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A B S T R A C T 

MAXI J1535 −571 is a black-hole X-ray binary that in 2017 exhibited a very bright outburst which reached a peak flux of up to 5 

Crab in the 2–20 keV band. Given the high flux, several X-ray space observatories obtained unprecedented high signal-to-noise 
data of key parts of the outburst. In our previous paper, we studied the corona of MAXI J1535 −571 in the hard-intermediate state 
(HIMS) with Insight - HXMT . In this paper, we focus on the study of the corona in the soft-intermediate state (SIMS) through the 
spectral-timing analysis of 26 NICER detections of the type-B quasi-periodic oscillations (QPOs). From simultaneous fits of the 
energy, rms and lag spectra of these QPOs with our time-dependent Comptonization model, we find that in the SIMS the corona 
size is ∼6500 km and v ertically e xtended. We detect a narrow iron line in the energy spectra, which we interpret to be due to 

the illumination of the outer part of the accretion disc by this large corona. We follow the evolution of the corona and the radio 

jet during the HIMS–SIMS transition, and find that the jet flux peaks after the time when the corona extends to its maximum 

vertical size. The jet flux starts to decay after the corona contracts vertically towards the black hole. This behaviour points to a 
connection between the X-ray corona and the radio jet similar to that seen in other sources. 

Key words: accretion, accretion discs – stars: black holes – stars: individual: MAXI J1535 −571 – X-rays: binaries. 
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 I N T RO D U C T I O N  

lack-hole low-mass X-ray binaries (BH LMXBs) consist of a
tellar-mass black hole with a low-mass companion star o v erflowing
ts Roche lobe, forming an accretion disc (see Belloni, Motta &

u ̃ noz-Darias 2011 ; Kalemci, Kara & Tomsick 2022 , for re vie ws).
uring an outburst, a black-hole X-ray transient traces an anticlock-
ise ‘q’ path in the hardness-intensity diagram (HID; Belloni et al.
005 ; Homan & Belloni 2005 ), during which the proportion of the
hermal and Comptonized components changes leading to several
ell-defined spectral states (Belloni et al. 2005 ). The accretion
isc emits thermal emission in the soft X-ray band with the disc
pectrum peaking at around 0.2–2.0 keV; a fraction of the soft disc
hotons are Compton up-scattered in the corona, forming a power-
aw like component in the energy spectrum in the hard X-ray band
p to 100 keV (for re vie ws, see Done, Gierli ́nski & Kubota 2007 ;
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ilfanov 2010 ). When the outburst starts, the X-ray luminosity of
he source increases by several orders of magnitude compared to
he quiescent state and the source enters the low-hard state (LHS)
ith a dominant hard Comptonized component and a relatively weak

hermal disc component in the X-ray spectrum (e.g. Sharma et al.
018 ; Wang-Ji et al. 2018 ). As the mass accretion rate increases, the
ource becomes brighter and quickly goes into the hard-intermediate
tate (HIMS), the soft-intermediate state (SIMS), the high-soft state
HSS), and sometimes an anomalous state at the highest luminosity
e.g. M ́endez & van der Klis 1997 ; Belloni et al. 2005 ; Belloni 2010 ;

otta et al. 2012 ). From the LHS to the HSS, the truncated disc
o v es closer to the innermost circular stable orbit (ISCO) around

he black hole (Esin, McClintock & Narayan 1997 ; but see Reis
t al. 2008 ; Wang-Ji et al. 2018 and Miller et al. 2018 for a different
nterpretation) and the thermal component becomes dominant, while
he spectrum of the hard component becomes steeper and weaker (e.g.
harma et al. 2018 ; Dong et al. 2022 ). With the gradual decay of the
ass accretion rate, the source evolves back to the LHS and finally

eturns to the quiescent state. In some so-called failed-transition
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utbursts the source stays in the LHS and HIMS and never enters the
IMS (Alabarta et al. 2021 ). 
The Comptonized photons in the corona can impinge back onto 

he accretion disc, resulting in the reprocessing and Compton back- 
cattering of the hard photons, which leads to a relativistic reflection 
omponent (Fabian et al. 1989 ; Bambi et al. 2021 ). The reflection
pectrum includes characteristic X-ray emission lines among which 
he most prominent is the iron K α line around 6.4–7.0 keV and the
ompton hump around 20 keV (Garc ́ıa et al. 2014 ). Recent studies
ave also modelled the relativistic reflection considering the incident 
hotons coming from a hot blackbody or a returning reflection 
pectrum due to the strong gravitational bending (e.g. Connors et al. 
020 ; Dauser et al. 2022 ; Garc ́ıa et al. 2022b ). A relativistic reflection
omponent can appear through the spectral evolution from the LHS 

o the HSS (e.g. Wang-Ji et al. 2018 ; Connors et al. 2020 ; Dong et al.
022 ). 
The X-ray light curves of black-hole binaries (BHBs) show 

ariability on time-scales from milliseconds to years (see Ingram & 

otta 2019 , for a recent re vie w). In the Fourier domain, the power
ensity spectrum (PDS) of the X-ray light curve shows different 
inds of variability, e.g. broad-band noise and narrow peaks called 
uasi-periodic oscillations (QPOs; Van der Klis 1989 ; Nowak 2000 ; 
elloni, Psaltis & van der Klis 2002 ). The QPOs observed in
HBs are classified as low-frequency QPOs (LFQPOs), with central 

requencies ranging from mHz to ∼30 Hz, and high-frequency QPOs 
HFQPOs), with central frequencies � 60 Hz (Belloni & Stella 2014 ).
epending on the shape of the broad-band noise, the fractional 

oot-mean-square amplitude (hereafter, rms), the phase lags of the 
POs, and the spectral state of the source, LFQPOs are divided 

nto three classes, namely type A, B, and C (Remillard et al. 2002 ;
asella et al. 2004 ; Casella, Belloni & Stella 2005 ). Type-C QPOs
enerally appear in the hard states (both LHS and HIMS) with central
requency in the ∼0.01–30 Hz range, high rms (up to 20 per cent),
trong band-limited noise, and usually second and sub harmonics. 
ype-B QPOs only appear in the SIMS (Belloni & Motta 2016 ),
ith central frequency below ∼6 Hz, low rms ( � 5 per cent ), weak

ed noise, and sometimes the second and sub harmonics. Type-A 

POs, which are rarely detected, appear in the SIMS and HSS, with
entral frequencies in the ∼6–8 Hz range, very weak rms and no
armonics. In the short-lived SIMS, fast transitions are sometimes 
bserved between the type-B and either other types of QPOs or the
isappearance of QPO (e.g. Casella et al. 2004 ; Zhang et al. 2021 ). 
The Fourier cross spectrum of two simultaneous light curves in 

ifferent energy bands (subject and reference band) can be used to 
ompute the phase lags as a function of F ourier frequenc y. It is
ommon to report lags of the signals identified in the PDS extending
 v er a given frequency range, e.g. the broad-band noise and the QPOs
Nowak et al. 1999 ). Hard (positive) lags (Miyamoto et al. 1988 ) can
e produced by propagation of fluctuations of the mass accretion 
rom the outer part towards the inner part of the disc and the corona
e.g. Ar ́evalo & Uttley 2006 ; Ingram & van der Klis 2013 ). Soft
ne gativ e) lags can be due to reverberation or thermalization of hard
hotons when the corona photons impinge back onto the accretion 
isc (e.g. Uttley et al. 2014 ; Karpouzas et al. 2020 ). 
Apart from the X-ray emission, BHBs radio emission from a 

et is sometimes prominent, and can be classified into two types 
epending on the radio spectral index and the morphology of the jet:
 small-scale optically thick compact jet and an extended optically 
hin transient jet (for a re vie w, see Fender 2006 ). The relation between
he spectral states and the radio emission indicates the existence of
n accretion-ejection coupling. In the LHS and the HIMS, a compact 
et is observed, while during the state transition from the HIMS to
he SIMS, the compact jet can be quenched for a few days (Fender,
elloni & Gallo 2004 ). In the SIMS, there is no longer a compact jet,
ut a bright transient jet appears with observable discrete relativistic 
jecta, while in the HSS, the jet disappears (e.g. Mirabel & Rodr ́ıguez
994 ; Corbel et al. 2004 ; Ingram 2019 ). Time variability in the radio
and sometimes appears, but much less often than in the X-ray band
e.g. Tetarenko et al. 2019 , 2021 ). Type-B QPOs in the X-ray band
re usually thought to be connected to the relativistic transient jet but
he exact mechanisms that explain the connection are still unknown 
e.g. Fender, Homan & Belloni 2009 ; Homan et al. 2020 ; Garc ́ıa
t al. 2021 ). 

