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Abstract. We present the results of an energy-dependent timing
analysis of Ginga data from the black hole candidates GS 1124-
68 and GX 339-4 in their Very High State (VHS). Large vari-
ations with energy of the timing properties are seen in both
sources. The break frequency of the band-limited noise in-
creases with energy, indicating considerable spectral changes
on sub-second timescales. Quasi-periodic oscillations (QPOs)
with high (and energy dependent) harmonic content are ob-
served, whose peaks in the power spectra appear to be asym-
metric. The fractional amplitude of the fundamental QPO peak
increases with energy and the QPO harmonic content decreases
with energy, indicating that the at higher energies the QPO cycle
becomes more sinusoidal. During one observation of GS 1124-
68, the QPO centroid frequency increases with decreasing 9-30
keV source count-rate. We found a previously unknown 6.7 Hz
QPO peak, also energy dependent, in GS 1124-68, four months
after the peak of the outburst. The energy dependence of the
band-limited noise is interpreted in the frame of a shot-noise
model with softening shots. The complex phenomenology re-
ported here puts strong constraints on the theoretical models for
spectral distribution and time variability of black hole candi-
dates at high accretion rates.

Key words: X-rays: stars — stars: individual, GS 1124-68,
GX 339-4 — binaries: close

1. Introduction

During the first half of this decade the known phenomenology
of aperiodic time variability in Black Hole Candidates has con-
siderably increased in complexity (see Van der Klis 1995 for a
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review). The data from the Ginga satellite have allowed detailed
studies of the transient sources belonging to this category. In par-
ticular, besides the high’ and ’low’ states (first identified in Cyg
X-1 by Tananbaum et al. 1972 on the basis of the X-ray spectral
distribution), a third state has been recognized, corresponding to
high luminosities, probably connected to near-Eddington accre-
tion rates (Miyamoto et al. 1991). This state is characterized by
a two-component X-ray spectrum, consisting of a strong ther-
mal spectrum which dominates the flux below a few keV, and a
hard power law extending to higher energies (see Miyamoto et
al. 1991, Ebisawa et al. 1994). The temporal variability is char-
acterized by the presence of a 3-10 Hz QPO peak with complex
harmonic content, plus either a band-limited noise or a weaker
power law noise component (Miyamoto et al. 1994a, Takizawa
et al. 1996). This very-high state (VHS) has been observed with
Ginga in only two sources so far, the transient GS 1124-68 (Ebi-
sawa et al. 1994, Miyamoto et al. 1994a) and during a single
observation of the persistent system GX 399-4 (Miyamoto et al.
1991).

In this paper we present results of an analysis of the energy
dependence of the QPO and noise components in the power
spectra of these two sources, as observed with Ginga.

2. Data analysis

We analyzed data of GS 1124-68 and GX 339-4 from the LAC
on board Ginga (Turner et al. 1989). All data are from observing
mode MPC3, with a time resolution of 7.8 ms and 12 energy
channels covering the range 1.2-37.0 keV. For GS 1124-68, we
selected three observations early in its outburst in January 1991,
and a later observation in May 1991. During this observation the
source was in a transition between high and low state (see Ebi-
sawa et al. 1994), and its timing characteristics are surprisingly
similar to those in the VHS, although at a much lower X-ray
luminosity (Miyamoto et al. 1994a). For GX 339-4 we consid-
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ered the only observation of the source in the VHS (September
1988, see Miyamotoetal. 1991). Given the high variability in the
source properties (Miyamoto et al. 1991), this observation was
subdivided into two parts. A log of the observations is reported
in Table 1. The high-energy channels have been combined and
the lowest channel has not been used so that a total of four en-
ergy bands were considered, with the exception of the May 17
observation of GS 1124-68 where further rebinning was applied
(see Table 1).

3. Power density spectra

For each observation and each separate energy band, power
spectra have been produced from short stretches of data. These
were averaged together and rebinned in energy when necessary
to increase the source signal. The power density spectra have
been normalized to squared fractional rms according to Belloni
and Hasinger (1990b) by using the total and background count
rates. A logarithmic rebinning in frequency has been applied
to the power spectra. The white-noise level due to Poissonian
statistics as modified by dead-time effects was subtracted.

We fitted the resulting power spectra to analytic models us-
ing a x?> minimization technique to obtain values of the fit pa-
rameters as a function of energy.

