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Quasiperiodic oscillations with frequencies in the range 5-50 Hz have recently
been discovered in X-rays from two bright galactic-bulge sources and Sco X-1.
We propose that these sources are weakly magnetic neutron stars accretimg from
disks in which the plasma is clumped. The interaction of the magnetosphere
with clumps in the inner disk causes oscillations im the X-ray flux with many

of the properties observed.

Quasiperiodic oscillations have recently heen discovered in X-rays from
the bright galactic sources GX 5-1,1.2, Cyg x-2,3:4 and Sco X-1.9:6  The
frequency fj of the oscillations varies from 20 to 36 Hz in GX 5-1, 28 to 43
Hz in Cyg X-2, and from 6-17 Hz in Sco X-1. In all the available data on GX
5-1 and Cyg X-2, fp shows a strong positive correlation with the 1-10 keV

count rate. The FWHM Afp of the peak in averaged power spectra varies from 4
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to 13 Hz in GX 5-1 and from 12 to 20 Hz in Cyg X-2, depending on the count
rate, with relative widths Afp/fp in the range 0.21-0.60. Tor Sco X-1, only
the 5-15 keV count rate s available; fp is strongly positively correlated
with this count rate during 10-20 minute quiescent intervals between flaring
episodes but appears to vary erratically during transitions to extended low
states, The FWHM of the peak in the Sco ¥X-1 power spectrum varies from 1 to
10 Hz. All three sources show substantial red noise. In GX 5-1 the rms
fractional intensity variation caused by the quasiperiocdic oscillations and
that caused by the red noise both remain approximately constant as the source
intensity increases, except perhaps at the highest intensities ohbserved where
the wvariation may be less, In Cyg X-2, on the other hand, the fractional
variation caused by the oscillations remains approximately constant but that
caused by the red noise increases as the intensity increases. Finally, in Sco
X-1 the red nolse down to the lowest frequencies so far explored is relatively
weak when the oscillations are clearly present but becomes stronger when the
source is most intense.

Here we suggest that these sources are weakly magnetic neutron stars
accreting from Keplerian disks in which the plasma is clumped. Interaction of
the magnetosphere with clumps in the inner disk causes the mass accretlon rate
and hence the X~ray intensity to vary at a harmonic of the beat frequency
given by the difference between the rotation frequency of the star and the
rotatien frequency of the inper disk. [This idea has been suggested
previously as a possible explanation for some of the quasiperiedic
osciliations observed in cataclysmic variables {(ref, 7; D. Lamb and Warner,
private communication)]. The low harmonics of this beat frequency are
cbmparable to the oscillation frequencies observed in GX 5-1,8.9 Cyg X-2, and
Sco ¥X-1 for neutron star spin rates -~ 100 Hz, dipole magnetic fields ~ 10% G,

and accretion rates ~ 1018 g s~1. such spin rates and dipole magnetic field



strengths are consi{stent with the hypothesis that systems like these are
progenitors of the milllsecond rotation-powered pulsars.® In addition, for
neutron stars rotating near their equilibrium spin rates the low harmonics of
tials beat frequency vary with accretion rate in a manner similar to the
observed variations 6f the oscillation frequency with X-ray intensity.®

We show that the power spectra given by a simple version of this model
are very similar to the spectra reported in GX 5-1 and Cyg X-2. In
particular, red noise at frequencies below that of the quasiperiodic
oscillations is a logical consequence of the model. If all clumps 1In the
Inner disk contribute to the oscillations and if the properties of the clumps
and the nature of their interaction with the magnetosphere remain unchanged,
the strength of the red noise is proportional to that of the guasiperiodic
oscillations, as observed in GX 5-1. 1If not, the strength of the red noise
may increase even as the strength f the oscillations decreases, as observed
in Cyg X-2 and Sco X-1. We present calculstions which show that X-ray
pulsations caused by beaming and rotation of the neutron star are strongly
suppressed relative to quasiperiodic oscillations produced according to the
present model, under the conditions thought to exist in bright galactic bulge

sources. Several observational tests of the model are described.

Physical Model

The plasma flow pattern around a weakly magnetic neutron star accreting
from a Keplerian disk at near the Eddington critical rate is expected to be
similar to that around supermassive black holes in galactic nuclei accreting
at near-critical races.19-12 The inner disk is radiation-pressure-dominated,
uhlike the Inner disks surrounding canonical accretion-powered pulsars with
dipole magnetic fields ~1012 G. The luminosity of the inner disk is supplied

in part by release of gravitational binding energy as the disk plasma spirals



in, and in part by radiation from the neutron star. The pressure of the
radiation leaving the inner disk alone implies a disk height h > 1.5(ﬂ/HE)R,
where ﬁE is the mass flux corresponding to the critical accretion luminosity
from the central star and R is the radius of the star. As a result, the
magnetosphere is surrbunded by a thick (h ~ r) plasma torus containing cooler,
denser plasma with a scale height h, << h (see Fig. 1). A central corona and
mass loss via a wind are expected due to heating of the surface of the disk by
acoustic Flux, magnetic flaring, and radiation from the neutron star.13,14 p
Sco X-1, the existence of radio lobesld is direct evidence for mass ejection
from the system.

