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1 INTRODUCTION

ABSTRACT

The power spectrum of the X-ray fluctuations of accreting black holes often consists of two
broad humps. We quantitatively investigate the hypothesis that the lower frequency hump orig-
inates from variability in a truncated thin accretion disc, propagating into a large scaleheight
inner hot flow which, in turn, itself is the origin of the higher frequency hump. We extend the
propagating mass accretion rate fluctuations model PrROPFLUC to accommodate double-hump
power spectra in this way. Furthermore, we extend the model to predict the cross-spectrum
between two energy bands in addition to their power spectra, allowing us to constrain the
model using the observed time lags, which in the model result from both propagation of fluc-
tuations from the disc to the hot flow, and inside the hot flow. We jointly fit soft and hard power
spectrum, and the cross-spectrum between the two bands using this model for five Swift X-ray
Telescope observations of MAXI J1659-152. The new double-hump model provides a better
fit to the data than the old single-hump model for most of our observations. The data show only
a small phase lag associated with the low-frequency hump. We demonstrate quantitatively that
this is consistent with the model. We compare the truncation radius measured from our fits
with that measured purely by spectral fitting and find agreement within a factor of two. This
analysis encompasses the first joint fits of stellar-mass black hole cross-spectra and power
spectra with a single self-consistent physical model.

Key words: accretion, accretion discs — X-rays: binaries — X-rays: individual: (MAXI J1659-
152).

Looking at the power spectrum of the source during the outburst,
it is possible to identify several different components representing

Transient black hole X-ray binaries (BHBs) evolve in very char-
acteristic ways during their outbursts (e.g. Belloni et al. 2005;
Remillard & McClintock 2006; Belloni 2010; Gilfanov 2010). A
typical BHB outburst passes through a number of different states,
each state being defined by particular spectral and timing properties
of the source. At the beginning of the outburst, the source is in
the low-hard state (LHS): it shows high aperiodic variability (rms
230 per cent) and its energy spectrum is dominated by a hard power-
law component (photon index I' & 1.7). As the source luminosity
increases, the source moves towards the high-soft state (HSS): the
aperiodic variability drops off (rms ~3 per cent), the power law
softens (I & 2.4), and the spectrum becomes dominated by a mul-
ticolour blackbody component peaking in soft X-rays (*1 keV). At
the end of the outburst, the source hardens again, turning back in
the LHS.

*E-mail: S.N.Rapisarda@uva.nl (SR); a.ringram@uva.nl (Al); M.B.M.
vanderKlis @uva.nl (MvdK)

rapid variability on time-scales between ~0.01 and ~100 s, which
have different characteristics for each state. In particular, the LHS is
usually characterized by the presence of a quasi-periodic oscillation
(QPO) superimposed on broad-band continuum noise. During the
evolution of the outburst, all the characteristic frequencies of the
power spectral components correlate with hardness (e.g. Wijnands
& van der Klis 1998; Psaltis, Belloni & van der Klis 1999; Homan
et al. 2001). The initial transition between LHS and HSS usually
takes place through intermediate states with spectral and timing
properties in between those of LHS and HSS. For example, after
the LHS, the source can enter the hard-intermediate state (HIMS)
where its spectrum is characterized by the presence of both a disc
and a power-law component, the aperiodic variability decreases to
rms ~10-20 per cent, and the QPO superimposed on the broad-band
noise is still present.

The transition between LHS and HSS can be explained consider-
ing two different emitting regions in the accreting flow interacting
with each other: an optically thick disc producing the blackbody
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emission (Shakura & Sunyaev 1973), and an optically thin Comp-
tonizing region producing the power law (Thorne & Price 1975;
Sunyaev & Truemper 1979). The latter is often referred to as corona
(e.g. Melia & Misra 1993; Svensson & Zdziarski 1994; Churazov,
Gilfanov & Revnivtsev 2001) or flow depending on whether the
region is vertically or radially separated from the disc, respectively.
In particular, the truncated disc model (e.g. Esin, McClintock &
Narayan 1997; Done, Gierlifiski & Kubota 2007) considers an op-
tically thick geometrically thin accretion disc truncated at a certain
radius r, and an optically thin geometrically thick hot flow extend-
ing from r, down to a radius equal or larger than the innermost
stable circular orbit (ISCO). At the beginning of the outburst, the
truncation radius is still relatively far from the black hole (BH)
and the energy spectrum is dominated by the power-law compo-
nent. When the mass accretion rate increases, the truncation radius
approaches the BH and the energy spectrum becomes dominated
by the blackbody emission. Disc photons upscatter in the hot flow
cooling it down and, as a consequence, the power law softens.

Although the spectral properties of BHBs can be explained con-
sidering this two-regime accreting configuration (even though the
precise way in which the disc and hot flow interact with each other
is not clear), the origin of the fast variability is not fully understood,
and a single model explaining both spectral and timing properties
is a still matter of debate. The recently proposed model PROPFLUC
(Ingram & Done 2011, 2012, hereafter ID11, ID12; Ingram & van
der Klis 2013, hereafter IK13) is based on the truncated disc model
described above. Additionally, PROPFLUC contains the ingredients of
mass accretion rate fluctuations propagating through the hot flow,
and precession of the entire hot flow caused by frame dragging close
to the BH. Mass accretion rate fluctuations are generated at every
radius of the hot flow and propagate towards the BH giving rise to a
broad-band noise component in the power spectrum (single-hump
power spectrum). The characteristic time-scale of the noise is set
by the viscous time-scale in the hot flow (e.g. Lyubarskii 1997;
Churazov et al. 2001; Arévalo & Uttley 2006). As a consequence of
the propagation of the fluctuations, the time variability of the emis-
sion from every ring of the flow is correlated (with a time delay).
Because the mass accretion rate fluctuations at larger radii, after
propagating inwards, modulate the amplitude of the fluctuations at
smaller radii by multiplication, the process gives rise to the lin-
ear rms—flux relation observed in BHBs (Uttley & McHardy 2001;
Uttley, McHardy & Vaughan 2005). Meanwhile, the Lense—Thirring
precession of the entire hot flow (Stella & Vietri 1998; Fragile et al.
2007; ID11) produces the QPO at a frequency depending on the
mass distribution in the hot flow and on its radial dimension.

Rapisarda, Ingram & van der Klis (2014) (hereafter RIK14) pre-
sented the first application of propFLUC to study the BH candidate
MAXI J1543-564. They fitted selected power spectra of the ris-
ing phase of the 2011 outburst of the source with the single-hump
power spectrum calculated by propFLUC and traced the evolution of
the physical parameters in these observations.

The propFLUC version used in RIK14 produces a single-hump
power spectrum originating from mass accretion rate fluctuations
arising only in the hot flow. However, timing analysis of BHBs
shows that their power spectrum in the LHS/HIMS is often charac-
terized by a more complex structure than a single hump (e.g Belloni
et al. 1997; Homan et al. 2001; Kalamkar et al. 2015b), requir-
ing two or three broad Lorentzians to be fitted (low-, mid-, and
high-frequency Lorentzian). Additionally, BHBs often show time
lags between different energy bands associated with this broad-
band variability (e.g. Miyamoto et al. 1988; Nowak, Wilms & Dove
1999b). The delay between emission in different energy bands de-
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pends on the geometry of the accreting system and can be used to
constrain different accretion models (e.g. Miyamoto & Kitamoto
1989; Bottcher & Liang 1999; Nowak et al. 1999a; Misra 2000;
Kotov, Churazov & Gilfanov 2001; Arévalo & Uttley 2006).

Combining spectral and timing analysis, it is possible to obtain
clues about the origin of the different power spectral components. In
particular, Wilkinson & Uttley (2009), on the basis of measurements
of variability amplitudes of X-ray spectral components, suggested
that low-frequency noise is the result of intrinsic variability gen-
erated in the disc and propagating through the flow. By its very
nature, propagation also predicts time lags between soft and hard
energy bands, but up to now, these two aspects of the propaga-
tion hypothesis have never been jointly considered in a quantitative
analysis.

As pointed out in IK13, with the model proPFLUC, We can simul-
taneously predict these time lags, the variability amplitudes, and
the coherence between energy bands by calculating power spec-
tra at different energies, and cross-spectra between those energies.
These predictions can then jointly be fitted to observed power and
cross-spectra. The model can also be adapted to simulate extra disc
variability and produce a two-hump power spectrum by considering
mass accretion rate fluctuations generated both in the disc and in the
flow, all propagating towards the BH. Fits to cross- and power spec-
tra of BHBs in the LHS/HIMS characterized by a two-hump profile
can then be attempted using observations spanning the low-energy
range where the disc emission is concentrated.