For the visual presentation of the data, we plot the power
spectra not as fractional rms>/Hz vs. frequency v, but as frac-
tional rms? x v/Hz vs. v. This convention has a number of
advantages. Since the quantity plotted is now rms?/d(log v/), a
logarithmic plot gives a direct visual idea of the rms distribu-
tion. Moreover, Lorentzian functions as used in our model (see
below) now become symmetric in log-log plots. They have a
maximum at a frequency

Vmaz = \/V(% +(§)2 (1)

where 1 is the central frequency and A is the FWHM of the
Lorentzian. This means that a Lorentzian band-limited noise
(1p=0) has a maximum at a frequency equal to its break fre-
quency (defined as vgin = Aprn/2), making it easier to see
changes in the latter. A disadvantage is that a Lorentzian QPO
hasits maximum at a frequency higher than its central frequency,
but for the power spectra shown in this paper this turns out to
be a small effect. We remark that this new convention has been
followed only for producing the plots, while all analytic fits (see
below) have been performed directly on the original power spec-
tra. An example illustrating the two different representations is
shown in Fig. 1, where a model consisting of a band-limited
noise plus a QPO peak, both Lorentzians in shape, is plotted.

4. Results
4.1. The analytic model

The first column of plots in Fig. 2 shows two of the the power
spectra of the Jan-11 observation of GS 1124-68, the one with
the largest contribution from the hard spectral component; it
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Table 1. Observation log. Column 5 contains the number of energy
bands considered; channel ranges are 2,3,4,5-12 for the four-band cases
and 2,3-12 for the 2-band case. Numbers in column 6 are uncorrected
MPC3 count rates.

Date UT Start UTEnd Exp.(s) #B Rate(c/s)
GS 1124-68
91 Jan 11 20:53 23:59 6656 4 13571
91 Jan 22 17:21 19:41 8192 4 15776
91 Jan 25 11:59 18:56 2560 4 13433
91 May 17 06:06 06:53 3712 2 1433
GX 339-4
88 Sep 5 (O) 14:58 17:04 5696 4 4546
88 Sep 5 (D) 13:24 13:53 2816 4 4033

is clear that no simple model would be able to represent the
data. Although the shape of the band-limited noise is relatively
simple, the high (and variable) harmonic content of the QPO
requires a considerable number of parameters. Moreover, the
shape of the QPO peaks is asymmetric, suggesting the use of
a more complex model than a simple Lorentzian function. The
most characteristic part of the band-limited noise (i.e. the break)
appears in the same range of frequencies as the QPO peaks.
Therefore, in order to obtain reliable parameters it is necessary
that the quality of the fits is good, and therefore the model must
use a considerable number of free parameters. To extract mean-
ingful information from the data, the same model should be ap-
plied to all the power spectra. This means that all the features of
all spectra should be included: a large number of asymmetrical
QPO peaks and a band-limited noise component. In the 7.0-9.3
keV spectrum of Jan 11 (Fig. 2, top panel) four QPO peaks can
be seen: identifying the strongest one with the fundamental fre-
quency (see below), these peaks correspond to sub-harmonic,
first, second and fourth harmonic. Since an estimate of the pos-
sible presence of a weak third harmonic would be needed, a
fifth peak should be added. By adopting lorentzian shapes for
the band-limited noise and the QPO peaks, a total of 18 pa-
rameters would be needed. More parameters would come from
additional components introduced in order to account for the
asymmetry of the QPO peaks. Many of those free parameters
would not be constrained for some components in some power
spectra, resulting in unreasonable best fit values. We adopted a
model which, despite its relatively high number of free param-
eters, does not suffer of these problems and can be used for all
the power spectra from our data. This model is entirely based
on the power spectra of Jan 11, where the quality is high and
the largest number of QPO peaks is visible.

The model consists of a lorentzian band-limited noise, plus
up to five lorentzian QPO peaks, each with a second lorentzian
(“shoulder”) to account for the peak asymmetry. In order to
reduce the number of free parameters, the following additional
constraints have been added:

— The central frequencies of the QPO peaks have been fixed
to harmonic ratios. Simple fits with lorentzian shapes to the
four peaks in the power spectrum from the 7.0-9.3 keV range
show that the frequency peaks are harmonically related. Fol-
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Fig. 1. Model power spectrum consisting of the sum of two Lorentzian
functions: a band-limited noise component (vy = 0,vpr.n = 2.0 Hz)
and a QPO peak (v = 6.0, A = 1.0 Hz. The top panel shows a conven-
tional P(v) vs. v view of the power spectrum, the bottom panel shows
v X P(v) vs. v (see text).

lowing Takizawa et al. (1996) we considered as fundamental
or first harmonic the peak with the largest fractional rms in
the hard energy band, as second, third and fourth harmonics
the peaks at higher frequencies, and as sub-harmonic the
one at half the frequency of the fundamental.

