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ABSTRACT

We analysed 14 observations with kilohertz quasi-periodic oscillations (kHz QPOs) of the neutron star X-ray binary XTE
J1701—-462, the first source to show a clear transition between atoll and Z-like behaviour during a single outburst. We calculated
the average cross-spectrum of both atoll and Z-phase observations of XTE J1701—-462 between a reference-hard band (6.1-
25.7 keV) and a subject-soft band (2.1-5.7 keV) to obtain, using a novel technique, the average time lags of the lower and
upper kHz QPOs. During the atoll phase, we found that at the frequency of the lower kHz QPO the soft photons lag behind the
hard ones by 18 £ 8 us, whereas during the Z phase the lags are 33 &£ 35 s, consistent with zero. This difference in the lags
of both phases suggests that in XTE J1701—-462, as observed in other sources, the lags decrease with increasing luminosity.
We found that for both the atoll and Z-phase observations the fractional rms amplitude increases with energy up to ~10 keV
and remains more or less constant at higher energies. Since these changes in the variability of XTE J1701—462 occur within
the same outburst, properties like the mass of the neutron star or the inclination of the system cannot be responsible for the
differences in the timing properties of the kHz QPOs in the atoll and Z phase. Here, we suggest that these differences are driven
by a Comptonizing component or corona, possibly oscillating in a coupled mode with the innermost regions of the accretion

disc.
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1 INTRODUCTION

Kilohertz quasi-periodic oscillations (kHz QPOs), fast and highly
coherent variability in the emission of a source, have been detected
in neutron star low-mass X-ray binaries (LMXBs) since the first
kHz QPO was observed in 1996 (Strohmayer et al. 1996; van der
Klis et al. 1996). Among the different types of variability observed
in the emission of neutron star LMXBs (see van der Klis 2004,
for a review), kHz QPOs have the highest frequency in the power
density spectra (PDS), with central frequencies spanning from 250
to 1200 Hz (Méndez & Belloni 2021).

QPOs in the emission of neutron star LMXBs are characterized by
three basic parameters: their central frequency, Veenar, their quality
factor, Q = Veenwat/FWHM, where FWHM is the full width at half-
maximum of the power of the QPO (see Belloni, Psaltis & van der
Klis 2002), and their fractional rms amplitude, rms. Usually kHz
QPOs appear in pairs in the PDS and are called, respectively, upper
and lower kHz QPOs, according to their relative Fourier frequency.

Studying the phenomena behind kHz QPOs has remained of great
interest due to the tight relation between the short time-scales of
the variability and the dynamical time-scales of the inner accretion
flow close to neutron stars (Stella, Vietri & Morsink 1999; Psaltis &
Norman 2000; Psaltis 2001). Understanding the nature of kHz QPOs,
and the mechanism that produces them, can potentially shed light on
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to the physics of neutron stars and the study of environments under
the influence of their strong gravity (see e.g. Miller, Lamb & Cook
1998b; van der Klis 2005; Psaltis 2008).

Multiple models have been proposed to explain the characteristics
of kHz QPOs, however, none of them can represent all of the QPO
properties simultaneously in a consistent way. Dynamical models
that specifically try to explain the Fourier frequencies of kHz QPOs
and relations among them are, for example: kHz QPOs as Keplerian
oscillators under the influence of a rotating frame of reference
(Osherovich & Titarchuk 1999; Titarchuk 2003), the sonic-point
beat-frequency model (Miller, Lamb & Psaltis 1998a; Lamb &
Miller 2003), kHz QPOs as resonances between the orbital and radial
epicyclic relativistic frequencies in the accretion disc (Kluzniak &
Abramowicz 2001), and the relativistic precession model (Stella &
Vietri 1997). Deeper studies of spectral-timing properties of kHz
QPOs can provide a more complete picture of the phenomena that
produce the variability and its nature. For instance, by studying the
correlation between the emission in different energy ranges using
higher order Fourier techniques like the cross-spectrum, it is possible
to constrain the emission processes involved in the variability (see
Uttley et al. 2014, for a review of Fourier spectral timing techniques).

Energy-dependent time lags are among these higher order timing
products used to study the X-ray variability in LMXBs. The time
lags of kHz QPOs were first studied by Vaughan et al. (1997) and
Kaaret et al. (1999). Both groups found that, at the frequency of the
lower kHz QPOs in 4U 1608—52 and 4U 1636—53, respectively, the
soft X-ray photons consistently lag behind the hard X-ray photons
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by around 25 ps.' Since then, spectral-timing studies have been
performed on other LMXBs to measure lags more precisely, finding
soft lags at the frequency of the lower kHz QPO (see e.g. Barret
2013; de Avellar et al. 2013; Troyer & Cackett 2017) and lags that
are consistent with zero or slightly hard at the frequency of the upper
kHz QPO (see e.g. de Avellar et al. 2013, 2016; Peille, Barret &
Uttley 2015; Troyer et al. 2018, for studies of the lags of both kHz
QPOs). The nature of the lags between the soft and hard X-ray bands
at the QPO frequencies is still a subject of debate, with no clear
interpretation of the phenomena causing them and their relation to
the physics of the source.

For a long time, Comptonization has been considered to be
the source of the hard X-ray component in the spectra of X-ray
binaries (Thorne & Price 1975; Shapiro, Lightman & Eardley 1976;
Sunyaev & Titarchuk 1980), and the interaction of soft photons with
the Comptonizing region, or corona, to be a potential mechanism
responsible for the observed time lags (Lee & Miller 1998). In
principle, inverse Compton scattering leads to hard lags, since the
most energetic photons are the ones that suffered the most number
of scatterings and are therefore the ones that emerge last from
the system. Soft lags are explained in Comptonization models by
considering an oscillation in the temperature of the source of the
soft photons produced through feedback by an oscillation in the
temperature of the corona, with a fraction of the Comptonized pho-
tons returning to the soft photon source. This effect will ultimately
delay the soft photons with respect to the hard photons, producing
the lag that we observe (Lee, Misra & Taam 2001). Self-consistent
models that consider the changes in temperature of the corona and
the aforementioned feedback on to the soft photons source have been
subsequently proposed, and are capable of explaining the energy-
dependent fractional rms amplitude and time lags (Kumar & Misra
2014, 2016; Karpouzas et al. 2020).

