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Abstract. Using Fourier frequency resolved X-ray spectroscopy we study short term spectral variability in luminous LMXBs.
With RXTE/PCA observations of 4U1608-52 and GX 340on the horizont@hormal branch of the color-intensity diagram

we show that aperiodic and quasiperiodic variability~aecond—millisecond time scales is caused primarily by variations of

the luminosity of the boundary layer. The emission of the accretion disk is less variable on these time scales and its power
density spectrum followBgsk(f) o« f~ law, contributing to observed flux variation at low frequencies and low energies only.
The kHz QPOs have the same origin as variability at lower frequencies, i.e. independent of the nature of the “clock”, the actual
luminosity modulation takes place on the neutron star surface.

The boundary layer spectrum remains nearly constant in the course of the luminosity variations and is represented to certain
accuracy by the Fourier frequency resolved spectrum. Inthe consideredvang®@.1-1)Mgy it depends weakly on the global

mass accretion rate and in the lilMit ~ Mgqq is close to Wien spectrum witkiT ~ 2.4 keV (in the distant observer’s frame).

The spectrum of the accretion disk emission is significantly softer and in the 3-20 keV range is reasonably well described by a
relativistic disk model with a mass accretion rate consistent with the value inferred from the observed X-ray flux.

Key words. accretion, accretion disks — instabilities — stars: binaries: general — stars: fundamental parameters —
X-rays: general — X-rays: stars

1. Introduction X-ray observations of neutron star LMXBs in the high
luminosity state reveal rather soft composite X-ray spectra.
It is commonly accepted that in non-pulsating neutron st@ised on theoretical expectations they are usually represented
X-ray binaries the magnetic field of the neutron star is wegl a3 sum of two components attributed to the optically thick
enough and the accretion disk can extend close to the Ssfhission of the accretion disk (Shakura & Sunyaev 1973) and
face of a neutron star. If the neutron star rotation frequengythe boundary laygneutron star surface (Mitsuda et al. 1984;
is smaller than the Keplerian frequency at the inner edge W@jhite et al. 1988). The spectra of these two components are
the disk, a boundary layer will be formed near the surface gfther similar to each other and decomposition of the X-ray
the neutron star in which the accreting matter decelerates giflission into the boundary layer and accretion disk compo-
spreads over star’s surface (Sunyaev & Shakura 1986; Kluznigdnts is often ambiguous, especially when based on the spec-
1988; Inogamov & Sunyaev 1999; Popham & Sunyaev 2003)g| information alone. Not surprisingly, the best fit parameters
For a non-rotating neutron star, in Newtonian approximatiqferived from the data of ffierent instruments and, correspond-
half of the energy release due to accretion would take placggly, the inferred values of the physically meaningful quanti-
the boundarspread layer. Thefiects of the general relativity ties are often in contradiction to each other (e.g. Mitsuda et al.
can increase this fraction, e.g. up+@/3 in the case of a neu- 1984; Dj Salvo et al. 2001; Done et al. 2002). A robust and suf-
tron star with radiufys = 3Ry (Sunyaev & Shakura 1986; ficiently model independent method of separating the boundary
Sibgatullin & Sunyaev 2000). Rotation of the neutron St@dyer and disk emission is of interest.

and deviations of the space-time geometry from Schwarzschild Mitsuda et al. (1984) and Mitsuda & Tanaka (1986) stud-

met,rlc further modify the fraction of the energy released on tri1ee(ii pattern of spectral variability on the timescale-df0® s in
star's surface. Consequently, a luminous spectral componen

; o minous LMXBs and found that the observed spectra can be
corresponding to the boundary layer emission is expected to be . . .
: . represented as a sum of two components, having drastically dif-
present in the X-ray spectrum of a neutron star X-ray binary

ferent variability properties: a strongly variabl@ keV nearly
blackbody component and a stable softer component. They in-
Send gprint requests toM. Gilfanov, terpreted the hard and soft components as emission from the
e-mail: gilfanov@mpa-garching.mpg.de neutron star surface and from the optically thick accretion disk
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Fig. 1. The color-intensity diagram of GX 340. Dashed line poly- Fig.2. Power spectrum of GX34® at the upper part of the
gons show the regions at the Horizontal and upper half of the Nornf#@rizontal Branch of the color-intensity diagram.
Branch used for the frequency resolved analysis.

respectively and concluded that the optically thick disk is stgnight strongly depend on a priori assumptions. Nevertheless,
ble on the timescales considered. The latter conclusion issiéveral applications of this technique to variability of black
accord with the finding of Churazov et al. (2001), who showesble binaries gave meaningful results (e.g. Revnivtsev et al.
that the same is true in the high luminosity state of the blagl99; Gilfanov et al. 2000).

hole binary Cyg X-1. On time scalesl(? s the fractional am-  The simplest situation, when frequency resolved spectra
plitude of variations of the disk emission is at least an ordggn pe easily interpreted is illustrated by the following exam-
of magnitude lower than that of the hard Comptonized COMpgte. Consider a two-component spectrum, in which one com-
nent. These results indicate that a low level of variability mighfonent is stable and the normalization of the other varies while
be an intrinsic property of the optically thick accretion diskiys spectral shape is unchanged. In this case the shape of the
independent of the nature of the compact object. frequency resolved spectrum would not depend on Fourier fre-

As is well known (see van der Klis 1986, 2000, for requency and would be identical to the spectrum of the vari-
view), aperiodic variability of X-ray flux from LMXBs can aple component. The spectrum of the non-variable compo-
be broadly divided into two main phenomena — continuufent could, in principle, be determined by subtracting the
noise and quasi-periodical oscillations (QPO) with frequenciggquency resolved spectrum from the average spectrum with
ranging from several mHz to more than a thousand Hz (edppropriate renormalization. Importantly, in this example the
Hasinger & van der Klis 1989; van der Klis 2000; RevnivtseX-ray flux in all energy channels will vary coherently and
et al. 2001). Mitsuda et al. (1984) studied théfetience be- with zero timgphase lag betweenftirent energies. Presence
tween the spectra averaged affetient intensity levels — that of significant phase lag aymt Fourier frequency dependence
restricted the range of accessible time scalesli@’ s. In this  of the frequency resolved spectra would indicate that a more
paper we will exploit the technique of Fourier frequency rexomplex pattern of spectral variability is taking place and
solved spectroscopy (Revnivtsev et al. 1999) to study specifakrpretation is then less obvious. With few exceptiopbase
variability of luminous LMXBs on a broad range oftime Sca|6$ag between ||ght curves in dierent energy bands in luminous
including kHz QPO. LMXBs (e.g. Sco X-1, GX 5-1, 4U1608-52, 4U064@91 etc.)

