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ABSTRACT

We present a systematic study of the evolution of the corona geometry in nine black hole X-ray binaries (BHXRBs) using
archival data from Neutron Star Interior Composition Explorer (NICER). We identify 171 observations exhibiting quasi-
periodic oscillations (QPOs) across various spectral states and model the time-averaged energy spectra of the source, as
well as the energy-dependent rms and phase-lag spectra of the QPO, with the time-dependent Comptonization model
vKompthdk. This allows us to simultaneously constrain the corona size and feedback fraction during outbursts. By using
the power colour hue diagnostics, we identify different spectral states, and observe that the QPO frequency increases
from ~0.1 to ~10 Hz in the low-hard and hard-intermediate states (LHS and HIMS), and remains approximately constant
at 4-5 Hz in the soft-intermediate state (SIMS). The corona size shows significant evolution: the corona is large (~ 10*-
10° km) in the LHS, contracts rapidly to ~ 10°> km in the HIMS, and exhibits a flare-like expansion near the HIMS-to-
SIMS transition. In the SIMS and high-soft state (HSS), the corona becomes compact and stable (4000- 8000 km). The
feedback fraction of the corona photons increases during the periods in which the corona contracts and decreases during
the periods in which the corona expands, indicating a change of the disc-corona coupling. Our results are consistent with
previous QPO-based studies using vKompthdk on some individual sources. This work, however, provides the first view
of the coronal evolution across outbursts for a diverse BHXRB sample, offering critical insights into coronal behaviour as
a function of the spectral state of the source.
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disc (Y. Tanaka 1989), with the disc spectrum peaking at around

1 INTRODUCTION 0.2-2.0 keV; a fraction of the soft disc photons are Compton

A black hole X-ray binary (BHXRB) system harbours a central upscattered in the corona, forming a component in the energy
BH and a companion star. In the X-ray outburst of such a system, spectrum with a shape of a cut-off power law up to 100 keV
intense X-rays in the soft and hard X-ray bands are observable. (for reviews, see C. Done, M. Gierlinski & A. Kubota 2007; M.
The soft X-ray emission is generally from the thermal accretion Gilfanov 2010). In the scenario where a fraction of the Comp-

tonized photons illuminate the accretion disc, these photons are
reprocessed and Compton backscattered, leading to a relativistic
* E-mail: yuexin.zhang@cfa.harvard.edu reflection component (A. C. Fabian et al. 1989). This reflection
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spectrum includes characteristic broadened X-ray emission lines,
the most prominent of which is the iron K, line at 6.4-7.0 keV,
along with the Compton hump around 20 keV (see C. Bambi et al.
2021, for a review).

During a typical outburst, a BH X-ray transient follows an
anticlockwise ‘q’ path in the hardness-intensity diagram (HID;
J. Homan et al. 2001; T. Belloni et al. 2005; J. Homan & T. Bel-
loni 2005), as the proportion of the disc and corona components
varies, resulting in several well-defined spectral states (T. Bel-
loni et al. 2005): at the onset of the outburst, the source arises
from quiescence to the low-hard state (LHS), characterized by a
dominant hard corona component and a relatively weak thermal
disc component in the X-ray spectrum (e.g. J. A. Garcia et al.
2015; R. Sharma et al. 2018). As the mass accretion rate increases,
the source becomes brighter and rapidly transitions through
the hard-intermediate state (HIMS), the soft-intermediate state
(SIMS), and reaches the high-soft state (HSS, e.g. M. Méndez &
M. van der Klis 1997; T. Belloni et al. 2005; T. M. Belloni 2010;
S. Motta et al. 2012). From the LHS to the HSS, the truncated
disc gradually moves closer to the innermost stable circular orbit
(ISCO) around the BH (A. A. Esin, J. E. McClintock & R. Narayan
1997; but see e.g. R. C. Reis et al. 2008 and J. M. Miller et al.
2018 who argue that the disc is not truncated in the LHS/HIMS)
and the thermal component becomes dominant, while the spec-
trum of the hard component becomes steeper and weaker (e.g.
R. Sharma et al. 2018; Y. Dong et al. 2022). In the decay of the
outburst, with a gradual decay of the mass accretion rate, the
source transitions back to the LHS at a lower luminosity than the
forward transition before finally returning to the quiescent state
(K. Alabarta et al. 2021).

In addition to X-ray emission during the outburst, radio emis-
sion from a jet is often prominent (for a review, see R. Fender
2006). The relationship between the spectral states and the ra-
dio emission suggests the existence of a corona—jet coupling (M.
Méndez et al. 2022). In both the LHS and HIMS, a compact jet
is observed; however, during the state transition from the HIMS
to the SIMS, the compact, optically thick, jet is usually quenched
(R. P. Fender, J. Homan & T. M. Belloni 2009). In the SIMS, the
compact jet is no longer present, but a bright transient jet appears,
accompanied by observable discrete, optically thin, relativistic
ejecta (I. F. Mirabel & L. F. Rodriguez 1994). Later in the HSS,
the jet disappears (S. Corbel et al. 2004).

Open questions persist regarding the corona geometry near
BHs and its evolution during an outburst. Spectral analyses indi-
cate the corona is located within a truncated disc that approaches
the ISCO from the LHS to the HSS during the outburst (C. Done et
al. 2007; A. Veledina, J. Poutanen & I. Vurm 2013). This scenario
has sometimes been confronted by a non-truncated disc picture
with a lamppost corona structure located above the BH, which
has been supported by the reflection modelling of relativistically
broadened iron lines in the LHS (e.g. Y. Xu et al. 2018). However,
the current polarimetric observations suggests a corona extended
in the disc plane, posing significant questions on the current
understanding of the corona geometry inferred from reflection
spectroscopy fitting (H. Krawczynski et al. 2022; A. Ingram et al.
2024;J. F. Steiner et al. 2024). The conflicting spectral and polari-
metric results demonstrates an urgent need for new evidence to
constrain the disc-corona geometry across state transitions.

X-ray timing analysis is a powerful tool for exploring the inner-
most regions of BHs in XRBs (see A. R. Ingram & S. E. Motta 2019,
for a recent review). In the Fourier domain, the power density
spectrum (PDS) of the X-ray light curve shows different kinds of
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variability, e.g. broad-band noise and narrow peaks called quasi-
periodic oscillations (QPOs; M. Van der Klis 1989; M. A. Nowak
2000; T. Belloni, D. Psaltis & M. van der Klis 2002). The most fre-
quent QPOs in BHXRBs are the low-frequency QPOs (LFQPOs),
with central frequencies ranging from mHz to ~ 30 Hz (T. M.
Belloni & L. Stella 2014). These QPOs are classified into types
A, B, and C, depending on the shape of the broad-band noise,
the broad-band fractional root-mean-square amplitude (hereafter
rms), the phase lags of the QPOs, and the spectral state of the
source (R. A. Remillard et al. 2002; P. Casella et al. 2004; P. Casella,
T. Belloni & L. Stella 2005). Type-C QPOs generally appear in the
LHS and HIMS, type-B QPOs only appear in the SIMS, and type-
A QPOs, which are weak and rarely detected, appear in the SIMS
and HSS (T. M. Belloni & S. E. Motta 2016). In the short-lived
SIMS, fast QPO transitions are sometimes observed between the
type-B and either other types of QPOs or the disappearance of
QPOs (e.g. P. Casella et al. 2004; L. Zhang et al. 2021; Z.-X. Yang
et al. 2023).

The Fourier cross spectrum of two simultaneous light curves
in different energy bands (subject and reference band) can be
used to compute the phase lags as a function of Fourier fre-
quency, probing the physics of the innermost region near a BH
(see P. Uttley et al. 2014, for a review). Traditionally, it is common
to report lags of the signals, e.g. the broad-band noise and the
QPOs, identified in the PDS extending over a given characteristic
frequency range (M. A. Nowak et al. 1999). Recently, a novel
method has been proposed to compute the phase lag based on
Lorentzian function fitting to the real and imaginary parts of
the cross spectrum (M. Méndez et al. 2024). This method has an
advantage over the traditional method for measuring the phase
lag when the Fourier components are not dominant over a given
frequency range in the PDS. For the measured phase lags, hard
(positive) lags (S. Miyamoto et al. 1988) can be produced by the
propagation of fluctuations in the mass accretion rate from the
outer part towards the inner part of the disc and the corona (e.g.
P. Arévalo & P. Uttley 2006; A. Ingram & M. van der Klis 2013).
Another explanation for the hard lags is the Comptonization in
the jet (N. D. Kylafis et al. 2008; N. D. Kylafis & P. Reig 2024). Soft
(negative) lags can arise due to reverberation or thermalization
of hard photons when the corona photons impinge back onto the
accretion disc (e.g. A. C. Fabian et al. 2009; K. Karpouzas et al.
2020).

Various models have been proposed to explain the time vari-
ability signals from the corona and constrain the corona geometry
in BHXRBs. These include the model for reverberation lags and
lamppost/cylinder geometry (A. Ingram et al. 2019; M. Lucchini
et al. 2023), the corona outflow model for wind-like structures
(N. D. Kylafis et al. 2008), the propagation of mass accretion rate
fluctuations model for truncated discs (e.g. A. Ingram & M. van
der Klis 2013; S. Rapisarda et al. 2016; P. Uttley & J. Malzac 2025),
the jet-emitting and standard accretion discs (JED-SAD) model
(J. Ferreira 1997; G. Marcel et al. 2018), and the Lense-Thirring
precession or disc instability models for explaining LFQPOs and
hard-soft lags (L. Stella & M. Vietri 1998; A. Ingram, C. Done &
P. C. Fragile 2009).