The plasma in the inner disk is expected to be spatially inhomogeneous as
a result of threel mechanisms that can cause clumping. First, wvertical
eruption of magnetic flux carried inward and amplified by the accretion flow
creates strong spatial {nhomogeneities .u the density and magretic fileld
strength.14-16 Second, for near-critical accretion rates, the disk-
magnetosphere boundary lles only a few stellar radii from the surface of the
neutron star; under these conditions, the {nner disk 1Is expected to be
thermally unstable to the formation of clumps.!7-20  Third, the relative
motion of magnetospheric and digk plasma drives the Kelvin-Helmhaoltz
Instability to large amplitudes near the inner edge of the disk, where the
disk plasma is partially confined by the pressure of the magnetospheric field
(ref. 21; Aly, Ghosh, & Lamb, reported in ref. 22}.

Assuming that the cooler, denser plasma dominates the mass flux onto the
neutron star, the disk ends where BpBgS & pcvprighy.?3 Here By and By are the
poloidal and toroidal components of the magnetospheric field, & is the width
of the boundary layer, p, and v, are the density and radial velocity of the

plasma in the boundary layer, and the beat frequency g = Q¢-0g is the
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difference between the apgular velocity {ic of the plasma clumps and the
rotation frequency fig of the star (see Fig. 2). We expect . = figg, the
Keplerian angular velocity at the radius®3 rg = 0.52p4/7(26M)"1/7M-2/7 of the
boundary layer. Here p and M are the nagnetic moment and mass of the star and
M is the mass flux throw'h the boundary laver. The spread in beat frequenciés
within the boundary layer 1s then &0pg = [@0yg/9rigd = 1.5(8/rg)0kg-

in the boundary layer, plasma clumps drift radially inward as they lose
angular momentum by interaction with each other, with the surrounding gas, and
with the stellar magnetic field. Plasma is stripped from the clumps by
interaction with the magnetospheric field and plasma. Important mechanisms
are likely to include wtripping by surface stresses resulting from the Kelvin-
Helmholtz instability2d or by reconnection of wagnetic flux in the clump with
the stellar flux,9 perhaps in a manner analagous to the reported26 stripping
of plasma from comets as they move through regions of alternating field
direction in the solar wind. Once stripped, plasma is quickly Dbrought into
corotation with the neutron star and accretes to the stellar surface,
producing X-rays there.

Unless the stellar field is axisymmetric, aligned with the rotation axes
of disk and star, and centered in the star, the interaction of a given clump
with the magnetosphere is greater at some stellar azimuths than at others. As
a result, the rate at which plasma is stripped from the clump is greater at
some azimuths than others (see Fig. 3)., We refer to the stellar azimuth(s) at
which the stripping rate is pgreater for a given clump as the special
direction(s) for that clump. The pattern of the special directions and the
steepness of the wvariation of the stripping rate with azimuth affect the
hérmonic content of the X-ray intensity waveform produced by the clump. For a
pattern of special directions with k-fold symmetry, the pattern of mass flux

to the stellar surface and hence the X-ray waveform repeats with frequency g



= kilg (k=1,2, 3, ...). Suppose, for example, that the rotation axis of
the star is aligned with that of the disk but its magnetic axis is tilted with
respect to its rotation axis For a boundary layer magnetic field that Is
perfectly dipolar, the magnetic pressure on a clump is « 1+30032(03t+¢). where
¢ is the phase of tﬁe clump. Thus, if the rate at which plasma is stripped
from clumps 1is determined entirely by the magnetic stress acting on the
clumps, k = 2. For the same geometry, reconnection of the magnetospheric
field previously entrained by the clumps with the local magnetospheric field
varies with frequency 2{lg, also giving k = 2. However, if there 1is the
slightest asymmetiy between the two magnetic poles, k = 1, even though most of
the power in the clump waveform may be at 2{lg. Reconnection to the local
magnetospheric field of a component of the magnetic field of a clump that

remains fixed in the corotating frame (due, for example, to the magnectospheric

interaction with the clump) varies with frequency (g, giving k 1. As long
as the field in the oundary layer is nearly dipolar, the power in the
principal peak of the power spectrum typically dominates that at the first
overtone, due to the smoothness af the dipecle field pattern. Even (if the
stripping rate varies as steeply as cosG[(ﬂBt+¢)/2], the power in the first
overtone is only 16% of that in the fundamental.

If the pattern of radiatiocn frﬁm the neutron star is not axisymmetric in
the disk plane at the inner disk, scattering of radiaticn into the line of
sight by clumps in the inner disk will create a periodic anisotropy in the
radiation from the system, causing some modulation of the X-ray Intensity seen
by a distant observer, However, we expect this <ffect to be much less
important than modulation of the mass flux to the stellar surface for several

reasons, Including the small solid angle subtended by the clumps at the

neutren star, the very weak beaming expected from these neutrdn stars, and the



suppression of modulatijon due to anisotropic radiation by the plasma
surrounding the neutron star. The latter two effects are discussed in more

detail below.