— The FWHM of the QPO peaks have also been fixed to har-
monic ratios. This is derived from the 2.3-4.7 keV and 4.7-
7.0 keV power spectra of Jan 11, the only two spectra where
two strong peaks are observed. Lorentzian fits to those peaks
yielded values of the FWHMSs supporting this hypothesis. It
is clear that the extension of this result to higher harmonics
and to other observations is an extrapolation.

— The shape of the asymmetry in the QPO peaks has been
fixed to be the same for each observation. This has been
achieved by harmonically relating the central frequencies
and FWHMSs of the “shoulder” lorentzians, and by tying
their normalization to be the same percentage of the normal-
ization of the corresponding QPO lorentzian. Once again,
this is a result based on the two strong peaks in the 2.3-4.7
keV and 4.7-7.0 keV power spectra of Jan 11.
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Fig. 2. Two power spectra of the 1991 Jan 11 observation of
GS 1124-68. The best fits obtained with the model described in the
text are shown.

This model provides a reasonable fit to the data, but still the
fits are not perfect: releasing some of the above constraints, we
found that the unconstrained components would try to fit other
parts of the power spectra.

The model has 17 free parameters, many of which are nor-
malizations. It has to be stressed that for single power spectra
this might not be the best model in terms of chi square, but
it provides a global homogeneous interpretation of the power
spectra of black hole candidates in the VHS. Two examples of
fits with the adopted model from the GS 1124-68 Jan 11 data
are shown in Fig. 2.

In summary, the adopted model consists of a band-limited
noise component (BLN), amulti-harmonic QPO component and
a shoulder component (SHL) to represent the high-frequency
wing of the QPO peaks:

P(w)=BLN(v)+ QPO(v)+ SHL(®v) 2)
The three separate components have the following form:

BLN(v)=L(v;Rprn,0,2 - vBLN) 3
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where L(v; R, 1y, A) is a Lorenztian function with integral R,
central frequency vy and FWHM A

RA 1

L(v; R, vy, A) =
R = o (22

Q)

The relevant parameters of the model are:

break frequency of the noise component.
frequency of the fundamental tone of the QPO.
FWHM of the fundamental tone of the QPO.
central frequency of the fundamental tone of the
“shoulder” of the QPO.

FWHM of the fundamental tone of the “shoulder”.

VBLN
VQPO
Agpro
VSHL

Aspr,

The remaining parameters are the normalizations of the
noise and of the harmonic peaks (the R’s), and the amplitude of
the shoulder relative to the QPO peak, f. The latter is the same
for all harmonics. Although the model appears rather complex,
involving a large number of free parameters, it puts rather strong
constraints on the fitby having only 5 free parameters in addition
to the up to 7 normalization parameters. Not for all observations
all the components have been included, and depending on the
shape of the spectra and their statistical significance, some of
the parameters have been frozen for some fits. In particular, the
shoulder component has been included only for the Jan 11 and
Jan 22 spectra of GS 1124-68, and only in the case of Jan 11 all
five harmonic peaks have been used. Moreover, when the power
distribution showed evidence of an additional steep component
at very low frequencies (see Miyamoto et al. 1994a), the lowest
frequency points have been removed before the fits, while the
rest of the power spectrum is unaffected by it.

The identification of the fundamental described above is of
course not unique. In particular, it leaves open the question of the
nature of the subharmonic peak, which represents oscillations
at twice the period of the fundamental. However, if this lowest
frequency peak is identified with the fundamental, the observed
peaks would all be even harmonics, which would be as intriguing
as the presence of a subharmonic. Moreover, in this scenario the
fundamental would not be present at low energies.

For the presentation of the data, the energy dependences of a
selected number of parameters are shown in Fig. 4 and 5. These
parameters are reported in Table 2. All parameters which do not
appear in the plots can be found in Table 3.
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4.2. GS 1124-68

Three of the observations considered in the analysis (see Ta-
ble 1) correspond to times early in the outburst. These are the
only data in high time-resolution mode where QPO peaks have
been reported (Takizawa et al. 1996). The fourth is a later obser-
vation when the source was in its transition to a low (hard) state
(Ebisawa et a. 1994). The best fit parameters for the different
datasets can be seen in Table 2. The Jan 25 observation does not
show any band-limited noise (see Miyamoto et al. 1994a).