In this paper, we analyse data from MAXI J1659-152, a BH dis-
covered in 2010 (Mangano et al. 2010; Negoro et al. 2010). During
its 2010 outburst, MAXI J1659-152 followed the usual behaviour
observed in BHB outbursts (Mufioz-Darias et al. 2011). Previous
timing analysis of the source using the Rossi X-ray Timing Explorer
(RXTE; Jahoda et al. 1996) and Swift (Gehrels et al. 2004) obser-
vations (Kalamkar et al. 2011; Kalamkar et al. 2015b), showed that
its power spectra in the HIMS are characterized by several broad-
band components with characteristic frequencies between ~(0.001
and ~5 Hz. We explore the hypothesis put forward by Kalamkar
et al. (2015b) that some of this enhanced low-frequency variabil-
ity originates in the disc by performing joint fits of the power and
cross-spectra of MAXI J1659-152 in the HIMS using Swift X-Ray
Telescope (XRT) data in two different energy bands (0.5-2.0 keV
and 2.0-10.0 ke V). The Swift XRT data allow us to study the source
from the beginning of the outburst (RXTE started observing the
source 3 d later) in an energy range where the disc emission is
significant.

Section 2 is dedicated to the description of the new two-hump
version of PROPFLUC, Section 3 briefly describes how we reduced and
analysed the data, and in Section 4 and Section 5, we present and
discuss the results of our fits, respectively. By a strictly quantitative
analysis, we find, perhaps counter-intuitively, that the small lag
observed in the broad-band noise between these two energy bands
is entirely consistent with mass accretion rate fluctuations in the
disc propagating to the hot flow.

2 THE NEW PrROPFLUC MODEL

propFLUC (ID11, ID12, IK13) is a model assuming a truncated
disc/hot flow geometry, with mass accretion rate fluctuations prop-
agating through a precessing hot flow. Here, we introduce two extra
features to the model: (1) we consider that variability can also be
generated in the disc, which then propagates to the hot flow on
a viscous infall time; (2) we improve the model so that it is now
possible to simultaneously fit power spectra in two different energy

MNRAS 462, 4078-4093 (2016)
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Figure 1. Variability produced (purple dashed line) and viscous frequency
(green solid line) versus radial coordinate r for the entire mass accretion rate
fluctuations propagating region (disc + hot flow). Blue and red horizontal
lines indicate the hot flow and the disc, respectively, the grey horizontal
line (r > 160) corresponds to the disc region that does not contribute to the
variability. Both viscous frequency and amount of variability produced by
every ring, are discontinuous at the truncation radius r, (star symbols).

bands, and the complex cross-spectrum between these two bands.
The cross-spectrum contains information on the power in each of
these bands, the phase lags between the bands, and also the co-
herence between the bands. In order to fit the cross-spectrum, we
introduce a formalism to include arbitrary QPO phase lags, which
allows us to concentrate on physical modelling of the broad-band
noise (see Appendix B).

2.1 Propagating fluctuations and disc variability

The accreting region producing the variability extends from an inner
radius r; equal or larger than the ISCO (risco) up to aradius 74 much
smaller than the outer edge of the disc (in this paper, we use the con-
vention that lowercase r corresponds to radial coordinate scaled by
gravitational radius: » = R/R,, where R, = GM/ ¢?). The truncation
radius r, is in between r; and rq4, dividing the region into hot flow
(ri < r < r,) and varying disc (r, < r < ryg, hereafter just ‘disc’).
The geometry of the accreting region (4 > r, > ;) is sketched in
Fig. 1: red and blue horizontal thick lines indicate disc and hot flow,
respectively. From the computational point of view, the hot flow
is split into rings that are equally logarithmically spaced, so that
dr/r = constant for each ring, where r and dr are radial coordinate
and thickness of the ring, respectively. The power spectrum of mass
accretion rate fluctuations generated in each ring of the hot flow is a
zero-centred Lorentzian with the width set by the local viscous fre-
quency vy, fow(7) and having amplitude cr()2 = (Fyar//Ngec)?, where
the model parameters Fy, and Ny, are the fractional variability pro-
duced per radial decade and the number of rings per radial decade,
respectively. The right part of Fig. 1 (r < r, = 60) shows the de-
pendence of viscous frequency (green solid line) and o (purple
dashed line) on radius in the hot flow. Whereas the variability am-
plitude is assumed to be constant within the hot flow, the viscous
frequency in there is described by a smoothly broken power law (see
equations 2 and 3 in ID12). This derives from our assumption that
the surface density in the hot flow is characterized by a smoothly
broken power law, since, from mass conservation, the viscous fre-
quency in every ring is inversely proportional to the average surface

MNRAS 462, 4078-4093 (2016)

density (Frank, King & Raine 2002). The power spectrum of the
emission produced by mass accretion rate fluctuations generated in
each ring and propagating through the hot flow towards the BH,
is a broad-band component (single ‘hump’ power spectrum) with
approximately constant rms (i.e. power P(v) o 1/v) between low-
and high-frequency breaks, where the low-frequency break is the
viscous frequency at the outer edge of the hot flow v gow(7,) and the
high-frequency break depends on the highest frequency produced
in the hot flow, but it is also influenced by coherent addition of the
variability emitted from different regions of the hot flow. The disc
is also split into rings that are equally logarithmically spaced, and
the number of rings per radial decade, i.e. the model radial reso-
lution, is the same as in the hot flow (Nyec, low = Ndec, disc = Ndec)-
The power spectrum of mass accretion rate fluctuations generated
in each ring within the disc region is also characterized by a zero-
centred Lorentzian with width set by the local viscous frequency.
The left part of the plot in Fig. 1 (r, = 60 < r < rq = 160) shows
the dependence of viscous frequency (green solid line) and vari-
ability amplitude (purple dashed line) on radius for the disc. The
variability amplitude is assumed to peak at the inner edge of the
disc, r,, and drop off outside of this with a Gaussian dependence
on radius. The peak and the width of this Gaussian, o ¢Ny, and Ad,
respectively, are both model parameters. We set rqg = r, + 5Ad,
since to a very good approximation, there is no variability outside
this radius. For the disc, we assume the viscous frequency profile
of a Shakura—Sunyaev disc with constant viscosity parameter and
scaleheight (Shakura & Sunyaev 1973):

vv,disc(r) = Vd,max(r/r0)73/zs (1)

where the viscous frequency at the inner edge of the disc, vy, m.x =
Vy, disc(T0), 18 @ model parameter. Mass accretion rate fluctuations
generated in every ring, from r; to r4, propagate towards the BH on a
viscous infall time. We see that the model allows for a discontinuity
in the viscous frequency at the truncation radius as the accretion
flow transitions from disc to hot flow (see Fig. 1, star symbols). It
is this jump in frequency that results in two humps in the predicted
power spectrum, with the lower frequency hump contributed by
the disc (since the viscous frequency is lower here) and the higher
frequency hump contributed by the hot flow.

As with previous versions of the model, we assume that the count
rate observed in a given energy band can be represented as a linear
combination of the mass accretion rate in each ring. The count rate
in a ‘hard band’, f;(?), is given by

N
Sy =D hGryi(rj, 1), )

j=1

where N is the total number of rings between r; and ry (i.e. N is
the number of rings in the hot flow plus the number of rings in the
disc), the emissivity function A(r;) is the mean count rate observed
from the jth ring in this energy band, and (7}, t) represents the
varying mass accretion rate in the jth ring. If we know (or, rather,
make an assumption for) the mean spectrum emitted from each ring
and the detector response, we can directly calculate A(r;) from the
counts spectrum of the jth ring. For the flow, in the absence of a
standard model for the spectrum as a function of radius, we simply
parametrize h(r;) as a power-law function of r with an inner bound-
ary condition given by the surface density profile (see Appendix A
and ID12).

For the disc, in contrast, we do have a standard model: a black-
body with temperature o< r~*/4 and luminosity o > (Shakura &
Sunyaev 1973). To calculate each h(r;) for the disc, we start with
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the blackbody spectrum from radius r;, convolve it with the tele-
scope response, and integrate over the energy range of interest (see
Appendix A for details).