Power Spectrum

The theory of random processes (see, for example, Rice27) can be used to
calculate the power density spectrum of the X-ray intensity time series 1I{t)
produced by the collection of clumps orbiting within the boundary laver. The
X-ray intensity waveform produced by exactly N clumps may be written

IN(t’ = ID +

ERlttgeg (1)

n ™

1
where Iy is a possible constant intensity, F(t:¢) is the waveform contributed
by a single clump, and ¢ is the azimuthal phase of the ith clump at the time
it enters the boundary laver. Quite generally, an arbitrary clump wavefoim
may be expanded in harmonics of the beat freguency:
=

F(t:¢) = [A + nEI B, cos{n(2afgt - @) - a,)]) G{(t), (2)
where fg = Jig. 2w, a, is the phase of the nth harmonic in the clump wavefornm,
and G(t) is an epnvelope function that describes the overall shape of the
waveform. A, B,, a,, and ¢ may be treated as random variables. Equation (2)
holds even if the special directions are different for each c¢lump, as long as
they have the same symmetry and remain fixed in the frame of the sta-.

The power spectrum produced by the clumps depends on whether they enter
the boundary layer at random times, whether their positions are correlated,
and whether stripping of a clump occurs independently of the presence of ather
clumps nearby. For simplicity., we assume initjally +that correlations are
absent; later we indicate the effects that such correlations would have.

Assuming that the number of clumps entering the boundary layer in the



observing interval is Poisson dis:ributed, that ¢; is uniformly distributed,
and that t; and ¢ are uncorrelated, the expected power aensity spectrum of
the time series (1) is

¥

Pf)> = 2<I528(F) + 2<I> + a<I>2 yofp(r) + <12 5 Tp2lg(f-nty) « g(f+nfp}]

n=1 (3)
where <I> = Ig+<N><A> is the mean intensity, Tpy® = <N><A2>/2<¢I>2, and 7,2 =
<N»<B,2>/4<I>%. The structure function g(f) {s proportfonal to {s(f)!2, where
s(f) 1is the Fourier transform of Gf(t), but is normalized to unit area. It
includes the 'lifetime' broadening (FWHM Afy = 1/wr. produced by the finite
duration v of the waveform contributed by a single clump.

The first term in equation (3) is the power at zero frequency due to the
mean intensity while the second is the power density in the Polisson noise
produced by photon statistics. The term proportional to g(f} describes the
red neise caused by time variations in the photon arrival rate. The presence
of this additional noise follows immediately from the fact that the mean X-ray
intensity contributed by each clump is positive and persists only for a finite
time. All clumps that contribute to the oscillations necessarlly contribute
to the red noise. (The converse need not be true.}) The terms proportional to
g(f-nfg) describe the power density near nfg produced by the oscillating ¥X-ray
intensity. For mast wavefarms, the terms proportional to g(f+nfg) may be
neglected.

The repetition frequency of the oscillations in the X-ray wave train
contributed by a single clump varies in time as the clump drifts inward across
the boundary layer since its angular velocity varies with radius. This
variation may be described by introducing a distribution of clump angular
velocities, 1In addition, one expects a distribution of clump lifatimes rather

than a single lifetime, These effects may be included by averaging equation



(3) over the expected distribution p(fg.7)., which yields equation (3) with g
everywhere replaced by é = <pg>, In the case of the osrillation terms, E
equals §,, the convelution of g with p(fg/n:7)/n. Thus, if g and p may bath
be approximateds by a Lorentzian (or Gaussian) profile, § is a Lorentzian {or
Gaussfan}. After this averaging, <P(f)> has peaks at f, = nfa. where EB is
the freguency <pfg>, with FWHMs that are. loosely speaking, the sum of Af; and

the width nafg = nalpg/2n caused by velocity shear in the boundary laver.

The power in the zero-frequency, red noise, and oscillating components is

gO*E
Po = | <P(f)>af = <I>2, (3)
Jo
2, 27 = 2., 2
Pay = 2<1>“7py }U gif) daf = <I>%7pu {5)
and
P, = <1>% y 2 f” 5 (f)df = <i»? ¥ 2 ﬁn B (£)df = <I»2y 2 (6)
n° Tn Ep = Tn En = Tn -

Jo Jom

Thus, the rms fractional intensity variation caused by the red noise is Tpy =
(Prn/Pp) 1’2 while that due to the oscillation at f is ¥, = (Py/Pg)1/2.  For
comparison, the fractional modulation in the oscillation at f; (defined as
half the peak-to-peak intensity variation of a sinuscid of equivalent power,
divided by <I>) is my = 27,.