As defined in Revnivtsev et al. (1999), the Fourier fres usually smallA¢ < fewx 1072, coherence is consistent with
quency resolved spectrum is the energy dependent rms amiity, (e.g. Vaughan et al. 1994, 1999; Dieters et al. 2000) and
tude in a selected frequency range, expressed in absolutetf@sfractional rms — vs. — energy dependence similar at dif-
opposite to fractional) units. A similar approach was used lyrent Fourier frequencies (van der Klis 1986). This suggests,
Mendez et al. (1997) to study the energy spectrum of kHz QBat Fourier frequency resolved spectral analysis can be applied
cillations in 4U0614-09. One of it's advantages over simpleand its interpretation is siiciently straightforward and model-
fractional rms—vs.—energy dependence is the possibility to yagependent.
conventional (i.e. response folded) spectral approximations in
order to describe the energy dependence of aperiodic variabil- ~150 phase |ag was detected in the normal branch QPO of Cyg
ity. One should keep in mind, however, that the interpretationgf2 with the pivot energy-5 keV, but no such lags were found in a
the frequency resolved spectra often is not straightforward asidilar spectral state of Sco X-1 (Dieters et al. 2000).
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Fig. 3. The low (eft) and high (ight) frequency parts of the power spectrum of 4U1608 averaged over all data used for analysis. The power
spectrum of the high frequency part, showing two kHz QPO peaks was obtained by “shift-and-add” method.

The structure of the paper is as follows. We briefly describe The intensity-color diagram of GX 34®@ is presented in
the data in Sect. 2. In Sect. 3 we present the results of the &l3. 1. Figure 2 shows an example of the power density spec-
servations, show that the frequency resolved spectra do nottem, corresponding to the beginning of the horizontal branch
pend upon the Fourier frequency, and constrain the time lags the intensity-color diagram. The prominent QPO peak at
between dferent energies. The initial observational results are25 Hz corresponds to so called Horizontal Branch Oscillation
summarized in Sect. 3.3. In Sect. 4 we show that a particulaiyBO).
simple form of the spectral variability is required in order to The kHz QPOs are known to be rather weak in the case
satisfy the observational constraints — the flux variations in diif GX 340+0 (especially the upper kHz QPO), and the avail-
ferent energy channels must be related by a simple linear traalsle data on the source did not have enough sensitivity to study
formation. In Sect. 5 we compare the expected spectra of them in detail. Therefore, to investigate the properties of two
disk and boundary layer emission with the frequency resolvkHz QPOs and compare them with the lower frequency vari-
spectra. We show that the observed aperiodic and quasiperiadidity we chose another bright LMXB, 4U1608-52. The data
variability is primarily caused by variations of the luminosityf proposal P30062 provide energy and timing resolution ad-
of the boundary layer and its energy spectrum can be repeeuate for this purpose. Detailed analysis of kHz QPOs in
sented, to certain accuracy, by the frequency resolved spedinase observations was presented in Mendez et al. (1999, 2001).
In Sect. 6 we discuss the boundary layer emission spectruburing these observations the source was in the high luminos-
it's dependence on the mass accretion rate and implicationstpfstate and had two strong kHz QPO peaks at frequencies
these results for disk and boundary layer models. The resu800-800 Hz and-900—1200 and somewhat weaker QPO at
are summarized in Sect. 7. ~45 Hz (Fig. 3). Our aim is to compare the spectral variability
corresponding to these three QPO components.

The reduction of the PCA data was performed with the

2. The data help of standard tasks from FTOOILSHIEASOFT, version 5.1.

In order to investigate the spectral variability of neutron stdf'® SPectral approximations were done using XSPEC. In all
LMXBs in the soft (high luminosity) state we have used th@pectrazl fits Zthe interstellar absgrptlozn was fixed\etl =
RXTE/PCA (Bradt et al. 1993) observations of one of thg X 1072 cm? andNH = 1 x 10?2 cm? for GX 340+0 and
bright Z-sources (Hasinger & van der Klis 1989) Gx 3dn 4U1608-52respectively.

Our choice was defined by the requirement that the PCA con-

figuration combined diiciently high energy resolution (large3. Fourier frequency resolved spectra

number of the energy channels) with good timing resoluti .

and large total exposure time. We selected observations f%nf% - Low frequency continuum and QPO
proposal P20053 performed from Sep. 21 to Nov. 4, 1997 wif{s is well known, the X-ray variability properties and param-
total exposure time 0£178 ks. The PCA configuration pro-eters ofZ-sources depend significantly on the spectral state
vided 31 energy channels in the 3—20 keV energy band withthe source as given by its position on tAaliagram, the

2 ms time resolution. The detailed timing analysis of these ddtighest level of variability being observed at the beginning of
was presented earlier by Jonker et al. (2000). the Horizontal Branch (see e.g. Jonker et al. 2000). Therefore
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cussed in Sect. 6. The power spectrum of GX83d®n the 10

horizontal branch is shown in Fig. 2. Energy, keV

The Fourier frequency_ resolved Spec”‘?‘ N severa_ll fr'gi— .5.GX340+0. Ratios of the frequency resolved spectra in various
quency bands corresponding to the band limited continu

urier frequency bands to that of the 16-32 Hz band, correspond-
noise component and the25 Hz QPO are shown in Fig. 4 d Y P

ing to the Horizontal branch QPO. The data are from the Horizontal
along with the conventional spectrum of the source averagg,%nch of the color—intensity diagrarZ  0-1), i.e. the same as in

over the same data. The ratios of the frequency resolved speg: 4. Note that the vertical scale idfdirent in diferent panels.

tra to that of the QPO are presented in Fig. 5. The spectra and

the ratios demonstrate that their shape depends on the Fourier

frequency at low frequencies and becomes independent of theThe phase lags as function of energy and Fourier frequency
frequency atf 2 0.5 Hz. Similar behaviour was found byare shown in Fig. 6. No statistically significant phase lags were
van der Klis (1986) in the case of another bright LMXB -detected in the Horizontal Branch of GX 34D with upper
Z-source GX5-1. In particular, it was noted, that Horizontdimit of A¢ ~ 1072, where phase is normalized to the interval
Branch Oscillations and the low frequency noise have the sarfie] (as opposed to-@x).

hard, fractional rms spectrum and that at lower frequencies
variabilty becomes softer.

The upper limits on the possible variations of the spectral
shape with Fourier frequency depend on the photon energy &wsiwas mentioned above, the strength of the kHz QPOs in the
Fourier frequency and vary from5% to~25% (Fig. 5). Note power spectrum of GX 34D is insuficient to study their fre-
thatin the 06 < f < 30 Hz frequency range these upper limitsuency resolved spectra in detail. We therefore had to use for
are determined by the statistical uncertainties only. At hightis purpose a dlierent source — 4U1608-52 (Fig. 3). As the
frequenciesf 2 30 Hz, there might be an indication, althouglfrequency of the kHz QPO varied during the RXTE observa-
not statistically significant enough, of a frequency dependertans we used “shift-and-add” technique (Mendez et al. 2001)
of the spectral shape (lower panel in Fig. 5). Another conclin-order to improve statistics. During the same observations the
sion from the data presented in Fig. 4, important for the follovource showed a lower frequency QPO-46 Hz as well.
ing discussion, is that all frequency resolved spectra are signif- The Fourier frequency resolved spectra of the two kHz
icantly harder than the average source spectrum. QPOs and the HBO along with their ratios are shown in Fig. 7.