Neutron star LMXBs, where kHz QPOs appear, are generally
divided into two classes: Atoll and Z sources (Hasinger & van der
Klis 1989), depending on the path that the LMXB traces in the
colour—colour diagram (CCD). The difterences in the evolution of a
source in the CCD are believed to be related to the mass accretion
rate on to the neutron star and to the geometry of the accretion flow
(Méndez et al. 1999; Done, Gierlinski & Kubota 2007). Until 2006,
with the discovery of XTE J1701—462 (Remillard et al. 2006), it was
considered that atoll and Z sources were two types of intrinsically
different neutron star systems, with different spectral and timing
behaviour (van Straaten, van der Klis & Méndez 2003; Reig, van
Straaten & van der Klis 2004). However, XTE J1701—462 showed
both atoll-like and Z-like behaviour during one single outburst
(Homan et al. 2007; Lin, Remillard & Homan 2009a; Homan et al.
2010) becoming the first observed system to display a clear transition
between the two classes. Sanna et al. (2010) studied the properties
of the kHz QPOs in both phases of XTE J1701—-462, and found that
the quality factor and the fractional rms amplitude of both the lower
and the upper kHz QPOs are consistently higher, at a given QPO
frequency, in the atoll than in the Z phase (see also Barret, Bachetti &
Miller 2011). Sanna et al. (2010) proposed that the spectral properties
of XTE J1701—462 suggest that many of the intrinsic differences
believed to exist between atoll and Z sources (e.g. magnetic field
or inclination) cannot explain the differences observed in the timing
properties of kHz QPOs in both phases.

"When the soft photons lag behind the hard ones, the lags are called soft.
When the hard photons are the ones lagging behind the soft ones, the lags are
called hard.

Lags of the kHz QPOs in XTE J1701—462 2805

The behaviour of the lag of the lower kHz QPO in atoll sources has
indeed been observed to depend on energy in LMXBs, as suggested
by the Comptonization with feedback model, becoming softer with
increasing energy (see e.g. Troyer et al. 2018). Peirano & Méndez
(2021) studied eight atoll LMXBs and found that the slopes of
the best-fitting linear model to the time-lag spectrum and the total
rms amplitude of the lower kHz QPO exponentially decrease with
increasing luminosity of the source, suggesting that the mechanism
responsible for the lower kHz QPO depends on the properties of the
corona. Peirano & Méndez (2021) also found that for the upper kHz
QPO the slope of the time-lag spectrum is consistent with zero for all
sources, concluding that the upper kHz QPOs have a different origin
to the lower kHz QPOs (see e.g. de Avellar et al. 2013; Peille et al.
2015). The transient source XTE J1701—462 offers an unprecedented
perspective if studied in a similar way, considering that during the
transition from Z-like to atoll-like behaviour, XTE J1701—462 also
experimented a significant change in luminosity (Sanna et al. 2010).

To date, no study of the energy-dependent lags and their depen-
dence on luminosity has been performed for XTE J1701—462. In
this paper, we combine previous studies of this source and other atoll
LMXBs, with an analysis of the spectral-timing properties of the kHz
QPOs observed during the 2006—2007 outburst of XTE J1701—462.
We study and compare the energy dependence of the fractional rms
amplitude, intrinsic coherence and lags at the frequency of the kHz
QPOs in the atoll and Z phases of the outburst of XTE J1701—462.
We also study the dependence of the average lags on the luminosity
of the source, putting this result into context with the behaviour
observed in other LM XBs. In Section 2, we describe the observations
and the methods used in the analysis of the data, in Section 3 we show
the results of such analysis, and in Section 4 we discuss the scientific
implications of these results.

2 OBSERVATIONS AND DATA ANALYSIS

2.1 Observations

There are 866 observations in the public archive of the Rossi X-ray
Timing Explorer (RXTE; Bradt, Rothschild & Swank 1993) of the
source XTE J1701—-462 collected using the Proportional Counter
Array (PCA; Jahoda et al. 2006). From these observations here,
we studied the 14 observations that have kHz QPOs in their power
spectra. We selected these observations using the criteria described
in Sanna et al. (2010).

Following Homan et al. (2010), we considered that XTE
J1701—462 was in the Z phase of the outburst from the first time
it was observed (Remillard et al. 2006) in 2006 January, until 2007
April. After this date, and until the source went into the quiescent
phase, we considered XTE J1701—462 to be in the atoll phase of the
outburst. Following this criterion, there are six observations in the
Z phase of the source (ObsIDs: 93703-01-02-04, 93703-01-02-05,
93703-01-02-08, 93703-01-02-11, 93703-01-03-00, and 93703-01-
03-02) and eight observations in the atoll phase (ObsIDs: 91442-01-
07-09, 92405-01-01-02, 92405-01-01-04, 92405-01-02-03, 92405-
01-02-05, 92405-01-03-05, 92405-01-40-04, and 92405-01-40-05)
that show kHz QPOs. Hereafter, we will refer to the observations
during the Z phase of XTE J1701—462 as Z observations, and to the
observations during the atoll phase as atoll observations.

2.2 Fourier timing analysis

To study the kHz QPOs we computed Leahy-normalized PDS
of each observation, using event-mode data with at least 250 ps
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time resolution, covering the full energy range of the instrument
(nominally 2—60 keV). For some Z observations, event-mode data
were not available for the entire energy range; in these cases, we
used a combination of event-mode data and binned data covering the
full PCA band. For each observation, we calculated PDS every 16-s
data segments, yielding a frequency range from 0.0625 to 2048 Hz.
Finally, we averaged all the 16-s PDS to produce a single PDS per
observation.

A multi-Lorentzian model plus a constant accounting for the
Poisson level has been consistently used to describe the shape of the
PDS of LMXBs (e.g. Nowak 2000; Belloni et al. 2002; Pottschmidt
et al. 2003; Ribeiro et al. 2017). This model describes well the
shape of the variability present in different types of sources, but is
independent of the underlying physics that cause them, making it
specially fit to compare the variability behaviour without making
assumptions about the nature of the mechanism that produces the
oscillations. The different components of the variability in the PDS
can be labelled considering the strength, width and central frequency
of the Lorentzian functions used to fit them (e.g. van Straaten et al.
2002). We used the convention L, and L, to label the lower and upper
kHz QPOs, respectively. For a more detailed review of different kinds
of variability observed in X-ray binaries, see van der Klis (2004).

