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ABSTRACT

Cygnus X-1, as the first discovered black hole binary, is a key source for understanding the mechanisms of state transitions and the
scenarios of accretion in extreme gravity fields. We present a spectral-timing analysis of observations taken with the Insight–Hard
X-ray Modulation Telescope (HXMT) mission, focusing on the spectral-state-dependent timing properties in the broad energy range
of 1−150 keV, thus extending previous studies based on Rossi X-ray Timing Explorer (RXTE) to both lower and higher energies.
Our main results are the following: (a) We successfully use a simple empirical model to fit all spectra, confirming that the reflection
component is stronger in the soft state than in the hard state. (b) The evolution of the total fractional root mean square (rms) depends
on the selected energy band and the spectral shape, which is a direct result of the evolution of the power spectral densities (PSDs).
(c) In the hard/intermediate state, we see clear short-term variability features and a positive correlation between the central frequencies
of the variability components and the soft photon index Γ1, which we also see at energies above 15 keV. In the soft state, the power
spectrum is instead dominated by red noise. These behaviors can be traced to at least 90 keV. (d) Finally, the coherence and the
phase-lag spectra show different behaviors, depending on the different spectral shapes.

Key words. X-rays: binaries – accretion, accretion disks – X-rays: individuals: Cygnus X-1 – stars: black holes

1. Introduction

Black hole binaries (BHBs) are systems consisting of a black
hole accreting material from a donor star (for a review on
BHBs, see e.g., Remillard & McClintock 2006; Done et al.
2007; Dunn et al. 2010). The radiation produced by the accretion
process is bright in the X-rays, exhibiting a rich phenomenol-
ogy in both spectral and timing domains. Most BHBs are tran-
sient, and exhibit luminous outburts. Cygnus X-1 is one of
the few persistent systems (Bowyer et al. 1965; Bolton 1972;
Webster & Murdin 1972). Tananbaum et al. (1972) first reported
a global change in the X-ray spectra of Cygnus X-1, with a
simultaneous switching-on of the jet emission. It was later real-
ized that this corresponded to a transition from the soft to the
hard state.

The X-ray spectrum of the hard state is characterized by a
(cut-off) power-law component with a photon index Γ . 2.0 and
with weak or undetectable thermal black body emission from the

accretion disk (e.g., Tomsick et al. 2008). The power-law emis-
sion is presumably produced via Comptonization by a hot (kTe ≈

100 keV) plasma (Haardt 1993; Dove et al. 1997; Zdziarski et al.
2003; Ibragimov et al. 2005). In contrast, the spectrum in the
soft state is dominated by thermal emission with a character-
istic temperature of several hundred electron volts (eV) and a
steep power law with Γ & 2.7. In between these two states,
the intermediate state is defined, which exhibits spectral char-
acteristics that are intermediate to the hard and the soft states
but with distinct timing features. BHB transients spend most of
their time in the quiescent state, which is extraordinarily faint
and hard (1.5 . Γ . 2.1, see e.g., Plotkin et al. 2013). However,
they usually trace the so-called q-track in the hardness–intensity
diagram (HID) during the outburst, moving from the quiescent
state, to the hard state, the intermediate state, and then the soft
state (Homan et al. 2001; Fender et al. 2006).

Timing properties of BHBs also show distinct behaviors
in different states (Wijnands & van der Klis 1999). In the hard
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and intermediate states, we see strong intrinsic variability with
the central frequencies mostly located in the 0.1−10 Hz range,
often referred to as low-frequency quasi-periodic oscillations
(LFQPOs) if it is a narrow and prominent feature (see e.g.,
Done et al. 2007, and for a recent review see Ingram & Motta
2019). The variability is high (∼20% rms) in the hard state
(Belloni 2010). The central frequencies of the variability com-
ponents have been found to show a strong correlation with the
spectral state (see Remillard & McClintock 2006, and the refer-
ences therein). However, in the soft state, the power spectrum
is dominated by the red noise with slope f −1 below 10 Hz and
a cut-off tail at higher frequencies (e.g., Gilfanov et al. 2000;
Axelsson et al. 2005). During the hard-to-intermediate transi-
tion, we often observe a continued growth of the averaged hard
lags (i.e., the hard photons lag the soft photons) between two
coherent energy bands (Cui et al. 1997a; Pottschmidt et al. 2000;
Reig et al. 2018). The time-lags reach a maximum just before
completing the transition to the soft state, and then drop to
∼0 s in the soft state (Böck et al. 2011; Grinberg et al. 2014;
Altamirano & Méndez 2015).

The physics of the state transition is not yet fully under-
stood. A widely used scenario to explain the state transition
behaviors is the “truncated disk/hot inner flow model” (Ichimaru
1977; Narayan & Yi 1995; Narayan & McClintock 2008). The
outer part of the disk is described by a standard optically thick
accretion disk (Shakura & Sunyaev 1973), where the emission
produced by the disk is modeled by the thermal black body
radiation. The disk is truncated at some radius. The inner part
is substituted by an optically thin hot flow, which corresponds to
the “corona” that produces the nonthermal power-law emission
(for a detailed review, see e.g., Done et al. 2007). The nature of
the corona is also an open question, with some theories associat-
ing the corona with the base of a jet (Markoff et al. 2005). State
transitions from hard to soft happen when the inner edge of the
standard disk moves inward and the size of the optically thin hot
flow shrinks. This model can partly explain the phenomena we
observe during the state transition, but the observations support
conflicting scenarios; on the one hand Gierliński & Done (2004),
Penna et al. (2010), Steiner et al. (2010), Zhu et al. (2012), and
Zdziarski et al. (2022), for example, support this scenario by
obtaining large truncated radii in the hard state, with the trun-
cated radii extending to the innermost stable circular orbits
(ISCOs) when the transitions to the soft state are completed; on
the other hand, this model is contested by other measurements
of the inner edge of the disk, either by fitting the broadened iron
Kα line (see e.g., García et al. 2015, 2019; Sridhar et al. 2020) or
even the disk component itself (Miller et al. 2006; Rykoff et al.
2007; Reis et al. 2009, 2010; Reynolds et al. 2010).

Spectral-timing analysis might help to better understand
the physics (and geometry) of state transitions. For instance,
Axelsson et al. (2005) showed the evolution of the power spec-
tra in different states of Cygnus X-1 and the correlation
between two central frequencies of the variability component;
Gierliński & Zdziarski (2005) showed the correlation between
the total fractional root mean square (rms) and the photon
energy spectra; Cassatella et al. (2012) simultaneously modeled
the energy spectra and the frequency-dependent time-lags; and
Arévalo & Uttley (2006) instead tried using a numerical imple-
mentation to reproduce the spectral-timing behaviors seen in
BHBs.

In the present paper, we focus on Cygnus X-1, the
first confirmed black hole candidate, with a supergiant O9.7
Iab donor star (HDE 226868). Using VLBA observations,
Miller-Jones et al. (2021) recently estimated a black hole mass

Table 1. Start dates and end dates of the HXMT observations.

Proposal ID Start date (a) End date (a)

P0101315 2017-08-24 (57989) 2019-06-12 (58646)
P0201012 2019-07-11 (58675) 2020-04-27 (58966)
P0305079 2020-08-08 (59069) 2020-09-25 (59117)

Notes. (a)The date format is yyyy-mm-dd (MJD).

of M1 = (21.2 ± 2.2) M�, a distance D = 2.22+0.18
−0.17 kpc,

and the mass of the donor star: M2 = 40.6+7.7
−7.1 M�.

The compact object in Cygnus X-1 is a fast-rotating black
hole, with a dimensionless spin parameter a∗ > 0.97
(Fabian et al. 2012; Parker et al. 2015; Zhao et al. 2021, but
see also e.g., Walton et al. 2016). Previous spectral-timing
analyses on Cygnus X-1 based on the RXTE/PCA data
(e.g., Pottschmidt et al. 2003; Shaposhnikov & Titarchuk 2006;
Axelsson et al. 2006; Klein-Wolt & van der Klis 2008) studied
the energy-independent evolution of the timing properties with
different spectral shapes. Böck et al. (2011) and Grinberg et al.
(2014) studied the energy-dependent timing behavior based on
abundant X-ray data that covered all the states of Cygnus X-1 in
the energy range up to ∼15 keV. In the present work, we extend
previous studies, using wide-band data provided by the Insight–
Hard X-ray Modulation Telescope (Insight–HXMT or HXMT)
satellite, and exploring the spectral and temporal behaviors of
Cygnus X-1 over a broader energy range, in particular cover-
ing energies above 15 keV where the contribution from reflection
becomes important.

