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ABSTRACT

We present the results of a timing analysis of the low-frequency quasi-periodic oscillation (QPO) in the Rossi
X-Ray Timing Explorer data of the black hole binary XTE J1550—564 during its 1998 outburst. The QPO frequency
is observed to vary on timescales between ~100 s and days, correlated with the count rate contribution from
the optically thick accretion disk: we studied this correlation and discuss its influence on the QPO width. In all
observations, the quality factors (vo/FWHM) of the fundamental and second harmonic peaks were observed to be
consistent, suggesting that the quasi-periodic nature of the oscillation is due to frequency modulation. In addition to
the QPO and its harmonic peaks, a new 1.5v component was detected in the power spectra. This component is broad,
with a quality factor of ~0.6. From this, we argue that the peak observed at half the QPO frequency, usually referred
to as “sub-harmonic,” could be the fundamental frequency, leading to the sequence 1:2:3:4. We also studied the
energy dependence of the timing features and conclude that the two continuum components observed in the power
spectrum, although both more intense at high energies, show a different dependence on energy. At low energies,
the lowest-frequency component dominates, while at high energies the higher-frequency one has a higher fractional
rms. An interplay between these two components was also observed as a function of their characteristic frequency. In
this source, the transition between the low /hard state and the hard-intermediate state appears to be a smooth process.
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1. INTRODUCTION

Since the launch of Rossi X-Ray Timing Explorer (RXTE),
extraordinary progress has been achieved in the knowledge of
the variability properties of black hole candidates (BHCs) in
X-ray binaries. Different types of quasi-periodic oscillations
(QPOs) have been observed in these systems. While only a
few binaries show high-frequency QPOs (HFQPOs, 50-450 Hz;
see Remillard & McClintock 2006; Belloni et al. 2006), low-
frequency QPOs (LFQPOs, mHz to ~10 Hz; see Remillard &
McClintock 2006; Casella et al. 2005) are detected in virtually
all observed BHCs. As both LFQPOs and HFQPOs are thought
to arise in the accretion flow close to the black hole, the study
of their properties and behavior can provide important clues on
the physics of accretion onto BHCs.

In the case of LFQPOs, several distinct types showing
different properties have been observed. Three main types,
dubbed types A, B, and C, respectively, stand out in the present
scenario. Wijnands et al. (1999) and Homan et al. (2001) first
reported type-A and type-B LFQPOs in XTE J1550—564, while
Remillard et al. (2002) dubbed the ubiquitous LFQPO that
appears together with band-limited noise type C. The detailed
properties of the different types of LFQPOs were investigated
by Casella et al. (2005). However, the physical difference among
types remains unknown.

The X-ray transient XTE J1550—564 was discovered on 1998
September 7 (Smith et al. 1998) with the RXTE All-Sky Monitor
(Wood etal. 1999). The discovery prompted a follow-up series of
almost daily pointed RXTE /Proportional Counter Array (PCA;
Jahoda et al. 1996) observations, which revealed a hard power-
law-dominated spectrum. Two weeks later, it reached a peak
intensity of 6.8 crab at 2-10 keV. The marked softening of
the spectrum during this period indicates a transition from the
low/hard state (LHS) to the hard-intermediate state (HIMS),
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reaching the soft-intermediate state (SIMS) on the occasion of
the 6.8 crab peak (see Homan & Belloni 2005; Belloni 2010).
After the bright peak, XTE J1550—564 remained in the HIMS
for more than three weeks. Strong LFQPOs were observed,
with frequency changing quite dramatically during the first ~40
days of the outburst but then stabilizing from day 40 to day
52. The type of QPO also changes at day 40 (from C/C’ to B;
see Remillard et al. 2002). Additional outbursts of the systems
followed in 2000, 2002, and 2003.

The optical (Orosz et al. 1998) and radio (Campbell-Wilson
etal. 1998) counterparts were identified shortly after the discov-
ery of the source. Subsequent optical observations showed that
the dynamical mass of the compact objectis 10.5 £ 1.0 M, in-
dicating a black hole nature. Its binary companion was found to
be a low-mass star, and the distance to the source was estimated
to be about 5.3 kpc (Orosz et al. 2002). Corbel et al. (2002) dis-
covered a large-scale, relativistically moving and decelerating
jet emitting in radio and X-rays.