For both the disc and hot flow, we expect the spectrum to be harder
for smaller r, which translates to a hard band emissivity function
h(rj) being a steeper function of r (i.e. more centrally peaked) than a
soft band emissivity function s(r;). We note that our assumption of
linearity relies on variability in disc temperature, 7(r, ¢), being much
smaller than the variability in m(r, ¢). This is a good assumption,
since T o ri!/*. The maximum temperature reached by the disc (at
1, since we do not employ the zero-torque boundary condition — see
Appendix A), T4, max, iS @ model parameter.

We also need to parametrize the normalization of the disc spec-
trum. The absolute normalization is not of interest to us, but the
fraction of the total photons observed in a given band that are con-
tributed by the disc is of interest. In this paper, we consider two
energy bands, a soft band s and a hard band A. The fraction of
observed disc photons in the soft band, x;, is a model parameter
which, along with Ty max, can be measured from a spectral fit. The
disc fraction in the hard band, x;,, can be calculated from x, and the
hardness ratio HR (the ratio between counts in the hard and soft
band), which can be measured directly from the soft and hard light
curves (see Appendix A). Table 2 lists all the new model parameters
with a short description.

We compute the power spectrum of f(#) and f,(7) (0.5-2.0 keV
and 2.0-10 keV, respectively), and the cross-spectrum between f;(7)
and f;,(7) using the formulae from IK13. Fig. 2(a) shows soft and
hard power spectra produced considering variability generated in
both the disc and the hot flow (solid line) and the only hot flow
(dashed line). Introducing a propagating region in the disc has two
evident effects: (1) the power spectrum consists of two broad-band
components (double-hump power spectrum), a low-frequency one
generated in the disc and a high-frequency one generated in the hot
flow; (2) the total power in the disc + hot flow case is higher than
the only hot flow case because of extra variability coming from the
disc.

Due to propagation, the hot flow emission lags the disc emission.
Since the disc emits a softer spectrum than the hot flow, we expect
disc variability to contribute a hard phase lag (i.e. hard photons
lagging soft photons). The amplitude of this phase lag depends on
the viscous infall time and on how the disc and hot flow emission
are distributed in the soft and hard band. If x;, = 1 and x, = 0,
the soft band exclusively contains disc emission and the hard band
exclusively contains hot flow emission. Therefore, the lag between
these energy bands is equal to the lag between the two physical
components. For x; < 1 and x;, > 0, the lag between energy bands
is diluted by a contribution by each physical component to both
bands. Panels b and ¢ of Fig. 2 show cross-amplitude and phase lag
between soft and hard band, respectively; for making the plots, we
set x; = 0.8, x, = 0.5, and we use the response matrix of Swift. In
this paper, we adopt the usual convention that a positive phase lag
corresponds to the hard band lagging soft. With these assumptions,
mass accretion rate fluctuations propagating from the disc produce
a clear positive phase lag of ~0.065 cycles in the low-frequency
hump (see Fig. 2 ¢ between ~0.01 and 0.1 Hz).

2.2 PROPFLUC outputs

In RIK14, we computed power spectra in a single energy band vary-
ing the model parameters related to the hot flow in order to show
the relation between canonical multiLorentzian fitting parameters
and propFLUC parameters. Here, we compute soft and hard power

i flow
disc + flow

04r

0.5

03

Power * v * 10°

0.12 (b) R
0.1 E

0.08 |- i
0.06 |- i

0.04 - 1

Cross amp. *v * 102

0.02 |- 1

0.07 | () -
0.06 | -
0.05 | -
0.04 -
0.03 | -
0.02
001}

Ot 1 1 1 H
0.01 0.1 1 10 100

v [Hz]

Phase lag [cycles]

Figure 2. Soft (red line) and hard (blue line) power spectrum (a), cross-
spectrum (b), and phase lag (c) computed considering mass accretion rate
fluctuations propagating only in the hot flow (dashed line) and in the hot
flow + disc (solid line). In the second case, PROPFLUC produces a two-hump
power spectrum with an evident hard lag associated with the low-frequency
hump.

spectra, and cross-spectra (implying the phase lags and coherence)
between the bands changing the model parameters related to the
disc (Table 2): the maximum viscous frequency in the disc Vg max
(see equation 1), the radial extension of the disc Ad, the variability
produced in every ring of the disc parametrized as fraction of the
hot flow variability N,,, and the maximum temperature in the disc
T4, max. We fix all the parameters related to the hot flow, which are
already discussed in RIK14: the surface density constant (X, = 6),
the smoothly broken power law describing the surface density pro-
file (« = 3.0, L = 0.9, ¢ = 0), the inner radius (r; = 4.5), the
transition radius of the smoothly broken power law (r,, = 7.0), the
truncation radius (r, = 20), the fractional variability (Fy,, = 0.3),
the soft and hard band emissivity indices (ys = 3.0, yn = 4.5),
the BH mass (M = 10M(,), and the dimensionless spin parameter
(a, = 0.5). We compute soft (0.5-2.0 keV) and hard (2.0-10 keV)
power spectra, and cross-spectra between soft and hard band, with a

MNRAS 462, 4078-4093 (2016)
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Figure 3. Soft (dashed line) and hard (solid line) power spectra, cross-
spectra, and phase lags computed varying model parameters Ny, (left-hand
column) and Ad (right-hand column) as indicated. Numbers in square brack-
ets indicate the parameter value for all the other computations.

Nyquist frequency of 128 Hz, using a model resolution of Ny = 35,
fixing the disc fraction in the soft band (x; = 0.9), the hardness ratio
(HR = 1.0), and including a main QPO with fixed width, rms, and
phase lag (Q = 8, oqpo = 5 percent, ¢gpro = 0.1 cycles). We did
not include any other QPO harmonic component for simplicity (in
Appendix B we describe the details of including the QPO in the new
PROPFLUC model). We computed all the timing products taking into
account the Swift response matrix and we considered interstellar
absorption with a column density of ny = 1.7 x 10! atoms cm 2.
Figs 3 and 4 show the results: every column of plots illustrates the
effect of varying the value of one particular parameter. The number
between square brackets denotes the value of the parameter used
for all the other computations.

In all the plots, the shape of soft and hard spectra (dashed and
solid line, respectively) are different. This is mainly because of
the difference between soft and hard emissivity index (y and yy,
respectively).

MNRAS 462, 4078-4093 (2016)
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Figure 4. Soft (dashed line) and hard (solid line) power spectra, cross-
spectra, and phase lags computed varying model parameters vq max (left-
hand column) and T4 max (right-hand column) as indicated. Numbers in
square brackets indicate the parameter value for all the other computations.

The left-hand column of Fig. 3 shows that when N,,, = 0 (red
line), i.e. excluding disc variability and considering only mass ac-
cretion rate fluctuations propagating in the hot flow, the model
converges to the single-hump power spectrum version described in
RIK14. Increasing N,,, the second, lower frequency hump starts
being distinguishable in all the Fourier products. The disc vari-
ability high- and low-frequency break are the maximum viscous
frequencies in the disc Vg max and vy gisc(rq), respectively (where
74 = To + SAd). V4, max and vy _gisc(rq) are both fixed in this case, so
that varying Ny, does not affect the characteristic frequency of the
low-frequency hump. The phase lags show a different behaviour:
the peak frequency correlates with Ny, and at low frequency
(v = 0.01 Hz), the phase lags keep the same profile for all the
Ny, values. The relation between Ny, and the phase lag profile de-
pends on the function describing the variability in the disc, on the
disc temperature profile, and on the selected energy bands. In our
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Figure 5. Photon flux emitted by a single ring r in the disc characterized
by viscous frequency vy, gisc(r) = 0.1. The red and blue regions represent
soft and hard band, respectively.

case, the amount of variability generated in the disc is described by
a Gaussian peaking at the truncation radius, with amplitude propor-
tional to Ny,;, and width Ad (see Appendix A). When we increase
Ny, the variability increases more steeply with smaller radius close
to the truncation radius.

If we increase Ad (Fig. 3, right-hand column), we observe in
the power and cross-spectrum that the low-frequency hump peak
frequency decreases and its profile becomes broader. This is because
when extending the propagating region towards the edge of the
disc, the longer time-scale variability contribution becomes more
important. For the same reason, increasing Ad causes the phase lags
to increase at lower frequency.