The remainder of this paper is structured as follows: in
Sect. 2, we present the long-term behaviors of the source and
an overview of the HXMT data we analyze in this paper. We
show the results of the spectral analysis in Sect. 3, and the tim-
ing analysis extending to the 1−150 keV range in Sect. 4. We
discuss the results of our timing analysis in Sect. 5, and devote
particular attention to the accretion scenario in Sect. 6, which is
important for understanding BHB systems but remains contro-
versial. A summary and outlook are presented in Sect. 7.

2. Observations and data

Insight–HXMT is China’s first X-ray astronomical satellite
launched on June 15, 2017 (Zhang et al. 2014, 2020). It has
a broad energy band ranging nominally from 1 to around
250 keV, realized by three collimated telescopes: the Low-
Energy (LE) telescope, whose energy range covers the 1−15 keV
band (Chen et al. 2020); the Medium Energy (ME) telescope,
covering 5−30 keV (Cao et al. 2020); and the High Energy (HE)
telescope, covering the 25−250 keV band (Liu et al. 2020). In
particular, the fast temporal response and large effective area of
HXMT, even at higher energies, allow detailed spectral-timing
studies above 15 keV.

We use three series of observations. The proposal IDs and
the dates of observations are listed in Table 1. The duration of
these observations is shown in Fig. 1, along with the light curves
of Cygnus X-1 provided by two current all-sky monitors, MAXI
(Matsuoka et al. 2009) and Swift-BAT (Barthelmy et al. 2005).
The different states of the source are indicated by different colors
determined according to Grinberg et al. (2013). We observe that
Cygnus X-1 has been mostly in the soft state since 2018, but
often moves between the hard and soft state.
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Fig. 1. Long-term behavior of Cygnus X-1 measured by all-sky monitors MAXI and Swift-BAT. We follow the same approaches of state definition
proposed by Grinberg et al. (2013). Upper panel: the hard, intermediate, and soft states are denoted by blue, purple, and red points, respectively.
Lower panel: the unclassified and soft states are plotted with black and red points, respectively. The duration of HXMT observations on Cygnus X-1
is shown in dark orange stripes at the top.

2.1. Data extraction

We use the pipeline based on Insight–HXMT Data Analy-
sis Software (HXMTDAS) v2.04 along with the latest calibration
database v2.05 to process the observational data. The good time
intervals (GTIs) are selected according to the following crite-
ria: an elevation angle (ELV) larger than 10◦, a geometric cut-off
rigidity (COR) larger than 8 GeV, an offset angle from the point-
ing direction (ANG_DIST) smaller than 0.04◦, and at least 300 s
before and after the South Atlantic Anomaly (SAA) passage. For
the LE telescope, we adopt an additional criterion that the eleva-
tion angle for the bright Earth is larger than 30◦. The individual
detectors of the HXMT instruments have different fields of view
(FoVs). Given that Cygnus X-1 is a bright source, we use pho-
ton events generated by the detectors with a small FoV for the
following analysis.

In our analysis, we consider those GTIs that are covered
by all three instruments and that are longer than the individ-
ual segment used for timing analysis, that is, longer than 16 s.
In our timing analyses, we therefore used a total 145 expo-
sures, for which we have obtained energy spectra. We use
ISIS 1.6.2 (Houck & Denicola 2000) – which allows access
to the defined models in Xspec (Arnaud 1996) – to perform the
spectral fitting. The energy bands for the spectral analyses are
2−10 keV for LE, 10−30 keV for ME, and 28−120 keV for HE.
We use the tools LEBKGMAP, MEBKGMAP, and HEBKGMAP provided
by the HXMT team to estimate the instrumental background
(Liao et al. 2020a,b; Guo et al. 2020).

The light curves for timing analyses are generated by
the corresponding event lists from the detectors with a small
FoV directly, processed with Stingray (Bachetti et al. 2021;
Huppenkothen et al. 2019a,b). The selected energy range is
1−10 keV for LE, 10−30 keV for ME, and 30−150 keV for
HE. In order to study the energy-dependent properties, the
energy range of LE was divided into four bands: 1−3 keV,
3−5 keV, 5−7 keV, and 7−10 keV; ME was divided into two

bands: 10−20 keV and 20−30 keV; HE was divided into three
bands: 30−50 keV, 50−90 keV, and 90v150 keV. In the follow-
ing, whenever hardnesses are discussed, they are calculated
using raw photon counts, not fluxes. The time resolution of those
light curves is set to 2−9 s ≈2 ms. As we are using the fast Fourier
transform for our calculations, we use segments with a length of
213 × ∆t = 16 s to calculate timing properties. The dead time
of the LE telescope is negligible, and set to zero (Chen et al.
2020); the dead time of ME and HE are set to 200 µs and 2 µs,
respectively (Cao et al. 2020; Liu et al. 2020). The power spec-
tral densities (PSDs) are Poisson-noise and dead-time corrected
according to Zhang et al. (1995). Thus, the Nyquist frequency
for the light curves is fmax = 1/(2∆t) = 256 Hz, and the lowest
frequency we can access is fmin = 1/(nbins∆t) = 0.0625 Hz.

2.2. Long-term source behavior

Different from the majority of the transient BHBs that trace the
canonical q-track during the outburst, Cygnus X-1 is one of
the only few known persistent BHBs, and is fed by the wind
from its companion. It has been bright since its discovery, and
often moves between the hard state and the soft state, without
tracing any q-track (e.g., Wilms et al. 2006; Fender et al. 2006;
Grinberg et al. 2013). Previous studies showed that Cygnus X-1
spends most of the time in the hard state and the soft state, which
indicates that these two states are more stable than the intermedi-
ate state (see e.g., Grinberg et al. 2013; Meyer-Hofmeister et al.
2020). Prior to ∼2011, the source has spent most of the time in
the hard state, with only occasional excursions toward the soft
(Grinberg et al. 2013, 2014). Since then and within the life time
of MAXI, it has mainly been in the soft state (Cangemi et al.
2021); the reason for this is not yet known.

Pottschmidt et al. (2003) report “failed transitions” fre-
quently observed in Cygnus X-1: the source softens, but
never reaches a proper soft state, instead eventually return-
ing to the hard state. Similar failed transitions have also been
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Fig. 2. HID of Cygnus X-1 using the data from three proposals:
P0101315, P0201012, and P0305079, that are denoted by cyan, orange,
and green, respectively. The intensity is defined by the photon count rate
of LE ranging from 1 to 10 keV. We define the hardness as the ratio of
the raw photon count rate between the 5−10 keV band and the 1−5 keV
band. The time resolution is set to 60 s.

observed in transient BHBs (e.g., GX 339−4, see Fürst et al.
2015; García et al. 2019; and Swift J1753.5−0127, see Bu et al.
2019). Although enormous amounts of data have been collected
over decades, the true mechanism of state transitions and the rea-
son why BHBs maintain their stability particularly in the hard
and soft states are still open questions.

Here we use the LE data of the three proposals in Table 1 to
produce the HID for Cygnus X-1, as shown in Fig. 2. The data
from proposals P0101315 and P0305079 cover the soft state and
the intermediate state. However, the proposal P0201012 contains
observations in the hard state, enabling us to compare source
properties across all states.

3. Spectral analysis

3.1. Spectral modeling

For a spectral-timing study of numerous observation samples
presented here, a reliable but simple characterization of the spec-
tral shape is necessary. Former long-term spectral studies of
Cygnus X-1 used a simple phenomenological model consisting
of a broken power law modified by a high-energy cut-off and
a disk component to fit the energy spectra (Wilms et al. 2006;
Böck et al. 2011; Grinberg et al. 2014). We can write the model
as:

const×tbabs×(bknpower×highecut+gaussian+diskbb),

where tbabs calculates the photons absorbed by the interstel-
lar medium, whose cross-sections are provided by Verner et al.
(1996) and the element abundances are given by Wilms et al.
(2000).
Bknpower × highecut empirically describes a continuum

that dominates the spectrum in the hard X-ray band. Bknpower
has three parameters except its normalization: Γ1, the photon
index of the soft band; Γ2, the index of the hard band, and
the breaking energy Ebreak, in our case around 10 keV. We also
included a Gaussian line in the fit in order to characterize
the iron Kα line emission located at around 6.4 keV. Finally,
we used diskbb, a multi-temperature disk model, to fit the
thermal radiation from the accretion disk (Mitsuda et al. 1984;
Makishima et al. 1986). Typical spectra for Cygnus X-1 are
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Fig. 3. Typical spectra of Cygnus X-1 with HXMT observations. Upper
panel: a spectrum in the hard state (obs ID: P0201012171). The spec-
trum in the lower panel: is in the soft state (obs ID: P0101315057).
Data from the LE, ME, and HE telescopes are denoted with black, red,
and blue crosses, respectively. The power-law continuum, the thermal
component, and the iron line emission are indicated with dashed lines.

shown in Fig. 3. In the hard state, the disk component never
dominates the spectrum. However, the thermal component plays
a significant role at soft X-rays when the source is in the soft
state.

