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Abstract. We have measured the phase differences betweens¥ochastically, and a typical Z source traces @ pattern in

ray intensity variations in different energy bands in data takancouple of days. The three limbs of the Z are called the hor-
with Ginga of the Z source GX5-1 in its normal branch. Wezontal, normal and flaring branches, from upper left to lower
apply ay? optimal extraction technique to measure the phaseght.

delay spectrum of the normal-branch quasi-periodic oscillations

(QPO) and find a jump at 3.5 keV. X-ray intensity variations %rn, has a time scale of hours to days. The properties of the fast

the QPO frequency in energy channels below 3.5 keV are -ray variability, on a time scale of milliseconds to tens of sec-

phase with one another. The same is true of energy channel : o
) . e . nds, are strongly correlated with spectral state. Position in the
above 6 keV. However, intensity variations in energy chann%s

| I pattern dominates the fast timing properties (Hasinger & van

above 6 k?\./ lag thpse n channels below 3.5.ke 0", We der Klis 1989, Hertz et al. 1992, Lewin et al. 1992). On the hor-
see no minimum in the fractional rms amplitude of the quasi- . . o g :
- A ; : Izontal branch, high frequency quasi-periodic oscillations with
periodic oscillations at the jump energy, in contrast to what js, . .
. o .__full widths at half maximum of 5-10 Hz and centroid frequen-
seen in the Z source Cyg X-2, but because of limited statistics . .
S i .~ . —"cles of 13-55 Hz that are strongly correlated with intensity, and

we cannot rule out such a minimum. We discuss our findings in o .
ith position along the Z track, have been observed in 4 of the

Lhrergr? teé;g{_aéﬁg'(;iigoggﬁg;%iﬁnam'CS mode for the norm "Z sources. On the normal branch, normal-branch QPO with
q P ' centroid frequencies e¥6 Hz are observed. The combination of

] . . . . ] relatively high frequency and low fractional root-mean-squared
Teys\/tv;rgsr.]:St(:rger;uonkjarc;crse.tggglsks—stars. individual: GX 5('rms) variability amplitude (typically 0.01-0.1) nearly always

a ' B ys: make it necessary to study their properties using Fourier tech-

nigues.

Spectral variability, or equivalently motion along the Z pat-

Spectrally resolved, high count rate, high time resolution X-
ray data have made it possible to study the energy dependence

Studies of fast timing variability, and correlated spectral var®f quasi-periodic oscillations. The fractional rms amplitude of
ability, in luminous X-ray binaries during the past ten yeat_@PO is mea;ured by fltltmg the powerspectrum of data contain-
have shown that six of the brightest persistent low-mass X-r4}@ QPO using a function that includes a broad peak, usually
binaries form a class; they are called Z sources (Hasinger & VBRdeled as a Lorentzian, and additional terms to model the
der Klis 1989). The spectral state of a low-mass X-ray binaryher observed noise features. See Lewin, van Paradijs & van
defined using an X-ray color-color diagram whose x-axis is tif" Klis (1988) or van der Klis (1989b) for discussions of low-
ratio of count rate at intermediate energies (typically 3-6 keV) 2SS X-ray binary power spectra and fitting. The fractional rms
low energies (typically 1-3 keV) and whose y-axis is the ratio MPplitude of both horizontal and normal branch QPO have been
count rate at high energies (typically 6-12 keV) to intermediaf@und to increase with photon energy in GX5-1 and Cyg X-2
energies (typically 3-6 keV). As the spectrum varies in time, trt¥an der Klis 1986; Dotani 1988; Mitsuda & Dotani 1989; Lewin
source moves through the diagram, tracing out a characteri§@l- 1992). We call fractional rms amplitude as a function of en-
pattern. The position of the source in the diagram defines ®9Y the ‘rms amplitude spectrum”. Inaddition to rms amplitude
spectral state. Z sources derive their name from the fact that 8R€Ctra, one can use cross spectra to measure phase differences,
track they trace out in color-color diagrams is approximately @ €duivalently time differences, between quasi-periodic oscil-

shaped for several sources. Spectral state varies smoothly!®figns at different energies. We call time, or phase, differences
as a function of energy “time-delay spectra”, or “phase-delay