In this paper, we concentrate on the power density spectra
(PDS) found at the beginning of the 1998 outburst of XTE
J1550—564 and analyze in detail the type-C QPO and noise
components, focusing on their relative properties. Particular at-
tention is given to the “harmonic” peaks, which reveal informa-
tion about the nature of the observed signal.

2. OBSERVATIONS AND DATA ANALYSIS

Remillard et al. (2002) analyzed the X-ray PDS for all the
209 RXTE observations of XTE J1550—564 during its major
outburst of 1998-1999 and detected all three types of LFQPOs.
Most of them are of type C and occurred in the first half of
the outburst (Sobczak et al. 2000b). We reanalyzed the data and
focused on the 47 observations with type-C QPO between MJD
51,065 and MJD 51,101. We also analyzed all nine observations
with type-B LFQPO for comparison.
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Figure 1. Examples of the two types of PDS with type-C QPO. (a) PDS from one of the first five observations (Obs.: 30188-06-01-01). (b) PDS of an observation
after the first five (Obs.: 30191-01-19-00). In both panels, the solid line shows the best fit, while the dashed line represents the separate Lorentzian components (see

the text).

Custom timing-analysis software under IDL and MATLAB
was used. For each observation (in a few cases, an inspection of
the PDS showed significant variations in the QPO frequency
between different RXTE orbits, which were therefore split),
we produced a set of PDS from 128 s long stretches from the
PCA channel band 0-35 (corresponding to 2—13 ke V). The time
resolution was 1/256 s, corresponding to a Nyquist frequency
of 128 Hz. These spectra were then averaged together and
logarithmically rebinned. The effect of dead time on Poisson
noise was not subtracted directly, but fitted in the power spectra
with an additional additive constant. Broadband and peaked
features were modeled by a combination of Lorentzians (Nowak
2000; Belloni et al. 2002) using XSPEC v11.3. The power
spectra were normalized according to Leahy et al. (1983);
however, the fitting results were converted to squared fractional
rms (Belloni & Hasinger 1990).

For each observation, a spectrogram was also accumulated in
order to detect time variations of the QPO parameters within a
single observation. This consists in a time sequence of the single
128 s power spectra, i.e., a time—frequency image. We fitted each
PDS in the spectrogram (limited to a narrow frequency range
centered on the main QPO peak) with a model consisting of a
Lorentzian peak and a power law for the local continuum. In
this way, we derived the frequency shift with time on a 128 s
timescale.

For each observation, we also produced PDS in different
channel ranges: eight sub-bands of the 0-35 range plus channels
36-89 (corresponding to 13-33 keV).

2.1. PDS Model

In order to characterize the LFQPO behavior, a consistent
model is required to describe the full PDS for the observations
showing a type-C QPO. During the initial rise of the outburst, a

state transition from LHS into HIMS takes place: the spectrum
softens considerably, and the QPO frequencies increase well
above 1 Hz (Cui et al. 1999; Sobczak et al. 2000b; Remillard
etal. 2002). Therefore, changes are expected in the overall shape
of the PDS. We find that the PDS of the first five observations
appear different (see Figure 1). For them, we adopted a model
consisting of a flat-top noise component Lg, one or two band-
limited noise components Lgni/2, and a QPO peak Lp with its
second harmonic QPO L, (see Figure 1, panel (a)). For all other
observations with type-C QPOs, we used a model consisting of
a flat-top noise component L, a peaked noise component L, a
QPO L, with a sub-harmonic L, and a second harmonic L, (see
Figure 1, panel (b)). For some PDS, a third harmonic appears.
These two models fit the data reasonably well, with best-fit re-
duced x? values less than 2 (for ~265 degrees of freedom), with
a typical value of 1.5. Hereafter, we concentrate on the second
part of the observations, which we identify as an HIMS. As pre-
sented below, the results of our analysis suggest that the funda-
mental frequency of the oscillation is L rather than the conven-
tional Lr. However, for clarity, we will refer to Ly as the funda-
mental throughout the paper. For all noise and QPO components,

