
 

 

 University of Groningen

Fast transitions of X-ray variability in the black hole transient GX 339-4
Yang, Zi Xu; Zhang, Liang; Zhang, S. N.; Mendez, M.; García, Federico; Huang, Yue; Bu,
Qingcui; Liu, He Xin; Yu, Wei; Wang, P. J.
Published in:
Monthly Notices of the Royal Astronomical Society

DOI:
10.1093/mnras/stad795

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2023

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Yang, Z. X., Zhang, L., Zhang, S. N., Mendez, M., García, F., Huang, Y., Bu, Q., Liu, H. X., Yu, W., Wang,
P. J., Tao, L., Altamirano, D., Qu, J. L., Zhang, S. N., Ma, X., Song, L. M., Jia, S. M., Ge, M. Y., Liu, Q. Z.,
... Zhao, Q. C. (2023). Fast transitions of X-ray variability in the black hole transient GX 339-4: Comparison
with MAXI J1820+070 and MAXI J1348-630. Monthly Notices of the Royal Astronomical Society, 521(3),
3570-3584. https://doi.org/10.1093/mnras/stad795

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 31-10-2023

https://doi.org/10.1093/mnras/stad795
https://research.rug.nl/en/publications/dc69e9e8-08ff-49e0-bd66-4487c5268e0f
https://doi.org/10.1093/mnras/stad795


MNRAS 521, 3570–3584 (2023) https://doi.org/10.1093/mnras/stad795 
Advance Access publication 2023 March 17 

Fast transitions of X-ray variability in the black hole transient GX 339 −4: 

comparison with MAXI J1820 + 070 and MAXI J1348 −630 

Zi-Xu Yang , 1 , 2 ‹ Liang Zhang , 1 ‹ S. N. Zhang, 1 M. M ́endez, 3 Federico Garc ́ıa , 4 Yue Huang, 1 

Qingcui Bu , 5 He-Xin Liu, 1 , 2 Wei Y u, 1 , 2 P . J. Wang, 1 , 2 L. Tao, 1 D. Altamirano, 6 Jin-Lu Qu, 1 S. Zhang, 1 

X. Ma, 1 L. M. Song , 1 S. M. Jia, 1 M. Y. Ge, 1 Q. Z. Liu, 7 J. Z. Yan, 7 T. M. Li, 1 , 2 X. Q. Ren , 1 , 2 

R. C. Ma , 1 , 2 Yuexin Zhang , 3 Y. C. Xu, 1 , 2 B. Y. Ma, 1 , 2 Y. F. Du, 1 , 2 Y. C. Fu, 1 , 2 Y. X. Xiao, 1 , 2 P. P. Li, 1 , 2 

P. Jin, 1 , 2 S. J. Zhao 

1 , 2 and Q. C. Zhao 

1 , 2 

1 Key Laboratory for Particle Astrophysics, Institute of High Energy Physics, Chinese Academy of Sciences, 19B Yuquan Road, Beijing 100049, China 
2 University of Chinese Academy of Sciences, Chinese Academy of Sciences, Beijing 100049, China 
3 Kapteyn Astronomical Institute, University of Groningen, Postbus 800, NL-9700 AV Groningen, the Netherlands 
4 Instituto Argentino de Radioastronom ́ıa (CCT La Plata, CONICET; CICPBA; UNLP), C.C.5, (1894) Villa Elisa, Buenos Aires, Argentina 
5 Institut f ̈ur Astronomie und Astrophysik, Kepler Center for Astro and Particle Physics, Eberhard Karls Universit ̈at, Sand 1, D-72076 T ̈ubingen, Germany 
6 Physics and Astronomy, University of Southampton, Southampton, Hampshire SO17 1BJ, UK 

7 Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210034, People’s Republic of China 

Accepted 2023 March 12. Received 2023 March 6; in original form 2022 December 23 

A B S T R A C T 

Fast transitions between different types of power density spectra (PDS) happening o v er time-scales of several tens of seconds are 
rare phenomena in black hole X-ray binaries. In this paper, we report a broad-band spectral-timing analysis of the fast transitions 
observed in the 2021 outburst of GX 339 −4 using NICER and Insight -HXMT observations. We observe transitions between 

band-limited noise-dominated PDS and type-B quasi-periodic oscillations (QPOs), and their rapid appearance or disappearance. 
We also make a detailed comparison between the fast transitions in GX 339 −4 with those seen in MAXI J1820 + 070 and MAXI 
J1348 −630. By comparing the spectra of the periods with and without type-B QPOs, we find that the spectral ratios abo v e 10 keV 