Send offprint requests tM. van der Klis spectra”. Van der Kilis et al. (1987) were the first to use cross

1. Introduction
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spectra to investigate time delays between rapid intensity varda-Analysis techniques
tion in low-mass X-ray binaries. They found that on the horizo "1 Phase and time delay measurements
tal branch, high energy intensity fluctuations at QPO frequen-" y
cies lagged low energy fluctuations by several milliseconds TRaditionally, given two or more energy channels, phase (or
Cyg X-2, and saw hints of a similar, but less statistically signifime) delays between variations in these channels have been
icant, delay in GX 5-1. Subsequently, Mitsuda & Dotani (198%heasured by choosing one channel, cathitas a reference,
discovered time differences of about 70 ms between normahd computing the cross spectru,,,,(v), between all other
branch quasi-periodic oscillations at energies below and ab@¥fnnels;:, and the reference channel. The phase difference
about 6keV in Cyg X-2. At the normal-branch QPO frequengyn radians) between channeis andn is given by the phase
of ~6 Hz, a 70 ms time difference corresponds to a phase diffef-G,,,, (). The x? optimum extraction method for computing
ence of about 150 Interestingly, they also found a minimumphase and time-delay spectra, gii¥p > 3 energy channels,
in the QPO rms amplitude spectrum at 6 keV. that we use in this paper, is described in detail in Vaughan et
A radiation-hydrodynamics model of normal branch quasii. (1994). Briefly, it involves measuring the cross spectrum,
periodic oscillations has been developed (Lamb 1989; Foft;,,,, (1), between allV. (N, — 1)/2 pairs of energy channels,
ner, Lamb & Miller 1989; Miller & Lamb 1992) that proposesaveraging over a frequency range of interest to ob&in,,
changes in the optical depth of the radial inflow near the neutrahich we call the average cross amplitude, or cross ampli-
star as the source of normal branch oscillations. These optigale, and fitting the average cross amplitudes with the model
depth changes produce a “pivoting” of the X-ray spectrum. Igs,,,,, = H* H,, where the (complex) fit parameters,,,, are
tensity variations at energies below the pivot energy should tpensfer functions. The underlying assumption (verifiable from
out of phase with intensity variations at energies above the pivhe 2 value of the best fit) is that the X-ray light curve in each
energy, and there should be a minimum in the rms amplitugaergy channel is related to the others by a linear transforma-
spectrum at the pivot energy. The model is consistent with thien. We choose to define phase prt, 1]. Phase differences

. 272
rms amplitude spectrum and time-delay spectrum observecitween variations in channeisandn, in the frequency range
data from Cyg X-2 on the normal branch. of interest, are given by¢,,, = 5= arg[H}, H,]. The time

GX5-1lisin many ways Cyg X-2’'s smarter brother (brightedifference at frequency is dt,,,, = %an. A positive phase
twin). We expected that the same rms amplitude spectrum atifference indicates variations in channelpreceed those in
phase-delay spectrum seen in Cyg X-2 should be presentianneln. The advantages of the? best fit technique are that
GX5-1. We recently developed a symmetrié optimal ex- it uses all available information, and is symmetric in the sense
traction method for determining phase-delay spectra and #ipat all energy channels are treated the same. It is closely anal-
plied it to data taken during @ingaobservation of GX5-1 on ogous to synthesis imaging in radio astronomy.
the horizontal branch (Vaughan et al. 1994). We here apply the
same method to the normal-branch quasi-periodic oscillatio ,
and find that the large phase differences observed on the n%?—' Deadtime and cross talk
mal branch in Cyg X-2 are indeed present in GX 5-1, but th&ach time an X-ray photon is detected, there is a fixed instru-
the jump in the phase-delay spectrum occurs at a much lowegntal deadtime during which no additional photons can be
photon energy (3.5 keV, rather than 6 keV). Our data are notd#tected. In Ginga, this deadtime is independent of the read-
sufficient statistical quality to rule out a minimum in the rmsut (binning) cycle of the electronics, and is dominated by the
amplitude spectrum as is seen in Cyg X-2. ADC (analog to digital converter). Each of the eight propor-

tional counters orGinga has its own electronics, each with a
. deadtime per event of 2G6 1 s, independent of energy (Mit-
2. Observations suda & Dotani 1989).

