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Swift X-ray Telescope study of the Black Hole Binary

MAXI J1659-152: Variability from a two component

accretion flow

M. Kalamkar, M. van der Klis, L. Heil, J. Homan

To be submitted

Abstract

We present an energy dependent X-ray variability study of the 2010 outburst of the
black hole binary MAXI J1659-152 with the Swift X-ray Telescope (XRT). The broad
band noise components and the Quasi Periodic Oscillations (QPO) observed in the
power spectra show strong and varied energy dependence. Combining Swift XRT
data with data from the Rossi X-ray Timing Explorer (RXTE), we report, for the first
time, an rms spectrum (fractional rms amplitude as a function of energy) of these
components in the 0.5–30 keV energy range. We observe that the strength of the
low frequency component (< 0.1 Hz) decreases with energy, contrary to the higher
frequency components (> 0.1 Hz) whose strengths increase with energy. In the con-
text of the propagating fluctuations model, we suggest an origin of the low frequency
component in the accretion disk (which dominates emission below ∼ 2 keV) and the
higher frequency components in the hot flow (which dominates emission above ∼ 2
keV). As the properties of the QPO suggest it may have a different driving mech-
anism, we investigate the Lense Thirring precession of the hot flow as a candidate
model. We also report the evolution of the coherence of the QPO in the energy band
below 2 keV. While there are strong indications that the QPO is less coherent below
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2 keV, the coherence increases with intensity in a similar manner to that observed at
energies above 2 keV in these systems.

5.1 Introduction

Stellar-mass black hole X-ray binaries (BHB) are systems in which a black hole ac-
cretes matter from a companion star. The process is characterized by the formation
of an accretion flow around the black hole and outflows in the form of collimated
jets and disk winds. The accretion flow is believed to have two components: a hot
flow/corona (an optically thin medium where photons are Comptonized by hot elec-
trons) and/or the base of the jet, and an (optically thick) accretion disk. After decades
of studies of the energy spectra and variability of many BHBs, it is generally under-
stood that the interplay between these two components of the accretion flow gives
rise to different ‘states’ of the system in an outburst. Phenomenologically, the evo-
lution of the system through these states is understood quite well. We first discuss
the behavior of a BHB in outburst in terms of the different phenomena commonly
observed and then discuss the existing models developed to explain their origin. We
refer the reader to Homan & Belloni (2005), Remillard & McClintock (2006) and
van der Klis (2006) for detailed phenomenology and conventions and to Done et al.
(2007) for the discussion of models. Below we describe a typical outburst evolution.

The states can be broadly classified as hard and soft states. In the ‘low’ intensity
hard state (LHS), the energy spectrum is dominated by hard emission from the hot
flow (term we use to refer to the corona/the inner flow/base of the jet, without pref-
erence for any model) modelled by a power law (index of ∼ 1.6-1.7), and the power
spectrum is characterized by strong broad band noise (fractional rms amplitude up to
∼ 50 %). Steady compact jets are observed in this state (see, e.g., Fender et al. 2009).
The intensity increases until the source makes a transition to the intermediate state
(IMS), which can be divided into hard and soft IMS (HIMS and SIMS, respectively).
At roughly constant intensities, the energy spectrum softens as the contribution from
the disk increases and the power law component becomes softer (power law index of
∼ 2.4-2.5). The different IMSs are marked by radically different variability proper-
ties. In the HIMS (to where the transition is first made from the LHS), the broad band
variability is relatively weaker than the LHS (fractional rms amplitude up to ∼ 30 %)
and is accompanied by so called type-C Quasi Periodic Oscillations (QPOs, peaked
narrow components) in the power spectrum (see Wijnands et al. 1999; Remillard
et al. 2002; Casella et al. 2005, for QPO classification). The SIMS is characterized
by weak variability (few %) often accompanied by one of the two different types of
QPOs, type-A or type-B QPOs. Multiple transitions between the IMSs are often seen

70



5.1 Introduction

in BHBs before the source goes into the high soft state (HSS). Radio flaring is ob-
served (attributed to discrete ejection events of the jet material) during the hard to soft
state transition. The radio emission is much lower (or quenched) in the HSS (Fender
et al. 2009). The X-ray spectrum is the softest in the HSS, which is dominated by
disk emission fit with a blackbody component peaking at up to a few keV and which
has extremely weak variability in the power spectrum. At some point in time the
intensity decreases and eventually the source goes back to the LHS through the IMS.
It should be noted that not all sources show all these states.