We used a Lorentzian model with one or two Lorentzian functions
plus a constant to fit and characterize the kHz QPOs in the PDS of
observations in both the atoll and Z phase of XTE J1701—462. For
the atoll observations, we fitted the PDS between 600 and 900 Hz,
rebinning the data by a factor of 64; and for the Z observations, we
fitted the PDS between 400 and 1200 Hz, rebinning the data by a
factor of 128. Since we observed only one kHz QPO during the atoll
phase, which Sanna et al. (2010) identified as the lower kHz QPO,
we used only one Lorentzian function to characterize it during the
fit. In the Z phase we observed two simultaneous kHz QPOs, from
which we identified the one at the lowest central frequency as the
lower kHz QPO and the one at the highest central frequency as the
upper kHz QPO. For the Z observations, we used two Lorentzian
functions to describe each kHz QPO during the fit. Inspection of the
PDS of observations in both the atoll and Z phases showed that the
lower kHz QPOs has a higher quality factor in the atoll phase than
in the Z phase, confirming the results of Sanna et al. (2010).

We found that, in the PDS of the atoll observations, the central
frequency of the lower kHz QPOs varies considerably throughout the
length of one entire observation. To trace these changes in central
frequency, we constructed dynamical power spectra of the atoll
observations using 16-s segments PDS and assigning a unique L,
central frequency to each segment. When necessary, we combined
multiple contiguous 16-s PDS until it was possible to identify a
unique central frequency value for those segments combined. Using
these central frequencies, we split every PDS into eight different
frequency selections, with limits in frequency listed in Table 4. We
shift-and-added (Méndez et al. 1998) together every 16-s PDS of each
frequency selection into one unique PDS, shifting the kHz QPOs to
a frequency in the centre of the corresponding frequency selection.

In contrast, when analysing the PDS of the Z observations, because
the QPOs are weaker and broader than in the atoll phase, it is not
possible to significantly detect changes in the central frequency
of the kHz QPOs within the length of a single observation. For
this reason, we analysed the PDS of every full observation during
the Z phase separately (see Table 3). In Figs 1 and 2, we show
examples of the PDS from two Z observations (91442-01-07-09,
with a more significant lower kHz QPO, and 92405-01-02-03, with
a more significant upper kHz QPO) and the PDS of the 830—840 Hz
frequency selection of the atoll observations.
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Figure 1. Top panel: PDS of the observations 91442-01-07-09 and 92405-
01-02-03 of XTE J1701—462 during its Z phase. The fitted Lorentzian
function to the kHz QPO is shown in red on top of the histogram. Second
and third panels: Real and imaginary parts of the cross-spectrum of the two
Z observations. The red solid line shows the joint best-fitting Lorentzian
functions. Fourth and fifth panels: Phase lag and intrinsic coherence as a
function of Fourier frequency. In the fourth panel, the grey solid line indicates
zero phase lag. In the fifth panel, the grey solid lines indicate coherence equal
to one (perfect coherence between signals) and equal to zero (completely
incoherent signals).

To calculate the average cross-spectra, G = Re[G] + iIm[G], we
computed complex Fourier transforms for both the atoll frequency
selections and the Z observations in two different bands: a reference
(hard) band and a subject (soft) band (see Table 1 for the limits in
RXTE channels and equivalent energy of the bands that correspond to
the Epoch 5 of the instrument, as all our observations were performed
towards the end of the RXTE mission). Equivalently to the atoll PDS
procedure described in the previous paragraph, we calculated the atoll
complex Fourier transforms of each frequency selection in Table 4
shift-and-adding (using the already defined central frequencies) 16-
s segments with a time resolution of 250 ps, and a minimum and
maximum Fourier frequency of 0.0625 and 2048 Hz, respectively.
Examples of real and imaginary parts of these averaged cross-spectra
are shown in the second and third panels of Figs 1 and 2, for the atoll
and Z phase, respectively. The errors reported for both the real and
imaginary parts of the cross-spectra are given by equation (13) in
Ingram (2019).

Using these averaged cross-spectra and following the procedure
in Nowak et al. (1999), we calculated the phase lag and intrinsic
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Figure 2. Top panel: Shifted-and-added PDS of XTE J1701—462 during its
atoll phase, for the observations where the frequency of the lower kHz QPO
was between 830 and 840 Hz. Second and third panels: Real and imaginary
parts of the cross-spectrum of the atoll frequency selection. The red solid
line shows the joint best-fitting Lorentzian function. Fourth and fifth panels:
Phase lag and intrinsic coherence as a function of Fourier frequency. In the
fourth panel, the grey solid line indicates zero phase lag. In the fifth panel, the
grey solid lines indicate coherence equal to one (perfect coherence between
signals) and equal to zero (completely incoherent signals).

Table 1. Energy bands and channel ranges for the cross-spectra, time/phase
lags, and intrinsic coherence computations. The energy-channel conversion
corresponds to the Epoch 5 of the instrument.

Band Channel range Energy range
(keV)

Reference H 14-61 6.1-25.7

Subject S 0-13 2.1-5.7

coherence as a function of the Fourier frequency for each phase
(bottom panels in Figs 1 and 2). Considering that we use the hard
band as the reference band, positive values of the lags represent the
soft photons lagging the hard ones, while negative values represent
hard photons arriving after the soft ones.

2.3 Average phase lag of the kHz QPOs

To calculate the time and phase lags of kHz QPOs it is common to
select a frequency range (using, for example, the FWHM as criterion)

Lags of the kHz QPOs in XTE J1701—462 2807

and average the frequency-dependent real and imaginary parts of the
cross-spectrum of an observation over this frequency range (see e.g.
de Avellar et al. 2013; Troyer et al. 2018). This approach gives an
accurate enough value when the lag is significant enough in the
cross-spectrum, which is the case for the lower kHz QPO in the
atoll observations of XTE J1701—462, but it can be a limitation
when studying the Z observations, where the kHz QPOs are less
significant and frequency-dependent lags are consistent with zero.