are nearly constant or slightly decreasing, and the values are different between sources. Below 10 keV, the flux change of the 
Comptonization component is inversely proportional to the flux change of the thermal component, suggesting that the appearance 
of type-B QPOs is associated with a redistribution of the accretion power between the disc and the Comptonizing emission 

region. The spectral ratios between the periods with type-B QPO and those with broad-band noise are significantly different 
from that with type-B QPO and without type-B QPO, where the ratios (type-B QPO/broad-band noise) show a maximum at 
around 4 keV and then decrease gradually towards high energies. Finally, we discuss the possible change of the geometry of the 
inner accretion flow and/or jet during the transitions. 

Key words: accretion, accretion discs – black hole physics – X-rays: binaries. 
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 I N T RO D U C T I O N  

ow-mass black hole X-ray binaries (BHXBs) consist of a stellar-
ass black hole accreting matter from its companion star. These

ystems spend most of the time in a quiescent state and occasionally
o into bright outbursts due to the hydrogen-ionization instability
n the outer part of the accretion disc (Lasota 2001 ). Black hole
ransients in outburst usually evolve through different spectral states
ith changing luminosity (see McClintock & Remillard 2006 , for a

e vie w). At the beginning of the outburst, a source is usually detected
n a hard state (HS), where the energy spectrum is dominated by a
omptonization component with a power-law photon index of ∼1.4–
.7 (M ́endez & van der Klis 1997 ; Zdziarski & Gierli ́nski 2004 ).
s the accretion rate increases, the thermal component gradually
 E-mail: yangzx@ihep.ac.cn (Z-XY); zhangliang@ihep.ac.cn (LZ) 

f  
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o  

Pub
trengthens and the source evolves into the intermediate state (IMS).
e can further divide the IMS into a hard-intermediate state (HIMS)

nd a soft-intermediate state (SIMS), according to the spectral and
iming properties (Homan & Belloni 2005 ). When the thermal
omponent dominates the spectrum, the source enters into a soft
tate (SS), where the inner radius of the disc is thought to reach
he innermost stable circular orbit (ISCO, e.g. Done, Gierli ́nski &
ubota 2007 ). At the end of the outburst, the source fades quickly

nd mo v es back to the HS via the IMS in reverse order (Belloni &
otta 2016 ). 
For BHXBs, not only the spectral shape but also the timing

roperties change significantly during an outburst. Fourier analysis
rovides a simple and intuitive way to inspect the fast timing
 ariability. Narro w and strong peaks with frequencies ranging from a
ew mHz to ∼30 Hz, called low-frequency quasi-periodic oscillations
LFQPOs), are usually detected in the power density spectra (PDS)
f these sources. Based on the properties of the PDS, LFQPOs
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Figure 1. The evolution of 2–20 keV count rates and hardness ratio (4–10 keV/2–4 keV) of GX 339–4 in its 2021 outburst captured by MAXI/GSC. The red 
region marks the time interval we studied in this paper. 
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an be divided into three types, i.e. type-A, B, and C (Casella,
elloni & Stella 2005 ). Among the three types of QPOs, type-
 QPOs are the most common type mostly appearing in the HS
nd HIMS. These QPOs are usually accompanied by strong flat- 
op noise variability. Although the physical origin of the type-C 

POs is still under debate, some evidence shows that they likely 
riginate from the Lense–Thirring precession of the inner hot flow 

r jet (Ingram, Done & Fragile 2009 ; Ingram & Done 2010 , 2011 ;
alamkar et al. 2016 ; Huang et al. 2018 ; Bu et al. 2021 ; Ma et al.
021 ; M ́endez et al. 2022 ). Ho we ver, this model faces considerable
hallenges both theoretically and observationally (Marcel & Neilsen 
021 ; Nathan et al. 2022 ). Zhang et al. ( 2022a ) fitted the time-
ependent Comptonization model to the type-C QPOs in MAXI 
1535–571. Type-B QPOs have been detected in a number of sources; 
he appearance of these QPOs defines the start of the SIMS (Belloni &