If F(t:¢) is a pure sinusoid (Bp#0 for only one value of n, say mj and if
the stripping of each clump occurs independently, A>Bp for each clump, since
then the X-ray intensity contributed by each clump must be positive at all
times. This implies YrN>7p- If the assumptions concerning 1 and $; made in
deriving equation (3} are also satisfied, equations (5) and {8} show that Py
ig at most O.5Pgy. If F(t:¢) is a pure sinusoid but ¢y 1is not uniformly
distributed, the oscillation and red noise Fourier amplitudes linterfere,

introducing an additional phase-dependent term < Re g*(f)g{f—mfa) in equation



(3) that changes the shape of the spectrum near mfpg/2 but alters P/Pry by
only a small amount, Such interference usually alse occurs {f ¢; 1is
correlated with tj. However, for some correlations between ¢y and t; this
interference 1s absent if ty ls uniformly distributid, but the oscillatjon
Fourier amplitudes contributed by different clumps Interfere constructively
unlike the red noise amplitudes, causing P, to exceed Pgy by a large factor,
Alternatively, if F(t;¢) is a pure sinusold but is scaled by certain functions
H(¢), such as cos29(¢) for q>>1, Py can approach Pgy. Finally, if F(t:¢) «
cosaq[(anthv¢)/2], with q»>3, Py, exceeds Pgy. The power density <P{f)>
used here s related to th¢ power density Py defined in ref. 28 by the
expression Pj = <P{f)>/<I>. (Note that although the second of egqs. (1) of
ref. 28 displays the angular frequency u, Py in this equation is normalized to
power per clircular frequency interval.)

Suppose the principal peak in the power spectrum is at the frequency fp =
nfg. According to the physical model described above, as the mass flux M
through the boundary layer changes, the radius rgp of the laver changes also,
causing a change in Qlgg. Since g may be treated as constant for times much
shorter than the timescale for changes in the spin rate of the neutron star,
here ~ 10° years, the change Iin {igg results in a change in fp. Consider now
the relation between fp and the X-ray intensity ! observed at earth in a given
energy band. IFf no mass was lost from the system after passing through the
boundary layer, if ail observed X-rays came from the surface of the neutron
star, and if there were no changes in the geometry of the emission region or
the X-ray spectrum, I would be proportional to M. However, 1in the bright
galactic-bulge sources there are strong indications?9-32 that these conditions
are not satisfied. We therefore consider the more general vrelation 1 =
IE(ﬁ/ﬁE)ﬂ, where Iy = MLg in terms of the Eddington luminosity Lg = 1,257

x1098(M/Mg) ergs s~1 for hydrogen plasma. Here m is a conversion factor that
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texes into account the distance, as well as geometric and bolometrlic
corrections. (If T Is the EXOSAT 1-18& keV count-rate, Dg is the distance in
units of 8 kpc, and if the source emits isotropically with a spectrum like GX

5-1, n = 1.42x1073%05°2 ¢t erg™); cf. ref. 2} Then (cf. ref. 9)

Fp < nla(1/1)3 7R - p 1, (7)

where a = 1.57x103(Bd/10901”6/7(R/loscm)‘15/7(M/M0)5/7. Here By Is the dipole
componen* of the stellar magnetic fleld. A frequently reported quantity2.4 {s
the leogarithmic derivative of fp with respect tc the X-ray count-rate which,
in this model, is given by {(cf. ref. 9)

din fp 3 1

R — —— (8)
dén I B (1 - wg)

o =

where wg = Qlg/lge is the fastness parameter.?l

X-Ray Pulsatlions

X-ray pulsations produced by rotation of the neutron stars In the bright
galactic-bulge X-ray sources have not yet been detected. The canonical view
is that the magnetic fields of these neutron stars are so weak (By < 108 G)
that they de not channel the accretion flow (see, e.g., refl. 33). In
contrast, the model of guasiperiodic oscillations developed here requires
nentran star magnetic fields ~10% G in the bright bulge sources exhibiting
such oscillations, Such fields could channel the accretion flow to some
extent34 and hence could produce some X-ray heaming. However, in the context
of the precent model there are three distinct physical effects that, for
distant observers, suppress pulsatjons at the rotation frequency of the
neutron star.

First, X-ray beaming from the neutron star surface is much less in the

present model than in canonical accretion-powered pulsars. The relatively
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weak magnetic fleld of the neutron star is less effective in channeling the
accretjon flow.? Radiation pressure forces within the magnd.osphere produced
by the high luminosity of the star support the accreting plusmn.35 causing [t
to settle over a large fraction of the star's surface, Evidence that
accreting plasma falls over a substantial fraction of the surface comes from
analyses of the hard component in the spectrum, which yield emitting areas
comparable to the surface area of a neutron star,4.31.32,.38  gych a broad
distribution of accreting plasma and the resulting broad X-ray beam produces
modulation that is weak and is at relatively high harmonics nf the rotation
frequency of the neutron star, The modulation mmy be further weakened by
gravitational bending of the X-ray photon ray paths in the strong
gravitational field of the neutron star (K. Wood, private communication; see
3Vu yef. 37).