In this paper, we applied a novel technique to calculate the
average lags of the lower and upper kHz QPOs of XTE J1701—-462,
considering the entire region in the PDS where the QPO is present.
We computed the average lag of the kHz QPOs directly from a
joint multi-Lorentzian fit to the real and imaginary parts of the cross-
spectra of each phase, calculated as described in Section 2.2. For the Z
phase, we jointly fitted the cross-spectra from all Z observations (both
linked and separately) fixing the values of the central frequency and
the FWHM to the corresponding best-fitting parameters that describe
the kHz QPOs in the Z-phase PDS (see Table 3). To directly obtain
the average lags from the fit, we allowed the normalization of the
real part and the phase lag to vary and computing the normalization
of the imaginary part as Im[G] = Re[G]tan (A¢). This procedure is
justified because the power in the full band is equal to the sum of
the square of the real and imaginary parts of the Fourier transform
of the full band light curve, and the signals in the two bands used to
calculate the cross-spectrum are highly correlated in the frequency
range of the QPOs. Because this method assumes that the lags in the
frequency range over which the QPO is significant are constant, our
procedure takes the full QPO profile to measure the lags.

For the Z observations 91442-01-07-09 and 92405-01-01-02, we
only included the lower kHz QPO in the fit, as the upper kHz QPO
is not significant in the PDS. Similarly, for the observation 92405-
01-01-04 we considered only the upper kHz QPO in the fit, as the
lower kHz QPO is not significant in the PDS (see Sanna et al. 2010).
For the atoll phase, we followed a similar procedure to the one of the
Z phase, but we used the cross-spectra of each frequency selection,
instead of the individual atoll observations, and the corresponding
best-fitting parameters to the PDS (see Table 4) to perform the joint
fit of the real and imaginary parts of the cross-spectra.

In all the fits, we considered the so-called channel cross-talk
(see section 2.4.2 in Lewin, van Paradijs & van der Klis 1988),
a consequence of deadtime producing correlation between energy
channels, by adding a constant function to the multi-Lorentzian
model, that varies independently while fitting both the real and
imaginary parts of the cross-spectrum. We find that the constant
component of the imaginary part is consistent with zero for all fits,
which is as expected since the channel cross-talk only contributes to
the real part of the cross-spectrum.

The technique we used in this paper makes the lag comparison
between the atoll and Z phases of XTE J1701—462 consistent,
avoiding bias by selecting an arbitrary frequency range in the cross-
spectrum related to the FWHM of the QPO, given that the FWHM of
the QPO in Z and atoll phases is significantly different (Sanna et al.
2010).

2.4 Energy-dependent rms

Additionally, we calculated the PDS of both atoll and Z observations
for a set of energy ranges in order to study the fractional rms spectrum
of the QPO. We selected the energy ranges to be as close as possible
to the ones used in Ribeiro et al. (2019), where they defined the
channel limits considering the drift in energy-to-channel relation
of the ranges used in de Avellar et al. (2016). While for the atoll
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Table 2. Energy and channel equivalent ranges of the bands used in the
calculation of the fractional rms amplitude. These ranges were selected to be
as close as possible to the ones defined by Ribeiro et al. (2019). The energies
correspond to the Epoch 5 of the instrument.

Atoll phase Z phase

Channel range Average energy ~ Channel range  Average energy
(keV) (keV)

7-11 42 0-13 39

12-15 6

16-21 8 14-35 10.5

22-25 10.2

26-35 12.7

3641 16.3 36-41 16.3

42-49 18.9 42-49 18.9

observations we were able to use exactly the same energy ranges
as in Ribeiro et al. (2019), in the Z observations the ranges had
to be adapted due to the data structure of the observations. The
limits of the energy ranges used in this paper are given in Table 2,
where the equivalent channel ranges correspond to the Epoch 5 of the
instrument like in Table 1. Again these PDS were calculated using
the same shift-and-add procedure described previously to obtain one
single PDS per phase and energy range, with a Fourier frequency
range from 0.0625 to 2048 Hz.

To calculate the fractional rms amplitude, we fitted the high-
frequency region (frequencies higher than 400 Hz) of the PDS
calculated in each energy band in Table 2 with either one — for
the atoll phase — or two — for the Z phase — Lorentzian functions
plus a constant to account for the Poisson noise. We considered the
integral power obtained from the fit of the Lorentzian function as
equivalent to the total power at the frequency of the kHz QPO, Pgpo.
The fractional rms amplitude in per cent units is then given by,

P, C C
rms = 100 QPO ( s+ B) per cent, @))]
Cs+Cgp Cs

where Cs is the source count rate — equivalent to the total count rate
minus the background count rate, Cg.

The errors reported for the rms calculations correspond to 1o,
every time the kHz QPOs were detected with at least 3o significance.
In those cases in which the power of the QPO was consistent with
zero or not significant enough when calculating the rms, we report
the 95 per cent confidence upper limit, which we calculated by fixing
both the central frequency and the width of the Lorentzian function
to the values we obtained from the fit on the entire energy range (in
Table 3 for the Z phase and Table 4 for the atoll phase).

3 RESULTS

In this section, we show the results of the Fourier analysis of the
XTE J1701—462 observations during the atoll and Z phases of the
outburst. In Section 3.1, we show the PDS of the source during both
phases and the results of the fitting procedure to identify the kHz
QPOs. In Section 3.2, we show the analysis of the phase lags and
intrinsic coherence of the signal as a function of Fourier frequency
in the atoll and Z phases. In Section 3.3, we examine the behaviour
of the phase lags versus QPO frequency for each observation during
the Z phase and for each frequency selection of the atoll phase. In
Section 3.3, we study the relation between the average time lags of
the lower kHz QPOs during the atoll and Z phase of XTE J1701—-462
and the luminosity of the source, comparing our results with other
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atoll sources. Finally, in Section 3.5, we explore the fractional rms
amplitude dependence upon energy in each phase of the outburst.

3.1 QPO identification and properties

To distinguish between the lower and the upper kHz QPO, we adopted
the kHz QPO identification used in Sanna et al. (2010). In the Z
phase of XTE J1701—462, the identification is straightforward: two
peaks appear in the PDS at high frequencies, one corresponding to
the lower and one to the upper kHz QPO. In contrast, during the
atoll phase only one peak is significant enough in each observation,
corresponding to the lower kHz QPO (see fig. 2 in Sanna et al. 2010,
where a second higher frequency peak appears after applying the
shift-and-add method to all atoll phase observations combined).