4.2.1.Jan 11

This is the observation with the highest-quality power spectra.
Although the total count-rate is not higher than in the Jan 22
observation (see Table 1), the energy spectra show that the hard
power law component, which has been reported to be the one
responsible for the strong noise components (Miyamoto et al.
1994a), is strong. The power spectra in five different energy
bands are shown in Fig. 3 (first column). Remarkable differences
can be seen between noise components at different energies.
The break frequency of the band-limited noise vy N strongly
increases with energy, from ~2.2 Hz in the first band (2.3-4.7
keV) to ~10 Hz in the last band (9.3-37.2 keV). The same
tendency was observed in Cyg X-1 in its low state (Miyamoto
and Kitamoto 1989). The strength of the fundamental QPO peak
(at ~ 5.3 Hz) and its sub-harmonic (at ~ 2.6 Hz) also strongly
increases with energy. Higher harmonics are present, which are
highly variable and sometimes confused in the continuum. In
the 7.0-9.3 Hz band four clear QPO peaks are visible in the
power spectrum, a unique feature in power spectra of accreting
X-ray sources. The fundamental peak is clearly asymmetric,
justifying the inclusion of a “shoulder” component. The total
fractional rms in the shoulder is rather high, between ~50 and
~90 % of the one in the central QPO component. Its FWHM
is larger than that of the QPO, and its central frequency less
than one hertz higher (see Table 3). The dependence of relevant
parameters on energy in shown in Fig. 4 (first column); the
remaining parameters (QPO central frequency and FWHM) are
compatible with a constant value. It is remarkable that the break
frequency of the noise (vprn) is lower than vgpo ( which is
constant at 5.3 Hz, see Table 3) at low energies, but higher in
the last energy bins. This has the effect to increase the level of
the band-limited noise at high frequencies, so that the peaks of
the higher harmonics are less visible in the higher energy power
spectrum.

4.2.2.Jan 22

The power spectra from this observation (second column in Fig.
3) clearly show a behaviour similar to the Jan 11 case. The QPO
intensity is strongly energy-dependent and so seems the noise.
However, itis clear that the QPO peaks are much broader, and the
harmonic content is not as high. From the model fits described
above it emerges that the noise break frequency gy N is not
monotonically increasing, contrary to what happened 11 days
earlier. The shoulder is weaker relative to the QPO, only slightly
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Fig. 3. Power spectra of GS 1124-68 for all the observations described in the text. The energy bands are indicated. The power spectra are plotted
as v P, following the representation described in Sect. 3. Data points consistent with null power have been plotted as 20 upper limits (arrows)

for clarity, although the actual values have been used for the fits.

broader, and its frequency considerably higher (see Table 3). For
some of the spectra, not all the parameters have been fitted, and
for the first two (where the QPO peak is weak) the shoulder
parameters have been fixed to the best fit parameters for the
high energy power spectra. The results of the fits are shown in
Fig. 4 (second column), Again, the parameters not shown in the
plot are not observed to show variations with energy.

4.2.3. Jan 25

As already noticed in Miyamoto et al. (1994a), this observation,
just three days after the previous one, shows no band-limited
noise, although a strong QPO peak is present. This can be seen in
Fig. 3, where most of the data consist of upper limits. From Fig.
3 itis evident how the intensity of this QPO peak is also strongly
energy-dependent, as in the two previous cases. The QPO rms
as a function of energy is shown in Fig. 4 (third column). The

model used in this case consists of a single Lorentzian QPO peak
plus a band-limited component whose break frequency has been
fixed to the best fit values for the Jan 11 observation. This band-
limited noise component has been included for comparison with
the other observations and its normalization is not significant
(see Table 2).

4.2.4. May 17

This observation was performed more than four months after the
outburst. The previous pointing (Apr 19) shows the source in the
high state, the following (Jun 13) in the low state (Ebisawa et al.
1994). The spectral distribution shows for the high energy tail
a photon index I ~ 2.2, intermediate between the ones in the
very high (2.6) and low states (1.6), although the photon index
is ~2.2 on Jan 10 and at the beginning of Jan 11. (Ebisawa et al.
1994; there is no hard tail in high state). As reported in Miyamoto
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et al. (1994a), the power spectrum shows a band-limited noise
component similar to that of the VHS. Since the count-rate is
significantly lower than in the January observations, we could
only produce power spectra in two energy bands, as the high-
energy bins had to be further rebinned. The results are shown
in Fig. 3 (fourth column). Although the statistics is not very
good (and the presence of a break in the power is not clearly
visible by eye, due to the presence of several upper limits and
to the v P, representation), a QPO peak is clearly visible in the
power spectrum from the high energy band. Since it is only

rameters for the observations of GS 1124-68
(see Fig. 3).

visible in the high energy data, it was not detected previously
(see Miyamoto et al. 1994a, Takizawa et al. 1996). As it can be
seen from Fig. 4 and Table 3, its fractional rms and width are
not different from those detected in the other observations. Its
central frequency of ~ 6.7 Hz does not fit any of the period-
intensity relations reported by Takizawa et al. (1996), as the
observation was made four months after the peak of the outburst
and the source count-rate was considerably lower (see Table 1).



