
Hz is seen on all spectral branches (Middleditch & Pried-
horsky 1986; Hasinger et al. 1989) and is referred to as high-
frequency noise (HFN) (Hasinger & van der Klis 1989).

Sco X-1 is not only the brightest celestial X-ray source, it is
also a relatively bright radio, optical, and ultraviolet source. It
was the target of numerous multiwavelength campaigns in the
1970s prior to the identification of spectral states with high-
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frequency temporal behavior (e.g., Canizares et al. 1973; Bradt
et al. 1975; Canizares et al. 1975; Mook et al. 1975; Ilovaisky et
al. 1980; Willis et al. 1980; Petro et al. 1981; see also Miya-
moto & Matsuoka 1977; Mason 1988). Our March 1989
observation of Sco X-1 with the Japanese X-ray satellite Ginga
was the basis of a multiwavelength campaign specifically to
study the different aspects of Sco X-1’s behavior as a function
of spectral branch. In addition, we hoped to use the large area
of Ginga and its high time resolution mode to detect the under-
lying, possibly millisecond, spin period of Sco X-1’s neutron
star primary.

During the Ginga observations reported here, Sco X-1 was
usually on the flaring branch. However, on the second day Sco
X-1 moved onto the normal branch for several hours of obser-
vations. We have concentrated on characterizing the observa-
ble properties of Sco X-1 as a function of its spectral state. In
particular we parameterize the spectral state of Sco X-1 with a
single parameters, s, which is defined in § 4. Because of the
large number of flaring branch observations, we are particu-
larly sensitive to dependencies while on that branch.

In this paper we summarize the principal aspects of the
multiwavelength campaign (§ 2). Preliminary results based
on these Ginga observations of Sco X-1, some of which are
superseded by this paper, have been reported by Wood et al.
(1989a, b) and Hertz et al. (1990b, 1992). We then present the
X-ray observations (§ 3) and the color-color and color-
magnitude diagrams (§ 4). It is here that we define s, and deter-
mine the spectral state of Sco X-1 for correlation with
observations at other wavelengths; radio, optical, and ultra-
violet observations and correlations are presented elsewhere
(Hjellming et al. 1990b; Augesteijn et al 1992; Vrtilek et al.
1991), as are analyses of hard X-ray observations obtained
with instruments aboard the Soviet space station Mir (Maisack
et al. 1992; Pan et al. 1992). The results of our studies of
quasi-periodic oscillations, millisecond pulsations, and HFN
and VLFN are given in § 5 and § 6. We conclude by briefly
relating these new observations to current models of Z-sources

§7).
2. THE MULTIWAVELENGTH CAMPAIGN

An observation of Sco X-1 with the Japanese X-ray satellite
Ginga was conducted on 1989 March 9-11. The goals of the
X-ray observation included (i) the study of QPOs with high
photon count rates, including short time scale fluctuations,
time lags, and correlations with gross spectral properties, (i) a
search for millisecond X-ray pulsations using coherence
recovery techniques to account for binary motion of the
source, and (iii) a search for signatures of nonaxisymmetric,
gravitational radiation-induced, neutron star instability.

Subsequently, ground-based and space-based observations
covering the electromagnetic spectrum from radio to hard
X-rays were scheduled in order to search for correlations of
non—X-ray properties with the X-ray spectral state of Sco X-1.
Previous multiwavelength campaigns to observe Cyg X-2 and
GX17+2 showed strong spectral state—dependent behavior in
radio (Penninx et al. 1988; Hjellming et al. 1990), optical (van
Paradijs et al. 1990), and ultraviolet (Vrtilek et al. 1990) obser-
vations. The results of the Sco X-1 multiwavelength campaign
are consistent with previously observed behavior in Z-sources
(Hjellming et al. 1990b; Augesteijn et al. 1992; Vrtilek et al.
1991).

Radio coverage was provided around the clock by the Very
Large Array, the Australian Telescope, and the Westerbork
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FiG. 1.—Timeline for the Sco X-1 muitiwavelength campaign showing observing windows by instrument. For Ginga and Kvant/Mir, the gaps in the observations
are due to occultations of Sco X-1 by the Earth. For IUE, individual exposures are indicated. For ground-based observatories, the hours during which data were
collected are indicated. The last line in the figure indicates the times that Sco X-1 was observed on the flaring branch (FB), normal branch (NB), and near the flaring

branch—normal branch vertex (V).

Radio Synthesis Telescope. Optical observations were sched-
uled at the European Southern Observatory, McDonald
Observatory, Wise Observatory, and Dodaira Observatory.
Although nearly continuous coverage was planned, world-
wide clouds on March 10 reduced the optical coverage con-
siderably. Continuous ultraviolet observations were conducted
over a 40 hr period from both the European and American
ground stations of the International Ultraviolet Explorer.
Simulataneous hard X-ray observations were made with the
Kvant astrophysics module aboard the Soviet space station
Mir.

In Figure 1 we give an approximate timeline for the cam-

paign. The coverage for each instrument in the campaign
is shown. In Table 1 we give the types of data in the cam-
paign data base, including the principal observers and pri-
mary observations made from each observatory during the
campaign.

3. THE X-RAY OBSERVATIONS

The Ginga observations were made with the Large Area
Counter (LAC), an array of eight multicell proportional
counters with a total effective area of 4000 cm? (Makino 1987;
Turner et al. 1989). The observations were performed using
two different on-board data reduction modes, three different

TABLE 1

ScorpiUus X-1 MULTIWAVELENGTH CAMPAIGN

Observatory

Principal Observers

Character of Observations

Kvant Module, Mir space station .....
International Ultraviolet Explorer ......
European Southern Observatory, Chile
McDonald Observatory, Texas ........
Dodaira Observatory, Japan ...........

Wise Observatory, Israel................

Very Large Array, New Mexico .......

Australian Radio Telescope, Australia

Westerbork Synthesis Radio Telescope, Netherlands .....

P. Hertz, K. Mitsuda,
K. Wood

G. Hasinger

W. Penninx, S. Vrtilek
T. Augusteijn,

J. van Paradijs

K. Horne, E. Robinson
S. Kikuchi

N. Brosch, E. Leibowitz

R. Hjellming, W. Lewin

R. Stewart, G. White
R. Strom

X-ray spectroscopy (1.5-19 keV, 12 channels, 250 ms
time resolution); X-ray photometry (1-16 keV, 2 channels,
1 ms time resolution)

Hard X-ray spectroscopy and photometry (20-200 keV,
25 ms time resolution)

Ultraviolet spectroscopy (1200-2000 A, 2000-3200 A,
40 minute time resolution)

90 cm telescope; optical multicolor photometry (Walraven
VBLUW, 3250-6000 A, 16 s time resolution)

90 cm telescope; optical photometry (unfiltered, 10 ms
time resolution)

91 cm telescope; optical multicolor photometry (8 bands,
36008800 A, 23 s time resolution); optical polarimetry

1 m telescope; optical multicolor photometry (Johnson
UBVRI, 3010-10200 A, 2 minute time resolution); optical
polarimetry

Radio multifrequency photometry (B-array, 1.49 GHz,
49 GHz, 8.4 GHz)

Radio photometry (8.7 GHz)

Radio photometry (333 MHz)
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TABLE 2
DATA TyPES USED IN Ginga OBSERVATIONS OF SCORPIUS X-1

Time Energy Integration
Detector Resolution Spectral Range Time Plot
Data Type Mode Bit Rate Gain (ms) Channels (keV) (hr) Symbol

A, PC High Low 0.98 2 1.2-15.7 293 +
B, PC Medium Low 7.81 2 1.2-15.7 0.00

Covriiiiiiiiene, MPC-3 High High 7.81 12 1.5-18.7 0.19 e
Do, MPC-3 Medium High 62.50 12 1.5-18.7 5.73 X
| PN MPC-3 Low High 250.00 12 1.5-18.7 1.57 O
| P MPC-3 High Low 7.81 12 1.2-36.8 1.78 A

telemetry bit rates, and two different detector gains; these com-
binations resulted in a total of six data types, each with differ-
ent time and spectral resolution. We have labeled these as data
types A—F (Table 2).

