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A B S T R A C T 

We present a systematic study of the evolution of the corona geometry in nine black hole X-ray binaries (BHXRBs) using 

ar chival data fr om N eutr on 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-int ermediat e stat es (LHS and HIMS), and r emains appr o ximately constant 
at 4–5 Hz in the soft-int ermediat e stat e (SIMS). The corona size shows significant evolution: the corona is large ( ∼ 10 

4 –
10 

5 km) in the LHS, contr acts r apidly to ∼ 10 

3 km in the HIMS, and e xhibits a flar e-like e xpansion 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 w ork, how ev er, 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. 

Key wor ds: accr etion, accr etion discs – stars: black holes – X-rays: binaries. 
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 INTRODUCTION  

 black hole X-ray binary (BHXRB) system harbours a central 
H and a companion star. In the X-ray outburst of such a system,

ntense X-rays in the soft and hard X-ray bands are observable. 
he soft X-ray emission is generally from the thermal accretion 
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isc (Y. Tanaka 1989 ), with the disc spectrum peaking at around
.2–2.0 keV; a fraction of the soft disc photons are Compton
pscattered in the corona, forming a component in the energy 
pectrum with a shape of a cut-off power law up to 100 keV
for reviews, see C. Done, M. Gierli ́nski & A. Kubota 2007 ; M.
ilfanov 2010 ). In the scenario where a fraction of the Comp-

 onized phot ons illuminat e the accretion disc, these phot ons are
 epr ocessed and Compt on backscatt ered, leading t o a relativistic
eflection component (A. C. Fabian et al. 1989 ). This reflection
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pectrum includes characteristic broadened X-ray emission lines,
he most prominent of which is the iron K α line at 6.4–7.0 keV,
long with the Compton hump around 20 keV (see C. Bambi et al.
021 , for a review). 

During a typical outburst, a BH X-ray transient follows an
nticlockwise ‘q’ path in the hardness–intensity diagram (HID;
. Homan et al. 2001 ; T. Belloni et al. 2005 ; J. Homan & T. Bel-
oni 2005 ), as the proportion of the disc and corona components
 aries, resulting in sever al well-defined spectr al states (T. Bel-
oni et al. 2005 ): at the onset of the outburst, the source arises
rom quiescence to the low-hard state (LHS), characterized by a
ominant har d cor ona component and a r elativ ely w eak thermal
isc component in the X-ray spectrum (e.g. J. A. García et al.
015 ; R. Sharma et al. 2018 ). As the mass accretion rate increases,
he source becomes brighter and r apidly tr ansitions through
he hard-int ermediat e stat e (HIMS), the soft-int ermediat e stat e
SIMS), and reaches the high-soft state (HSS, e.g. M. Méndez &

. van der Klis 1997 ; T. Belloni et al. 2005 ; T. M. Belloni 2010 ;
. Motta et al. 2012 ). From the LHS to the HSS, the truncated
isc gradually moves closer to the innermost stable circular orbit
ISC O) ar ound the BH (A. A. Esin, J. E. McClintock & R. Nar ay an
997 ; but see e.g. R. C. Reis et al. 2008 and J. M. Miller et al.
018 who argue that the disc is not truncated in the LHS/HIMS)
nd the thermal component becomes dominant, while the spec-
rum of the hard component becomes steeper and weaker (e.g.
. Sharma et al. 2018 ; Y. Dong et al. 2022 ). In the decay of the
utburst, with a gradual decay of the mass accretion rate, the
ource transitions back to the LHS at a lower luminosity than the
orw ard tr ansition before finally returning to the quiescent state
K. Alabarta et al. 2021 ). 

In addition to X-ray emission during the outburst, radio emis-
ion from a jet is often prominent (for a review, see R. Fender
006 ). The relationship between the spectral states and the ra-
io emission suggests the existence of a corona–jet coupling (M.
éndez et al. 2022 ). In both the LHS and HIMS, a compact jet

s observ ed; how ev er, during the stat e transition from the HIMS
o the SIMS, the compact, optically thick, jet is usually quenched
R. P. F ender, J . Homan & T. M. Belloni 2009 ). In the SIMS, the
ompact jet is no longer present, but a bright transient jet appears,
ccompanied by observable discrete, optically thin, relativistic
jecta (I. F. Mirabel & L. F. Rodríguez 1994 ). Later in the HSS,
he jet disappears (S. Corbel et al. 2004 ). 

Open questions persist r eg ar ding the corona geometry near
Hs and its evolution during an outburst. Spectral analyses indi-
ate the corona is located within a truncated disc that approaches
he ISC O fr om the LHS to the HSS during the outburst (C. Done et
l. 2007 ; A. Veledina, J. Poutanen & I. Vurm 2013 ). This scenario
as sometimes been confronted by a non-truncated disc picture
ith a lamppost corona structure located above the BH, which
as been supported by the reflection modelling of relativistically
r oadened ir on lines in the LHS (e.g. Y. Xu et al. 2018 ). How ev er,
he current polarimetric observations suggests a corona extended
n the disc plane, posing significant questions on the current
nderstanding of the corona geometry inferred from reflection
pectroscopy fitting (H. Krawczynski et al. 2022 ; A. Ingram et al.
024 ; J. F. Steiner et al. 2024 ). The conflicting spectral and polari-
etric results demonstrates an urgent need for new evidence to

onstrain the disc–corona geometry across state transitions. 
X-ray timing analysis is a powerful tool for exploring the inner-
ost regions of BHs in XRBs (see A. R. Ingram & S. E. Motta 2019 ,

or a recent review). In the Fourier domain, the power density
pectrum (PDS) of the X-ray light curve shows different kinds of 
NRAS 546, 1–22 (2026) 
ariability, e.g . br oad-band noise and narrow peaks called quasi-
eriodic oscillations (QPOs; M. Van der Klis 1989 ; M. A. Nowak
000 ; T. Belloni, D. Psaltis & M. van der Klis 2002 ). The most fre-
uent QPOs in BHXRBs are the low-frequency QPOs (LFQPOs),
ith central frequencies ranging from mHz to ∼ 30 Hz (T. M.
elloni & L. Stella 2014 ). These QPOs are classified into types
, B, and C, depending on the shape of the broad-band noise,

he broad-band fractional root-mean-square amplitude (hereafter
ms), the phase lags of the QPOs, and the spectral state of the
ource (R. A. Remillard et al. 2002 ; P. Casella et al. 2004 ; P. Casella,
. Belloni & L. Stella 2005 ). Type-C QPOs generally appear in the
HS and HIMS, type-B QPOs only appear in the SIMS, and type-
 QPOs, which are weak and rarely det ect ed, appear in the SIMS
nd HSS (T. M. Belloni & S. E. Motta 2016 ). In the short-lived
IMS, fast QPO transitions are sometimes observed between the
ype-B and either other types of QPOs or the disappearance of 
POs (e.g. P. Casella et al. 2004 ; L. Zhang et al. 2021 ; Z.-X. Yang

t al. 2023 ). 
The Fourier cross spectrum of two simultaneous light curves

n different energy bands (subject and reference band) can be
sed to compute the phase lags as a function of Fourier fre-
uency, probing the physics of the innermost region near a BH
see P. Uttley et al. 2014 , for a review). Traditionally, it is common
o report lags of the signals, e.g. the broad-band noise and the
POs, identified in the PDS extending over a given characteristic

requency range (M. A. Nowak et al. 1999 ). Recently, a novel
ethod has been proposed to compute the phase lag based on

orentzian function fitting to the real and imaginary parts of 
he cross spectrum (M. Méndez et al. 2024 ). This method has an
dvantage over the traditional method for measuring the phase
ag when the Fourier components are not dominant over a given
requency range in the PDS. For the measured phase lags, hard
positive) lags (S. Miyamoto et al. 1988 ) can be produced by the
r opag ation of fluctuations in the mass accretion rate from the
ut er part t owards the inner part of the disc and the cor ona (e.g .
. Arévalo & P. Uttley 2006 ; A. Ingram & M. van der Klis 2013 ).
nother explanation for the hard lags is the Comptonization in

he jet (N. D . K ylafis et al. 2008 ; N. D . K ylafis & P. Reig 2024 ). Soft
negative) lags can arise due to reverberation or thermalization
f hard photons when the corona photons impinge back onto the
ccretion disc (e.g. A. C. Fabian et al. 2009 ; K. Karpouzas et al.
020 ). 

Various models have been proposed to explain the time vari-
bility signals from the corona and constrain the corona geometry
n BHXRBs. These include the model for reverberation lags and
amppost/cylinder geometry (A. Ingram et al. 2019 ; M. Lucchini
t al. 2023 ), the corona outflow model for wind-like structures
N. D. Kylafis et al. 2008 ), the pr opag ation of mass accr etion rate
uctuations model for truncated discs (e.g. A. Ingram & M. van
er Klis 2013 ; S. Rapisarda et al. 2016 ; P. Uttley & J. Malzac 2025 ),
he jet-emitting and standard accretion discs (JED–SAD) model
J . F err eira 1997 ; G. Mar cel et al. 2018 ), and the Lense–Thirring
recession or disc instability models for explaining LFQPOs and
ard-soft lags (L. Stella & M. Vietri 1998 ; A. Ingram, C. Done &
. C. F r agile 2009 ). 

One of the most compelling methods to measure the corona
eometry is to jointly model the time-averaged energy spectrum
f the source, together with the energy-dependent rms and phase-
ag spectra at the QPO frequency, using the time-dependent
omptonization model vKompthdk (K. Karpouzas et al. 2020 ; C.
ellavita et al. 2022 ). This model considers the physical process of 
hotons that can be both direct and inv erse-Compt onized in the
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orona and thermally reprocessed in the disc. In addition to the
emperatures of the disc and corona, some critical parameters in 

Kompthdk , i.e. the corona size, L , and the corresponding feed-
ack fr action, η, constr ain the physical geometry of the corona.
he feedback fraction, η, ranging between 0 and 1, quantifies 

he thermal flux produced by hard photons reprocessed by the 
isc relativ e t o the observ ed disc flux. Key insights about these
ritical parameters are: if η is high or close to 1, the corona extends
rimarily within the disc plane; if η is low or close to 0, the
or ona is e xt ended perpendicularly t o the disc or expanding away
rom the disc (e.g. M. Méndez et al. 2022 ). In practice, η is often
onv ert ed int o the intrinsic feedback fraction, ηint (K. Karpouzas 
t al. 2020 ), which r epr esents the cor ona’s feedback efficiency (R.
a et al. 2023 ; Y. Zhang et al. 2023 ; K. Alabarta et al. 2025 ). It

uantifies the fraction of Comptonized photons that return to the 
isc relative to the total flux produced by Comptonization. 
By combining measurements of corona size and feedback frac- 

ion, w e can bett er understand the geometry of the corona and
ts evolution. Past studies have successfully applied vKompthdk 
o fit the rms and phase-lag spectra of the QPO, and the time-
ver aged energy spectr a of the source for seven BHXRBs (F.
arcía et al. 2021 , 2022 ; M. Méndez et al. 2022 ; Y. Zhang et al.
022 , 2023 ; R. Ma et al. 2023 ; V. Peirano et al. 2023 ; D. Rawat
t al. 2023 , 2025 ; L. Zhang et al. 2023 ; S. K. Rout, M. Méndez &
. García 2023a ; K. Alabarta et al. 2025 ), among which only four
ources have been studied using Neutron Star Interior Composi- 
ion Explorer ( NICER) data, and only one has been inv estigat ed
hroughout the outburst. These results reveal how the corona ex- 
 ends ov er the disc and how its physical geometry ev olv es during
part of) the spectral state transitions of BHXRBs. 

In this paper, we e xplor e the NICER ar chival data of bright BH
RBs (J. Wang et al. 2022 ) across the spectral state transitions
uring outbursts. We present the evolution of the corona proper- 
ies of nine sources with QPOs using vKompthdk (K. Karpouzas 
t al. 2020 ; C. Bellavita et al. 2022 ). In Section 2 , we describe
he observations and data analysis. In Section 3 , we show the
volution of the time variability and corona geometry during 
ifferent stages of the state transitions. Finally, in Section 4 , we
ompar e the cor onal pr operties fr om this systematic study with
ur previous studies on individual sources. Additionally, we dis- 
uss the corona evolution from modelling QPO properties and 

ther approaches, e.g. reverberation. 

 O B S E RVAT I O N S  AND  DATA  ANALYSIS  

ur investigation begins with the ten bright BHXRBs reported 

y J. Wang et al. ( 2022 ) to ensure robust measurements of time
ariability in these sources, plus new bright BHXRBs that reach 

 peak rate > 100 mCrab. We use the standard nicerl2 ( nicer-
as v12) routine to reduce the data. Noisy det ect ors nos 14 and 34
re always excluded. 1 We also exclude the sev en det ect ors in the
easurement and Power Unit 1 (MPU1) due to the time stamp

nomalies from 2019 July 8–23. 2 To avoid interruptions caused by 
elemetry saturation, which can result in a large number of short
ood time intervals (GTIs) with brief gaps between them, we use
 https://heasarc.gsfc.nasa.gov/docs/nicer/data _ analysis/nicer _ analysis _ 
ips.html#noisy _ det ect ors 
 https://heasarc.gsfc.nasa.gov/docs/nicer/data _ analysis/nicer _ analysis _ 
ips.html#July2019-MPU1 _ Timing _ Errors 

K  

E  

t

3

o

nly continuous GTIs of minimal time of 17 s. Such short gaps be-
w een consecutiv e GTIs can intr oduce spurious time signatur es
n the PDS, irrelevant to the X-ray source of interest. Additionally,
fter 2023 May only orbital night data are considered to avoid the
ffects of optical leaking. 3 

.1 Power density spectrum 

e generate the PDS for each observation and for each NICER
rbit within an observation in the 0.3–12 keV energy band, as well
s in six narrow bands: 0.3–1.8, 1.8–3, 3–4, 4–5.5, 5.5–8, and 8–12
eV. The length of each PDS segment is 131.072 s, and the Nyquist
requency is 250 Hz. In each observation, w e av erage all the PDS
egments, subtract the Poisson noise using the average power 
n the frequency range 120–250 Hz , and normalize the PDS to
ractional rms amplitude (T. Belloni & G. Hasinger 1990 ). Finally,
e apply a log arithmic r ebinning in frequency to the PDS, such

hat the bin size increases by a factor of 10 1 / 100 ≈ 1 . 023 compared
o the previous bin. 