The Large Area Counter (LAC) oBinga(Makino et al. 1987; Deadtime has several consequences. First, the measured to-
Turner et al. 1989) was used to observe GX5-1 from 1 tot@l flux and total fractional amplitude of modulation will be
September, 1991. Data were taken in MPC-3 mode, with $maller than the intrinsic flux and fractional amplitude of mod-
energy spectral channels in the range 1.2-18.4 keV and a ti#@tion. The amplitude of modulation inferred from a feature in
resolution of 1/128 s. For analysis, the data were rebinned i@ower spectrum hence must be corrected for deadtime. Sec-
10 spectral channels. On September 4th, GX 5-1 was on ¥, an increase in observed count rate in one energy channel
normal branch, with a count rate in the range 8300-9300 coufg§ults in increased deadtime and a subsequent suppression of
per second. Corrected for aspect, background and instrumeHtgicount rate in all channels, an effect known as “cross talk”.
deadtime, the estimated incident count rate was 10400-126@ss talk introduces an anticorrelation between energy chan-
counts per second, approximately one crab. During the remdgls, that must be corrected for in rms amplitude spectra and
der of the observation, GX 5-1 was on the horizontal branch (s&@ss spectra. Cross talk has two forms. First, variations in the

Lewin et al. 1992, for a detailed analysis of the QPO and noiBirinsic X-ray luminosity in any one energy channel will cause
characteristics using the same data Set)_ variationsin the live time, and thel’eby induce modulations inthe

other channels 180out of phase with the modulations in that
channel. Second, statistical (Poisson) fluctuations in one chan-
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nel will be anticorrelated with statistical variations in the others, 080 T T T T T
resulting in an anomalously small value of the cross correlation 0.40 g {»{»{“{’—F%

at zero lag, and a negative real part in the cross spectrum that g +

independent of frequency. See van der Klis et al. (1987, 1989%),%

0.30F
Lewin et al. (1988) or Mitsuda & Dotani (1989) for discussions’ 5. §
of instrumental deadtime. ~ % o020F

Because the phenomenon we are investigating, namelyg aL: g
nearly 180 phase difference between fluctuations in diﬁererﬁ; o; 0.10F
energy channels, closely resembles the effect of cross talk, we> g
corrected all rms-amplitude spectra and phase difference méa- o - ++
surements with three independent techniques and checked for g

consistency. —010E

0 5 10 15
1. Because the cross spectrum induced by statistical fluctua- Energy (keV)

tions is independent of frequency, one can estimate it by av-
eraging the observed cross spectrum over frequencies f]i
enough to be unaffected by the'source variability. To Cor.r ase difference between channels 1-2 and channels 5-304s11°.
the measured cross spectrum in a frequency range of infefz - vranch.

est, subtract the “source free” average cross spectrum from

the cross spectrum at each Fourier frequency (van der Klis ) . .
et al. 1987). 1989a; Lewin et al. 1988). However, in our case cross talk in-

Med by luminosity fluctuations was small enough to be ne-
time bin in each energy channel is Poisson distributed. De ected. It is of course much smaller than cross talk induced by

time modifies the distribution and causes the probabilities%atisncal fluctuations, as the total fractional rms amplitude of
be covariant. Consider two energy channels. From the mg(tla_\tistical fluctuations (about 10%-20%) is a factor of 10 larger

sured average count rates in each channel and the kndfi@ the fractional rms amplitude of the QPO.

deadtime per event one can calculate the modified proba-

bility distribution , P(u1, u2), of detectingu; photons in 4. Results
channel 1 angi; photons in channel 2 (Mitsuda & Dotani
1989). The covariance between the channels, which w-r]j