Although there is a reasonably clear picture of the phenomenological behavior, some
major and important physical aspects of the accretion flow are not fully understood.
There is no agreement about the structure and origin of the hot flow, or on the disk
geometry (Done et al. 2007). Although there is progress in modelling, the origin of
variability remains incompletely understood. Most of the variability studies in the
past few years were performed with the Rossi X-ray Timing Explorer (RXTE) mis-
sion. The Proportional Counter Array (PCA) on board RXTE covered the energy
range 2-60 keV. The hot flow emission dominates this energy band in the hard state
during which most of the variability is observed. Hence, variability was attributed
to the hot flow and the disk was considered unimportant for variability studies. Re-
cently, Wilkinson & Uttley (2009) and Kalamkar et al. (2013b) using XMM-Newton

and Swift, respectively (which can access energies down to 0.3 keV) showed that the
disk contributes significantly to variability at energies < 2 keV on time scales longer
than a few seconds. This highlights the importance of access to the soft band for
variability studies.

The propagating fluctuations model (Lyubarskii 1997) has recently gained accep-
tance to explain the origin of variability. This model proposes that fluctuations of
mass accretion rate modulate the X-ray emission, giving rise to the observed vari-
ability. These fluctuations can arise and propagate throughout the flow and modulate
the X-ray emission produced in the inner regions. Churazov et al. (2001) showed
that as the fluctuations propagate to smaller radii on local viscous time scales, high
frequency fluctuations are suppressed due to viscous damping. This means that low
frequency fluctuations generated at large radii can propagate to smaller radii and
modulate the emission. Higher frequency fluctuations can only survive if generated
at smaller radii. As the emission from the inner regions dominates at higher ener-
gies, the amplitude of high frequency variability is stronger at high energies than at
low energies (Kotov et al. 2001). Further works (see e.g., Ingram & Done 2011, and
the references therein) associated different frequencies of the broad band noise in the
hard state power spectrum with different radii; the lower break frequency is associ-
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ated with the outer radius of the hot flow (truncation radius of the disk) and the upper
break frequency (which we will refer to as hump) is deeper in the hot flow. They also
associate the frequency of the type-C QPO with the Lense Thirring precession of the
hot flow (Stella & Vietri 1998; Fragile et al. 2007).

Most of these works associate the observed variability with the hot flow. Taking
into account the recent developments discussed above, we now know that variabil-
ity can also arise in the disk. Hence, the power spectra in the energy bands where
the hot flow and the disk emission dominate, are expected to be different along the
various states of the outburst and thus warrant further studies. Such a difference was
shown for the BHB SWIFT J1753.5–012 (henceforth J1753; Kalamkar et al. 2013b)
with Swift. However, J1753 is a peculiar source as it does not show a typical out-
burst progressing through different states. Similar investigation for sources which
show more typical outbursts is necessary, before the application of these models can
be generalized to all BHBs. Here, we report energy dependent variability studies
of the outburst of the BHB MAXI J1659–152 with Swift observations which cover
the 0.5-10 keV energy range. Section 5.1.1 introduces the source and discusses the
earlier reports. The Swift data used for this study along with the RXTE results from
Kalamkar et al. (2011) are discussed is Section 5.2. In Section 5.3, we present the
results of the variability analysis, the evolution and correlations of different power
spectral components in two sub-bands of XRT: 0.5-2 keV and 2-10 keV, along with
RXTE results in 2-60 keV from Kalamkar et al. (2011). We present our interpretation
and discuss the origin of variability in the context of the models discussed above in
Section 5.4.

5.1.1 Earlier reports on MAXI J1659–152

MAXI 1659-152 (henceforth J1659) was discovered on 2010 September 25 with the
Swift Burst Alert Telescope (BAT; Barthelmy et al. 2010) and identified as a new
Galactic X-ray transient (de Ugarte Postigo et al. 2010; Negoro et al. 2010). It was
soon identified as a stellar-mass black hole candidate as it exhibited a type-C QPO
in the RXTE observation (Kalamkar et al. 2010). Kuulkers et al. (2012) determined
an orbital period of 2.41 hr, making J1659 the shortest orbital period BHB. The ac-
cretion disk inclination is estimated to be 60-80 degrees and the companion star is
suggested to be an M5 dwarf star. The system has an estimated distance of about 8.6
kpc and a height of 2.4 kpc above the Galactic plane (Kuulkers et al. 2012; see also
Kennea et al. 2011; Yamaoka et al. 2012).

Several X-ray spectral and timing results with RXTE and Swift have been reported
earlier. Kalamkar et al. (2011) report the hardness-intensity diagram and variability
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properties with RXTE data based on which they identify the source to be a BHB.
With the same data, Muñoz-Darias et al. (2011) report correlated spectral and tim-
ing properties, including lags. Shaposhnikov et al. (2011) also report lags and the
energy distribution of variability with the RXTE data. Yamaoka et al. (2012) report
the correlations of variability properties with RXTE data and spectral properties with
RXTE data along with some Swift observations that were simultaneous. Kennea et al.
(2011) report the spectral evolution and broad band variability properties along with
the QPO using Swift observations. For a detailed account of the results of observa-
tions at other wavelengths, we refer the reader to (Section 1; Kuulkers et al. 2012)
and the references therein, and the results of Jonker et al. (2012).