One of the most compelling methods to measure the corona
geometry is to jointly model the time-averaged energy spectrum
of the source, together with the energy-dependent rms and phase-
lag spectra at the QPO frequency, using the time-dependent
Comptonization model vKompthdk (K. Karpouzas et al. 2020; C.
Bellavita et al. 2022). This model considers the physical process of
photons that can be both direct and inverse-Comptonized in the
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corona and thermally reprocessed in the disc. In addition to the
temperatures of the disc and corona, some critical parameters in
vKompthdk, i.e. the corona size, L, and the corresponding feed-
back fraction, 5, constrain the physical geometry of the corona.
The feedback fraction, 5, ranging between 0 and 1, quantifies
the thermal flux produced by hard photons reprocessed by the
disc relative to the observed disc flux. Key insights about these
critical parameters are: if n is high or close to 1, the corona extends
primarily within the disc plane; if n is low or close to 0, the
corona is extended perpendicularly to the disc or expanding away
from the disc (e.g. M. Méndez et al. 2022). In practice, 1 is often
converted into the intrinsic feedback fraction, ni,; (K. Karpouzas
et al. 2020), which represents the corona’s feedback efficiency (R.
Ma et al. 2023; Y. Zhang et al. 2023; K. Alabarta et al. 2025). It
quantifies the fraction of Comptonized photons that return to the
disc relative to the total flux produced by Comptonization.

By combining measurements of corona size and feedback frac-
tion, we can better understand the geometry of the corona and
its evolution. Past studies have successfully applied vKompthdk
to fit the rms and phase-lag spectra of the QPO, and the time-
averaged energy spectra of the source for seven BHXRBs (F.
Garcia et al. 2021, 2022; M. Méndez et al. 2022; Y. Zhang et al.
2022, 2023; R. Ma et al. 2023; V. Peirano et al. 2023; D. Rawat
et al. 2023, 2025; L. Zhang et al. 2023; S. K. Rout, M. Méndez &
F. Garcia 2023a; K. Alabarta et al. 2025), among which only four
sources have been studied using Neutron Star Interior Composi-
tion Explorer (NICER) data, and only one has been investigated
throughout the outburst. These results reveal how the corona ex-
tends over the disc and how its physical geometry evolves during
(part of) the spectral state transitions of BHXRBs.

In this paper, we explore the NICER archival data of bright BH
XRBs (J. Wang et al. 2022) across the spectral state transitions
during outbursts. We present the evolution of the corona proper-
ties of nine sources with QPOs using vKompthdk (K. Karpouzas
et al. 2020; C. Bellavita et al. 2022). In Section 2, we describe
the observations and data analysis. In Section 3, we show the
evolution of the time variability and corona geometry during
different stages of the state transitions. Finally, in Section 4, we
compare the coronal properties from this systematic study with
our previous studies on individual sources. Additionally, we dis-
cuss the corona evolution from modelling QPO properties and
other approaches, e.g. reverberation.

2 OBSERVATIONS AND DATA ANALYSIS

Our investigation begins with the ten bright BHXRBs reported
by J. Wang et al. (2022) to ensure robust measurements of time
variability in these sources, plus new bright BHXRBs that reach
a peak rate > 100 mCrab. We use the standard nicer12 (NICER-
DAS v12) routine to reduce the data. Noisy detectors nos 14 and 34
are always excluded.! We also exclude the seven detectors in the
Measurement and Power Unit 1 (MPU1) due to the time stamp
anomalies from 2019 July 8-23.2 To avoid interruptions caused by
telemetry saturation, which can result in a large number of short
good time intervals (GTIs) with brief gaps between them, we use

Lhttps://heasarc.gsfc.nasa.gov/docs/nicer/data_analysis/nicer_analysis_
tips.html#noisy_detectors
Zhttps://heasarc.gsfc.nasa.gov/docs/nicer/data_analysis/nicer_analysis_
tips.html#July2019-MPU1_Timing_Errors
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only continuous GTIs of minimal time of 17 s. Such short gaps be-
tween consecutive GTIs can introduce spurious time signatures
in the PDS, irrelevant to the X-ray source of interest. Additionally,
after 2023 May only orbital night data are considered to avoid the
effects of optical leaking.?

2.1 Power density spectrum

We generate the PDS for each observation and for each NICER
orbit within an observation in the 0.3-12 keV energy band, as well
as in six narrow bands: 0.3-1.8, 1.8-3, 34, 4-5.5, 5.5-8, and 8-12
keV. The length of each PDS segment is 131.072 s, and the Nyquist
frequency is 250 Hz. In each observation, we average all the PDS
segments, subtract the Poisson noise using the average power
in the frequency range 120-250 Hz, and normalize the PDS to
fractional rms amplitude (T. Belloni & G. Hasinger 1990). Finally,
we apply a logarithmic rebinning in frequency to the PDS, such
that the bin size increases by a factor of 101/1®° ~ 1.023 compared
to the previous bin.

We fit the averaged PDS of each observation in the 0.3-12 keV
band using a linear combination of Lorentzian functions (M. A.
Nowak 2000; T. Belloni et al. 2002) over the frequency range
~0.03-30 Hz. The parameters of a Lorentzian function are its
central frequency (vp), full width at half maximum (FWHM),
and normalization. All PDS are modelled with five Lorentzians,
representing the QPO fundamental, the second harmonic, the
subharmonic, and two broad-band noise components. Additional
Lorentzians are included if extra broad-band features are present.
All parameters of the Lorentzians are left free during fitting, ex-
cept for the central frequency of one Lorentzian function, which
is fixed at 0 to model the zero-centred broad-band noise. In cases
where no QPO is detected, the number of Lorentzian functions
is reduced to one or two to fit only the broad-band noise. After
the initial fitting, if the QPO frequency of an observation exhibits
significant changes with time, indicating a fast transition nature
of the QPO, we divide the observation into separate NICER orbits.
This ensures that the QPO feature is well modelled by a single
Lorentzian.

Using the models that we apply to fit the PDS of each ob-
servation or orbit in the 0.3-12 keV band as baselines, we fur-
ther fit the PDS of each orbit in the six narrow energy bands
(see above). We check that the central frequency and width of
those Lorentzians do not change significantly with energy. We
subsequently fix the central frequencies and FWHMs of all the
Lorentzians to the values we obtained for the PDS in the 0.3-
12 keV band and only let the normalizations free to fit the PDS
in those six narrow energy bands. Finally, we take the square
root of the normalizations of the Lorentzians that represent the
variability components to calculate the fractional rms. We note
that the energy-dependent rms spectra presented in this work
specifically refer to the QPO component, which is treated as a
single, coherent variability mode, rather than a superposition of
independently varying spectral components.

To build our sample of QPO data, we require that the QPO has
a quality factor (Q = v/FWHM) larger than 2 (e.g. M. Van der
Klis 1995; T. Belloni et al. 2002; E. M. Ratti, T. M. Belloni & S.
E. Motta 2012; A. L. Stevens et al. 2018) and is dominant over
the underlying broad-band noise. Additionally, we require that

3https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/light-leak-
overview/
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the fractional rms amplitude and phase lag, the latter of which
also depends on the QPOs fitted by Lorentzians (M. Méndez et
al. 2024), are well constrained across all five or six narrow energy
bands. In practice, observations are excluded if the fractional rms
of the QPO in the full energy band is consistent with zero within
30 uncertainties, or if the fractional rms of the QPO cannot be
reliably measured (i.e. < 1o) in one or more individual energy
bands. These criteria rule out some observations with QPOs, e.g.
those of MAXI J1820+-070 prior to observation ID 1200120138 (N.
Bollemeijer & P. Uttley 2025). Finally, 171 NICER observations
or orbits (hereafter referred simply as observations) from nine
sources are selected and reported in Table Al. Note that for the
sources EXO 1846—031 (Y. Wang et al. 2021), GRS 19154105 (J.
Neilsen et al. 2018), MAXI J1535—571 (Y. Zhang et al. 2022), and
MAXIJ1631—479 (S. K. Rout et al. 2021), the Galactic absorption
is high, > 10% cm™2, so we exclude the lowest energy band for
the rms and phase-lag (see below) calculation in these cases.

2.2 Power colour

Power colour (PC) is an efficient way to identify the spectral
state across different BHXRBs (L. M. Heil, P. Uttley & M. Klein-
Wolt 2015). It characterizes the shape of the PDS independently
of its normalization, in a manner analogous to how spectral hard-
ness characterizes the shape of the flux-energy spectrum. We de-
fine PC1 as the integrated power between 0.25 and 2.0 Hz divided
by that between 0.0039 and 0.031 Hz. Similarly, PC2 is defined
as the integrated power between 0.031 and 0.25 Hz divided by
that between 2.0 and 16.0 Hz, with the PDS computed in the 4.8
9.6 keV band (L. M. Heil et al. 2015; J. Wang et al. 2022).

In a PC diagram (PCD), we define the origin at PC1 = 4.5 and
PC2 = 0.45 to characterize spectral transitions using the angle
‘hue’ in the PC wheel (L. M. Heil et al. 2015; J. Wang et al.
2022). Specifically, the hue is defined as the clockwise angle from
the axis oriented at 45° to the —x and +y axes. The hue ranges
corresponding to different spectral states are as follows: the LHS
spans from —20° to 140°, the HIMS from 140° to 220°, the SIMS
from 220° to 300°, and the HSS from 300° to —20° (L. M. Heil et al.
2015).