[aN)
o

1. Phase delay spectrum of GX 5-1, observed in 4-8 Hz on the
er normal branch. Strong 6 Hz normal-branch QPO are present. The

2. In the absence of deadtime the number of photons in e

pe detailed spectral and correlated timing behavior of GX 5-1
be negative, can be computed numerically frB . rom the 1991 September 4 observation _have_- be_en repor'Fed by
9 P Y 1B, 12) LJE'ewm et al. (1992). Normal-branch quasi-periodic oscillations

From the covariance, it is possible to follow the techniq b 4 when th below th ter of th
described in van der Klis (1989a) to calculate the cross spg‘@re observed when he source was below the center of the

trum induced by statistical fluctuations and subtract it froﬁluorm""I branch; the “lower norma! brgnch  Phase-delay spectra
the measured cross spectrum at all Fourier frequencies. of the GX 5-1 normal-branch oscillations observed on the lower

in Ei i ; 1
3. Because we know the number of counts per time bin, \)Oé’rma' bra_nch are shown in Fig. 1. Phase is _defme[dr%r; 2l: .
can correct the raw counts by converting them into cou gthatoscnlatlons completely out of phase with one another will

per live time in each time bin in each energy channel b avea phase diﬁerence of 0.5. The phase-delay spectrum was
fore transforming the data. Mitsuda & Dotani (1989) fin btained by averaging cross-spectra over the frequency range 4
from Monte-Carlo simulations that this technique remov Hz, corresponding roughly to the full width at half maximum

cross talk induced by luminosity fluctuations. We found th ﬂ_ﬁ]QPQ peal|<. . in the oh del i X
this procedure also removes cross talk induced by statistical €reé IS a clear jJump In the phase-aelay spectrum. X-ray

fluctuations. This was a surprising result to us that we testSgeNSIty fluctuations in all the energy channels aboges kev

both with Monte Carlo simulations and with real data frorf" in phase with one another, but out of phase with fluctuations
a number of sources. We found that using counts per IiU-Ethetwo lowest energy channels. The phase difference between

time removes cross talk induced by statistical fluctuatiog annels 1-2, covering 1.2-3.5keV, and channels 5-10, covering

provided the number of counts per bin is neither too sm 18'18'4 keV, i15-0.42, or 150. . .
(a few counts per bin) nor too large (more than about 50% One procedure to measure the phase jump would be to fit the

deadtime). Low count rates are not a problem in practi8 §erved phase—.delay Spectrum using afunqtion thatis asymp-
as cross talk is then negligible and requires no correctid tically flat at high and low values, and quickly trns over.

For extremely high count rates, cross talk is a real proble ,terrlatlvely, one could average the phase delay spectrum over
8 high energy channels and over the low energy channels and