Yu & Zhang (2013) report energy dependent variability studies with Swift and RXTE,
similar to our analysis. The main difference in our works is that we report the full
evolution of the parameters of all the components in the power spectra, their correla-
tions and energy dependence along the outburst. In addition to the discussion of the
origin of the broad band variability, where we both arrive at similar conclusions (see
Section 5.4), we also discuss the origin of the QPO.

5.2 Observations and data analysis

We analysed all 38 observations taken in Windowed Timing (WT) mode with the
X-Ray Telescope (XRT; Burrows et al. 2005) on board the Swift satellite between
September 25, 2010 (MJD 55464) and October 22, 2010 (MJD 55491). Observa-
tions lasted between 0.9 and 19.5 ks containing between 1 and 28 Good Time In-
tervals (GTIs) of 0.1-2.5 ks. The data were obtained in the WT mode data (in wt2
configuration), which has a time resolution of 1.766 ms. We processed the raw data
using the standard procedure discussed in Evans et al. (2007) and only grade 0 events.
Pile-up, bad pixel corrections and background corrections were applied to the light
curves. For comparison, we also use the results from the first 47 RXTE (Jahoda et al.
2006) observations taken between September 28, 2010 and October 22, 2010, the
same period as the XRT observations, in the 2–60 keV energy band as previously
presented in Kalamkar et al. (2011).

To generate the XRT power spectrum (after removal of pile-up affected data and
without background and bad pixel corrections), we use the procedure described by
Kalamkar et al. (2013b). As the first four observations consist of multiple long indi-
vidual GTIs (some a few hundred seconds long) we report their individual power
spectra. For the rest of the observations, we report the average power spectrum
per observation. Leahy-normalized (Leahy et al. 1983) fast Fourier-transform power
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Figure 5.1: Top panel - Light curve in the full energy band and two sub-bands as indicated; Bottom
panel - Evolution of the fractional rms amplitude integrated up to 10 Hz in the energy bands indicated.
Each point in the light curve represents one observation and is pile-up, bad pixel and background cor-
rected. See Section 5.2 for the details of the evaluation of the fractional rms amplitude.

spectra were generated using 115.74-s continuous intervals. The 1.766 ms time reso-
lution gives a Nyquist frequency of 283.126 Hz. To facilitate comparison with RXTE
which covers 2–60 keV (henceforth xte band), two energy bands were used: hard, 2–
10 keV (also covered by RXTE) and soft, 0.5–2 keV (not covered by RXTE). See
Kalamkar et al. (2011) for the details of RXTE power spectrum generation. Periods
of dipping activity in the X-ray light curve, reported by Kuulkers et al. (2011) were
not excluded from our analysis.

A drop-off in power above 100 Hz due to instrumental effects has been reported in the
XRT power spectra. We also observe this drop-off in our data on this source. Hence,
we analysed the power spectra in the frequency range <100 Hz only. The Poisson
level is estimated by fitting a constant between 50-100 Hz where no source variabil-
ity is observed, as the Poisson level deviates from the expected value of 2.0 (see the
Appendix for details). This estimated Poisson level is subtracted and the power spec-
tra are expressed in rms normalization (e.g., van der Klis 1995). The power spectra
are fitted with several Lorentzians in the “νmax" representation (Belloni, Psaltis, &
van der Klis 2002b). The characteristic frequency νmax ≡ ν0

√

1 + 1/(4Q2), the
quality factor Q≡ ν0/FWHM, and the (> 0 Hz) integrated power P, where ν0 is the
centroid frequency and FWHM is the full width at half maximum of the Lorentzian,
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Figure 5.2: Representative power spectrum (obs-id 00434928003, MJD 55466) in the 0.5-10 keV band.
The best fit model using multiple Lorentzians for each power spectrum is shown.

were the fit parameters. When Q turned out negative, it was fixed to 0 (i.e., we fitted
a zero-centred Lorentzian); this did not significantly affect the other parameters. We
only report components with a single-trial significance P/σP− > 3.0 (unless other-
wise stated), with σP− the negative error on P calculated using ∆χ2 = 1. All the errors
reported in this work, including the Figures, are 1σ errors.