In the top panels of Figs 1 and 2, we show the resulting best-fitting
Lorentzian model to the PDS of two Z observations (91442-01-07-
09 and 92405-01-02-03) and one frequency selection (between 830
and 840 Hz) of the atoll observations, respectively, as examples of
the analysis performed over all the observations of XTE J1701—462.
The resulting best-fitting parameters to each Z observation PDS are
listed in Table 3, while the best-fitting parameters to each frequency
selection PDS of the atoll observations are listed in Table 4.

3.2 Phase lag and coherence

In Tables 3 and 4, the best-fitting values of the phase lag, calculated
following the procedure described in Section 2.3, of both lower and
upper kHz QPOs in the Z and atoll phases, are shown. In the atoll
phase, the average phase lag over all the selections of the lower kHz
QPO frequency is 0.08 £ 0.04 radians, which means that the soft
photons lag the hard ones by approximately 16 us at this frequency.
In the Z phase, the average phase lag at the frequency of the lower
kHz QPO is 0.05 £ 0.15 radians and at the frequency of the upper
kHz QPO is 0.25 + 0.16 radians, both consistent with zero. The
best-fitting Lorentzian functions to the real and imaginary parts of
the cross-spectra of two Z observations and one frequency selection
of the atoll observations are shown in the middle panels of Figs 1 and
2. Since the data from each observation in the Z phase and frequency
selection in the atoll phase look very similar, we show these three
examples to illustrate the analysis process.

In the bottom panel of Fig. 2 is apparent that the coherence is well
constrained (small error bars) around the central frequency of the
QPO in the atoll phase, within a close to symmetric frequency range
around ~835 Hz. Immediately outside of this frequency range, the
errors of the coherence increase noticeably in the plot. In the bottom
panels in Fig. 1, while we also observe smaller errors in coherence at
the central frequency of the kHz QPOs, the frequency range at which
the coherence appears more constrained in the Z phase is narrower
and less symmetric than it is in the atoll phase. This difference in the
behaviour of the coherence of the signal, and considering that during
the Z phase the kHz QPOs appear weaker and broader than during
the atoll phase, makes the technique we used here to calculate the
lags (see Section 2.3) especially suitable to appropriately compare
the two phases of XTE J1701—462.

3.3 Phase lags and QPO frequency

In Fig. 3, we show the relation between the phase lag of the lower and
upper kHz QPOs of XTE J1701—462 and the QPO frequency, using
the data in Tables 3 and 4. The lags of the lower kHz QPO during the
atoll phase of XTE J1701—462 show a marginal dependence on QPO
frequency [consistent with the results of Barret (2013) and de Avellar
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Table 3. Properties of the kHz QPOs detected in the Z phase of XTE J1701—462. The fractional rms amplitude was calculated over the full energy range of
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the instrument, between 2 and 60 keV. The phase lag, between the reference-hard band and the subject-soft band in Table 1, was calculated as described in
Section 2.3, first for each Z observation individually and then in a joint fit of all Z observations to obtain a unique value for the Z phase of the source. Subscript

letters £ and u denote lower and upper kHz QPOs, respectively.

Z phase Ly L,

ObsID Veentral (HZ) rms (percent) FWHM (Hz) Phase lag Veentral (HZ) rms (per cent) FWHM (Hz) Phase lag
91442-01-07-09 641.5 + 1.8 1.3 +£ 02 122 £ 1.2 0.39 + 0.34 - - - -
92405-01-01-02 617.8 + 16.8 29 + 0.7 1024 £+ 57.5 0.11 £ 0.54 - - - -
92405-01-01-04 - - - 7553 £+ 8.6 3.6 £ 04 117.2 £ 31.7 0.37 + 0.20
92405-01-02-03 620.2 + 17.6 32 + 0.6 172.1 £ 694 —0.20 £ 0.65 9255 £ 5.0 2.1 +03 43.1 £ 16.2 0.29 £+ 0.41
92405-01-02-05 598.6 + 7.2 2.0 £ 03 67.5 + 23.4 0.36 = 0.22 850.2 £ 12.6 22 £+ 04 110.1 £ 45.7 0.01 = 0.30
92405-01-03-05 611.2 + 149 3.1 £ 0.7 1162 + 546 —0.67 £ 0.75 916.7 £+ 8.8 29 + 0.5 758 £309 —0.12 £ 0.29
92405-01-40-04 651.8 + 9.2 3.0 £ 0.5 91.5 £ 31.8 —0.44 £ 029 9140 £ 8.8 32 £ 05 103.8 £ 355 —0.36 £ 0.52
92405-01-40-05 637.6 + 8.1 3.5+ 05 94.2 £+ 28.2 0.24 + 029 914.0 + 6.6 33+ 04 782 £ 22.8 0.52 £ 0.24
Joint fit 0.13 £ 0.14 0.24 £+ 0.14

Table 4. Properties of the kHz QPOs detected in the atoll phase of XTE J1701—462. The fractional rms amplitude
was calculated over the full energy range of the instrument, between 2 and 60 keV. The phase lag, between the
reference-hard band and the subject-soft band in Table 1, was calculated as described in Section 2.3, first for each
frequency selection individually and then in a joint fit of all frequency selections to obtain a unique value for the
atoll phase of the source. Subscript letter £ denotes lower kHz QPOs.

Atoll phase Ly

Frequency selection range (Hz) Veentral (HZ) rms (per cent) FWHM (Hz) Phase lag
600—660 621.5 £ 0.6 83 £ 09 55+ 1.7 —0.06 £ 0.25
660—700 671.6 £1.3 9.8 + 1.1 13.3 £ 39 0.02 £ 0.15
700—750 7253 £ 04 102 £ 0.5 92 £+ 1.2 0.09 + 0.10
750—800 775.6 £ 0.4 9.8 £ 0.8 55+ 12 0.07 + 0.20
800—830 815.1+£0.3 9.0 £ 0.5 5.5 £ 09 0.12 + 0.12
830—840 835.0+£0.2 87 £ 02 63 + 0.5 0.18 + 0.06
840—850 845.1£0.3 7.6 £ 05 57 £ 1.0 —0.06 £ 0.12
850-950 900.2 £ 0.5 6.7 £ 0.5 6.8 + 1.4 —0.19 £ 0.14
Joint fit 0.10 + 0.04

et al. (2013)], however, considering the errors of the measured lags,
their overall trend remains constant with increasing QPO frequency.
The lags of the lower and upper kHz QPOs during the Z-phase
observations show no clear dependence upon QPO frequency. The
diamonds in the plot show the average lags we obtained from the joint
fit of the cross-spectra of each phase (as described in Section 2.3).
The value of the frequency for these average lags corresponds to the
mean frequency of all the data points of each kHz QPO, and is meant
to be used only as a reference.