Second, the torus and corona around the neutron star (see Fig. 1) tend to
destroy X-ray pulsations caused by beaming while leaving unaffected the
quasiperjodic oscillations caused by modulation of the accretion rate. The
existence of central coronae with dimensions -107 cm and optical depths -4-12
is strongly indicated by analyses of the X-ray spectra of the bright galactic-
bulge sources.4.32.38  Arter passing through a corona of electron scattering
optical depth 1,4>4, the observed fractional modulation due to beaming, mg,s.
Is much less than mgga.. Where mgisr is the fractional modulation that would
be observed 1{in the absence of the corona (for calculations that {llustrate
this bhehavior in a different context, see Figs. 3 and 5 of ref. 39}. 1In the
present model, the quasiperiodic oscjllations are due to variations in the
mass flux onto the neutron star. Thus, even If the emission from the neutron
séar were perfectly isotropic, these oscillations would still be observable.
The fractional modilation produced by variation of the mass flux is unaffected

if the mean time for photons to propagate through the corona is less than the
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oscillation period, i.e., (f regpTeg/t ¢ lffp (see Flg. 4). Taking rgop =
107 em, Tog = 10, ond mgeap = 0.1 as an example, the fractional modulatien at
the rotation frequency would be <<1 whereas the fractional modulation in 30 Hz
quasiperiodic oscillations would be unaffected, 1.e., equai to the fractional
modulation in the accretion rate.

Third, the thick terus and disk corona surrounding the neutron star
prevent us from seeing X-rays coming directly from the neutron star except
when our line-of-gight is close to the star's roitation axis, in which case
modulation due to beaming 1s further weakened. The inner disk is expected to
be both geometrically thick and optically thick to electron scatrtering (see
discussion «+ Fig. 1). There 1Is strong evidence that in bright galactic-bulge
sources the outer disk is also both geemetrically and optically thick.41-43
As a result, we do not see X-rays coming directly from the neutron star except
in systems with small inclinations.33 Assuming that the rotation axis of the
neutron star s perpendicular to the plane of the disk, such systems are
viewed from nea. the rotation axis, a direction in which mcdulation due to
beaming is absent,

If our analysis of the weakness of X-ray pulsations at the rotation
frequency of the npeutron star is correct, such pulsations should be most
apparent in sources with relatively low intrinsic luminosities and optically

thin coronae.

Discussion

The wvariation of oscillation frequency with X-ray intensity depends on
the properties of the neutron star and the gross properties of the accretion
ffow. whereas the shape of the power density spectrum is determined by the
physics of the boundary layer. Consider first the change ian oscillation

frequency.
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Equation (7) fits the variation in fp with I observed?® in GX 5-1 for a
substantial range of neutron star magnetic fields and stellar spin rates, as
illustrated by Table 1 (see also?:9). Models 1-3 assume that £, is the fund-
amental beat frequency; Models 4-8, that fp is the first overtone. All assume
that the photons in fhe so-called 'soft' component of the spectrum come from
the inner disk (see Fig. 1) whereas the photons in the 'hard' compcnent come
initially from near the surface of the neutron starl2,31,32,36 (but 3ee4). In
Models 1 and 4 the 40% observed change ¥ 1-10 keV X-ray intensity is assumed
to be due mostly to a change in the fractlon of the radiatieon from the reutron
star that 1is scattered into our line of sight, with the change in the mass
flux through the boundary laysr (and hence the accretion luminosity) only 10%.
In Models 2 and 5 the change in intensity {s assumed to be due mostly to vari-
ation of the mass flux, which changes by 40%, whereas in Models * and 6 the
change in the mass flux (80%}) Is much larger than the chauge in the X-ray
intensity, as could be the case if most of the photons from the neutron star
do not reach us. For each value of B, ﬂl was fixed by assuming that a 1-18keV
EXOSAT count rate of 4850 ct s~1 corresponds to the critical luminosity and
noting that the count rate I, corresponding to ﬁl is 2427 ct s~1 (we note,
however, that the value of 1 quoted above vields a luminosity at 4850 ct s~1
of 1.9Lg for D = 8 kpc and M = 1.4Mp). Mp 1s then determined by Io, which is
340" ct s~1, Given the range In mass accretion rate, the dipole component of
the neutron star magnetic field By (=2¢/R3) is determined entirely by the
variation Ay of fj, from Iy to Iz. Once By is fixed, the stellar rotation fre-
quency fg 1is determined by f,. Both Bg and fg are quite sensitive to the
assumed variation in M. The fastness parameter Wy, which is independent of n,
ranges from 0,95 for Models 1 and 4 to 0.51 for Models 3 and 6.

Equation (7) can also be fit to the fp-T correlation observed in Cyg X-2

14



as well as that observed in Sco X-1 during local minima of the flaring state,
for similar neutron star magnetic fields and spin rates (see also4-6). The
currently allowed variation iIn the parameters among different models of the
same source is greater than the variation from source to source, for these
three systems.