we consider their characteristic frequency vpa,x = v vg +(A/2)%,
where vy and A are the centroid frequency and the FWHM of the
Lorentzian peak, respectively (see Belloni et al. 2002 for a dis-
cussion). This is the frequency at which the v P, power spectrum
peaks. In the case of broad components, this is a more rational
choice than the centroid frequency, since the use of Lorentzian
models does not have a physical motivation (see Nowak 2000;
Belloni et al. 2002). With this definition, it is possible to com-
pare homogeneously narrow and broad features, which have
been to evolve from one to the other (see, e.g., Di Salvo
et al. 2001) and to discover major correlations between charac-
teristic frequencies both in neutron-star and black hole systems
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Figure 2. Correlations between characteristic frequencies of all Lorentzian
components detected in the HIMS as a function of the frequency vg of the
Lr component. Circles, squares, filled circles, crosses, and diamonds represent
the second harmonic v, peaked noise vy, fundamental v, sub-harmonic vy,
and flat-top noise v frequencies, respectively (see Figure 1). The dashed lines
represent linear correlations with factors 2, 1.5, 1, 1/2, and 1/5 from top to
bottom.

(see Belloni et al. 2002; van der Klis 2006). The frequencies of
component X, Ly, will be indicated as vy.

For the PDS with a type-B QPO, we used a model consisting
of a power law for red noise, two Lorentzians for the sub-
harmonic QPO, and the second harmonic QPO, plus a Gaussian
for the fundamental QPO (see Nespoli et al. 2003; Casella et al.
2004). The best-fit reduced x? values were similar to those
obtained for type-C power spectra.

3. RESULTS
3.1. Correlations Between Frequencies

Following Belloni et al. (2002), we calculated the character-
istic frequency vy.x of each component in the PDS of the HIMS
observations. In Figure 2, we plot all the frequencies versus
that of the QPO (Lp). It is clear that the frequency ratio of the
three QPO peaks v, vp, and vy, is 1/2:1:2, confirming their har-
monic relation. The frequency of the flat-top noise component
Vg appears to be a factor of ~5 below vy, consistent with the cor-
relation reported by Wijnands & van der Klis (1999) and Belloni
et al. (2002). Interestingly, the characteristic frequency of the
peaked noise component vp, is ~1.5 times vr, although some
deviation is seen at the low-frequency end of the correlation.
Ignoring the flat-top noise, whose centroid frequency is zero,
assuming Ly represents the fundamental QPO, the sequence of
the peaked components is therefore 0.5-1-1.5-2. Notably, if we
take the sub-harmonic peak L, as the fundamental, the sequence
becomes 1-2-3—4. In observations 6 through 11, all with vg
around 3 Hz, an additional peak is detected, in three of these
observations only at a 3o level. Its frequency is consistent with
being 3vr. For these observations, the harmonic sequence would
then be 1-2-3—4-6. In Figure 2, some components show sys-
tematic deviations from the harmonic lines. At low frequencies,
they correspond to Ly, and Ly, i.e., to the broad components
in the fit. While Ly is not proposed here to be harmonically re-
lated to the others, the deviation of L,, must be discussed. The
component is broad and difficult to characterize. In particular,
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Figure 3. Fundamental QPO Lr frequency vs. disk count rate. Each cross
corresponds to one observation. The inner panel shows the same relation on 128 s
resolution from observation 30191-01-17-00. A typical error bar in frequency
is shown in the inner panel.

the exactness of the Lorentzian approximation is difficult to
evaluate for such a component (see Figure 1). This is more the
case for the first observations, when the components are at lower
frequencies. These deviations could be due to these effects, but
their nature and presence must be investigated in other sources.

3.2. Frequency Evolution

Although a considerable amount of data showing type-C
QPOs has been collected with RXTE, the nature of the frequency
variations remains unclear. During the initial rise of the outburst
of XTE J1550—564, on average, the type-C QPO between
subsequent observations rose monotonically with time and with
count rate. Sobczak et al. (2000a) showed that the LFQPO
frequency is directly correlated with the amount of (unabsorbed)
disk flux observed in the 2-20 keV band. Therefore, we first
derived the disk count rate contribution for each observation,
using the total count rate per Proportional Counter Unit (PCU)
normalized by disk flux ratio using the best-fit models by
Sobczak et al. (2000b), assuming that the ratio remains constant
within one observation. We then produced a frequency versus
disk count rate relation (Figure 3). A linear relation is evident
from the figure. For all observations, we produced a similar
plot, but with a time resolution of 128 s (the disk rate ratio
was assumed to be constant during the observation). The inset
of Figure 3 shows that the short-time resolution points (limited
to one example observation) follow a similar correlation. The
linear coefficients of the two correlations (long and short
timescales) are inconsistent, most likely because of the choice
of a constant disk rate ratio. Note that correcting the single QPO
peaks at 128 s resolution is not compatible with being a coherent
oscillation.