2. kHz QPOs
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As in the case of GX 3460, all three spectra are consistent . ¢ w w L
with each other within the statistical uncertainties. The upp&r

limits on possible variations of the spectral shape, however, aré©
significantly less constraining,30-50% at best. L4

average

1.2

1
3.3. Summary of the observational results 08 L

The results of the above analysis can be summarized as follows: Energy, keV

Fig. 7. Upper panel Average and frequency resolved spectra of

1. The shape of the frequency resolved spectra does not 41608-52. The solid lines show Comptonized disk spectra rescaled
pend or depends very weakly on the Fourier frequené “match the frequency resolved spectra and the high energy part of

Thisincludes the continuum band limited noise COmponetrlﬁm are the best fits to the frequency resolved spectrum of the lower
the Horizontal Branch QPO and the kHz QPOs. The cg Hz QPO (Table 2)Lower panel Ratios of the spectra shown in the

straints on possible Fourier frequency dependent variaticmﬁ)er panel to the spectrum of lower kHz QPO.
of the spectral shape are rather stringent for the band lim-

ited noise and Horizontal Branch oscillations (GX 340

—-<5-25%inthe 06 2 f < 30 Hz frequency range and

significantly less restrictive for kHz QPO=-30-50%. 4. Interpretation of the Fourier frequency resolved
2. The Fourier frequency resolved spectra at all frequenciesspectra

are significantly harder than the average spectrum.
3. No statistically significant phase lags were detected in ti\e show here that independence of the frequency resolved

e average spectrum. The parameters of the Comptonization spec-

case of GX 3480 with upper limits ofA¢ < 1072 in the spectra on the Fourier frequency and the smallness of the phase

0.1-30 Hz frequency range and 3-17 keV energy range.lags observed in majority of bright LMXBs (but see footnote 1)
4. At low Fourier frequenciesf < 0.5 Hz, frequency de- require a particularly simple form of the spectral variability.
pendent variations of the spectral shape become impor- The constancy of the spectral shape with Fourier frequency
tant — the frequency resolved spectra tend to become softiplies that the power spectruR{E, w) can be represented as
(GX340+0). a product of two functions, one of which depends on the energy
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and the other on the frequency only. For convenience we write Lo T T
P(E, w) in the form: i ]
R B —
P(E, w) = S%(E) x f4(w) @ ¢ DAt
0] [ _
where non-negative functiori(E) and f(w) can be directly E i ]
determined from the frequency resolved spectra. The Fourieg 05 [ N
) . : CX340+0
image of the light curvé(E, t) is: - 1
' - 3-6.5/6.5-13 keV .
F(E,w) = S(E) x f(w) x €, 2) oL il Ll il ]
0.1 1 10
In the general case the complex argumg(i, w) can depend Frequency, Hz

both on Fourier frequency and energyE. If the phase lags
between dierent energies are negligibly smalldepends on
the Fourier frequency only and the Fourier imagé-¢E, t) is:

Fig. 8. GX 340+0: Coherence between the light curves in the 3-6.5
and 6.5-13 keV energy bands as function of frequency. No correction
for the dead timefects has been made.

F(E, w) = S(E) x f(w) x €. (3)

The light curveF(E, t) can be computed via inverse Founef'he case of specific shape of the power density spectrutpf

transform ofF (E, w): 9. flat).
From Eq. (5) it follows that the coherence of the signals in
F(Et) = fdwlf(E w)gt any two energy bands is exactly unity, as they are related by a
’ ’ linear transformation. This is in agreement with the observed

< < behaviour — as illustrated by an example of GX 380shown

H(w) dot
S(E) fdwf(w)e' e ) in Fig. 8, the coherence between the light curves in 3-6.5 and
S(E) x f(t). 6.5-13 keV energy bands is close to unity (see also Vaughan

etal. 1994, 1999; Dieters et al. 2000 for results for other lumi-
An arbitrary function of energy can obviously be added tgous LMXBs).

the above expression. Thus, the light curve at en&ghould
satisfy the equation:

F(E,t) = So(E) + S(E) x f(t) (5)

4.1. Case of black hole binaries

The spectral variability in the black hole binaries is more com-
i.e. the light curves at flierent energies are related by a lineaplicated than described by Eq. (5) because of the strong depen-
transformation. dence of the shape of their frequency resolved spectra upon the
Equation (5) significantly restricts the pattern of the speEourier frequency (Revnivtsev et al. 1989)ather than non-
tral variability. Suppose that the spectrum of the source at argro tim¢phase lags observed. Indeed, typical values of the
given moment of time can be represented as: phase lags measured for Cyg X-1 are negligible in this context,

A¢ < few x 1072 (e.g. Kotov et al. 2001). Therefore
F(E,t) = So(E) + A(t) x S(E, p(t)) (6)

E,w)= E
whereA(t) is varying normalization, ang(t) represents vari- H(E @) = do(w) + 1(E. )
ations of the spectral parameter, on which the spectral flwhere
at a given energy depends non-linearly (e.g. temperature,

Thompson optical depth etc.). Using Taylor expansion: $1(E, ) << ¢o(w)
F(E,t) = So(E) + A(t) x S(E, p(t) and Eq. (3) and therefore Eq. (5) will hold withfBaient accu-

= So(E) + A(t) x S(E, po) racy if condition of Eq. (1) is fulfilled.

9S(E, po)
Alt) x ————= x (p(t) - 7
+ Al ap (Pt) = Po) @ 5. Application to bright LMXBs
1 6°S(E, po) 2
+ A(t) x 2 o x (p(t) — po)* + ... 5.1. Frequency resolved spectra and nature of the

variable component

In order to satisfy Eq. (5), one of the following two conditionﬁ_hus observed properties of the luminous LMXBs (Sect. 3.3)

should be fulfilled: (i)p(t) = po = const, i.e. only the nor-
malization varies with time, or (ii) the normalization is conreqUIre a particularly simple form of the spectral variability
on time scales from-s to ~ms, described by Eqg. (5). The

stant and variations of the spectral parameter afiecgntly
small, so that the terms higher than linear in the Taylor expat?:f-rm So(E) in Eq. (5) represents constant (non-variable) part

sion can be neglected. Simultaneous variations of comparabieith 4 possible exception of the soft state, e.g. in the soft state of

amplitude of the normalization and the spectral parameter (g x-1 (Churazov et al. 2001) found that the shape of the power den-

of any two spectral parameters) would be consistent with adity spectra does not depend on energy and that the spectral variability
servations only in the case 8{t) x (p(t) — po) = const or in satisfies the Eq. (5).
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of the color-intensity diagram, i.e. the same as used before. The shaded area shows a plausible range of the boundary layer spectral shape
calculated subtracting the predicted disk spectrum from the total spectrum and renormalizing the residual to the total energy flux of the
frequency resolved spectrum (see Sect. 5.2 and Table 1 for details). The dashed histogram shows the accretion disk spectrum with parameters
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spectrum). The lower solid histogram is the same but scaled to the total energy flux of the frequency resolved spectrum. The lower panels show
ratio of the frequency resolved spectrum to the lower histogram.