2.3 Phase-lag spectrum

We compute fast Fourier transforms (FFTs) using data segments
of 32.768 s duration and a Nyquist frequency of 125 Hz for each
observation. The FFTs are calculated in the 0.3-12 keV band,
which we use as the reference band, and the same six narrow
energy bands as in Section 2.1, which we use as the subject
bands. For each segment, we compute the cross spectrum be-
tween the reference and each subject band. The real and imag-
inary parts of the cross spectrum are averaged over all segments
within each observation. The averaged real part in the 70-125 Hz,
where the source does not contribute to the variability, is then
subtracted from the real part of the cross spectrum. This step
removes the partial correlation between the subject and reference
bands, which arises because the subject band is included in the
reference band (A. Ingram et al. 2019; T. M. Belloni et al. 2024;
M. Méndez et al. 2024). The lowest energy band is excluded for
some sources, as we do for the PDS. The phase lag is ¢(f) =
arctan (Im G(f)/Re G(f)), where the cross spectrum G is a com-
plex function of Fourier frequencies. Thus, we can calculate the
phase lags of the variability components measured in the PDS (M.
A. Nowak et al. 1999; A. Ingram 2019).
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As explained in M. Méndez et al. (2024), we obtain phase lags
across different energy bands by simultaneously fitting both the
real and imaginary parts of G using the same Lorentzian com-
ponents that are used to fit the PDS (K. Alabarta et al. 2022; V.
Peirano & M. Méndez 2022; Y. Zhang et al. 2023; K. Alabarta
et al. 2025). For the real and imaginary parts, we fit the normal-
izations of the Lorentzian components, where the phase lag, ¢,
for each Lorentzian is given by the arctangent of the ratio of the
normalization in the imaginary part to that in the real part. This
approach assumes that the phase lag of each component remains
constant with frequency (V. Peirano & M. Méndez 2022; M. Mén-
dez et al. 2024). Using this method, we compute the phase lags of
all variability components fitted by the Lorentzian functions for
the defined energy bands.

2.4 Energy spectral analysis

We use the nicerl3-spec tool to extract the source and the
3C50 background spectra (R. A. Remillard et al. 2022) in each
observation. We group the spectra using optimal binning (J. S.
Kaastra & J. A. M. Bleeker 2016), with the additional requirement
of 10 counts per grouped bin. We fit the energy spectra using
XSPEC v12.14.0 (K. A. Arnaud 1996).

We apply the baseline model TBfeo* (diskbb+vKompthdk
+gaussian) to fit the energy spectra. The component TBfeo
models the Galactic absorption between the source and observer
with variable oxygen and iron abundances. We set the cross-
section and the solar abundance of the interstellar medium using
the tables of D. A. Verner et al. (1996) and J. Wilms, A. Allen &
R. McCray (2000), respectively. The component di skbb (K. Mit-
suda et al. 1984) represents the emission of a multi-temperature,
optically thick, and geometrically thin disc, with its parameters
being the disc temperature, kTi,, and a normalization factor.
The time-averaged (steady-state) version of the time-dependent
Comptonization model vKompthdk (K. Karpouzas et al. 2020; C.
Bellavita et al. 2022) is equivalent to nthcomp (A. A. Zdziarski,
W. N. Johnson & P. Magdziarz 1996; P. T. Zycki, C. Done & D.
A. Smith 1999). The parameters of this component are the seed
photon temperature, kT, the corona temperature, kT, the photon
index, I', and a normalization factor. The coronal electron tem-
perature, kT, is fixed at 50 keV, since the NICER energy band does
not provide sufficient constraints. The seed photon temperature,
kT, in vKompthdk is linked to the inner disc temperature, kTj,,
in diskbb. Finally, we add a Gaussian component, with its cen-
tral energy constrained to be in the 6.4-7 keV energy range, to fit
the broad iron K, emission line in the spectrum. For observations
significantly affected by NICER calibration systematics, the most
noticeable features include edge-like structures near ~0.5 keV
(oxygen), ~1.8 keV (aluminum K), and ~2.3 keV (gold M). We
model these features empirically using edge components (see
summary in Table A1).

Note that the vKompthdk model contains four additional pa-
rameters that only affect the time-dependent spectrum, describ-
ing the corona size, L, the feedback fraction, n, the amplitude
of the variability of the rate at which the corona is heated by
an (unspecified) external source, 8Hey, and an additive param-
eter, reflag, that gives the phase lag in the 2-3 keV band. The
parameter reflag provides an additive offset to the lag-energy
spectrum, anchoring the model to the observed lag in the 2-3 keV
band, while the other parameters define the shape of the phase-
lag spectrum. None of these four parameters alter the steady-
state spectrum produced by vKompthdk. These four parameters,
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along with kT, kT, and I', describe the radiative properties of the
QPOs, namely the rms and the phase lags.

The spectral fitting yields acceptable results for most sources.
An exception is GRS 19154105, for which several observations
exhibit spectral features associated with X-ray winds. These
winds are indicated by the presence of narrow, blueshifted ab-
sorption lines from highly ionized Fe xxv (~6.7 keV) and Fe XXV1
(~6.97 keV). To account for these features and improve the fit, we
include gaussian absorption components to model the absorption
lines.

2.5 Joint fitting

In the previous subsection, we described how we have computed
the rms and phase-lag spectra of QPOs and separately fitted the
time-averaged energy spectrum of the source for each observa-
tion. Using these spectra and the initial parameter values, we
subsequently perform a joint fit of the rms and phase-lag spectra
of the QPO, along with the energy spectrum of the source, for
each of the 171 observations (see samples in Appendix B). The
model we use is TBfeox* (diskbb+vKompthdk+gaussian),
where vKompthdk includes a mode that enables simultaneous
fitting of the rms and phase-lag spectra. For GRS 1915+105, the
model additionally includes gaussian absorption components.
The vKompthdk model assumes that the QPO represents a small
oscillation around the steady-state solution of the Kompaneets
equation (A. S. Kompaneets 1957), which describes the evolu-
tion of the photon energy distribution through Comptonization
in the isotropical corona. As such, it provides a physical frame-
work that connects the energy-dependent rms and phase lags
with the thermal and geometric properties of the disc-corona
system.

Note that for the fitting of the rms spectrum of the QPO,
vKompthdk is multiplied by a dilution component, which is
not explicitly included in the total model, and which does not
introduce any new parameters to the fits (R. Ma et al. 2023; Y.
Zhang et al. 2023; K. Alabarta et al. 2025; D. Rawat et al. 2025).
The introduction of the dilution component is justified since
the time-dependent Comptonization model computes the rms
spectrum of a variable corona, whereas the observed rms is re-
duced by all non-variable spectral components. Since we isolate
the QPO contribution in the cross spectrum and model its lags
within vKompthdk, the measured phase lags are not diluted by
other spectral components, such as the disc, which is not assumed
to vary independently on the QPO time-scale. Here, we assume
that the diskbb and gaussian components are not variable
(E. Churazov, M. Gilfanov & M. Revnivtsev 2001). Therefore, the
dilution component is given by

FluXCompt (E)

dilution = €Y)
Fluxryl (E)
such that
Flux
IMSops = IMSCompt X —— ol )

FluXTotal

When we only fit the energy spectrum, we link kT; in
vKompthdk to kTj, in diskbb. However, when fitting simulta-
neously the rms and phase-lag spectra of the QPO and the time-
averaged energy spectrum of the source, we allow kT to vary
freely. Based on our analysis, letting kT vary freely provides a
better fit (see also R. Ma et al. 2023; D. Rawat et al. 2023; Y. Zhang
et al. 2023; K. Alabarta et al. 2025, where we did the same).
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We note that, although a fit with a dual corona (see F. Garcia
et al. 2021) may further reduce the x2, we do not explore this
approach here due to the limited number of energy bands in the
rms and phase-lag spectra of the QPO, as well as the large number
of free parameters that would be involved.

3 RESULTS

3.1 Power colour diagram

In Fig. 1, we show the PCD divided into the four primary spectral
states: the LHS, HIMS, SIMS, and HSS. These divisions follow
previous studies on the spectral evolution of BHXRBs (M. Mén-
dez & M. van der Klis 1997; T. Belloni et al. 2005; J. Wang et al.
2022), with the boundaries marked by dashed lines in the plot.
The PC hue is also annotated at specific positions, namely, 0° for
the reference point and 140°, 220°, and 300° for the transitions
between states.

The data points are only from observations with QPO detec-
tions. Observations in the LHS cluster around high log PC1 and
log PC2 values, indicating that the PDS is dominated by low-
frequency variability. Although we only detect one QPO in the
HSS, where the error bar of the PC is consistent with being in the
SIMS, L. M. Heil et al. (2015) report that this state is characterized
by low log PC1 and log PC2 values, where variability is signifi-
cantly weaker. The HIMS and SIMS represent the state transition
between the hard and soft states. The PCD effectively captures the
spectral evolution of BHXRBs and the hue will be further used to
study the connection between the time variability properties and
corona geometry.

We summarize the QPO frequency and hue for each of the
observations in Table Al. The behaviours described below are
those associated with the presence of QPOs. According to the
PCD, GRS 19154105 is seen in the LHS, HIMS, and SIMS. For GX
339—4, and MAXI J1820+070, the state transitions occur from
the LHS to the HIMS, followed by the SIMS. EXO 1846—031,
MAXI J1535—571, and Swift J1727.8—1613 undergo transitions
from the LHS into the HIMS but show no further indication of
transitioning into the SIMS or HSS. Only MAXI J1631—479 and
MAXI J1803—298 are located in the HIMS, lacking clear state
transition behaviour. MAXT J1348—630 exhibits a transition from
the HIMS to the SIMS and marginally into the HSS.

3.2 QPO and hue evolution

Fig.2 presents the relationship between QPO frequency and PC
hue during outbursts across different spectral states of nine se-
lected BHXRBs. Each data point corresponds to an individual
observation, with different colours and symbols representing dif-
ferent sources. The dashed grey lines are anchored at 140°, 220°,
and 300°, corresponding to the LHS-HIMS, HIMS-SIMS, and
SIMS-HSS transitions, respectively.

In the LHS and HIMS, the QPO frequency monotonically in-
creases from ~0.1 to 10 Hz as the hue increases, showing a strong
correlation with hue. Parallel tracks arise since hue is determined
by the integrated power in broad frequency bands, and not by
the QPO frequency. Consequently, sources with different QPO
frequencies can exhibit the same hue when the total power in the
frequency range containing the QPO is comparable. During the
HIMS-SIMS transition, the QPO frequency remains more or less
constant around 4-5 Hz. The increasing trend in QPO frequency
is consistent with the behaviour of type-C QPOs in the LHS and
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Figure 1. PCD for observations with QPOs from nine selected BHXRBs. The x-axis (log PC1) and y-axis (log PC2) represent the two PC components
derived from the PDS. Different colours and markers correspond to different sources, as indicated in the legend. The diagram is divided into four spectral
states: the LHS, HIMS, SIMS, and HSS, with boundaries marked by grey dashed lines. The hue, representing the angular position in the PC1-PC2
plane, is labelled at specific angles. The distribution of points shows how different sources evolve through various spectral states. Error bars indicate 1o

uncertainties.