Indirect support for the beat—freque;cy model is provided by the fact
that the neutron star rotation rates and magnetic field strengths inferred
from it are consistent with the 1dea?4-46 that systems like GX 5-1 and Cyg X-2
are progenitors of the millisecond rotation-powered pulsars.2:8:9  Obviously,
detection of weak pulsations at the predicted neutron star spin rate would
provide the most direct evidence in favor of this model. As Table 1 shows,
measurement of f, would determine the harmonic number n and tightly constrain
the change in mass [lux through the boundary layer. However, 1t may be
possible to constrain the beat-freguency model even without direct knowledge
of fg by extending the fp-I relation to higher intensity and Iincreasing the
precision of the measurements., since the shape of the theoretical fp-x curve
is different for different values of the parameters.

Consider now the evidence provided by the shape of the power spectrum.
In the following discussion we assume that the average power spectra reported
for GX 5-1 and Cyg X-2 accurately reflect the shapes of the individual spectra
that have been averaged. If this is not the case, the model parameters
appropriate to these sources will of course be different from those inferred
here.

The width of the peak due to quasiperiodic oscillations depends on Afy,
and nbfg whereas the shape of the red noise depends only on afy,. Thus, fits
uf model spectra to observed spectra provide estimates of both quantities.
Figure 5 compares one spectrum observed in éx 5-1 with two model spectra. in

GX 5-1, the power in the oscillations is comparable to the power in the red
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noise down to the lowest frequencies so far explored, when the oscillations

A a———

are most prominent. Recall that if the X-ray intensity waveform produced by
each clump is sinusoidal and the assumptions leading to equation (3) are
satisfled, Py can be at most 0.5Ppy. In the sinusoidal model Py does indeed
equal 0.5Pgy, but half the noise power is at frequencies below the lowest
frequency so far explored, due to the distribution of clump lifetimes, In
the other model, the waveform is not a pure sinusoid, with the result that Py
is 1.1Pgy. As Figure 5 illustrates, these two models can be adjusted to fit
the GX 5-1 chservations over the frequency range so far studied. For the non-
sinusoidal model, an acceptable fit is not possible for Afg > 0.5 BHz. The
fact that the lifetime ©broadening inferred from the red noise spectrum
accounts for a substantial fraction of the width of the peak at fp in the
averagad power spectra suggests that the widths of the peaks in the individual
spectra are not very different.

Note that if the clumps are the dominant source of accreting plasma (I,
<< <N><A>) and <A?> - <A>2, one can estimate the number of clumps in the
boundary layer, since then <N> - 1/27RN2. The result is <Nz> = <Np> -~ 30
for the sinusoidal model and <N> ~ 120 for the other. Both models can also be
adjusted to give good agreement with the spectra reported4 in Cyg X-2.
Because the spectra they predict have different low-{requency behavior and
different harmonic content, future observations can distinguish between them,

Analysis of the harmonic content of the oscillations can help to
determine whether the observed peak is the fundamental beat frequency or an
overtone, If fp represents the fundamental (n=1), power may be eXxpected at
integer multiples of fp but not at rp/z. If instead fp is the first overtone
{n=2), some power may be expected at the fundamental beat frequency fpfz. The

distribution of power among the harmonics of fp also constrains the physics of
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the process by which plasma is stripped from the c¢lumps: the weaker the
overtones, the more linear the process. The absence of a prominent feature at
afp indicates that the variation In stripping rate cannot be as steep as
c032Q[(2nth+¢)/2} with g>4.

The ratio of the power Pp at the principal oscillation frequency to the
power Pgpy In the red nolse depends on the harmonic content and fractional

modulation of the X-ray waveform produced by a single clump. The relatively

large apparent value of this ratio {(~1) 1in GX 5-1 and Cyg X-2 suggests a
large fractional modulation. If such a large value is confirmed when the
spectrum is extended to lower frequencies, it would Iindicate substantial
azimuthal variation of the conditlons in the boundary layer, favoring magneto-
spheric geometries in which the axis of the stellar field is tilted by a
substantial angle or is offset from the center of the star by a substantial
distance. In both sources Py is observed to vary. If the clump waveform
remains unchanged as P, varies, Pgpy is proportional to P,, as observed in GX
5-1.2 More generally, Pry need not be proportional to Pp and may even
increase as P decreases, as has been reported in Sco Xx-13 and cyg X-2.6 1f
the changes in Pp/PRN are due to variations in the shape of the clump
waveform, the relative strengths of the harmonics of fp must also change,
whereas if they are due entirely to changes in the fractional modulation of
the waveform, the relative strengths must remain unchanged. Thus, precise
measurements of the power spectrum can show which effect is more important.