T. Belloni et al.: Noise of black hole candidates in the very high state

863

Table 2. Best-fit values for selected parameters for both sources. The energy dependence of the same parameters is shown in Fig. 3. Errors are

1o, upper limits are 20.

Energy (keV)  vprn (Hz)  Rqro,,(%) Rqro, (%) Rqro, (%) Rqros (%) Rqro, (%)
GS 1124-68 — 1991 Jan 11
350 £1.20  2.23 7% < 0.64 (1.54°%%)  (1.59'%%)  (0.53'%'3) <053
5854115 297%%%,  (1.255%%7)  @585%%,)  (3.017%%)  (1.017%%)  (1.077%%
8.15+1.15  6597%%,  (1.66*%%5)  (7.70°%%,)  2.87%%)  (1.08%%)  (1.08*%L)
232541395  9.88%03%  (1.62%%%)  (10.0%%79)  (2.00%%)  (1.41%%2) < 1.80
GS 1124-68 — 1991 Jan 22
3504120 3.39%% (1.61%%%) <230 <2.14 — —
5854+1.15 29371 (1.339%%)  (3.08'%%)  (1.47%%%; — —
815115 4.08%%%  (2.84*%%)  (9.32%%%) <6588 — —
232541395  11.87°%%,  (3.39*%% (14.0%5%%, < 4.36 — —
GS 1124-68 — 1991 Jan 25
3504120  2.23 (FIX) — 0.42%%%) — — —
585 +£1.15  2.97 (FIX) — (2.76%%35) — — —
8.15+1.15  6.59 (FIX) — (5.317%%) — — —
23.25+13.95  9.88 (FIX) — (7.407%%) — — —
GS 1124-68 — 1991 May 17
3504120  2.78*%%, — <178 — — —
214151 775, — (5.86*%1) — — —
GX 339—4 — Observ. C
3504120 1.867%%  (1.63'%%)  (1.89'%L)  (1.00*%°Y — —
5854+1.15  L73%,  (3.447%%)  (7.437%%)  (3.157%%%) — —
8.15+1.15  1.82*%Y,  @3.1677%, (13449570 (4.83*1%) — —
232541395  3.307%%, < 6.30 (16.912%)  (6.22%5%) — —
GX 339—4 — Observ. D
3504120  174%%% (1.28°%%)  (2.68°%%)  (1.707%%) — —
5854+1.15  1.52%%17 (4.407%%)  (8.417%'%)  (4.427%%%) — —
8.1541.15  4.62*%% < 4.26 (10.6"'9, < 5.46 — —
232541395  9.01%,  (3.357,%)  13.95%)  (3.427%5%) — —
4.3. GX 3394 4.4. Variations in the QPO frequency

As mentioned above, the observation has been divided into
two parts, corresponding to states C and D of this source in
Miyamoto et al. (1991). The power spectra can be seen in Fig. 5.
Although their quality is not as high as for those of GS 1124-68,
especially at high frequencies, there is a remarkable similarity
between the two sets of power spectra. The break frequency v,
and the rms of the fundamental QPO peak increase with energy
and higher harmonics become less visible at high energies. Al-
though the two GX 339-4 observations are quite close in time,
there are significant differences between them. In particular, the
shape of the QPO peak is quite different. Another noticeable fea-
ture is the comparatively broad shape of the band-limited noise
component, which deviates from a simple Lorentzian shape. In
view of the limited quality of the power spectra, we did not in-
clude QPO harmonics higher than the first. Moreover, no shoul-
der component was used: although the shape of the QPO peak is
evidently asymmetric, it is clear from its shape that the addition
of a Lorentzian shoulder would not be a reasonable approxima-
tion to its shape. The energy dependence of relevant parameters
is shown in Fig. 5.

As we have seen, the central frequency of the QPO does not vary
with energy. The complicated shape of the QPO peaks, with their
high-frequency shoulder and differences between observations,
suggests that there might be changes in the QPO central fre-
quencies within a single observation, which would then lead to
a distorted and broadened average peak in the power spectrum.
To test this, we produced power spectra for different parts of the
Jan 11 observation of GS 1124-68. The first part of the observa-
tion (~37 minutes) show a corrected MPC3 count-rate of 2315
cts/s in the 9.3-37.2 keV band (where the flux is dominated by
the hard spectral component), while in the rest of the observa-
tion the average count-rate in the same band is 2222 cts/s. We
produced separate power spectra from these two parts of the
observation and then compared the QPO peaks in the lowest
and highest energy bands. As it can be seen in Fig. 6, the QPO
central frequency from the high-rate data is lower than the one
from low-rate data by ~0.2 Hz. The shapes of the two peaks are
consistent with being the same. Notice that, within this observa-
tion, the QPO frequency therefore increases with the count rate,
opposite to the variations found between different observations
by Takizawa et al. (1996).
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Fig. 5. Left panel: Power spectra of GX 339-4 for the two observations described in the text. The different energy bands are indicated in the labels.
The power spectra are plotted following the representation described in Sect. 3. Right panel: Energy dependence of selected fit parameters.