HIMS, while the nearly constant QPO frequency in the SIMS
aligns with the characteristics of type-B QPOs (A. R. Ingram &
S. E. Motta 2019). It has been shown that QPO frequency can
be an indicator of the spectral state (e.g. T. Belloni et al. 2005).
The strong correlation between QPO frequency and hue high-
lights the effectiveness of the PC method in tracking spectral state
transitions.

Five observations of EXO 1846—031 (black circles) evolve
from the LHS to the HIMS, overlapping with those of MAXI
J1820+4-070. Their hue values range from ~ 110° to 180°. In the
LHS, the QPO frequency starts at around 0.2-0.3 Hz and increases
as the source transitions toward the HIMS, reaching ~ 6 Hz.

GRS 19154105 (red downward triangles) remains mostly in the
LHS with hues below 100°, where it exhibits LFQPOs at around
0.2 Hz. Some observations indicate change of the state, with QPO
frequencies reaching approximately 3 Hz.

The data of GX 339—4 (orange upward triangles) are scattered
between the LHS and SIMS, with hue values around 100° and
270°, respectively. Due to the lack of enough QPO measurements,
no clear evolution trend of the QPO frequency is observed. In-
stead, only a few data points show QPOs around 0.5 Hz in the
LHS and around a few Hz in the SIMS.

Following a transition path from the HIMS to the SIMS, MAXI
J1348—630 (yellow leftward triangles) spans hues from 180° to
300°. The QPO frequency remains approximately at 4.5 Hz as
this source moves toward softer states, consistent with a typi-
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cal type-B QPO during BHXRB outbursts (T. M. Belloni et al.
2020).

Observations of MAXI J1535—571 (green rightward triangles)
show that the QPO is mostly detected in the HIMS, with huesin a
narrow range of ~ 140° to 170°. No clear correlation between hue
and QPO frequency is observed, with QPO frequencies reaching
up to 10 Hz in the HIMS.

MAXI J1631—479 (cyan squares) exhibits a narrower distribu-
tion of hue and QPO frequency in the HIMS compared to MAXI
J1535—571. The hue of this source is around 170°, while the
QPO frequency ranges from 4 to 10 Hz, similar to that of MAXI
J1535—-571.

In the case of MAXI J1803—298 (blue pentagons), three ob-
servations are in the HIMS, where the hue values are around
200°, close to the transition to the SIMS. These data points occupy
the upper right region of the HIMS (high hue and high QPO
frequency), marking the high end of the correlation between QPO
frequency and hue.

MAXI J18204-070 (purple hexagons) spans a wide range from
the LHS to the edge of the SIMS, with hues varying from ~ 100°
to 220°. In the LHS, the QPO frequency of this source starts at
~0.2 Hz, increases to 5 Hz in the HIMS, and then slightly de-
creases to 4.5 Hz in the SIMS. Among all sources, this one exhibits
the most well-defined QPO evolution.

Swift J1727.8—1613 (pink diamonds) is located in the LHS and
HIMS, with hues ranging from 80° to 180°. Its QPO frequency
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Figure 2. QPO frequency as a function of PC hue for nine selected BHXRBs. Different colours and symbols represent different sources, as indicated
in the legend. The vertical dashed lines separate the LHS, HIMS, SIMS, and HSS. The QPO frequency increases systematically with hue, reflecting the

spectral state evolution of BHXRBs. Error bars indicate 1o uncertainties.

falls within the range of 0.3-7 Hz. Due to Sun-angle constraints,
this source lacks observations in the SIMS (A. Ingram et al. 2024).

3.3 Ratio of inner-disc to seed-photon temperatures

In the joint fitting of the energy spectrum and the QPO rms
and phase-lag spectra, we allow the seed photon temperature,
kT, in vKompthdk to vary independently from the inner disc
temperature, kTj,, inferred from the diskbb component. This
choice is physically motivated: In vKompthdk framework, kT;
characterizes the photons entering the variable Comptonization
region that produces the QPO, and therefore does not necessarily
correspond to the effective inner disc temperature inferred from
the time-averaged spectrum (C. Bellavita et al. 2022). Allowing
kT, to vary independently enables us to probe the physical origin
of the seed photons, rather than assuming that they always arise
from the same region of the disc traced by kT, (e.g. R. Ma et al.
2023; D. Rawat et al. 2023; Y. Zhang et al. 2023). To examine
whether kT; follows the same evolution as kT;, across different
spectral states, we show in Fig. 3 the ratio kT, /kT; as a function
of power-colour hue. Grey symbols show individual measure-
ments, while black points represent values averaged in bins of 10°
in hue.

In the LHS (hue < 140°), the ratio significantly deviates from
unity, indicating that the seed photon temperature differs from
the inner disc temperature inferred from the time-averaged spec-
trum. As the source evolves from the hue of 140° to ~ 200° to-

LHS HIMS

101 -

Ratio (kTi, / kTs)

100 4

0 50 100 150 200 250 3
Hue (deg)

Figure 3. Ratio between the inner disc temperature, kTj,, of diskbb
and the seed photon temperature, kT, of vKompthdk as a function of
power-colour hue. Grey semi-transparent points show individual mea-
surements from observations of nine sources, while solid black points
represent values averaged in bins of 10° in hue, with error bars represent
the uncertainty on the mean within each bin. Vertical dashed lines mark
the boundaries between the LHS, HIMS, SIMS, and HSS.
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Figure 4. Corona size as a function of PC hue for nine BHXRBs. Different colours and symbols represent different sources, as indicated in the legend.
The vertical dashed lines, located at hue values of 140°, 220° and 300°, mark the boundaries between the LHS, HIMS, SIMS, and HSS. The error bars
indicate 1o uncertainties. The points with arrows indicate the 90 per cent lower or upper limits. See Fig. 6 for binned data.

ward HIMS, the ratio shows a systematic evolution, gradually
approaching unity through the HIMS. From during the HIMS-
to-SIMS transition near the hue of 220°, the ratio increases
again. From the SIMS to the HSS (220° < hue < 300°), the ra-
tio decreases and becomes close to unity. This systematic, state-
dependent behaviour provides an insight on the origin and evo-
lution of the seed photons that are Comptonized in the variable
corona, and will be discussed in Section 4.2.

3.4 Corona geometry evolution

We simultaneously model the rms and phase-lag spectra of the
QPO, and the time-averaged energy spectrum of the source for
each observation to measure the corona size. Fig. 4 presents the
dependence of the corona size, modelled by vKompthdk, upon
hue, illustrating how the spatial extent of the corona changes
across different spectral states of BHXRBs. The figure is di-
vided into four spectral states, as previously shown in Figs 1
and 2.

3.4.1 Trends and source-specific observations

In the LHS (hue < 140° L. M. Heil et al. 2015), which is domi-
nated by emission from inverse Compton scattering in the corona
(R. A. Remillard & J. E. McClintock 2006), sources exhibit the
largest corona sizes, typically ranging from ~ 10* to 10° km. The
data points for GRS 19154105 cluster around the hue of 50°-80°,
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with the corona size increasing from 6 x 10 km to a few times
10* km. As the hue increases from 50° to 140°, data points from
GX 339—4, MAXI J1820+4-070, and Swift J1727.8—1613 indicate
that the corona size continues to grow, reaching up to 10° km.
Only one data point from EXO 1846—031 is located in the LHS at
a hue of ~ 110°, with the corona size constrained to be less than
~ 10° km.

As sources transition into the HIMS (140° < hue < 220°),
the corona size decreases significantly, typically falling below
10* km. In fact, the contraction of the corona already begins
in the LHS when the hue approaches 140°. This decrease is
particularly evident in EXO 1846—031, MAXI J18204-070, and
Swift J1727.8—1613. In contrast, for MAXI J1535—571 and MAXI
J1631—479, the corona size ranges between 200 and 10* km
within a narrow hue range. Near the transition from the HIMS
to the SIMS, the corona size increases again, from several hun-
dred kilometres (MAXI J1803—298 and MAXI J1348—630) to
a few thousand kilometres (GRS 1915+105, MAXI J1348—630,
and MAXI J1820+4-070). Note that near the HIMS-to-SIMS tran-
sition, the data points are much sparser due to the rapid nature
of the transition in BHXRBs, resulting in fewer observational
snapshots. The SIMS (220° < hue < 300°) is characterized by
relatively compact coronae, with sizes typically below 10* km. In
the SIMS, the data set consists of a few observations, where QPO
is less frequently observed, consistent with findings for the HIMS
in other studies (e.g. T. Belloni et al. 2005; A. L. Stevens et al. 2018;
R. Ma et al. 2023; Y. Zhang et al. 2023). In the HSS (hue > 300°),
there is only one observation from MAXI J1348—630 with corona
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Figure 5. Coronal size as a function of the QPO frequency for the nine
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size of ~8000 km. Note that the error bar of the hue marks this
observation consistent with the SIMS.

Fig.5 shows the corona size as a function of the QPO frequency.
The coronal size first increases from ~ 10* up to 10° km as the
QPO frequency increases from ~0.2 to 0.5 Hz, and then decreases
below 10° km with increasing QPO frequency over the range 0.5-
10 Hz. The decrease in coronal size exhibits a substantial range,
similar to that observed within a narrow range of power-colour
hue in Fig. 4.