Data types A and B were obtained with the on-board com-
puter in PC mode, the high time resolution photometry mode,
and at low detector gain. In PC mode, there are two spectral
channels available; for our observations, the energy ranges
were set to 1.2-5.8 keV and 5.8-15.7 keV. When the LAC is
operating in PC mode at high bit rate, the lower energy
channel is read out every 1 ms, and the higher energy channel
is read out every 2 ms (data type A). In PC mode at medium bit
rate (data type B), the lower energy channel is read out every 8
ms and the higher energy channel is read out every 16 ms. We
have not used any of the type B data in the study reported here
because of a data overflow problem.

The MPC-3 mode of the Ginga on-board computer is for
high time resolution spectroscopy. In this mode, the X-ray data

are divided into 12 energy channels, and the channel break
points depend on the detector gain. At high gain the energy
range is 1.5-18.7 keV (data types C, D, and E), and at low gain
the energy range is 1.2-36.8 keV (data type F). The time
resolution of the data depends on the bit rate: 8 ms at high bit
rate (data types C and F), 63 ms at medium bit rate (data type
D), and 250 ms at low bit rate (data type E). The data types,
properties, and observing time for each are summarized in
Table 2.

Throughout this paper, wherever we plot data from different
data types, we use the set of plotting symbols given in the final
column of Table 2. In this manner, any systematic differences
between data types become clear.

We present the X-ray light curve for Sco X-1 obtained
during the campaign in Figure 2. The X-ray intensity plotted is
the corrected count rate in the 2.3-18.7 keV energy band. In
order to determine this quantity, the observed count rate must
be corrected for the collimator response and for detector dead

(@)
2 T T T
3 |
o £ X *
RT ; o . I « B 7
E : 3 §n ¥ §
= ; : g2 2 % % i
:’é $ X g X BQ B
c + 3 ¥ ix =] x i
2 f o %i xixi
£ § § + X X
5 fl ! i 3 i 1
T 9 ¥
=< 9 B ‘ 7
t *i ) ]
+ E
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7595.5 7596 7596.5 7597
JD — 2440000

Fic. 2.—Light curve for Sco X-1 during the campaign. The intensity is the 2.3-18.7 keV corrected count rate. The plotting symbols represent the various data
types; a key is in Table 2. The large gaps in the light curve represent Earth occultations of Sco X-1 during each Ginga orbit. Typical 1 ¢ uncertainties are shown in the
lower left corner. The large error bar shows the uncertainty due to the aspect jitter and pointing uncertainties of Ginga and the small error bar shows the statistical

uncertainty due to finite counting statistics.
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TABLE 3
X-RAY CoUNT RATES AND CORRECTIONS?

Detector Corrected

Time Ginga Data Count Rate Dead Time Aspect Count Rate®
D) Orbit Type (ket s™1) Correction Correction (kct s7Y)
5.380-5.398......... 1 A 179 0.75¢ 9.52¢ 128
5.433-5464......... 2 A 213 0.75¢ 9.52¢ 152
5.500-5.516......... 3 A 210 0.75¢ 8.70¢ 137
5.517-5.523......... 3 C 12.1 1.53 7.55¢ 140
5.525-5.531......... 3 D 11.8 1.52 7.81 140
5.567-5.595......... 4 D 13.1 1.61 9.10 191
5.627-5.660......... 5 D 12.6 1.58 847 167
5.691-5.728......... 6 D 129 1.59 8.96 183
5.758-5.795......... 7 D 10.8 1.46 9.37 149
5.889-5919......... 9 D 10.1 1.41 9.82 140
5.919-5929......... 9 E 9.2 1.36 9.82 123
5.955-5.987......... 10 D 11.6 1.49 10.26 177
5.957-5.993......... 10 E 11.3 1.48 10.26 172
6.022-6.024......... 11 D 85 1.33 1041 117
6.024-6.034......... 11 E 100 1.40 1041 146
6.165-6.192......... 13 A 152 0.75¢ 14.29¢ 163
6.226-6.262......... 14 A 134 0.75¢ 14.29¢ 144
6.296-6.332......... 15 A 14.6 0.75¢ 15.38¢ 169
6.365-6.374......... 16 A 9.7 0.75¢ 16.67¢ 121
6.375-6.39%4......... 16 F 6.1 1.18 12.69 91
6.428-6.449......... 17 F 9.1 1.32 12.83 155
6.492-6.532......... 18 D 82 1.31 14.66 159
6.559-6.563......... 19 D 8.7 1.33 13.20 153
6.563-6.593......... 19 E 89 1.34 13.20 157
6.643-6.660......... 20 D 5.1 1.17 13.46 79
6.714-6.725......... 21 D 49 1.16 16.11 91
6.756-6.794......... 22 D 43 1.14 16.56 80
6.854-6.856......... 23 C 3.8 1.12 18.58¢ 78
7.566-7.567......... 34 E f

* All quantities averaged over single Ginga orbits.

® JD’ = JD — 2,447,590.

¢ The uncertainty in corrected count rate can be significant due to spacecraft jitter (see eq. [1]).
4 Estimated dead time correction includes scale factor for converting between energy bands.

¢ Estimated aspect correction.

f Data not analyzed here (see Wood et al. 1989a).

time; the count rate is not corrected for detector or window
efficiency. In addition, PC mode data (data type A) must be
corrected for its different energy band (1.2-15.7 keV).

Sco X-1 is so bright that direct observations can damage the
detector. To reduce the detector count rates to safe levels, Sco
X-1 was observed at collimator response levels C between 5%
and 15%. At these collimator response levels, the collimator
response is essentially independent of incident photon energy
(Turner et al. 1989). The observed count rates were still quite
high (~4-13 kilocounts s ') and moderate detector dead time
corrections were required (20%—60%). For data types D, E,
and F, the data were corrected for both the collimator response
and detector dead time. For data types A and C, the data were
corrected for detector dead time, but the detailed collimator
response corrections were not available. We estimated average
collimator response corrections for the two short data type C
observations by requiring the mean corrected count rate to
agree with contiguous type D observations. Finally, because
the PC mode data (data type A) covers a different energy band,
we have scaled it so that the mean of the type A data agrees
with the mean of the types D and F data which immediately
follow it. We summarize in Table 3 the magnitudes of the
various corrections made to the data. Note that the tabulated
corrections multiply the detector count rate to yield the cor-
rected count rate; in particular the aspect correction is 1/C, the
inverse of the collimator response.

The uncertainties in the corrected count rates must include
both counting statistics and uncertainties in the aspect. The
counting statistics can be calculated simply from the detector
count rates. There are several aspect uncertainties and jitters.
First there is a slow drift due to error in the estimation of the
gyro drift rates; this was typically 023 per day in 1989. Second
there is a drift of approximately 0°1 per Ginga orbit in the
pointing direction due to the interaction of the magnetic coils,
which control pointing, and the geomagnetic field. The effects
of these drifts are canceled by the attitude determinations,
which are obtained every 4 or 32 s with an accuracy of better
than 0°05. Finally the momentum wheels cause a small jitter
around the pointing direction with small amplitude, less than
0201, and rapid time scale, ~1 s.