We fit the averaged PDS of each observation in the 0.3–12 keV
and using a linear combination of Lorentzian functions (M. A. 
owak 2000 ; T. Belloni et al. 2002 ) over the frequency range
0.03–30 Hz . The parameters of a Lorentzian function are its 

entral frequency ( ν0 ), full width at half maximum (FWHM), 
nd normalization. All PDS are modelled with five Lorentzians, 
 epr esenting the QPO fundamental, the second harmonic, the 
ubharmonic, and two broad-band noise components. Additional 
or entzians ar e included if e xtra br oad-band featur es ar e pr esent.
ll parameters of the Lorentzians are left free during fitting, ex-

ept for the central frequency of one Lorentzian function, which 

s fixed at 0 to model the zero - centred broad-band noise. In cases
here no QPO is det ect ed, the number of Lorentzian functions

s reduced to one or tw o t o fit only the broad-band noise. After
he initial fitting, if the QPO frequency of an observation exhibits
ignificant changes with time, indicating a fast transition nature 
f the QPO, we divide the observation into separate NICER orbits.
his ensures that the QPO feature is well modelled by a single
orentzian. 
Using the models that we apply to fit the PDS of each ob-

ervation or orbit in the 0.3–12 keV band as baselines, we fur-
her fit the PDS of each orbit in the six narrow energy bands
see above). We check that the central frequency and width of 
hose Lorentzians do not change significantly with energy. We 
ubsequently fix the central frequencies and FWHMs of all the 
orentzians to the values we obtained for the PDS in the 0.3–
2 keV band and only let the normalizations free to fit the PDS
n those six narrow energy bands. Finally, we take the square
oot of the normalizations of the Lorentzians that represent the 
ariability components to calculate the fractional rms. We note 
hat the energy-dependent rms spectra presented in this work 

pecifically refer to the QPO component, which is treated as a
ingle, coherent variability mode, rather than a superposition of 
ndependently varying spectral components. 

To build our sample of QPO data, we r equir e that the QPO has
 quality factor ( Q = ν/ FWHM ) larger than 2 (e.g. M. Van der
lis 1995 ; T. Belloni et al. 2002 ; E. M. Ratti, T. M. Belloni & S.
. Motta 2012 ; A. L. St ev ens et al. 2018 ) and is dominant over

he underlying broad-band noise. Additionally, we require that 
MNRAS 546, 1–22 (2026) 

 https://heasar c.gsfc.nasa.gov/docs/nicer/analysis _ thr eads/light-leak- 
verview/ 

https://heasarc.gsfc.nasa.gov/docs/nicer/data_analysis/nicer_analysis_tips.html#noisy_detectors
https://heasarc.gsfc.nasa.gov/docs/nicer/data_analysis/nicer_analysis_tips.html#July2019-MPU1_Timing_Errors
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he fractional rms amplitude and phase lag, the latter of which
lso depends on the QPOs fitted by Lorentzians (M. Méndez et
l. 2024 ), are well constrained across all five or six narrow energy
ands. In pr actice, observ ations ar e e x cluded if the fractional rms
f the QPO in the full energy band is consistent with zero within
 σ uncertainties, or if the fractional rms of the QPO cannot be
 eliably measur ed (i.e. < 1 σ ) in one or mor e individual energy
ands. These criteria rule out some observations with QPOs, e.g.
hose of MAXI J1820 + 070 prior to observation ID 1200120138 (N.
ollemeijer & P. Uttley 2025 ). Finally, 171 NICER observations
r orbits (hereafter referred simply as observations) from nine
our ces ar e selected and r eported in Table A1 . N ote that for the
ources EXO 1846 −031 (Y. Wang et al. 2021 ), GRS 1915 + 105 (J.
eilsen et al. 2018 ), MAXI J1535 −571 (Y. Zhang et al. 2022 ), and
AXI J1631 −479 (S. K. Rout et al. 2021 ), the Galactic absorption

s high, > 10 22 cm 

−2 , so we e x clude the lowest energy band for
he rms and phase-lag (see below) calculation in these cases. 

.2 Power colour 

ower colour (PC) is an efficient way to identify the spectral
tate acr oss differ ent BHXRBs (L. M. Heil, P. Uttley & M. Klein-
olt 2015 ). It characterizes the shape of the PDS independently

f its normalization, in a manner analogous to how spectral hard-
ess characterizes the shape of the flux-energy spectrum. We de-
ne PC1 as the int egrat ed pow er betw een 0.25 and 2 . 0 Hz divided
y that between 0 . 0039 and 0 . 031 Hz . Similarly, PC2 is defined
s the int egrat ed pow er betw een 0 . 031 and 0 . 25 Hz divided by
hat between 2 . 0 and 16 . 0 Hz , with the PDS computed in the 4.8–
 . 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
C2 = 0 . 45 t o charact erize spectral transitions using the angle

hue’ in the PC wheel (L. M. Heil et al. 2015 ; J. Wang et al.
022 ). Specifically, the hue is defined as the clockwise angle from
he axis oriented at 45 ◦ to the −x and + y axes. The hue ranges
orr esponding to differ ent spectral states ar e as follows: the LHS
pans from −20 ◦ to 140 ◦, the HIMS from 140 ◦ to 220 ◦, the SIMS
rom 220 ◦ to 300 ◦, and the HSS from 300 ◦ to −20 ◦ (L. M. Heil et al.
015 ). 

.3 Phase-lag spectrum 

e compute fast Fourier transforms (FFTs) using data segments
f 32.768 s duration and a Nyquist frequency of 125 Hz for each
bservation. The FFTs are calculated in the 0.3–12 keV band,
hich we use as the r efer ence band, and the same six narrow

nergy bands as in Section 2.1 , which we use as the subject
ands. For each segment, we compute the cross spectrum be-
ween the r efer ence and each subject band. The real and imag-
nary parts of the cross spectrum are av eraged ov er all segments
ithin each observation. The averaged real part in the 70–125 Hz,
her e the sour ce does not contribut e t o the variability, is then

ubtracted from the real part of the cross spectrum. This step
emoves the partial correlation between the subject and reference
ands, which arises because the subject band is included in the
 efer ence band (A. Ingram et al. 2019 ; T. M. Belloni et al. 2024 ;

. Méndez et al. 2024 ). The lowest energy band is e x cluded for
ome sources, as we do for the PDS. The phase lag is φ( f ) =
rctan ( Im G ( f ) / Re G ( f ) ) , where the cross spectrum G is a com-
lex function of Fourier frequencies. Thus, we can calculate the
hase lags of the variability components measured in the PDS (M.
. Nowak et al. 1999 ; A. Ingram 2019 ). 
NRAS 546, 1–22 (2026) 
As explained in M. Méndez et al. ( 2024 ), we obtain phase lags
cr oss differ ent energy bands by simultaneously fitting both the
eal and imaginary parts of G using the same Lorentzian com-
onents that are used to fit the PDS (K. Alabarta et al. 2022 ; V.
eirano & M. Méndez 2022 ; Y. Zhang et al. 2023 ; K. Alabarta
t al. 2025 ). For the real and imaginary parts, we fit the normal-
zations of the Lorentzian components, where the phase lag, φ,
or each Lorentzian is given by the arctangent of the ratio of the
ormalization in the imaginary part to that in the real part. This
pproach assumes that the phase lag of each component remains
onstant with frequency (V. Peirano & M. Méndez 2022 ; M. Mén-
ez et al. 2024 ). Using this method, we compute the phase lags of 
ll variability components fitted by the Lorentzian functions for
he defined energy bands. 

.4 Energy spectral analysis 

e use the nicerl3-spec tool to extract the source and the
C50 back gr ound spectra (R. A. Remillard et al. 2022 ) in each
bservation. We group the spectra using optimal binning (J. S.
aastra & J. A. M. Bleeker 2016 ), with the additional r equir ement
f 10 counts per grouped bin. We fit the energy spectra using
spec v12.14.0 (K. A. Arnaud 1996 ). 
We apply the baseline model TBfeo ∗(diskbb + vKompthdk
 gaussian) to fit the energy spectra. The component TBfeo
odels the Galactic absorption between the source and observer
ith variable o xy gen and ir on abundances. We set the cr oss-

ection and the solar abundance of the int erst ellar medium using
he tables of D. A. Verner et al. ( 1996 ) and J. Wilms, A. Allen &
. McCray ( 2000 ), respectively. The component diskbb (K. Mit-

uda et al. 1984 ) r epr esents the emission of a multi-temperature,
ptically thick, and geometrically thin disc, with its parameters
eing the disc temperature, kT in , and a normalization factor.
he time-averaged (steady-state) version of the time-dependent
omptonization model vKompthdk (K. Karpouzas et al. 2020 ; C.
ellavita et al. 2022 ) is equivalent to nthcomp (A. A. Zdziarski,
. N. Johnson & P. Magdziarz 1996 ; P. T. Życki, C. Done & D.
. Smith 1999 ). The parameters of this component are the seed
hot on t emperatur e, kT s , the cor ona temperatur e, kT e , the photon

ndex, �, and a normalization factor. The coronal electron tem-
erature, kT e , is fixed at 50 keV, since the NICER energy band does
ot provide sufficient constraints. The seed photon temperature,
T s , in vKompthdk is linked to the inner disc temperature, kT in ,
n diskbb . Finally, we add a Gaussian component, with its cen-
ral energy constrained to be in the 6.4–7 keV energy range, to fit
he br oad ir on K α emission line in the spectrum. For observations
ignificantly affected by NICER calibration systematics, the most
oticeable features include edge-like structures near ∼0.5 keV
o xy gen), ∼1.8 keV (aluminum K), and ∼2.3 keV (gold M). We

odel these features empirically using edge components (see
ummary in Table A1 ). 

Note that the vKompthdk model contains four additional pa-
ameters that only affect the time- dependent spectrum, describ -
ng the corona size, L , the feedback fraction, η, the amplitude
f the variability of the rate at which the corona is heated by
n (unspecified) e xternal sour ce, δ ˙ H ext , and an additive param-
t er, reflag , that giv es the phase lag in the 2–3 keV band. The
arameter reflag provides an additive offset to the lag-energy
pectrum, anchoring the model to the observed lag in the 2–3 keV
and, while the other parameters define the shape of the phase-

ag spectrum. None of these four parameters alter the steady-
tate spectrum produced by vKompthdk . These four parameters,
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long with k T s , k T e , and �, describe the radiative properties of the
POs, namely the rms and the phase lags. 
The spectral fitting yields acceptable results for most sources. 

n e x ception is GRS 1915 + 105, for which sever al observ ations
 xhibit spectral featur es associated with X-ray winds. These 
inds are indicated by the presence of narrow, blueshifted ab- 

orption lines from highly ionized Fe xxv ( ∼6.7 keV) and Fe xxvi
 ∼6.97 keV). To account for these features and improve the fit, we
nclude gaussian absorption components to model the absorption 

ines. 

.5 Joint fitting 

n the previous subsection, we described how w e hav e comput ed
he rms and phase-lag spectra of QPOs and separ ately fit ted the
ime-averaged energy spectrum of the source for each observa- 
ion. Using these spectra and the initial parameter values, we 
ubsequently perform a joint fit of the rms and phase-lag spectra
f the QPO, along with the energy spectrum of the source, for
ach of the 171 observations (see samples in Appendix B ). The
odel we use is TBfeo ∗(diskbb + vKompthdk + gaussian) ,
here vKompthdk includes a mode that enables simultaneous 
tting of the rms and phase-lag spectra. For GRS 1915 + 105, the
odel additionally includes gaussian absorption components. 

he vKompthdk model assumes that the QPO r epr esents a small
scillation around the st eady-stat e solution of the Kompaneets 
quation (A. S. Kompaneets 1957 ), which describes the evolu- 
ion of the photon energy distribution through Comptonization 

n the isotropical corona. As such, it provides a physical frame-
ork that connects the energy-dependent rms and phase lags 
ith the thermal and geometric properties of the disc–corona 

ystem. 
Note that for the fitting of the rms spectrum of the QPO,
Kompthdk is multiplied by a dilution component, which is 
ot explicitly included in the total model, and which does not

ntroduce any new paramet ers t o the fits (R. Ma et al. 2023 ; Y.
hang et al. 2023 ; K. Alabarta et al. 2025 ; D. Rawat et al. 2025 ).
he introduction of the dilution component is justified since 

he time-dependent Comptonization model computes the rms 
pectrum of a variable cor ona, wher eas the observed rms is re-
uced by all non-variable spectral components. Since w e isolat e
he QPO contribution in the cross spectrum and model its lags
ithin vKompthdk , the measured phase lags are not diluted by 

ther spectral components, such as the disc, which is not assumed
o vary independently on the QPO time-scale. Here, we assume 
hat the diskbb and gaussian components are not variable 
E. Churazov, M. Gilfanov & M. Revnivtsev 2001 ). Ther efor e, the
ilution component is given by 

ilution = 

Flux Compt (E ) 
Flux Total (E ) 

(1) 

uch that 

ms Obs = rms Compt × Flux Compt 

Flux Total 
. (2) 

When we only fit the energy spectrum, we link kT s in
Kompthdk to kT in in diskbb . However, when fitting simulta- 
eously the rms and phase-lag spectra of the QPO and the time-
veraged energy spectrum of the source, we allow kT s to vary 
reely. Based on our analysis, letting kT s vary freely provides a 
etter fit (see also R. Ma et al. 2023 ; D. Rawat et al. 2023 ; Y. Zhang
t al. 2023 ; K. Alabarta et al. 2025 , where we did the same). 
We note that, although a fit with a dual corona (see F. García
t al. 2021 ) may further reduce the χ2 , we do not e xplor e this
ppr oach her e due t o the limit ed number of energy bands in the
ms and phase-lag spectra of the QPO, as well as the large number
f free parameters that would be involved. 

 R E S U LT S  

.1 Power colour diagram 

n Fig. 1 , we show the PCD divided into the four primary spectral
tates: the LHS, HIMS, SIMS, and HSS. These divisions follow 

revious studies on the spectral evolution of BHXRBs (M. Mén- 
ez & M. van der Klis 1997 ; T. Belloni et al. 2005 ; J. Wang et al.
022 ), with the boundaries marked by dashed lines in the plot.
he PC hue is also annotated at specific positions, namely, 0 ◦ for

he r efer ence point and 140 ◦, 220 ◦, and 300 ◦ for the transitions
etw een stat es. 