3.4 Average time lags and luminosity

In Fig. 4, we show the dependence of the average time lag of the
lower kHz QPO in the atoll and Z phases of XTE J1701—462 upon
luminosity, and compare it to the data of the eight atoll sources in
Peirano & Méndez (2021). The solid lines in the figure represent the
best-fitting exponential model, (Afr)" = Ae~(-/LEa)/? to only the
eight atoll sources in Peirano & Méndez (2021) (in grey), with A =
36.5+7.1 usand o = 0.09 £ 0.03; and to the same eight atoll sources
plus XTE J1701—462 in both phases (in black), with A = 36.5 6.2
ps and o = 0.09 £ 0.03. From Fig. 4, it is clear that, as the luminosity
increases, the average time lags decrease exponentially for the eight
atoll sources in Peirano & Méndez (2021) and XTE J1701—462 in
the atoll phase. In the Z phase of XTE J1701—-462, the time lags are
not as well constrained as in the atoll phase, however, the residuals
show that the lags are consistent with the same trend of the atoll

sources in Peirano & Méndez (2021) and the atoll observations of
XTE J1701—-462.

We extracted the luminosity of XTE J1701—462 during its Z and
atoll phases from fig. 5 in Sanna et al. (2010). To calculate the
luminosity, Sanna et al. (2010) used a distance of 8.8 kpc, estimated
by Lin et al. (2009b) using the Type-I X-ray bursts that occurred
during the 2006-2007 outburst of XTE J1701—462, and the 2-50 keV
flux from the source normalized by Lggq = 2.5 x 10°® erg s~!, which
corresponds to the Eddington luminosity of a 1.9 Mg neutron star
accreting gas with cosmic abundance.

3.5 Fractional rms amplitude versus energy

Sanna et al. (2010) studied the dependence of the fractional rms
amplitude of the kHz QPOs upon the QPO frequency of XTE
J1701—462, both in the atoll or Z phases, and showed that the
fractional rms amplitude of the lower kHz QPO is consistently higher
in the atoll than in the Z phase (see fig. 4 in Sanna et al. 2010).
Similarly, Sanna et al. (2010) found that the quality factor of the
lower kHz QPO is significantly higher in the atoll than in the Z
phase.

In Fig. 5, we show the fractional rms amplitude of both kHz QPOs
as a function of energy for the atoll and Z phases, for the different
energy bands defined in Table 2. In the figure, the error bars represent
the 1o uncertainty and the arrows represent the 95 per cent confidence
upper limits. In Fig. 5, it is apparent that the fractional rms amplitude
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Figure 3. Phase lag of the lower (red squares) and upper (purple triangles) kHz QPO of XTE J1701—462 Z observations and the lower (blue circles) kHz
QPOs of XTE J1701—462 atoll observations as a function of QPO frequency. The error bars of the atoll phase lower kHz QPO lag represent the frequency bins
ranges from Table 4. The diamonds show the average lag value of the lower and upper kHz QPOs in the Z phase and the lower kHz QPO in the atoll phase, with
frequency equal to the mean frequency of each data group. The solid grey line indicates the zero lag.
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Figured4. Average time lag of the lower kHz QPO as a function of luminosity.
The grey circles correspond the atoll LMXBs from Peirano & Méndez (2021),
the blue diamond corresponds to XTE J1701—462 during its atoll phase and
the red diamond to XTE J1701—462 during its Z phase. The solid black line
indicates the best-fitting exponential model to the data. The solid grey line
indicates the best-fitting exponential model to the atoll sample in Peirano &
Méndez (2021). The value of the luminosity of XTE J1701—462 during its
atoll and Z phases was extracted from fig. 5 in Sanna et al. (2010). Residuals,
(data-model)/error, are also shown.
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Figure 5. Fractional rms amplitude as a function of energy for the atoll phase
lower kHz QPO (blue circles) and the Z phase lower (red squares), and upper
(purple triangles) kHz QPOs of XTE J1701—462. The solid lines indicate
the best-fitting broken-line model, where the break energy, Epreak, is marked
by the vertical grey line. The arrows indicate upper limits.

of the lower kHz QPO is consistently higher in the atoll than in the Z
phase for all energies. In the Z-phase observations, the dependence
of the fractional rms amplitude upon energy for the lower and the
upper kHz QPOs has no apparent significant differences. In all cases,
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Table 5. Parameters of the broken-line model fit to the fractional rms
amplitude as a function of energy at the frequency of the kHz QPOs detected
in both the atoll and Z phase of XTE J1701—462, with Epeqx linked and equal
for all QPOs and m; fixed to zero.

Atoll phase Z phase
Ly Ly L,
mi 1.48 £0.07 0.33 £ 0.04 0.38 £0.04
my Fixed to O
Ebreak 9.26 £0.76

the fractional rms amplitude increases with energy up to a certain
value and then remains constant for higher energies.

To study the shape of the relation between the fractional rms
amplitude and the photon energy, we fitted a broken line model to
the data, given by the following equation:

mE,
myE + (my — my) Epreak,

if £ < Ebreak

if E = Ebreakv (2)

rms(E) = {
where Epeax 1S the break energy (up until which the rms value
increases), and m; and m, are the slopes of the lines before and
after the break energy, respectively.

We first performed a joint fit of the fractional rms amplitude data
of all kHz QPOs (the lower kHz QPO in the atoll phase, and the
lower and upper kHz QPOs in the Z phase) using the model given
by equation (2) and linking both Ey...x and m; for all the data sets.
This fit yielded a reduced chi-squared x> = 1.037 for 9 degrees of
freedom. Since the resulting best-fitting value of m; = 0.27 £ 0.13
was not significantly different from zero, we performed a new fit
linking only Ejp,..x and fixing m, to zero for all data sets. This new fit
yielded a reduced chi-squared x2 = 1.400 for 10 degrees of freedom.
The F-test between the broken-line model with E} .. and m, linked
and the broken-line model with only Eje,x linked and m, = 0 gives a
probability of 0.06. In other words, there is no statistically significant
advantage in considering the slope after the break m, different from
zero in the fit.