The only aspect uncertainty which adds appreciably to the
uncertainty in the collimator response corrections is the uncer-
tainty in the aspect determination, Y, = 0°05. This uncer-
tainty changes with a time scale of 32 s or less. By averaging the
1° x 2° FWHM rectangular collimator response of the Ginga
LAC over all roll angles, we estimate that the fractional uncer-
tainty in the collimator response C, and hence in the corrected
count rate, due to aspect jitter is

(UC/C)aspect = 0'45waspect/c . (1)

For Yopeet = 0205, (0¢/C)agpeet i 2% on axis, but 17% at
C = 0.13 and 42% at C = 0.054; these values bracket the colli-
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mator response during the Sco X-1 observations. For X-ray
colors and hardness ratios, which are ratios of count rates, the
uncertainties in the collimator response cancel out.

Sco X-1 was observed for half of each Ginga orbit, or about
45 minutes out of every 90 minutes, for the 36 hr campaign. It
is impossible to plot a continuous light curve of Sco X-1 with
reasonable resolution because of the large and frequent gaps in
the observation—this is why Figure 2 looks like a set of verti-
cal stripes. In Figure 3 we plot a matrix of Sco X-1 light curves
from independent Ginga orbits on identical scales, but we have
removed the observational gaps caused by Earth occultation of
Sco X-1. The beginning time T, for orbit n,, is

Ty(n,,) = JD 2,447,595.27854 + 0.06632n,,, . ©

The predominant variability time scales for Sco X-1 during
the observation are clearly visible in Figure 3. Since this varia-
bility takes much longer than the 32 s time scale for aspect
determination, we can be sure that it represents variability in
the source Sco X-1 and not in the Ginga aspect determination.
During much of the observation, Sco X-1 is flaring from the
100 kilocounts s~ ! level to the 200 kilocounts s~ ! level on time
scales of ~ 10 minutes. However, during the latter part of orbit
16 and during orbits 20-23, Sco X-1 is fainter (~ 80 kilocounts
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s~ 1) and is not flaring. The flaring activity is identified with the
flaring branch and the fainter state is identified with the
normal branch (see § 4).

4. SPECTRAL BRANCHES AND THE Z-DIAGRAM

4.1. The Color-Color and Color-Magnitude Diagrams

In order to determine which spectral branch Sco X-1 is on
during the campaign, we have constructed both color-
magnitude and color-color diagrams of the X-ray data. We
define four energy bands for the 12 channel spectroscopic data
(MPC-3 mode, data types C-F): 2.3-4.6 keV, 4.6-6.9 keV,
6.9-9.2 keV, and 9.2-18.7 keV. These correspond to channels 2,
3, 4, and 5-8 for the low-gain data (data type F) and to chan-
nels 3—4, 5-6, 7-8, and 9-12 for the high-gain data (data types
C-E). We then construct three X-ray hardness ratios from
these energy bands. The soft hardness ratio Sy is the ratio of
the 4.6-6.9 keV count rate to the 2.3-4.6 keV count rate, the
hard hardness ratio Hyy is the ratio of the 9.2-18.7 keV count
rate to the 6.9-9.2 keV count rate, and the overall or broad
hardness ratio By is the ratio of the 6.9-18.7 keV corrected
count rate to the 2.3-6.9 keV corrected count rate.

In Figure 4 we show the X-ray color-magnitude diagram for
the observation; we have plotted the overall X-ray hardness
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F1G. 3—Light curves for Sco X-1 on a Ginga orbit-by-orbit basis. The plotting symbols represent the various data types; a key is in Table 2. The data shown here
is the same shown in Fig. 2; here we show a separate light curve for each Ginga orbit. The scales are identical for each panel, and the orbit number is shown in the
upper left corner of each panel. The exact times for each Ginga orbit are given in Table 3 and can be calculated from eq. (2).
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Fi6. 4—The X-ray color-intensity or color-magnitude diagram for Sco X-1 in which the broad hardness ratio By is plotted against the corrected X-ray count
rate. The data are binned in 32 s bins. The plotting symbols represent the various data types; a key is in Table 2. The spread in the diagram, which appears to depend
on data type, actually depends on orbit number and can be entirely accounted for by uncertainties in the X-ray intensity due to aspect jitter and pointing uncertainty.

A typical error bar, including aspect jitter, is shown in the lower right corner.

ratio By against the X-ray intensity for data binned in 32 s
accumulations. Only data types for which we have accurate
aspect corrections are included (data types D-F). The uncer-
tainties due to counting statistics are negligible in 32 s bins,
typically 0.2% of the intensity of +0.001 for log(intensity).
However, the uncertainties in the aspect correction are compa-
rable to the jitter in the satellite pointing, which were ~0°05
during the Sco X-1 observation. As mentioned in § 3, this
introduces uncertainty in the aspect correction between 17%
and 42% for the Sco X-1 observations. In Figure 4 we show a
typical uncertainty in the aspect correction for the intensity
measurements. Note that the observations show a strong
correlation between the broad hardness ratio and X-ray inten-
sity, and that all of the spread in the color-magnitude diagram
can be accounted for by the uncertainties in the aspect correc-
tion.

The correlation between the hardness ratio and the intensity
indicates that Sco X-1 was on either the normal branch or the
flaring branch during the observation. In order to resolve
between the two, we have plotted the X-ray color-color
diagram (Fig. 5) for the observation; here we can include all
spectroscopic data (data types C-F) since the hardness ratios
are independent of aspect corrections. The X-ray color-color
diagram clearly shows that Sco X-1 was on the flaring branch
for most of the observation, and on the lower normal branch
for a small fraction of the observation. The X-ray color-color
diagram in Figure 5 represents the lower half of a complete
Z-diagram; the top half would consist of the horizontal branch
and the upper normal branch (Hasinger & van der Klis 1989;
Hasinger et al. 1989).

4.2. The Z Diagram

Hasinger (1987, 1988a) and Lamb (1989) have suggested that
a single physical parameter changes as the source moves along
the “Z”; they suggest that this parameter is the mass accretion
rate M. The tight correlation in both the X-ray color-
magnitude diagram and the X-ray color-color diagram sup-
ports the single parameter hypothesis. In order to investigate
whether all of the observables in our data are consistent with
the single parameter hypothesis, we have defined a metric to
measure the position of Sco X-1 along the “Z” at any time. We
have chosen as the metric s, the arc length along the “Z” from
the flaring branch-normal branch vertex to the current posi-
tion. The exact value of s, depends on both the energy chan-
nels chosen for the hardness ratios Syg and Hyg and on the
instrumental response of the Ginga LAC.

We define positive values of s, to be along the flaring
branch, and negative values to be along the lower normal
branch. To quantify s,, we fitted a rotated parabola to the
color-color diagram shown in Figure 5. The best-fitted para-
bola is

Syr sin () + Hyg cos (0) = a[Syg cos (6) — Hyy sin (9)]?