3.3. QPO Width and Coherence Factor

It is important to compare the widths of the different QPO
peaks in order to uncover the nature of the quasi-periodic signal.
In Figure 4, we plot the FWHM of the Lorentzian components
versus their frequency for all the peaked components in the
PDS. For comparison, for the zero-centered Lg component,
we plot their FWHM versus 1/10 of vp. It is clear that
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Figure 4. Width vs. frequency relation for the peaked Lorentzian components
in the PDS, plus the width of the L component plotted as a function of 1/10th
of the Lr frequency. Symbols are the same as in Figure 2. The dashed lines
indicate Q factors of 0.55, 3, and 11 from top to bottom, respectively.

for all peaks, the FWHM is positively correlated with the
frequency. The lines in Figure 4 indicate constant quality factors
0O = vp/A. All peaks change their frequency while maintaining
approximately the same Q. Ly and L, have the same Q (around
11), while L; is consistently broader (Q ~ 3). The peaked
noise component Ly, is by definition even broader, but its Q is
also consistent with a constant, 0.55, strengthening the identity
of this component. Note that for the peaked components, the
characteristic frequency practically coincides with the centroid
frequency; the only deviation from this statement is of course
the very broad L.

The component L, (sub-harmonic) is broader than the other
peaked components. This cannot be due to frequency modula-
tion (FM), as a different amount of modulation would destroy
the harmonic relation on short timescales (the harmonic rela-
tion should hold on all timescales). It is however possible that
this component undergoes an additional amplitude modulation
(AM), and the Lg component is the prime candidate for pro-
viding it. In order to test it, we plot the correlation between the
widths of the L; and the Ly components in Figure 5. A weak
positive correlation is visible. The correlation coefficient is 0.68,
corresponding to a chance probability of 1.4 x 107%; a linear
least-squares fit yields an R? value of 0.46.

As the QPO fundamental frequency shows a good correlation
with the disk count rate on ~100 s timescales, it is possible
that short-term variations of the centroid frequency due to this
correlation are responsible for the width of the QPO peak.
In order to estimate the amount of broadening due to this
measurable FM, for each observation we first generated a
1 s binned light curve, then calculated its standard deviation.
The resulting linear relation between the width of Ly and this
standard deviation is shown in Figure 6. Note, however, that the
linear coefficient is much larger than that in Figure 3.

3.4. Energy Dependence

We performed an energy dependence analysis for all obser-
vations with a type-C QPO. Also type-B QPOs were analyzed
for comparison. The two types of QPO (and harmonics) show
different energy dependences, beyond what shown by Casella
et al. (2005). An example is shown in Figure 7 (this relation is
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Figure 6. Width of the fundamental QPO component Lr vs. standard deviation
of the disk count rate. Each point represents one observation.

similar for all other observations). In type-C observations, the
rms of the fundamental and sub-harmonic peaks increases with
energy, while that of the second harmonic increases below a few
keV, and then decreases at higher energies. In type-B observa-
tions, the rms of the fundamental and harmonic peaks increases
with energy, while it is the rms of the sub-harmonic that shows
a non-monotonic behavior: it increases below 10 keV and de-
creases above. A similar relation was shown in Figures 4 and 5
of Cui et al. (1999) for type-C QPOs and in Figure 16 of Homan
et al. (2001) for type-B QPOs. Note that Cui et al. (1999) used
a slightly different model for the power continuum.

3.5. Interplay of Components
3.5.1. QPOs

In the past, the main focus has gone to the fundamental peak
(Lr), while the harmonic peaks have received less attention
(see, e.g., Sobczak et al. 2000a for XTE J1550—564). We
explored the interplay between components, i.e., how they vary
differently both with energy and between observations. The
energy dependence described in the previous section indicates
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an interplay, where the harmonic rms ratio decreases with
energy. This indicates that the signal becomes more sinusoidal
at high energies. We define rms ratio as the rms of the harmonic
(or sub-harmonic) peak divided by that of the fundamental. In
Figure 8, we plot the rms ratio versus the Ly frequency. Itis clear
that the harmonic ratio decreases with the Ly frequency, while
the sub-harmonic ratio increases, although with large scatter.