The best-fitting parameters of the fit with Ep,.ax linked and m;, fixed
to zero are given in Table 5 and the resulting fit is shown in Fig. 5
for both the Z and atoll phases. From this figure, and the values
in Table 5, we found that the difference between the slope before
the break m; of the lower kHz QPO in the atoll and Z phases has a
significance of ~140, which means that the dependence upon energy
of the fractional rms amplitude of the lower kHz QPO is significantly
different for both phases. Similarly, we contrasted the slope before
the break for the lower and upper kHz QPOs in the Z phase only,
finding that there is no significant difference between them.

In the fit of the fractional rms amplitude versus energy, we used
the 1o error as the uncertainty of the variable to fit. When the fitted
Lorentzian in the corresponding energy band PDS yielded a negative
integral power of the QPO in comparison with the Poisson level,
we fixed the fractional rms amplitude to zero and we considered the
uncertainty to be the 95 per cent confidence upper limit to perform
the fit. In the cases where the integral power of the QPO was positive,
but not significantly different from zero, we considered the original
fitted value of the integral QPO power and its 1o error as valid during
the fit.

The binning in time we performed when calculating the PDS
to have a Nyquist frequency of 2048 Hz reduces the variability
dominantly at high frequencies (see section 4.3 van der Klis 1989),
which can be relevant for the frequency ranges at which kHz
QPOs are observed. Equation (4.7) in van der Klis (1989) gives
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the correction factor for this effect as follows:
B = avI /N 7v/2unyg 3)

sintvT /N sinmv/2vnyg

where v is the frequency of the QPO, T is the length of the
observation, N is the number of power spectra binned together when
calculating the PDS, and vnyq = 1/2AT is the Nyquist frequency
of the PDS, with AT = T/N, the length of each data segment. The
correction factor, for vnyq = 2048 Hz, of the lower and upper kHz
QPO in the Z observations is ~1.04 and ~1.09, respectively, and of
the lower kHz QPO in the atoll observations is ~1.07. These values
are all within the errors reported in Fig. 5, therefore not affecting the
results we present here.

4 DISCUSSION

We studied the timing properties of the kHz QPOs of the transient
neutron star LMXB XTE J1701—462 and characterized, for the first
time, the frequency-dependent QPO lags simultaneously for the atoll
and Z phases of the source. We calculated, using a novel technique,
the average lags at the frequency of the QPO both in the Z and atoll
phases and discovered that during the atoll phase the time lags of
the lower kHz QPO are soft, with the soft photons lagging the hard
ones by around 16 ps. During the Z phase, the lags of both the lower
and upper kHz QPOs are consistent with zero. We also found that
the intrinsic coherence of the signal is more well constrain at the
frequency of the lower kHz QPO in the atoll than in the Z phase.

Additionally, we explored the behaviour of the phase lags at
different QPO frequencies and observed that while the lags of the
lower kHz QPO in the atoll observations of XTE J1701—462 have a
slight dependence upon QPO frequency, the phase lags of both the
lower and upper kHz QPOs in the Z observations do not. We also
studied the dependence of the average time lags of the lower kHz
QPO upon luminosity during both the Z and atoll phases. We found
that the average lags follow the same trend with luminosity of other
atoll neutron star systems, with the lags decreasing exponentially
with increasing luminosity. Finally, we studied the fractional rms
amplitude dependence upon energy of the lower and upper kHz
QPOs in each phase of XTE J1701—462 and discovered that, as
observed in other LMXBs, the fractional rms amplitude of the lower
kHz QPO increases with energy up to approximately 10 keV and
then remains constant at higher energies.

4.1 Soft lags and the corona

During the atoll phase of XTE J1701—462 we observe more clearly
that, in the presence of the lower kHz QPO, the photons in the soft
band, between 2.1 and 5.7 keV, lag behind the photons in the hard
band, between 6.1 and 25.7 keV. Inverse Compton scattering with
feedback on to the soft photon source (see Lee et al. 2001; Kumar &
Misra 2016; Karpouzas et al. 2020) can explain these soft lags in a
scenario where it is not the disc, but the corona that is responsible
for the variability we observe. Indeed, the corona dominates the
X-ray emission at high energies, where we observe the variability
reaching its maximum amplitude (see Fig. 5, where the fractional
rms amplitude for the lower kHz QPO in the atoll phase of XTE
J1701—462 reaches its maximum at around 10 keV).

Inverse Compton scattering occurs in the corona when electrons
transfer energy to photons coming from the soft energy source in an
LMXB (either the disc or the surface of the neutron star), producing
a delay in the emission of hard photons, with higher energies. A
fraction of these Comptonized photons return to the disc and are
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emitted again at lower energies and later times, producing the soft
lags we observe (Lee et al. 2001; Karpouzas et al. 2020). This model
not only explains the soft lags we see in the lower kHz QPOs in our
data, but also can describe the difference in sign of the lags of the
upper kHz QPOs in other sources (see e.g. de Avellar et al. 2013;
Peille et al. 2015) and the behaviour of the lags of other variability
components (see e.g. Miyamoto et al. 1988; Ford et al. 1999).

4.2 Variability in the Z and atoll phases

We observe multiple differences between the variability properties
of the kHz QPOs in the Z and atoll phases of XTE J1701—462. More
evident in Fig. 5 is the consistently higher fractional rms amplitude of
the lower kHz QPO in the atoll phase of the source when compared
with the lower and upper kHz QPOs present in the Z phase. This
discrepancy in the timing properties of the kHz QPOs in both phases
of XTE J1701—462 are comparable with observed differences in
the variability of atoll and Z LMXBs. For example, Méndez (2006)
studied 12 LMXBs and found that in the Z sources of his sample
the maximum rms amplitude of both kHz QPOs and the maximum
quality factor of the lower kHz QPO are consistently lower than in
the atoll sources.