There are still many open questions regarding the the disc-corona- 
et evolution, for instance, the disc truncation during the evolution 
f the black hole transients (Esin et al. 1997 ), the nature of the
orona (the inner hot flow, disc sandwich, or the base of the jet;
aleev, Rosner & Vaiana 1979 ; Haardt & Maraschi 1991 ; Markoff,
owak & Wilms 2005 ), and the geometry of the corona and its

ypical size (Martocchia & Matt 1996 ; Lee & Miller 1998 ). The
eometry of the corona and its connection with the disc and the
et are still to be understood. A universal radio–X-ray correlation 
n the LHS provides evidence that the corona can be related to the
adio jet (e.g. Gallo, Fender & Pooley 2003 ; Fender et al. 2004 ).
sing data of GRS 1915 + 105, M ́endez et al. ( 2022 ) proposed that

part of) the spread in the radio–X-ray correlation (Gallo, Miller &
ender 2012 ) could be due to changes of the corona temperature.
tudies of the spectral energy distribution (SED) from the radio to

he X-ray band shows that the corona emission can originate from
 shock acceleration region of tens of gravitational radii ( R g ) as the
et base (Mark off, Falck e & Fender 2001 ; Connors et al. 2019 ; Cao
t al. 2022 ). The spectral analysis of the reflection component in
AXI J1820 + 070 suggests that the corona outflows with a higher

elativistic velocity as it is closer to the black hole (You et al. 2021 ).
hrough X-ray variability studies, the size of the corona shows a
ontinuous evolution during the outburst that could be related to 
he change of the radio jet emission, suggesting a disc-corona-jet 
onnection (Kara et al. 2019 ; Wang et al. 2021 ; M ́endez et al. 2022 ;
hang et al. 2022 ). 
Many corona models of time variability have been proposed to 

xplain the corona geometry. Using the broad-band noise, rel- 
rans models the reverberation lags and measures the corona height 
ssuming a lamppost geometry of the corona (Ingram et al. 2019 ).
ssuming the corona is a wide low-velocity wind-like structure, a 

orona outflow model is proposed to explain the observed correla- 
ions of, for instance, the power-law photon index and time lags and
he photon index and radio flux (Kylafis et al. 2008 ; Kylafis & Reig
018 ). The propagation of mass accretion rate fluctuations model 
ssumes that the corona lies in a truncated disc. This model follows
he variability (both QPOs and broad-band noise) and also fits the
ime-averaged energy spectrum (e.g. Ingram & van der Klis 2013 ;
dziarski et al. 2021 ; Kawamura et al. 2022 ). The JED-SAD model
ssumes that the hard part of the spectrum comes from a jet-emitting
isc (JED) and the soft part from a standard accretion disc (SAD)
Ferreira 1997 ; Petrucci et al. 2008 ; Marcel et al. 2018 ). The JED-
AD model not only explains the ‘q’ path in the HID in terms of

ransitions between accretion modes, but also matches the observed 
ariability like the LFQPOs and the hard-soft lags (Marcel et al. 2019 ,
020 ). The dynamical origin of the LFQPOs can be explained by the
ense–Thirring (L–T) precession of the corona which also restricts 

he corona region within a truncated disc or a jet base (Stella & Vietri
998 ; Ingram, Done & Fragile 2009 ; You, Bursa & Życki 2018 ; Ma
t al. 2021 ), or instabilities in the disc accretion flow (Tagger & Pellat
999 ). 
MNRAS 520, 5144–5156 (2023) 
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Recently, Karpouzas et al. ( 2020 ) and Bellavita et al. ( 2022 ) devel-
ped a time-dependent Comptonization model called vKompthdk
hat explains the radiative properties (rms and phase lags) of QPOs
nd measures the corona geometry around the black hole. The
Kompthdk model assumes that the temperatures of the disc and

he corona, and the rate at which the corona is heated up oscillate
oherently at the frequency of the QPO. The unspecified external
eating source is required to keep the temperature of the corona that,
therwise, would cool down very quickly and become undetectable.
n this model, a hot spherical corona partially co v ers the soft disc
nd scatters the seed photons from the disc into the Comptonized
ard photons. Note that we assume that the temperature of the
orona is constant with radius (Sunyaev & Titarchuk 1980 ). While
nverse-Comptonization scattering in the corona may lead to a
adial dependence of the corona temperature, this effect is likely
egligible, especially at a large radius (Meyer-Hofmeister, Liu &
e yer 2012 ). P art of the out-going hard photons are observed while

he others feedback onto the soft disc, are reprocessed, and finally
each thermal equilibrium with the disc. The steady state energy
pectrum produced by vKompthdk is the same as that of nthcomp
Zdziarski, Johnson & Magdziarz 1996 ; Życki, Done & Smith 1999 ).
he inverse-Compton scattering of the soft photons in the corona

esults in hard lags while the reprocessing of the hard photons in
he disc leads to soft lags, both of which can be reproduced by
Kompthdk to predict the size of the corona. We note that the
odel defines the flux of the feedback hard photons divided by

he flux of the total Comptonized photons as an intrinsic feedback
raction, ηint . Apart from the ηint , in the model, an explicit feedback
raction parameter, η, is the flux of the feedback hard photons divided
y the flux of the observed soft disc, thus η is in the range of 0–1. The
ntrinsic feedback fraction indicates the efficiency of hard photons
hat feedback onto the disc. Combining the measurements of the
orona size and the feedback fraction, we can understand to what
xtent the corona covers the disc and whether the shape of the corona
s sphere-like or jet-like (Garc ́ıa et al. 2021 ; Karpouzas et al. 2021 ;
 ́endez et al. 2022 ; Zhang et al. 2022 ). 
MAXI J1535 −571 is an X-ray transient disco v ered by MAXI / GSC

nd Swift / BAT independently when it went into outburst on 2017
eptember 2 (Kennea et al. 2017 ; Negoro et al. 2017 ). The source
eached a peak flux of up to 5 Crab in the 2–20 keV band (Nakahira
t al. 2017 ). It has been proposed that MAXI J1535 −571 has a rapidly
pinning ( > 0.84) black hole and subtends a high inclination angle
 > 60 ◦) through the modelling of the relativistic reflection component
Miller et al. 2018 ; Xu et al. 2018 ; Dong et al. 2022 ). Dong et al.
 2022 ) also reported that the corona temperature increases from 18 to
 300 keV as the source evolves from the LHS to the SIMS. In the