For our study, this simple phenomenological modelization
is sufficient to identify the different spectral component, but we
note here that using a more sophisticated physical model to fit the
spectra, involving more parameters and more complex assump-
tions, would be a worthwhile alternative (for a recent study using
a physical model on Cygnus X-1 with the HXMT data, see e.g.,
Feng et al. 2022).

The data coming from all instruments are rebinned to a mini-
mum signal-to-noise ratio of 10. Considering the accuracy of the
current calibration and that Cygnus X-1 is a bright source, we
adopt a systematic error of 0.5%, 0.5%, and 1.0% for LE, ME,
and HE, respectively (Li et al. 2020; Kong et al. 2021). The peak
energy of gaussian is fixed at 6.4 keV, and the column den-
sity NH is fixed at the value of 7.1× 1021 cm−2, as given by the
measurements of the HI4PI survey based on EBHIS and GASS
(HI4PI Collaboration 2016). All the other parameters remain
free.

While in general we expect NH to be variable in Cygnus
X-1, especially during the hard state (e.g., Grinberg et al. 2015;
Hirsch et al. 2019; Lai et al. 2022), only a handful of our obser-
vations are in the hard state at the orbital phases where they could
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be affected. In the soft state, the state in which Cygnus X-1 is
found in most of our observations, the wind is expected to be
highly ionized and thus would contribute little to the observed
absorption. The NH measurements obtained from our HXMT
data if the absorption column density is left free to vary show
trends that we interpret as systematic effects. In particular, in
Fig. 4 (in black), we can see a clear increase in NH for higher
Γ1, which we interpret as due to the strong contribution of the
steep power law at low energy and the degeneracies between the
power law, disk, and absorption contributions. This is particu-
larly the case when the power law is steep and the contribution
of the disk is strong, because the simple power-law model, which
does not have a low-energy cut-off, extends below the energies
of the putative seed photon contribution (i.e., the diskbb com-
ponent) for the Comptonization component it is describing. Sim-
ilar overestimation of NH can also be seen in Böck et al. (2011)
and Grinberg et al. (2015), for example, where the high NH are
associated with high uncertainties. We conduct an additional test

by extending the lower limit of our spectra to 1.5 keV, taking
advantage of the LE instrument response. We obtain better con-
straints on NH, which are very close to the value suggested by
the HI4PI survey (Fig. 4, in red). As this work does not focus
on the contribution of the stellar wind but aims to obtain a sat-
isfactory continuum description, we interpret this as confirming
our choice to fix the NH value, but caution that detailed disk and
wind studies would require a careful consideration of possible
calibration effects and model degeneracies.

Overall, we are able to obtain good fits for all our spectra as
shown in Fig. 5, where we also show the quality of fits obtained
when the column density is left free.

3.2. Discussion of spectral modeling

We first verify the validity of our spectral modeling by check-
ing the correlations between the spectral hardness and soft pho-
ton index Γ1, and between the ratio of unabsorbed energy flux
directly from the thermal radiation (diskbb-model) over the
total unabsorbed energy flux in the 2−5 keV range and Γ1, as
shown in the first two panels in Fig. 6. Both show the correla-
tions expected for hard to soft transition.

We can now define the state of the source by the corre-
sponding value of Γ1: the hard state for Γ1 ≤ 2.0, the hard
intermediate state for 2.0 < Γ1 ≤ 2.4, the soft intermediate
state for 2.4 < Γ1 ≤ 2.7, and the soft state if Γ1 > 2.7. Our
choice is supported by the sudden change of the PSD shape in
the 3−5 keV band and the intrinsic coherence in the 1−3 versus
3−5 keV band; see Sects. 5.2 and 5.3 for more details, as well as
Grinberg et al. (2014).

The positive correlation between the intensity of the reflec-
tion – shown by the equivalent width of the iron Kα line –
and the spectral parameter Γ1 is presented in the bot-
tom panel of Fig. 6. This result is consistent with the
findings of Gilfanov et al. (1999), Ibragimov et al. (2005),
Shaposhnikov & Titarchuk (2006), and Steiner et al. (2016) for
example, all of whom used RXTE data for their analyses.

By studying Cygnus X-1, Shaposhnikov & Titarchuk (2006)
propose that the corona may have a compact geometry in the
intermediate and soft states. Based on observations of 29 stellar-
mass BH candidates, Steiner et al. (2016) offer two interpreta-
tions. One agrees with Shaposhnikov & Titarchuk (2006) that
the size of the corona shrinks when the state softens, and the
other agrees with Petrucci et al. (2001), who discuss the Comp-
tonization effect on the reflection component, stating that in the
hard state, the iron line amplitude will be diluted by Compton
scattering due to the higher optical depth of the corona.

The intensity of the reflection can be roughly quantified by
the difference between the two photon indices as well, as the
model combination bknpower × highecut with the breaking
energy around 10 keV is capable of characterizing the Comp-
ton hump around 20−30 keV (Wilms et al. 2006). We present the
correlations of two photon indices and the difference between
them, ∆Γ, in Fig. 7, and ∆Γ versus the equivalent widths of the
iron lines in Fig. 8. Consistent with the apparent relationship
between the equivalent width and Γ1, we see a clear positive
trend between ∆Γ and Γ1. In addition, Fig. 8 shows that the two
indicators of the reflectional strength are indeed positively cor-
related even in the soft state. We therefore conclude that in the
soft state, the reflection is indeed stronger than in the hard state.

However, the correlation we observe between Γ1 and Γ2
shows a “bend” at Γ1 ≈ 2.7 as shown in the upper panel of
Fig. 7. This is coincident with the onset of the soft state and fits
where the uncertainties on the current steep power-law index are
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Fig. 6. Spectral evolution versus the soft photon index Γ1. Top panel:
correlations of the 5−10 keV/1−5 keV hardness versus Γ1. We define
the hard state (HS), the hard intermediate state (HIMS), the soft inter-
mediate state (SIMS), and the soft state (SS) with Γ1 values. Middle
panel: ratio of unabsorbed energy flux of the disk components over the
total energy flux versus Γ1. Bottom panel: intensity of reflection that is
denoted by the equivalent widths of the iron Kα lines, and is stronger in
the soft state than in the harder state.

larger. Similar trends were not observed by Wilms et al. (2006),
who did not include a disk for their fits in the soft state, result-
ing in a poor description of the spectra below 6 keV. We check
whether our choice to freeze NH may lead to the observed bend
in the correlation: We find that for Γ1 (NH fixed) & 2.7, an evi-
dent deviation between the Γ1s with fixed and free NH appears
(see Fig. 9). Still, the bend in the correlation appears even for
free NH, meaning that it is not purely an artifact of the choice of
parameter space for our model.

4. Energy-resolved variability properties

4.1. Power spectra and the fractional rms

Power spectra (also power spectral densities, or PSDs), are the
first-order products of the discrete Fourier transform performed
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Fig. 7. Upper panel: soft photon index Γ1 versus the hard photon index
Γ2 in model bknpower. The dashed line indicates that Γ1 = Γ2. Lower
panel: the correlations between Γ1 and the difference of two photon
indices, defined by ∆Γ = Γ1−Γ2, are shown. The lines that are parallel
to the dotted lines indicate a constant Γ2.
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Fig. 8. The correlation of ∆Γ versus the equivalent widths of the iron
Kα lines. The blue/purple/red points denote that the source is in the
hard/intermediate/soft state, respectively.

on a time series, and their calculations are discussed in detail by
Nowak et al. (1999), for example; see their Sect. 2. The power
spectra are calculated in units of rms fluctuations scaled to the
mean count rate (Belloni & Hasinger 1990a; Miyamoto et al.
1991). This normalization is often employed, as it is convenient
to compare the power spectra from different states or even dif-
ferent sources, because the variance that each frequency con-
tributes is independent of the averaged photon count rate. The
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Fig. 9. The soft photon index Γ1 of bknpower obtained by fixed
NH = 7.1 × 1021 cm−2 and free NH. The dashed line indicates that
Γ1 (NH fixed) = Γ1 (NH fixed).

total fractional rms is the integral of the PSDs over all available
frequencies, which in our case is 0.0625−256 Hz.

In some of the energy bands considered for our analysis, the
background photons contribute significantly. Especially in the
soft state, they dominate in the hard X-ray bands and need to
be taken into account. We therefore adopt a background correc-
tion for the fractional rms (Belloni & Hasinger 1990b; Bu et al.
2015):

rms =

√∑
P · ∆ f

(S + B
S

)
, (1)

where P is the noise-subtracted power normalized according to
Miyamoto et al. (1991), and S and B are the averaged photon
count rates from the source and the background, respectively.
This background correction adds a factor (S + B)/S – the value
of which is always greater than 1 – to the raw rms values.
This implies the assumption that the background is intrinsically
invariant and therefore does not contribute to the total variability.
As expected, this assumption is not true when background noise
dominates the data, and will lead to the overestimation of the
fractional rms, because the background noise has its own intrin-
sic variability as well.