3.5.2. Broadband Components

The same rms-ratio analysis can be performed with broadband
components. The Lg rms ratio is defined as the rms of Ly

divided by that of Lp,. We show their dependence on energy
and L frequency in Figure 9. The Ly ratio increases both with
Lp frequency and with energy above 10 keV. Comparing the
top panels of Figure 9, one can see that the overall appearance
of the PDS at low and high energies is quite different, as can
also be seen in Figure 4 of Cui et al. (1999). At low energy,
Ly, is stronger and a break is visible around the QPO peak;
at high energy, Ly dominates and the break can be seen at
lower frequencies, consistent with the Wijnands & van der
Klis (1999) correlation. This result explains the presence of
the second (parallel) correlation, in addition to that of Wijnands
& van der Klis (1999), found by Belloni et al. (2002), where
the characteristic frequency of a broad component is around the
QPO frequency.

4. DISCUSSION

Following Belloni et al. (2002), we decomposed the PDS in
Lorentzian components and found that two different models are
needed for the LHS observations (first five) and the HIMS ones.
After investigating the interplay among components, we argue
that the transition is a smooth process. As the disk flux increases,
the Lr frequency increases, the Lppn ratio decreases and then
disappears, the Ly and L, ratio increases, and the L, and L,
ratio decreases. A similar interplay takes place as the energy
increases. We can also conclude that L, and L; dominate at low
Ly frequency, while Lg and L; dominate at high Ly frequency.
All these variations indicate that, depending on energy and
time of the observation, the dominant low-frequency component
might be L, or Ly, explaining the parallel correlation reported
by Belloni et al. (2002).

Since we do not know the nature of the components, it is
difficult to establish the physics of the interplay. However, if
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for observation 30191-01-11-00. (d) Lg rms ratio vs. Lr frequency for the full set of observations.

we only consider the harmonic ratio, it is clear that the ratio is
smaller at high energies and high disk flux, indicating that the
QPO signal becomes more sinusoidal.

We studied the QPO components independently, without
assumptions on their harmonic relation. We found that if we
include the (broader) L, component, the frequencies of the
four components Ly, Lr, Lp,, and Ly, follow a 1:2:3:4 sequence.
This suggests that the L; component, usually referred to as
“sub-harmonic,” represents the fundamental frequency of the
QPO. In a few observations, an additional narrow peak at
3vr was found. This corresponds to 6 times the sub-harmonic
frequencies, with no peak detected at 5 times. Note that there
is no priori reason to expect that all harmonics are present
in the signal at a detectable intensity. In other words, the
absence of a higher harmonic does not weaken the 1-2-3—4
sequence, while the presence of additional peaks at 0.5 and
1.5 times the fundamental is difficult to reconcile with a
harmonic series. Of course, the detection of a peak at 2.5vg
would have strengthened the case. We also showed that the
interplay between components can mask the presence of such
an L, peak. One problem with this interpretation is that Lp, is
much less peaked than the other QPO components, with a Q
factor of ~0.55 (see Figure 4). Moreover, at low frequencies, a
deviation is observed from 3 times the fundamental. As Figure 4
shows, this additional broadening cannot be even larger than
what could be caused by L¢. A component has been observed
to change from being a clear band-limited noise component
into a clear QPO or vice versa (Di Salvo et al. 2001), but it is
still difficult to explain the difference between L, and other
QPOs (see below). Alternatively, adopting Ly as fundamental,
two peaks would be present at unexpected frequencies: 0.5
(sub-harmonic) and 1.5 times the fundamental. Sub-harmonic
signals are observed in nature, but they are associated with
nonlinear resonance, therefore involving multiple frequencies,

adding a complication that linear models do not have. As
a simple example, an oscillator subject to a periodic force
can develop sub-harmonic modes (at wy/n) if the period of
the force is a multiple of that of the oscillation (see, e.g.,
Butikov 2002, 2008). However, in order to overcome the
effects of damping, energy must be transferred to this mode
through nonlinear coupling. The presence of a 1.5vy feature
would imply another resonance, adding further complications.
A simple harmonic series is a linear decomposition of a non-
sinusoidal periodic component, without the need of involving
nonlinear effects. Since its first detections, the possibility that
vy represents the fundamental frequency, while sometimes
not being detected, has been considered (see Takizawa et al.
1997; Belloni et al. 1997; Remillard et al. 2002). However,
since no detection of a narrow peak at 1.5v was found, this
assumption, although it could not be excluded, could not be
proven.