+ b[Syr cos () — Hyg sin 0)] + ¢, (3)

where Syy is the soft hardness ratio, Hyg is the hard hardness
ratio, and

a=4359, b= -549, ¢c=097, 0=36207. (4

The vertex between the normal branch and the flaring branch
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F1G. 5.—The X-ray color-color diagram or Z-diagram for Sco X-1 in which the hard hardness ratio Hyy is plotted against the soft hardness ratio Syz. The data
are binned in 32 s bins. The plotting symbols represent the various data types; a key is in Table 2. The right-hand branch is the flaring branch and the vertical branch
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FI_GA 6.—The Z-diagram of Sco X-1 from Fig. 5 is overlayed with the rotated parabola described by eqs. (3) and (4) along which sz is measured, as well as a grid
showing the values of s, (distance along the Z-diagram measured from the flaring branch-normal branch vertex) and t, (distance from the center of the “Z” shaped

curve).
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has a soft hardness ratio Sy = 0.522 and hard hardness ratio
Hyg = 0.609.

For each two-color measurement in Figure 5 with coordi-
nates Sygr and H,y, we determine the point on the parabola
closest to the measurement; let this point be designated 2. We
then calculate s; as the arc length from the flaring branch—
normal branch vertex to £ along the parabola; we also deter-
mine how far the measurement is from the parabola by
calculating t,, the linear distance from the measurement to 2.
In Figure 6 we show the parabola described in equations (3)
and (4), as well as s, and t, grid lines, superposed on the
color-color diagram of Figure 5.

In Figure 7 we show various observational characteristics of
Sco X-1 (X-ray intensity, soft hardness ratio Syg, hard hardness
ratio Hyy, broad hardness ratio Byg) plotted against s,. In
every case, there is a good correlation, the width of the curves
being accounted for by the uncertainties in the measured quan-
tities. In addition there is no correlation between t, and s, or
any observable quantity. This implies that s, tells us everything
about the observable luminosity and spectrum of Sco X-1
during this observation, and that the spectral state of Sco X-1

209

may be described by a single parameter. Although the current
observable state of Sco X-1 is well described by s, s, cannot be
used to predict (in detail) what the observable state of Sco X-1
will be in a short time (< 1 minute; see § 4.3).

From the observed broad hardness ratio By, the state vari-
able s; can be determined, as long as one knows a priori
whether the source is on the normal or flaring branch. It is
clear from comparison of the light curves (Figs. 2 and 3) with
the spectral branch determinations (Fig. 5) that Sco X-1 was
always on the flaring branch for intervals when PC mode data
(data type A) was available. We fitted a straight line to the
flaring branch in Fig. 7d, and obtained the relation

s; = 1.515By, — 0.332. )

For PC mode data, the energy channels (1.2-5.8 keV, 5.8-15.7
keV) do not exactly match the hardness ratio energy channels
(2.3-6.9 keV, 6.9-18.7 keV). By comparing PC mode data with
MPC-3 mode data obtained a few minutes earlier or later, we
determined a constant correction factor which we used to scale
the instrumental PC mode hardness ratio into the MPC-3
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FiG. 7—The observable characteristics of Sco X-1 are shown as a function of s,, the distance along the Z-diagram. Positive s, represents the flaring branch and
negative s, is the normal branch. The data is binned in 32 s bins. The plotting symbols represent the various data types; a key is in Table 2. (a) The X-ray intensity
plotted against s,. (b) The soft X-ray color Sy plotted against s,. (c) The hard X-ray color Hy plotted against s,. (d) The broad hardness ratio By, plotted against s,.

Typical error bars are shown in the lower right corner.
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mode hardness ratio energy channels, i.e.,

5.8-16.1 keV count rate ©
1.2-5.8 keV count rate /

We could then determine B,y for PC mode data using equa-
tion (6), and estimate s, for PC mode data using equation (5).

We are now in a position to show graphically that Sco X-1
moves continuously along the Z-diagram during the campaign.
In Figure 8 we show sz, as a function of time, on an orbit by
orbit basis similar to Figure 3. Note that s, always changes
continuously, which means Sco X-1 always moves along the
“Z” in the color-color diagram. This behavior was previously
observed for Cyg X-2 (Hasinger et al. 1990). Note also that the
slope of the plot of s, during flares, ie., $; = ds;/dt, tends to
have approximately the same magnitude (within a factor of a
few). From Figures 3 and 8 we estimate that a flare takes ~ 10
minutes from beginning to end.

Bu(PC) = o.ss(

4.3. Motion inthe Z-Diagram

The concept of §; is very important if the current state of Sco
X-1 is described primarily by the location of the source in the

HERTZ ET AL.
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Z-diagram. In that case, s; is a state variable, and $, describes
the past evolution of the state variable. If the future evolution
of Sco X-1 could be predicted from its current state, then one
would expect there to be a correlation between s, and 5,. On
the other hand, the current observable properties of Sco X-1
might depend on both the source’s current state (s;) and its
past state ($7), i.e., there might be physical hysteresis in the
system. In this case, s, and $, might be independent state vari-
ables.

In Figure 9 we see that, for this observation, there is no
evidence for direct correlation between s; and $,, though there
is clearly a limited region of the phase space plotted which is
occupied. In particular, the spread in §, about the axis §; = 0 1is
a function of s,. From the lack of correlation, we conclude that
there is no physical hysteresis in the system and that the
motion of Sco X-1 in the Z-diagram, which corresponds physi-
cally to changes in intensity and spectral state, is stochastic in
nature. The symmetry about $, = 0 indicates that flares are
symmetric in time, i.e., a decaying flare is identical to a time-
reversed rising flare. A close inspection of Figure 3 supports
this observation in the time domain.

1 12 13 1 2:¢ T8 16 ]
N 1 * 1 1 * 1l = 1% F TN _
S A ™ S , PEE T e L
I ? 1 L N id T o ; I < I <
. % W g
O - - <4 -+ -+ - .
/g 'l- 7I T T T —l 8[ T T T _: 9[ T T T —:AIO T T 1 _l_ 1[ L} L} T -.-l- 112 L] T T ]
9 | i& 1 __k 1 1 [} 1 ]
I b ™ W
N OFr T + T + + E
C I 1 1 N L 1 L 1 1 | 1 L 1 1 L 1 1 1 1 L L L L 1 i 1 1 1 L
9 u T T T T T T T T T u T T T T u T T T T T L} T L} T u T T T T
o 13 + 14 + 15 + 16 + 17 + 1 -
0 TR Y, & 4 i LAY N
O S 4y T *X T 4 w7 *3;?‘» 1 + %ﬁ T 5#-& ;ﬁ'hr; .
5 » L o~ M, 1 - v 1 1 o
o ol 1 1 1 L i 1
@ A —————f————
! 1 20 121 122 123 + ]
N 1 1 1 1 1 i
(@]
°l | | et | e Vew | | ]
30 60 30 60 30 60 30 60 30 60 30 60

time (minutes after beginning of orbit)

FiG. 8—The position in the Z-diagram, s, plotted against time for Sco X-1 on a Ginga orbit-by-orbit basis. It is clear that s, is continuous in time and that Sco
X-1 moves smoothly along the Z-diagram and is never observed to jump between branches. It is also easy to see that Sco X-1 approaches the flaring branch-normal
branch vertex during orbit 16 and is on the normal branch during orbits 20-23. The plotting symbols represent the various data types; a key is in Table 2. The scales
are identical for each panel, and the orbit number is shown in the upper left corner of each panel. The exact times for each Ginga orbit are given in Table 3 and can be

calculated from eq. 2.
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FiG. 9.—The velocity in the Z-diagram §, plotted against the position in the Z-diagram s, for Sco X-1. Note that the allowed range of velocities §, is a function of
position s,. Only small velocities are observed near the flaring branch-normal branch vertex at s, = 0. Sco X-1 always moves slowly through the vertex onto the
normal branch but is observed to move rapidly when it goes far out the flaring branch during a large flare. The plotting symbols represent the various data types; a

key is in Table 2.