Figure 10 shows the correlations of different estimates of
total rms with spectral shape as represented by Γ1 for all instru-
ments and energy ranges under consideration. To present the
effect of the employed background correction, we additionally
show the inverse of the correction factor, [(S + B)/S ]−1 =
S/(S + B). For S/(S + B) close to 1, most of the photons come
from the source, and therefore the corrected rms is almost equal
to the raw rms. The corrected rms is higher than the raw rms
when S/(S + B) < 1. As some of the data with a high Γ1 are very
noisy, we use smooth curves calculated through simple inter-
polation between data points to present the macroscopic trends
between the total rms and Γ1.

4.2. Evolution of the power spectral density with spectral
shape

We follow the approach of Böck et al. (2011) and Grinberg et al.
(2014) to visualize the whole power spectra by color maps in Γ1-
fi-space. The values of Γ1 are obtained from the best fits from
Sect. 3, where Γ1,min = 1.63 and Γ1,max = 3.27. The grid of Γ1
is defined linearly by constant steps of ∆Γ1 = 0.1 between the

two limits. The power spectra from different observations will
be averaged if their Γ1 belongs to the same bin of the grid. The
frequencies f are rebinned logarithmically between 0.0625 Hz
and 256 Hz, with an equally spaced grid in logarithmic scale
d f / f = 0.15. The evolution of the PSD shape versus Γ1 is shown
in Fig. 11.

The PSDs shown in Fig. 11 have not been corrected by
Eq. (1), and therefore the integral over all frequencies corre-
sponds to the uncorrected rms shown in Fig. 10. We can also see
that the strength of the variability from HE bands is weaker than
that from ME bands. The main reason is that the background
photons that significantly contribute to the harder X-ray bands
will elevate the detected count rate, which leads to underestima-
tion of the strength of the intrinsic variability of the source. To
clearly show the evolution of the variability above 30 keV, we
rescale the color map of HE bands; see Fig. 12.

Figures A.1–A.3 show the averaged PSD shapes versus Γ1
for all the three instruments. We note that ME and HE bands
are both dominated by background photons when Cygnus X-1 is
in the extreme soft state. The flux in those bands is weak, and
the uncertainties of the Fourier signals at high frequency bands
are large. In this case, those PSDs should not be considered as
physical.

4.3. Coherence function and phase-lags

The coherence, as well as the phase-lags, are the products
of Fourier transform between two simultaneous light-curve
series. Usually we study these quantities between two differ-
ent energy bands, to identify the lost phase-related informa-
tion when we compute the moduli of the products of Fourier
transform. The intrinsic coherence function, γ2( f ), is defined
by Vaughan & Nowak (1997), where the auxiliary quantity n2

defined in Eq. (4) by Vaughan & Nowak (1997) is the expecta-
tion of the noise contribution.

The coherence function itself is a frequency-dependent mea-
surement of the linear correlation between two simultaneous
time series. In principle, the coherence function ranges from 0
to 1, where 0 means no coherence and 1 means perfect linear
coherence. But when considering the noise correction, we possi-
bly obtain a coherence of greater than 1 or even negative. A neg-
ative coherence can merely emerge if the noise dominates one of
the power spectra. In this case, the negative coherence there does
not make sense. However, a coherence of greater than 1 may be
seen even when the signals at that frequency are well measured.
This is due to the fact that the auxiliary quantity n2 cannot be
estimated well when there are insufficient segments, or when
the signals from two bands correlate extraordinarily strongly.
Therefore, a coherence of higher than 1 still means good linear
correlation between the two light curves and is not considered
problematic in the following parts of the analysis.

We follow the same recipe to present the coherence function
in Γ1- fi-space, as shown on the left-hand side of Fig. 13. Simi-
larly to Figs. 11 and 12, we use a thermal color map to visualize
the coherence, where brighter colors represent better coherence,
and dimmer colors represent poorer coherence. We can see a
clear envelope located at ∼10 Hz in each panel on the left-hand
side of Fig. 13, and above ∼10 Hz, the noise-subtracted power
densities are close to zero and the coherence fluctuates violently.

The three panels in the first column of Fig. 13 are the coher-
ence functions of the softest band (1−3 keV) versus the other
harder bands (3−5 keV, 5−7 keV, and 7−10 keV). In the hard
state and the hard intermediate state, where 1.6 ≤ Γ1 . 2.4,
the coherence function in the 1−3 keV versus 3−5 keV band is
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signal-to-background ratio S/(S + B). The orange solid lines show the trends of the corrected and uncorrected total rms when varying Γ1.

quite close to 1. But in the soft intermediate state and the soft
state, where 2.4 . Γ1 . 3.3, the loss of coherence emerges at
low frequencies. A similar loss of coherence can also be found
in the 1−3 keV versus 5−7 keV band and the 1−3 keV versus
7−10 keV band. The loss of coherence in the soft/intermediate
state in these bands is due to the fact that the dominant spectral
component in the 1−3 keV band has changed during the state
transition. In the hard state, where Γ1 ≤ 2.0, the 1−3 keV band
is dominated by the power-law emission. But in the soft state,
where Γ1 & 2.7, the thermal emission from the disk becomes
dominant. As expected, and as the dominant emission comes
from spatially distinct regions, we observe a loss of coherence.

When the two energy bands are both power-law dominated,
the loss of coherence in the soft state disappears, which can
be seen in the remaining three panels on the left-hand side of
Fig. 13. We obtain the best coherence for nearly all Γ1 values in
3−5 keV versus 5−7 keV band.

On the right-hand side of Fig. 13, we show the frequency-
dependent phase-lags between different energy bands of LE, but
using a different color map. Hard lags are denoted in red, while
soft lags are denoted in blue. For ME and HE data, the coherence
and the phase-lags are noisier and cannot be visualized using
this approach. Instead, we show the averaged coherence func-
tion and the averaged phase-lags taken over the frequency band
and Γ1 band. Inspired by the coherence evolution in 1−3 keV
versus 3−5 keV band, we divide the soft photon index Γ1 into
five sub-bands: 1.6−2.0, 2.0−2.4, 2.4−2.7, 2.7−3.0, and 3.0−3.3,

consistent with the state definitions in Sect. 3.2. We first rebin the
raw coherence and phase-lag spectra to a logarithmically spaced
frequency grid with d f / f = 0.15, and average the coherence
and the phase-lag in the 0.0625−6 Hz frequency range in each
Γ1 band. Here, we correct any coherence greater than 1 (mostly
seen in the HE data) to simply 1 in order to cancel the effect
of strong correlation when averaging. The results are shown in
Figs. 14 and 15.

5. Discussion of the timing properties

5.1. The total fractional rms

We show both corrected and uncorrected rms in Fig. 10 in order
to underline the differences between them. For LE, the signal-
to-background ratio is higher than 75%, and the differences
between the two rms estimates can be ignored, as clearly seen
in the upper row of Fig. 10. However, when a non-negligible
fraction of photons comes from the background, they inevitably
smear the power spectrum and the rms. In order to obtain the
true trends of total rms using the available data, our assump-
tion can be stated as follows: (1) The raw rms is true if the
background has the same intrinsic variability as the source; (2)
the corrected rms is true if the background rate is intrinsically
invariant and does not contribute to the total variability at all;
and (3) the true value should lie between the two extreme cases
above: the background has its own intrinsic variability, but in all
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Fig. 11. Evolution of PSDs versus the soft photon index Γ1 from different energy bands provided by all instruments on HXMT. The color scale
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Fig. 12. Same as the last row of Fig. 11, but with a different color scale in order to illustrate the evolution of the variability component more clearly.

cases, the variability from the source dominates. Therefore, the
true total rms should be between the two trends (denoted by the
two orange solid lines) in all panels in Fig. 10. Along with the
improved quality of the data, the two curves that represent the
two extreme cases become closer, and the uncertainty range of
the true trend is smaller.

As shown in Fig. 10, the macroscopic positive trends
between the total rms and Γ1 in hard X-ray bands in the soft
state challenge the well-known statement that, due to the domi-
nation of the thermal emission in the soft state, the total rms is
much lower than that in the hard state (e.g., Belloni et al. 2005;
Heil et al. 2015). We note that this statement is only true when
the soft X-ray band – that is dominated by thermal photons in
the soft state – is contained (e.g., 1−3 keV band or 1−10 keV
band). The exact reason for this is discussed in Sect. 5.2. For
other, harder bands, where Comptonized photons dominate even
in the soft state, indeed we see a slightly negative trend when
Γ1 . 2.7, and a positive trend when Γ1 & 2.7.