3.4.2 Averaged corona size evolution and feedback fraction

To better resolve the evolution of corona size as a function of hue,
we bin the data into intervals of 10° in hue. Fig. 6 presents the evo-
lution of corona size after averaging over the nine BHXRBs. The
left panel shows individual data points from multiple sources,
along with a black curve representing the averaged trend of
corona size as a function of hue. Error bars of the black points
denote the propagated uncertainty of the mean within each bin.
The right panel displays the same averaged corona size, colour-
coded by the intrinsic feedback fraction, 1y, indicating the frac-
tion of the corona photons that return to the accretion disc and
are thermally reprocessed there.

The general trend reveals fluctuations in corona size as sources
transition from the LHS to the HIMS and further into the SIMS.
In the LHS (hue < 140°), the corona remains large, with sizes
increasing by about an order of magnitude from ~ 10* to ~
10° km at a hue of ~ 100°. As the hue increases toward the
HIMS (140° < hue < 220°), the corona contracts significantly
by about two orders of magnitude, with typical sizes decreasing to
~ 10% km. This shrinkage is followed by an expansion shortly be-
fore the transition to the SIMS (220° < hue < 300°), where the
corona reaches its most compact form. Only a few observations
exist in the SIMS and marginally HSS, but the data suggest a rel-
atively stable, small corona, with corona size variations between
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4000 and 8000 km rather than the broader range of ~ 103-10° km
observed in harder states.

Further exploration of the intrinsic feedback fraction pro-
vides additional insights by linking corona size to the fraction
of Comptonized photons reprocessed in the accretion disc (right
panel of Fig. 6). Darker colours indicate lower intrinsic feedback
fractions, while lighter colours correspond to higher fractions.
In the LHS, the intrinsic feedback fraction decreases from ~40
per cent to < 1 per cent as the corona size increases, imply-
ing that most Comptonized photons escape without significant
interaction with the disc when the corona size is the largest.
However, as the system evolves from the LHS into the HIMS, the
corona contracts dramatically while the intrinsic feedback frac-
tion increases (~10-15 per cent), suggesting stronger coupling
between the corona and the accretion disc. During the HIMS-to-
SIMS transition, the corona size increases again by approximately
a factor of three, while the intrinsic feedback fraction simultane-
ouslydrops to < 5 per cent. This behaviour indicates a weakened
interplay between the disc and corona, which is commonly ob-
served during the HIMS-to-SIMS transition (J. Wang et al. 2022;
R. Ma et al. 2023). As the source further evolves into the margin
of SIMS/HSS, the feedback fraction increases to ~30 per cent,
suggesting an enhanced coupling between the corona and the
disc.

4 DISCUSSION

We have analysed all NICER archival data of nine bright BHXRBs
with robust measurements of QPOs. A total of 171 QPO observa-
tions were identified across different spectral states, classified on
the basis of the hue valuesin a PCD. The QPO frequency increases
from ~0.1 to 10 Hz in the LHS and HIMS and generally remains
constant at ~4-5 Hz in the SIMS, while the hue continues to
increase. Using the vKompth model (K. Karpouzas et al. 2020; C.
Bellavita et al. 2022), we characterized the evolution of the corona
geometry across states and QPO frequencies (see Figs 4-6). How-
ever, not all sources contribute data in all spectral states, and in
some hue ranges the average is dominated by a single sampled
source. The averaged profiles should therefore be interpreted as
indicative population trends rather than as unbiased ensemble
properties.

4.1 Corona evolution during state transition

The scatter in the corona size at similar values of hue is further
resolved by the size versus QPO frequency. Actually both hue and
QPO frequency provide useful tracers of the accretion geometry,
when the source undergoes rapid and complex state transitions
(L. M. Heil et al. 2015; T. M. Belloni & S. E. Motta 2016). Changes
in the corona size and coupling to the disc may occur on time-
scales of days to weeks (e.g. R. Ma et al. 2023; D. Rawat et al. 2023),
leading to significant variations even within a narrow range of
hue or QPO frequency. In addition, neither the hue nor the QPO
frequency determines the corona geometry. The observed scatter
thus likely reflects evolution of the corona rather than measure-
ment uncertainties.

For a look at the corona size across state transitions, the corona
size first increases and then decreases as sources transition from
the LHS to the HIMS, and then into the SIMS. In the LHS (hue <
140°), the corona is large, growing by about an order of magni-
tude from ~ 10* km to above 10° km around a hue of ~ 100°.
As the source evolves toward the HIMS (140° < hue < 220°),
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Figure 6. Averaged corona size as a function of hue for nine BHXRBs. Left: individual measurements for each sources are given by the semi-transparent
points with different marker shapes (see the legends in previous figure), while the solid black curve represents the averaged corona size at each hue.
The shaded orange region indicates the interquartile range (25 per cent-75 per cent) of the corona size distribution within each bin. Right: the same
averaged trend, with the intrinsic feedback fraction (the fraction of corona photons that return to the accretion disc) shown using a continuous scale. In
both panels, the vertical dashed lines separate the LHS, HIMS, SIMS, and HSS.

the corona undergoes a rapid contraction, with sizes decreas-
ing by roughly two orders of magnitude, down to ~ 2 x 103
km at the hue of ~ 200°. This is followed by a flare-like expan-
sion near the HIMS-to-SIMS transition (220° < hue < 300°).
In the SIMS, the corona becomes compact and relatively stable,
with sizes ranging between 4000 and 8000 km. Although the
SIMS and HSS are less sampled, the data indicate a narrower
distribution in coronal size compared to the broader range of
~ 10°-10° km observed in harder states. We note that these
evolutionary trends are traced as continuous functions of hue;
the labels ‘LHS’, ‘HIMS’, and so on are used only as guides and
do not affect the results, which are independent of the exact
choice of state boundaries or classification method (e.g. PC versus
HID).

Additionally, the intrinsic feedback fraction remains relatively
low during the corona expansion in the LHS, possibly corre-
sponding to ejection behaviour of a large corona, as we have
already found in other sources with vKompthdk (e.g. M. Mén-
dez et al. 2022; R. Ma et al. 2023; Y. Zhang et al. 2023). These
observed trends can be closely connected to spectral state transi-
tions, where the contribution from the corona to the total emis-
sion in the ~0.2-1000 keV decreases while that from the accretion
disc increases (C. Done et al. 2007).

As shown in our measurements, the corona size increases as
the source evolves in the LHS, going from ~ 10* km to nearly 10°
km as the hue increases and the source evolves toward the HIMS,
while the intrinsic feedback fraction decreases. This behaviour
may be associated with the presence of a steady compact jet,
which is commonly observed in the LHS (R. Fender 2006). The
expanding corona may play a role in supplying energy or material
to the jet, or it may be partially extended along the jet axis, and be
coupled weakly with the disc, resulting in fewer photons return-
ing to the disc (P. Reig & N. D. Kylafis 2021; B. You et al. 2021,
2023). Additionally, the accretion disc in the LHS is relatively cool
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and likely truncated far from the BH (A. A. Zdziarski et al. 2004;
R. Narayan & J. E. McClintock 2008), reducing the solid angle
subtended by the disc from the corona’s point of view. As a result,
a significant fraction of Comptonized photons may escape with-
out being intercepted and reprocessed by the disc, contributing
to the observed decrease in the intrinsic feedback fraction. This
scenario suggests a weak coupling between the corona and the
disc in the LHS.

The flare-like expansion of the corona and the drop in corona
feedback onto the disc seen near the HIMS-to-SIMS transition
is an important feature. One possible explanation is that this
marks the beginning of a short-lived ejection event, where part
of the corona is expelled to form or feed a relativistic jet (M.
Méndez et al. 2022). This idea fits with observations showing
that steady jets disappear and fast-moving ejecta are launched
during this phase (I. F. Mirabel & L. F. Rodriguez 1994; R. P.
Fender et al. 2009). In this case, the sudden expansion of the
corona may reflect changes in magnetic fields or how the corona
interacts with the disc, making it easier for material to be ejected
upward (J. Ferreira et al. 2006). In contrast, during the LHS-to-
HIMS transition, we observe a steady contraction of the corona
accompanied by an increase in the intrinsic feedback fraction.
This trend supports the scenario in which the corona collapses
while increasing its interaction with the disc (E. Kara et al. 2019;
M. Méndez et al. 2022), leading to enhanced disc reprocessing in
relatively softer states.

Recent X-ray polarization measurements with IXPE provide
additional constraints on the corona geometry in BHXRBEs,
favouring a corona structure that is predominantly projected in
the disc plane during the LHS and HIMS, with only modest
changes in polarization angle (H. Krawczynski et al. 2022; A.
Ingram et al. 2024). These results are complementary to our
timing-based study, which probes the corona size, evolution, and
coupling with the disc and/or jet, but do not determine its ori-
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entation. In this context, a large coronal structure along the disc
plane, potentially associated with the jet base, can remain consis-
tent with polarization. The rapid contraction of the corona size
observed as the sources evolve from the LHS toward the HIMS
occurs contemporaneously with the decrease of the polarization
degrees observed in some of these sources, suggesting a varying
corona geometry (A. Veledina et al. 2023; A. Ingram et al. 2024).

4.2 Origin of the seed photons

The evolution of the ratio between the disc temperature, kTi,, in
diskbb and the seed photon temperature, kT, in vKompthdk
provides insight into the changing geometry and coupling be-
tween the accretion disc and the corona. Since this ratio di-
rectly compares the characteristic temperature of the inner disc
with that of the seed photons within the vKompthdk frame-
work, deviations from unity indicate that the seed photons do
not originate from the same disc region described by the diskbb
component.