In Figure 10 we show a sclection of flares in the s;-3; phase
space. These flares were chosen to be well resolved from other
flares and both the rise and decay of the flare were completely
observed. From this figure, we can see that flares are indeed
symmetrical between the rise and decay portion of their evolu-
tion. This shows as a symmetry between the top and bottom of
the curves in Figure 10. We also note that all of the flares have
similar shapes in the phase space trail. In the figure this is
revealed by the similar ellipticity and orientation of the trails;
in the time domain this would be seen as a self-similarity in
flare shapes.

The populated portion of s;-5; phase space in Figure 9isa
function of s,. This means that the maximum speed at which
Sco X-1 moves through the Z-diagram increases as Sco X-1
moves out the flaring branch, and that it always moves
through the flaring branch—-normal branch vertex very slowly.
If instabilities in a super-Eddington accretion flow are
responsible for the intensity fluctuations on the flaring branch
(Lamb 1992), then we conclude that the shortest time scale for
variability is a function of M and/or luminosity.

In the context of models where motion along the Z-diagram
is caused by a single property of the X-ray binary, e.g., M, s, is
a function of only that property. Clearly $,, which is a function
of observable properties, is not completely correlated with s;.
Understanding theoretically how s, depends on intrinsic
properties of Z-sources, and what physical changes in Sco X-1
cause changes in s, is a goal of current research.

5. STUDY OF QUASI-PERIODIC OSCILLATIONS
AND RED NOISE

The correlation between Sco X-1’s spectral state and QPO
behavior has been known since the discovery of QPO in Sco

X-1 (Middleditch & Priedhorsky 1986). Our observation is
entirely consistent with previously observed Sco X-1 QPO
behavior (see § 1). In Figure 11 we present histograms of the
amount of data we have available as a function of s, and of
data type. Recall that the flaring branch-normal branch vertex
occurs at s, = 0 and that s, is positive on the flaring branch
and negative on the normal branch. With the exception of a
small amount of 8 ms types C and F data (~ 5 minutes), all of
our high time resolution data were taken while Sco X-1 was on
the flaring branch, most of it well away from the vertex (s >
0.1). The volume and quality of our data give us the capability
of studying the aperiodic and quasi-periodic processes as a
function of Sco X-1’s spectral state by looking for the depen-
dence of these processes on sz.

5.1. Functional Fits to Power Spectra

Data type A, type D, and type F were used for studying the
dependence of QPO, VLFN, and HFN characteristics on sz.
Type C data were not used because there is very little (only 11
min) of that data type, and type E data were not analyzed
because of its very low time resolution. The data were divided
into segments with length T = 128 s (data type A), 256 s (data
type D), or 64 s (data type F), and a fast Fourier transform
(FFT) was used to determine the power spectrum for each
segment. The segments were sorted by the location of Sco X-1
on the Z-diagram at the time of the data segment, and the
power spectra for data of similar s, and identical data type
were incoherently summed. The number of individual power
spectra summed into each average power spectrum ranged
from Ngpr = 7 to 30. We have used the Leahy et al. (1983)
normalization for the average power spectra and have
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F1G. 10.—The path of Sco X-1 through s,-5, phase space during flares. Several well-resolved flares of various amplitudes are shown, with data points connected in
time order. The self-similarity of the better resolved large flares is clear; smaller flares are probably self-similar but less well resolved in time. Each datum is a 32 s
integration. Each flare is labeled with the Ginga orbit during which it occurred and the reduced Julian Date of the maximum intensity (see Table 3). Note that since s,
must be positive when s, is increasing during the rising portion of a flare, Sco X-1 moves clockwise along the loop during a flare.

rebinned the average power spectra to increase signal-to-noise
(see van der Klis 1989b).

The average power spectra were fitted to a model consisting
of up to four components: Poisson or white noise, very low
frequency noise, high-frequency noise, and quasi-periodic
oscillations.

White Noise (WN).—The Poisson noise is given by a con-
stant Cyy, which would be normalized to 2 in the absence of
instrumental dead time effects. The high counting rates of this
observation imply large dead time effects (up to 60% reduction
in Cyy) in the LAC and this precludes their prediction. We
have therefore fitted Cyy simultaneously with other com-
ponents of the power spectra, and verified that the best-fitted
value of Cyy is consistent with estimates (Mitsuda & Dotani
1989).

Very Low Frequency Noise (VLFN)—VLFN is a steep red
noise component which dominates the lowest frequency chan-
nels in all of the Sco X-1 power spectra. It is well fitted by a
power law with slope a, f(v) = Cy pn V™% Where Cypgy is the
normalization. VLFN is present in observations of all Z-
sources on all three spectral branches (Hasinger & van der Klis
(1989).

High Frequency Noose (HFN)—HFN is a component of

excess power which is observed above the steep VLFN com-
ponent out to ~50 Hz. HFN was first observed on the flaring
branch of Sco X-1 (Middleditch & Priedhorsky 1986), but has
since been observed on all three spectral branches in Sco X-1
(Hasinger et al. 1989) and other Z-sources (Hasinger & van der
Klis 1989). Previous authors have fitted HFN with an expo-
nentially cut-off flat power law (e.g., Hasinger & van der Klis
1989); however, we obtained significantly better fits using a
half-Gaussian form. The functional form used is f(v) = Cygn
exp (—v%/202,), where o, is the Gaussian rms width of the
HFN and Cygy is the normalization. With this functional
form, the HFN drops to half its peak value at v = 1.180,,,.

Quasi-periodic Oscillations (QP0O).—QPOs are observed on
both the normal branch and the flaring branch. The shape of
the QPO is well fitted by cither a Lorentzian or a Gaussian.
We have chosen to represent QPOs with a Lorentzian with the
standard functional form f(v) = Cpo/[(v — Vopo)* + YEwnm/4)s
where vgpo is the QPO central frequency, ygwpy is the FWHM
width of the QPO, and Cp, is the normalization.

The average power spectra were fitted with WN, VLFN, and
HFN and QPO when needed. The best-fit parameters were
determined by minimizing, in a least-squares sense, the differ-
ences between the log of the power and the log of the fitting
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Fi1G. 11.—Available Ginga data as a function of s, and data type. Note that there is no high time resolution data (data type A) while Sco X-1 is on the normal
branch (s, < 0), but a large amount of high time resolution data while Sco X-1 is on the flaring branch (s, > 0).

function. The results are given in Table 4. The 1 ¢ uncertainties
are obtained by assuming that fitted parameters are indepen-
dent and by determining the width of the y2,, + 1 contour
projected onto the axis of interest. In addition, 95% confidence
level upper limits have been estimated in several cases where
HFN and QPO are not observed by fixing shape parameters at
a nominal value and determining the width of the y2,, + 2
contour projected onto the axis of the normalization of the
feature in question. Finally, we have estimated the fractional
rms variations of the VLFN, HFN, and QPO features as a
percentage of the total intensity. If 4 is the fractional rms
variation, then van der Klis (1989b) shows that

[l fmdv
A B 2 CWN Nc!s ’ (7)

where N, is the total number of counts in an average data
segment, 7 is the width of a data bin, and Cy,y provides an
empirical correction for dead time.