The data points are only from observations with QPO detec- 
ions. Observations in the LHS cluster around high log PC1 and 

og PC2 values, indicating that the PDS is dominated by low- 
requency variability. Although we only detect one QPO in the 

SS, where the error bar of the PC is consistent with being in the
IMS, L. M. Heil et al. ( 2015 ) report that this state is characterized
y low log PC1 and log PC2 values, where variability is signifi- 
antly weaker. The HIMS and SIMS r epr esent the state transition
etween the hard and soft stat es. The PCD effectiv ely captures the
pectral evolution of BHXRBs and the hue will be further used to
tudy the connection between the time variability properties and 

orona geometry. 
We summarize the QPO frequency and hue for each of the

bservations in Table A1 . The behaviours described below are 
hose associated with the presence of QPOs. According to the 
CD, GRS 1915 + 105 is seen in the LHS, HIMS, and SIMS. For GX
39 −4, and MAXI J1820 + 070, the state transitions occur from
he LHS to the HIMS, followed by the SIMS. EXO 1846 −031,

AXI J1535 −571, and Swift J1727.8 −1613 undergo transitions 
rom the LHS into the HIMS but show no further indication of 
ransitioning into the SIMS or HSS. Only MAXI J1631 −479 and

AXI J1803 −298 are located in the HIMS, lacking clear state
ransition behaviour. MAXI J1348 −630 exhibits a transition from 

he HIMS to the SIMS and marginally into the HSS. 

.2 QPO and hue evolution 

ig . 2 pr esents the r elationship between QPO fr equency and PC
ue during outbursts across different spectral states of nine se- 

ected BHXRBs. Each data point corresponds to an individual 
bservation, with different colours and symbols representing dif- 
er ent sour ces. The dashed gr ey lines ar e anchor ed at 140 ◦, 220 ◦,
nd 300 ◦, corresponding to the LHS–HIMS, HIMS–SIMS, and 

IMS–HSS transitions, respectively. 
In the LHS and HIMS, the QPO frequency monotonically in- 

r eases fr om ∼0.1 to 10 Hz as the hue increases, showing a strong
orrelation with hue. Parallel tracks arise since hue is determined 

y the int egrat ed pow er in broad frequency bands, and not by
he QPO frequency . Consequently , sources with different QPO 

r equencies can e xhibit the same hue when the t otal pow er in the
requency range containing the QPO is comparable. During the 

IMS–SIMS transition, the QPO fr equency r emains mor e or less
onstant around 4–5 Hz. The increasing trend in QPO frequency 
s consistent with the behaviour of type-C QPOs in the LHS and
MNRAS 546, 1–22 (2026) 
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M

Figure 1. PCD for observations with QPOs from nine selected BHXRBs. The x-axis ( log PC1 ) and y -axis ( log PC2 ) r epr esent 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 differ ent sour ces ev olv e through v arious spectr al stat es. Error bars indicat e 1 σ
uncertainties. 
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IMS, while the nearly constant QPO frequency in the SIMS
ligns with the characteristics of type-B QPOs (A. R. Ingram &
. E. Motta 2019 ). It has been shown that QPO frequency can
e an indicator of the spectral state (e.g. T. Belloni et al. 2005 ).
he str ong corr elation between QPO fr equency and hue high-

ights the effectiveness of the PC method in tr acking spectr al state
ransitions. 

Five observations of EXO 1846 −031 (black circles) ev olv e
rom the LHS to the HIMS, overlapping with those of MAXI
1820 + 070. Their hue values range from ∼ 110 ◦ to 180 ◦. In the
HS, the QPO frequency starts at around 0.2–0.3 Hz and increases
s the source transitions toward the HIMS, reaching ∼ 6 Hz. 

GRS 1915 + 105 (red downward triangles) remains mostly in the
HS with hues below 100 ◦, where it exhibits LFQPOs at around
.2 Hz. Some observations indicate change of the state, with QPO
r equencies r eaching appr o ximately 3 Hz. 

The data of GX 339 −4 (orange upward triangles) are scattered
etween the LHS and SIMS, with hue values around 100 ◦ and
70 ◦, respectiv ely. Due t o the lack of enough QPO measurements,
o clear evolution trend of the QPO frequency is observed. In-
tead, only a few data points show QPOs around 0.5 Hz in the
HS and around a few Hz in the SIMS. 
Following a transition path from the HIMS to the SIMS, MAXI

1348 −630 (yellow leftward triangles) spans hues from 180 ◦ to
00 ◦. The QPO frequency remains approximately at 4.5 Hz as
his source moves toward softer states, consistent with a typi-
NRAS 546, 1–22 (2026) 
al type-B QPO during BHXRB outbursts (T. M. Belloni et al.
020 ). 

Observations of MAXI J1535 −571 (green rightward triangles)
how that the QPO is mostly det ect ed in the HIMS, with hues in a
arrow range of ∼ 140 ◦ to 170 ◦. No clear correlation between hue
nd QPO frequency is observed, with QPO frequencies reaching
p to 10 Hz in the HIMS. 
MAXI J1631 −479 (cyan squar es) e xhibits a narrower distribu-

ion of hue and QPO frequency in the HIMS compared to MAXI
1535 −571. The hue of this source is around 170 ◦, while the
PO fr equency ranges fr om 4 t o 10 Hz, similar t o that of MAXI

1535 −571. 
In the case of MAXI J1803 −298 (blue pentagons), three ob-

ervations are in the HIMS, where the hue values are around
00 ◦, close to the transition to the SIMS. These data points occupy
he upper right region of the HIMS (high hue and high QPO
requency), marking the high end of the correlation between QPO
requency and hue. 

MAXI J1820 + 070 (purple hexagons) spans a wide range from
he LHS to the edge of the SIMS, with hues varying from ∼ 100 ◦
o 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-

reases to 4.5 Hz in the SIMS. Among all sources, this one exhibits
he most well-defined QPO evolution. 

Swift J1727.8 −1613 (pink diamonds) is located in the LHS and
IMS, with hues ranging from 80 ◦ to 180 ◦. Its QPO frequency
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Figur e 2. QPO fr equency as a function of PC hue for nine selected BHXRBs. Different colours and symbols r epr esent differ ent sour ces, as indicated 
in the legend. The vertical dashed lines separate the LHS, HIMS, SIMS, and HSS. The QPO fr equency incr eases systematically with hue, reflecting the 
spectral state evolution of BHXRBs. Error bars indicate 1 σ uncertainties. 
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Figure 3. Ratio between the inner disc temperature, kT in , of diskbb 
and the seed photon temperature, kT s , of vKompthdk as a function of 
power-colour hue. Grey semi-transparent points show individual mea- 
sur ements fr om observations of nine sour ces, while solid black points 
r epr esent v alues aver aged in bins of 10 ◦ in hue, with error bars r epr esent 
the uncertainty on the mean within each bin. Vertical dashed lines mark 
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alls within the range of 0.3–7 Hz. Due to Sun-angle constraints,
his source lacks observations in the SIMS (A. Ingram et al. 2024 ).

.3 Ratio of inner-disc to seed-photon temperatures 

n the joint fitting of the energy spectrum and the QPO rms
nd phase-lag spectra, we allow the seed photon temperature, 
T s , in vKompthdk to vary independently from the inner disc
emperatur e, kT in , inferr ed fr om the diskbb component. This
hoice is physically motivated: In vKompthdk framework, kT s 
haracterizes the photons entering the variable Comptonization 

egion that produces the QPO, and therefore does not necessarily 
orrespond to the effective inner disc temperatur e inferr ed fr om
he time-averaged spectrum (C. Bellavita et al. 2022 ). Allowing 
T s to vary independently enables us to probe the physical origin
f the seed photons, rather than assuming that they always arise
rom the same region of the disc traced by kT in (e.g. R. Ma et al.
023 ; D. Rawat et al. 2023 ; Y. Zhang et al. 2023 ). To examine
hether kT s follows the same evolution as kT in across different 

pectral stat es, w e show in Fig. 3 the ratio k T in /k T s as a function
f power-colour hue. Grey symbols show individual measure- 
ents, while black points r epr esent v alues aver aged in bins of 10 ◦

n hue. 
In the LHS ( hue < 140 ◦), the ratio significantly deviates from

nity, indicating that the seed photon temperature differs from 

he inner disc temperature inferred from the time-averaged spec- 
rum. As the source ev olv es from the hue of 140 ◦ to ∼ 200 ◦ to-
 the boundaries between the LHS, HIMS, SIMS, and HSS. 
MNRAS 546, 1–22 (2026) 
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M

Figur e 4. Cor ona size as a function of PC hue for nine BHXRBs. Different colours and symbols r epr esent differ ent sour ces, 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 1 σ uncertainties. The points with arrows indicate the 90 per cent lower or upper limits. See Fig. 6 for binned data. 
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ard HIMS, the ratio shows a systematic evolution, gradually
pproaching unity through the HIMS. From during the HIMS-
o - SIMS transition near the hue of 220 ◦, the ratio increases
g ain. Fr om the SIMS to the HSS ( 220 ◦ < hue < 300 ◦), the ra-
io decreases and becomes close to unity. This systematic, state-
ependent behaviour provides an insight on the origin and evo-

ution of the seed photons that are Comptonized in the variable
orona, and will be discussed in Section 4.2 . 

.4 Corona geometry evolution 

e simultaneously model the rms and phase-lag spectra of the
PO, and the time-averaged energy spectrum of the source for

ach observation to measure the corona size. Fig. 4 presents the
ependence of the corona size, modelled by vKompthdk , upon
ue, illustrating how the spatial extent of the corona changes
cr oss differ ent spectral states of BHXRBs. The figur e is di-
ided into four spectral states, as previously shown in Figs 1 
nd 2 . 

.4.1 Trends and source-specific observations 

n the LHS ( hue < 140 ◦ L. M. Heil et al. 2015 ), which is domi-
ated by emission from inverse Compton scattering in the corona
R. A. Remillard & J. E. McClintock 2006 ), sour ces e xhibit the
argest corona sizes, typically ranging from ∼ 10 4 to 10 5 km. The
ata points for GRS 1915 + 105 cluster around the hue of 50 ◦–80 ◦,
NRAS 546, 1–22 (2026) 

t  
ith the corona size increasing from 6 × 10 3 km to a few times
0 4 km. As the hue incr eases fr om 50 ◦ to 140 ◦, data points from
X 339 −4, MAXI J1820 + 070, and Swift J1727.8 −1613 indicate

hat the corona size continues to gr ow, r eaching up to 10 5 km.
nly one data point from EXO 1846 −031 is located in the LHS at
 hue of ∼ 110 ◦, with the corona size constrained to be less than

10 5 km. 
As sources transition into the HIMS ( 140 ◦ < hue < 220 ◦),

he corona size decreases significantly, typically falling below
0 4 km. In fact, the contraction of the corona already begins
n the LHS when the hue approaches 140 ◦. This decrease is
articularly evident in EXO 1846 −031, MAXI J1820 + 070, and
wift J1727.8 −1613. In contrast, for MAXI J1535 −571 and MAXI
1631 −479, the corona size ranges between 200 and 10 4 km
ithin a narrow hue range. Near the transition from the HIMS

o the SIMS, the corona size increases again, from several hun-
r ed kilometr es (MAXI J1803 −298 and MAXI J1348 −630) to
 few thousand kilometres (GRS 1915 + 105, MAXI J1348 −630,
nd MAXI J1820 + 070). Note that near the HIMS-to - SIMS tran-
ition, the data points are much sparser due to the rapid nature
f the transition in BHXRBs, resulting in fewer observational
napshots. The SIMS ( 220 ◦ < hue < 300 ◦) is characterized by
 elatively compact cor onae, with sizes typically below 10 4 km. In
he SIMS, the data set consists of a few observations, where QPO
s less frequently observ ed, consist ent with findings for the HIMS
n other studies (e.g. T. Belloni et al. 2005 ; A. L. St ev ens et al. 2018 ;
. Ma et al. 2023 ; Y. Zhang et al. 2023 ). In the HSS ( hue > 300 ◦),

here is only one observation from MAXI J1348 −630 with corona
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Figur e 5. Cor onal size as a function of the QPO frequency for the nine 
sour ces. The err or bars indicate 1 σ uncertainties. The points with arrows 
indicate the 90 per cent lower or upper limits. 
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ize of ∼8000 km. Note that the error bar of the hue marks this
bservation consistent with the SIMS. 

Fig. 5 shows the corona size as a function of the QPO frequency.
he coronal size first increases from ∼ 10 4 up to 10 5 km as the
PO fr equency incr eases fr om ∼0.2 to 0.5 Hz, and then decr eases
elow 10 3 km with increasing QPO frequency over the range 0.5–
0 Hz. The decrease in coronal size exhibits a substantial range, 
imilar to that observed within a narrow range of power-colour 
ue in Fig. 4 . 

.4.2 Averag ed c or ona size evolution and feedback fraction 

o better resolve the evolution of corona size as a function of hue,
e bin the data into intervals of 10 ◦ in hue. Fig . 6 pr esents the evo-

ution of corona size aft er av eraging ov er the nine BHXRBs. The
eft panel shows individual data points from multiple sources, 
long with a black curve r epr esenting the averaged trend of 
orona size as a function of hue. Error bars of the black points
enote the pr opag ated uncertainty of the mean within each bin.
he right panel displays the same averaged corona size, colour- 
oded by the intrinsic feedback fraction, ηint , indicating the frac- 
ion of the corona photons that return to the accretion disc and
re thermally reprocessed there. 

The general trend reveals fluctuations in corona size as sources 
ransition from the LHS to the HIMS and further into the SIMS.
n the LHS ( hue < 140 ◦), the corona remains large, with sizes
ncreasing by about an order of magnitude from ∼ 10 4 to ∼
0 5 km at a hue of ∼ 100 ◦. As the hue increases toward the
IMS ( 140 ◦ < hue < 220 ◦), the corona contracts significantly

y about two orders of magnitude, with typical sizes decreasing to
10 3 km. This shrinkage is followed by an expansion shortly be- 

ore the transition to the SIMS ( 220 ◦ < hue < 300 ◦), where the
or ona r eaches its most compact form. Only a few observations
xist in the SIMS and marginally HSS, but the data suggest a rel-
tively stable, small cor ona, with cor ona size variations between 
000 and 8000 km rather than the broader range of ∼ 10 3 –10 5 km
bserved in harder states. 