In the LHS, the ratio kT;, /kT; significantly deviates from unity,
suggesting that the seed photons in the variable Comptonization
are not directly from the inner disc region dominating the time-
averaged thermal emission. Instead, the seed photons may origi-
nate from cooler regions of the disc (e.g. A. Veledina et al. 2013).
In the meanwhile, the intrinsic feedback fraction drops signifi-
cantly from ~40 per cent to < 1 per cent. This interpretation is
consistent with a relatively extended corona whose coupling to
the inner disc gradually weakens in the hard state. As the source
evolves toward the HIMS, the ratio gradually approaches unity
while the intrinsic feedback fraction increases, indicating an in-
creasing coupling between the corona and the inner disc. This
behaviour is simultaneous with the contraction of the corona size
and with the increase in the intrinsic feedback fraction, consis-
tent with a more compact disc-corona geometry (e.g. A. A. Esin
et al. 1997). During the transition from the HIMS to the SIMS,
the ratio increases and the intrinsic feedback fraction decreases
again, implying a decoupling between the inner disc and the seed
photon source. This behaviour may reflect a change in the coronal
geometry or heating mechanism during the rapid state transition,
known to be accompanied by substantial changes in accretion
flow properties (R. P. Fender, T. M. Belloni & E. Gallo 2004; T.
Belloni et al. 2005) From the SIMS to the HSS, the ratio decreases
and evolves towards unity, indicating that the seed photons are
again closely associated with the inner disc in the soft state. In this
regime, the system appears to reach a more stable configuration,
where the thermal disc dominates the emission and much less
observations show QPOs (e.g. S. Motta et al. 2011; Y. Zhang et al.
2024).

4.3 Corona size, black hole mass, and disc inclination

While the evolution of corona size is robustly measured, it is
important to consider whether such trends could be biased by
BH mass or inclination of the system, or the assumptions in the
model.

Many BH properties scale with the BH mass, for instance the
radius of the ISCO, or the Eddington luminosity (J. F. Steiner et al.
2010; J. Garcia et al. 2014; P. Gandhi et al. 2022). It is therefore cru-
cial to consider the BH masses in our sample. Only five sources
among the nine BHXRBs analysed here have dynamical mass
measurements: GRS 19154105 (11.2 +2 Mg; M. J. Reid & J. C.
A. Miller-Jones 2023), GX 339—4 (ranging from 2.3 t0 9.5 Mg; M.
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Heida et al. 2017), MAXIJ1803—298 (3 to 10 M; D. Mata Sinchez
et al. 2022), MAXI J1820+4070 (5.7 to 9.2 My; M. A. P. Torres
et al. 2020), and Swift J1727.8—1613 ( > 4 My; D. Mata Sanchez
et al. 2025). These values are broadly consistent with each other
and with the typical ~9-10 M, expected for stellar-mass BHs.
For the remaining sources, direct dynamical estimates are not
yet available, and we adopt a representative value of 10 My, for
scaling purposes. Therefore, we choose to present the corona size
in physical units (km), as directly obtained from vKompthdk,
and scale it into R; assuming a fiducial mass of 10 My, (see the
right axis of the left panel in Fig. 6).

J. Van den Eijnden et al. (2017) reported that the sign (pos-
itive or negative) of the QPO phase lag, when the QPO fre-
quencies are above ~2 Hz, depends on the inclination of the
BHXRB, possibly due to differences in relativistic geometrical
effects such as Lense-Thirring precession. In our vKompthdk
framework, QPOs are modelled as oscillations in thermal prop-
erties, i.e. temperature, in the corona. The model accounts for
photon propagation through both direct and inverse Comptoniza-
tion in the corona, as well as thermal reprocessing in the disc, all
of which contribute to the observed changes in phase lags. The
sources in our sample span a wide range of inclination angles:
EXO 1846—031 (~ 40°; Y. Wang et al. 2021), GRS 19154105 (~
70°; J. M. Miller et al. 2013), GX 339—4 (48° £+ 1°; J. A. Garcia
etal. 2015), MAX1IJ1348—630 ( < 46°; F. Carotenuto et al. 2021),
MAXI J1535—571 (~ 60°; Y. Xu et al. 2018), MAXI J1631—479
(29° £ 1°; Y. Xu et al. 2020; see S. K. Rout et al. 2023b for other
measurements of 50°-70°), MAXI J1803—298 (~ 70°; Y. Feng
et al. 2022), MAXI J1820+4-070 (81°; J. Wang et al. 2021), and
Swift J1727.8—1613 (~ 40°; J.-Q. Peng et al. 2024). Despite the
wide variation in inclination, our results suggest that the inferred
corona size evolution does not strongly depend on viewing angle.
For instance, all sources exhibit a broadly similar pattern: an ini-
tial expansion in the LHS, a significant contraction in the HIMS,
and a flare-like expansion near the HIMS-to-SIMS transition. The
SIMS is characterized by a more compact and stable corona with
reduced variability, while around the HIMS-to-HSS transition,
though sparsely sampled due to few QPO detections, shows ten-
tative signs of a slight increase in corona size. We note, however,
that not all sources are equally represented across all states, so
this description reflects the global picture rather than a uniform
sequence observed in every case. This inclination-independent
trend is consistent with the assumptions of vKompthdk, which
models the corona as spherical and isotropic, and which likely
indicates that inclination does not have a significant effect on the
inferred corona size.

4.4 Coronal geometry from different timing signals

Based on fits using the vKompthdk model, we have previously
investigated NICER observations of the corona evolution during
state transitions in several BHXRBSs, including MAXI J1348—630
(F. Garcia et al. 2021; K. Alabarta et al. 2025), MAXI J1535—571
(D. Rawat et al. 2023; L. Zhang et al. 2023), MAXI J1820+070 (R.
Ma et al. 2023), and Swift J1727.8—1613 (D. Rawat et al. 2025). For
instance, the study of MAXI J1820+070 focuses on the variable
corona during the HIMS-to-SIMS transition over time-scales of
hours, showing a morphological change from a slab-like to a jet-
like corona geometry (R. Ma et al. 2023). In MAXI J1535—571,
QPOs are detected in the HIMS at frequencies between 2 and
9 Hz, where the corona size continuously decreases from ~ 10*
to ~ 10° km and the feedback fraction increases (D. Rawat et al.

MNRAS 546, 1-22 (2026)

920z aunp zo uo 1sanb Agq 688£818/1 9ZPeIS/¥/91S/8]01e/SEIUW/WO0 dNO"dIWSpEI.//:SdNY WO} POPEOJUMO(]



12 Y. Zhanget al.

2023). Note that this behaviour is observed within a narrow hue
range of ~ 145°-175°, corresponding only to the HIMS. These
earlier works concentrate on specific spectral states, rather than a
systematic view of corona evolution across full outbursts or larger
source samples. In contrast, our study aims to provide such an
overview by examining the complete outburst evolution of nine
BHXRBSs, with corona measurements in individual NICER orbits
across all spectral states.

A recent study of Swift J1727.8—1613 using a dual-corona
model finds that the overall corona size is consistent with that
inferred from the one-zone vKompthdk model (D. Rawat et al.
2025). In that work, the corona size increases to ~ 10* km in the
LHS and subsequently decreases to ~ 2 x 10 km in the HIMS.
Meanwhile, the intrinsic feedback fraction shows a clear increase
during the LHS-to-HIMS transition, consistent with our findings
for Swift J1727.8—1613.

While X-ray variability in BHXRBs generally comprises broad-
band noise and QPOs (T. Belloni et al. 2002), recent works sug-
gest a different interpretation of the PDS. Several studies (M. A.
Nowak 2000; T. Belloni et al. 2002; M. Méndez et al. 2024) propose
that the PDS is better described as a sum of multiple Lorentzian
components, each representing variability on relatively narrow
time-scales. At low frequencies, broad-band noise often exhibits
hard lags attributed to accretion fluctuations and Comptoniza-
tion (P. Uttley & J. Malzac 2025), while at higher frequencies, soft
lags interpreted as soft delays may arise from disc reflection (A.
Zoghbi et al. 2010). Models like reltrans assume a lamppost
geometry to describe such reverberation, but treat reverberation
and hard lags as being produced by distinct mechanisms (J. Wang
et al. 2021). In our study, we focus on constraining coronal prop-
erties using the QPO component, which represents a coherent
feature in the PDS and cross spectrum (M. Méndez et al. 2024).
The lags of QPOs can be either hard due to Comptonization or
soft due to feedback thermalization (K. Karpouzas et al. 2020; C.
Bellavita et al. 2022). By modelling the QPO phase-lag and rms
spectra of the QPO jointly with the energy spectrum of the source,
our approach isolates a specific mode of coronal variability, allow-
ing us to directly probe the physical structure and evolution of the
corona across spectral states.

Interestingly, the soft lags inferred from broad-band noise stud-
ies change significantly during spectral state transitions (J. Wang
et al. 2022). Assuming these soft lags arise from the light travel-
time between the corona and the disc, estimates suggest that dur-
ing the hard-to-intermediate state transition, the corona height
decreases from ~1000 to 200 km in the LHS, then expands up
to ~9000 km in the HIMS, followed by a slight decrease in the
SIMS. This trend is similar to the behaviour we observe from QPO
modelling, where corona size contracts in the HIMS and flares
near the HIMS-to-SIMS transition. However, the absolute size
estimates differ: our vKompthdk modelling shows the corona
reaching up to 10° km in the LHS, dropping to ~ 10 km in the
HIMS, and remaining compact at ~4000-8000 km in the SIMS.

An important distinction should be emphasized between the
corona sizes inferred from QPO modelling and those estimated
from reverberation soft lags, which are commonly interpreted
within a lamppost geometry. Reverberation lags primarily trace
light traveltime between a vertical point X-ray source and the
disc (P. Uttley et al. 2014), whereas vKompthdk constrains an
effective corona size associated with Comptonization and disc
thermalization. In the early LHS, the large feedback fraction (40
per cent) and corona size inferred from QPO modelling are nat-
urally explained by an extended corona strongly coupled to the
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disc, rather than vertically elevated lamppost (K. Alabarta et al.
2025). In such a configuration, large feedback in vKompthdk
does not necessarily produce large reverberation soft lags, high-
lighting the different physical sensitivities of the two timing
diagnostics.