oft state, the luminosity of MAXI J1535 −571 is near the Eddington
uminosity and the structure of the standard disc is likely to become
lim (Tao et al. 2018 ). Timing studies of MAXI J1535 −571 show
hat through the outburst, different types of LFQPOs appear and the
FQPOs evolve as the spectral state changes (Huang et al. 2018 ;
tevens et al. 2018 ). Bhargava et al. ( 2019 ) showed a correlation
etween the frequency of type-C QPOs and the hard photon index,
ndicating a connection between the timing features and the spectral
arameters. From the radio observations of MAXI J1535 −571, the jet
s first a compact jet in the HIMS, then quenches during the transition
rom the HIMS to the SIMS, and finally a transient jet appears in the
IMS (Chauhan et al. 2019 ; Russell et al. 2019 , 2020 ). 
In this paper, we continue our previous study of the corona

eometry of MAXI J1535 −571 and the connection between the
-ray corona and the radio jet through the type-C QPOs in the
IMS using Insight - HXMT observations (Zhang et al. 2022 ). We
NRAS 520, 5144–5156 (2023) 
urther explore the corona properties in the SIMS through the type-
 QPOs, which are weak and much less frequently detected, using
ICER observations. We fit jointly the rms and phase-lag spectra
f the type-B QPO and the time-averaged energy spectra of the
ource using the latest version of the time-dependent Comptonization
odel vKompthdk (Bellavita et al. 2022 ). This paper is organized

s follows: In Section 2 , we describe the data reduction of the NICER
bservations of MAXI J1535 −571, and explain how we calculate the
ms and phase lags of the type-B QPO in different energy bands. We
lso explain the parameter settings of the model used to fit jointly the
ms and phase-lag spectra of the QPO and the time-averaged energy
pectra of the source. In Section 3 , we show the X-ray temporal
volution of MAXI J1535 −571, the rms and the phase-lag spectra
f the identified type-B QPO, and the spectral parameters measured
rom the joint spectral fitting. Finally, in Section 4 , we discuss our
esults and compare them with previous studies of type-B QPOs and
he corona geometry. In that section, we combine the properties of the
orona measured in this work with our previous results and propose a
ore complete picture of the corona-jet connection during the whole

volution of MAXI J1535 −571 from the HIMS to the SIMS. 

 OBSERVATI ONS  A N D  DATA  ANALYSI S  

he Neutron Star Interior Composition Explorer ( NICER ; Gendreau
t al. 2016 ) observed MAXI J1535 −571 from 2017 September
 to 2019 May 11 for a total of 219 observations. We use the
tandard NICER reduction routine nicerl2 with CALDB version
ti20210707 to process the data. We remo v e the data of detectors
14 and #34 which are affected by episodes of increased electronic
oise. We require the pointing direction of the instrument to be less
han 0.015 ◦ offset, at least 40 ◦ abo v e the bright Earth limb, and
t least 30 ◦ abo v e the Earth limb. For a bright source like MAXI
1535 −571, we apply an undershoot count rate range 0–200 per
odule ( underonly range ). We set the column types of the

refilter to be NICERV3 and 3C50 as the recommended background
olumns. We require each GTI to be longer than 16 s and split the
bservations into separate orbits. 

.1 Light cur v e and hardness-intensity diagram 

e focus on the 36 observations in the period MJD 58 008–58 036,
.e. the outburst before the four reflares (C ́uneo et al. 2020 ). We use
SELECT to extract light curves at 1-s resolution for each orbit in the
–3 keV and the 3–10 keV bands. We exclude the data below 1 keV
ince we find that the interstellar absorption towards the source is
ery high (see Subsection 3.2 ), and there is no significantly detected
mission from the source below that energy. In order to obtain the
ID, for each orbit, we use the average count rate in the 1–10 keV
and and calculate the hardness ratio using the ratio of the average
ount rate in the 3–10 keV band and the 1–3 keV band. 

.2 Energy spectra 

e extract the energy spectra of the source and the background in
ach orbit using the nibackgen3C50 tool (Remillard et al. 2022 ),
nd use nicerarf and nicerrmf to generate the ancillary files
nd the response files, respectively. We group the spectrum such that
e have at least 25 counts per bin and we o v ersample the intrinsic

esolution of the instrument by a factor of 3. 
We fit the energy spectra using XSPEC v12.12.1 (Arnaud 1996 ). For

he time-averaged energy spectrum of MAXI J1535 −571, following
iller et al. ( 2018 ), we use the 2.3–10 keV energy band in order
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o a v oid the calibration in the Si band (1.7–2.1 keV), and the Au
and (2.2–2.3 keV), but we notice the energy range between 2.1 and
.2 keV. A systematic error of 0.5 per cent is added in quadrature to
he model when performing the spectral fitting. 

We apply the model TBfeo ∗(diskbb + 

Kompthdk + gaussian) , hereafter, Model 1, to fit the 
nergy spectra. The component TBfeo models the Galactic 
bsorption towards the source with variable oxygen and iron 
bundances. We set the cross section and the solar abundance 
f the ISM using the tables of Verner et al. ( 1996 ) and Wilms,
llen & McCray ( 2000 ), respectively. The component diskbb 

Mitsuda et al. 1984 ) represents the emission of a multitemperature 
ptically thick and geometrically thin disc with parameters being the 
isc temperature, kT in , and a normalization. The time-averaged or 
teady-state version of the time-dependent Comptonization model 
Kompthdk (Karpouzas et al. 2020 ; Bellavita et al. 2022 ) is the
ame as nthcomp (Zdziarski et al. 1996 ; Życki et al. 1999 ). The
arameters of this component are the seed photon temperature, 
T s , the corona temperature, kT e , the photon index, �, and a
ormalization. The optical depth, τ , is a function of kT e and � in
Kompthdk : 

= 

√ 

9 

4 
+ 

3 (
kT e /m e c 2 

) (
( � + 1 / 2 ) 2 − 9 / 4 

) − 3 

2 
, (1) 

here m e and c are the mass of electron and the speed of light, respec-
ively, and the Compton y-parameter (Zel’dovich & Shakura 1969 ; 
hapiro, Lightman & Eardley 1976 ), y = max ( τ, τ 2 ) 4 kT e / ( m e c 

2 ),
rives the shape of the spectrum. The seed photon temperature, kT s ,
n vKompthdk is linked to the inner disc temperature, kT in , in
iskbb . In fact, vKompthdk contains four extra parameters that 
nly affect the time-dependent spectrum produced by this model, and 
escribe 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) external source, δḢ ext , and an additive parameter, 
eflag, that gives the phase lag in the 2–3 keV band. 1 Note that none of
hese four parameters changes the steady-state spectrum produced by 
Kompthdk . These four parameters, plus kT s , kT e , and �, describe

he radiative properties of the QPOs, i.e. the rms and the phase lags.
e add a Gaussian component to fit the broad iron K α emission line

n the spectrum. We do not use more complicated reflection models 
ike relxill , since in the energy band of NICER , we only detect
he iron line feature and we do not have data abo v e 10 keV where the
ompton hump appears. 

.3 Power spectrum 

e generate the PDS for each orbit in the 1–10 keV energy band
nd in five narrow bands, 1–2.5, 2.5–3.9, 3.9–5.5, 5.5–7.3, 7.3–
0.0 keV bands. The length of each PDS segment is 8.192 s and the
yquist frequency is 125 Hz. In each orbit, we average all the PDS

egments, subtract the Poisson noise using the average power from 

00 to 125 Hz in the PDS and normalize the PDS to fractional rms
mplitude (Belloni & Hasinger 1990 ): 

ms = 

√ 

P ( S + B) 

S 
, (2) 

here P is the power in Leahy units (Leahy et al. 1983 ), and S and B
re, respectively, the source and background count rates. We apply 
 Since in the data the reference band used to compute the lags is arbitrary, 
he lags are defined up to an additive constant. 