The total rms works as an integral of the PSDs over all avail-
able frequencies. Different fractional rms values doubtlessly tell
us that the properties of the source radiation are different, but
even with a flat correlation of rms-Γ1, such as that shown in
the 5.0−7.0 keV band in Fig. 10, the timing properties in soft
and hard states are still quite different. These properties can be
revealed by the PSD evolution with spectral shape, which is pre-
sented and discussed in Sects. 4.2 and 5.2.

5.2. Evolution of the PSD

Our work extends the previous RXTE-based analysis, which
covered the 2.1−15 keV range (Böck et al. 2011; Grinberg et al.
2014), to both lower and higher energies. Our maps therefore
allow us to better trace both the variability of the disk that con-
tributes to the lowest energies and the variability of the high-
energy part of the power law.

In Fig. 11, we see a clear boundary at Γ1 ' 2.7. Before
this boundary, there are at least two pronounced variability
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Fig. 13. Evolution of the coherence function γ2 and the phase-lags versus the soft photon index Γ1 between different energy bands of the LE
telescope.
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Fig. 14. Evolution of the coherence
〈γ2〉 averaged over the 0.0625−6 Hz fre-
quency range versus the states (classified
by the soft photon index Γ1) between dif-
ferent energy bands.

components in the 1−10 Hz range. Their frequency increases
when the source softens.

The central frequencies are approximately independent of
the energy bands (for similar results recently obtained for other
BHBs, see e.g., Ma et al. 2021). The power spectra of Cygnus X-1

in the hard and intermediate states are comparatively smooth and
without narrow features (see e.g., Axelsson et al. 2005, 2006;
Rapisarda et al. 2017). While we acknowledge that there is some
confusion in the literature, with the broad variability components
having been referred to as quasi-periodic oscillations (QPOs) in
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Fig. 15. Similar to Fig. 14, but with the
evolution of the average phase-lag ver-
sus the states (classified by the soft pho-
ton index Γ1). In the first three panels,
the average phase-lags with Γ1 ≥ 2.4 are
denoted by dotted lines, as we know that
the loss of coherence is due to the differ-
ent emission origins.

past analyses (Gilfanov et al. 1999; Shaposhnikov & Titarchuk
2006), the behavior of the observed variability components does
not agree with the established definition of LFQPOs (see e.g.,
Ingram & Motta 2019).

Following Grinberg et al. (2014), we label the variability
component with a lower central frequency as “Component 1”
and that with a higher central frequency as “Component 2”. We
can see a gradual growth of the strength of Component 2, but
Component 1 fades when the X-ray bands become harder. The
Component 2 becomes dominant above ∼10 keV. Here, we can,
for the first time, trace this behavior above ∼15 keV.

We are able to trace the variability components, especially
Component 2, in the hard state and their increasing frequency
with an increasing Γ1 to at least the 50−90 keV range. This is
especially clearly visible in Fig. 12 where we rescale the map
colors to account for the overall low variability detected in the
HE instrument.

The maps in the 90−150 keV range do not show a clear pat-
tern. This band is especially interesting since the spectral cutoff
in the hard intermediate state is around ∼150 keV (Wilms et al.
2006, and our fits in this analysis), with a polarized hard tail
present above these energies (Laurent et al. 2011; Jourdain et al.
2012; Rodriguez et al. 2015; Cangemi et al. 2021). To enhance
the signal, we calculate the average PSDs for four states defined
by Γ1 values, the hard state (Γ1 ≤ 2.0), the hard intermediate
state (2.0 < Γ1 ≤ 2.4), the soft intermediate state (2.4 < Γ1 ≤

2.7), and the soft state (Γ1 > 2.7) (see Fig. 16). However, the
power spectra in the 90−150 keV band are still too noisy to allow
firm conclusions to be drawn. Nevertheless, we do see an overall
decrease in variability, in agreement with previous results using
INTEGRAL/SPI (Cabanac et al. 2011).

In the prior studies of Cygnus X-1, the variability com-
ponents seen in the hard and intermediate states can be well
modeled by usually two Lorentzians with different central fre-
quencies (Nowak 2000). Consistent with for example Cui et al.
(1997a), Gilfanov et al. (1999), Pottschmidt et al. (2003),
Axelsson et al. (2006), Shaposhnikov & Titarchuk (2006), and
Böck et al. (2011), who studied the evolution of the behavior
of these components, we find that their central frequencies

increase as the source softens. The strength of components
in the 1−10 Hz band directly determines the total fractional
rms that is shown in Fig. 10. For those bands above 3 keV,
the total rms slightly drops during the hard-to-intermediate
transition, where 1.6 . Γ1 . 2.7. But the variability in the
1−3 keV band is additionally influenced by the thermal photons
from the accretion disk. The thermal photons that present
red-noise spectra in the PSDs make the variability of the smooth
components fade more quickly than the harder bands. This is
the exact reason why we see a continuously decreasing value of
the total rms only in the 1−3 keV band or the 1−10 keV band
during the softening of the state.

When the source continues its transition to the soft state,
crossing the boundary of Γ1 ' 2.7, the power spectrum of hard
X-ray bands suddenly changes to a red-noise spectrum with a
slope of f −1 below 10 Hz. A similar behavior of the PSD evo-
lution was also reported by Grinberg et al. (2014) at energies up
to 15 keV and is traced here for the first time at higher energies,
where the power law is the dominating spectral component even
in the soft state. The sudden change of the PSD shape at Γ1 ' 2.7
is the reason why the total rms has a positive tail versus Γ1 in the
hard X-ray bands.

In the soft state of Cygnus X-1, with Γ1 & 2.7, the
PSD shape shows a red-noise spectrum with a slope of f −1

below 10 Hz (see e.g., Cui et al. 1997a,b; Gilfanov et al.
2000; Churazov et al. 2001; Pottschmidt et al. 2003;
Axelsson et al. 2005; Grinberg et al. 2014). Cui et al. (1997a)
and Churazov et al. (2001) also state that the red-noise variabil-
ity becomes stronger when our focused energy range moves to
the harder X-ray bands. This is confirmed by the higher total
rms shown by the positive tails of the trends of the corrected
rms in Fig. 10 and the brightness of the PSD shapes in Fig. 11.

5.3. The coherence function and the phase-lags

Figure 14 shows that, in the soft state where Γ1 ≥ 2.7, the HE
data (≥ 30 keV) and the LE data involving the 1−3 keV band
tend to have poorer coherence than those with lower Γ1s. The
loss of coherence in LE data is interpreted by the domination of
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Fig. 16. Average power spectra calculated from light curves obtained from the HE instrument in different energy bands in four different Γ1 ranges.
The PSDs for the 30−50 keV band, 50−90 keV band, and 90−150 keV band are denoted with black, red, and blue lines, respectively. The PSDs
are rebinned to d f / f = 0.3.

the thermal photons from the disk in the 1−3 keV band. But the
loss in HE data is mainly due to the low signal-to-background
ratio when Γ1 ≥ 2.7. Here we note that Grinberg et al. (2014) do
not find similar loss of coherence due to the thermal photons with
RXTE/PCA data, as the lower limit of their softest energy band
is 2.1 keV, which in our case is 1.0 keV. In order to check this
supposition, we also extract the event lists from LE for photons
of 2.1−4.5 keV and compute the coherence involving this new
energy band. We do not see evident loss of coherence in the soft
state. This fact indicates that the thermal photons may dominate
the 1−3 keV band, but cannot dominate the 2.1−4.5 keV band in
the soft state of Cygnus X-1.

In addition, in those bands where the coherence can be well
measured, we can see a coherence decrease where 2.4 . Γ1 .
2.7. Grinberg et al. (2014) report a similar loss of coherence
when 2.35 . Γ1 . 2.65 based on an analysis of the RXTE/PCA
data for Cygnus X-1. The origin of the loss of coherence in
this soft intermediate state has not been ascertained. Consider-
ing that the jet emission in this state becomes weak and unstable
or even hardly detectable (e.g., Fender et al. 2004; Böck et al.
2011; Corbel et al. 2013), the loss of coherence is highly possi-
bly connected with the unstable jet base.

As the different origins of the emission in the 1−3 keV band
in the hard and the soft state are confirmed by previous spectral
and timing analyses, we denote those phase-lags where Γ1 ≥ 2.4
with dotted lines in Fig. 15, and do not discuss them further,
because there the quality of the linear coherence between two
light curves is poor.