5.2. Detection of Quasi-periodic Oscillations

Because of the high detector count rate (> 10 kilocounts s 1)
achieved with Ginga on the flaring branch, we were able to
detect the flaring branch QPO, which is observed only when
Sco X-1 is near the vertex, 0 < s; < 0.025. The observed fre-
quency of 14.5 Hz, FWHM width of 6 Hz, and fractional rms
variation of 4.9% of total intensity are all consistent with pre-

vious observations (Middleditch & Priedhorsky 1986; van der
Klis et al. 1987). An average power spectrum for the period
when flaring branch QPO are present is shown in Figure 12a.
At locations further up the flaring branch (0.025 < s, < 0.085),
the flaring branch QPO is not observed, with a 95% con-
fidence upper limit to its fractional rms variation of 1.3%.

We have no high time resolution data in which we are able
to see the 6 Hz normal branch QPO. However, we were able to
look for normal branch QPO in the type D data, which has a
time resolution of 62.5 ms. Figure 12b shows an average power
spectrum for the normal branch data (—0.085 < s, < 0). Note
the presence of normal branch QPO near the Nyquist fre-
quency, as seen in previous observations (Middleditch &
Priedhorsky 1986; Priedhorsky et al. 1986; van der Klis et al.
1987). The observed frequency of 6.3 Hz, the FWHM width of
2.1 Hz, and the fractional rms variation of 2.6% are typical. No
normal branch QPO is observed in the lower flaring branch
data (0.062 < s, < 0.124) with a 95% confidence upper limit
fractional rms variation of 0.7%.

As discussed in § 4, we are interested in determining whether
the state variable s, is sufficient for describing the spectral and
temporal characteristics of Sco X-1, and whether there is any
hysteresis in the system as indicated by dependence of proper-
ties on §,. We know that QPO depends on s, since sz is
equivalent to location on the Z-diagram. We next searched for
dependence of QPO phenomena on §;. We separated the type
F flaring branch QPO data (0 < s, < 0.022) in 32 s data seg-
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TABLE 4
POWER SPECTRA COMPONENTS"
VLFN HFN QPO
CouNT
DaATA RATE? rms’ slope rms# Crms rms Varo PEWHM
52° Type®  (kilocounts s™!)  Nggr® (%) (@) (%) (Hz) (%) (Hz) (Hz)
—0.085——0.006............ D 54 14 26+01 1.82+0.07 26+02 63+01 21+04
0.062— D 12.2 12 37+02 1.65+0.04 <0.7%
0.132- D 12.6 12 62+02 1824003
0.154—- 0.173............ D 12.6 12 4.6 + 0.2 1.67 + 0.03
0.179- 0.205............ D 122 12 6.3+ 0.2 1.76 + 0.03
0.209- 0.248............ D 13.0 9 57403 1.65+0.03
0.055- 0.081............ A 12.6 7 3.6+03 1.79+0.09 32+0.1 134+ 1.1 <09t
0.104— 0.156............ A 16.9 30 45+02 1734+004 1640.1 116 + 1.3
0.163— 0.240............ A 17.4 27 63+03 1724004 11+0.1 49 + 09
—0.001- 0.022............ F 15 10 19+03 2054033 23+04 100+32 49+0.2 144+02 60+06
0.028- 0.085............ F 8.2 16 28+03 192+0.17 30+04 179 + 3.8 <13
0.166— 0.278............ F 13.0 23 54+03 1.67 +0.04 <0.9 <08t

normalized power

2 See text for functional form of fitted components: power law VLFN, half-Gaussian HFN, Lorentzian QPO.
® Normal branch (NB): s, < 0; flaring branch (FB): s, > 0.
¢ Let T = duration of data segment, N = number of bins in data segment, t = duration of data bin, fr = frequency range in power spectrum. Data type A:
T = 1285, N = 65536, 1 = 2 ms, fr = 0.008-256 Hz. Data type D: T = 256 s, N = 4096, t = 62.5 ms, fr = 0.004-8 Hz. Data type F: T = 64 s, N = 8192, 7 = 7.8 ms,
fr = 0.016—64 Hz.
¢ Average uncorrected detector count rate.

¢ Number of power spectra summed incoherently.
f Integrated over 0.005-1 Hz.
& Integrated over 0.01-100 Hz.
" 95% confidence upper limit to normal branch (NB) QPO with assumed vgpo = 6.3 Hz and ypwyy = 2.1 Hz.
' 95% confidence upper limit to flaring branch (FB) QPO with assumed vqpo = 14.4 Hz and ygwyy = 6.0 Hz.
3 95% confidence upper limit to HFN with assumed o, = 15.75 Hz.
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ments based on whether §, is positive (increasing source
intensity) or negative (decreasing source intensity) and calcu-
lated average power spectra for the two data sets. No sta-
tistically significant differences were found between the two
average power spectra. We then sorted the data by both s, and
5z and calculated average power spectra. For the region near
the vertex in which QPO are observed, we could detect no
differences between the QPO parameters for positive §, as
compared to negative sz, though it should be pointed out that
we have only about 30 minutes of data in which flaring branch
QPO are observed.

We observe HFN, consistent with that seen by Middleditch
& Priedhorsky (1986), throughout the flaring branch (see § 5.3
below). We performed a search for QPO on the flaring branch
at frequencies above the HFN cutoff of ~25 Hz. The flaring
branch QPO was found in previous observations to disappear
in the noise as one moved out the flaring branch (Priedhorsky
et al. 1986; van der Klis et al. 1987). We created average power
spectra, sorted by s, for type F data where no flaring branch
QPO is observed (s; > 0.03). We then performed searches on
each of the three average power spectra which were optimized
to look for signals with characteristic widths ygwy Of 1, 2, and
4 Hz. No significant excesses above the Poisson level (corrected
for dead time) were found. Upper limits on fractional rms
variations are given in Table 5. The upper limits to these QPO,
as well as for the coherent pulsations descibed in §§ 6.1 and 6.2,

F1G. 12—Average power spectra for Sco X-1. Three average power spectra
show the VLFN, HFN, and QPO components. The solid line shows the best-
fitted model, and the dashed-dotted line shows the fitted Poisson noise level.
Parameters of the fitted models are given in Table 4. (a) Type F data showing
the flaring branch QPO ; HFN is clearly visible between 0.5 and 5 Hz. (b) Type
D data showing the normal branch QPO. (c¢) Type A data showing HFN
between 1 and 20 Hz.
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TABLE 5

LIMITS ON rms AMPLITUDE FOR QUASI-PERIODIC OSCILLATIONS ON THE
FLARING BRANCH AT FREQUENCIES ABOVE 25 HERTZ?

rms LIMITS AT rms LIMITS AT

Voro = 32 Hz Vopo = 55 Hz
s; RANGE 1Hz* 2Hz® 4Hz* 1Hz® 2Hz® 4HZ®
0.03-0.12....... 1.35% 1.61% 191% 1.68% 200% 237%
0.12-0.21 ....... 092% 1.10% 131% 1.15% 1.37% 1.63%
0.21-0.30........ 1.19% 142% 1.68% 148% 1.77% 2.09%

* 99% confidence level.
® Assumed width gy of QPO in search.

were determined using the methods of van der Klis (1989b). In
determining the number of independent frequency channels we
counted the total number of channels searched in all three
power spectra and for all three characteristic frequency widths.
The 99% confidence level upper limits quoted thus represent
the probability that no excess power is present at any of the
three characteristic frequency widths in any of the three power
spectra covering the upper flaring branch (s > 0.03).

5.3. Dependence of Noise Characteristics on s,

A second aspect of temporal variability is the red noise. We
have investigated the dependence of the flaring and normal
branch VLFN (v <1 Hz) and flaring branch HFN (1
Hz < v < 50 Hz) on both s, and $,. The large amount of high
time resolution Ginga data obtained while Sco X-1 was on the
flaring branch allows us to characterize changes in VLFN and
HFN as Sco X-1 moves out the flaring branch.