Further exploration of the intrinsic feedback fraction pro- 
ides additional insights by linking corona size to the fraction 

f Compt onized phot ons r epr ocessed in the accr etion disc (right
anel of Fig. 6 ). Darker colours indicate lower intrinsic feedback
ractions, while lighter colours correspond to higher fractions. 
n the LHS, the intrinsic feedback fraction decr eases fr om ∼40
er cent to < 1 per cent as the cor ona size incr eases, imply-

ng that most Comptonized photons escape without significant 
nteraction with the disc when the corona size is the largest.

ow ev er, as the syst em ev olv es from the LHS into the HIMS, the
orona contracts dramatically while the intrinsic feedback frac- 
ion increases ( ∼10–15 per cent), suggesting stronger coupling 
etween the corona and the accretion disc. During the HIMS-to- 
IMS transition, the corona size increases again by approximately 
 factor of three, while the intrinsic feedback fraction simultane- 
usly drops to � 5 per cent . This behaviour indicates a weakened
nt erplay betw een the disc and corona, which is commonly ob-
erved during the HIMS-to - SIMS transition (J. Wang et al. 2022 ;
. Ma et al. 2023 ). As the source further ev olv es int o the margin
f SIMS/HSS, the feedback fraction increases to ∼30 per cent, 
uggesting an enhanced coupling between the corona and the 
isc. 

 DISCUSSION  

e have analysed all NICER archival data of nine bright BHXRBs
ith robust measurements of QPOs. A total of 171 QPO observa-

ions were identified across different spectral states, classified on 

he basis of the hue values in a PCD. The QPO fr equency incr eases
rom ∼0.1 to 10 Hz in the LHS and HIMS and generally remains
onstant at ∼4–5 Hz in the SIMS, while the hue continues to
ncrease. Using the vKompth model (K. Karpouzas et al. 2020 ; C.
ellavita et al. 2022 ), we characterized the evolution of the corona
eometry across states and QPO frequencies (see Figs 4 –6 ). How-
ver, not all sources contribute data in all spectral states, and in
ome hue ranges the average is dominated by a single sampled
ource. The averaged profiles should therefore be int erpret ed as
ndicative population trends rather than as unbiased ensemble 
roperties. 

.1 Corona evolution during state transition 

he scatter in the corona size at similar values of hue is further
esolved by the size versus QPO fr equency. A ctually both hue and
PO fr equency pr ovide useful tracers of the accr etion geometry,
hen the source undergoes rapid and complex state transitions 

L. M. Heil et al. 2015 ; T. M. Belloni & S. E. Motta 2016 ). Changes
n the corona size and coupling to the disc may occur on time-
cales of days t o w eeks (e.g. R. Ma et al. 2023 ; D. Rawat et al. 2023 ),
eading to significant variations even within a narrow range of 
ue or QPO frequency. In addition, neither the hue nor the QPO

requency determines the corona geometry. The observed scatter 
hus likely reflects evolution of the corona rather than measure- 

ent uncertainties. 
For a look at the corona size across state transitions, the corona

ize first increases and then decreases as sources transition from 

he LHS to the HIMS, and then into the SIMS. In the LHS ( hue <
40 ◦), the corona is large, growing by about an order of magni-
ude from ∼ 10 4 km to above 10 5 km around a hue of ∼ 100 ◦.
s the source ev olv es t oward the HIMS ( 140 ◦ < hue < 220 ◦),
MNRAS 546, 1–22 (2026) 
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M

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. 

t  

i
k  

s  

I  

w  

S  

d
∼  

e  

t  

d  

c  

H
 

l  

s  

a  

d  

o  

t  

s  

d
 

t
k  

w  

m  

w  

e  

t  

c  

i  

2  

a  

R  

s  

a  

o  

t  

s  

d
 

f  

i  

m  

o  

M  

t  

d  

F  

c  

i  

u  

H  

a  

T  

w  

M  

r
 

a  

f  

t  

c  

I  

t  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag261/8483889 by guest on 02 June 2026
he corona undergoes a rapid contraction, with sizes decreas-
ng by roughly two orders of magnitude, down to ∼ 2 × 10 3 
m at the hue of ∼ 200 ◦. This is followed by a flare-like expan-
ion near the HIMS-to - SIMS transition ( 220 ◦ < hue < 300 ◦).
n the SIMS, the corona becomes compact and relatively stable,
ith sizes ranging between 4000 and 8000 km. Although the

IMS and HSS are less sampled, the data indicate a narrower
istribution in coronal size compared to the broader range of 

10 3 –10 5 km observed in harder states. We note that these
volutionary tr ends ar e traced as continuous functions of hue;
he labels ‘LHS’, ‘HIMS’, and so on are used only as guides and
o not affect the r esults, which ar e independent of the exact
hoice of state boundaries or classification method (e.g. PC versus
ID). 
Additionally, the intrinsic feedback fraction remains relatively

ow during the corona expansion in the LHS, possibly corre-
ponding to ejection behaviour of a large corona, as we have
lready found in other sources with vKompthdk (e.g. M. Mén-
ez et al. 2022 ; R. Ma et al. 2023 ; Y. Zhang et al. 2023 ). These
bserved trends can be closely connected to spectral state transi-
ions, where the contribution from the corona to the total emis-
ion in the ∼0.2–1000 keV decreases while that from the accretion
isc increases (C. Done et al. 2007 ). 
As shown in our measurements, the corona size increases as

he source ev olv es in the LHS, going from ∼ 10 4 km to nearly 10 5 
m as the hue increases and the source ev olv es t oward the HIMS,
hile the intrinsic feedback fraction decreases. This behaviour
ay be associated with the presence of a steady compact jet,
hich is commonly observed in the LHS (R. Fender 2006 ). The
 xpanding cor ona ma y pla y a role in supplying energy or material
o the jet, or it may be partially extended along the jet axis, and be
oupled weakly with the disc, resulting in fewer photons return-
ng to the disc (P. Reig & N. D. Kylafis 2021 ; B. You et al. 2021 ,
023 ). A dditionally, the accr etion disc in the LHS is r elatively cool
NRAS 546, 1–22 (2026) 
nd likely truncated far from the BH (A. A. Zdziarski et al. 2004 ;
. Nar ay an & J. E. McClintock 2008 ), reducing the solid angle

ubtended by the disc from the corona’s point of view. As a result,
 significant fraction of Comptonized photons may escape with-
ut being int ercept ed and r epr ocessed by the disc, contributing
 o the observ ed decrease in the intrinsic feedback fraction. This
cenario suggests a weak coupling between the corona and the
isc in the LHS. 
The flar e-like e xpansion of the cor ona and the dr op in cor ona

eedback onto the disc seen near the HIMS-to - SIMS transition
s an important feature. One possible explanation is that this

arks the beginning of a short-lived ejection event, where part
f the corona is expelled to form or feed a relativistic jet (M.
éndez et al. 2022 ). This idea fits with observations showing

hat steady jets disappear and fast-moving ejecta are launched
uring this phase (I. F. Mirabel & L. F. Rodríguez 1994 ; R. P.
ender et al. 2009 ). In this case, the sudden expansion of the
orona may reflect changes in magnetic fields or how the corona
nteracts with the disc, making it easier for material to be ejected
pward (J . F erreira et al. 2006 ). In contrast, during the LHS-to-
IMS transition, w e observ e a st eady contraction of the corona

ccompanied by an increase in the intrinsic feedback fraction.
his trend supports the scenario in which the corona collapses
hile increasing its interaction with the disc (E. Kara et al. 2019 ;
. Méndez et al. 2022 ), leading to enhanced disc r epr ocessing in

elativ ely soft er stat es. 
R ecent X-r ay polarization measurements with IXPE provide

dditional constraints on the corona geometry in BHXRBs,
avouring a corona structure that is predominantly projected in
he disc plane during the LHS and HIMS, with only modest
hanges in polarization angle (H. Krawczynski et al. 2022 ; A.
ngram et al. 2024 ). These r esults ar e complementary to our
iming-based study, which probes the corona size, evolution, and
oupling with the disc and/or jet, but do not determine its ori-
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ntation. In this context, a large cor onal structur e along the disc
lane, pot entially associat ed with the jet base, can remain consis-
ent with polarization. The rapid contraction of the corona size 
bserved as the sources evolve from the LHS toward the HIMS
ccurs contemporaneously with the decrease of the polarization 

egrees observed in some of these sources, suggesting a varying 
orona geometry (A. Veledina et al. 2023 ; A. Ingram et al. 2024 ). 

.2 Origin of the seed photons 

he evolution of the ratio between the disc temperature, kT in , in
iskbb and the seed phot on t emperature, kT s , in vKompthdk
rovides insight into the changing geometry and coupling be- 
ween the accretion disc and the corona. Since this ratio di-
 ectly compar es the charact eristic t emperature of the inner disc
ith that of the seed photons within the vKompthdk frame- 
ork, deviations from unity indicate that the seed photons do 
ot originate from the same disc region described by the diskbb
omponent. 

In the LHS, the ratio k T in /k T s significantly deviates from unity,
uggesting that the seed photons in the variable Comptonization 

re not directly from the inner disc region dominating the time-
veraged thermal emission. Instead, the seed photons may origi- 
ate from cooler regions of the disc (e.g. A. Veledina et al. 2013 ).
n the meanwhile, the intrinsic feedback fraction drops signifi- 
antly from ∼40 per cent to < 1 per cent . This interpretation is
onsistent with a r elatively e xtended cor ona whose coupling to
he inner disc gradually weakens in the hard state. As the source
v olv es t ow ard the HIMS, the r atio gr adually approaches unity
hile the intrinsic feedback fraction increases, indicating an in- 

reasing coupling between the corona and the inner disc. This 
ehaviour is simultaneous with the contraction of the corona size 
nd with the increase in the intrinsic feedback fraction, consis- 
ent with a more compact disc–corona geometry (e.g. A. A. Esin
t al. 1997 ). During the transition from the HIMS to the SIMS,
he ratio increases and the intrinsic feedback fraction decreases 
gain, implying a decoupling between the inner disc and the seed 

hoton source. This behaviour may reflect a change in the coronal 
eometry or heating mechanism during the rapid state transition, 
nown to be accompanied by substantial changes in accretion 

ow properties (R. P. Fender, T. M. Belloni & E. Gallo 2004 ; T.
elloni et al. 2005 ) From the SIMS to the HSS, the ratio decreases
nd ev olv es t owards unity, indicating that the seed phot ons are
gain closely associated with the inner disc in the soft state. In this
egime, the system appears to reach a more stable configuration, 
here the thermal disc dominates the emission and much less 
bservations show QPOs (e.g. S. Motta et al. 2011 ; Y. Zhang et al.
024 ). 

.3 Corona size, black hole mass, and disc inclination 

hile the evolution of corona size is robustly measured, it is
mportant to consider whether such trends could be biased by 
H mass or inclination of the system, or the assumptions in the
odel. 
Many BH properties scale with the BH mass, for instance the

adius of the ISCO, or the Eddington luminosity (J. F. Steiner et al.
010 ; J. García et al. 2014 ; P. Gandhi et al. 2022 ). It is ther efor e cru-
ial to consider the BH masses in our sample. Only five sources
mong the nine BHXRBs analysed here have dynamical mass 
easurements: GRS 1915 + 105 ( 11 . 2 ± 2 M �; M. J. Reid & J. C.
. Miller-Jones 2023 ), GX 339 −4 (ranging from 2.3 to 9.5 M �; M.
eida et al. 2017 ), MAXI J1803 −298 (3 to 10 M �; D. Mata Sánchez
t al. 2022 ), MAXI J1820 + 070 (5.7 to 9.2 M �; M. A. P. Torres
t al. 2020 ), and Swift J1727.8 −1613 ( > 4 M �; D. Mata Sánchez
t al. 2025 ). These values ar e br oadly consistent with each other
nd with the typical ∼9–10 M � expected for stellar-mass BHs. 
or the remaining sources, direct dynamical estimates are not 
et available, and we adopt a r epr esentative value of 10 M � for
caling purposes. Ther efor e, w e choose t o present the corona size
n physical units (km), as directly obtained from vKompthdk ,
nd scale it into R g assuming a fiducial mass of 10 M � (see the
ight axis of the left panel in Fig. 6 ). 

J. Van den Eijnden et al. ( 2017 ) reported that the sign (pos-
tiv e or negativ e) of the QPO phase lag, when the QPO fre-
uencies are above ∼2 Hz, depends on the inclination of the
HXRB, possibly due to differences in relativistic geometrical 
ffects such as Lense–Thirring precession. In our vKompthdk 
ramework, QPOs are modelled as oscillations in thermal prop- 
rties, i.e. temperature, in the corona. The model accounts for 
hoton pr opag ation thr ough both dir ect and inv erse Compt oniza-
ion in the corona, as well as thermal reprocessing in the disc, all
f which contribute to the observed changes in phase lags. The
ources in our sample span a wide range of inclination angles:
XO 1846 −031 ( ∼ 40 ◦; Y. Wang et al. 2021 ), GRS 1915 + 105 ( ∼
0 ◦; J. M. Miller et al. 2013 ), GX 339 −4 ( 48 ◦ ± 1 ◦; J. A. García
t al. 2015 ), MAXI J1348 −630 ( < 46 ◦; F. Carot enut o et al. 2021 ),
AXI 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
easurements of 50 ◦–70 ◦), MAXI J1803 −298 ( ∼ 70 ◦; Y. Feng

t al. 2022 ), MAXI J1820 + 070 ( 81 ◦; J. Wang et al. 2021 ), and
wift J1727.8 −1613 ( ∼ 40 ◦; J .-Q . Peng et al. 2024 ). Despite the
ide variation in inclination, our results suggest that the inferred 

orona size evolution does not strongly depend on viewing angle. 
or instance, all sources exhibit a broadly similar pattern: an ini-
ial expansion in the LHS, a significant contraction in the HIMS,
nd a flare-like expansion near the HIMS-to - SIMS transition. The
IMS is characterized by a more compact and stable corona with
educed variability, while around the HIMS-to-HSS transition, 
hough sparsely sampled due to few QPO detections, shows ten- 
ative signs of a slight increase in corona size. We not e, how ev er,
hat not all sources are equally represented across all states, so
his description reflects the global picture rather than a uniform 

equence observed in every case. This inclination-independent 
rend is consistent with the assumptions of vKompthdk , which 

odels the corona as spherical and isotropic, and which likely 
ndicates that inclination does not have a significant effect on the
nferr ed cor ona size. 