of the source spectrum anf{t) represents either (i) varia-order the linear expansion to be valid, the variations amplitude
tions of the normalization of the variable spectral componeat any energy should be smaller than the average flux. Indeed,
(e.g. Churazov et al. 2001) or (ii) small variations of the spefor the quadratic termin Eq. (7) to be neglectable, the following
tral parameter (e.g. Mendez et al. 1997). condition should be satisfied:

If variability of the X-ray flux is caused mainly by varia- g ST ()
tions of the normalization, it follows from Eq. (1), that the specT— X< 1 9)
trum of the variable compone8(E) is identical in shape to the
frequency resolved spectrum, i.e. can be directly determinie® (cf. Eqd. (8)) the frequency resolved spectrum in any fre-
from observations. The spectrum of the non-variable comp@Jency range and at any energy should be small in compar-
nent can, in principle, be obtained subtract®(E) from the ison with the average spectrum of the variable component.
averaged Spectrum with appropriate renormalization. Equivalently, fractional rms of flux variations Computed with

In the second case (small variations of the spectral parai@spect to the average flux of the variable component (as oppo-
eter), the energy dependence of the frequency resolved siséi€ to the total average flux) should be less than 1.
trum S(E) Corresponds to the first derivative of the Spectrum In the first case identification of the variable Component
with respect to the parametpy 5S(E B which might difer sig- Wwould be easy and unambiguous. However, no distinction be-
nificantly from the spectrum itself. Indeed, considering a Widieen the two possibilities outlined above can be made based
spectrumS(E, T) = E2e /T, as an example (cf. Mendez et alsolely on the results of the frequency resolved analysis, and

1997), the intensity variations are: additional considerations should be taken into account.
FE.1) = S(E.To) + 9S(E. To)) ST + ... (8) 5.2 Emission from the boundary layer and accretion
3T 1) disk
= SO(E)+SO(E)>< — T_ Based on theoretical grounds (Sunyaev & Shakura 1986;
0 0

Kluzniak 1988; Inogamov & Sunyaev 1999; Popham &
Therefore in Eq. (5B(E) = So(E) x E/Ty, i.e. is harder than Sunyaev 2001) and observational results (e.g. Mitsuda et al.
the average spectrum. It is intuitively obvious, however, that i984; Mitsuda & Tanaka 1986; Gierlinski & Done 2002) it
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is expected that in the case of accretion onto a slowly rotatiMaple 1. Range of parameters used to estimate plausible range of the
weakly magnetized neutron star afffsziently high mass ac- accretion disk and boundary layer spectra (Fig. 9).
cretion rates there are two major components of the accretion

flow: Parameter ~ GX3480 4U1608-52
D, kpc 8.5-10.5 3.5-45
1. the optically thick accretion disk extending close to the sur- Forsokev! 27x10% 88x10°
face of the neutron star or last marginally stable orbit; cos() 0.3-0.7
2. the boundary layer (e.g. Popham & Sunyaev 2001) or Teol/ Ter 1.6-2.0
spreading layer (Inogamov & Sunyaev 1999) near the sur- Ys: HZ 0-700
face of the neutron star. In this layer the accreting matter Thot 0.213-0.116
decelerates to the spin frequency of the star and spreads (2 0.26-0.57
disk .£0—U.

over its surface. fo, 2 0.74-0.43

. . N 1 _ Absorption corrected, efgjcn?.
Simple _theoretlcal ar.gumgnts, takl_ng Into account energy ge- Derived values of the total accretioffieiency and fraction of the
Igased in t.he aqcretlgn disk and in the boundary layer, a@ﬁergy released in the disk and boundary layer respectively, corre-
difference in their emitting areas suggest that the spectrumsgénding to the considered range of the neutron star spin frequency,
the boundary layer emission should be noticeably harder th@pa 1.4M, neutron star, EOS FPS (Sibgatullin & Sunyaev 2000).
that of the optically thick accretion disk (e.g. Mitsuda et al.
1984; Grebenev & Sunyaev 2002). Considering the restrictions

on the character of spectral variability imposed by Ed. (5), df,aples one to predict the disk and the boundary layer spec-
is natural to assume, that the observed variations of the X-tY pased on the observed X-ray flux and spectrum and very
flux should originate in one of these components. FUrthermoggy o ic system parameters, such as neutron star spin frequenc
X-ray variability should be mainly caused by either variationg, i source distance. For this analysis we adopt the general
of the total luminosity with nearly constant spectral shape pljasiistic accretion disk model by Ebisawa et al. (1991) (the

by small variations of the spectral shape. In order to disti‘—rad model” in XSPEC). The parameters of the model are:
guish between these possibilities and to identify the nature:lﬁ]{3 source distancB, mass of the central objedtlys, disk '

the varying component we consider below theoretical expeciaziination anglei, the mass accretion ratd and the color-
tions for the disk and boundary layer spectra and compare thgiMga ctive temperature rati® = Teo/Ter. The source dis-
with the observed frequency resolved spectra. tance was varied in the range 8.5-10.5 kpc (GX3%0and

Due to complexity of the boundafspreading layer prob- 3 5_4 5 kpc (4U1608-52), the disk inclination — in the range
lem, no models capable to directly predict its emission Sp&g-cosj = 0.3-0.7, color-to-fective temperature ratio — in the
trum exist yet. An attempt of solve the radiation transfer propange 1.6-2.0 (Shimura & Takahara 1995).
lem using density and temperature profiles obtained in the |, orger to estimate the plausible range of mass accretion
hydrodynamical simulations (e.g. Popham & Sunyaev 200Lyes we used the total accretiofii@ency o and relative
failed to reproduce, even q_ualltatlvely, the observed X_‘@hergy release fractions of the diskss, and the neutron
spectra and demonstrated importance of the self-consistgat surfacefs, , calculated by Sibgatullin & Sunyaev (2000).
treatment (Grebenev & Sunyaev 2002). _  These account exactly for the space-time metric around a neu-