5.3 Results

5.3.1 Light curve and variability evolution

Figure 5.1 (top panel) shows the light curve in the 0.5-10 keV energy band and the
two sub-bands: soft and hard. The light curve has been reported to be of the fast-rise
exponential decay type in Swift BAT (Kennea et al. 2011) and RXTE PCA observa-
tions (Yamaoka et al. 2012). As Swift began observing the source ∼ three days before
RXTE, we can report the early rise of the outburst. We observe that the source was
already in the HIMS during the first XRT observation, as there was strong broad band
noise (up to 30 % fractional rms amplitude) and a type-C QPO (also see Kalamkar
et al. 2011). The peak intensity was observed on MJD 55476.7. Transitions to the
SIMS (where a type-B QPO is detected) were observed twice with RXTE (Kalamkar
et al. 2011); the first excursion to the SIMS on MJD 55481.7 was not observed by
Swift, the second transition on MJD 55484.7 was covered by XRT observations but
these ended before the transition back to the HIMS on MJD 55501. As reported by
Kalamkar et al. (2011), the source did not make a transition to the HSS before return-
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ing to the hard states.

The evolution of the fractional rms amplitude (henceforth referred to as rms) inte-
grated up to 10 Hz in the soft and the hard bands is shown in the bottom panel of
Figure 5.1. It is consistent with the integrated rms reported in Kennea et al. (2011)
with Swift XRT. The integrated rms was 31.5 ± 1.1% in the hard band during the first
observation, consistent with what is expected in the HIMS, and 26 ± 1.1 % in the
soft band. It decays in both energy bands as the source evolves towards the SIMS.
The two excursions to the SIMS reported by RXTE were accompanied by a drop in
the integrated rms in the xte band (see Figure 1 in Kalamkar et al. 2011). The first
excursion on MJD 55481.7 was not covered by Swift, but after the second transition
at MJD 55484.7, the integrated rms was 10.0 ± 2.5 % in the hard band (7.1 ± 2.7 %
in the xte band). During the rest of the observations the rms stayed close to ∼ 10 %
in the hard band (between 3%-9% in the xte band till MJD 55491). The soft band
variability is poorly constrained from MJD 55476.1 - MJD 55489 and hence not re-
ported here. It should be noted that the integrated rms is higher in the hard band than
in the soft band for all XRT observations.

5.3.2 Power spectral evolution

Figure 5.2 shows a representative power spectrum of an XRT observation in the 0.5-
10 keV energy band. The different components, in the order of increasing frequency,
can be identified as: the low frequency noise (lfn), the ‘break’ component, the QPO
identified as the type-C QPO (which will be referred to as the QPO), and the broad
band noise (referred to as ‘hump’) underlying the QPO. The harmonic of the QPO is
also detected (not present in the power spectrum shown here). The power spectrum
is very similar to the ones exhibited by other BHBs in the HIMS (e.g., Homan &
Belloni 2005; Casella et al. 2005). The coherences Q are in the range of 0.0–1.2 for
the lfn, 0.1–0.2 for the break, 0.4–11.7 for the QPO and 0.0–1.93 (and once incidence
of a high Q at 5.7) for the hump. All the components are detected in the hard and the
soft bands, although not always simultaneously and not in every observation. Type-B
QPO has been reported in the xte band with RXTE (Kalamkar et al. 2011), but we do
not detect it in the XRT power spectra.

5.3.3 Evolution of the parameters and their energy dependent behavior

I] Frequency evolution

The evolution of the frequencies of all the components in the soft and the hard bands
with time, along with the xte band from Kalamkar et al. (2011) is shown in Figure 5.3.
The vertical grey lines mark the (end-time of the) first four observations for which we
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Figure 5.3: The frequency evolution of all power spectral components with time. The grey lines
indicate the end-time of first four XRT observations in which we report detections in individual GTIs.
The rest of the detections are per observation. Components are indicated by different symbols with
colors indicating the different energy bands.

report detections in the individual GTI. The rest of the detections are in each average
Swift and RXTE observation. For clarity, additional components detected only in the
xte band reported in Kalamkar et al. (2011) have been omitted in this Figure.

All the components, except the lfn, show increase in frequency as the outburst pro-
gresses. The QPO frequency evolution in the hard and soft band is consistent with the
reports of Kennea et al. (2011) and Yu & Zhang (2013) with Swift XRT, and with the
xte band in Kalamkar et al. (2011). The rise in the QPO and hump frequency is very
rapid during the first three days. The frequency of the QPO is lower than the hump
frequency as long as the hump is detected in the hard band (till MJD 55466.6), and
up to MJD 55472 in the xte band. After MJD 55472, the QPO frequency is higher
than the hump, which in the xte band is at around 3.7 Hz. The QPO and the hump
in both the soft and the hard band show a correlation with intensity (not shown here),
which also increases with time; this behavior is commonly seen in BHBs.