3

F  

J  
 logarithmic rebin in frequency to the PDS such that the bin size
ncreases by a factor exp (1/100) compared to the previous one. 

We fit the averaged PDS of each orbit in the 1–10 keV band with
orentzian functions (Nowak 2000 ; Belloni et al. 2002 ) in the fre-
uency range of 0.1–30 Hz. The parameters of a Lorentzian function
re the central frequency, the full width at half maximum (FWHM),
nd the normalization. We fit the PDS with four Lorentzians 
epresenting the QPO fundamental, the second harmonic, and two 
road-band noise components. An extra Lorentzian is needed if there 
s a QPO sub harmonic. All parameters in all the Lorentzians are
ree, but we freeze the central frequency of one Lorentzian function
hich fits the broad-band noise at 0. If there is no QPO, we reduce

he number of Lorentzian functions to one or two to only fit the
road-band noise. Using the models that we apply to fit the PDS
f each orbit in the 1–10 keV band as baselines, we further fit the
DS of each orbit in the five narrow energy bands (see abo v e). We
x all central frequencies and the FWHMs of all the Lorentzians

o the values we obtained for the PDS in the 1–10 keV band and
nly let the normalizations free to fit the PDS in those five narrow
nergy bands. We also check that the central frequency and width of
hose Lorentzians do not change significantly with energy . Finally ,
e take the square root of the normalizations of the Lorentzians that

epresent the variability components to calculate the rms. 

.4 Phase lag spectrum 

e generate and average the fast Fourier transformation (FFT) in 
ach orbit using the 1–10 keV energy band as reference band to com-
ute the phase lags. The length of each FFT segment is 8.192 s and the
yquist frequency is 125 Hz. We also compute the FFT of the data in

he energy bands 1–2.5 keV, 2.5–3.9 keV, 3.9–5.5 keV, 5.5–7.3 keV,
.3–10.0 keV that we use as the subject bands to compute the cross
pectrum for each subject band with respect to the reference band. 

Considering that the cross spectrum as a function of Fourier 
requencies is G ( f ) = Re G ( f ) + i Im G ( f ), where the phase lag
s φ( f ) = tan −1 ( Im G ( f ) / Re G ( f ) ) , we can calculate the phase
ags of the variability components that we measure in the PDS
Vaughan & Nowak 1997 ; Nowak et al. 1999 ; Ingram 2019 ). As
n Peirano & M ́endez ( 2022 ) and Alabarta et al. ( 2022 ), we perform
 simultaneous fitting of both the real and the imaginary parts of
 ( f ) using the same Lorentzian components that we used to fit the
DS. We add a constant in the model to fit the correlated part of the
ignal that arises because the subject bands are al w ays within the
–10 keV reference band (Ingram 2019 ). This constant is not linked
etween the real and the imaginary parts of the cross spectra. We
x the central frequency and the FWHM of all the Lorentzians at

he same values that we get from fitting the PDS. For the real part,
e fit the normalizations of the Lorentzians, while for the imaginary
art, we define an extra free parameter, φ, for each Lorentzian so
hat the normalization of a Lorentzian in the imaginary part is equal
o tan φ times the normalization of the corresponding Lorentzian in 
he real part. We note that this assumes that the phase lag of each
omponent is constant with frequency (Peirano & M ́endez 2022 ).
sing this method, for the energy bands we defined, we compute

ll the phase lags of all the variability components fitted by the
orentzian functions. 

 RESULTS  

.1 Light-cur v e and hardness-intensity diagram 

ig. 1 shows the light curve (left) and the HID (right) of MAXI
1535 −571 in the time period MJD 58 008–58 036. Each data
MNRAS 520, 5144–5156 (2023) 
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Figure 1. Light curve (left) and hardness-intensity diagram (right) of MAXI J1535 −571 during the main outburst from MJD 58 008 to 58 037. Each point 
corresponds to a NICER orbit. The grey, red, and blue points indicate observations with, respectively, no QPO, type-B QPOs, and type-C QPOs. The error bars 
indicating 68 per cent confidence level are smaller than the size of the points. The grey dashed lines connect the data points in time sequence. 
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oint corresponds to one NICER orbit. During the outburst, the
ource mo v es in an anticlockwise direction in the HID. From MJD
8 008 to 58 011, MAXI J1535 −571 stays in the LHS with a
ount rate ∼8000 cts s −1 and a hardness ratio increasing from ∼0.6
o ∼0.64. From MJD 58 011 to 58 017, the count rate increases
uickly from ∼7000 to ∼18 000 cts s −1 while the hardness ratio
ncreases slowly from ∼0.63 to ∼0.64 with some excursions up
o a maximum of 0.66. At this point, the source mo v es to the left
n the HID and transits from the LHS to the HIMS (e.g. Belloni
t al. 2005 ). From MJD 58 017 to 58 024, the count rate gradually
ecreases to ∼ 15 000 cts s −1 , while the hardness ratio decreases
rom ∼0.62 to ∼0.56, indicating a state transition from the HIMS
o a softer state. During the final part of the outburst, from MJD
8 024 to 58 036, the count rate continues decreasing gradually
o 10 000 cts s −1 , while the hardness ratio decreases from 0.6 to
.56. 
We mark with blue in Fig. 1 the observations where we detect

he type-C QPOs. The data of the type-C QPOs are from Rawat
t al. ( 2023 ) who performed a systematic study of the type-C QPOs
n the NICER observations of MAXI J1535 −571. The observations

ark the hard and the hard-intermediate states, and do not include
he observations of the soft intermediate and the soft states where
eak QPOs may appear (e.g. Belloni & Stella 2014 , for a re vie w).

n the top part of the HID (Fig. 1 ), we plot in grey observations
ith no significant QPO in the PDS. The remainder of the orbits,
6 in total, show a QPO with a rather constant frequency of ∼5–
 Hz. The information of the 26 orbits is listed in Table A1 . We
lot these observations in Fig. 1 with red. Since these QPOs in the
IMS are weak and their central frequencies are within a small range,

o impro v e the signal-to-noise ratio, we av erage the PDS of the 26
rbits. The left-hand panel of Fig. 2 shows the averaged PDS. Based
n the fact that both the QPO fundamental and the second harmonic
ppear and given the weak rms of the zero-centred broad-band noise
0.7 per cent; see Table 1 ), we tentatively identify these QPOs as
ype-B QPOs. 

Since the red points in the HID (the right-hand panel of Fig. 1 )
xtend to a very soft region with hardness ratio less than 0.59, some
f the QPOs we detected may be type-A (e.g. Casella et al. 2004 ).
o check whether all our detections are type-B QPOs, we divide

he observations into two groups with hardness ratio either greater
r smaller than 0.59. We find that in both groups the averaged PDS
re consistent with the PDS shown in Fig. 2 . We therefore conclude
NRAS 520, 5144–5156 (2023) 

s  
hat all the QPOs that appear in the observations marked with red in
ig. 1 are type-B QPOs. 

.2 Initial fitting to the time-averaged energy spectra 

e first fit all the energy spectra of the 26 orbits with the
ype-B QPOs separately using the model TBfeo ∗(diskbb +
Kompthdk + gaussian) , as introduced in Subsection 2.2 .
he best-fitting values of �, kT in , and the iron line profiles in the
eparate orbits are consistent with being the same within errors and
nly the normalizations of the Comptonized and the disc components
hange. Given that kT e cannot be constrained using the NICER
pectra, we fix it to 250 keV. 