Significantly better progress has been achieved with then star with a given spin frequency and equation of state. In
spectra of accretion disks (Shakura & Sunyaev 1973; Shimyarticular we used their results for a neutron star with gravita-
& Takahara 1995; Ross & Fabian 1996). It has been shoignal mass of 1.4, described by FPS equation of state (their
that at stficiently high mass accretion rates th#feets of Egs, (1) and (2)). In computing the relation between the ob-
Compton scattering can be approximately accounted for by Ksrved luminosity and the mass accretion rate we ignored the
troducing a dilution factor to describe deviation of the spectfght bending and abberatiorffects, the real geometry of the

emitted at each radius of the disk from blackbody (Shimuggreading layer and shadow cast by the neutron star on the disk
& Takahara 1995; Ross & Fabian 1996). Additional modifiang houndary layer:

cations of the disk spectrum arise due to gravitational redshift

and Doppler #ects (Ebisawa et al. 1991; Ross & Fabian 199¢; . = (d(i) faisk + d(f — i)fBL) X NiotMc? (10)

Bhattacharyya et al. 2001). Relatively simple models of multi- 2

color disk type which account for théfects of Compton scat- where emission diagram is described by Chandrasekhar—

tering with a simple color-toféective temperature ratio turnedSobolev lawd(i) ~ 3/7(1 + 2.06 cod) cosi. The luminosity

out to be successful in describing the accretion disk spectra osswas computed from the absorption corrected fluxes extrap-

served in the high state of black hole systems (e.g. Ebisawlated to 0.1-30 keV energy range. The total correction factor

etal. 1991; Gierlinski et al. 1997). from observed 3-20 keV flux was2 in both cases. Therefore,
Therefore we use the predicted disk spectrum as a startingess a new spectral component appears outside the 3—20 keV

point and subtract it from the total spectrum in order to calcB*CA energy range, the uncertainty of the flux correction should

late expected spectrum of the boundary layer. To estimate titg exceed few tens of per cent. The accretifiiciency ni

plausible range of the boundary layer spectra we investigated the disk and boundary layer fractidiggk and fg. depend,

the parameter space of the accretion disk model. This approabkiiously, on the neutron star spin, which was varied in the
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! 1 Table 2. Parameters of the spectral modeling.
4U1608-52
kHz QPO | Parameter GX340  4U1608-52
D, kpc 8.5 4.0
i 7 NH, cnr? 5x 107 1x 107
39 F3 20 kev 1 erg’s/cmz 14x10°8 42x10°
w r +++ 7 Fo.1-30 kev 2 ergS/Cﬂ'T2 27x10°8 8.8x107°
g —— + T Lo.1-30 kev 2 erg’s 23x 10°8 1.7 x 10*7
- e M3 g's 31x10®  20x107
g 10 — —— — QPO frequency resolved spectrebpundary layef)
;5 L . ] power law with exponential cufb(phabscutatpl)
© 5 . a -055+016 -1.28+0.13
- i e 7 Ef, keV 33+0.2 24+01
B 1 x?/d.o.f. 13.916 4.89
3 + 3 Comptonization model (phaksomptt)
L ] KTpp, keV 13+0.2 14+04
KTe, keV 31755 2.6y,
L T 6.0771 6.7°0%
10 x?/d.o.f. 11.315 4.08
Energy, keV average spectta
Fig. 10. The energy dependence of the fractional rms of the kHz QPO E— phabs(grad+pexravt Gaussian)
in 4U1608-52. Flattening abovel0 keV indicates, that the energy mclmahc;n’i 60° Y
spectrum of the oscillations at these energies has the same shape as T.CO'/Teg 17 18
the total spectrum. M, 10 g/s 30+0.04 034+0.01
M/MEddG ~0.9 ~0.1
Q/2r 0.27+0.07 0.1
EW’, eV 48+ 10 147+ 17
range 0—700 Hz assuming that the neutron star and disk co-  Lg /L, 320 keV 47% 57%

rotate. .
! Observed? Absorption corrected® Calculated from the total un-

) The investigated range_of the_disk parameters is SUMM@sorbed luminosity using the accretiofi@ency for the neutron
rized in Table 1. Each predicted disk spectrum was subtractggh spin frequency ofys = 500 Hz (Sibgatullin & Sunyaev 2000,

from the total spectrum and the residuaboundary layer spec- see Sect. 5.2, Eq. (10)).The details of spectral modeling are given
trum) was normalized to the observed 3-20 keV energy flitxx Sect. 5.3.° Fixed at fudicial value® Assuming Mgq = 2 x

of the frequency resolved spectrum. The resulting range of th#®/c?ngsk ~ 3.5 x 10" g/s, wherengsc = 0.066 — accretion disk
boundary layer spectra for two sources is shown in Fig. 9 efiiciency forvys = 500 Hz andMys = 1.4 M,. 7 - Line energy and
the shaded area along with the average and frequency resoWisigh were fixed aEjin. = 6.7 keV andoine = 0.5 keV.
spectra of the 25 Hz and kHz QPO and the best fit model de-
scribed in Sect. 5.3. The lower panels in Fig. 9 show ratio of the
frequency resolved spectrum to predicted boundary layer sp8ect. 5.1, in order to maintain constancy of the shape of the
trum. Different models of the disk emission, e.g. ignoring thifeequency resolved spectra and zero time lags betwetar-di
relativistic éfects (the “diskpn” model in XSPEC, Gierlinskient energy channelsitis required, that frequency resolved spec-
et al. 1997) or model of Ross & Fabian (1996) which morea in any frequency range ate than the average spectrum of
accurately accounts for the Compton scatterifigats, but as- the variable component. This condition is obviously violated at
suming Newtonian dynamics, change the details but do not Bl= 10-15keV (Fig. 9 — cf. the disk and the frequency resolved
ter the general conclusion. The close similarity of the expectsplectra).
boundary layer and the observed frequency resolved spectraConsidering the quick decline of the disk emission above
strongly suggests that X-ray variability is caused by variatiorgd 0 keV, another test of the suggested interpretation might
of the luminosity of the boundary layer component. It also inbe the behavior of the frequency resolved spectrum (or frac-
plies that the spectrum of the boundary layer emission does tighal rms) at high energg10-15 keV. Indeed, as & 2 10—
change significantly in the course of these variations (cf. exas keV the total spectrum is dominated by the boundary layer
ple given by Eq. (8)). emission, the fractional rms in the above scenario is expected
On the other hand it is obvious from Fig. 9 that the disto become independent of the photon energy. Due toffinsu
spectrum is significantly softer and can not reproduce the atient energy coverage this can not be checked in the case of
served frequency resolved spectrum. Qualitatively, this fa@8X 340+0 where the disk temperature is rather high. Flattening
does not rule out the possibility that X-ray variability is duef the fractional rms is clearly seen in 4U1608-52 (lower-most
to variations of the disk emission spectrum. Indeed, varipanel in Figs. 7 and 10), havinglO times lower mass accre-
tions of e.g. disk temperature can result in the frequency ten rate and correspondingly lower disk temperature and softer
solved spectra significantly fiierent (in particular, harder, cf. disk spectrum. Similar behavior was observed by Mitsuda et al.
Eq. (8)) than the average spectrum. However, as discusseli®B4) for Sco X-1 using TENMA data.
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Thus, we conclude that the bulk of the X-ray variability ob-
served in GX 3480 and 4U1608-52 and, presumably, in other
luminous LMXBs, on~ second—millisecond time scales is due
to variations of the boundary layer luminosity. The shape of the
boundary layer emission spectrum remains nearly constant in
the course of these variations. Therefore the energy spectrum
of the variable component — the frequency resolved spectrum
should be representative, to some accuracy, of the spectrum of
the boundary layer emission. This can be used to separate the
boundary layer and the accretion disk contribution to the total
spectrum and permits to check quantitatively the predictions
the accretion disk and boundary layer models. It also opens
the possibility to measure relative contributions of these two
components of the accretion flow to the total observed X-ray
emission.