.4 Coronal geometry from different timing signals 

ased on fits using the vKompthdk model, we have previously 
nv estigat ed NICER observations of the corona evolution during 
tate transitions in several BHXRBs, including MAXI J1348 −630 
F. García 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.

a et al. 2023 ), and Swift J1727.8 −1613 (D. Rawat et al. 2025 ). For
nstance, the study of MAXI J1820 + 070 focuses on the variable
orona during the HIMS-to - SIMS transition over time- scales of 
ours, showing a morphological change from a slab-like to a jet-

ike corona geometry (R. Ma et al. 2023 ). In MAXI J1535 −571,
POs are det ect ed in the HIMS at frequencies betw een 2 and
 Hz, where the corona size continuously decreases from ∼ 10 4 
o ∼ 10 3 km and the feedback fraction increases (D. Rawat et al.
MNRAS 546, 1–22 (2026) 



12 Y. Zhang et al. 

M

2  

r  

e  

s  

s  

o  

B  

a
 

m  

i  

2  

L  

M  

d  

f
 

b  

g  

N  

t  

c  

t  

h  

t  

l  

Z  

g  

a  

e  

e  

f  

T  

s  

B  

s  

o  

i  

c
 

i  

e  

t  

i  

d  

t  

S  

m  

n  

e  

r  

H
 

c  

f  

w  

l  

d  

e  

t  

p  

u  

d  

2  

d  

l  

d
 

a  

g  

s  

t  

t  

f  

t  

s  

t  

c  

t  

l  

s  

L  

o  

t  

b  

a  

p  

L  

B  

f  

p  

d  

b  

b  

d  

i  

p  

o

A

W  

h  

R  

t  

n  

s  

i  

a  

F  

a  

S  

o  

t

D

T  

E  

h  

a  

H

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag261/8483889 by guest on 02 June 2026
023 ). Note that this behaviour is observed within a narrow hue
ange of ∼ 145 ◦–175 ◦, corresponding only to the HIMS. These
arlier w orks concentrat e on specific spectral stat es, rather than a
ystematic view of corona evolution across full outbursts or larger
ource samples. In contrast, our study aims to provide such an
verview by examining the complete outburst evolution of nine
HXRBs, with cor ona measur ements in individual NICER orbits
cross all spectral states. 

A r ecent study of S wift J1727.8 −1613 using a dual-corona
odel finds that the overall corona size is consistent with that

nferr ed fr om the one-zone vKompthdk model (D. Rawat et al.
025 ). In that work, the corona size increases to ∼ 10 4 km in the
HS and subsequently decreases to ∼ 2 × 10 3 km in the HIMS.
eanwhile, the intrinsic feedback fraction shows a clear increase

uring the LHS-t o-HIMS transition, consist ent with our findings
or Swift J1727.8 −1613. 

While X-r ay v ariability in BHXRBs gener ally comprises broad-
and noise and QPOs (T. Belloni et al. 2002 ), recent works sug-
est a different interpretation of the PDS. Several studies (M. A.
owak 2000 ; T. Belloni et al. 2002 ; M. Méndez et al. 2024 ) propose

hat the PDS is better described as a sum of multiple Lorentzian
omponents, each r epr esenting variability on r elatively narr ow
ime-scales. At low fr equencies, br oad-band noise often e xhibits
ard lags attributed to accretion fluctuations and Comptoniza-

ion (P. Uttley & J. Malzac 2025 ), while at higher frequencies, soft
ags int erpret ed as soft dela ys ma y arise fr om disc r eflection (A.
oghbi et al. 2010 ). Models like reltrans assume a lamppost
eometry to describe such r everberation, but tr eat r everberation
nd hard lags as being produced by distinct mechanisms (J. Wang
t al. 2021 ). In our study, we focus on constraining coronal prop-
rties using the QPO component, which r epr esents a coher ent
eature in the PDS and cross spectrum (M. Méndez et al. 2024 ).
he lags of QPOs can be either hard due to Comptonization or
oft due to feedback thermalization (K. Karpouzas et al. 2020 ; C.
ellavita et al. 2022 ). By modelling the QPO phase-lag and rms
pectra of the QPO jointly with the energy spectrum of the source,
ur approach isolates a specific mode of coronal v ariability, allow -
ng us to dir ectly pr obe the physical structure and evolution of the
or ona acr oss spectral states. 

Interestingly, the soft lags inferred from broad-band noise stud-
es change significantly during spectral state transitions (J. Wang
t al. 2022 ). Assuming these soft lags arise from the light travel-
ime between the corona and the disc, estimates suggest that dur-
ng the hard-t o-int ermediat e stat e transition, the corona height
ecr eases fr om ∼1000 to 200 km in the LHS, then e xpands up
o ∼9000 km in the HIMS, followed by a slight decrease in the
IMS. This trend is similar to the behaviour we observe from QPO
odelling, wher e cor ona size contracts in the HIMS and flares

ear the HIMS-to - SIMS transition. However, the absolute size
stimates differ: our vKompthdk modelling shows the corona
eaching up to 10 5 km in the LHS, dropping to ∼ 10 3 km in the
IMS, and remaining compact at ∼4000–8000 km in the SIMS. 
An important distinction should be emphasized between the

or ona sizes inferr ed fr om QPO modelling and those estimated
r om r everberation soft lags, which ar e commonly interpr eted
ithin a lamppost geometry. R everber ation lags primarily trace

ight traveltime between a vertical point X-ray source and the
isc (P. Uttley et al. 2014 ), whereas vKompthdk constrains an
ffective corona size associated with Comptonization and disc
hermalization. In the early LHS, the large feedback fraction (40
er cent) and corona size inferred from QPO modelling are nat-
rally explained by an extended corona strongly coupled to the
NRAS 546, 1–22 (2026) 
isc, rather than vertically elevated lamppost (K. Alabarta et al.
025 ). In such a configuration, large feedback in vKompthdk
oes not necessarily produce large reverberation soft lags, high-

ighting the different physical sensitivities of the two timing
iagnostics. 
Within this framework, the two approaches should be regarded

s complementary, each probing different aspects of the corona
eometry under different assumptions. Despite differences in
cale, both reverberation and QPO-based analyses reveal similar
r ends in cor onal geometry. Prior t o the HIMS-t o - SIMS transition,
he soft lags of the broad-band noise and the corona size inferred
rom the QPO using vKompthdk modelling both suggest that
he corona becomes more compact, or that disc–corona coupling
trengthens (J. Wang et al. 2022 ). How ev er, around the HIMS-
o - SIMS transition, the two diagnostics appear to decouple: the
or ona height inferr ed fr om soft lags increases significantly, while
he vKompthdk -inferred size remains compact. This divergence
ikely reflects a geometric change, such as the vertical expan-
ion or partial ejection of the corona. In such a scenario, in the
HS, the highly coherent QPO signal may catch the full size
f an extended Comptonization medium, while the reverbera-
ion lag would be sensitive to an ‘ a veraged’ coronal height, or
ase of the vertical cor ona, fr om wher e most of the photons
re emitt ed t owards the disc producing the soft lag. This inter-
retation is supported by simulations (M. Liska et al. 2021 ; M.
ucchini et al. 2023 ) and reflection-based modelling (D. J. K.
uisson et al. 2019 ), which suggest that the corona transitions

rom a vertically extended structure in the LHS to a more com-
act, possibly jet-associated configuration in a softer state. The
iscrepancy in absolute size estimates may thus be reconciled
y recognizing that reverberation lags are influenced not only
y light travel time, but also by scattering, dilution, and energy-
ependent response. A unified modelling approach incorporat-

ng both QPO and reverberation timing may offer a more com-
lete picture of the evolving coronal geometry throughout the
utburst. 

C KNOWLEDGEMENTS  

e thank the r efer ee for their constructive comments that
elp t o improv e the quality of this paper . W e thank David M.
ussell for helpful discussions. YZ acknowledges support from

he Dutch Research Council (NWO) Rubicon Fellowship, file
o . 019.231EN .021. MM acknowledges support from the re-
ear ch pr ogr amme A thena with project no. 184.034.002, which
s (partly) financed by NWO. FG is a C ONICET r esear cher and
cknowledges support by PIP 0113 and PIBAA 1275 (CONICET).
G acknowledges support from PIBAA 1275 (CONICET). FG was
lso supported by grant PID2022-136828NB-C42 funded by the
panish MCIN/AEI/10.13039/501100011033 and ‘ERDF A way
f making E ur ope’. KA and SKR are supported by Tamkeen under
he NYU Abu Dhabi Research Institute grant CASS. 

A  T  A  AVA I L A B I L I T Y  

he X-ray data used in this article are accessible at NASA’s High
nergy Astrophysics Science Archive Research Center https://
easarc.gsfc.nasa.gov/ . The software GHATS for Fourier timing
nalysis is available at http://www.brera.inaf.it/utenti/belloni/G
ATS _ Package/Home.html . 

https://heasarc.gsfc.nasa.gov/
http://www.brera.inaf.it/utenti/belloni/GHATS_Package/Home.html


Corona seen by NICER 13 

R

A
A  

A  

A
A  

B
B  

B
B
B  

B  

B  

B
B  

B  

B
B
C
C
C
C
C  

D
D  

E
F
F
F
F
F
F  

F
F  

G
G  

G  

G
G  

G  

H  

H
H
H  

I
I
I
I  

I
I
K
K
K  

K
K
K
K  

L

L
M  

M
M
M  

M
M  

M  

M
M
M
M
M
M  

M  

N
N
N
N  

P
P
P
R  

R
R
R
R
R
R  

R
R  

R
R  

R
R
S  

S  

S
S
S
T  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag261/8483889 by guest on 02 June 2026
E F E R E N C E S  

labarta K. et al., 2021, MNRAS , 507, 5507 
labarta K. , Méndez M., García F., Peirano V., Altamirano D., Zhang L.,

Karpouzas K., 2022, MNRAS , 514, 2839 
labarta K. , Méndez M., García F., Altamirano D., Zhang Y., Zhang L.,

Russell D. M., König O., 2025, ApJ , 980, 251 
révalo P. , Uttley P., 2006, MNRAS , 367, 801 
rnaud K. A. , 1996, in Jacoby G. H., Barnes J. eds, ASP Conf. Ser. Vol. 101,

Astronomical Data Analysis Software and Systems V, p. 17 
ambi C. et al., 2021, Space Sci. Rev. , 217, 65 
ellavita C. , García F., Méndez M., Karpouzas K., 2022, MNRAS , 515,

2099 
elloni T. , Hasinger G., 1990, A&A, 230, 103 
elloni T. , Psaltis D., van der Klis M., 2002, ApJ , 572, 392 
elloni T. , Homan J., Casella P., van der Klis M., Nespoli E., Lewin W. H.

G., Miller J. M., Méndez M., 2005, A&A , 440, 207 
elloni T. M. , 2010, in Belloni T. ed., Lectur e N otes in Physics, Vol. 794.

Berlin, Springer Verlag, p. 53 
elloni T. M. , Motta S. E., 2016, in Bambi C. ed., Astrophysics and Space

Science Library, Vol. 440, Astrophysics of Black Holes: From Funda- 
mental Aspects to Latest Developments, p. 61 

elloni T. M. , Stella L., 2014, Space Sci. Rev. , 183, 43 
elloni T. M. , Zhang L., Kylafis N. D., Reig P., Altamirano D., 2020,

MNRAS , 496, 4366 
elloni T. M. , Méndez M., García F., Bhat tachary a D., 2024, MNRAS , 527,

7136 
ollemeijer N. , Uttley P., 2025, MNRAS , 542, 350 
uisson D. J. K. et al., 2019, MNRAS , 490, 1350 
arot enut o F. et al., 2021, MNRAS , 504, 444 
asella P. , Belloni T., Homan J., Stella L., 2004, A&A , 426, 587 
asella P. , Belloni T., Stella L., 2005, ApJ , 629, 403 
hurazov E. , Gilfanov M., Revnivtsev M., 2001, MNRAS , 321, 759 
orbel S. , Fender R. P., Tomsick J . A., T zioumis A. K., Tingay S., 2004,

ApJ , 617, 1272 
one C. , Gierli ́nski M., Kubota A., 2007, A&AR , 15, 1 
ong Y. , Liu Z., Tuo Y., Steiner J. F., Ge M., García J. A., Cao X., 2022,

MNRAS , 514, 1422 
sin A. A. , McClintock J. E., Nar ay an R., 1997, ApJ , 489, 865 
abian A. C. , Rees M. J., Stella L., White N. E., 1989, MNRAS , 238, 729 
abian A. C. et al., 2009, N atur e , 459, 540 
ender R. , 2006, in Compact Stellar X-ray Sources, Vol. v . p. 381 
ender R. P. , Belloni T. M., Gallo E., 2004, MNRAS , 355, 1105 
ender R. P. , Homan J., Belloni T. M., 2009, MNRAS , 396, 1370 
eng Y. , Zhao X., Li Y., Gou L., Jia N., Liao Z., Wang Y., 2022, MNRAS ,

516, 2074 
 erreira J . , 1997, A&A , 319, 340 
 erreira J . , Petrucci P. O ., Henri G., Saugé L., Pelletier G., 2006, A&A , 447,

813 
andhi P. et al., 2022, Nat. Astron. , 6, 1364 
arcía F. , Méndez M., Karpouzas K., Belloni T., Zhang L., Altamirano D.,

2021, MNRAS , 501, 3173 
arcía F. , Karpouzas K., Méndez M., Zhang L., Zhang Y., Belloni T.,

Altamirano D., 2022, MNRAS , 513, 4196 
arcía J. et al., 2014, ApJ , 782, 76 
arcía J. A. , Steiner J. F., McClintock J. E., Remillard R. A., Grinberg V.,

Dauser T., 2015, ApJ , 813, 84 
ilfanov M. , 2010, in Belloni T. ed., Lectur e N otes in Physics, Vol. 794.