5. Discussion

A quantitative analysis of the variation of rms strength of the
different components as a function of energy is complicated by
the presence of the soft spectral component, which has been
reported not to contribute to either the band-limited noise or
the QPO (Miyamoto et al. 1994b). A detailed spectral analy-
sis would be necessary, but is not possible due to the lack of
spectral resolution in the MPC3 data and by the relatively com-
plicated source spectrum. The main results we describe here are
independent of absolute levels in the power spectra.

5.1. The band-limited noise

The strong energy dependence of the cut-off frequency of the
band-limited noise observed in both sources establishes a strong
connection between the timing and spectral features of the emis-

sion. This is equivalent to a strong time dependence of the spec-
tral distribution on sub-second timescales. Let us take the Jan 11
observation of GS 1124-68 where this effect is observed best.
Notice that in many power spectra the shape of the band-limited
noise appears to be broader than a simple Lorentzian, which is
the main reason for the low quality of the fits. The Lorentzian fit
to the power spectra, excluding for the moment the QPO, can be
interpreted in terms of a simple shot noise model, i.e., a superpo-
sition of randomly occurring shots of sharp rise and exponential
decay (or vice versa), all with the same shape. Since hard lags
have been observed both for GS 1124-68 and GX 339-4 (see
Miyamoto et al. 1991; Miyamoto et al. 1993), we adopt expo-
nentially rising shots. Both the amplitude and the rise timescale
of the shots could show an energy dependence (see Van der Klis
1988, Miyamoto & Kitamoto 1989), so

s(t; E) = N(E) - et/ ™8 @)
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Table 3. Best-fit values for the parameters not included in Table 2. Errors are 1o, upper limits are 2o.

Energy (keV) Rprn (%) vQPO Agpro VSHL
GS 1124-68 — 1991 Jan 11
3504120 (7.12°%9)  5.207%%.  0.724%%, 5.99*%17
585 +1.15  (12. 2*00890 5. 31*00051 0. 68*00035 6. 09*002122
8.15+1.15  (14.5*5%)  5.289%%  0.547%,  6.20%%'5,
23.254+13.95 (17. 0*00790 5. 30“’0"52 0. 60*00"36 6. 17*001152
GS 1124-68 — 1991 Jan 22
3.50 £1.20  (13.5%%3%) 821 (FIX) 2.70 (FIX) 13.50 (FIX)
585 +£1.15  (10.5%%%)  8.21%%%,  2.707%%:  13.50 (FIX)
815 +1.15  (9.137%)  8.297%%,  2.95'%'Z  13.49*%%,
23.25+13.95 (15.87%))  8.397%%,  2.66"%%,  13.957%%
GS 1124~ 68 —1991 Jan 25
3504120 (1.18"%%)  5.80 (FIX)  0.60 (FIX) —
5854115  (2.45%%%) 5.88%%%,  0.627%% —
8.15+£1.15 (3. 41+32 56) 5. 82+°0"g3 0. 55*00"38 —
23.25+13.95 <9.32 5.87%%,  0.62%%, -
GS 1124-68 — 1991 May 17
350 £1.20  (7.23*%%) 6.67 (FIX) 0.99 (FIX) —
2.1+151 (224%%)  6.677%5, 0997, —

GX 339—4 — Observ. C
3.50 £1.20  (10.9%%%,) 6.70 (FIX) 2.80 (FIX) —
5854115 (17.2%%%)  6.717%%,  2.82%%2, —
8.15+1.15  (15.3*4%) 6. 84*"0086 2. 61+°02?8 —

23.25+13.95 (13.8%%)  7.0475%%,  2.847%%,

GX 339—4 Observ. D
350+£1.20 (12.07%%)  6.077%%  1.52%%%; —
5.85+1.15  (17. 3*00730 6. 10+°0°g5 1. 82+°0'f3 —
8.15+1.15  (21.53%)  6.147%%,  0.84*%!], —

23.25+13.95  (20. 0”4920 6. 12*"0"34 L. 02“’0'12 —

The observed energy spectrum over a timescale long com-
pared to 7 will come from the superposition of a number of
shots and will therefore, apart from the constant, be given by
the integral of one shot

o0
S(E) = / s(t; E)dt ®)
0

For simplicity we consider the case in which the X-ray flux
consists entirely of shots, without an additional DC level, so that
the additional constant is zero. From Fig. 4 we can see that for
Jan 11 the break frequency (the inverse of the 7 parameter is a
linear function of energy, from which:

T(E) ~ B! )
and therefore
S(E)=N(E)-E~! (10)

Since the observed energy spectrum for the component re-
sponsible for the variability is a power law with photon index
I' ~2.6 (Ebisawa et al. 1994), this implies that the energy spec-
trum at the beginning of a shot will start with a soft energy
spectrum and quickly harden with time until its peak, when the
slope is 1.6.