5.3. Spectral modeling

As small variations of the spectral shape of the boundary layer
emission in the course of flux variations can not be excluded
and are likely to take place, the frequency resolved spectra
represent the boundary layer emission with a certain accuracy
only. This should be kept in mind while interpreting the spec-
tral fitting results described in this subsection. However, the
reasonable quality of the spectral fits and values of the spectral
parameters for two sources with significantlffeient mass ac-
cretion rate provide additional indirect support to the main con-
clusion of this section.

Below we approximate the frequency resolved spectrum
(~spectrum of the boundary layer emission) with a plausible
model and then fit the total spectrum adding the accretion
disk component. This procedure is equivalent to subtracting
the renormalized frequency resolved spectrum from the total
spectrum, with the renormalization deient determined by
requirement to minimizg?.

The simplest models of the blackbody or Wien spectrum
with KT ~ 2-2.2 keV, although they reproduce approximately
the shape of the frequency resolved spectra, show statistically
significant deviations from the data (Fig. 11) and give unac-
ceptable value of?. Significantly better the spectra can be
described by the Comptonized emission models (Sunyaev &
Titarchuk 1980; Poutanen & Svensson 1996). Although simple
Comptonization models are not expected to be directly applica-
ble to the emission spectra emerging from the boundary layer,
we give in Table 2 the best fit parameters for comptt model in
XSPEC (Titarchuk 1994) for easy comparison with other re-
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sults. A convenient parameterization of the frequency resolved 11 The absorption corrected averagepjger pandl, frequency

spectra is provided by a power law spectrum with exponeRsolved ¢boundary layermiddle and accretion diskigwer) spec-

tial cut-off, which we will use for the following analysis of thetra of GX 346+0 and 4U1608-52. The solid, dashed and dotted lines

average spectra. in the upper panel show the best fit total, boundary layer and accre-
As the second step, we approximate the average spi®? disk spectra. The thin solid lines in the middle panel are best

tra by a two component model including the disk, bouné'—t Comptonized spectra, the thick grey line is Wien spectrum with

ary layer emission and the reflected component appedl.t CTCU IRy CEEe Bt e
ing due to reflection of the latter from the accretion disk. gy tiux. Ih € lower p P

. fa of the accretion disk, the dashed line is 4U1608-52 spectrum mul-
phabs(grad+pexrawGaussian). The shape (but not the nogx

N = ) lied by a factor of 12. See Table 2 for values of the spectral param-
malization) of the boundary layer emission was fixed gFers'

the values determined from approximation of the frequency
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resolved spectrum. The reflection was modeled using pexrav - 8
model (Magdziarz & Zdziarski 1995) and a broad Gaussian - GX340+0 1
line at 6.4-6.7 keV. All parameters of the grad model were_ QPO~boundary layer i
fixed except the mass accretion rate. The mass of the ney-
tron star was fixed at 1.M,. The disk inclination angle and >~ -
the color-to-&ective temperature ratio were fixed at somewhatEo
arbitrary, although reasonable, values, which were chosen to r
approximately minimize the residuals. Note, that presence df

the line atE ~ 6-7 keV in the average spectrum is statisti- >
cally significatly required by the data, especially in the case 0% 0.1
4U1608-52. The parameters of the spectral fits are summarized

in the Table 2. The best fit models andfdient components %
are depicted Figs. 9 and 11. Although grevalues of the fits  —
to the average spectra are in the range 3.0-4.5 per d.o.f. apd
are formally unacceptable, the models describe the observed e — Horizontal branch ag
total spectra (having very statistical significance, sigméase " o Normal branch 1
~ 10°-1C per energy channel) reasonably well, with relative

accuracy 0f51-2% in the 3—20 keV band.