In Figs 1 and 2, we also observe a difference in the intrinsic
coherence of the signal at the frequency of the QPOs, between both
phases. In the figures, it is clear that the frequency range within
which the uncertainty of the intrinsic coherence is smaller, is not
as well constrained in the Z than in the atoll observations. During
the atoll phase of the source, the intrinsic coherence remains visibly
more stable when the QPO is present in the PDS. The difference in
the intrinsic coherence of the signal, although consistent with other
LMXBs (see e.g. Barret et al. 2011), makes using it as a criterion
to measure the average lag over a frequency range, and compare
both phases consistently, difficult. Here, we used a novel technique
to calculate the average lags at the frequency of the QPO (see
Section 2.3) that allows for a more consistent comparison between
the atoll and Z phases. In this method, we use the Lorentzian function
that describes the kHz QPOs in the PDS to find the amplitudes of the
real and imaginary parts of the cross-spectra, without averaging them
over a certain arbitrary frequency range defined by the coherence of
the signal (which will, particularly in the case of the Z observations,
lead to inconsistencies in the obtained lags).

We also studied the behaviour of the phase lags of the lower and
upper kHz QPOs with respect to the QPO frequency, for both the
atoll and Z phases. In Fig. 3, we observe a weak dependence upon
QPO frequency of the lags of the lower kHz QPO in the atoll phase.
Despite the fact that the trend of these lags is also consistent with a
constant model, the slight increase and then decrease with frequency
we see in Fig. 3 is consistent within errors with the relations shown
by Barret (2013) and de Avellar et al. (2013) for the lags of the
lower kHz QPOs in 4U 1608—522 and 4U 1636—53, respectively.
The phase lags of the lower and upper kHz QPOs in the Z phase
do not show a trend with QPO frequency in Fig. 3, which is also in
agreement with previous studies where it has been shown that the
lags of the upper kHz QPO are constant with QPO frequency (see
e.g. de Avellar et al. 2013; Peille et al. 2015).

The large error of the average lags of the Z observations that we
obtained using the technique described in Section 2.3, together with
the differences in the behaviour of the intrinsic coherence of the signal
in the Z and atoll phases and the lower fractional rms amplitude of
the variability in the Z phase (already observed by Sanna et al. 2010),
suggest that the mechanism responsible for the kHz QPOs is affected
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during the transition from a Z-like source to an atoll-like source of
XTE J1701—-462.

Differences in the properties of kHz QPOs of atoll and Z sources,
like the ones we observe before and after the transition of XTE
J1701—462, are believed to be related to the geometry of the accretion
flow and the mass accretion rate of the source (see Méndez 20006, for
a more detailed discussion). Sanna et al. (2010) discarded changes in
the magnetic field, neutron star mass, and inclination of the system
as responsible for the variations we observe in the high-frequency
variability in our data, as these changes cannot occur within the
time-scale of the transition of XTE J1701—462. Furthermore, Sanna
et al. (2010) studied how the maximum quality factor and rms
amplitude of the lower kHz QPOs in both the Z and atoll phases
of XTE J1701—462 depended upon the luminosity of the source and
found that this relation follows the trend found by Méndez (2006)
for a sample of 12 atoll and Z LMXBs. These results characterize
XTE J1701—462 as a unique case to study, as the behaviour of
its variability follows the relations observed in other sources, while
many of the fundamental properties of the source remain constant.

4.3 Lags and the atoll- and Z-phase luminosity

Peirano & Méndez (2021) studied the relation between the slope
of the time-lag spectrum, m, and the luminosity of the source for
eight atoll LMXBs and found that m decreases exponentially with
increasing luminosity. These authors found a similar relation between
the average time lags and the luminosity of the source. Considering
these results, it is interesting to check whether the relation of the
average time lags and luminosity holds for the Z and atoll phases of
XTE J1701—462.

In Fig. 4, we combine the data from Peirano & Méndez (2021)
with the data of XTE J1701—462, using the luminosities for the Z
and atoll phases of XTE J1701—462 given by Sanna et al. (2010).
In the top panel of the figure, it is apparent that XTE J1701—-462,
during its atoll phase, follows the trend of the other atoll sources
very closely. Indeed, the black solid line, that represents the best-
fitting exponential model to all data points, lies almost exactly over
the grey solid line that represents the best-fitting exponential model
to only the atoll sources in Peirano & Méndez (2021). During the
Z phase, the average lags have a large uncertainty; however, in the
bottom panel of Fig. 4 it is apparent that during the Z phase of XTE
J1701—462 the relation between the average lags of the lower kHz
QPO and luminosity also holds.

Peirano & Méndez (2021) suggested that the similar relations be-
tween the slope of the time-lag spectrum and the total rms amplitude
with the luminosity of the source (both decrease exponentially with
increasing luminosity) imply that there is one single property of the
system in these LMXBs that drives the behaviour of the variability.
Since we observe a similar dependence upon luminosity of the
average lags in both Z and atoll phases of XTE J1701—-462, we
can conclude that a similar effect is taking place in this source while
it transitioned from one phase to the other. This relation suggests that
it is the corona that is responsible for the changes we observe in the
variability, as its contribution in the energy spectrum changes with
luminosity.? This scenario fits with the inverse Compton scattering
model with feedback on to the soft photon source (see Lee et al.
2001; Kumar & Misra 2016; Karpouzas et al. 2020) we described in
Section 4.1, as in this model is also the corona the one that drives the

2We use here the luminosity as a proxy for the properties of the corona as
done in Peirano & Méndez (2021).
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properties of the variability. Our results confirm what was suggested
in Peirano & Méndez (2021), where they described the mechanism
that modulates the kHz QPOs as a coupled mode of oscillation
between the corona and the disc. In this ‘coupled oscillation mode’,
changes in the luminosity — if used as a proxy of the properties of
the corona — when XTE J1701—-462 transitions from the Z to the
atoll-like behaviour, the fractional rms amplitude and the lags of the
kHz QPOs should decrease, exactly as we observe in our data.

Studies of the behaviour of time and phase lags with luminosity
for Z neutron star LMXBs, that are located in the high-luminosity
end of Fig. 4, could help elucidate the real nature of the mechanism
responsible for the high-frequency variability we observe. To date
no systematic study of the timing properties of Z sources has been
performed, but the results shown in this paper suggest that the
average lags of the lower kHz QPO should decrease exponentially
as the luminosity increases. A more in-depth analysis of the results
presented in this paper, through the glass of the model described
in Karpouzas et al. (2020) and Garcia et al. (2021) could also help
understand the changes in the geometry of the accretion flow that
can be driving the changes in the properties of the variability when
XTE J1701—462 is transitioning from the Z to the atoll phase.
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