The left-hand column of Fig. 4 shows the effects of varying the
maximum viscous frequency in the disc (V4 max). Varying vg max
affects the size of the viscous frequency trend discontinuity be-
tween the disc and the hot flow (i.e. Fig. 1). The bigger this jump,
the more evident is the two-hump profile. Decreasing v4 max causes
the low-frequency hump peak to move to lower frequency. The
phase lag peak frequency correlates with vy max, as expected. Fi-
nally, the right-hand column of Fig. 4 shows the effects of varying
the maximum temperature in the disc (T4, max). Increasing T4 max
from 0.05 to 0.1 keV has little consequence on the power and cross-
spectrum, while we see more evident changes when Ty . varies
from 0.1 to 0.5 keV. In particular, the frequency of the phase lag
peak is larger than the maximum viscous frequency in the disc
(Va.max = 0.1) and it moves to lower frequencies when Ty max
increases.

This behaviour can be explained looking at Fig. 5. This plot shows
the blackbody emission coming from the ring generating 0.1 Hz
variability. When the disc temperature is between 0.05 and 0.1 keV,
the blackbody emission is almost entirely detected in the soft band.
Because a small fraction of photons is still detected in the hard band,
the phase lag at 0.1 Hz is a bit lower than its potential maximum (we
expect maximum phase lag when the soft band perfectly matches
the disc emission, so when x; = 1), so that the phase lag peak appears
to be at frequencies larger than 0.1 Hz. Increasing Ty mayx from 0.1
to 0.5 keV means moving the blackbody peak to higher energies, so
that a larger part of the blackbody emission is now detected in the

hard band. This means that the 0.1 Hz variability is more diluted
when Ty, max = 0.5-0.7 keV than for lower temperatures and, as a
consequence, we observe phase lag suppression at this frequency
(black vertical line in the right-hand column of Fig. 4).

3 OBSERVATIONS AND DATA ANALYSIS

We analysed data from the XRT (Burrows et al. 2005) on board
of the Swift satellite using five pointed observations collected be-
tween 2010 September 25 and 28 (MJD 55464-55467, first five
observations from the beginning of the outburst). The selected ob-
servations contain between ~29.6 and *58.0 ks of data obtained in
the Window Timing mode configuration (WT mode), with a time
resolution of 1.779 ms. Each observation contains between 1 and
27 good time intervals (GTIs) of ~0.8-2.6 ks. The data reduction
for X-ray spectral analysis was performed using HEASOFT 6.13. The
observations were processed using XRTPIPELINE and the latest Swift
cALDB files.

Source and background spectra were generated in the 0.5-10 keV
range; exposure maps and response files were created as outlined in
Reynolds & Miller (2013).

For every GTI, we computed soft (0.5-2.0 keV) and hard (2.0-
10 keV) band light curves following the procedure described in
Kalamkar et al. (2013): we determined the source and the back-
ground region on the CCD and we extracted the light curve for
both regions as described in Evans et al. (2007). Each light curve is
pile-up-corrected. We calculated Leahy-normalized power spectra
in the soft and hard band considering 233.19 s data segments in
the source light curves, giving a frequency resolution of ~4.3 mHz
and a Nyquist frequency of ~281 Hz. Using the same segments, we
computed Leahy-normalized and source fractional rms normalized
(RMS) cross-spectra between soft and hard band in the following
way

2
Leahy : CL(v) = ﬁFh(v)*Fs(v)
sth

RMS : Cryis(¥) = oy s CL), 3)
where F(v) (Fy(v)) represents the Fourier amplitude in the soft
(hard) band, and 7 (T},) and Ny (V) are total and background
photons in the soft (hard) band, respectively. Using this definition,
when Fy(v) = Fn(v) = F(v), the cross-spectrum reduces to the
power spectrum with the well-known Leahy and rms normalization
(Leahy et al. 1983; van der Klis 1995). For every GTI, Leahy power
spectra and cross-spectra were averaged, Poisson noise subtracted
estimating the noise level from the power and cross-amplitude be-
tween 70 and 100 Hz (where no source variability is observed),
and finally re-normalized to source fractional rms normalization.
For every GTI and energy band, we computed total and background
count rate (T'and N) from the source and the background light curve,
respectively.

We fitted the energy spectra extracted from every GTI in the
full energy band with the model phabs (diskbb+comptt)
(Mitsuda et al. 1984; Titarchuk 1994). The neutral hydrogen absorp-
tion is modelled via phabs with Balucinska-Church & McCammon
(1992) abundances and Asplund et al. (2009) cross-sections. The
comptt input seed photon temperature is fixed to the disc tem-
perature. The energy spectral analysis and the spectral fit results
are those of Kalamkar et al. (2015a). From energy spectra fitting of
every GTI, we computed the fraction of disc photons emitted in the
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soft band (x;) and we obtained the maximum disc temperature in
the disc (T, max)-

4 RESULTS

We fit our model simultaneously to the soft and hard band (0.5-2
and 2-10keV, respectively) power spectrum, and the cross-spectrum
between these two energy bands, for the five pointed Swift obser-
vations described in the previous section. We perform fits to the
real and imaginary parts of the cross-spectrum, since this has sta-
tistically favourable properties, but plot in terms of amplitude and
phase, which is more intuitive. These observations display enhanced
low-frequency variability in their power spectra, which Kalamkar
et al. (2015b) suggested may result from disc variability. However,
MAXI J1659-152 displays absorption dips which may influence
the low-frequency variability properties (Kuulkers et al. 2013). In
this section, we first investigate these absorption dips before us-
ing PROPFLUC to determine if the low-frequency variability in these
observations can originate from propagating fluctuations in the disc.

4.1 Dip and no-dip regions

The MAXI J1659-152 2011 outburst light curve shows two types
of peculiar intensity variations: absorption dips and transition dips
(Kuulkers et al. 2013). The first kind of dips, the absorption dips, is
observed at day 0.3 up to day 8.2 from the beginning of the outburst
(MJD 55464), the second kind of dips, the transition (Kuulkers
et al. 2013) or ‘flip-flop’ (Kalamkar et al. 2011) dips, are observed
sporadically from day 23.7, so they are not included in the time
period we analysed. The depth of the absorption dips is between
about 50 per cent and 90 per cent, the average out-of-dip interval
intensity. During these dips, the source hardens, and the deeper the
dip the stronger the hardening. The dips become shallower as the
source intensity increases along the outburst. The dip occurrence
can be explained with the presence of some absorber in the disc
that periodically obscures emission along the line of sight. This
period is associated with the orbital period of the binary, which
allowed Kuulkers et al. (2013) to estimate with high precision the
period of the system (2.414 £ 0.005 h) and to estimate lower and
upper limit values for the disc inclination (*65° and 80°, respec-
tively). The XRT observations of MAXI J1659-152 we analysed
clearly show this dipping behaviour. Fig. 6 shows the light curve
of the fourth observation from the beginning of the outburst (Ob-
sID: 00434928003, starting at MJD 55466), each point in the plot
represents the count rate in the full band (0.5-10.0 keV) averaged
over a233.19 s time interval (the same segment we used to compute
timing analysis products). This observation consists of nine GTIs
(blue and red ellipses in the plot) and some of them are charac-
terized by an intensity drop (blue ellipses). The light curve of the
source during the dips is characterized by strong ~100 s time-scale
variability, so that averaged power spectra of GTIs including dips
show extra low-frequency noise between ~0.01 and ~0.1 Hz (see
Fig. 7). This extra low-frequency variability may be due to fluctua-
tions in the absorbing material. In any case, it is not intrinsic to the
accretion flow, since it is only present during the absorption dips.
For this reason, we excluded GTIs including dips from every obser-
vation, leaving a deeper analysis on comparison between spectral
and timing properties of dip and no-dip regions to future work.
The power spectra of MAXI J1659-152 in the no-dip regions are
still characterized by different broad power spectral components:
a low-frequency component between ~0.1 and 1 Hz and a main
hump with characteristic frequency between ~1 and 5 Hz (power
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Figure 6. Light curve of the fourth observation from the beginning of
the outburst. The light curve consists of nine GTIs (clusters of points inside
ellipses), where every point corresponds to count rate averaged over 233.19 s
(the same time interval used for performing Fourier analysis). Several GTIs
show clear dipping behaviour (blue dashed ellipses). In our analysis, we
considered only no-dip time regions (red ellipses).

spectral components referred as ‘break’ and ‘hump’ in Kalamkar
et al. 2015b, respectively). This low-frequency hump in the out-of-
dip power spectrum may be driven by disc variability, with the high-
frequency hump generated in the flow. Before testing this hypothesis
in the next section, we first consider if, instead, even the ~0.1-1 Hz
hump results from residual dipping activity that we have not been
able to ‘weed out’ with our GTI selections. If this were the case, the
soft band would be more variable than the hard band (as during the
dips), as changes in the column density of the absorbing material
affect predominantly the soft X-rays. Fig. 8 shows the fractional
rms amplitude computed in three different frequency bands for
every single no-dip GTI selected in our analysis in the soft and hard
band. Looking at the variability amplitude between 0.1 and 10 Hz
(Fig. 8 top and middle panel), we notice that it is always larger in
the hard band. This excludes absorption mechanisms as the origin
of the ‘break’ and ‘hump’ component.