The break component has very few detections. It shows an increase in frequency
in the hard and xte band. A change in frequency is not clearly seen between the two
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detections in the soft band. The components shown in grey are detections in the soft
band that cannot be identified unambiguously; these could be the break, hump or lfn.
Lack of simultaneous detections of all components in the power spectra makes it dif-
ficult to identify them correctly.

The lfn component does not follow the same evolution as the rest of the compo-
nents. This component is seen consistently at low frequencies below 0.1 Hz across
changes in intensity and state transitions without a large increase (of over a decade)
in frequency like the rest of the components. There are more detections of this com-
ponent in the soft band compared to the hard and xte band. It was also detected in
the soft band at 0.050 ±0.008 Hz at MJD 55489.5, when the source was in the SIMS
(not shown in Figure 5.3).

II] Rms evolution

Figure 5.4 shows the rms evolution of the different components with time, XRT in-
tensity and the component frequency. In the top panel, the rms shows a general trend
of decrease in strength with time for most of the components in all three bands. The
hump is the strongest component. Unlike other components, it first shows an increase
in strength till MJD 55465.2, followed by a decay. This behavior closely follows the
15–150 keV BAT light curve that shows a sharp rise reaching the peak at MJD 55465,
which is much earlier than the XRT peak, followed by a decay (Kennea et al. 2011).
In the soft band, the hump does not follow the BAT light curve and shows a decay
similar to the rest of the components.

During the rise of the outburst, the rms of the QPO in the hard and soft band shows
a decay in amplitude with time, which is steeper than that of the hump. During the
first RXTE observation quasi-simultaneous with XRT, the QPO was stronger in the
xte band than the hard band, with no detection in the soft band. Overall, the QPO is
weakest and decays most rapidly in the softer bands. The break component shows
an rms decrease in the hard band, not much change in the soft band, and an initial
increase in strength followed by a decrease in the xte band. So, the break component
becomes stronger at higher energies, but much later in the outburst. The lfn shows a
decrease in rms, but the fall is not monotonic, particularly in the soft band. Its rms is
higher in the soft band than the hard for the simultaneous detections.

Figure 5.4 middle panel shows the rms dependence of all components in the soft
and hard band on XRT intensity. All the components (except hump in the hard band)
show an anti-correlation with intensity. The rms of the hump in the hard band shows
first a rise and then a decay, associated with its non-monotonic behavior versus time
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Figure 5.4: Evolution of fractional rms amplitude of the different components with time (top panel), and
its dependence on XRT intensity (middle panel) and frequency of the respective components (bottom
panel). In the top panel, the grey lines indicate the end-time of first four XRT observations in which we
report detections in individual GTIs. The rest of the detections are per observation. The components
are as indicated in the top panel with colors indicating the energy bands as shown in the bottom panel.
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in the rise of the outburst. This results in a weaker correlation with intensity in the
0.5-10 keV band than of the other components. The lfn shows a decrease, but with a
large scatter, indicating that the dependence on intensity is very weak.

Figure 5.4 bottom panel shows the relation between the rms of different components
and their corresponding frequencies. As the lfn does not show strong evolution in
frequency, it is omitted in this figure. The rms of the QPO shows an anti-correlation
with its frequency in all three bands. In the xte band, the anti-correlation becomes
steeper when the rms falls below ∼10 %. This happens close to the time around
which the hump frequency falls below the QPO frequency (Figure 5.3, MJD 55472)
seen in the xte band; there are no hump detections in the soft and hard band during
this period. Interestingly as seen by comparing top and bottom panels in Figure 5.4,
till this time the rms of the hump is flat, but then the frequency and rms of the hump
turn over and decrease in a correlated fashion in the xte band. So in the bottom panel
the xte band hump track has two branches: the flat branch and the correlated branch,
which meet at a ’turnover’ frequency. In the hard band for the hump, although the
shape of the track is somewhat reminiscent of that in the xte band, the evolution in
rms takes place much earlier in time and not chronologically. In this band the value
of the rms switches between the flat and correlated branches several times and there
is no turnover frequency. In the soft band the hump shows a linear anti-correlation.
If the unidentified detections in the soft band are the hump, then the track will have a
similar two branch shape traced chronologically like the xte band but earlier in time.
This degenerate behavior of the hump rms versus frequency and the shape of the
tracks followed in different energy bands has not been reported before for this source.

The break component in the xte band is the only component for which the rms shows
a positive correlation with frequency for all detections. In the hard band, the break
appears to have an anti-correlation. The behavior of the break component in the soft
band is unconstrained by our data.