Berlin, Springer Verlag, p. 17 
eida M. , Jonker P. G., Torres M. A. P., Chiavassa A., 2017, ApJ , 846, 132
eil L. M. , Uttley P., Klein-Wolt M., 2015, MNRAS , 448, 3339 
oman J. , Belloni T., 2005, Ap&SS , 300, 107 
oman J. , Wijnands R., van der Klis M., Belloni T., van Paradijs J., Klein-

Wolt M., Fender R., Méndez M., 2001, ApJS , 132, 377 
ngram A. , 2019, MNRAS , 489, 3927 
ngram A. , van der Klis M., 2013, MNRAS , 434, 1476 
ngram A. , Done C., Fragile P. C., 2009, MNRAS , 397, L101 
ngram A. , Mastroserio G., Dauser T., Hovenkamp P., van der Klis M.,

García J. A., 2019, MNRAS , 488, 324 
ngram A. et al., 2024, ApJ , 968, 76 
ngram A. R. , Motta S. E., 2019, New Astron. Rev., 85, 101524 
aastra J. S. , Bleeker J. A. M., 2016, A&A , 587, A151 
ara E. et al., 2019, N atur e , 565, 198 
arpouzas K. , Méndez M., Ribeiro E. M., Altamirano D ., Blaes O ., García

F., 2020, MNRAS , 492, 1399 
ompaneets A. S. , 1957, Sov. J. Exp. Theor. Phys., 4, 730 
rawczynski H. et al., 2022, Science , 378, 650 
ylafis N. D. , Reig P., 2024, A&A , 690, A6 
 ylafis N. D . , Papadakis I. E., Reig P., Giannios D., Pooley G. G., 2008,

A&A , 489, 481 
iska M. , Hesp C., Tchekhovskoy A., Ingram A., van der Klis M., Markoff

S. B., Van Moer M., 2021, MNRAS , 507, 983 
ucchini M. et al., 2023, ApJ , 951, 19 
a R. , Méndez M., García F., Sai N., Zhang L., Zhang Y., 2023, MNRAS ,

525, 854 
arcel G. et al., 2018, A&A , 615, A57 
ata Sánchez D. et al., 2022, ApJ , 926, L10 
ata Sánchez D. , Torres M. A. P., Casares J., Muñoz-Darias T., Armas

Padilla M., Yanes-Rizo I. V., 2025, A&A , 693, A129 
éndez M. , van der Klis M., 1997, ApJ , 479, 926 
éndez M. , Karpouzas K., García F., Zhang L., Zhang Y., Belloni T. M.,

Altamirano D., 2022, Nat. Astron. , 6, 577 
éndez M. , Peirano V., García F., Belloni T., Altamirano D., Alabarta K.,

2024, MNRAS , 527, 9405 
iller J. M. et al., 2013, ApJ , 775, L45 
iller J. M. et al., 2018, ApJ , 860, L28 
irabel I. F. , Rodríguez L. F., 1994, N atur e , 371, 46 
itsuda K. et al., 1984, PASJ , 36, 741 
iyamoto S. , Kitamoto S., Mitsuda K., Dotani T., 1988, N atur e , 336, 450 
otta S. , Muñoz-Darias T., Casella P., Belloni T., Homan J., 2011, MNRAS ,

418, 2292 
otta S. , Homan J., Muñoz Darias T., Casella P., Belloni T. M., Hiemstra

B., Méndez M., 2012, MNRAS , 427, 595 
ar ay an R. , McClintock J. E., 2008, New Astron. Rev. , 51, 733 
eilsen J. et al., 2018, ApJ , 860, L19 
owak M. A. , 2000, MNRAS , 318, 361 
owak M. A. , Vaughan B. A., Wilms J., Dove J. B., Begelman M. C., 1999,

ApJ , 510, 874 
eirano V. , Méndez M., 2022, MNRAS , 513, 2804 
eirano V. , Méndez M., García F., Belloni T., 2023, MNRAS , 519, 1336 
eng J .-Q . et al., 2024, ApJ , 960, L17 
apisarda S. , Ingram A., Kalamkar M., van der Klis M., 2016, MNRAS ,

462, 4078 
atti E. M. , Belloni T. M., Motta S. E., 2012, MNRAS , 423, 694 
awat D. et al., 2023, MNRAS , 520, 113 
awat D. , Méndez M., García F., Maggi P., 2025, A&A , 697, A229 
eid M. J. , Miller-Jones J. C. A., 2023, ApJ , 959, 85 
eig P. , Kylafis N. D., 2021, A&A , 646, A112 
eis R. C. , Fabian A. C., Ross R. R., Miniutti G., Miller J. M., Reynolds C.,

2008, MNRAS , 387, 1489 
emillard R. A. , McClintock J. E., 2006, ARA&A , 44, 49 
emillard R. A. , Sobczak G. J., Muno M. P., McClintock J. E., 2002, ApJ ,

564, 962 
emillard R. A. et al., 2022, AJ , 163, 130 
out S. K. , Méndez M., Belloni T. M., Vadawale S., 2021, MNRAS , 505,

1213 
out S. K. , Méndez M., García F., 2023a, MNRAS , 525, 221 
out S. K. , Vadawale S., Gar ́cia J., Connors R., 2023b, ApJ , 944, 68 
harma R. , Jaleel A., Jain C., Pandey J. C., Paul B., Dutta A., 2018,

MNRAS , 481, 5560 
teiner J. F. , McClintock J. E., Remillard R. A., Gou L., Yamada S.,

Nar ay an R., 2010, ApJ , 718, L117 
teiner J. F. et al., 2024, ApJ , 969, L30 
tella L. , Vietri M., 1998, ApJ , 492, L59 
t ev ens A. L. et al., 2018, ApJ , 865, L15 
anaka Y. , 1989, in Hunt J., Battrick B. eds, ES A SP -1: Two Topics in X-

Ra y Astronom y, Volume 1: X Ra y Binaries. Volume 2: AGN and the X
Ray Back gr ound, p. 3 
MNRAS 546, 1–22 (2026) 

http://dx.doi.org/10.1093/mnras/stab2241
http://dx.doi.org/10.1093/mnras/stac1533
http://dx.doi.org/10.3847/1538-4357/ada7f9
http://dx.doi.org/10.1111/j.1365-2966.2006.09989.x
http://dx.doi.org/10.1007/s11214-021-00841-8
http://dx.doi.org/10.1093/mnras/stac1922
http://dx.doi.org/10.1086/340290
http://dx.doi.org/10.1051/0004-6361:20042457
http://dx.doi.org/10.1007/s11214-014-0076-0
http://dx.doi.org/10.1093/mnras/staa1843
http://dx.doi.org/10.1093/mnras/stad3639
http://dx.doi.org/10.1093/mnras/staf1238
http://dx.doi.org/10.1093/mnras/stz2681
http://dx.doi.org/10.1093/mnras/stab864
http://dx.doi.org/10.1051/0004-6361:20041231
http://dx.doi.org/10.1086/431174
http://dx.doi.org/10.1046/j.1365-8711.2001.04056.x
http://dx.doi.org/10.1086/425650
http://dx.doi.org/10.1007/s00159-007-0006-1
http://dx.doi.org/10.1093/mnras/stac1466
http://dx.doi.org/10.1086/304829
http://dx.doi.org/10.1093/mnras/238.3.729
http://dx.doi.org/10.1038/nature08007
http://dx.doi.org/10.48550/arXiv.astro-ph/0303339
http://dx.doi.org/10.1111/j.1365-2966.2004.08384.x
http://dx.doi.org/10.1111/j.1365-2966.2009.14841.x
http://dx.doi.org/10.1093/mnras/stac1868
http://dx.doi.org/10.48550/arXiv.astro-ph/9607057
http://dx.doi.org/10.1051/0004-6361:20052689
http://dx.doi.org/10.1038/s41550-022-01857-y
http://dx.doi.org/10.1093/mnras/staa3944
http://dx.doi.org/10.1093/mnras/stac1202
http://dx.doi.org/10.1088/0004-637X/782/2/76
http://dx.doi.org/10.1088/0004-637X/813/2/84
http://dx.doi.org/10.3847/1538-4357/aa85df
http://dx.doi.org/10.1093/mnras/stv191
http://dx.doi.org/10.1007/s10509-005-1197-4
http://dx.doi.org/10.1086/318954
http://dx.doi.org/10.1093/mnras/stz2409
http://dx.doi.org/10.1093/mnras/stt1107
http://dx.doi.org/10.1111/j.1745-3933.2009.00693.x
http://dx.doi.org/10.1093/mnras/stz1720
http://dx.doi.org/10.3847/1538-4357/ad3faf
http://dx.doi.org/10.1051/0004-6361/201527395
http://dx.doi.org/10.1038/s41586-018-0803-x
http://dx.doi.org/10.1093/mnras/stz3502
http://dx.doi.org/10.1126/science.add5399
http://dx.doi.org/10.1051/0004-6361/202450337
http://dx.doi.org/10.1051/0004-6361:20079159
http://dx.doi.org/10.1093/mnras/staa099
http://dx.doi.org/10.3847/1538-4357/acd24f
http://dx.doi.org/10.1093/mnras/stad2284
http://dx.doi.org/10.1051/0004-6361/201732069
http://dx.doi.org/10.3847/2041-8213/ac502f
http://dx.doi.org/10.1051/0004-6361/202451960
http://dx.doi.org/10.1086/303914
http://dx.doi.org/10.1038/s41550-022-01617-y
http://dx.doi.org/10.1093/mnras/stad3786
http://dx.doi.org/10.1088/2041-8205/775/2/L45
http://dx.doi.org/10.3847/2041-8213/aacc61
http://dx.doi.org/10.1038/371046a0
http://dx.doi.org/10.1093/pasj/36.4.741
http://dx.doi.org/10.1038/336450a0
http://dx.doi.org/10.1111/j.1365-2966.2011.19566.x
http://dx.doi.org/10.1111/j.1365-2966.2012.22037.x
http://dx.doi.org/10.1016/j.newar.2008.03.002
http://dx.doi.org/10.3847/2041-8213/aaca96
http://dx.doi.org/10.1046/j.1365-8711.2000.03668.x
http://dx.doi.org/10.1086/306610
http://dx.doi.org/10.1093/mnras/stac1071
http://dx.doi.org/10.1093/mnras/stac3553
http://dx.doi.org/10.3847/2041-8213/ad17ca
http://dx.doi.org/10.1093/mnras/stw1878
http://dx.doi.org/10.1111/j.1365-2966.2012.20906.x
http://dx.doi.org/10.1093/mnras/stad126
http://dx.doi.org/10.1051/0004-6361/202453538
http://dx.doi.org/10.3847/1538-4357/acfe0c
http://dx.doi.org/10.1051/0004-6361/202039903
http://dx.doi.org/10.1111/j.1365-2966.2008.13358.x
http://dx.doi.org/10.1146/annurev.astro.44.051905.092532
http://dx.doi.org/10.1086/324276
http://dx.doi.org/10.3847/1538-3881/ac4ae6
http://dx.doi.org/10.1093/mnras/stab1341
http://dx.doi.org/10.1093/mnras/stad2321
http://dx.doi.org/10.3847/1538-4357/acaaa4
http://dx.doi.org/10.1093/mnras/sty2678
http://dx.doi.org/10.1088/2041-8205/718/2/L117
http://dx.doi.org/10.3847/2041-8213/ad58e4
http://dx.doi.org/10.1086/311075
http://dx.doi.org/10.3847/2041-8213/aae1a4


14 Y. Zhang et al. 

M

T  

 

U
U  

V  

V  

 

V  

V
V
V  

W
W
W
W

X
X  

Y
Y
Y
Z
Z  

Z
Z
Z
Z
Z
Z  

Z

A

D
ow

nloaded from
 https:
orres M. A. P. , Casares J., Jiménez-Ibarra F., Álvarez-Hernández A.,
Muñoz-Darias T., Armas Padilla M., Jonker P. G., Heida M., 2020, ApJ ,
893, L37 

ttley P. , Malzac J., 2025, MNRAS , 536, 3284 
t tley P. , Cacket t E. M., Fabian A. C., Kara E., Wilkins D. R., 2014, A&AR ,

22, 72 
an den Eijnden J. , Ingram A., Uttley P., Motta S. E., Belloni T. M.,

Gardenier D. W., 2017, MNRAS , 464, 2643 
an der Klis M. , 1989, in Ögelman H., van den Heuvel E. P. J. eds, NATO

Advanced Study Institute (ASI) Ser. C, Vol. 262, Timing N eutr on Stars,
p. 27 

an der Klis M. , 1995, in Lewin W. H. G., van Paradijs J., van den Heuvel
E. P. J. eds, X-ray Binaries, p. 252 

eledina A. , Poutanen J., Vurm I., 2013, MNRAS , 430, 3196 
eledina A. et al., 2023, ApJ , 958, L16 
erner D. A. , Ferland G . J., K orista K. T., Yakovlev D. G., 1996, ApJ , 465,

487 
ang J. et al., 2021, ApJ , 910, L3 
ang J. et al., 2022, ApJ , 930, 18 
ang Y. et al., 2021, ApJ , 906, 11 
ilms J. , Allen A., McCray R., 2000, ApJ , 542, 914 
NRAS 546, 1–22 (2026) 

Table A1. The NICER observations used for the joint fitting. 

Name NICER ID Orbit QPO frequency (Hz

EXO 1846 −031 2200760101 F 0 . 26 ± 0 . 01 
2200760103 F 1 . 01 ± 0 . 02 
2200760104 F 1 . 39 ± 0 . 02 

2200760105 F 2 . 36 ± 0 . 02 

2200760110 F 6 . 4 ± 0 . 2 
GRS 1915 + 105 1103010137 F 4 . 18 ± 0 . 07 

1103010157 F 2 . 16 ± 0 . 01 

2596010201 F 2 . 04 ± 0 . 01 
2596010601 F 2 . 21 ± 0 . 01 

2596010801 ∗∗ F 2 . 09 ± 0 . 02 
4103010225 ∗, ∗∗ F 0 . 170 ± 0 . 002 
4647012001 ∗, ∗∗ F 0 . 182 ± 0 . 002 

4103010226 ∗, ∗∗ F 0 . 175 ± 0 . 004 
4647012002 ∗, ∗∗ F 0 . 171 ± 0 . 002 

4103010227 ∗, ∗∗ F 0 . 169 ± 0 . 002 
4103010230 ∗, ∗∗ F 0 . 177 ± 0 . 003 

4103010231 ∗∗ F 0 . 177 ± 0 . 002 
4103010235 ∗∗ F 0 . 195 ± 0 . 002 

4103010236 ∗∗ F 0 . 188 ± 0 . 002 

4103010237 ∗, ∗∗ F 0 . 196 ± 0 . 004 

4103010238 ∗, ∗∗ F 0 . 207 ± 0 . 002 

4647012201 ∗∗ F 0 . 204 ± 0 . 003 

GX 339 −4 3558011402 F 0 . 42 ± 0 . 01 

3558011501 F 0 . 48 ± 0 . 01 

4133010101 F 0 . 52 ± 0 . 02 
4133010107 F 5 . 05 ± 0 . 02 

MAXI J1348 −630 1200530107 F 4 . 62 ± 0 . 02 
1200530108 ∗ F 4 . 53 ± 0 . 01 
1200530109 ∗ F 4 . 67 ± 0 . 01 
1200530112 ∗ F 4 . 51 ± 0 . 01 
u Y. et al., 2018, ApJ , 852, L34 
u Y. , Harrison F. A., Tomsick J. A., Walton D . J ., Barret D ., García J . A.,

Hare J., P ark er M. L., 2020, ApJ , 893, 30 
ang Z.-X. et al., 2023, MNRAS , 521, 3570 
ou B. et al., 2021, Nat. Commun. , 12, 1025 
ou B. et al., 2023, Science , 381, 961 
dziarski A. A. , Johnson W. N., Magdziarz P., 1996, MNRAS , 283, 193 
dziarski A. A. , Gierli ́nski M., Mikołajewska J., Wardzi ́nski G., Smith D.