We notice that the first and second no-dip GTIs show extra low-
frequency (< 0.1 Hz) variability (first two points in Fig. 8, bottom
panel). Because this variability is larger in the soft band, it is still
possibly due to some residual absorption dip in the selected GTL.
The presence of extra low-frequency variability due to the dips
can influence our test on the hypothesis of mass accretion rate
fluctuations coming from the disc, for this reason any consideration
regarding these two GTIs has to be handled with care.

4.2 A soft low-frequency QPO detected in GTI1

We report the detection of a significant QPO (4.22¢) in the soft
power spectrum of the first observation (GTI1, see Fig. 9). We
obtained the QPO characteristics by multiLorentzian fit (Belloni,
Psaltis & van der Klis 2002): rms = 7.33 £ 0.80 per cent, co-
herence Q = 2.27 + 0.92, and v, = 0.018 & 0.001 Hz. The
feature is similar to the 11 mHz QPO observed in two RXTE
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4.3 PROPFLUC fits

We fitted logarithmically binned data points in the frequency range
0.004-70 Hz, using the same resolution for data and model. For
every observation we fitted simultaneously the soft and hard spec-
trum, and the cross-spectrum between the two energy bands using
Nyee = 35 for all the fits. A minimum of 30 rings is required to avoid
interference patterns at high frequency (IK13) and we confirmed
experimentally that a higher radial resolution did not produce any
significant difference in x2 ;. We combined the QPO with the broad-
band variability by addition (instead of multiplication, see IK13 and
Appendix B). For all the fits, we fixed the surface density profile in
the hot flow (the parameters ¢, y, and 1), the transition radius of the
smoothly broken power law ry,,, the emissivity in the soft and hard
band (y, ¥n), the mass M, and the dimensionless spin parameter of
the BH a.. In our analysis, we used the Swift Redistribution Matrix
File and Ancillary Response File closest to our data and we consid-
ered a column density of ny = 1.7 x 10*' atoms cm™2 (Kalberla

0 0.5 1 1.5 2 2.5 3
MJD [55464.4]

Figure 8. Fractional rms amplitude computed from power spectra in three
different frequency bands and in two energy bands. Every point in the plots
corresponds to a single no—dip time interval of the source light curve.

et al. 2005). For fitting the low-frequency hump, we fixed Ad to 35
corresponding to ry &~ 235 assuming 7, ~ 60 (the largest r, value
fitted in the observations we analysed). In Section 2.2, we showed
how the radial extent of the disc affects both the frequency and the
integrated power of the low-frequency hump, so that, in general,
V4, max and Ny, variations can be interpreted involving Ad changes.
The choice of fixing Ad can be justified considering that larger Ad
values would produce a broader low-frequency component than the
one observed in the data and vg m.x values closer to or even larger
than the viscous frequency in the hot flow at the truncation radius
Vy, flow (7). This last configuration is not consistent with the double-
hump model assumptions which: (1) imply a discontinuity in the
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Figure 9. Soft (red) and hard (blue) power spectrum of the first GTI. This
GTl is characterized by extra low-frequency variability in the soft band, the
reason of this extra variability is the presence of a soft low-frequency QPO
at 0.018 Hz.

physical properties of the entire accreting region at the truncation
radius (so a ‘jump’ of the viscous frequency at r,), and (2) imply
that the characteristic time-scale of the variability originating in the
hot flow is shorter than in the disc.

We computed the hardness ratio HR dividing hard by soft back-
ground subtracted photon counts, and the disc fraction in the soft
band x, from spectral fitting. The free fit parameters are the surface
density normalization constant X, the fractional variability in the
hot flow F\,,, the truncation radius r,, the rms and phase lag of the
main QPO, second, and eventually third and sub-harmonic (o 4o,
0 gpo2> O gpo3> O sub AN Pgpo, Dapo2s Papo3» Psub» TEspectively) in both
soft and hard band, the variability in the disc as a fraction of the
hot flow variability Ny,;, and the maximum viscous frequency in the
disc V4, max-

Fig. 10 shows the simultaneous propPFLUC fit of the soft and hard
power, and the cross-spectrum of the fifth observation (in particular,
we plot the hard and soft power spectrum, the real and imaginary part
of the cross-spectrum, the cross-spectrum, and the phase lag). The
best-fitting parameters are reported in Table 1, and Fig. 11 shows
the evolution of the free model parameters with time (black points).
For simplicity, we labelled with integers from 1 to 11 the no-dip
GTIs we filtered from the five selected pointed Swift observations
(Fig. 11, panels a, ¢, and e). From GTIs 1 to 11, ¥, increases
from ~2.8 to ~4.2. This increasing trend is not continuous, there
are three dips (values smaller than the contiguous observations)
at GTIs 2, 4 and 7, and three local peaks at GTIs 3, 5, and 8.
The truncation radius r, shows a clear smooth decreasing trend
from ~60 to 20, indicating an average truncation radius recession
speed of about 0.6 R,/h (*9kmh~ 1. The fractional variability Fy,,
shows a smooth decreasing trend between GTIs 1 and 11 (from
~35 per cent to 28 per cent) interrupted by values smaller than
average (*17-26 per cent) between GTIs 5 and 8. Panels d and
e in Fig. 11 show the evolution of the model parameters related
to the low-frequency hump, empty symbols represent upper limits

MNRAS 462, 4078-4093 (2016)

(30 confidence level). N, varies around ~0.2 and 0.5 in GTIs 1-4
and 9-11, respectively. Between GTIs 5 and 8, N, is characterized
by larger values (=0.8—1.3), in particular, it shows an increasing
trend between GTIs 6 and 8. The maximum viscous frequency in
the disc V4, max Shows an evolution similar to Ny, with a general
increasing trend (from ~0.07 to 1.23 Hz) and higher values than
average between GTIs 5 and 8.

5 DISCUSSION

5.1 Double-hump and single-hump power spectrum

In this study, we presented a new version of the prRoPFLUC model
that can produce a two-hump power spectrum, where the main
hump originates because of mass accretion rate fluctuations prop-
agating through the hot flow (as described in ID12, IK13, RIK14)
and an additional low-frequency hump is produced by fluctuations
propagating from the thermal varying disc into the hot flow. As-
suming a photon emission mechanism for the hot flow and the disc,
we calculated power spectra and cross-spectra between two energy
bands (Section 2). We used this model to study five observations
of the BH MAXI J1659-152 during its 2010 outburst using Swift
data. We measured the spectral parameters required as input by the
model by spectral fits, and we fitted soft and hard band power spec-
tra, and cross-spectra simultaneously with both the single- and the
double-hump proPFLUC version. In a single-hump power spectrum,
mass accretion rate fluctuations generated and propagating in the
hot flow are the only variability source. In a double-hump power
spectrum, variability is generated both in the hot flow and in the
disc, so that the way the total variability power is distributed be-
tween low frequency and main hump depends both on the hot flow
and disc characteristics. If a low-frequency component is present in
the power spectrum, we expect the peak of the main hump in the
two-hump model to be shifted to higher frequency relative to the
single-hump model (i.e. when the low-frequency component is not
taken into account). The grey points in Figs 11(a) and (c) are the
best-fitting parameter values obtained using a single-hump power
spectrum. We find that both ¥ and F,,, from single-hump fit are
different compared to the double-hump fit results, in particular, the
single-hump X values are larger for all the GTIs.

Fig. 11(f) shows the F probability for every pair of fits, i.e. the
probability that the x? improvement when using the double-hump
model is due to statistical fluctuations. Low probability indicates
that the double-hump model gives a better fit than the single-hump
model. Pr exceeds 10 per cent only in three cases (GTIs 1, 3, and
4), for all the other GTTIs, the use of the additional hump originating
in the disc is statistically justified.