The ratios Py/Pg and Ppy/Pgp are related to the rms fractional modulation

of the waveform produced by all the clumps involved. The substantial (~6-10%)

fractional modulations observed?:4:6 favor models like the present one in
wﬁich the modulated X-rays come from the neutron star, since that is where the
bulk of the gravitational energy becomes available.12 If most of the photons

from the star vreach us without gaining or losing appreciable energy, the
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oscillations and red noise should be most prominent in the spectral component
that comes from the neutron star. However, photons from the star will suffer
an energy shift AE = E after only (mecszBTr) scatterings, if Tp > Ta, or
(mec2/kpTe) scatterings, {f Tp < Te.47 Thus, those photons from the star that
reach us only after écattering through a plasma of optical depth v ~ 10 (for
Tp = 2 keV and Tg ~ 1-7 kev4-32-38). will have energies characteristic of the
temperature of the plasma rather than that of the surface of the star, As
shown above, the fractional modulation of the oscillations in the flux ot
these photons 1is unaffected for a plasma of this optical depth 1if its
dimension is < 107 cm. 1In any case, the X-ray spectral dependence of the
variation in intensity due to the red noise at frequencies not too far below
fp should be similar to that of the variation due to the gquasiperiodic
osci]latio;s.

From the narrowness of the observed peak at fp one can show as follbws
that the lifetime r of a clump iz long compared to the time for it to fall
freely across the boundary layer, and hence that its angular velocity [}, must
be Keplerian. The time required for a clump to cross the boundary layer in

free-fall 1is21 Atgp ~ (1/0gg)- (8/rg) /2, where Ngg is the Keplerian angular

velocity at rg. Now Afp > Afp, = 1/n7. Further, fp - (nlgo/2n) - (1-wg) . Thus,
T rq 1/2 2/n fp
e o QT {==) >> Qg7 - - «~ 10-200 . (9)

Given that ) is closely Keplerian in the boundary layer, Af > nAf =
c p S

(n/2m) - |9Q./0r | g8 = (3n/4m)lgp(8/rg). Using this relation, one can show
~1_10-2
3/rg < (2/3)(1-ug) (Af,/f,) ~ 10711077 (10)

Noting that v, ~ &/7, one can also show

r
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4 ¥ - 2 o 2 "2_ '4
VeV < {(n/3)(1 Wg) (ﬁfp/fp) ~ 10 10 . (11)

An {ndependent estimate of 71 s provided by the noise component of the
spectrum, which must flatten below the critical frequency f, = 1/20r,

The quasiperfodic oscillations seen In Sco X-1 are ohserved to disappear
altogether at times.®:6 [f they are correctly interpreted In terms of the
present model, the fact that Afp has been observed to increase substantially
during a transition from flaring to quiescence (Priedhorsky, private
communication) suggests that conditions within the boundary layer are
varlable, The broadenling could be due to increased shear or a shorter mean
clump lifetime. Fits of equation (3) to the red noise and the oscillation
peak can indicate which is more important., If conditions in the inner disk
change sufficiently, the formation of clumps could be inhiblted. We note also
that if the density and radius of the corona above the inner disk increase to
the point that regpTeg/c >> 1/f,, the oscillatjons will be destroyed by
electron scattering in the corona. In this case, changes in the X-ray
spectrum characteristic of the development of a denser and more extensive
corona should be observable., Thus., simultaneous measurements of the X-ray
spectrum and power spectrum can help te determine the relative importance of
these processes.

The present model suggests a natural explanation for the 'dips' occasion-
ally seen in GX 5-1 when the X-ray intensity is pear its minimum value.31 In
our model the radius rp of the inner edge of the disk is quite close to the
centrifugal radius r,. Thus, when the mass accretion rate is near its minimum
value, rg may briefly equal or exceed ro. When this happens, the mass flux
from the inner edge of the disk to the neutron star temporarily ceases2l.34

and one observes only the 'soft' component from the disk.31
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In closing, we emphasize that the model described here may be relevant to
other galactic-bulge X-ray sources. For example, the 2 Hz oscillations seen48
in long flat-top bursts from the Rapid Burster may be a beat frequency
phenomenon. If so, our model Implies that the Rapid Burster has a surface
magnetic field ~ 1011 gauss, assuming fg ~ 20 Hz., The absence of a so-called
*soft' component in the X-ray spectrum of the Rapid Burster (Y. Tanaka,
private communication) may also indicate that this source has a significant
magnetosphere. If the 10-3 Hz oscillations reported?® in the 8 sec accretion-
powered pulsar 4U01626~67 also prove to be an example of this phenomenon.9 it
would demonstrate that the thermally unstable region of the inner disk is not
essential to the development of clumping, since such a region is absent in
this source. Our model then gives an estimate of the surface magnetic fleld
of ~ 1013 gauss. This estimate s independent of the similar estimate derived
from the observed spin-up rate,90 hut consistent with it. Finally, we note
that the present work, when scaled appropriately, may be relevant to some of
the quasiperiodic oscillations observed in some cataclysmic variables,7.51,52
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TABLE 1

REPRESENTATIVE MODELS OF GX 5-1"