and probably cannot be handled by any of the techniquk . :
P y y any d measure the difference. Oy? procedure used to determine
described here . )
the phase-delay spectrum introduces non-zero covariances be-
The first two techniques above remove only the statistiveen the points in Fig. 1. The goodness of fit criterion used in
cal cross talk. After applying these, it is necessary to remofiing, or the weighting for averaging, would thus have to incor-
the cross talk induced by luminosity fluctuations (van der Kligorate the covariances. A simpler alternative is to measure the
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phase delay between the two lowest energy channels (1.24B&sensitivity of the rms-amplitude spectrunitave fitted the
keV) and the six highest energy channels (5.8-18.4 keV) usipgwer spectra with both = 4.3 Hz and withI" = 6.4 Hz, and
a standard cross spectrum, and average over the same ran@euoid only small differences in fractional rms amplitude. In all
Fourier frequencies (4-8 Hz) used to determine the phase-detages, values obtained using data converted to counts per live
spectrum. Because the phase differences between the two ltime agree with values obtained by transforming raw data then
est energy channels, and among the six highest energy chanoeteecting the measured amplitudes (van der Klis 1989a; Lewin
are small, this is reasonable and we followed this approach. Tel. 1992), and are the same, to well within measurement un-
phase difference we find in this wayds = 0.42 + 0.03 (10.), certainties, as those reported in Lewin et al.. We found, as did
or 151° £ 11°. The phase delay is not exactly F8®ut2.7c Lewin et al., that it was necessary to combine the two lowest
different from this value. The oscillations at high energies lagnergy channels (covering 1.2-3.5keV) in order to detect the
those at low energies by 151or 70 milliseconds. QPO. The count rate in the lowest energy channel is 400 counts
As discussed in the previous section, instrumental deadtiper second, a factor of 5 lower than in the next several channels.
induces an anticorrelation between intensity fluctuations in difve do not detect QPO in that channel, with @ dpper limit
ferent energy channels. Because the observed time delay is te#ne fractional rms amplitude of the QPO©0.01. The rms
180°, we checked that we were not looking at an instrumeamplitude of the QPO in the two lowest channels combined is
tal artifact. Simple fixed deadtime per event, such as is pres8rfi05-0.002. Thus, we see no evidence for a minimum in the
in Ginga, affects only the real part of the cross spectrum. THgPO rms amplitude spectrum at 3.5 keV, but we cannot exclude
2.70 positive imaginary part we observed is therefore not ithe existence of such a minimum, consistent with the results of
strumental. We tested all three of the techniques discussed.éwin et al. (1992).
Sect. 3.2 to correct for instrumental deadtime. We found that
phase differences measured using method 3 agreed well V%itrbiscussion
those determined by method 2. We found discrepancies whéen
we attempted to correct the raw cross spectra using metho@®h, the lower normal branch, where GX 5-1 shows pronounced
subtracting the measured average cross spectrum at high érelz QPO, the phase-delay spectrum shows a clear jump in the
guencies. Lewin et al. found that there is considerable powepaiase of 4-8 Hz X-ray intensity variations below and above 3.5
the highest accessible frequencies. Thus, there is no frequekey (Fig. 1). We calculated the phase-delay spectrum that would
range available in which Poisson fluctuations dominate the cregsult from an incident photon spectrum that rocks about a pivot
spectrum, as required for method 1 to work. We strongly regnergy of 3.5 keV and found that the observed jump is statisti-
ommend calculating cross spectra with data converted to cougdfly consistent with a perfectly sharp jump at 3.5 keV, but that
per live time, provided the deadtime process is well understoalde observed phase difference, 150k inconsistent with the
because it is simple to implement, and effectively eliminatag(shift predicted by a rocking spectrum. The rocking spec-
both types of cross talk. See, however, Sect. 3.2 for limitatiotrtsm model also predicts a minimum in rms-amplitude at the
on applicability. Results reported here were all derived usifgmp energy. Indeed, a minimum is seen in the rms-amplitude
method 3. spectrum of normal-branch QPO in Cyg X-2 at the same energy
Because we defined the lower normal branch differently thas the turnover in the phase-delay spectrum, consistent with a
Lewin et al. (1992), we remeasured the rms-amplitude speoeking spectrum. We see no such minimum in GX5-1, but we
trum of the lower normal branch. We also wanted to check thesinnot exclude that a minimum as predieted by the rocking spec-
QPO fractional rms amplitudes measured with data convertedm model is present. Dotani (1988) sees weak evidence for a
to counts per live time were consistent with amplitudes obtainadnimum in QPO fractional rms amplitude at 3.5 keV in normall
by applying the corrections described in Lewin et al. (1992) twranch data obtained during a 1988 observation of GX 5-1.
fractional rms amplitudes determined from fits to power spec- A number of models have been proposed to explain normal-
tra of raw data. As a fit function we employed a power law toranch QPO. The radiation-hydrodynamics model (Lamb 1989,
describe the red noise and a Lorentzian to describe the QP@91; Fortner & Lamb 1989) is the most detailed. In this
peak. model, hot material from the inner edge of the accretion disk
We first fitted the total power spectrum of the lower normdalls radially onto the neutron star, comptonizing low-energy
branch data and then fitted the power spectra in the separate(&h-~ 1keV) photons produced in a small magnetosphere.
ergy bands while fixing the value of the QPO centroid frequendhen the mass accretion rate approaches the Eddington rate,
vgpo, and full width at half maximuml", at the values found global oscillatory modes in the inflow cause the x-ray spec-
from the total data. We fixed the power law index at 0.4 as foutidim to vary quasi-periodically at the freefall time, as modified
by Lewin et al.. The power level induced by counting statisticby radiation pressure, producing normal-branch QPO. Others
the so-called Poisson noise level, we calculated from the thé@ave proposed that the inner accretion disk puffs up at high
retical distribution of counts per bin as modified by instrumentaiass accretion rate so that the inner disk resembles a torus with
deadtime. We obtained best fit valuesgfpo = 5.9 £ 0.2Hz the neutron star at its center (van der Klis et al.1987). Alpar
andl’ = 4.3 4+ 0.3 Hz, with 2 = 30.1 for 22 degrees of free- et al.(1992) point out that the Kepler rotation period in the in-
dom. We found a local minimum ig? atI’ = 6.4 Hz, the value ner disk is affected by radiation pressure in the same way as
reported in Lewin et al., but with a larger valuef . To test the freefall time. Oscillations in density and optical depth in the
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torus have the same characteristic time scale as oscillations inThis picture favors a central origin for the QPO oscillations
a radial flow, and could be the source of normal-branch QP@uer a torus. It also leads to the prediction thaivill decrease