So, the double-hump model fits significantly better than the
single-hump one, but the fits are not formally acceptable (see Ta-
ble 1 at reduced x? values of ~1.3-1.5). Given that in this first-ever
attempt to quantitatively model power and cross-spectra jointly, our
model reproduces most of the overall characteristics of the data, it
seems useful to discuss the evolution of the source in terms of the
model physical parameters, but we note that any interpretation of
the parameter evolution has to be handled with care.

5.2 Evolution of the physical parameters

Contrary to the case with previous applications of the model (ID12,
RIK14), the fractional variability shows, in general, a decreasing
trend. For a fixed ring, ¥, is proportional to the surface density
profile divided by mass accretion rate (RIK14), so that, assuming a
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Figure 10. Example of joint fit of the fifth observation (GTI11). Fits are performed on the hard and soft power spectrum (first column), and on the real and
imaginary part of the cross-spectrum (second column). The third column shows the cross-spectrum represented in terms of amplitude and the phase lag, rather

than real and imaginary parts.

constant surface density per ring, X, can trace variations in mass
accretion rate. Even if X, shows a general increasing trend from
GTIs 1 to 11, the several dips and peaks in its trend suggest a
variable accretion regime, in particular, between GTIs 7 and 10. We
did not detect a significant lag associated with the low-frequency
component. This may seem surprising if the process generating
the broad-band noise is mass accretion rate fluctuation propagating
through the accreting flow. In a propagating fluctuations model,
the amplitude of the lag between two energy bands depends on
the radial extension of the propagating region, on the difference
between the emissivity profiles, and on the propagation time-scale
of the fluctuations (Nowak et al. 1999a; Kotov et al. 2001; Arévalo
& Uttley 2006). In our model, the propagation time is set by the
local viscous time-scale, that is equal to the characteristic time-scale
of the variability produced in every ring. So, the main PROPFLUC
parameters affecting the amplitude of the phase lag are y and y),
(fixed in our fit), and Ty max, Xs, and HR (estimated by spectral
fitting and measuring the photon counts in the soft and hard bands,
see Fig. 13). In Section 2.2, we showed that for x; = 0.9 and HR
= 1, propFLUC predicts ~0.1 cycle phase lags in the low-frequency
hump. In all our observations, x; < 0.63 and HR < 0.7, leading
to predicted phase lags smaller than 0.1 cycles. Such lags are not
detectable in our data. So, the absence of phase lags in the low-
frequency hump does not exclude the hypothesis of propagating
mass accretion rate fluctuations and it is consistent with PROPFLUC
predictions for this case. However, because of this lack of additional
information, we cannot completely remove the degeneracy between
the model parameters, especially those related to the radial extension
of low-frequency hump and affecting the lag profile (Ad, Ny,

Vd, max)-

5.3 Mass accretion rate from spectral and timing analysis

It is possible to compute two independent estimates of the trun-
cation radius r, from timing and spectral analysis, respectively. In
the prRoPFLUC fits, 7, mainly depends on the QPO frequency; we can
also compute r, from spectral fits using the piskBB model normal-
ization, the distance d, and the inclination of the accreting disc to
the line-of-sight 6 (norm = (d;T{E)kﬁ‘;]C] )2cos(8)). Fig. 12(a) shows the
truncation radius computed using both propFLUC (black dashed line)
and spectral fit (yellow solid line). For computing the last one, we
used d = 8.6 & 3.7 kpc and 0 = 7225 £ 7°5 (Kuulkers et al. 2013).
The absolute values shown in the plot have to be handled with care:
the QPO frequency depends not only on r,, but also on the hot flow
structure (rpy, A, ¢, ), on the hot flow inner boundary r;, on the
spin, and on the mass of the BH; the estimation of r, via the pISKBB
normalization needs to be corrected because of possible deviation
of the emitting region from pure blackbody behaviour (Merloni,
Fabian & Ross 2000), and general relativistic effects (e.g. Ebisawa
et al. 1994). However, r, values obtained in these two ways are the
same within a factor of 2, and, in general, show the same decreasing
trend. The main difference between the two is that r, from PROPFLUC
fit is characterized by a smooth decreasing trend, while r, from
spectral fit shows a more irregular behaviour with a local peak in
GTIs 8 and 9.

From the truncation radius and the maximum temperature in the
disc, it is possible to compute the mass accretion rate M (Frank
et al. 2002):

8o 5. .4

M= 3GMpn T rax- C))
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Table 1. Best-fitting ProPFLUC parameters (double hump). Errors correspond to 1o confidence level. The subscripts s and 4 correspond to soft and hard band,

respectively. The symbol ~ means that the parameter is fixed at the value in column 2 for all the GTIs, the symbol — means that the component did not
significantly improve the x2 and was omitted, and the symbol 4 indicates 30 upper limit (see GTI4). The last row shows the F probability relative to a

single-hump fit. g, max and x; are fixed model parameters computed from previous energy spectral analysis.

MID 55464.4093317 [1]  55464.5541349 [2]  55465.0086948 [3]  55465.2095189 [4]  55465.3433757 [5]  55465.6217809 [6]
+0.32 +0.22 +0.64 +0.19 +0.67 +0.49
Zo 2755071 1.347575 618735 335501 5117555 2312975
Fuar(per cent) 34.607 13 29461703 3078709 31177978 21307953 2471709
¢ 0 ~ ~ ~ ~ ~
A 0.9 ~ ~ ~ ~ ~
K 3.0 ~ ~ ~ ~ ~
ri 45 ~ ~ ~ ~ ~
Tow 5.0 ~ ~ ~ ~ ~
+0.26 +0.15 +0.17 +0.09 —+0.06 +0.07
o 58557028 54321013 43187007 39.45100 37.6010.9 31.05100
+0.12 0.05 +0.46 0.34 +0.22
Nyar 0517007 0.50% 00 0.151952 0.0002 t 127403 0.84%)
Ad 35.0 ~ ~ ~ ~ ~
Vd, max 0.074+0:96] 0.05010:041 0.011+0124 0.027 118240477 0.844710:243
T4, max (keV) 0.13 0.13 0.18 0.20 0.22 0.28
0.35 0.14 0.47 0.37 0.24 0.25
0 192751 2677510 379507 2917575 413753 29771
+1.63 —+0.76 +0.78 +0.09 +0.08 +0.35
Osub 199775 2.407 45 109755, 0.50Z04 0.21%506 0.58%y73
o Qpo, n(per cent) 16.1870% 16.57+0:49 13.89F004 1574101 13.21709% 12.58 1008
o qpo2, h(per cent) 5197192 8.0370-21 6.83714) 6.211140 714709 6.2770-38
0 Qpo3, h(per cent) - 7.511937 5.6871% 9.55+0.17 651719 7.52703%
0QPO,,, h(per cent) 2,982 5.92+04 2.907297 772781 4.0473:0 3.63719
o qpo, s(per cent) 13.8810:42 12.01793} 6.987050 4.44102 510108 522102
o qpo2, s(per cent) 1017192 7.351081 4.5810-38 3271038 2.031039 1.06%043
aQpo3, s(per cent) - 7.55+12 3.6110-38 2.1870-33 1.911927 3.25M047
QP05 (per cent) 7802054 670175 567400 969755 9105545 561405
paro(cycles) 0.01+0:%0 0.01+0:% 0.0210:91 0.01+0:02 0.12+0:01 0.11+0:%0
daror(eycles) 001790 002793 000083 0040 0080 00502
paro3(cycles) - —0.0670:93 0.03+0:97 0.10+0:43 0.12+0.18 0.0710:03
daro,, (cycles) 0051557 005556, ~0.11%555 0065561 ~0.10%57% —0.12%513
Vs 3.0 ~ ~ ~ ~ ~
Yh 45 ~ ~ ~ ~ ~
X5 0.16 0.17 0.26 035 0.38 0.50
x?/dof 550.50/380 639.57/377 502.64/377 646.89/377 508.49/377 497.85/377
Pr(per cent) 100.00 5.04 67.99 100.0 2.85 0.03

Similarly, Figs 12(a) and (b) show M computed from the pPROPFLUC
7, (hereafter Mpmp) and the spectral fit r, measurement (hereafter
Mspec). Mspec is almost constant while Mpmp shows an increasing
trend with a peak at GTI 7 followed by a dip in GTIs 8 and 9. This
difference is because T4 m.x and DISKBB normalization variations
compensate each other, while the decreasing r, trend obtained from
timing analysis is smooth, so that the resulting Mpmp varies similarly
to Ty max (Fig. 13b). Looking at luminosity variations (Fig. 13a),
Mpmp is in agreement with the increasing trend in count rate. It
is also interesting to compare the jump followed by the dip in
Mpmp between GTIs 6 and 10 with similar features over the same
GTIs in X, Fyar, Nyar, and vy max (Fig. 11; we note that these are
PROPFLUC parameters independent from spectral fit parameters). The
peak and the following dip in mass accretion rate at GTIs 7 and 8
and 9, respectively, are consistent with X variations: higher Mprop
values correspond to lower ¥ values, and vice versa. The relation
between Mpmp and Fyr, Nyar, and vy, max is more difficult to interpret.
We may speculate that the jump in M at GTI 7 (triggered by some
instability) may have stirred up extra variability in the disc and in the
flow (increasing N,,; and F,,;) and will have increased the viscous
frequency in the disc (since v, oc M though mass conservation).