Since the only parameters that change for the different orbits
re the normalizations of the disc and the corona components, to
mpro v e the signal-to-noise ratio (SNR), we fit the energy spectra of
he 26 orbits together, using the same model TBfeo ∗(diskbb +
Kompthdk + gaussian) linking all the parameters in each
f the 26 data groups, except for the normalizations of diskbb
nd vKompthdk components. Note that this fitting can also make
t more convenient for our later joint fitting in Subsection 3.4 . This
pectral fitting shows that, at this stage, the electron temperature of
he corona kT e still cannot be constrained therefore we fix it again
o 250 keV. We find that the best-fitting hydrogen column density
s 4.2 × 10 22 cm 

−2 , consistent with previous measurements (Miller
t al. 2018 ). The disc temperature is 1.14 keV, while the corona
hoton index is 2.84, indicating that the source is in a relatively soft
tate (Dong et al. 2022 ). The gaussian used to fit the iron line
as a central energy of 6.8 keV with a width of 0.98 keV. For the 26
rbits, the 0.5–10 keV averaged flux of the disc and the Comptonized
omponents is, respectively, 1.6 × 10 −7 and 0.4 × 10 −7 erg cm 

−2 s −1 .

.3 Fractional rms and phase-lag spectra 

s shown in the left-hand panel of Fig. 2 , we fit the PDS with
our Lorentzians representing two broad-band noise components, the
PO fundamental, and the second harmonic. Table 1 gives the best-
tting parameters of the Lorentzians. The average type-B QPO has a
entral frequency of 5.64 ± 0.07 Hz with a FWHM of 2.9 ± 0.3 Hz.
he type-B QPO is weak, with an rms of 1 . 1 ± 0 . 05 per cent . The
econd harmonic of the type-B QPO appears at a central frequency

art/stad460_f1.eps
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Figure 2. Left-hand panel: Averaged PDS of MAXI J1535 −571 in the 1–10 keV band for the NICER orbits listed in Table A1 , with the best-fitting model and 
the residuals. The black points are the data and the red line is the best-fitting model. The dashed lines from the left to the right show two broad-band noise, the 
type-B QPO fundamental and the second harmonic components. The residuals are the data minus the model divided by the error. Right-hand panel: The QPO 

central frequency versus energy for the type-B QPO. The error bars indicate the 68 per cent confidence level. 

Table 1. The parameters of the Lorentzians used to fit the averaged PDS of 
MAXI J1535 − 571. The error bar indicates the 1 σ confidence level. 

Component Frequency (Hz) FWHM (Hz) rms (%) 

QPO 5.64 ± 0.07 2.9 ± 0.3 1.11 ± 0.05 
Harmonic 10.5 ± 0.5 3 ± 2 0.43 ± 0.08 
BBN1 ∗ 0 0.5 ± 0.1 0.73 ± 0.08 
BBN2 ∗ 0.8 ± 0.1 2.5 ± 0.2 1.40 ± 0.07 

Note. ∗BBN: Broad-band noise component. 
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f 10.5 ± 0.5 Hz, consistent with being twice the central frequency 
f the QPO fundamental. 
We plot the rms spectrum of the QPO in the left-hand panel

f Fig. 3 . The horizontal error bars are the width of the energy
hannels. As the energy increases from 1 to 10 keV, the rms increases
onotonically from ∼ 1 to ∼ 6 per cent , indicating that the type-B 

PO is mainly modulated by the hot corona. 
The right-hand panel of Fig. 3 shows the phase-lag spectrum of

he type-B QPO. The horizontal error bars are the width of the
nergy channels. As the energy increases from 1 to 7.3 keV, the phase
ags decrease from 0.8 to −0.7 rad, while abo v e 7.3 keV, the phase
ags increase slightly to around −0.6 rad, resulting in a minimum 

n the phase-lag spectrum at around 6–7 keV. The energy where the
inimum phase lag appears is consistent with the results of Stevens 

t al. ( 2018 ). The phase lag with respect to the the 1–10 keV reference
and crosses the zero line (grey dashed line in the right-hand panel
f Fig. 3 ) from the positive to the negative at an energy of ∼3 keV. 

.4 Joint fitting of the rms and phase-lag spectra of the QPO 

nd the energy spectra of the source 

imilar to what we did in Zhang et al. ( 2022 ), we fit jointly the
ms and phase-lag spectra of the QPO and the energy spectra 
f the 26 orbits of MAXI J1535 −571 (the latter are initially
tted in Subsection 3.2 ) using the model TBfeo ∗(diskbb + 

Kompthdk + gaussian) . 
Note that for the fitting of the rms spectrum, vKompthdk is mul-

iplied by a dilution component which is not explicitly written 
n the total model. The introduction of the dilution model is
ustified since the time-dependent Comptonization model computes 
he rms spectrum of a variable corona but the observed rms is reduced
y all the non-variable spectral components. Here, we assume that 
he diskbb and the gaussian components are not variable, and 
herefore the dilution component is Flux Compt ( E )/Flux Total ( E )
uch that rms Obs = rms Compt ∗Flux Compt /Flux Total . (Note that this
ilution component does not introduce any new parameters to 

he fits.) 
Initially, when we fit simultaneously the energy spectra of the 26

rbits and the rms and the phase-lag spectra of the QPO, kT s in
Kompthdk is linked to kT in in diskbb . The fit yields a relatively

arge χ2 = 104.0 using 10 bins for the timing spectra and a corona
ize of ∼10 4 km. The large corona size indicates that the softer seed
hotons from the outer part of the disc play an important role in
roducing the phase lags. Therefore, we let kT s in vKompthdk
inked with kT in in diskbb to fit the energy spectra of the 26 orbits,
ut allow kT s to vary freely when fitting the rms and phase-lag spectra. 
e show a comparison of the best-fitting results of the cases with

T s = kT in and kT s free in Fig. 4 . Letting kT s free gives a significantly
etter fit, χ2 = 62.3 (Table 2 ), with kT s = 0.59 ± 0.07 keV, lower than
T in = 1.139 ± 0.002 keV; the corona is still relatively large with a
ize of 6500 ± 500 km. In the time-averaged energy spectrum, kT in 

nd � are the same as when kT s = kT in . The feedback fraction pegs
t the upper boundary 1, which gives ηint = 0.33 ± 0.02. (For an
xplanation of the difference between the η and ηint , see Section 1 .)
his means that ∼ 33 per cent of the corona photons return to the
ccretion disc where they are thermalized and re-emitted, resulting 
n a soft lag, while the other 67 per cent of the corona photons are the
bserved Comptonized photons. The temperature of the inner disc, 
T in = 1.139 ± 0.002 keV, and the photon index, � = 2.91 ± 0.06,
ndicate that the source is in a relatively soft state. The spectral state
atches well with the fact that the type-B QPO appears in the SIMS.
ince we now include the rms and phase-lag spectra of the QPO and

et kT s free in the fits, we try to let kT e free. From the joint fitting, we
easure a hot corona with temperature kT e = 330 ± 50 keV, which

s consistent with the corona temperature measured by Dong et al.
 2022 ) in the SIMS of MAXI J1535 −571 using the broad-band data
f NuSTAR and Insight - HXMT . 
From the values of kT e and � from Model 2, the optical depth

f the corona is τ = 0.16 and the Compton y-parameter is y =
.41, indicating that the system is in the unsaturated Comptonization 
egime. This is consistent with the assumptions of the time-dependent
omptonization model vKompthdk that we used. 
MNRAS 520, 5144–5156 (2023) 
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Figure 3. Fractional rms amplitude spectrum (left-hand panel) and phase-lag spectrum (right-hand panel) of the type-B QPO of MAXI J1535 −571. The dashed 
grey line in the right-hand panel marks the zero phase lag. In both panels, the vertical error bars indicate the 68 per cent confidence level, while the horizontal 
error bars indicate the width of the energy channels. 