As in the radiation-hydrodynamics model, hot material from theith position on the Z. Finally, we predict that it will be pos-
inner disk is responsible for Comptonization. In either case,sible to observey; at energies above 6 keV in the remaining Z
the QPO arise from quasi-periodic changes in the optical degtiurces, which are thought to be viewed at lower inclination. Of
of the Comptonizing material,& 180° jump is expected in the course,E; will still depend upon position in Z in these sources.
phase of the oscillations. The jump energy, is determined The nondetection of time delays in Sco X-1 (Dieters et al., in
by the electron temperaturé,, of the Comptonizing plasma preparation), possibly due #; being even less in that obser-
(Fortner et al.1989; Lamb 1989). vation than in ours of GX 5-1, may be due to a loction of this

The energy of the jump in GX 5-1 is different frof ob- source further down the normal branch during their observation.

served |n.normal-brar.10h data from Cyg X-2 _(M'ISUda & DOtachknowIedgementsWHGL acknowledges support from the National
1989). Itis~3.5 keV in GX5-1, and+-6 keV in Cyg X-2, yet pqronautics and Space Administration under Grant NAG8-674. This
the systems are in other ways twins. The frequency, width aggrk was supported in part by the Netherlands Organization for Sci-
amplitude of normal-branch QPO are nearly identical (Mitsudatific Research (NWO) under grant PGS 78-277.

& Dotani 1988; Lewin et al.1993), as are magnitude and sign of

the phase-delay. Both are in the same subcategory of Z_SO%Ce?erences

based on the shape of their color-color diagrams, their power-

spectral behavior, and the secular motion of their “Z” pattefotani, T. 1988, PhD Thesis, University of Tokyo (ISAS Research
(Hasinger & van der Klis 1989; Penninx et al.1991; Kuulkers Note 184).

et al.1994).These similarities strongly suggest the same physittner, B., Lamb, F. K., & Miller, G. S. 1989, Nature, 342, 775.

cal mechanism is responsible for the QPO in the two systerfigsinger, G., and van der Klis, M. 1989, A&A, 225, 79.

and that a subset, at least, of the physical parameters are néé‘?rl;):/z' P.and Grindlay, J. E. 1984, ApJ, 282, 118. _
equal. Lamb, F. K. 1989, in Proc. 23rd ESLAB Symposium on Two Topics

in X-ray Astronomy, ed. J. Hunt & B. Battrick, ESA SP-296, 215.
As a Z source moves down the normal branch toward themb, F. K. 1991, in Neutron Stars: Theory and Observation, ed. J.

flaring branch its spectrum softens. This softening is clear in Ventura & D. Pines (Dordrecht: Kluwer Academic Publishers),

both color-color and hardness-intensity diagrams. Psaltis, Lamb 445.