MODEL Bd fs Pg B My roy roz
1 5.5 384 2.6 3.6 0.82 0.91 3.1 3.0
2 18.9 88 11.4 1.0 0.50  0.70 7.4 6.7
3 31.6 a9 26.0 0.68 0.30 0.55  11.1 9.4
4 12.3 191 5.2 3.6 0.82  0.91 4.9 4.7
5 44.8 44 22.7 1.0 0.50 0,70 11.7  10.8
8 70.8 19 $1.8 0.58 0 30 0.55 17.8  14.9

*All models assume

= 20.07 Hz and Ap = 16.8 Hz.

number

dipole

a 1.4 Mg neutron star of radius 108 cm and are fit to £p

compenent of the stellar

The symbols and their units are:

magnetlc field By

harmonic

(109 G),

stellar spin frequency fg {Hz), rotation period Pg (ms}), mass flux at 2427

ct s-1 ﬂl (ME), mass flux at 3403 ct s~1 ﬁg (ﬁE}. boundary layer radius rgq

(108 cm) at “1 and rgg (105cm) at ﬂz.

the neutron star,
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ﬁE {s the Eddington luminosity of



FIGURE CAPTIONS
Fig. 1 Side view of the plasma flow pattern expected around a weakly magnetsc
neutron star accreting from a disk at near the critical rate.!2 Shown are the
neutron star {(black circle), magnetosphere (dark shaded circle), dense clumped
plasma (dark shading), terus (moderate shading), and central corona (light
shading}; © ls the opening angle of the throat of the torus. Photons (long
arrows) enter the torus both from the clumped plasme and from the neutron
star; photons from the neutron star emerging along the axis of the torus are
scattered by the throat walls and plasma in the throat and corona. Mass s

lost from the disk and torus vin a wind (short arrows).

Fig. 2  Magnetospheric (fig) and clump (0l,) angular velocities In the inner
disk and boundary layer, showing the meaning of the quantities flg, &fg., rg.
and §. Inside rpog, plasma is In generallized corotationt with the star; also
Indicated s the centrifugal radius r, at which plasma in the disk corotates
with the star. The width of the boundary layer has been greatly exaggerated

for clarity.

Fig. 3 Schematic drawing of the narrow boundary layer at the inner edge of
the disk, from which plasma accretes onto the urface of the neutron star.
The spiral depicts the trajectory of a given clump, 4s seen 1In a frame
corotating with the star., In this frame, the clump moves with azimuthal
velocity r(Qg(r)-0g) and radial velocity vp.. Plasma is stripped from the
clump continuously, but the rate of stripping depends on the azimuthal
position of the clump. The sections of the trajectory where the stripping

ite {8 high for this parcicular clump (the 'specinl directions' referred to
in the text} are depicted with heavy lines whereas those where it is low are
depicted with 1light lines. In this example, the frequency of the observed

oscillations {s equal to the fundamental beat frequency Qg = 0,(r)-Qg. If

25



instead the pattern of specinl]l directions has two-fold symmetry., the transfer
rote {s also high alopg those sections of the trajectory indicated with heavy
dashed lines and the frequency of the observed oscillations is the first

overtone of the fundamental beat frequency.

Fig. 4 Fractional modulation in quasiperiodic oscillations seen by a distant
shserver as a function of coronal radius rgop and oscillation frequency fp,
tor Tag = 10. Heavy curve: uniform sphere; light curve: thin shell. For the

example given in the text, log(rcorfp/c) = =2, (Adapted from ref. 40.)

Fig., 5 Top: Power spectrum observed in GX 5-1 at 2277-2486 counts s~1, when
fp = 20.07 Hz and 8fp = 4.2 Hz.2 The spectrum to the right of the peak has
been smoothed. A viswal estimate of the 10 error at pr is  shown. Bottom:
Power spectrum calculated for a model with F « CDSB[(Zﬂth+¢)/2] and a single
clump lifetime (solid curve: 7, = 2.5Yp = 1575 = 1.1 Jgy = 6.7x1072, f; =
20.07 Hz, r = 0.085s, &fgy = 0.47 Hz; the relative widths &ln(f) of the peaks
at £y, 2fy, and 3fy are 0.21, 0.12, and 0,085, respectjvely) and a model with
F « l+cos(2nfpt+¢) and two clump lifev.mes (dashed curve: YTpNag = YRNb ° Ve€V1a
= 3Yop = 6.3x1072, f; = 20.07 Hz, Ty = 50 5, Ty = 0.088s, Afgy = Afgy = 2.6
Hz}). Both models assume the assumptions leading to equation (3) are
satisfied, a clump waveform G(t) = B{t)exp{(-t/7)., and a lorentzian angular
velocity distribution, which gives gg(r) = 2r|{1+(2nfr;)2]"1 and g, (£-f,) =
21{ (1+unbfgr)  {[20(f-E4)7,) 12+ [1+nnAfgr12)"1. Note the marked difference in
the low-frequency behavior of the two calculated spectra and the much smaller

difference in harmonlc content,
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