III] Coherence of the QPO

Figure 5.5 shows the evolution of the coherence Q of the QPO in all three bands. We
report for the first time the evolution of the Q in the soft band. It increases during the
rise of the outburst, similar to the hard band. It should be noted that the fast rise in
the QPO frequency may also lead to the broadening of the component, resulting in a
lower than intrinsic Q. There has been no evidence of QPO frequency dependence on
the energy (Belloni et al. 1997). In our data, the rate of change of frequency during
the first three days is 5.4 ×10−6 Hz/s, in the hard as well as the soft bands. For a
typical GTI ∼ 1 ks long, contribution to the broadening of the QPO due to increase
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in frequency is 0.0054 Hz (maximum of 0.0135 Hz for the longest GTI of 2.5 ks).
The total FWHM of the QPO are in the range of 0.13–0.87 Hz in the soft band and
0.027–0.25 Hz in the hard band. Hence, the increase in frequency contributes to the
broadening of the QPO, but by a small factor in most cases and importantly, by the
same magnitude in the hard and soft bands. It is interesting to note that the Q in the
soft band is lower than in the hard band for all simultaneous detections, sometimes
significantly so. The weighted mean Q value of only the simultaneous detections in
the hard and soft band are 5.07±0.29 and 1.23±0.07, respectively. Also, as shown
earlier, the QPO is weaker in the soft band than in the hard band. This indicates that
the QPO is broader as well as weaker in the soft band than in the hard band.

5.3.4 The rms spectrum and energy dependence of frequency

Figure 5.6 shows the dependence of the rms and frequency of the corresponding com-
ponents on energy for the first simultaneous observation with XRT and RXTE. This
is the first report of the rms spectrum, i.e., rms as a function of energy, down to 0.5
keV. In the rms spectrum (top panel), the lfn is the strongest in the 0.5–1 keV band,
where no other component is detected. The component is significantly detected till
20 keV with a decreasing rms; as the lfn cannot be constrained in the 20-30 keV
band, we integrate the rms up to 0.1 Hz, which is 2.8 %. Hence, the lfn has a soft
spectrum. The rest of the components show the opposite; the rms increases with
energy. The hump is the strongest component but is detected only in the 2-10 keV
bands. Although it shows strong indications of being harder (Section 5.3.3), it cannot
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Figure 5.6: The dependence of the fractional rms amplitude (top panel) and the corresponding fre-
quency (bottom panel) of each component on energy from the first simultaneous XRT and RXTE ob-
servation (MJD 55467). The vertical grey lines indicate the boundaries of the energy bands and the
points are plotted at the central energy bin. The detections below 2 keV are from the XRT data and
the detections above 2 keV are from the RXTE data, except for the break shown in the 2-10 keV range
which is from the XRT data.

be constrained above 10 keV in this observation. The break component is not con-
strained below 1 keV. Its amplitude increases till its detection up to 20 keV. The QPO,
which is the only narrow component in the power spectrum, is also not constrained
below 1 keV. The rms of the QPO increases till 15 keV and then shows (possibly) a
small decrease till 30 keV. Shaposhnikov et al. (2011) report the rms spectrum using
the same RXTE observation. Our results are consistent with a hard spectrum they ob-
serve for the QPO. The soft rms spectrum of the lfn and hard rms spectrum of other
higher frequency components is similar to that seen in J1753 (Kalamkar et al. 2013b)
up to 10 keV in the XRT data, and like in that source suggests these components have
different origin (Section 5.4).

Figure 5.6, bottom panel, shows the energy dependence of the (characteristic) fre-
quency of the components discussed above. It is interesting to note that the QPO,
the only narrow component, is the only component whose frequency does not show
dependence on energy. This was also reported by Belloni et al. (1997) in GS 1124-68
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and GX 339-4. The frequency of the rest of the components show a possible energy
dependence. The hump frequency does not show strong energy dependence with
only two detections (both have Q of 0.08). The break frequency (Q in the range of
0-0.18) shows an increase with energy till 15 keV, followed by a possible decrease. A
similar energy dependence of the break was reported earlier by Belloni et al. (1997)
in GX 339-4 and GS 1124-68 and in XTE J1650-500 (Kalemci et al. 2003). The lfn
frequency shows a possible energy dependence. It increases with energy, peaks in
2-5 keV, and falls till 15 keV and then shows an increase in the 15–20 keV band.