VLEFN has been previously observed in Sco X-1 on all
branches of the Z-diagram, and we detect it in all of our
average power spectra. In Figure 13 we show the changes in «,
the VLFN power-law index, and in the fractional rms variation
of the VLFN as Sco X-1 moves out the flaring branch by
plotting these measured quantities as a function of s;. It has
been previously noted that the fractional rms variation of
VLFN is larger on the flaring branch than on the normal
branch. Middleditch & Priedhorsky (1986) and Hasinger &
van der Klis (1989) both observe fractional rms variations of
~2.5% on the normal branch and ~ 6% on the flaring branch.
In Figure 13a, we see that the fractional rms variations of
VLFN change smoothly from 2% at the normal branch—
flaring branch vertex to 6% at the upper end of the flaring
branch. The VLFN power-law index a, however, was found to
be independent of s; on the flaring branch, a = 1.72 4+ 0.01
(Fig. 13b). This supersedes the contrary preliminary results of
Hertz et al. (1990b).

HFN has also been observed on all three branches of the
Z-diagram for Sco X-1 (Hasinger et al. 1989). Hasinger & van
der Klis (1989) found similar amounts of HFN on both the
normal and flaring branches, with a fractional rms variation of
~4.5% and an exponential cutoff of ~58 Hz. As previously
noted, we obtained better fits to HFN with a half-Gaussian
than with an exponentially cutoff power law. In Figure 14 we
show that both the fractional rms variation and the Gaussian
width of the HFN change as Sco X-1 moves out the flaring
branch. The fractional rms variation decreases from 3% near
the normal branch—flaring branch vertex to <1% at the upper
end of the flaring branch. There is also evidence for the HFN
to become less broad as s, increases (Fig. 14b); however, this
conclusion rests principally on the single measurement of HFN
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F1G. 13.—Characteristics of normal and flaring branch VLFN as a function
of s,. For s, < 0 the source is on the normal branch, and for s, > 0 the source
is on the flaring branch. Over the flaring branch, the power-law index o
remains constant and the fractional rms variation increases threefold. During
this same time, the source exhibits intensity variations of over 50%. Data are
from Table 4.

at s, = 0.2. The disagreement in our amplitudes with those of
Hasinger & van der Klis (1989) indicates that there may be
problems in separating HFN from other components in the
power spectra. The power spectra in Figure 12 show that HFN
is an unambiguous component of Sco X-1’s power spectra.
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F1G. 14—Characteristics of flaring branch HFN as a function of s,. A clear
decrease in the fractional rms variation is seen along the flaring branch, and
there is evidence for a decrease in the width of the HFN component as well.
Data are from Table 4.
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TABLE 6

ENERGY-DEPENDENT POWER SPECTRA COMPONENTS®*®

VLFN HFN
Count -

ENERGY RATE® rms’ slope rms® Orms

Sz CHANNEL®  (kilocounts s™!)  Npg® (%) (@) (%) (Hz)
0.055-0.081.......... Low 8.7 7 3.0+03 1.80 + 0.11 25+02 142 + 26
0.104-0.156.......... Low 11.1 30 3.6+ 0.1 1.67 + 0.04 1.5+ 02 15.0 + 3.3
0.163-0.240.......... Low 109 27 49 + 02 1.68 + 0.04 1.0+ 0.2 7.6 + 2.8
0.055-0.081.......... High 39 7 5.6 + 0.6 197 + 0.12 54+03 175+ 19
0.104-0.156.......... High 5.8 30 64 +0.2 1.72 + 0.04 24 +02 123+ 1.8
0.163-0.240.......... High 6.5 27 90+03 1.79 + 0.03 1.6 £ 0.1 49+ 10

# See text for functional form of fitted components: power-law VLFN, half-Gaussian HFN, Lorentzian QPO.
® Datatype A: T = 1285, N = 65536, 1 = 2 ms, fr = 0.008-256 Hz.

¢ Low channel: 1.2-5.8 keV; high channel: 5.8-15.7 keV.
¢ Average uncorrected detector count rate.

¢ Number of power spectra summed incoherently.

f Integrated over 0.005-1 Hz.

8 Integrated over 0.01-100 Hz.

We have also detected energy-dependent characteristics in
the VLFN and HFN components of Sco X-1’s variability.
Power spectra have been determined separately for both the
low- and high-energy channels of the type A data in exactly the
same manner as they were for the total count rate. The low-
energy channel covers 1.2-5.8 keV and the high-energy channel
covers 5.8-15.7 keV. In Table 6 we show the results of fits to
power spectra from both channels as a function of s,. We note
several significant results. The trends in fitted parameters
(CyLrn> Curns Orms) as @ function of s, are clearly present in
both channels. The VLFN power-law index « is consistent with
the previously determined mean value in all cases. Both noise
components (VLFN and HFN) have higher fractional rms
variations in the high-energy channel than in the low-energy
channel, with Ay, ~24,,,. Within the statistical uncer-
tainties, the Gaussian width of the HFN is the same in both
channels.
~For a final check, we summed all of the type F upper flaring
branch power spectra (s; > 0.03) into two average power
spectra which were sorted by the sign of $;. There is no differ-
ence in either VLFN or HFN between power spectra obtained
when §; > 0 and $; < 0. Once again, no evidence was found for
any hysteresis in the observable characteristics of Sco X-1.

6. SEARCH FOR MILLISECOND PULSATIONS

The Ginga observations are well suited for searching for
coherent short time scale phenomena, such as millisecond pul-
sations, in addition to QPO. The PC mode data (data type A)
has 1 ms time resolution, and the high bit rate MPC-3 data
(data types C and F) has a time resolution of 8 ms. In addition,
3.4 hr of unfiltered optical data with 10 ms time resolution was
obtained by K. Horne and E. Robinson at McDonald Obser-
vatory overlapping 4 minutes of Ginga observations. We have
systematically searched both the X-ray and high time
resolution optical data for evidence of rapid coherent pulsa-
tions.

6.1. Coherent X-Ray Pulsations

There are several reasons to search for short-period, coher-
ent X-ray pulsations from Sco X-1 and other LMXBs. These
include the hypothesis that millisecond period radio pulsars
evolve from LMXBs, which must necessarily have rapidly
rotating neutron star primaries (Alpar et al. 1982), and the

requirements of the beat frequency modulated accretion model
for X-ray QPOs, where the QPO frequency is the beat fre-
quency between the rotation of the neutron star and the
Keplerian orbital frequency at the Alfvén radius (Lamb et al.
1985). Both models require LM XBs, in particular Z-sources, to
have neutron star spin periods in the 1-20 ms range. If the
neutron star is magnetized, as it must be in both cases, then
coherent X-ray pulsations are expected (see Wood et al. 1991
for a complete discussion).

We have conducted a thorough search of the Ginga data for
X-ray pulsations from Sco X-1. For the short pulse periods
searched (down to 2 ms) and the long continuous data integra-
tions used (up to 35 minutes), there is significant Doppler
smearing of the X-ray pulsations due to the 19.2 hr orbital
period of Sco X-1. At the highest frequency resolution, this can
amount to spreading the signal over ~56 channels in the
power spectrum (Wood et al. 1991). Since the orbital modula-
tion of Sco X-1 has never been observed in X-ray data, the
phase of the Doppler shift of any X-ray pulsations is unknown.
In addition, the orbital period and Doppler amplitude are not
known precisely enoughto correct millisecond time resolution
data a priori.