Figure 4. A comparison of the best-fitting model to the rms spectra (upper panels) and phase-lag spectra (lower panels) in the case in which kT s = kT in = 

1.141 keV (left-hand panels) and kT s is free (right-hand panels). In the case in which kT s = kT in , χ2 = 104.0 for 10 bins, while in the case in which kT s is free, 
χ2 = 62.3 for 10 bins. The data and the best-fitting model are in black and red, respectively. 

 

2  

t  

o  

i
 

o  

o  

w  

c  

s  

c  

d  

a  

y  

G  

fi
 

s  

(  

c  

d  

T  

e  

s  

d  

a  

m  

k  

t  

(  

m  

h  

a  

0  

s  

t  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/4/5144/7034338 by guest on 06 M
arch 2023
We note that, although a fit with a dual corona (see Garc ́ıa et al.
021 ) may reduce further the χ2 , we do not explore it here because of
he limited number of energy bands in the rms and phase-lag spectra
f the QPO and the large number of free parameters that would be
nvolved. 

Since the corona is large, it should illuminate the outer part
f the disc and produce a narrow iron line due to reflection
ff cold material there (e.g. Miller et al. 2018 ). Therefore,
e add an extra Gaussian line to Model 1, which then be-

omes Model 2: TBfeo ∗(diskbb + vKompthdk + gaus-
ian1 + gaussian2) . We find that a second Gaussian line
entred at 6.62 ± 0.02 keV with a width of 0.12 ± 0.02 keV fits the
ata well. The significance of the narrow Gaussian line, measured
s the ratio of the line normalization to its error, is 5 σ and an F-test
ields a probability of 1.8 × 10 −9 , which indicates that the narrow
aussian line impro v es the fit significantly. The final results of the
tting are plotted in Fig. 5 and the parameters are given in Table 2 . 
To test a possible de generac y of the parameters, we run an MCMC

imulation for Model 2, using the Goodman–Weare chain algorithm
NRAS 520, 5144–5156 (2023) 
Goodman & Weare 2010 ). After testing the convergence of the
hain, we set the chain length to 240 000 with 1200 w alk ers. We
iscard the first 120 000 steps and record the last 120 000 steps.
he entire covariance matrix is divided by a factor of 10 000 to
nsure that the w alk ers initially sample a large range of the parameter
pace. Fig. 6 shows the results of the MCMC simulation. The inner
isc temperature, kT in , is some what cov ariant with the Galactic
bsorption, N H , which is expected since the absorption influences
ainly the soft part of the spectrum, while the outer disc temperature,

T s , is covariant with the corona temperature, kT e , since these two
emperatures play an important role when computing the phase lags
Bellavita et al. 2022 ). For the corona geometry, the size of the corona
ay be modulated by the seed photons from the outer disc and the

ot corona temperature. The feedback fraction reaches its upper limit
nd a 3 σ error also constrains the feedback fraction to be larger than
.9. Since the external heating rate maintains the temperature of the
ystem when describing the timing spectra, δḢ ext is correlated with
he outer disc temperature, kT s , the corona temperature, kT e , and the
orona size, L ; the latter is al w ays large, between 5600 and 7200 km.
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Table 2. Spectral parameters of the joint fitting for MAXI J1535 −571. The 
error indicates the 1 σ confidence level. See the text for more details about 
the parameters. 

Component Parameter Model 1 Model 2 

TBfeo N H (10 22 cm 

−2 ) 4.18 ± 0.08 4.18 ± 0.08 
A O 0.44 ± 0.05 0.52 ± 0.05 
A Fe 1.74 ± 0.08 1.51 ± 0.09 

diskbb kT in (keV) 1.138 ± 0.002 1.139 ± 0.002 
vKompthdk kT s (keV) 0.59 ± 0.06 0.59 ± 0.07 

kT e (keV) 330 ± 50 330 ± 30 
� 2.91 ± 0.06 2.88 ± 0.04 

L (10 3 km) 6.5 ± 0.4 6.5 ± 0.5 
ηa 1 −0 . 07 1 −0 . 07 
δḢ 0.15 ± 0.02 0.16 ± 0.02 

gaussian1 LineE (keV) 6.80 ± 0.04 6.75 ± 0.05 
σ (keV) 0.96 ± 0.04 1.01 ± 0.05 

Norm (10 −2 ) 6.2 ± 0.5 5.9 ± 0.4 
gaussian2 LineE (keV) 6.62 ± 0.02 

σ (keV) 0.14 ± 0.02 
Norm (10 −3 ) 3.0 ± 0.7 

χ2 /bin (SSS b ) 4137.84/4576 4098.42/4576 
χ2 /bin (rms c ) 46.76/5 45.81/5 

χ2 /bin (phase lag d ) 15.57/5 15.47/5 
χ2 /d.o.f. 4200.08/4520 4159.70/4517 

Disc flux e (erg cm 

−2 s −1 ) 1.577 ± 0.004 × 10 −7 

Corona flux e (erg cm 

−2 s −1 ) 0.444 ± 0.003 × 10 −7 

a We give only the negative error of the feedback fraction, η, because 
the parameter is consistent with 1, the maximum possible value at the 
1 σ confidence level. b Steady-state spectrum. c Fractional rms spectrum. 
d Phase-lag spectrum. e Unabsorbed flux. 
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 DISCUSSION  

e have analysed 36 NICER observations of the black hole candidate 
AXI J1535 −571 during the 2017/2018 outburst. We identify a 

ype-B QPO in 26 NICER orbits where the source is in the SIMS,
uring which the inner disc is relatively hot, kT in ∼ 1.1 keV, and
he corona photon index is relatively high, � ∼ 2.9. From the 
imultaneous fit of the energy spectra of the source and the rms
nd phase-lag spectra of the type-B QPO, we find that the corona has
 size L = 6500 ± 500 km and a feedback fraction η = 1 −0.07 . 2 We
etect an additional significant narrow iron line with central energy 
f ∼6.6 keV and FWHM of ∼0.1 keV, consistent with a large corona
lluminating the outer and cooler parts of the accretion disc. 

.1 The phase-lag spectrum of type-B QPOs 

y systematically studying the type-B QPOs using RXTE data, 
he lags of type-B QPOs are hard for the BHB systems of low-
nclination angle, while they are either hard or soft for the BHB
ystems of high-inclination angle (Gao et al. 2017 ; Van den Eijnden
t al. 2017 ). The hard lags are likely due to inverse-Compton
cattering of the soft disc photons in the corona (Kylafis et al.
008 ), while the soft lags are likely due to the down-scattering of
he hard photons in the disc (Uttley et al. 2014 ). Stevens & Uttley
 2016 ) studied the hard lags of type-B QPOs in GX 339 −4 using
XTE data and suggested that a corona with a large-scale height 
 This value of the feedback fraction gives ηint = 0.33 ± 0.02 which means 
hat ∼ 33 per cent of the total Comptonized photons impinge back onto the 
isc, while the remaining 67 per cent are the observed Comptonized photons. 