MNRAS 462, 4078-4093 (2016)

The dip in Mpmp (GTI 8) then follows as the supply of material is
depleted, leading to the corresponding dips seen in Fy, (GTI 8),
and in Ny, and vy max With a GTI of delay (the material closer to
the BH is depleted faster). Because of the jump in M, we would
also expect some variation in the average decreasing rate of r,.
Indeed, in a truncated disc geometry, the radial dimension of the
hot flow depends on mass accretion rate, and when mass accretion
rate increases (rising part of the outburst), , moves in. Fig. 14
shows the rate of r, decrease for all the observations considered
in our analysis. Between GTIs 5 and 6, r, decreases faster than
average, while between GTIs 7 and 8, it decreases slower than
average. This behaviour is consistent with the mass accretion rate
variations described above.

5.4 The absorption dips

In our study of MAXI J1659-152, we excluded time intervals
characterized by absorption dips (see Section 4.1). Power spectra
computed including dip regions show strong low-frequency noise
(~0.01 Hz). This additional noise component was identified as ‘Ifn’
in the Kalamkar et al. (2015b) timing analysis of the source. In their
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Table 1 — continued
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MID 55465.8117549 [7] 55466.1446146 [8] 55466.2118039 [9] 55466.34714 [10] 55467.4190101 [11]
%0 1191024 7.33109 6.357088 431102 4191199
Fyar(per cent) 25.971076 17.41733% 31.96104 30.031 L5 28.207033
¢ 0 ~ ~ ~ ~
A 0.9 ~ ~ ~ ~
K 3.0 ~ ~ ~ ~
i 4.5 ~ ~ ~ ~
Tbw 5.0 ~ ~ ~ ~
o 29.23+0.07 28.47+0:04 27.78+0:12 27.32+0:12 20.6510:04
Nyar 1097001 1.387037 0.2310:01 0.4470:99 0.50+0:%
Ad 35.0 ~ ~ ~ ~
Vy, max 111310032 2.01710248 0.05410:-033 0.38910:2%3 1.232+0-248
T4, max (keV) 0.35 0.26 0.27 0.29 0.38
0 5087017 1030373 653734 651712 05349
Oun 67738 0.16°2] 063°008 059078 307345
o qpo, h(per cent) 10.517918 8.617058 8.897094 9.68792 7.25703%
o Qpo2, n(per cent) 6.7710:5 2.80193% 4.041973 4.97112 6.5210:4
0 QPO3, h(per cent) 4.39f?:?; - - 3.02f}:§% -
0QPO,,, h(per cent) 3.451038 13.1910:38 6.09+2:09 2.9910-3 249102
Qpo, s (per cent) 4174099 3234007 2851010 3.3250%% 2234006
o qpo2, s(per cent) 2517012 - 0.75T0-13 1667033 0.7570%
0 QPO3, s(per cent) 3‘61*_'3:% - - - -
0QPO,,, 5(per cent) 217703 6.3679% 7.931037 7710053 0.337004
daro(cycles) 0.0870:01 0.1670:01 0.14700) 0.1570:01 0.12700)
bapoa(cycles) 0024005 - -0.0970.01 -0.0170 ] 0.05+026
dqros(cycles) 0.07+01 - - - -
dapo,,, (cycles) —0.07+097 0.05+0:99 0017504 0.0410:135 0.07+0:01
Vs 3.0 ~ ~ ~ ~
Yh 4.5 ~ ~ ~ ~
Xs 0.61 0.48 0.48 0.51 0.62
x2/dof 512.15/377 522.29/383 519.55/380 488.53/379 558.51/381
Py(per cent) < 0.01 0.51 0.20 0.02 < 0.01

Table 2. Summary of new model parameters.

Parameter Description

1 rd Disc radius in units of Rg

2 Ad radial extension of the disc in units of Ry

3 Nyar fraction of hot flow variability in the disc at the truncation radius

4 T4, max maximum temperature in the disc (keV)

5 Vd, max maximum viscous frequency in the disc (Hz)

6 Xs fraction of disc emission in the soft band

7 nh hydrogen column density (10?>cm~?2)

8 Dqpo main QPO phase lag (cycles)

9 Dqpo2 QPO second harmonic phase lag (cycles)

10 Dqpo3 QPO third harmonic phase lag (cycles)

11 Pgpos QPO sub-harmonic phase lag (cycles)

study, it was proposed that the characteristics of the <0.1 Hz ‘Ifn’
component during the outburst could be explained with variabil-
ity arising in the disc and propagating into the hot flow. Here, we
exclude this possibility for the observations we analysed mainly
because the ‘Ifn’ component is strongly coupled with the periodic
absorption dips in the light curve (Section 4.1). Contrary to the

case of the ‘Ifn’, the rms amplitude in the 0.1-10 Hz frequency
band (Fig. 8, top and middle panel) is always larger in the hard
band. For this reason, the components identified as ‘break’ and
‘hump’ in Kalamkar et al. (2015b) (with characteristic frequency
between ~0.1 and ~5 Hz in our observation sample), cannot have
been produced by varying absorption. In our fit with propPFLUC, the

MNRAS 462, 4078-4093 (2016)
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Figure 11. propFLUC best-fitting parameters versus time (black points). All
the points were plotted with 1o error bars. Grey points correspond to single-
hump best-fitting parameters (fit results excluding the disc propagating re-
gion). The filtered GTIs are indicated with integers from 1 to 11 (symbols in
panels a, ¢, and e). Panel findicates the F probability related to a single-hump
fit.
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Figure 12. Truncation radius r, (a) and mass accretion rate (b) computed
using timing (black dashed line) and spectral fit (yellow solid line) results.

‘break’ and ‘hump’ components are associated with the disc and
the hot flow, respectively.

6 CONCLUSIONS

We applied the double-hump model proPFLUC to investigate the
HIMS of MAXI J1659-152 using Swift data. In the model, low-
frequency broad-band components are interpreted as the result of
mass accretion rate fluctuations arising in the disc and propagating
towards the BH through the hot precessing flow. This double-hump
model was statistically preferred to a single-hump model for most
of the GTIs analysed. In our analysis, we detected only small phase
lag associated with the low-frequency variability, however, model
predictions are consistent with the data. Using both spectral and
timing analysis, we estimated recessing trend in truncation radius,
and from that, we inferred the mass accretion rate. Considering the
truncation radius estimate from the proprLUC fit and the maximum
temperature in the disc (spectral fit parameter), we found a peak
in the average increasing mass accretion rate trend that matches
the variability properties of the accreting system (the amount of
variability generated and the viscous frequency in the disc and in
the flow). Considering the truncation radius estimate from spectral
fit would have led to an almost constant mass accretion rate, in
contrast to observations (the total counts increase almost linearly
in our observation sample). Our analysis constitutes the first joint
fitting of compact object cross-spectra and power spectra with a
single self-consistent physical model.
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Figure 13. Spectral properties of the source for all the analysed observa-
tions. (a) Count rate in the soft and hard energy band; (b) Maximum disc
temperature in the disc; (c) Fraction of total photons detected in the soft
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APPENDIX A: NEW PrROPFLUC FORMALISM

In the hot flow, the viscous frequency is described by a smoothly
broken power law, in the disc, we assume the following profile
(Shakura & Sunyaev 1973):

F\ 32
Vv,disc(r) = Vd,max (7) s (Al)
0

where vy, max, the maximum viscous frequency in the disc, is a model
parameter.