5.4 Discussion

We analysed all the Swift XRT observations of the black hole binary MAXI J1659-
152 during its outburst in 2010 and report the variability behavior. We report the
evolution of all variability components observed in the power spectra in the soft (0.5-
2 keV) band simultaneously with the hard (2-10 keV) band and their correlations. We
present these results and also a comparison with the RXTE results in the 2-60 keV
band from Kalamkar et al. (2011). The merit of this study is that variability is studied
over the full energy range 0.5-60 keV. This range contains emission from both com-
ponents of the accretion flow: the accretion disk which generally dominates below
∼ 2 keV and the hot flow which generally dominates above ∼ 2 keV. We present for
the first time the rms spectrum of different variability components in the 0.5-30 keV
energy range. We find that the frequency of some components varies with energy
(but not that of the type C QPO). We also report for the first time on the coherence of
the type-C QPO down to 0.5 keV and find evidence for lower Q at low energies.

The different variability components can be broadly separated into two categories:
a) components that evolve in frequency - the QPO, hump and the break, referred to
as the higher frequency components and, b) the component which does not evolve
much in frequency - lfn which stays below 0.1 Hz. The rms spectrum (Figure 5.6)
of these two categories also shows different behavior; the higher frequency compo-
nents are harder, i.e., amplitudes increase with energy, while the lfn is soft, i.e., the
amplitude decreases with energy. This suggests that the lfn and the higher frequency
components arise in different regions of the accretion flow and/or have different driv-
ing mechanisms. We investigate this in the context of the propagating fluctuations
model (Lyubarskii 1997), and the hot flow Lense-Thirring precession model (Fragile
et al. 2007; Ingram & Done 2011).
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5.4.1 Origin of the low frequency noise

In our analysis, we find that the lfn does not show strong evolution in frequency with
either time or intensity. Yu & Zhang (2013), from variability studies of J1659 with
XRT data, suggest that the lfn (which they refer to as the power law noise) orig-
inates in the disk. Their argument is based on the correlated emergence of thermal
disk component and lfn accompanied by the weakening of band limited noise (hump)
and the QPO in the soft band. We observe that the lfn rms is strongest in the 0.5-1
keV band and decreases with energy. If the lfn originated in the hot flow, then the rms

would be expected to a) increase with energy similar to higher frequency components
and, b) be weaker in the 0.5-1 keV band due to contamination from non modulated
photons from the disk. We see the exactly opposite energy dependence.

The lfn shows all the characteristics of a component arising in the thermal disk, pos-
sibly due to fluctuations (Lyubarskii 1997) arising in the disk. The lack of frequency
dependence on intensity can be naturally explained as the lfn is not associated with
a ‘moving’ radius in the accretion flow. As the source evolves towards the soft state,
the inner radius of the accretion disk is suggested to decrease (Kennea et al. 2011),
but if the fluctuations arise further out in the accretion disk than the truncation radius,
the frequency may stay stable. As the fluctuations can propagate to inner regions of
the accretion flow, the detection of this component at hard energies (up to 30 keV)
can be naturally explained. The drop in rms along the outburst could be due to the
fluctuations becoming inherently weaker as the source evolves to softer states, or di-
lution due to stronger unmodulated disk emission, or a combination of both factors.
It is not understood why and in what capacity, these factors play a role in decreasing
the strength of the component in the soft state.

5.4.2 Origin of higher frequency components

A. Origin of the broad components

The set of higher frequency components consists of the type-C QPO, the hump and
the break component. Similar to other BHBs, these components are detected in the
HIMS. We discuss here the behavior of the broad components viz. the hump and the
break. The break component has very few detections in all three bands. So any in-
terpretation should be taken with caution. The break frequency increases in the hard
and xte band, but not in the soft band. The break frequency has been associated with
the truncation radius of the disk (Ingram & Done 2011). As stated earlier, evolution
towards the soft state is thought to be associated with the motion of the accretion disk
towards the black hole leading to a decrease in the inner radius. As the disk radius
decreases, the frequency of the break increases. The frequency also shows energy
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dependence. In Figure 5.3, the first simultaneous detection in all three bands is at dif-
ferent frequencies. It has a higher frequency in the hard band than the soft band (as
also seen in the rms spectrum), but in the xte band the frequency is the lowest. This
could be a fitting artefact as possibly the hump, which is not detected with XRT in
this observation, subsumes it. We speculate this as there are more detections of break
in the xte band later when the rms of the hump is low, and also the break shows an
increase in rms over that period. The increase in peak frequency with photon energy
(Figure 5.6) can be attributed to the dependence of the emission profile of the energy
spectrum on the radius of the accretion disk.

Extending further the scenario of propagating fluctuations to smaller radii and more
inner regions of the accretion flow, we expect to observe higher frequency variability
which is harder in nature. This was also suggested by Ingram & Done (2011). The
hump is the strongest component in the hard and xte bands (see Figure 5.4), where
the emission from the hot flow dominates. Its rms follows the BAT light curve in
the 15-150 keV band more closely than the XRT light curve in the 0.5-10 keV band.
The frequency of this broad component is higher than the break at all times and the
QPO for most of the detections (also see below). All this suggests the origin of the
hump to be in the hot flow. This has also been suggested by Yu & Zhang (2013) in
J1659. In J1753, the hump was suggested to arise in the hot flow based on its hard
rms spectrum in the 0.5-10 keV band (Kalamkar et al. 2013b).