X  

∼
b  

i  

s

 ∼1.8 × 10 4 km) is the jet base. This scenario of a large corona
erived from the phase-resolved spectroscopy of the type-B QPO is 
ater modelled by Kylafis, Reig & Papadakis ( 2020 ) who proposed
hat the type-B QPO in GX 339 −4 originates from a precessing jet.
ote that RXTE is not sensitive to photons below 2–3 keV. Using
ICER observations of MAXI J1348 −630, Belloni et al. ( 2020 )

ound that the phase lags are positive both in the 3–10 keV and
he 0.7–2 keV with respect to the reference band at 2–3 keV. The
ositive phase lags in the 0.7–2 keV band exclude the possibility
hat the type-B QPOs are due to propagation of mass accretion rate
uctuations which, in this scenario, the phase lags below 2 keV
elative to the 2–3 keV band should be negative. Comptonization 
f the soft photons in the corona naturally explains the positive
ags at energy abo v e 3 keV, while Belloni et al. ( 2020 ) suggested
hat the positive lags of the type-B QPO below 2 keV in MAXI
1348 −630 could be due to Compton down-scattering in the corona
y using Monte Carlo simulations assuming a flat seed spectrum 

etween 2 and 3 keV. Ho we ver, because their seed spectrum does not
mit below 2 keV, the y ne glected the effect of the direct emission
f the seed source on the phase-lag spectrum. Indeed, the direct
mission of a more realistic seed source (e.g. an accretion disc)
eads to a flat phase-lag spectrum below ∼3 keV (Kylafis, private
ommunication; see also fig. 1 in Bellavita et al. 2022 ), contrary to the
bservations. 
From the phase-lag spectrum (right-hand panel of Fig. 3 ) in
AXI J1535 −571, the phase lags generally decrease as the en-

rgy increases, with the lags being a minimum at around 6 keV.
f we take the lowest energy band (1–2.5 keV) as the reference
and, in MAXI J1535 −571, all the lags are soft. Stevens et al.
 2018 ) proposed that the soft lags of the type-B QPOs in MAXI
1535 −571 are due to the phase offset between the peaks in the
orona emission and the modulation of the disc spectrum. Based 
n the fitting results of our vKompthdk model, we find that
3 per cent ± 2 per cent of the corona photons return to and are 
eprocessed in the accretion disc, producing the soft lags. Therefore, 
he observed soft lags can be explained as the light-crossing time
f a large corona illuminating the disc. Note that the minimum
n the phase-lag spectrum at ∼6 keV could be related to the iron
ine feature, but since the type-B QPO in this source is weak, we
o not have good enough resolution to perform a detailed line
nalysis. 

.2 Comparison of corona models of variability 

-ray variability in the accreting X-ray binaries is generally classified 
s broad-band noise and QPOs (Ingram & Motta 2019 , for a re vie w).
he broad-band noise at low frequencies usually shows large hard 

ags that are thought to be due to Comptonization, while at relatively
igh frequencies it sometimes shows soft lags, which have been 
roposed to be caused by X-ray reverberation of corona photons 
eflected off the accretion disc (Uttley et al. 2014 ). In a lamppost
eometry of the corona abo v e a black hole, the model reltrans
alculates the difference in the light-travel time of the photons 
eflected off the accretion disc relative to the corona photons that
ravel directly to the observer (Ingram et al. 2019 ). This model is able
o fit the time-lag spectrum of the broad-band noise in the black hole
-ray transient MAXI J1820 + 070, giving a corona height of up to
500 R g (Wang et al. 2021 ), equi v alent to ∼6400 km for an 8.5-M �

lack hole (Torres et al. 2020 ). The lamppost geometry of the corona
s a simplification to allow the calculation of the ray tracing in the
pacetime around the black hole. On the other hand, this model cannot 
MNRAS 520, 5144–5156 (2023) 
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xplain the hard lags observed sometimes in these systems that are
herefore assigned to either Comptonization or fluctuation of accre-
ion propagation (Ar ́evalo & Uttley 2006 ; Kylafis et al. 2008 ). Since
he soft (reverberation) and the hard (inverse-Compton scattering and

ass accretion rate fluctuation) are treated separately, the model is
n essence two separate mechanisms that are connected by the fitting
rocedure. 
From the perspective of QPOs that dynamically originate from

he L–T precession, Ingram et al. ( 2016 ) and Nathan et al. ( 2022 )
eveloped a tomographic model that fits the QPO phase-dependent
nergy spectrum, explaining the energy shifts of the observed iron K α

mission line in different QPO phases. Using NICER and NuSTAR
ata of GRS 1915 + 105 with a QPO frequency at 2.2 Hz, Nathan
t al. ( 2022 ) measured a thermalization time delay of 70 ms, which
s too long since in this long time delay the QPO signal would
e washed out. Nathan et al. ( 2022 ) attributed this problem to the
 v ersimplification of the precessing corona model. For instance, the
uthors did not take into account the precessing corona/jet obscuring
ifferent disc azimuths, which would result in a variation of the shape
f the observed disc spectrum, and they ignored the light-crossing
elays which can be of the order of milliseconds. Systematic error
n the spectral modelling would potentially affect the measured time
ags as well. Nathan et al. ( 2022 ) also measured an inner radius, R in =
.5 R g , of the accretion disc which is too small to produce the 2.2-Hz
PO predicted by the L–T precession of the corona lying inside a

runcated disc (Ingram et al. 2009 ). It could be that the corona is not
orizontally, but more likely v ertically, e xtended in the form of a jet-
NRAS 520, 5144–5156 (2023) 

d

ike structure, namely the outflow (Stevens & Uttley 2016 ; Kylafis
t al. 2020 ). 

Regardless of the dynamical origin of the QPOs, the time-
ependent Comptonization model vKompthdk developed by Kar-
ouzas et al. ( 2020 ) and Bellavita et al. ( 2022 ) describes both the
ard and soft lags by considering inverse-Compton scattering in the
orona and thermal reprocessing in the disc. Since the model solves
he linearized Kompaneets equation, it provides the distribution of
hotons in energy at any given time, regardless of the history of these
hotons via a single mechanism. 3 This model can successfully fit the
teady-state Comptonization spectrum and the rms and phase-lag
pectra of QPOs with energies in the 1–100 keV range (Karpouzas
t al. 2020 ; Garc ́ıa et al. 2021 ; M ́endez et al. 2022 ; Zhang et al.
022 ; Garc ́ıa et al. 2022a ). A limitation of the model is that even
hough it considers the thermal reprocessing of hard photons in the
ccretion disc, it ignores the relativistic reflection that produces the
tom florescent emission lines and Compton hump (Garc ́ıa et al.
014 ). The corona size measured by vKompthdk is generally big
ompared with the corona size predicted by L–T precession inside
he truncated disc (see supplementary fig. 4 in M ́endez et al. 2022 and
g. 5 in Garc ́ıa et al. 2022a ). If the corona size is large, regardless of

he feedback fraction, a big corona is likely to be vertically extended
M ́endez et al. 2022 ; Zhang et al. 2022 ). A dual-Comptonization
ifferent Fourier frequencies. 
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Figure 6. MCMC simulation of the spectral parameters of MAXI J1535 −571. The contours in each panel indicate the 1 σ , 2 σ , and 3 σ confidence ranges. The 
parameters are the same as those in the Model 2 in Table 2 . 
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odel is also used to fit the NICER data of the type-B QPO of MAXI
1348 −630 (Garc ́ıa et al. 2021 ), showing that the inner part of the
orona is small ( L � 400 km) and spherical or slab, with the hard
hotons efficiently returning to the accretion disc, while the outer part 
f the corona is large ( L � 10 4 km) and jet-like with nearly no hard
hoton feedbacking onto the accretion disc. The corona geometry, 
.g. the size, measured from different models mentioned abo v e has
eatures in common (see below). 