M., Harmon B. A., Kitamoto S., 2004, MNRAS , 351, 791 
hang L. et al., 2021, MNRAS , 505, 3823 
hang L. et al., 2023, MNRAS , 526, 3944 
hang Y. et al., 2022, MNRAS , 512, 2686 
hang Y. et al., 2023, MNRAS , 520, 5144 
hang Y. et al., 2024, MNRAS , 527, 5638 
oghbi A. , Fabian A. C., Uttley P., Miniutti G., Gallo L. C., Reynolds C. S.,

Miller J. M., Ponti G., 2010, MNRAS , 401, 2419 
˙ ycki P. T. , Done C., Smith D. A., 1999, MNRAS , 309, 561 

P P E N D I X  A:  O B S E RVAT I O N S  
) Hue (deg) Size ( 10 3 km) Feedback fraction χ2 
reduced 

112 ± 3 0 . 01 +178 
−p 1 . 0 + p −0 . 5 0.52 

151 ± 3 18 +27 
−3 0 +0 . 9 

−p 0.47 
153 ± 4 2 +7 

−p 0 . 0 +0 . 5 
−p 0.61 

183 ± 7 8 + p −p 0 . 0 +0 . 5 
−p 0.48 

179 ± 8 3 +7 
−2 0 . 5 + p −0 . 2 0.31 

197 ± 4 2 . 5 +0 . 9 
−0 . 7 0 . 48 ± 0 . 06 0.68 

178 ± 1 3 . 5 ± 0 . 7 0 . 41 ± +0 . 07 0.60 

188 ± 6 16 ± 4 0 . 8 + p −0 . 3 1.04 
208 ± 11 3 ± 1 0 . 32 ± 0 . 02 1.39 
261 ± 8 3 . 8 ± 0 . 6 0 . 70 ± 0 . 03 1.60 
48 ± 2 10 ± 2 0 . 97 ± 0 . 01 1.44 
44 ± 1 0 . 01 +9 

−p 0 . 94 ± 0 . 01 1.37 

56 ± 5 42 ± 3 1 . 0 + p −0 . 1 1.27 
37 ± 1 6 . 3 ± 0 . 4 0 . 2 +0 . 2 

−p 1.49 

43 ± 1 21 +7 
−11 1 . 00 + p −0 . 06 1.62 

61 ± 5 51 . 0 +0 . 6 
−0 . 9 0 . 92 +0 . 02 

−0 . 19 1.43 

56 ± 3 45 +24 
−3 0 . 93 + p −0 . 09 1.19 

76 ± 4 18 +9 
−14 0 . 86 +0 . 06 

−0 . 18 1.61 

58 ± 7 33 +6 
−9 0 . 96 + p −0 . 05 1.53 

64 ± 6 19 . 3 +0 . 1 
−1 . 0 0 . 96 + p −0 . 05 1.44 

46 ± 5 14 . 3 +0 . 4 
−0 . 2 0 . 96 + p −0 . 05 1.58 

70 ± 8 27 ± 17 0 . 96 + p −0 . 05 1.32 

113 ± 6 0 . 01 +70 
−p 1 . 0 + p −0 . 6 0.83 

104 ± 3 0 . 01 +51 
−p 0 . 8 + p −0 . 3 0.76 

92 ± 6 0 . 01 +86 
−p 0 . 5 + p −0 . 2 0.70 

269 ± 4 5 . 2 ± 0 . 5 0 . 33 ± 0 . 05 1.63 
170 ± 2 2 . 1 ± 0 . 5 0 . 38 ± 0 . 02 1.46 

192 ± 14 0 . 01 +0 . 22 
−0 . 01 0 . 34 ± 0 . 01 1.38 

231 ± 5 10 . 7 +0 . 4 
−0 . 1 0 . 85 ± 0 . 06 1.68 

218 ± 10 10 . 0 +0 . 5 
−2 . 0 0 . 8 ± 0 . 1 1.65 

//academ
ic.oup.com

/m
nras/article/546/4/stag261/8483889 by guest on 02 June 2026

http://dx.doi.org/10.3847/2041-8213/ab863a
http://dx.doi.org/10.1093/mnras/stae2514
http://dx.doi.org/10.1007/s00159-014-0072-0
http://dx.doi.org/10.1093/mnras/stw2634
http://dx.doi.org/10.1093/mnras/stt124
http://dx.doi.org/10.3847/2041-8213/ad0781
http://dx.doi.org/10.1086/177435
http://dx.doi.org/10.3847/2041-8213/abec79
http://dx.doi.org/10.3847/1538-4357/ac6262
http://dx.doi.org/10.3847/1538-4357/abc55e
http://dx.doi.org/10.1086/317016
http://dx.doi.org/10.3847/2041-8213/aaa4b2
http://dx.doi.org/10.3847/1538-4357/ab7dc0
http://dx.doi.org/10.1093/mnras/stad795
http://dx.doi.org/10.1038/s41467-021-21169-5
http://dx.doi.org/10.1126/science.abo4504
http://dx.doi.org/10.1093/mnras/283.1.193
http://dx.doi.org/10.1111/j.1365-2966.2004.07830.x
http://dx.doi.org/10.1093/mnras/stab1553
http://dx.doi.org/10.1093/mnras/stad3062
http://dx.doi.org/10.1093/mnras/stac690
http://dx.doi.org/10.1093/mnras/stad460
http://dx.doi.org/10.1093/mnras/stad3623
http://dx.doi.org/10.1111/j.1365-2966.2009.15816.x
http://dx.doi.org/10.1046/j.1365-8711.1999.02885.x


Corona seen by NICER 15 

MNRAS 546, 1–22 (2026) 

Table A1 – continued 

Name NICER ID Orbit QPO frequency (Hz) Hue (deg) Size ( 10 3 km) Feedback fraction χ2 
reduced 

1200530113 F 4 . 38 ± 0 . 03 308 ± 33 7 . 8 +0 . 6 
−1 . 1 1 . 0 + p −0 . 1 1.08 

1200530117 ∗ F 4 . 28 ± 0 . 01 215 ± 10 10 . 0 +0 . 4 
−2 . 5 0 . 8 + p −0 . 1 1.58 

1200530123 F 3 . 97 ± 0 . 04 221 ± 23 2 +8 
−p 0 . 2 +0 . 2 

−0 . 1 1.00 
1200530124 ∗ F 4 . 24 ± 0 . 01 207 ± 2 9 ± 1 0 . 7 ± 0 . 1 1.29 
1200530125 ∗ F 3 . 98 ± 0 . 01 231 ± 9 10 . 7 ± 0 . 8 0 . 00 +0 . 02 

−p 1.67 
MAXI J1535 −571 1050360105 2 2 . 75 ± 0 . 02 152 ± 4 3 ± 2 0 . 55 ± 0 . 07 0.70 

1050360105 3 2 . 42 ± 0 . 01 165 ± 3 9 . 9 ± 0 . 2 1 . 00 + p −0 . 03 0.59 

1050360105 4 2 . 29 ± 0 . 01 169 ± 10 17 ± 3 1 . 0 + p −0 . 2 0.81 

1050360105 5 2 . 35 ± 0 . 01 175 ± 10 15 +1 
−3 1 . 0 + p −0 . 3 0.70 

1050360105 6 2 . 46 ± 0 . 02 171 ± 10 13 . 4 +0 . 9 
−2 . 1 1 . 0 + p −0 . 1 0.73 

1050360105 11 1 . 94 ± 0 . 01 147 ± 3 15 . 6 ± 0 . 2 1 . 00 + p −0 . 03 0.71 

1050360105 12 1 . 80 ± 0 . 01 148 ± 2 22 ± 2 1 . 00 + p −0 . 07 0.69 
1050360105 13 1 . 83 ± 0 . 01 145 ± 2 13 ± 2 0 . 59 ± 0 . 07 0.64 

1050360106 F 1 . 83 ± 0 . 01 148 ± 0 18 . 5 ± 0 . 8 0 . 85 + p −0 . 08 0.39 

1050360107 F 2 . 14 ± 0 . 01 163 ± 2 15 ± 1 1 . 0 + p −0 . 2 0.30 

1050360108 0 2 . 36 ± 0 . 02 163 ± 6 14 . 2 +0 . 6 
−1 . 4 1 . 0 + p −0 . 2 0.61 

1050360108 1 2 . 45 ± 0 . 02 156 ± 5 14 . 1 ± 0 . 9 0 . 77 ± 0 . 05 0.78 
1050360108 2 2 . 74 ± 0 . 01 175 ± 23 7 . 8 ± 0 . 8 0 . 67 ± 0 . 04 0.87 

1050360109 0 2 . 77 ± 0 . 01 170 ± 7 11 +1 
−3 0 . 9 + p −0 . 3 0.74 

1050360109 1 3 . 30 ± 0 . 02 167 ± 6 9 . 6 +0 . 6 
−1 . 3 1 . 0 + p −0 . 2 0.68 

1050360109 2 3 . 56 ± 0 . 04 158 ± 13 2 . 3 +1 . 3 
−0 . 9 0 . 62 +0 . 11 

−0 . 09 0.84 
1050360109 5 3 . 43 ± 0 . 02 158 ± 13 3 . 2 ± 0 . 05 0 . 66 ± 0 . 04 0.82 

1050360109 6 2 . 99 ± 0 . 01 173 ± 44 8 . 7 +0 . 4 
−0 . 6 1 . 00 + p −0 . 05 0.67 

1050360109 7 2 . 74 ± 0 . 01 164 ± 4 9 ± 1 0 . 78 +0 . 08 
−0 . 06 0.57 

1050360110 0 2 . 89 ± 0 . 01 166 ± 4 9 . 2 ± 0 . 4 0 . 75 ± 0 . 03 0.66 

1050360110 1 4 . 03 ± 0 . 02 157 ± 4 8 ± 2 0 . 8 + p −0 . 2 0.68 
1050360110 2 4 . 79 ± 0 . 02 166 ± 4 0 . 68 ± 0 . 03 0 . 321 +0 . 001 

−0 . 007 0.75 

1050360111 F 9 . 07 ± 0 . 05 135 ± 4 4 . 3 +0 . 3 
−0 . 8 1 . 0 + p −0 . 1 0.24 

1050360112 1 7 . 38 ± 0 . 06 166 ± 4 3 ± 1 0 . 63 +0 . 18 
−0 . 09 0.60 

1050360113 0 7 . 50 ± 0 . 05 162 ± 2 6 . 69 ± 0 . 05 0 . 796 ± 0 . 005 0.68 
1050360113 1 8 . 99 ± 0 . 04 145 ± 3 1 . 86 +0 . 07 

−0 . 14 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 5 +1 
−3 0 . 9 + p −0 . 4 0.74 

1130360103 1 6 . 88 ± 0 . 04 165 ± 2 6 . 1 +0 . 2 
−0 . 4 1 . 00 + p −0 . 06 0.54 

1130360104 F 5 . 39 ± 0 . 02 161 ± 3 0 . 20 ± 0 . 02 0 . 402 +0 . 001 
−0 . 010 1.14 

1130360105 F 5 . 80 ± 0 . 01 164 ± 1 6 . 4 ± 0 . 5 0 . 83 +0 . 07 
−0 . 04 0.23 

1130360106 F 6 . 80 ± 0 . 04 163 ± 2 4 . 39 ± 0 . 09 0 . 68 ± 0 . 01 0.27 

1130360107 F 4 . 61 ± 0 . 01 169 ± 3 9 . 8 +0 . 4 
−0 . 8 1 . 00 + p −0 . 05 0.81 

1130360108 0 4 . 83 ± 0 . 02 162 ± 6 8 . 5 +0 . 8 
−1 . 0 1 . 0 + p −0 . 2 0.62 

1130360108 1 5 . 87 ± 0 . 03 159 ± 4 5 . 4 +0 . 2 
−1 . 7 1 . 00 + p −0 . 03 0.73 

1130360110 0 7 . 03 ± 0 . 06 161 ± 4 5 . 2 ± 0 . 2 1 . 00 + p −0 . 06 0.63 
1130360110 1 5 . 88 ± 0 . 03 162 ± 4 5 . 6 +0 . 3 

−0 . 5 0 . 77 +0 . 10 
−0 . 04 0.64 

1130360112 2 4 . 36 ± 0 . 03 149 ± 23 7 . 9 +0 . 5 
−0 . 3 1 . 00 + p −0 . 09 0.77 

1130360113 0 4 . 41 ± 0 . 03 177 ± 14 14 ± 4 1 . 0 + p −0 . 2 0.81 

1130360113 3 5 . 19 ± 0 . 02 155 ± 4 3 . 81 ± 0 . 09 1 . 00 + p −0 . 02 0.71 
MAXI J1631 −479 1200500110 F 5 . 21 ± 0 . 02 171 ± 2 3 . 6 +0 . 6 

−0 . 2 0 . 6 ± 0 . 1 0.89 

1200500111 F 4 . 16 ± 0 . 02 167 ± 3 8 . 7 +0 . 4 
−0 . 9 1 . 00 + p −0 . 09 0.36 

1200500112 F 7 . 69 ± 0 . 08 163 ± 2 34 . 7 ± 0 . 7 1 . 0 + p −0 . 1 0.46 
1200500113 2 5 . 63 ± 0 . 03 163 ± 5 25 . 7 ± 0 . 2 0 . 0 +0 . 3 

−p 0.82 
1200500113 3 5 . 55 ± 0 . 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 3 km) Feedback fraction χ2 
reduced 

1200500113 4 5 . 97 ± 0 . 04 165 ± 4 12 . 6 ± 0 . 3 1 . 00 + p −0 . 01 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 . 03 0.70 

1200500114 F 5 . 79 ± −0 . 02 166 ± 1 7 . 1 +0 . 6 
−0 . 2 0 . 9 + p −0 . 2 0.26 

1200500115 0 5 . 74 ± 0 . 03 166 ± 3 4 . 9 ± 0 . 3 0 . 69 ± 0 . 06 0.72 

1200500115 1 6 . 18 ± 0 . 04 167 ± 4 30 +11 
−4 1 . 0 + p −0 . 1 0.73 

1200500116 0 8 . 6 ± 0 . 1 163 ± 4 3 ± 1 0 . 56 ± 0 . 05 0.70 
1200500116 4 7 . 33 ± 0 . 08 169 ± 5 2 +2 