Figure 13 shows that the dominant hard lags contribute from
the 1−10 Hz band when Cygnus X-1 is in the intermediate state.
In the hard state, hard lags tend to be generated at slightly lower
frequencies, in comparison with those in the intermediate state.
This consistency of the central frequencies of the variability
components and the dominant contribution of the frequency-
dependent phase-lags indicates that the lags of the hard pho-
tons are likely related to the variability components. However,
the phase-lags in the soft state in general stochastically fluctuate
around zero, resulting in a sudden drop in the average phase-lags
when Γ1 > 2.7, which is shown in Fig. 15.

Most of the average phase-lags in Fig. 15 are positive,
which means that in our data, the hard photons usually lag the
soft photons. Similar hard lags observed on Cygnus X-1 are
also reported; for example, by Cui et al. (1997a), Nowak et al.
(1999), Pottschmidt et al. (2003), Böck et al. (2011), and
Grinberg et al. (2014).

We are particularly interested in the average phase-lags
between the adjacent energy bands (e.g., 3−5 keV vs. 5−7 keV

band or 10−20 keV vs. 20−30 keV band), because the phase-
lags between the nonadjacent bands can be estimated by sum-
ming the phase-lags between the adjacent bands in one 2π period
if the coherence remains good. From the 3−5 keV vs. 5−7 keV
band, the 5−7 keV vs. 7−10 keV band, and the 10−20 keV vs.
20−30 keV band in Fig. 15, we see that the average phase-lags
in the 0.0625−6 Hz band always increase as the state softens,
where Γ1 transitions from 1.6 to 2.7. But when Γ1 continues to
increase, the average phase-lags will decrease. In our work, the
maximum lags are observed in the soft intermediate state, where
2.4 . Γ1 . 2.7. Grinberg et al. (2014) reported the lag evolution
with RXTE/PCA data on Cygnus X-1, with their maximum val-
ues consistently at Γ ' 2.65, but using the form of time-lags, sug-
gesting that the geometry of the corona shows a sudden change,
which was indicated by the sudden change of the PSD shape as
well.

Intriguingly, this positive correlation between the average
phase-lags and Γ1 no longer holds in the 1−3 keV vs. 3−5 keV
band, when the source transitions from the hard to hard interme-
diate state, where 1.6 . Γ1 . 2.4, as shown in Figs. 13 and 15.
Figure 13 indicates that the dominant hard lags are contributed
from the hard and hard intermediate states, within the frequency
band of the variability components. In Fig. 15 we can see that
the phase-lags decrease slightly as Γ1 increases. The coherence
there is good and the measured phase-lags are accurate. This
phenomenon may suggest that in the hard state, although both
the 1−3 keV band and the 3−5 keV band are both dominated by
power-law photons, the 1−3 keV band is more likely to be dom-
inated by the seed photons, which are possibly produced by the
thermal black-body radiation of the accretion disk or the syn-
chrotron radiation in the jet base; while the 3−5 keV band is
dominated by the Comptonized photons up-scattered from the
seed photons in softer X-ray bands.

6. Variability properties of Cygnus X-1 in a larger
context

So far, we have discussed the individual variability properties
of Cygnus X-1 (Sects. 5.1–5.3). We now discuss our results in
the context of mechanisms of state transition, the disk-corona
model, and the plausible scenarios of accretion in BHB systems.

6.1. Comparison with the behaviors of other BHBs

Cygnus X-1 is a persistently luminous BHB fed by the wind
of its companion. However, the majority of BHBs are transient.
Although we expect similar accretion scenarios for both kinds
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of system, it is still meaningful to compare the phenomenology
observed for Cygnus X-1 with other known BHBs.

The total fractional rms, which is the integral of PSDs
over all frequencies, decreases as the state softens (Belloni et al.
2005). This is also observed in transient and other persistent
BHBs (e.g., Remillard & McClintock 2006). However, as dis-
cussed in Sect. 5.1, we should always outline the chosen energy
band when defining the total rms, as different energy bands give
different trends.

The evolution of the power spectra during state transi-
tions has been reported in other BHBs, such as GX 339−4
(Zdziarski et al. 2004; Motta et al. 2011; Shui et al. 2021),
GRS 1915+105 (Soleri et al. 2008; Ueda et al. 2009),
XTE J1550−564 (Sobczak et al. 2000; Rodriguez et al. 2004;
Rao et al. 2010), 4U 1630−47 (Tomsick & Kaaret 2000),
and Swift J1753.5−0127 (Soleri et al. 2013; Bu et al. 2019).
Most of the transient BHBs show narrow features in their
power spectra, classified into type A, B, and C LFQPOs by
their central frequencies, time-lags, and the quality factor
(Casella et al. 2005; Motta et al. 2015). The central frequen-
cies of the LFQPO components rise when the state of the
BHB softens, and drop when returning back to the hard state
(Vignarca et al. 2003). Sobczak et al. (2000) also reported an
exception, GRO J1655−40, which shows a negative correlation
of the central frequency of the 14−28 Hz LFQPO versus the
power-law index, but a positive correlation with the disk
flux, during a transition from very high state to the usual soft
state. However, Motta et al. (2012) confirmed that the central
frequencies of the LFQPO components still increase during the
hard-to-soft transition. We note here that the transition from
the very high state to the soft may not follow the regulation we
talk about, and GRO J1655−40 is also special, as the HFQPO
component and more than two LFQPO components can be
observed (Strohmayer 2001; Belloni et al. 2012).

When those sources complete their transition from the hard
state to the soft state, their power spectra with narrow or smooth
peaks will be substituted by a red-noise power spectra with f −1

slope (see e.g., Miyamoto et al. 1994; Remillard & McClintock
2006; Ueda et al. 2009; Klein-Wolt & van der Klis 2008;
Mao & Yu 2021), although Cygnus X-1 generally shows a
higher overall variability than transients in the the soft state
(e.g., Heil et al. 2015).

Fewer studies have addressed the higher order tim-
ing properties (the coherence function and phase/time-lag).
Reig et al. (2018) report the growth of the hard lag of eight
BHBs when the sources undergo a hard-to-intermediate tran-
sition. Altamirano & Méndez (2015) additionally find a sud-
den decrease in the averaged phase-lag at the transition point
between the intermediate state and the soft state in GX 339−4,
which is consistent with Grinberg et al. (2014) and our results.

6.2. Current models to describe timing properties

All the timing studies presented and discussed in Sects. 4 and 5
conclude that the variability components are strongly correlated
with the mechanism of the transition between the hard and the
soft state. Therefore, interpretation of their origin is crucial in
order to reveal the accretion scenario.

Böck et al. (2011) reported a fast state transition in
Cygnus X-1 within less than 2.5 h, but with their available data,
they could only reach the soft intermediate state with Γ1 < 2.7.
The sudden change in the PSD from distinct variability compo-
nents to red-noise spectrum has not been observed.

The variability components seen in the PSDs of Cygnus X-1
are smooth, with a quality factor Q . 1 modeled by two
Lorentzian curves (e.g., Böck et al. 2011). Therefore, the mod-
els developed for the LFQPOs – for example, the Lense-Thirring
precession (Bardeen & Petterson 1975) or the accretion-ejection
instability (Tagger & Pellat 1999) – are not suitable in our
case. Besides, even for the narrow LFQPOs commonly seen
in other transient BHBs, we do not yet have a satisfy-
ing physical model that can consistently explain the spectral
and timing behaviors (see Ingram & Motta 2019 for a recent
review).

Among those models, a large fraction of them assume
a truncated disk and hot inner flow geometry. In this sce-
nario, the hard-to-soft transition happens when the trunca-
tion radius between the standard disk and the hot accretion
flow decreases, which means an increasing characteristic fre-
quency for all variabilities. Fruitful developments have been
made by applying this scenario. For instance, Ingram et al.
(2009) consider the precession of a hot flow inside a trun-
cated disk, which is able to explain why the observed maxi-
mum frequency is almost constant for all BHBs. Ingram & Done
(2011) further include the effect of the local fluctuations in
the mass accretion rate in the model, which can reproduce the
PSD shapes that are commonly seen in real data. Recently,
Kawamura et al. (2022) considered propagating mass accretion
rate fluctuations to map the NICER data of MAXI J1820−070,
and were able in this way to explain the observed two-hump
power spectra and the lag-frequency spectrum, supporting the
idea that the disk is truncated at a few tens of a gravitational
radius.