The frequency rms correlation of the hump shows a degenerate behavior; the rms

which is initially flat starts decreasing as the frequency decreases. Similar frequency
rms correlations have been studied in many BHBs (Pottschmidt et al. 2003; Axelsson
et al. 2006; Klein-Wolt & van der Klis 2008). They suggest that the emitting region
can act as a ‘filter’ to high frequency fluctuations (Psaltis & Norman 2000) and re-
duce their amplitude. The dampening effects can play a significant role in shaping
the power spectrum (Kotov et al. 2001). As the source evolves towards softer states,
the frequencies of most of the components in the power spectrum increase, mov-
ing through this ‘frequency’ filter. The suppression of variability at high frequencies
could effectively lead to what appears to be a ‘lower’ peak frequency in our fits. This
may explain the behavior in the xte band. This behavior however, cannot explain
what we see in the hard band, as the path traced in this correlation is not chornologi-
cal. It should be noted that this behavior, in some of the works mentioned here, have
associated this effect with state transitions while for J1659, we observe the turnover
during the HIMS.
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B. Origin of the QPO

The QPO (and its harmonic) is the only narrow component observed in the power
spectrum. Similar to other BHBs, it shows an increase in frequency and a decrease in
the rms as the source evolves towards soft states. The decrease in rms is steepest in
the soft band. There are more detections in the hard band than the soft band. It has a
hard rms spectrum as well. The model of propagating fluctuations naturally predicts
the origin of the broad components, but an additional mechanism would be required
to explain the high coherence of (only) the QPO. Also, it cannot explain why the
QPO frequency does not show energy dependence while the other broad components
do. All this indicates that a different mechanism is at play in generating the QPO.

The Lense-Thirring precession of the hot inner flow (Stella & Vietri 1998; Fragile
et al. 2007; Ingram et al. 2009) is a strong candidate model to explain the origin of
QPO (see van Straaten et al. 2003, Altamirano et al. 2012 for arguments against the
applicability of this model to some neutron star systems). The physical model (In-
gram & Done 2011) that was developed for the QPO can explain some properties
such as the frequency and coherence evolution. High QPO amplitudes at higher en-
ergies have been reported earlier in the rms spectra of many BHB (see e.g., Belloni
et al. 1997; Sobolewska & Życki 2006) which can also be explained by this model.
We extend the rms spectrum down to 0.5 keV, where we cannot constrain the QPO
below 1 keV. A drop in the amplitudes at low energies due to dilution from disk
emission was predicted by Ingram & Done (2012). This was also reported in J1753
(Kalamkar et al. 2013b). The coherence of the QPO increases in both the hard and
the soft band during the initial rise of the outburst. There are strong indications for
J1659 that the QPO is narrower in the hard band compared to the soft band. There is
no explanation in the model yet for a lower coherence in the soft band.

Dramatic changes in the power spectrum are observed during state transitions, which
happen close to the radio flaring behavior episodes, although a causal connection has
not been established (Fender et al. 2009). A drop in the fractional rms amplitude of
broad band variability is observed during state transitions. The radio flaring is associ-
ated with the discrete ejections of material, possibly the corona (see e.g., Rodriguez
& Prat 2008; Fender et al. 2009). One way to probe this is to trace the soft band
variability during these ejection events: the variable disk emission should remain ob-
servable during the state transitions, if the ejected material is the corona and does not
affect the disk. As part of the variable emission comes from the disk, the drop in
variability in the soft band should be less than in the hard band. For J1659, close to
the radio flaring behavior, (MJD 55477, van der Horst et al. 2010b), the hard band
variability is detected around 10 % during that period, but the soft band variability is
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poorly constrained (MJD 55476.1 - MJD 55489) and hence we cannot comment on
this. However, we would like to remark that monitoring of the soft X-ray variabil-
ity during radio flaring behavior of BHBs can provide constraints on the ejection of
corona scenario.

This work highlights the importance of BHB variability studies with Swift XRT as
it has access to soft and hard bands, simultaneously. We have strong indications for
variability arising in both the components of the accretion flow, In addition, there is
also evidence for two different mechanisms at play to generate variability. Although
other techniques (e.g., lag studies) are necessary to confirm these results, it can be
clearly seen that energy dependent variability study is a powerful method to probe
the dynamics of the accretion flow. More such studies and observations of more
BHBs with Swift can help resolve the long standing question of origin of variability.
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