We have therefore used the coherence recovery technique of
Wood et al. (1991) to correct for the unknown amount of
Doppler smearing. With this method, the unknown orbit is
approximated by a one-parameter family of parabolas. The
data are transfomed to the parabolic orbit using a quadratic
time transformation. For the correct parabola and for-
sufficiently short integration periods, the Fourier transform of
the quadratically time-transformed data will contain all of the
pulsed signal at a single frequency. For details on the tech-
nique, its implementation, and its limitations, see Hertz et al.
(1990a) and Wood et al. (1991).

We divided the seven orbits of high time resolution Ginga
data (data type A) into nine segments of continuous data. The
segments ranged in length from 2 minutes (2! bins of duration
0.98 ms) to 34 minutes (22! bins). To implement the coherence
recovery technique, the quadratic parameter o of Wood et al. is
varied between —a,,,, and +a,,,, with a resolution of da. For
the period of Sco X-1 and the resolution and duration of the
Ginga observations, a,,,, = 5 x 107°s Y and du = 107 1°s ™1,

No coherent pulsations are detected at the 95% confidence
level with pulse fractions exceeding 0.19% for v < 50 Hz and
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0.26% for v < 400 Hz. In particular, no evidence is found for
pulsations at periods between 2.83 ms and 3.03 ms with a 95%
confidence level upper limit to the pulse fraction of 0.14% for
any such pulsations (cf. Leahy 1987). A previous search
through EXOSAT data by Middleditch & Priedhorsky (1986),
also incorporating corrections for Doppler smearing, yielded
90% confidence limits for the pulse fraction of 0.5% for
v < 125 Hz and 0.8% for v < 250 Hz.

6.2. Optical Quasi-Periodic Oscillations and Coherent
Pulsations

V818 Sco, the optical counterpart of Sco X-1, was observed
during the campaign with the 36 inch (91 cm) telescope at
McDonald Observatory by E. Robinson and K. Horne. High
time resolution optical data, with 10 ms time resolution, were
obtained in unfiltered white light. Although observations were
planned for both nights of the campaign, technical problems
prevented observations on the first night. On the second night,
1991 March 11, 3.4 hr of data were obtained, between 8:24 and
11:50 UT. This time period includes orbit 23 of Ginga observa-
tions, during which 4 minutes of type C data were obtained.

Data were obtained simultaneously from a comparison/
guide star located near V818 Sco. The average signals were
8845 counts s~ ! from V818 Sco and 51060 counts s~ * from the
comparison star. We assume that the comparison star was not
varying during the observations, and interpret the slow
increase in both the comparison star and V818 Sco as due to
changing air mass. After cleaning the data for dropouts due to
guide checks and for noise spikes which occurred when either
the dome or telescope was moved, we binned the comparison
star data in 1 s bins and fitted a fourth order polynomial to the
comparison star data. Finally we divided the V818 Sco data by
that curve to yield our high time resolution optical data set.

We searched for both periodic and quasi-Periodic signals in
the data by performing FFTs of the data and calculating the
power spectrum. Power spectra with 50 Hz resolution were
determined for (i) the entire 3.4 hr observation, (ii) incoherent
summation of 2408 power spectra, each of which corresponds
to 5.12 s of data, and (iii) the incoherent summation of 64
power spectra, each of which contains 5.12 s of data, obtained
during the 4 minutes of data for which there are simultaneous
X-ray data.

In none of the power spectra is there any significant coherent
or incoherent signal, with the exception of an increase in noise
at low frequency. This red noise is present in power spectra of
the comparison star as well and can be attributed to systematic
uncertainties in the extinction correction as well as guiding
errors during the observation. We do not believe it is related to
the LFN observed in X-ray spectra of Sco X-1. From the single
coherent power spectrum, we set a 95% confidence level upper
limit to the pulse fraction of coherent pulsations of 0.10% for
v < 50 Hz. No evidence for optical quasi-Periodic oscillations
are seen in the incoherently summed spectra and we set a 95%
confidence level upper limit of 0.23% of intensity to the frac-
tional rms variation of any QPO with v < 50 Hz.

We cross-correlated the 200 s of X-ray data from Ginga orbit
23 with simultaneous optical photometry. Since the X-ray data
are sampled at 8 ms and the optical data are sampled at 10 ms,
we performed the cross-correlation with 10 ms bins and took
whichever X-ray time bin was nearest to the time lagged
optical time bin. We calculated cross-correlation amplitudes
for time lags out to 10 s, with 10 ms resolution. No significant
signal was seen at the 95% confidence level. This is expected
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since the optical signal is produced primarily through repro-
cessing of X-rays in the accretion disk, and the X-ray signal is
broadened by the ~1 s light crossing time for the inner accre-
tion disk. This is more than enough to smear a high-frequency
X-ray signal, for instance, the 15 Hz flaring branch QPO.

7. DISCUSSION

We have begun the process of looking for observable
changes in the spectral and temporal characteristics of Sco X-1
as it changes its spectral and intensity properties and moves
along the Z-diagram. As a start to this task we have defined s,
a parameter which describes the source’s position in the Z-
diagram; as we have noted, the exact value of s, depends on
the detector response and on the choice of energy channels
used to create the Z-diagram. According to the unified model
discussed by Lamb (1989, 1992), the state of the source is
described by a single parameter, usually thought to be the mass
accretion rate M. M is not observable, but we might expect a
single function of observable parameters to characterize the
source state.

We have shown that all observable spectral and temporal
characteristics can be predicted from the value of s,. In partic-
ular we see that intensity, spectral hardness, QPO frequency
and fractional variation, VLFN index and fractional variation,
and HFN width and fractional variation can all be unam-
biguously determined from s,. In the context of the unified
model, this would imply that s, is a function only of M and
that s, can be used to characterize the system behavior.

We then looked for evidence of hysteresis in the system by
looking for correlations between observable quantities (e.g.,
hardness, QPO frequency, VLFN index) and the history of the
source. The past behavior can be quantified by determining $,
the rate of change of position in the Z-diagram. We found no
correlations or dependencies for observable quantities.
However, we found that the source is constrained in the rate at
which it can move through the Z-diagram by its current loca-
tion on the Z-diagram. In particular, we found that the source
always moves slowly from the flaring branch through the
vertex to the normal branch (|$;] < 0.4 x 1073 s™1), yet the
source moved rapidly during the large flares which send the
source out along the flaring branch (| §,] ~ 1-1.4 x 1073s7Y).

This behavior constrains physical models of Sco X-1 on the
flaring branch. In the unified model, the flaring behavior
occurs when overstable photohydrodynamic modes excite
instabilities in the super-Eddington flow (Fortner, Lamb, &
Miller 1989). This segregates the matter, allowing continued
accretion and large increases in luminosity, despite the accre-
tion rate exceeding the Eddington limit, as well as reducing the
average optical depth seen by the radiation and causing the
correlated spectral changes. Although the models of Fortner et
al. (1989) have successfully accounted for the observed 10-20
Hz flaring branch QPO frequency, the question of the rate of
change in M as a function of M has not been explored. Our
observations provide constraints on the available rates of
change of accretion rates for these models, which assume a
strong correlation between M and luminosity on the flaring
branch.
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tially hazardous observation of Sco X-1. B. Vaughan and K. S.
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© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992ApJ...396..201H

218

tality during and after the observation. We thank K. Horne
and E. Robinson for obtaining the high time resolution optical
observations of V818 Sco during the multiwavelength cam-
paign. The Sco X-1 multiwavelength campaign grew out of
discussions . between some of the authors and other partici-
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