While, in practice, the inner edge of the accretion disk is
usually measured by spectral fitting, some obtained results chal-
lenge this truncated-disk scenario in the hard state, both via the
iron line method (e.g., García et al. 2015; Buisson et al. 2019;
Sridhar et al. 2020; Wang et al. 2021) and the continuum fitting
method (e.g., Miller et al. 2006; Reis et al. 2009, 2010), suggest-
ing that even for the hard state, the inner edge of the disk should
be close to the ISCO. A recent spectral study of Cygnus X-1
with a physical model set carried out by Feng et al. (2022) uses
two fixed spin and inclination values suggested by Zhao et al.
(2021), concluding that with these two parameter settings, there
is no strong correlation between the state and the inner radius of
the disk. If, as indicated by these results, the true mechanism of
state transition between the hard and soft states is independent of
the inner edge of the disk, then the evolution of the typical fre-
quencies of variability components in the hard and intermediate
states as observed here cannot be explained by a change in the
inner disk radius or a precession motion of a flow that changes
in size. At this stage, we are inclined to consider the variability
component as a geometrical effect originating from the corona,
but examining each model quantitatively with our data is beyond
the scope of this paper.

In the soft state, the power spectrum is dominated by red
noise for all energy bands. The shapes of the PSD are similar,
except for the normalization of the f −1 power law. A plausi-
ble explanation is that the Comptonization process is completely
triggered by the thermal photons, indicating that the initial struc-
ture of the corona is destroyed; hence the disappearance of char-
acteristic frequencies of the power law emission, which is pre-
sented by variability components in the hard and intermediate
states. The broadband noise seen in the power spectrum can
be well explained by the fluctuation propagation model (e.g.,
Lyubarskii 1997; Arévalo & Uttley 2006).
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6.3. The geometry of the corona during the state transitions

In order to probe the corona geometry, we first need to
empirically explain why the intensity of the reflection compo-
nent is stronger in the soft state than in the hard state. We
partly adopt the interpretation of both Petrucci et al. (2001) and
Shaposhnikov & Titarchuk (2006): when the state softens from
hard to intermediate, the spatial size of the corona shrinks, and
the corona may move closer to the accretion center. This geomet-
rical configuration also matches the apparent phenomenon that
the disk component gradually dominates the soft X-ray bands
during the process of state softening. Based on a different tech-
nique, the reverberation lag model, Kara et al. (2019) arrive at
similar conclusions (but also see e.g., Wang et al. 2021).

In the hard state, a corona with a higher optical depth can
cover the central part of the accretion system, absorbing most of
the seed photons and Comptonizing them to produce a power-
law emission. According to Petrucci et al. (2001), the reflec-
tion component is highly likely to be Comptonized by the large
corona as well. Therefore, the reflection feature will be diluted
and the measured intensity of the reflection will decrease. When
the state softens to an intermediate state, the corona becomes
smaller, and then part of the seed photons can escape to infinity
without being Comptonized. In the soft state with a red-noise-
like PSD shape, the corona may shrink to a relatively small size,
allowing most of the thermal photons escape to infinity, while it
only captures and Comptonizes a few seed photons to a power-
law shape.

The sudden change of the PSD shape and the sudden drop
in the phase-lag might even support the idea that the shrinking
corona is split into pieces at this stage, then losing its intrinsic
frequency (Esin 1997; Done et al. 2007). Instead, the emission
from these pieces is sustained by the seed photons, as their PSD
shapes become consistent. Rapid fluctuations of the equivalent
width of the iron Kα line, or a difference between two photon
indices ∆Γ, when Γ1 & 2.7 – which are both compatible with
our results, as shown in Figs. 6 and 7 – would support this sce-
nario, although the large uncertainties that we see on ∆Γ pre-
vent us from firmly concluding that such fluctuations exist. A
small-sized corona in the soft state, located at slightly different
regions around the accreting center, can possibly produce large
differences in the reflection strength. But for a larger corona with
higher covering fraction in the hard and intermediate states, such
evolution is much smoother.

7. Summary and outlook

In this paper, we use a simple phenomenological model to per-
form a broadband spectral analysis of Cygnus X-1 with 145
available exposures provided by the HXMT mission. With the
best fits obtained, we then perform an energy-resolved timing
analysis in the range between 1 and 150 keV, covering a larger
energy range than most previous analyses. We list the most inter-
esting results of our analysis below:
1. The spectral analysis confirms that the reflection strength

becomes higher when the state transitions from hard to soft.
2. We offer an explanation as to the trends between the total

rms and the soft photon index Γ1. The trends depend on the
spectral shape and the studied energy band, and especially
on whether the disk emission dominates the spectrum.

3. During the hard-to-soft transition, we see a clear evolution
of the central frequencies of the variability components in
the 1−10 Hz range with Γ1. In particular, we are able to trace
this behavior up to at least ∼90 keV. When the source has

fully transitioned to the soft state, the variability component
is substituted by the red noise in the power spectrum.

4. The high-energy photons from the corona are likely asso-
ciated with the variability component with a higher central
frequency, suggesting that they are produced from a region
very close to the black hole.

5. The intrinsic coherence can be used to distinguish between
the light curves from different states, as the dominant pho-
tons are produced via different mechanisms (thermal emis-
sion or Comptonization).

6. The averaged phase-lag increases during the hard-to-soft
transition, but it quickly drops when the transition finishes.

With quasi-simultaneous radio and X-ray monitoring, we may
further answer the question of disk–jet coupling; that is, whether
the sudden change of the PSD shape and the recovery of the
coherence when Γ ' 2.7 is due to the switching off of the jet
emission.
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Zdziarski, A. A., Gierliński, M., Mikołajewska, J., et al. 2004, MNRAS, 351,

791
Zdziarski, A. A., You, B., Szanecki, M., Li, X.-B., & Ge, M. 2022, ApJ, 928, 11
Zhang, W., Jahoda, K., Swank, J. H., Morgan, E. H., & Giles, A. B. 1995, ApJ,

449, 930
Zhang, S., Lu, F. J., Zhang, S. N., & Li, T. P. 2014, in Space Telescopes and

Instrumentation 2014: Ultraviolet to Gamma Ray, eds. T. Takahashi, J. W. A.
den Herder, & M. Bautz, SPIE Conf. Ser., 9144, 914421

Zhang, S.-N., Li, T., Lu, F., et al. 2020, Sci. China Phys. Mech. Astron., 63,
249502

Zhao, X., Gou, L., Dong, Y., et al. 2021, ApJ, 908, 117
Zhu, Y., Davis, S. W., Narayan, R., et al. 2012, MNRAS, 424, 2504