2

f X

AsHL

0.61*:4

0. 87*00“26
0 47+O ll
0. 70*001176

1 30+0.21
2. 53*00142
1. 79+0 18
1. 96*002?7

195.0 (121)
182.0 (125)
147.0 (122)
163.0 (126)

3.00 (FIX)
3.00 (FIX)
3. 49:?0029
3.065%;

0.25 (FIX)
0.25 (FIX)
0 30+1 47

0. 2310 037

109.0 (91)
150.0 (130)
130.0 (127)
125.0 (128)

138.0 (135)
155.0 (133)
119.0 (133)
112.0 (134)

122.0 (107)
113.0 (104)

137.0 (86)
121.0 (85)
103.0 (88)
101.0 (89)

135.0 (88)
115.0 (88)
114.0 (90)
85.5 (88)

Although the adopted model is rather simplified, it exempli-
fies how the energy dependence of the noise parameters trans-
lates into fast time variations of the spectral distribution. Most
of the models for the interpretation of spectra from black hole
candidates have ignored the fast time variability, focussing of
the interpretation of average spectra (see e.g. Chakrabarti &
Titarchuk 1995). The present results show that timing effects
cannot be ignored. It should be noticed that a crucial parame-
ter which drives the effect that ou results has on time-averaged
energy spectra is the percentage of DC level in the flux. This
effect is largest in absence of non-variable X-ray flux.

It is interesting to note that this model predicts phase lags
qualitatively similar to the ones observed in both sources (see
Miyamoto et al. 1993), although a more detailed analysis is
needed. Since hard lags are observed, these results point to
exponential-rise/sharp decay for the shot shape.

5.2. The QPO

As is apparent from the different panels of Fig. 3, the central
frequency of the QPO peak is different between the GS 1124-68
observations. The results of the analysis of these variations are
reported in Takizawa et al. (1996), with the exception of the
May 17 QPO. We do not detect any significant dependence of
the QPO frequency on energy.
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Fig. 6. QPO peaks in the power spectra of the high-rate and low-rate
parts of the Jan 11 observation of GS 1126-68. The data are from the
high energy band (9.3-37.2 keV). The high-rate spectrum is shifted
upwards for clarity.

In all the observations of both sources, the rms of the QPO
peak is higher at higher energies (see Figs. 3 and 4). However,
the rms is calculated by using the total count-rate of the source
in the given energy band. Since the energy spectrum consists of
two components whose relative strength is different in different
energy bands, this simple comparison might be misleading. If
we assume that both QPO and band-limited noise occur in the
same spectral component, we can compare the percentage rms
in the QPO peaks with the level of the band-limited noise at low
frequency, which does not show large variations with energy.
We conclude that, under this assumption, the strength of the
fundamental peak of the QPO indeed increases with energy,
independent of the presence of two spectral components.

Another important question to be answered is whether the
harmonic content of the QPO also varies with energy. For all the
observations where more than one QPO peak is visible, the rms
of the fundamental varies over almost an order of magnitude
with energy, while all the other harmonic components do not
show such extreme variations. This is particularly evident by
looking at the Jan 11 power spectra in Fig. 3. We can conclude
that the QPO harmonic content decreases with energy, which
in time domain means that the higher the energy band the more
“sinusoidal” the QPO cycle becomes.

In the adopted fit function, the harmonics of the QPO within
one observation have harmonically related widths, as suggested
by the Jan 11 observation of GS 1124-68. This has an impor-
tant implication for the nature of the quasi-periodicity. The two
simplest models for the production of a broad peak in a power
spectrum are amplitude modulation and frequency modulation
of a coherent signal. In case the underlying signal is purely si-
nusoidal, it is not possible to distinguish between the two cases.
However, in the presence of harmonics, the two cases give dif-
ferent power spectra. In the amplitude modulation scenario, the
width of the peaks is related to the shape of the modulation func-
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tion (a window function), and therefore the absolute width of all
the peaks will be the same. However, if the frequency rather than
the amplitude is modulated in time, the relative modulation of
the harmonics is the same, and so the relative width of the peaks
will be the same (see Van der Klis 1991). Thus, the observation
of peaks like those observed in the first column of Fig. 3 is a
clear indication that the large width of the QPO is due mostly
to frequency modulation or, in other words, that the presence of
amplitude modulations must be limited to a window function
whose broadening of QPO peaks is not larger than the width
of the lowest observed harmonics. Notice that the alternative
model of constant width for all the QPO peaks can be rejected
with high confidence in the fits. It is interesting to notice that
in the only case so far where a QPO could be observed directly
in the time domain (for the Rapid Burster), the quasi-periodic
nature of the oscillation was established to be due to frequency
modulation (Dotani et al. 1990).