Wien /

kT=2.4 keV

L
10
Energy, keV

6. Discussion Fig. 12. The absorption corrected frequency resolved spectra of QPO

The best fit values of the mass accretion rates obtained frrRoundary layer emission) in GX 340 in the horizontal brarghs
the spectral fits agree, within a factor s1.7 with the val- 9-1 (lowerM)and upper half of the normal branch= 1-1.5 (higher
ues predicted from the observed energy flux and the accretth S€€ Fi9. 1 for specification of the regions in the color-intensity
. . . gram. The horizontal branch data is same as in Figs. 4, 9 and 11.
efficiency expected for a neutron star with spin frequency Phe solid line shows Wien spectrum Wi = 2.4 keV,
~500 Hz (Eqg. (10)). This fact is especially encouraging, as the ’ '
two sources have accretion rateffelient by a factor o£10
(Table 2). For such elierence in the accretion rate the expectadeaningful constrains on the behavior of the frequency re-
disk temperatures shouldftér by a factor for~1.7-1.8, re- solved spectra at the first half of the normal branch (Fig. 1).
sulting in the diferent shape and total flux of the disk specFhe data indicates that the behavior of the frequency resolved
tra (Fig. 11, lower panel). However, after the contribution afpectra does not change its character — fiicsently high fre-
the boundary layer is accounted for, the relativistic disk emiguency,f 2 1 Hz, their shape does not depend upon the
sion model is capable of reproducing both spectral shape dralirier frequency and is significantly harder than the aver-
normalization. age spectrum and expected spectrum of the accretion disk.
Despite large dference in the mass accretion rate in th€herefore, in the same line of arguments as above, it is repre-
two sources, the energy spectra of the boundary layer emisssentative of the spectrum of the boundary layer spectrum. Fit to
are very similar to each other. This is in line with the findinghe frequency resolved spectrum by Comptonization model re-
that variations of the boundary layer luminosity in the broaguires infinitely large values of the Comptonization parameter.
range of time scales froms to~ms are not accompanied byCorrespondingly, the boundary layer spectrum in the normal
significant variations of the spectral shape. Similar behavibranch can be well fit by Wien or blackbody spectrum (which
was found by Mitsuda et al. (1984) and Mitsuda & Tanakare close to each other in the 3-20 keV range) with the best
(1986) on longer time scales 6fl0° s. fit temperature okT ~ 2.4 keV. As evident from Fig. 11 and,
Due to short light travel time of the accretion disk in thespecially, from Fig. 12 the high energy p&tz 8 keV of the
vicinity of the neutron star;-ms, the reflected component, ifspectrum of 4U1608-52 and horizontal branch of GX-830
originating in the inner disk, could contribute to the variablalso follows Wien spectrum with temperature in the range
emission and cause deviation of the frequency resolved spe&ffa~ 2.1-2.3. The composite fit of the total spectrum with the
from the true boundary layer spectrum. This can not be directlisk + boundary layer spectrum, the same as in Sect. 5.3, gives
verified with the present data — upper limit on the equivaleatbest fit value of the mass accretion raté/bk 4.6x 1018 g/s,
width of the 6.4—6.7 keV line is in the case of both sourcé. higher than in the horizontal branch (cf. Table 2). This is
~110 eV (90% confidence). However, for the observed shapecohsistent with the commonly accepted interpretation that the
the spectrum of the boundary layer, contribution of the reflectadhss accretion rate increases alongZkeack on the color-
componentwith)/2r ~ 0.2-0.3, if any, would not exceed 10%intensity diagram.
in the ~10-20 keV energy range, i.e. is comparable or smaller The frequency resolved spectrabpundary layer spectra)
than other uncertainties involved. on the normal and horizontal branch of the color-intensity
Further along theZ-track of GX34G-0 in the color- diagram are plotted in Fig. 12 along with Wien spectrum
intensity diagram, on normal and flaring branches, the fragith KT = 2.4 keV. Combined with the middle panel in
tional rms of the X-ray variability decreases significantly, bifig. 11 this plot shows trend in the dependence of the bound-
a factor of~5—-10. However, the statistics isfBuaient to place ary layer spectrum upon the mass accretion rate in the range
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that energy spectrum of the kHz QPO can be approximately de-
scribed by a blackbody spectrum wkfi ~ 1.5-16 keV. Note,
however, that they found fierent energy depedence of contin-
uum aperiodic variability at lower frequencies. That can possi-
bly be explained by the fact that the source was in significantly
lower luminosity stateM ~ 10"2Mggq and it's energy spec-
trum had a distinct power law component which could domi-
nate variability at lower frequencies.

The disk emission is significantly less variable and does
not contribute significantly to the variability of the X-ray flux
at f 2 0.5-1 Hz. This conclusion is in agreement with results
1 of Churazov et al. (2001) for the high state of Cyg X-1, in-
dicating that stability of the X-ray emission might be a com-
mon property of the optically thick accretion disk, indepen-
dently on the nature of the compact object. The origin of the
variable component, however, ifidirent in the case of Cyg X-
L L b L 1 (and presumably in the soft state of other black hole bina-

0.1 ] 10 ries). Indeed, the spectrum of the variable component in the
frequency, Hz soft state of Cyg X-1 is identical to the time average spectrum
of the hard spectral component and is adequatly represented
Fig.13.The power density spectra of GX3440_ in t_he 3-7 keV en- by unsaturated Comptonization in h&T{ ~ 50—100 keV)
e o o e s Saan v specs ot ot s o optcally thin r < 1) coronal flow it possile con-
boun?:lary layer emission, obtained upsing thep procedure déscribe ?butic_)n of non-thermal C_ompto_niza?ion. Varia_lb_le compone_nt
f in'luminous LMXBs considered in this paper, if interpreted in

Sect. 6; the straight solid line shows a power B{¥) = 3.5 x 107 x N .
f-1. The power density is shown in units of fractional rms per Hz arfije framework of the Comptonization model, requires saturated

all three spectra are normalized to the total count rate in the 3—7 kE@mptonizaion (Comptonization parameger 1) in the rel-

band. Note, that the lower-most frequency binfieeted by the win- atively low temperaturekTe ~ 2-3 keV) plasma and is in-

dowing efects, suppressing the power. consistent both qualitatively and quantitatively with the corona
models usually applied to black hole binaries.

. ) In the bright LMXB systems, the contribution of the disk
M ~ (0.1-1.0)Meqa. We can tentatively conclude that with in-variability becomes noticeable at lower frequencies, below
crease of the mass accretion rate up to a value close to criticel5 Hz, where the frequency resolved spectrum changes
Eddington rate the boundary layer spectrum in the 3-20 ké\é shape and becomes softer (Figs. 4 and 5; cf. results of
energy range approaches a Wien spectrum. Interestinglyvat der Klis 1986 for GX 5-1). This can be used to estimate
lower values oM the character of the deviations of the boundhe contribution of the disk to the observed variability of the X-
ary layer spectrum from the Wien spectrum is similar to thedy flux. The result depends on the character of the disk vari-
expected in the situation when Compton scatterings are impability. In order to make a crude estimate we assume that the
tant factor of the spectral formation in the media with inhadisk variations also obey a simple linear relation described by
mogeneous temperature distribution (Ross & Fabian 1996).Hg. (5):
particular they are qualitatively similar to the numerical results
of Grebenev & Sunyaev (2002) on the formation of the spet{(&t) = Faisk(E.t) + FaL(E. 1) (11)
trum of the boundary layer. Sdisk(E) X fgisk(t) + SgL(E) x fgL(t)

The relatively weak dependence of the shape of the bound- o
ary layer spectrum upon the mass accretion rate (Figs. If fisk and poundary Iayer_ variations were uncorrelated, the
and 12) and the relative constancy of the Wien temperaturd®fVer density of the total signal would be:
somewhat surprising. It implies that in the considered range , 2 1f 2 2 0f 2
M 2 0.1Mgqq the plasma temperature at Comptonization deplt%fE’ w) o Sas(B)” x e )" + Ser ()" x fer ()l
in the boundary layer weakly depends upon the mass accretigirere within the accuracy of this consideration one can as-
rate, i.e. increase of th®l does not change significantly verti-sume thatSyisi(E) and Sg_(E) are the disk and boundary
cal temperature structure in the boundary layer. layer spectra determined in Sect. 5.3. The fUﬂCtl(ﬁﬁg‘&(w)F

The fact that kHz QPO show the same behavior as otheerd| fz, (w)|? after appropriate renormalization represent power
components of the aperiodic variability indicates, that thejensity spectra of the disk and boundary layer and can be de-
have the same origin, i.e. are caused by the variations of thetkrmined from linear fit to the square of the frequency resolved
minosity of the boundary layer. Although the kHz “clock” carspectra in each frequency interval. The power density spectra
be in the disk or due to it's interaction with the neutron stathus computed are shown in Fig. 13 along with the total power
the actual modulation of the X-ray flux occurs on the neutr@pectrum of GX 3480 in the soft 3—7 keV energy band. The
star surface. Mendez et al. (1997) suggested similar interppewer spectrum of the accretion disk flux variations iBedent
tation of kHz QPO in 4U061409. In particular they showed, from that of the boundary layer, does not extend significantly