Within this framework, the two approaches should be regarded
as complementary, each probing different aspects of the corona
geometry under different assumptions. Despite differences in
scale, both reverberation and QPO-based analyses reveal similar
trends in coronal geometry. Prior to the HIMS-to-SIMS transition,
the soft lags of the broad-band noise and the corona size inferred
from the QPO using vKompthdk modelling both suggest that
the corona becomes more compact, or that disc-corona coupling
strengthens (J. Wang et al. 2022). However, around the HIMS-
to-SIMS transition, the two diagnostics appear to decouple: the
corona height inferred from soft lags increases significantly, while
the vKompthdk-inferred size remains compact. This divergence
likely reflects a geometric change, such as the vertical expan-
sion or partial ejection of the corona. In such a scenario, in the
LHS, the highly coherent QPO signal may catch the full size
of an extended Comptonization medium, while the reverbera-
tion lag would be sensitive to an ‘averaged’ coronal height, or
base of the vertical corona, from where most of the photons
are emitted towards the disc producing the soft lag. This inter-
pretation is supported by simulations (M. Liska et al. 2021; M.
Lucchini et al. 2023) and reflection-based modelling (D. J. K.
Buisson et al. 2019), which suggest that the corona transitions
from a vertically extended structure in the LHS to a more com-
pact, possibly jet-associated configuration in a softer state. The
discrepancy in absolute size estimates may thus be reconciled
by recognizing that reverberation lags are influenced not only
by light travel time, but also by scattering, dilution, and energy-
dependent response. A unified modelling approach incorporat-
ing both QPO and reverberation timing may offer a more com-
plete picture of the evolving coronal geometry throughout the
outburst.
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APPENDIX A: OBSERVATIONS

Name NICER ID Orbit QPO frequency (Hz) Hue (deg) Size (103 km) Feedback fraction szeduced
EXO 1846—031 2200760101 F 0.26 4 0.01 11243 0.017}7® 1.0%P 0.52
2200760103 F 1.01 £ 0.02 151£3 18127 0*9? 0.47
2200760104 F 1.39 +0.02 153+4 PAKA 0.0+5° 0.61
2200760105 F 2.36 £ 0.02 183+ 7 8*h 0.0"9° 0.48
2200760110 F 6.40.2 179 + 8 37 0.5%P, 0.31
GRS 1915+105 1103010137 F 4.18 +0.07 197 + 4 2.5%07 0.48 £ 0.06 0.68
1103010157 F 2.16 0.01 178 +1 3.5+£0.7 0.41 & 40.07 0.60
2596010201 F 2.04 £0.01 188+ 6 16+ 4 0.8*, 1.04
2596010601 F 2.2140.01 208 £11 3£1 0.32 4 0.02 1.39
2596010801** F 2.09 £0.02 261+8 3806 0.70 £ 0.03 1.60
4103010225* ** F 0.170 £ 0.002 48+2 102 0.97 £0.01 1.44
4647012001 ** F 0.182 & 0.002 4441 0.01*) 0.94 £ 0.01 1.37
4103010226* ** F 0.175 % 0.004 56+5 42+3 1078, 127
4647012002*% ** F 0.171 £ 0.002 37+1 6.3£0.4 02792 1.49
4103010227 ** F 0.169 % 0.002 43£1 2177, 1.0078 1.62
4103010230* ** F 0.177 £ 0.003 61+5 51.070 0.92+02 1.43
4103010231** F 0.177 £ 0.002 56+3 451234 0.9375 119
4103010235 F 0.195 =+ 0.002 76 + 4 1819, 0.86709¢ 1.61
4103010236 F 0.188 & 0.002 58+7 3318 0.9675 s 1.53
4103010237 ** F 0.196 & 0.004 64+ 6 19.3102 0.9675 1.44
4103010238* ** F 0.207 £ 0.002 46+ 5 143704 0.96"7 s 1.58
4647012201* F 0.204 £ 0.003 70+8 27£17 0.96"7 . 1.32
GX 339—4 3558011402 F 0.42 4 0.01 113+6 0.01+7° 10*h, 0.83
3558011501 F 0.48 0.01 104 +3 0.0173! 0.87F, 0.76
4133010101 F 0.52 +0.02 9246 0.01+86 0.57F, 0.70
4133010107 F 5.05£0.02 2694 52405 0.33£0.05 1.63
MAXI J1348—630 1200530107 F 4.62 £ 0.02 170 £ 2 21£0.5 0.38 £ 0.02 146
1200530108* F 4.53+0.01 19214 0.01752 0.34 £0.01 1.38
1200530109* F 4.67 £0.01 231+5 107104 0.85 £ 0.06 1.68
1200530112* F 4.5140.01 218 £10 10.0753 0.8+0.1 1.65
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Table Al - continued

Corona seen by NICER 15

Name NICER ID Orbit QPO frequency (Hz) Hue (deg) Size (10°km)  Feedback fraction X2 duced
1200530113 F 4.38 +0.03 308 + 33 7.819¢ 1.0%h, 1.08
1200530117* F 4.28 £0.01 215+ 10 10.0194 0.8*2, 1.58
1200530123 F 3.97£0.04 221+23 28 0.2792 1.00
1200530124* F 4.2440.01 207 £2 9+1 0.740.1 1.29
1200530125* F 3.98 £0.01 231+£9  10.7+0.8 0.0079 1.67

MAXI J1535-571 1050360105 2 2.75£0.02 15244 3+2 0.55 £ 0.07 0.70
1050360105 3 2.4240.01 165+3 9.940.2 10077 . 0.59
1050360105 4 2.29 £0.01 169 £ 10 17+3 1078, 0.81
1050360105 5 2.35£0.01 175+ 10 1573 1075, 0.70
1050360105 6 2.46 £ 0.02 171+ 10 134107 1.0%h, 0.73
1050360105 11 1.94£0.01 147+£3 156402 1.00%7 . 0.71
1050360105 12 1.80 £ 0.01 148 +£2 22 10078, 0.69
1050360105 13 1.83+0.01 14542 1342 0.59 £ 0.07 0.64
1050360106 F 1.83£0.01 148+0  18.54+08 0.857F 0.39
1050360107 F 2.1440.01 163 £2 15+1 107k, 0.30
1050360108 0 2.36 4 0.02 16346 14.2194 1078, 0.61
1050360108 1 2.4540.02 1565 141409 0.77 £0.05 0.78
1050360108 2 2.7440.01 175423 78408 0.67 £ 0.04 0.87
1050360109 0 2.774£0.01 170 £7 117} 0.97F, 0.74
1050360109 1 3.30 +0.02 167+6 9.619¢ 1078, 0.68
1050360109 2 3.56 £ 0.04 158 13 2.3753 0.6275.11 0.84
1050360109 5 3.43£0.02 158+£13  3.240.05 0.66 % 0.04 0.82
1050360109 6 2.99 +0.01 173+ 44 8.79¢ 10072 0.67
1050360109 7 2.74 £0.01 164 +£4 9£1 0.781008 0.57
1050360110 0 2.89 £ 0.01 1664  9.2+04 0.75 £ 0.03 0.66
1050360110 1 4.03 £0.02 157 +4 8£2 0.877, 0.68
1050360110 2 4.79 £0.02 1664  0.68+0.03 0.32173951 0.75
1050360111 F 9.07 £ 0.05 135+4 4.3793 10%h, 0.24
1050360112 1 7.38 +0.06 166 +4 3+1 0.6375.2% 0.60
1050360113 0 7.50 £ 0.05 1624+2  6.69+0.05 0.796 = 0.005 0.68
1050360113 1 8.99 4 0.04 145+ 3 1.861097 0.76 £ 0.02 0.69
1050360113 2 8.77 £0.03 157+£2  4.59£0.05 0.687 & 0.005 0.58
1050360113 4 9.47 +0.03 149+ 5 541 0.9%8, 0.74
1130360103 1 6.88 & 0.04 165 +2 6.1%073 1.007P ¢ 0.54
1130360104 F 5.39 +0.02 161+£3  0.20+0.02 0.40273:9% 1.14
1130360105 F 5.80 +0.01 164+ 1 6.4+0.5 0.8375.%7 0.23
1130360106 F 6.80 == 0.04 1634+2  4.3940.09 0.68 == 0.01 0.27
1130360107 F 4.61 +0.01 169 +3 9.8%04 10077 0.81
1130360108 0 4.83 £0.02 162£6 8.579% 1072, 0.62
1130360108 1 5.87£0.03 159+ 4 5.4792 10075, 0.73
1130360110 0 7.03£0.06 161+4 52402 10077 ¢ 0.63
1130360110 1 5.88 +0.03 162+4 56193 0.77-5.89 0.64
1130360112 2 4.36 +0.03 149 + 23 7.9%03 10077 0.77
1130360113 0 4.41 +0.03 177 £ 14 14+4 107k, 0.81
1130360113 3 5.19 +0.02 15544 3.8140.09 1.00%7 0.71

MAXI J1631—479 1200500110 F 5.21£0.02 171 +2 3.670% 0.6+0.1 0.89
1200500111 F 4.16 £0.02 167 £3 8.7%3 10072 0.36
1200500112 F 7.69 £ 0.08 163+£2 347407 10%h, 0.46
1200500113 2 5.63+0.03 163+5 257402 0.0+53 0.82
1200500113 3 5.5540.03 169 5 5+1 0.55 = 0.06 0.89
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Table A1 - continued