.3 Corona geometry 

ast transitions between type-B and other types (A and C) QPOs 
re often observed (e.g. Casella et al. 2004 ; Zhang et al. 2021 ).
he detailed spectral-timing analysis of H 1743 −322 indicates that 
he transition from type-B to type-C QPOs could be explained by
he presence of a jet or a vertically extended optically thick Comp-
onization region (Harikrishna & Sriram 2022 ). From a spectral- 
iming analysis of the Insight - HXMT data of MAXI J1348 −630 in
he SIMS, Liu et al. ( 2022 ) proposed a vertically extended corona that
s the base of the jet, and explained the disappearance and appearance
f the type-B QPO as the jet being parallel to the BH spin axis or
ot, due to the Bardeen–Petterson effect. In our study of MAXI
1535 −571 in the SIMS, we notice that the type-B QPOs disappear
n some NICER orbits as shown in Fig. 1 which may be explained
y the L–T precession of the corona or the jet proposed by Liu et al.
 2022 ). 
MNRAS 520, 5144–5156 (2023) 
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The modelling of the corona through type-B QPOs in MAXI
1348 −630 shows that the size of the jet-like corona is ∼10 4 km
Garc ́ıa et al. 2021 ). This size is comparable with the corona size
f 6500 ± 500 km that we find in MAXI J1535 −571. The intrinsic
eedback fraction in this work is 33 per cent ± 2 per cent , which
ndicates that the corona should be co v ering the accretion disc to
ome extent, as shown in the right-hand panel of Fig. 7 . From the
tting results in Table 2 , the inner disc provides the seed photons
nd the Comptonized photons contribute mainly to the steady-state
nergy spectrum, while the outer disc provides relatively cold seed
hotons and the long light-crossing time of the Comptonized photons
ontribute mainly to the phase-lag spectrum. In MAXI J1535 −571,
e have already measured the corona geometry through type-C QPOs

n the HIMS from MJD 58 008 to 58 017 (Zhang et al. 2022 ). The
eft-hand panel of Fig. 7 shows the corona size, intrinsic feedback
raction, and the 9-GHz jet flux density (Russell et al. 2019 ) using
he results both in Zhang et al. ( 2022 ) and this work. 4 Note that we
av e conv erted the feedback fraction, η, into the intrinsic feedback
raction, ηint . As discussed in Zhang et al. ( 2022 ), the corona on

JD 58 017 is a vertically extended jet-like corona, which expands
ertically to its maximal size, L ∼ 9300 km, with ηint ∼ 28 per cent ,
wo days before the transient jet reaches the maximum flux density.
fter MJD 58 017, MAXI J1535 −571 transits into the SIMS. In

he SIMS from MJD 58 018 to 58 024, we measure a corona size
 ∼ 6500 km with ηint ∼ 33 per cent . Compared to the corona
eometry in the end of the HIMS on MJD 58 017, in the SIMS
he corona size contracts and the hard photons feedback onto the
isc more efficiently, indicating that the corona contracts vertically
nd expands horizontally. After MJD 58 024, no QPO appears in the
ntermediate and high-soft states and the transient jet flux density
radually decays until it is no longer detected. The change of the
orphology of the corona geometry in the SIMS, together with that

n the HIMS, and the change of the jet flux density, suggests that
he increasing size of the jet-like corona may give rise to the large-
cale transient jet ejecta lagging behind the change of the corona
ize. After the ejection, the corona in the jet base contracts and
he transient jet loses its energy source so the observed radio flux
NRAS 520, 5144–5156 (2023) 

 In this work, we impro v e the fitting model compared to Zhang et al. ( 2022 ). 
or more information about the refined model, see Subsection 3.4 . 

A

W  

i  
ensity drops. This suggests a connection between the corona and the
et. 

The corona-jet connection has been investigated using
Kompthdk through type-C QPOs in GRS 1915 + 105 with 12-
r RXTE observations (Karpouzas et al. 2021 ; M ́endez et al. 2022 ;
arc ́ıa et al. 2022a ). The connection between the corona and the jet

n the persistent source GRS 1915 + 105 is similar to that in the BH
-ray transient MAXI J1535 −571. In GRS 1915 + 105, when the

adio emission is weak, the corona co v ers large parts of the accretion
isc and the hard photons efficiently feedback onto the disc, while
hen the radio emission is strong, the corona is vertically extended

nd jet-like, and less hard photons feedback onto the disc (M ́endez
t al. 2022 ). The only difference is that, in the SIMS of MAXI
1535 −571, the hard photons feedback onto the disc more efficiently
han in the HIMS. The ∼ 33 per cent intrinsic feedback fraction
n the SIMS of MAXI J1535 −571 is similar to the ∼ 35 per cent
ntrinsic feedback fraction in the SIMS of MAXI J1348 −630 (Garc ́ıa
t al. 2021 ; Bellavita et al. 2022 ). In fact, the feedback fraction of hard
hotons may either decrease or increase, depending on the balance
etween the Compton cooling process in the disc and the heating up
f the corona (Merloni & Fabian 2001 ; Karpouzas et al. 2020 ). 
The evolution of the corona height using the light-crossing delays

n re verberation sho ws quite a similar trend to our measurements
sing vKompthdk through the QPOs. Wang et al. ( 2022 ) studied
rchi v al data of 10 black hole candidates with NICER and found
hat during the hard to intermediate state transition, the soft lags first
ecrease and then increase (see fig. 6 in Wang et al. 2022 ). Assuming
 lamppost geometry, the corona height in the hard state decreases
rom ∼1000 to ∼200 km, in the HIMS, it increases monotonically
p to 9000 km, and in the SIMS, it decreases slightly to ∼6000 km.
omparing these results with those in the left-hand panel of Fig. 7 , we
otice a general consistence of the measurements of the corona size.
his consistence suggests the possibility to combine reltrans and
Kompthdk to measure the corona geometry when reverberation

ags and QPOs appear simultaneously. 
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Table A1. NICER observations and QPO frequency of MAXI J1535 −571. 
The error bars indicate the 1 σ confidence level. 

Observation ID Orbit MJD start QPO frequency (Hz) 

1050360114 1 58 018.88 6.1 ± 0.1 
2 58018.94 6.7 ± 0.4 

1050360115 1 58 019.01 6.2 ± 0.4 
4 58 019.22 5.6 ± 0.4 
5 58 019.28 5.5 ± 0.5 
6 58 019.47 5.7 ± 0.3 
7 58 019.54 5.5 ± 0.3 
8 58 019.60 5 . 3 + 0 . 6 −0 . 1 
13 58 019.92 5.2 ± 0.5 
14 58 019.99 6.0 ± 0.2 

1050360116 1 58 020.05 5.6 ± 0.5 
4 58 020.25 5.1 ± 0.2 
5 58 020.31 5.5 ± 0.4 
6 58 020.37 5.8 ± 0.2 
8 58 020.50 6.2 ± 0.2 

1050360117 2 58 021.15 6.2 ± 0.4 
3 58 021.40 5.3 ± 0.2 
4 58 021.60 5.8 ± 0.3 
5 58 021.77 5 . 5 + 0 . 1 −0 . 5 

1050360118 1 58 022.24 6.0 ± 0.2 
1050360119 1 58 023.26 6.1 ± 0.1 

3 58 023.77 5.1 ± 0.1 
1050360120 1 58 020.57 6.6 ± 0.4 

2 58 020.63 5.8 ± 0.2 
4 58 020.76 5.6 ± 0.2 
7 58 020.95 4.8 ± 0.1 
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