We assume the amount of variability generated per radial decade
in the hot flow to be constant (ID11, ID12, RIK14), while in the
disc, it follows a Gaussian profile peaking at the truncation radius
Tot

r—ro\2
o (r) = 0,Nye 25D, (A2)

where the model parameters N, and Ad govern amplitude of disc
variability and radial extension of the varying disc, respectively.
In particular, considering that 6y = Fyur/+/Ngec, Nyar €stimates the
amount of variability generated in the disc per radial decade as a
fraction of the flow fractional variability F,,.. When N,,, = 1, the
variability produced in the innermost ring of the disc is equal to
the variability produced in the outermost ring of the hot flow. If
the variability produced in the hot flow is larger than in the disc, it
follows that Ny, < 1.
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As described in IK13, the flux observed in some energy band can
be written in the following way

N
@) =" hrpi(ry. 0, (A3)

Jj=1

where the subscript / indicates the hard band (so that f;,(¢) is the flux
observed in the hard band), ri(r;, t) represents the mass accretion
rate fluctuations in the ring r;, 2(r;) is the number of photons coming
from the ring r; and detected in the hard band, and N is the total
number of rings (disc plus hot flow rings). From the flux, we can
compute the power spectrum in the hard band:

N
Puv) = R0 =Y hrh(r)M* (i, vIM(r), v), (A4)

i j=1

here we adopt the convention that lower case and capital letters
indicate time series and Fourier transforms, respectively (unless
specified differently), and the symbol * stands for complex conju-
gation.

The weighting factors i(r;) depend on how many photons are
detected in a selected energy band, so on photons emitted and on
the instrument response. The general expression for i(r;) factors is
the following

Imax
h(r) o< > 0(r, 1)
Imin
%) I'max
= A(r, EYM,(E)dE Rp(1, E), A5
/0 (r, EYM,(E) IZ oI, E) (A5)

where Q(r, I) represents the photon counts measured from ring r
by our detector in the Ith energy channel, I,,;, and I, are the
boundaries of the channel range selected, A(r, E) is the spectrum
emitted from the radial bin centred at r (photons per unit time, unit
energy, and unit telescope collecting area), M,(E) is the dimension-
less absorption model, and Rp(/, E) is the response of the detecting
instrument.

In the new version of pROPFLUC, we assume that the spectrum
emitted from a certain radius r in the disc is a blackbody with
temperature 7(r) = T (r/ 7o) ~/* (Shakura & Sunyaev 1973). With
this assumption, A(r, E) is given by the Planck function.

In the absence of a full model for the spectrum emitted by the
flow, we parametrize the weighting factors in the following way
(IK13):

Raow(r) oc r® M E(r), (A6)

where y), is the emissivity index for the hard-energy band, and
3(r) is the surface density in the flow. The A(r) values described
so far have an arbitrary normalization, but in order to compare
PROPFLUC computations with real data, we need to include some
other parameter taking into account the spectral characteristics of
the source. Considering two energy bands, soft and hard (s and A,
respectively), we define the disc fraction in the soft band x; as the
fraction of total photons in the soft band that comes from the disc.
Xs is a model parameter and can be estimated from spectral fitting.
From x, and the hardness ratio HR (the ratio between hard and soft
photon counts), it is possible to compute the disc fraction in the
hard band.

ha/sa
= Xs,
HR

Xh (A7)
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where sq = Zyi‘j\jﬁw s(rj), ha= Zyii;\jﬂuw h(rj). Using the disc
fraction in the hard band, it is possible to normalize the /(r) values

of equations (A5) and (AS5):

W) = xph(r)/sq if r, is in the varying disc (A8)
(L — xn)s(r)/s¢

if r,, is in the hot flow,

where /(r) indicated the normalized counts in the hard band. Anal-
ogous equations for the soft band can be obtained by exchanging &
with s.

APPENDIX B: INCLUDING THE QPO

PROPFLUC assumes that the entire hot flow precesses because of
frame dragging close to the BH. The precession of the hot flow
modulates the emission producing a QPO in the power spectrum
and, as described in ID11, ID12, and RIK 14, the centroid frequency
of the QPO depends both on the radial dimension of the hot flow and
on its surface density profile. Modulation occurs mainly through
two mechanisms: variation of the projected area of the hot flow
towards the line of sight, and variations of the rate at which seed
photons coming from the disc enter the hot flow and Compton
upscatter in the optically thin plasma (ID11, ID12, IK13). We can
approximate the former case by multiplying the broad-band noise
time series with a time series representing the QPO. This is because
the observed flux is ~L(7)<2(¢), where L(¢) is the intrinsic luminosity,
which contains the broad-band noise, and €2(¢) is the solid angle
subtended by the flow, which is varying quasi-periodically. We can
approximate the latter case by adding the broad-band noise and
QPO time series, since an increase in seed photons adds to the total
luminosity available for the hot flow to re-emit. If we make the
simplifying assumption that the QPO and broad-band noise time
series are not correlated with one another and, for the additive case,
that the mean of the QPO time series is zero, we can calculate the
resulting power spectrum for both cases analytically (IK13).

Now we are fitting also to the cross-spectrum, we must consider
how to treat lags intrinsic to the QPO signal. We can define soft
and hard band QPO signals, g,() and gy (¢), with Fourier transforms
Qs(v) and Qy(v), respectively, such that the cross-spectrum of the
QPO signals is Q(1)Qn(v) = QW[ Qn(v)|e'*™ (where ¢(v) is
the lag between the soft and hard energy band at frequency v).
For the additive case, the total flux observed in the soft band is
Jot s(®) = £i(1) + ¢5(¢) (with a similar expression for the hard band).
Using the above assumptions, the cross-spectrum of the total flux
is

C(v) = Fio (V) Fion(v)

= FX0)F0) + QW) Qn()]e?". B

Following previous versions of proprLUC (see IK13), we model
|Qs(v)| and |Qn(v)| as a sum of Lorentzian functions, each repre-
senting a different harmonic

4
101 =D 10k, VI, (B2)

k=1

where we consider a total of four harmonics (k = 1-4), one being
a sub-harmonic (k = 4). We then need to make an assumption for

4093

the form of the phase, ¢(v). The simplest treatment is to also break
¢(v) down into harmonics so that we can specify only one model
parameter per harmonic, ¢, in order to characterize the QPO phase
lags, rather than an entire (unknown) function, ¢(v). Equation (B2)
follows from this because, at the peak frequency of one harmonic in
the soft band, the power in all the other harmonics in the hard band
is very low (and vice versa). In the additive case, the cross-spectrum
becomes

4
C(v) = F; (W F(v) + Z 1O Qn(v)e'*, (B3)
k=1

and we can fit features in the cross-spectrum attributable to the QPO
using only one parameter for QPO phase per non-zero harmonic.
Note that equation (B3) is the equivalent of fitting the real and
imaginary part of the cross-spectrum with our broad-band noise
model plus a sum of Lorentzian functions representing the QPO,
with the centroid and widths tied between real and imaginary parts,
but with the Lorentzian normalizations free to be different between
real and imaginary parts. This is a favourable treatment, since it is
the simplest possible way of accounting for phase lags contributed
by the QPO, and it is the treatment we adopt in this paper.

If we were to instead consider the multiplicative case, equation
(B3) picks up an extra term, becoming

4
Cv) = F;WF®) + Y 104k, v)[|On(k, v)]e'**

k=1

4
FEE R0 @ Y 104k, )] Qulk, v (B4)
k=1
Here, the ® denotes a convolution, and we employ the convention
from IK13 that a tilde signifies zero mean in time space and a
zero v = 0 component in Fourier space (i.e. ¥(¢) = x(t) — (x(¢))
or 5((1)) = X(v) — X(0)§(v)). Because of the convolution, the third
term in this equation can be fairly broad in Fourier space. Therefore,
the parameters ¢, can have an influence on frequencies in the cross-
spectrum not dominated by the QPO signal. This is best avoided,
since our assumptions regarding the QPO are rather ad hoc. We
note, however, that the first and second terms in equation (B4)
have amplitudes of ~a2 _ (the fractional variability amplitude of the
broad-band noise) and ~qup0 (the fractional variability of the QPO),
respectively, whereas the amplitude of the problematic third term is
crbzbnaquo. Since oppn and o gp, are both ~0.1, the third term is small
compared to the other terms and so the additive and multiplicative
cases are reasonably similar to one another.
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