Name NICER ID Orbit QPO frequency (Hz) Hue (deg) Size (10°km)  Feedback fraction X2 duced
1200500113 4 5.97 +£0.04 16544  12.6+0.3 1.00%p 0.85
1200500113 5 4.90 £0.03 169 + 8 2£1 0.37£0.05 0.88
1200500113 6 4.69 £ 0.02 164 £ 2 7.2£0.2 1.00%P . 0.70
1200500114 F 5.79 £ —0.02 166 + 1 7.1%08 0.9%P, 0.26
1200500115 0 5.74 £0.03 166 + 3 49403 0.69 & 0.06 0.72
1200500115 1 6.18 +0.04 167 +4 30+ 1.0%8, 0.73
1200500116 0 8.6+£0.1 16344 3+1 0.56 £ 0.05 0.70
1200500116 4 7.33 +£0.08 169 £ 5 212 0.290:02 0.92
1200500116 8 7.8£0.1 16244 106793 1.0%h, 0.75
1200500117 F 9.08 + 0.06 15542 0.0179% 0.69610-902 0.28
1200500118 5 6.30 £ 0.06 1679 5£2 0.6703 0.80
1200500118 7 4.97£0.03 166 & 5 2.3+£02 10070, 0.69
1200500118 8 5.3240.03 162£5 5+04 1.00°2 - 0.80
1200500119 0 4.70 £0.03 161+£10  7.8+£0.06 1078, 0.95
1200500119 2 4.34£0.03 174410 73404 10077 0.83
1200500119 3 4.44£0.02 173 £8 6.8792 1072, 0.78
1200500119 4 4.46 £ 0.02 1676 7.0+ 0.4 1.00%P o 0.80
1200500124 0 5.25+0.04 165+ 6 6£2 0.0792 0.89
1200500126 F 4.13+0.03 170 +3 942 1075, 0.27
1200500127 F 4.4340.01 168 2 910:¢ 1.0%¢, 0.25
1200500128 F 5.01+0.04 164 +3 9+£2 097, 0.33
1200500129 F 5.90 £ 0.05 174+5 9£1 1078, 0.48
1200500130 3 6.14+0.05 177410 17.8406 10070, 0.82
1200500131 F 5.77 £0.03 185+4 7.5759 1.0075, 0.35
1200500134 4 5.31+0.04 176 £ 9 2£1 0.30+6 0.99
1200500135 F 4.71£0.02 171+3 0.0179% 0.487020 0.40
1200500137 F 5.46 +0.04 1684 6.779¢ 1072, 0.45
1200500140 F 5.51+0.09 172+8 1243 0.8%, 0.46
1200500142 F 5.68£0.04 167+4  10.5+£0.7 10%¢, 0.58

MAXI J1803—298 4202130109 F 6.0+£0.2 1987 0.00470:259 0.21%05¢ 0.66
4675020103 F 6.88 & 0.08 210£5 0.01*%! 0.23 £ 0.03 0.64
4202130110 F 6.52 £ 0.05 195 + 4 0.0179 0.201%9:02 0.83

MAXI J1820+-070 1200120138 F 0.178 £ 0.004 9442 1421238 0.0752 0.78
1200120140 F 0.250 £ 0.005 11242 61138 0.167 528 0.91
1200120141 F 0.282 £ 0.005 121+3 50159 0.0675 0.58
1200120142 F 0.279 £ 0.004 118+1 0.01*% 0.2679:39 0.63
1200120143 F 0.299 £ 0.004 12141 73 0.047924 0.68
1200120144 F 0.311 + 0.003 123+1 1612 0.0079.0 0.66
1200120145 F 0.338 £ 0.003 12940 0.0175° 0.307923 0.65
1200120146 F 0.350 % 0.004 12941 3778 0.09 == 0.06 0.84
1200120147 F 0.385 == 0.004 13141 1277] 1.00%p 1.58
1200120149 F 0.441 +£ 0.005 133+1 200.012, 0.13575:901 0.66
1200120150 F 0.466 == 0.006 138 +1 3070 0.0754 0.57
1200120151 F 0.435 £ 0.009 134£2 837 1.00°% 0.60
1200120152 F 0.462 = 0.005 132+1 65+ 6 0.0079.0 1.37
1200120153 F 0.48 0.01 13344 8543 1078, 1.33
1200120156 F 0.494 £ 0.006 137+1 83+4 10070, 0.47
1200120157 F 0.411 = 0.005 13241 200.0%7 0.135 == 0.002 1.62
1200120161 F 0.335 £ 0.004 12741 38128 0.7£0.2 0.64
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Table Al - continued

Corona seen by NICER 17

Name NICER ID Orbit QPO frequency (Hz) Hue (deg) Size (10°km)  Feedback fraction X2 duced
1200120162 F 0.329 = 0.007 129 +1 30179 0.7£0.3 0.68
1200120163 F 0.423 £ 0.007 135+1 0.01%) 0.740.1 1.68
1200120165 F 0.378 % 0.004 134+1 0.01%3 1078, 0.66
1200120171 F 0.319 £ 0.009 129+1 40730 0.1792 0.59
1200120172 F 0.337 £ 0.007 12742 0.0173 0.47%023 0.63
1200120193 F 0.702 £ 0.009 14242 3411 0.007993 0.53
1200120194 F 0.782 = 0.005 148 £ 1 3143 0.2875:%8 0.74
1200120195 F 1.57+0.01 158 42 9.4%04 0.00742 0.56
1200120196* 0 2.09 £ 0.02 164 +3 807 0.29 £ 0.01 1.05
1200120196 1 2.9140.02 169 £ 7 0.01if‘6),-°8 0.27+0.03 1.25
1200120196 2 3.23+0.02 18146 0.017)" 0.26 +0.02 1.18
1200120196 3 3.80 £0.01 179+ 7 11f2 0-5f8ﬁ§ 0.73
1200120196 4 4.16 £0.03 171£5 0.0179% 0.23 £0.02 1.27
1200120197 2 4.99 £0.05 191+38 0.0179 0.20 £ 0.01 0.83
1200120197 11 3.93+0.02 2188 3.2£0.6 0.17 £ 0.01 1.51
1200120197 12 3.25+0.07 165+ 15 11738 0.18 £ 0.01 1.21

Swift J1727.8—1613 6203980102 0 0.276 % 0.007 87 £15 0.01+3 0.72 £ 0.06 1.08
6203980102 1 0.324 £ 0.006 80+ 15 4977 0.0215% 1.10

+0.004 +p +p
6203980102 2 0.34570:9%4 91+6 20070 100758, 1.07
6203980102 3 0.371 % 0.004 105+ 5 0.01*2! 0.54 £ 0.01 1.42
6203980103 2 0.455 £ 0.008 99+ 14 0.01%} 0.8+0.1 1.20
6203980103 3 0.597 % 0.005 1145 0.01+3 0.56 £ 0.05 1.32
6203980104 F 0.795 = 0.005 120£2 29+2 0.2875.10 1.46
6203980105 F 0.891 = 0.004 125+1 202 0.23£0.02 1.61
6203980109* F 1.266 % 0.002 137+£1  13.2140.02 0.331 £ 0.003 1.62
6203980110 F 1.315 +0.003 13541 13.05£0.03 0.345 = 0.005 1.68
6203980111* F 1.177 £ 0.003 138+1 155403 0.32£0.02 1.32
6203980112 0 1.030 % 0.006 140 +3 44104 100758, 1.62
6203980112 1 1.10 £ 0.01 132£6 8£2 0.7£0.1 1.29
6203980112 2 1.20 £0.01 132+9 3573 10, 1.31
6203980112 3 1.32£0.03 14245 1773 04£0.2 1.42
6203980112 4 1.49 £0.01 138+ 5 62 0.37 £ 0.04 1.59
6203980112 6 1.43£0.01 147+4 13£5 0.3975.27 1.58
6203980112 8 1.396 % 0.009 149+ 6 4£1 0.37 £0.05 1.56
6203980112 10 1.492+9-006 144 £3 gt 0.32£0.02 1.69
6203980113 F 1.400 £ 0.004 145+1  13.77005¢ 0.41 +0.03 1.66
6203980114* F 1.377 +0.005 1464+1  13.6140.03 0.399 = 0.006 1.47
6703010104 F 1.62 £ 0.01 136+ 5 0.01%3 0.54 £ 0.01 0.88
6703010107* F 2.56 £ 0.01 17743 2.02+0.08 0.47173:90 1.34
6203980130 F 6.5£0.1 171+7 2.6£0.5 04£0.1 1.09
6703010113* F 74£01 14343 6.6+0.3 0.00%9,%2 0.71
6557020401* F 7.3£0.1 162+2 29£02 0.71 £0.07 0.48

Notes. In the orbital column, ‘F’ denotes the full observation, while numbers indicate the NICER orbits that we use. The corona size ranges from
0.01 x 103 to 200 x 10% km, while the feedback fraction ranges from 0 to 1, asset by the model. The quoted uncertainties correspond to 1. Note
that the symbol ‘p’ in the error bars indicates that the parameter is pegged at the boundary on that side. In such cases, the opposite side represents

the 90 per cent confidence interval.

* Observations with significant NICER calibration systematics.
+% Observations with significant wind absorption lines.
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APPENDIX B: SAMPLES OF JOINT FITTING
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Figure B1. Example fit for EXO 1846—031 (observation ID 2200760110). Left: from top to bottom, the time-averaged energy spectrum of the source,
rms and phase-lag spectra of the QPO, along with the corresponding best-fitting models. Right: from top to bottom, the residuals (A x2) for each of the
corresponding fits shown on the left.
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. Example fit for GRS 1915+105 (observation ID 1103010157). Panels are the same as in Fig. B1.
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Figure B3. Example fit for GX 339—4 (observation ID 4133010101). Panels are the same as in Fig. B1.
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Figure B4. Example fit for MAXI J1348—630 (observation ID 1200530113). Panels are the same as in Fig. B1.
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Figure B5. Example fit for MAXI J1535—571 (observation ID 1050360107). Panels are the same as in Fig. B1.
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Example fit for MAXI J1631—479 (observation ID 1200500111). Panels are the same as in Fig. B1.
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Example fit for MAXI J1803—298 (observation ID 4202130109). Panels are the same as in Fig. B1.
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Figure B8. Example fit for MAXI J18204070 (Observation ID 1200120141). Panels are the same as in Fig. B1.
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Figure B9. Example fit for Swift J1727.8—1613 (observation ID 6557020401). Panels are the same as in Fig. B1.
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