All frequencies are observed to increase with the count rate
associated with the disk component. This is also true on short
(128 s) timescales, although with different parameters. A similar
relation has been observed in type-C QPO of GRS 1915+105
also on short timescales (Markwardt et al. 1999; Muno et al.
1999). GRS 1915+105 is a very peculiar object when observed
at timescales longer than a second (see Fender & Belloni 2004),
and we can show now that this is also true for another less
extreme black hole transient. The difference between long and
short timescale correlations could be intrinsic or just caused by
error estimation of the disk flux ratio. If the latter is true, the
correlation could in principle be used to guide the spectral fitting
at short timescales.

The result of the comparison between the FWHM s of different
QPO peaks is suggestive. The two simplest models for the
broadening that gives origin to a QPO peak are AM and
FM. Although these are indistinguishable in the PDS where
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only one peak is observed, when multiple peaks are present,
if the signals are subject to the same modulation, the effect
of FM and AM is different. In AM, since the broadening is
caused by the windowing due to the varying amplitude, the
absolute width of the different peaks will be the same. In
FM, the modulation is multiplicative: this translates into peaks
that have the same Q factor (see, e.g., van der Klis 1991;
Belloni et al. 1997). Our results are complex. The Lg and Ly
components have on average the same Q (note that the scatter
of individual measurements is large, but the overall correlation
appears tight and consistent with an equal Q). This suggests that
these two signals are frequency modulated. However, the “sub-
harmonic” component Ly is considerably broader and the L, at
1.5 times the frequency of the fundamental is even broader.
These two components must be subject to additional broadening.
It is difficult (although it cannot be excluded) to postulate an
additional frequency broadening, since this would break the
harmonic relation between frequencies on short timescales. It
is more reasonable to assume that these two components are
broadened further by an additional AM, which affects only
these two components, possibly associated with the L noise
(see Figure 2). Not only do we observe that Ly and L, have
the same Q factor, but also that they maintain it throughout the
outburst, which implies the modulation effects do not vary with
time.

We note that there is a QPO in a black hole binary which
has been analyzed in the time domain, due to strong statistics.
It was observed in GRS 1915+105 and it probably of type
C (Morgan et al. 1997). The authors find that the oscillation
shows a random walk in phase. Our result is consistent with
this, as frequency and phase are directly related: FM is a
type of phase modulation. Unfortunately, our signal is not
sufficiently strong to allow such a detailed analysis in the time
domain.

5. CONCLUSION

We have analyzed 47 RXTE observations with type-C LFQPO
acquired during the first half of the XTE J1550—564 1998
outburst. Satisfactory fits to the power spectra of the 6th-47th
observations were obtained with a model consisting of flat-
top noise Lg, peaked noise L,, fundamental QPO L, sub-
harmonic QPO L, second harmonic QPO L, and sometimes a
third harmonic QPO component. We identify the peaked noise
Lpy, as anew harmonic component at 1.5v the fundamental. This
suggests that what we called previously sub-harmonic QPO may
actually be the fundamental.

A similar Q factor between the fundamental Lr and the
harmonic L, was observed, suggesting an FM as a cause of
their width, whereas the sub-harmonic L, is broader, and the
1.5vg feature L, is even broader.

We also found a significant interplay among both QPOs
and broadband components with both frequency and energy.
As the disk flux increases, Ly frequency increases, Lg and Ly
ratio increases, while L, and L, ratio decreases. A similar
interplay also takes place as the energy increases. The nature
of the interplay remains unknown, since we did not even know
the nature of the components. However, from the interplay we
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may explain the PDS difference in the first five observations
and suggest that the transition from LHS to HIMS is a smooth
process.
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