−1 0 . 29 +0 . 09 
−0 . 06 0.92 

1200500116 8 7 . 8 ± 0 . 1 162 ± 4 10 . 6 +0 . 9 
−2 . 2 1 . 0 + p −0 . 2 0.75 

1200500117 F 9 . 08 ± 0 . 06 155 ± 2 0 . 01 +0 . 04 
−p 0 . 696 +0 . 003 

−0 . 014 0.28 
1200500118 5 6 . 30 ± 0 . 06 167 ± 9 5 ± 2 0 . 6 +0 . 4 

−0 . 2 0.80 

1200500118 7 4 . 97 ± 0 . 03 166 ± 5 2 . 3 ± 0 . 2 1 . 00 + p −0 . 02 0.69 

1200500118 8 5 . 32 ± 0 . 03 162 ± 5 5 +0 . 4 
−0 . 6 1 . 00 + p −0 . 07 0.80 

1200500119 0 4 . 70 ± 0 . 03 161 ± 10 7 . 8 ± 0 . 06 1 . 0 + p −0 . 1 0.95 

1200500119 2 4 . 34 ± 0 . 03 174 ± 10 7 . 3 ± 0 . 4 1 . 00 + p −0 . 05 0.83 

1200500119 3 4 . 44 ± 0 . 02 173 ± 8 6 . 8 +0 . 9 
−1 . 6 1 . 0 + p −0 . 3 0.78 

1200500119 4 4 . 46 ± 0 . 02 167 ± 6 7 . 0 ± 0 . 4 1 . 00 + p −0 . 06 0.80 
1200500124 0 5 . 25 ± 0 . 04 165 ± 6 6 ± 2 0 . 0 +0 . 2 

−p 0.89 

1200500126 F 4 . 13 ± 0 . 03 170 ± 3 9 ± 2 1 . 0 + p −0 . 3 0.27 

1200500127 F 4 . 43 ± 0 . 01 168 ± 2 9 +0 . 6 
−0 . 9 1 . 0 + p −0 . 1 0.25 

1200500128 F 5 . 01 ± 0 . 04 164 ± 3 9 ± 2 0 . 9 + p −0 . 4 0.33 

1200500129 F 5 . 90 ± 0 . 05 174 ± 5 9 ± 1 1 . 0 + p −0 . 1 0.48 

1200500130 3 6 . 14 ± 0 . 05 177 ± 10 17 . 8 ± 0 . 6 1 . 00 + p −0 . 04 0.82 

1200500131 F 5 . 77 ± 0 . 03 185 ± 4 7 . 5 +1 . 0 
−0 . 6 1 . 00 + p −0 . 3 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 . 01 +0 . 99 

−p 0 . 48 +0 . 10 
−0 . 01 0.40 

1200500137 F 5 . 46 ± 0 . 04 168 ± 4 6 . 7 +0 . 6 
−2 . 4 1 . 0 + p −0 . 4 0.45 

1200500140 F 5 . 51 ± 0 . 09 172 ± 8 12 ± 3 0 . 8 + p −0 . 1 0.46 

1200500142 F 5 . 68 ± 0 . 04 167 ± 4 10 . 5 ± 0 . 7 1 . 0 + p −0 . 1 0.58 
MAXI J1803 −298 4202130109 F 6 . 0 ± 0 . 2 198 ± 7 0 . 004 +0 . 269 

−0 . 004 0 . 21 +0 . 04 
−0 . 01 0.66 

4675020103 F 6 . 88 ± 0 . 08 210 ± 5 0 . 01 +0 . 1 
−p 0 . 23 ± 0 . 03 0.64 

4202130110 F 6 . 52 ± 0 . 05 195 ± 4 0 . 01 +0 . 02 
−p 0 . 201 +0 . 020 

−0 . 002 0.83 
MAXI J1820 + 070 1200120138 F 0 . 178 ± 0 . 004 94 ± 2 142 +28 

−41 0 . 0 +0 . 2 
−p 0.78 

1200120140 F 0 . 250 ± 0 . 005 112 ± 2 61 +18 
−2 0 . 16 +0 . 18 

−0 . 09 0.91 
1200120141 F 0 . 282 ± 0 . 005 121 ± 3 50 +60 

−30 0 . 06 +0 . 46 
−p 0.58 

1200120142 F 0 . 279 ± 0 . 004 118 ± 1 0 . 01 +8 
−p 0 . 26 +0 . 30 

−0 . 07 0.63 
1200120143 F 0 . 299 ± 0 . 004 121 ± 1 7 +3 

−1 0 . 04 +0 . 24 
−p 0.68 

1200120144 F 0 . 311 ± 0 . 003 123 ± 1 16 +1 
−2 0 . 00 +0 . 08 

−p 0.66 
1200120145 F 0 . 338 ± 0 . 003 129 ± 0 0 . 01 +53 

−p 0 . 30 +0 . 23 
−0 . 05 0.65 

1200120146 F 0 . 350 ± 0 . 004 129 ± 1 37 +8 
−6 0 . 09 ± 0 . 06 0.84 

1200120147 F 0 . 385 ± 0 . 004 131 ± 1 127 +7 
−1 1 . 00 + p −0 . 01 1.58 

1200120149 F 0 . 441 ± 0 . 005 133 ± 1 200 . 0 + p −0 . 5 0 . 135 +0 . 001 
−0 . 003 0.66 

1200120150 F 0 . 466 ± 0 . 006 138 ± 1 30 +60 
−p 0 . 0 +0 . 4 

−p 0.57 

1200120151 F 0 . 435 ± 0 . 009 134 ± 2 83 +7 
−41 1 . 00 + p −p 0.60 

1200120152 F 0 . 462 ± 0 . 005 132 ± 1 65 ± 6 0 . 00 +0 . 06 
−p 1.37 

1200120153 F 0 . 48 ± 0 . 01 133 ± 4 85 +5 
−3 1 . 0 + p −0 . 4 1.33 

1200120156 F 0 . 494 ± 0 . 006 137 ± 1 83 ± 4 1 . 00 + p −0 . 04 0.47 

1200120157 F 0 . 411 ± 0 . 005 132 ± 1 200 . 0 + p −0 . 5 0 . 135 ± 0 . 002 1.62 
1200120161 F 0 . 335 ± 0 . 004 127 ± 1 38 +28 

−36 0 . 7 ± 0 . 2 0.64 
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Table A1 – continued 

Name NICER ID Orbit QPO frequency (Hz) Hue (deg) Size ( 10 3 km) Feedback fraction χ2 
reduced 

1200120162 F 0 . 329 ± 0 . 007 129 ± 1 30 +70 
−p 0 . 7 ± 0 . 3 0.68 

1200120163 F 0 . 423 ± 0 . 007 135 ± 1 0 . 01 +3 
−p 0 . 7 ± 0 . 1 1.68 

1200120165 F 0 . 378 ± 0 . 004 134 ± 1 0 . 01 +4 
−p 1 . 0 + p −0 . 2 0.66 

1200120171 F 0 . 319 ± 0 . 009 129 ± 1 40 +30 
−20 0 . 1 +0 . 2 

−0 . 1 0.59 
1200120172 F 0 . 337 ± 0 . 007 127 ± 2 0 . 01 +23 

−p 0 . 47 +0 . 52 
−0 . 09 0.63 

1200120193 F 0 . 702 ± 0 . 009 142 ± 2 34 +7 
−5 0 . 00 +0 . 05 

−p 0.53 
1200120194 F 0 . 782 ± 0 . 005 148 ± 1 31 +3 

−1 0 . 28 +0 . 08 
−0 . 06 0.74 

1200120195 F 1 . 57 ± 0 . 01 158 ± 2 9 . 4 +0 . 6 
−0 . 4 0 . 00 +0 . 02 

−p 0.56 
1200120196 ∗ 0 2 . 09 ± 0 . 02 164 ± 3 8 +0 . 7 

−0 . 5 0 . 29 ± 0 . 01 1.05 
1200120196 1 2 . 91 ± 0 . 02 169 ± 7 0 . 01 +0 . 08 

−p 0 . 27 ± 0 . 03 1.25 
1200120196 2 3 . 23 ± 0 . 02 181 ± 6 0 . 01 +0 . 13 

−p 0 . 26 ± 0 . 02 1.18 
1200120196 3 3 . 80 ± 0 . 01 179 ± 7 11 +9 

−6 0 . 5 +0 . 5 
−0 . 2 0.73 

1200120196 4 4 . 16 ± 0 . 03 171 ± 5 0 . 01 +0 . 09 
−p 0 . 23 ± 0 . 02 1.27 

1200120197 2 4 . 99 ± 0 . 05 191 ± 8 0 . 01 +0 . 02 
−p 0 . 20 ± 0 . 01 0.83 

1200120197 11 3 . 93 ± 0 . 02 218 ± 8 3 . 2 ± 0 . 6 0 . 17 ± 0 . 01 1.51 
1200120197 12 3 . 25 ± 0 . 07 165 ± 15 1 . 1 +3 . 8 

−0 . 7 0 . 18 ± 0 . 01 1.21 
Swift J1727.8 −1613 6203980102 0 0 . 276 ± 0 . 007 87 ± 15 0 . 01 +35 

−p 0 . 72 ± 0 . 06 1.08 
6203980102 1 0 . 324 ± 0 . 006 80 ± 15 49 +1 

−15 0 . 02 +0 . 05 
−p 1.10 

6203980102 2 0 . 345 +0 . 004 
−0 . 007 91 ± 6 200 + p −10 1 . 00 + p −0 . 04 1.07 

6203980102 ∗ 3 0 . 371 ± 0 . 004 105 ± 5 0 . 01 +21 
−p 0 . 54 ± 0 . 01 1.42 

6203980103 2 0 . 455 ± 0 . 008 99 ± 14 0 . 01 +15 
−p 0 . 8 ± 0 . 1 1.20 

6203980103 3 0 . 597 ± 0 . 005 114 ± 5 0 . 01 +32 
−p 0 . 56 ± 0 . 05 1.32 

6203980104 F 0 . 795 ± 0 . 005 120 ± 2 29 ± 2 0 . 28 +0 . 10 
−0 . 06 1.46 

6203980105 F 0 . 891 ± 0 . 004 125 ± 1 20 ± 2 0 . 23 ± 0 . 02 1.61 
6203980109 ∗ F 1 . 266 ± 0 . 002 137 ± 1 13 . 21 ± 0 . 02 0 . 331 ± 0 . 003 1.62 
6203980110 F 1 . 315 ± 0 . 003 135 ± 1 13 . 05 ± 0 . 03 0 . 345 ± 0 . 005 1.68 
6203980111 ∗ F 1 . 177 ± 0 . 003 138 ± 1 15 . 5 ± 0 . 3 0 . 32 ± 0 . 02 1.32 

6203980112 0 1 . 030 ± 0 . 006 140 ± 3 44 +0 . 4 
−0 . 6 1 . 00 + p −0 . 02 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 35 +2 
−11 1 . 0 + p −0 . 4 1.31 

6203980112 3 1 . 32 ± 0 . 03 142 ± 5 17 +4 
−6 0 . 4 ± 0 . 2 1.42 

6203980112 4 1 . 49 ± 0 . 01 138 ± 5 6 ± 2 0 . 37 ± 0 . 04 1.59 
6203980112 6 1 . 43 ± 0 . 01 147 ± 4 13 ± 5 0 . 39 +0 . 17 

−0 . 09 1.58 
6203980112 8 1 . 396 ± 0 . 009 149 ± 6 4 ± 1 0 . 37 ± 0 . 05 1.56 
6203980112 10 1 . 492 +0 . 006 

−0 . 009 144 ± 3 8 +1 
−2 0 . 32 ± 0 . 02 1.69 

6203980113 F 1 . 400 ± 0 . 004 145 ± 1 13 . 77 +0 . 06 
−0 . 08 0 . 41 ± 0 . 03 1.66 

6203980114 ∗ F 1 . 377 ± 0 . 005 146 ± 1 13 . 61 ± 0 . 03 0 . 399 ± 0 . 006 1.47 
6703010104 F 1 . 62 ± 0 . 01 136 ± 5 0 . 01 +3 

−p 0 . 54 ± 0 . 01 0.88 
6703010107 ∗ F 2 . 56 ± 0 . 01 177 ± 3 2 . 02 ± 0 . 08 0 . 471 +0 . 002 

−0 . 004 1.34 
6203980130 F 6 . 5 ± 0 . 1 171 ± 7 2 . 6 ± 0 . 5 0 . 4 ± 0 . 1 1.09 
6703010113 ∗ F 7 . 4 ± 0 . 1 143 ± 3 6 . 6 ± 0 . 3 0 . 00 +0 . 02 

−p 0.71 
6557020401 ∗ F 7 . 3 ± 0 . 1 162 ± 2 2 . 9 ± 0 . 2 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 × 10 3 to 200 × 10 3 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 r epr esents 
the 90 per cent confidence interval. 
∗ Observations with significant NICER calibration systematics. 
∗∗ Observations with significant wind absorption lines. 
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P P E N D I X  B :  SAM P L E S  OF  JOINT  F I T T I N G  
NRAS 546, 1–22 (2026) 

igure B1. Example fit for EXO 1846 −031 (observation ID 2200760110). Left
ms and phase-lag spectra of the QPO, along with the corresponding best-fittin
orresponding fits shown on the left. 
: from top to bottom, the time-averaged energy spectrum of the source, 
g models. Right: from top to bottom, the residuals ( �χ2 ) for each of the 
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Corona seen by NICER 19 

MNRAS 546, 1–22 (2026) 

Figure B2. Example fit for GRS 1915 + 105 (observation ID 1103010157). Panels are the same as in Fig. B1 . 

Figure B3. Example fit for GX 339 −4 (observation ID 4133010101). Panels are the same as in Fig. B1 . 
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MNRAS 546, 1–22 (2026) 

Figure B4. Example fit for MAXI J1348 −630 (observation ID 1200530113). Panels are the same as in Fig. B1 . 

Figure B5. Example fit for MAXI J1535 −571 (observation ID 1050360107). Panels are the same as in Fig. B1 . 
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Corona seen by NICER 21 

MNRAS 546, 1–22 (2026) 

Figure B6. Example fit for MAXI J1631 −479 (observation ID 1200500111). Panels are the same as in Fig. B1 . 

Figure B7. Example fit for MAXI J1803 −298 (observation ID 4202130109). Panels are the same as in Fig. B1 . 
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MNRAS 546, 1–22 (2026) 

Figure B8. Example fit for MAXI J1820 + 070 (Observation ID 1200120141). Panels are the same as in Fig. B1 . 

Figure B9. Example fit for Swift J1727.8 −1613 (observation ID 6557020401). Panels are the same as in Fig. B1 . 
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