The detection of a QPO peak in the May 17 observation of
GS 1124-68 deserves additional attention. It has been assumed
that the VHS and the appearance of a high-frequency QPO are
associated to an accretion rate close to the Eddington limit (see
Van der Klis 1995). In transient sources, as the accretion rate
decreases with time, the source moves to the HS and then, at
low rates, to the LS. The May 17 observation is located in time
between the HS and the LS: its timing properties however are
similar to those of the VHS, including the presence of an en-
ergy dependent QPO peak centered at ~6.7 Hz reported in the
present paper. The power law photon index of the hard compo-
nent during that observation is I' ~2.2, intermediate between
the values for VHS (~2.6) and LS (~1.6) (Ebisawa et al. 1994).
The observation took place several months after the peak of the
outburst, and the source flux was lower by a factor of ~10 than
at peak (see Ebisawa et al. 1994); it is likely that the accre-
tion rate then was lower than the Eddington limit. Notice that
variations observed in the QPO central frequency within the
Jan 11 observation of GS 1124-68 do not fit either of the two
frequency-intensity relations reported in Takizawa et al. (1996).
It is therefore possible to have a VHS even at much lower lu-
minosities than it has been assumed so far. In this respect it is
interesting to notice that a similar power spectrum, although
with a much poorer statistics which would not have allowed the
detection of a QPO, was also observed with EXOSAT from GX
339-4 (Belloni and Hasinger 1990a).

The asymmetry of the shape of the QPO peaks could be
interpreted as time variations of the QPO central frequency.
However, this interpretation is unlikely; from the analysis of
the Jan 11 observation of GS 1124-68 (see section 4.4): the
QPO central frequency is observed to vary, but the (asymmetric)
shape of the peak is constant within the errors. Any variation
responsible for the asymmetry should therefore happen on a
relatively short timescale. Alternatively, the intrinsic shape of
the QPO is asymmetric and therefore not Lorentzian.

The presence of power at half the QPO period (the subhar-
monic) is difficult to interpret. Its relative low rms compared to
the fundamental indicates that the variations of the amplitude
of the quasi-periodicity which are associated with it are rather
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small. In absence of a physical model for the quasi-periodicity
it is premature to speculate about its origin. As mentioned in
Sect. 4.1, an alternative interpretation of the multiple peaks is
possible by considering what we called subharmonic to be the
fundamental. In this case only even harmonics would be visible,
and the fundamental would be very weak at low energy. More-
over, the oscillation would be dominated by the first harmonic.

The adopted model fixes an harmonic relation between the
QPO peaks. Although from simple lorentzian fits this appears
to be the case, it cannot be excluded that with a more complex
model their frequencies would result not to be harmonically
related.

6. Conclusions

We produced energy-resolved power spectra from Ginga obser-
vations of GS 1124-68 and GX 339-4 in the Very High State.
We can summarize our results in the following way:

— The band-limited noise has a characteristic frequency that
strongly increases with energy.

— The main QPO peak and its harmonics are not symmetric,
but show an excess on the high-frequency wing. The frac-
tional variability of the QPO increases with energy, while
the harmonic content decreases. A considerable number of
harmonic peaks is detected, whose relative width is consis-
tent with being the same.

— An energy dependent QPO peak at ~6.7 Hz has been dis-
covered in the power spectrum of GS 1124-68 four months
after the peak of the outburst

— The central frequency of the QPO of GS 1124-68 showed
changes anticorrelated with the high-energy count-rates
within a single observation early in the outburst.

These results provide a link between the spectral and timing
properties of the X-ray emission of black-hole candidates. The
detection of energy variations in the characteristic frequency of
the band-limited noise translates into fast spectral variability,
on time-scales too short that it would be observable with simple
spectral accumulation. As a consequence, the observed energy
spectrum is the integral over time of a time-variable spectrum
and does not reflect the actual instantaneous spectral distribution
at the source. A more detailed model of the band-limited noise
is needed in order to extract quantitative information from the
data, as its shape deviates from a Lorentzian, making the quality
of the fits in many cases not formally acceptable. The same can
be said of the QPO peaks, whose shape is clearly asymmetric
and requires an excess at high frequencies.
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