A172, page 15 of 17

http://linker.aanda.org/10.1051/0004-6361/202244240/33
http://linker.aanda.org/10.1051/0004-6361/202244240/34
http://linker.aanda.org/10.1051/0004-6361/202244240/35
http://linker.aanda.org/10.1051/0004-6361/202244240/36
http://linker.aanda.org/10.1051/0004-6361/202244240/37
http://linker.aanda.org/10.1051/0004-6361/202244240/38
http://linker.aanda.org/10.1051/0004-6361/202244240/39
http://linker.aanda.org/10.1051/0004-6361/202244240/40
http://linker.aanda.org/10.1051/0004-6361/202244240/41
http://linker.aanda.org/10.1051/0004-6361/202244240/42
http://linker.aanda.org/10.1051/0004-6361/202244240/43
http://linker.aanda.org/10.1051/0004-6361/202244240/44
http://linker.aanda.org/10.1051/0004-6361/202244240/45
http://linker.aanda.org/10.1051/0004-6361/202244240/46
http://linker.aanda.org/10.1051/0004-6361/202244240/47
http://linker.aanda.org/10.1051/0004-6361/202244240/48
http://linker.aanda.org/10.1051/0004-6361/202244240/49
http://linker.aanda.org/10.1051/0004-6361/202244240/50
http://linker.aanda.org/10.1051/0004-6361/202244240/51
http://linker.aanda.org/10.1051/0004-6361/202244240/52
http://linker.aanda.org/10.1051/0004-6361/202244240/53
http://linker.aanda.org/10.1051/0004-6361/202244240/54
http://linker.aanda.org/10.1051/0004-6361/202244240/54
http://linker.aanda.org/10.1051/0004-6361/202244240/55
http://linker.aanda.org/10.1051/0004-6361/202244240/55
http://linker.aanda.org/10.1051/0004-6361/202244240/56
http://linker.aanda.org/10.1051/0004-6361/202244240/57
http://linker.aanda.org/10.1051/0004-6361/202244240/58
http://linker.aanda.org/10.1051/0004-6361/202244240/59
http://linker.aanda.org/10.1051/0004-6361/202244240/60
http://linker.aanda.org/10.1051/0004-6361/202244240/61
http://linker.aanda.org/10.1051/0004-6361/202244240/62
http://linker.aanda.org/10.1051/0004-6361/202244240/63
http://linker.aanda.org/10.1051/0004-6361/202244240/64
http://linker.aanda.org/10.1051/0004-6361/202244240/64
http://linker.aanda.org/10.1051/0004-6361/202244240/65
http://linker.aanda.org/10.1051/0004-6361/202244240/66
http://linker.aanda.org/10.1051/0004-6361/202244240/67
http://linker.aanda.org/10.1051/0004-6361/202244240/68
http://linker.aanda.org/10.1051/0004-6361/202244240/69
http://linker.aanda.org/10.1051/0004-6361/202244240/70
http://linker.aanda.org/10.1051/0004-6361/202244240/70
http://linker.aanda.org/10.1051/0004-6361/202244240/71
http://linker.aanda.org/10.1051/0004-6361/202244240/72
http://linker.aanda.org/10.1051/0004-6361/202244240/73
http://linker.aanda.org/10.1051/0004-6361/202244240/74
http://linker.aanda.org/10.1051/0004-6361/202244240/75
http://linker.aanda.org/10.1051/0004-6361/202244240/76
http://linker.aanda.org/10.1051/0004-6361/202244240/77
http://linker.aanda.org/10.1051/0004-6361/202244240/78
http://linker.aanda.org/10.1051/0004-6361/202244240/79
http://linker.aanda.org/10.1051/0004-6361/202244240/80
http://linker.aanda.org/10.1051/0004-6361/202244240/81
http://linker.aanda.org/10.1051/0004-6361/202244240/81
http://linker.aanda.org/10.1051/0004-6361/202244240/82
http://linker.aanda.org/10.1051/0004-6361/202244240/83
http://linker.aanda.org/10.1051/0004-6361/202244240/83
http://linker.aanda.org/10.1051/0004-6361/202244240/84
http://linker.aanda.org/10.1051/0004-6361/202244240/84
http://linker.aanda.org/10.1051/0004-6361/202244240/85
http://linker.aanda.org/10.1051/0004-6361/202244240/86
http://linker.aanda.org/10.1051/0004-6361/202244240/87
http://linker.aanda.org/10.1051/0004-6361/202244240/88
http://linker.aanda.org/10.1051/0004-6361/202244240/89
http://linker.aanda.org/10.1051/0004-6361/202244240/90
http://linker.aanda.org/10.1051/0004-6361/202244240/91
http://linker.aanda.org/10.1051/0004-6361/202244240/92
http://linker.aanda.org/10.1051/0004-6361/202244240/93
http://linker.aanda.org/10.1051/0004-6361/202244240/94
http://linker.aanda.org/10.1051/0004-6361/202244240/94
http://linker.aanda.org/10.1051/0004-6361/202244240/95
http://linker.aanda.org/10.1051/0004-6361/202244240/96
http://linker.aanda.org/10.1051/0004-6361/202244240/97
http://linker.aanda.org/10.1051/0004-6361/202244240/98
http://linker.aanda.org/10.1051/0004-6361/202244240/99
http://linker.aanda.org/10.1051/0004-6361/202244240/100
http://linker.aanda.org/10.1051/0004-6361/202244240/100
http://linker.aanda.org/10.1051/0004-6361/202244240/101
http://linker.aanda.org/10.1051/0004-6361/202244240/102
http://linker.aanda.org/10.1051/0004-6361/202244240/103
http://linker.aanda.org/10.1051/0004-6361/202244240/104
http://linker.aanda.org/10.1051/0004-6361/202244240/105
http://linker.aanda.org/10.1051/0004-6361/202244240/105
http://linker.aanda.org/10.1051/0004-6361/202244240/106
http://linker.aanda.org/10.1051/0004-6361/202244240/107
http://linker.aanda.org/10.1051/0004-6361/202244240/108
http://linker.aanda.org/10.1051/0004-6361/202244240/109
http://linker.aanda.org/10.1051/0004-6361/202244240/110
http://linker.aanda.org/10.1051/0004-6361/202244240/111
http://linker.aanda.org/10.1051/0004-6361/202244240/112
http://linker.aanda.org/10.1051/0004-6361/202244240/113
http://linker.aanda.org/10.1051/0004-6361/202244240/114
http://linker.aanda.org/10.1051/0004-6361/202244240/115
http://linker.aanda.org/10.1051/0004-6361/202244240/116
http://linker.aanda.org/10.1051/0004-6361/202244240/116
http://linker.aanda.org/10.1051/0004-6361/202244240/117
http://linker.aanda.org/10.1051/0004-6361/202244240/118
http://linker.aanda.org/10.1051/0004-6361/202244240/119
http://linker.aanda.org/10.1051/0004-6361/202244240/119
http://linker.aanda.org/10.1051/0004-6361/202244240/120
http://linker.aanda.org/10.1051/0004-6361/202244240/121
http://linker.aanda.org/10.1051/0004-6361/202244240/122
http://linker.aanda.org/10.1051/0004-6361/202244240/123
http://linker.aanda.org/10.1051/0004-6361/202244240/124
http://linker.aanda.org/10.1051/0004-6361/202244240/124
http://linker.aanda.org/10.1051/0004-6361/202244240/125
http://linker.aanda.org/10.1051/0004-6361/202244240/125
http://linker.aanda.org/10.1051/0004-6361/202244240/126
http://linker.aanda.org/10.1051/0004-6361/202244240/127
http://linker.aanda.org/10.1051/0004-6361/202244240/128
http://linker.aanda.org/10.1051/0004-6361/202244240/129
http://linker.aanda.org/10.1051/0004-6361/202244240/130
http://linker.aanda.org/10.1051/0004-6361/202244240/131
http://linker.aanda.org/10.1051/0004-6361/202244240/131
http://linker.aanda.org/10.1051/0004-6361/202244240/132
http://linker.aanda.org/10.1051/0004-6361/202244240/132
http://linker.aanda.org/10.1051/0004-6361/202244240/133
http://linker.aanda.org/10.1051/0004-6361/202244240/133
http://linker.aanda.org/10.1051/0004-6361/202244240/134
http://linker.aanda.org/10.1051/0004-6361/202244240/135
http://linker.aanda.org/10.1051/0004-6361/202244240/135
http://linker.aanda.org/10.1051/0004-6361/202244240/136
http://linker.aanda.org/10.1051/0004-6361/202244240/137
http://linker.aanda.org/10.1051/0004-6361/202244240/137
http://linker.aanda.org/10.1051/0004-6361/202244240/138
http://linker.aanda.org/10.1051/0004-6361/202244240/139


A&A 666, A172 (2022)

Appendix A: Overview of the average PSDs at different spectral shapes

10−1 100 101 102

10−5

10−4

10−3

10−2

10−1
1.6 ≤ Γ1 ≤ 1.7
n = 4 T = 6216 s

10−1 100 101 102

1.7 < Γ1 ≤ 1.8
n = 10 T = 17834 s

10−1 100 101 102

1.8 < Γ1 ≤ 1.9
n = 5 T = 7794 s

10−1 100 101 102

1.9 < Γ1 ≤ 2.0
n = 2 T = 5729 s

10−1 100 101 102

2.0 < Γ1 ≤ 2.1
n = 5 T = 11783 s

10−1 100 101 102

10−5

10−4

10−3

10−2

10−1
2.1 < Γ1 ≤ 2.2
n = 4 T = 5218 s

10−1 100 101 102

2.2 < Γ1 ≤ 2.3
n = 4 T = 8784 s

10−1 100 101 102

2.3 < Γ1 ≤ 2.4
n = 3 T = 9400 s

10−1 100 101 102

2.4 < Γ1 ≤ 2.5
n = 1 T = 2436 s

10−1 100 101 102

2.5 < Γ1 ≤ 2.6
n = 2 T = 6332 s

10−1 100 101 102

10−5

10−4

10−3

10−2

10−1
2.6 < Γ1 ≤ 2.7
n = 6 T = 9459 s

10−1 100 101 102

2.7 < Γ1 ≤ 2.8
n = 18 T = 29264 s

0.1 1 10 100

2.8 < Γ1 ≤ 2.9
n = 30 T = 55902 s

0.1 1 10 100

2.9 < Γ1 ≤ 3.0
n = 18 T = 34867 s

0.1 1 10 100

3.0 < Γ1 ≤ 3.1
n = 21 T = 38803 s

0.1 1 10 100

10−5

10−4

10−3

10−2

10−1
3.1 < Γ1 ≤ 3.2
n = 9 T = 16248 s

0.1 1 10 100

3.2 < Γ1 ≤ 3.3
n = 3 T = 6391 s

LE : 1–10 keV

Fourier Frequency f [Hz]

P
S

D
×
f

[r
m

s2
]

Fig. A.1. Average PSDs of 1−10 keV band (LE) in different spectral states. Each PSD is the average of all n PSDs falling within the given Γ1
interval. We also denote the total exposure time T in GTIs for each Γ1 interval.
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Fig. A.2. Similar to Fig. A.1, but for 10−30 keV band (ME).
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Fig. A.3. Similar to Figs. A.1 and A.2, but for 30−150 keV band (HE).
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