& Miller (1995) have found that the temperature of the radi&win, W., van Paradijs, J., and van der Klis, M., 1988, Space Sci. Rev.,

flow decreases along the normal branch, and Schulz & Wijers ‘,‘6' 273. ) ) .

(1993) find thatl, decreases along the normal branch towaf§"n W- H. G., Lubin, L. M., Tan, J., van der Klis, M., van Paradijs,

the flaring branch from fitting a Comptonization model to the éZSPennmx, W., Dotani, T., & Mitsuda, K. 1992, MNRAS, 256,

energy spectra of Z sources. We thus proposeﬁh'm:thigher in . Makino, F., and the Ginga ASTRO-C Team, 1988trophys. Letters
Cyg X-2 because it was observed at a higher (harder) position y,yn 25, 223

on the normal branch than GX5-1. In order to compute phagglier, G. S. & Lamb, F. K. 1992, ApJ, 388, 541.

delays, Mitsuda & Dotani (1989) combined all high time resolwitsuda, K., & Dotani, T. 1989, PASJ, 41, 557.

tion data containing normal-branch QPO from their 1987 Gingworris, J. P., Hertz, P., Wood, K. S., Michelson, P. F., Vaughan, B. A.,
observation of Cyg X-2. The data showing strong QPO were all Mitsuda, K., and Dotani, T. 1990, ApJ, 361, 514.

on the middle to upper (hard) part of the normal branch. In copdrmer, M. J. L., Thomas, H. D., Patchett, B. E., Reading, D. H.,

trast, we see QPO only on the lower normal branch in GX 5-1. Makishima, K., Ohashi, T., Dotani, T., Hayashida, K., Inoue, H.,
] ] ) ] ] o Kondo, H., Koyama, K., Mitsuda, K., Ogawara, Y., Takano, S.,
On the basis of their flaring behavior, noise characteristics Awaki. H., Tawara, Y., and Nakamura, N. 1989, Pub. Astr. Soc.

and optical properties, it has been suggested that the Z sourcegapan, 41, 345.

GX5-1, Cyg X-2, and GX 340+0 are viewed at high inclinatioman der Klis, M., Jansen, F., van Paradijs, J., Lewin, W. H. G., van
(Kuulkers et al.1994; Cowley et al.1979; Bonnet-Bidaud & van Heuvel, E. P. J., Trumper, J., and Sztajno, M. 1985, Nature, 316,
der Klis 1982; Vrtilek et al.1986). Of the 3, GX 5-1 is thought  225.

to be have the highest inclination (Kuulkers et al.1994). Asvan der Klis, M. 1989a, in Timing Neutron Stars, ed. H. Ogleman &

result, when the inner accretion disk flares up, the neutron star E: P- J. van den Heuvel (Dordrecht: Kluwar Academic Publishers),
and the radial flow are obscured from sight. This will occur at

alower mass accretion rate in GX 5_.1 than in Cyg X-2. N(.)rm.é%n der Klis, M., Hasinger, G., Stella, L., Langmeier, A., van Paradijs,
branch QPO can only be observed if the accretion rate is hig 3., and Lewin, W. H. G., 1987, ApJL, 319, L13

enough to excite oscillatory modes. It is possible that when tbgughan, B., van der Klis, M., Lewin, W. H. G., Wijers, R. A. M. J.,
QPO are first excited, they are obscured in GX 5-1, butvisible in yan paradijs, J., Dotani, T. & Mitsuda, K. 1994, ApJ, 421, 738.
Cyg X-2. In the radiation hydrodynamics model, as the accre-

tion rate increases, the outer boundary of the radial infall moves

out. When the infall region becomes visible, QPO are observed.

This will only occur if the infall region grows faster with mass

accretion rate than the vertical scale of the inner disk.

n der Klis, M. 1989b, ARA&A, 27, 517.
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