1073

; total

boundary
layer

104 ch:ffl/

fractional rms

accretion
disk

10-°

Q



M. Gilfanov et al.: Boundary layer, accretion disk and variability in LMXBs 229

to the high frequency domain, and is consistent with a power above~0.5 Hz is caused by variations of the luminosity of

law with slope of-1: the boundary layer. Its spectral shape remains nearly con-
» stant in the course of the luminosity variations. This inter-
Paisk(f) o« 77 pretations receives additional support from the constancy

of the fractional rms with energy & = 10 keV, where

;Lhe e>f<tcess povl\jler ;eefn If.t IO;N frquencrels; 0‘3_1 lt:f in i expected accretion disk emission vanishes, found in case of
e soft energy band (cf. Fig. 2) can be explained as the contri- 4U1608-52 (Fig. 10).

bution of the disk variations. At higher frequencies the vari-

ability is dominated by the boundary layer emission, giving

primary contribution to quasi-periodic oscillations and the sd2. Implications for the models of the boundary layer
called band limited noise compoinent (e.g. van der Klis 1986). and disk emission

The frequency resolved spectrum is representative of the en-
7. Summary ergy spectrum of the boundary layer emission. This can be used

for a more precise decomposition of the spectra of luminous

The initial observational results are listed in Sect. 3.3. BelowxBs into accretion disk and boundary layer components
we summarize the constrains on the character of the speciig} for quantitative comparison with predictions of the theo-
variability and implications for the boundary layer and accrggical models. In the following we shall assume that boundary

tion disk models. layer spectrum is identical to the frequency resolved spectrum,
bearing in mind that this is true to certain accuracy.

7.1. Constrains on the pattern and origin of the

spectral variability in luminous LMXBs 1. In the considered range of the mass accretion khte

(O.1—1)MEdd, the boundary layer spectrum in the 3-20 keV
1. Using RXTEPCA observations of two luminous low mass energy range depends weaklyn ts shape is remarkably
X-ray binaries GX 3480 (on the horizont@ghormal branch similar in GX 346+0 and 4U1608-52 (Fig. 11), despite the
of the color-intensity diagram) and 4U1608-52 we show fact that the two sources have a factordf0 difference in
that the shape of the Fourier frequency resolved spectra the mass accretion rate (Table 2). _
on ~second—millisecond time scales does not depend on In the limit of high M, of the order of~Mgq4q (NOrmal
Fourier frequency (Figs. 4, 5 and 7). The range of in- branch of GX3480), the boundary layer spectrum in the
vestigated timescales includes the band limited continuum 3-20 keV energy range can be adequately represented
noise, the kHz QPO and lower frequency QPOs observed by the Wien spectrum with temperatuk@ ~ 2.4 keV
at few tens Hz (Figs. 2, 3). Combined with the negligibly (Fig. 12). At lower values oM (4U1608-52 and horizon-
small phase lags\¢ < 1072 (Fig. 6), this restricts signif- tal branch of GX 3480) the spectra are better described by
icantly the possible pattern of spectral variability of X-ray ~Comptonization model with electron temperature~&-
flux and requires linear relation between flux variations at 4 keV and Comptonization parameter 1 (Table 2). Their
different energies (Eq. (5)). high energy partE 2 10 keV, is well represented by Wien
Considering significant dfierence in the expected spectra spectrum with temperature ef.1-2.3 keV.
of the accretion disk and boundary layer the observed va2- The average spectra can be adequately described by the
ations should be associated with either one of these two sum of the renormalized frequency resolved spectrum and
major components of the accretion flow. The X-ray vari- the accretion disk emission (Fig. 11). The spectrum of the
ability is caused either by variations of it’'s luminosity under latter is well described by the general relativistic accretion
constant spectral shape, or by small variations of a spectral disk model. The other parameters, such as source distance
parameter (e.g temperature or optical depth) — Eq. (7). and disk inclination angle being fixed at fudicial but plausi-
2. We compared the Fourier frequency resolved spectra with ble values, the best fit value of the mass accretion rate coin-
the expected spectra of the accretion disk and of the bound- cides, within a factor 0£1.7 with that inferred from the
ary layer. The predicted spectra were based on the observedobserved X-ray flux and accretiorfieiency appropriate
energy fluxspectrum and very generic system parameters for a 1.4Mg neutron star with spin frequency 600 Hz
such as the source distance and neutron star spin frequency(Table 2). This agreement is especially remarkable, given
The frequency resolved spectra are well consistent with the the luminosity and mass accretion rate in the two sources
range of the boundary layer spectra expected for plausible differ by the factor of10.
range of the system parameters (Fig. 9, Table 1). On tl3 The accretion disk emission is significantly less variable
other hand, they are significantly harder than the expected than the boundary layer emission at Fourier frequencies
spectrum of the accretion disk. It is unlikely that the ob- f 2 0.5-1 Hz. The power density spectrum of the disk ap-
served variations are associated with variations of the disk pears to follow a power lawgis(f) o« = and contributes
luminosity or spectral shape unless the disk temperature is to the overall variability in the soft energy band and in the
~3-4 kev, i.e. current accretion disk models are inapplica- low frequency domain only (Fig. 13).
ble to the neutron star binaries. 4. The kHz QPOs apear to have the same origin as ape-
3. The above suggests that the major part of aperiodic and riodic and quasiperiodic variability at lower frequencies.
quasiperiodic variability observed in luminous LMXBs The msec flux modulations originate on the surface of the



230 M. Gilfanov et al.: Boundary layer, accretion disk and variability in LMXBs

neutron star although the kHz “clock” might reside in th&nogamov, N., & Sunyaev, R. 1999, Astr. Lett, 25, 269

disk or be determined by the disk — neutron star interacticlenker, P., van der Klis, M., Wijnands, R. et al. 2000, ApJ, 537, 374
5. Finally we point out that in the case of GX34D and Kluzniak, W. 1988, Ph.D. Thesis

presumably otheZ—sources, the above results apply t§0toV, O., Churazov, E., & Gilfanov, M. 2001, MNRAS, 327, 799

the normal and horizontal branches of the color-intensitfWin: W., Lubin, L., Tan, J. et al. 1992, MNRAS, 256, 545

diagram. The source behaviour on the flaring branch, §g29dz1arz, P., & zdziarski, A. A. 1995, MNRAS, 273, 837

. . . endez, M., van der Klis, M., van Paradijs, J. et al. 1997, ApJ, 485,
lieved to correspond to super-Eddington accretion is more,,

complex and is beyond the scope of this paper. Mendez, M., van der Klis, M., Ford, E. et al. 1999, ApJ, 511, L49
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