otta 2016 ). The type-B QPOs were found to occur close in time
o the launch of discrete jet ejecta (Fender, Belloni & Gallo 2004 ;
ender, Homan & Belloni 2009 ; Homan et al. 2020 ; Carotenuto
t al. 2021 ). Using phase-resolved spectroscopy, Stevens & Uttley 
 2016 ) found that the spectral parameters change as a function of
PO phase, leading to a geometric interpretation for type-B QPOs. 
ylafis, Reig & Papadakis ( 2020 ) proposed a precessing jet model,
hich could reproduce the periodic variation of � with QPO phase. 
arc ́ıa et al. ( 2021a ) and Peirano et al. ( 2023 ), on the other hand,
tted the rms and lag spectra of the type-B QPO in MAXI J1348 −630
nd GX 339 −4, respectively, with a time-dependent Comptonization 
odel (Karpouzas et al. 2020 ; Bellavita et al. 2022 ), in which the
PO properties are due to coupled oscillations of the corona and 

he disc. Type-A QPOs are the least common type of QPOs and
ave been rarely studied (Ingram & Motta 2019 ). No comprehensive 
odel has been proposed to explain type-A QPOs. 
Rapid transitions between different types of PDS happening o v er 

everal tens of seconds have been observed in several BHXBs. Such 
ransitions are usually observed in the IMS and al w ays involve type-B
POs. The study of these transitions can provide important evidence 
n what triggers the QPO phenomenon and on the physical origin 
f QPOs in general. Type-C QPO switching to/from type-B QPO is
sually detected during the HIMS–SIMS state transitions, along with 
ignificant spectral variations (e.g. Soleri, Belloni & Casella 2008 ; 

otta et al. 2011 ; Homan et al. 2020 ). Type-B/A QPO transitions
ave been found in GX 339 −4 (Miyamoto et al. 1991 ; Nespoli
t al. 2003 ; Motta et al. 2011 ), XTE J1550 −564 (Homan et al.
a  
001 ; Sriram, Rao & Choi 2016 ), XTE J1859 + 226 (Casella et al.
004 ; Sriram, Rao & Choi 2013 ), XTE J1817 −330 (Sriram, Rao &
hoi 2012 ), and H 1743 −322 (Homan et al. 2005 ). In addition,
FQPOs are typically transient that can appear/disappear on short 

ime-scales of several seconds. Recently, Xu et al. ( 2019 ) reported a
udden turn-on of a transient type-C QPO accompanied by a rapid
ecrease in X-ray flux in Swift J1658.2 −424. Zhang et al. ( 2021 )
ade a systematic analysis of the transient type-B QPO detected in
AXI J1348 −630 using observations with the Neutron Star Interior 
omposition Explorer ( NICER ). They found that the transient nature
f the QPO is associated with a redistribution of the accretion power
etween the disc and the Comptonizing region. Meanwhile, Liu et al.
 2022b ) fitted the broad-band Insight -HXMT spectra of periods with
nd without the type-B QPOs, and found a slight decrease in the
eight of the corona when the QPO disappears. 
GX 339 −4 is a BHXB with a mass function of 1.91 ± 0.08 M �

Heida et al. 2017 ). It experienced frequent outbursts in the past two
ecades with a ∼2-yr cycle, making it one of the most studied stellar-
ass black holes (Makishima et al. 1986 ; Zdziarski et al. 2004 ). GX

39 −4 entered a new outburst in 2021 (Pal et al. 2021 ; Sguera et al.
021 ; Tremou et al. 2021 ; Garcia et al. 2021b ), showing all four
ypical spectral states found in BHXBs. Both NICER and Insight -
XMT performed high-cadence observations of this outburst. Using 
uasi-simultaneous data of NICER and Insight -HXMT, in this paper 
e report the study of the fast transitions between different types of
DS observed in the IMS of this source. The large ef fecti ve areas
nd broad energy co v erage of these observations with NICER and
nsight -HXMT enable us to investigate in detail the changes of the
pectral-timing properties during the fast transitions. Especially, we 
an constrain the disc, Comptonization, and reflection components 
imultaneously by jointly fitting the NICER and Insight -HXMT 

pectra. We also compare the fast transitions in GX 339 −4 with
hose observed in the newly disco v ered BHXBs MAXI J1820 + 070
nd MAXI J1348 −630. In Section 2 , we describe the observation
nd data reduction. The data analysis and main results are presented
n Section 3 . We discuss our main results in Section 4 and summarize
ur conclusions in Section 5 . 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

he MAXI/GSC light curve and the evolution of the hardness ratio
re shown in Fig. 1 . The hardness ratio evolves from a high value of
MNRAS 521, 3570–3584 (2023) 
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Table 1. Log of the NICER and Insight -HXMT observations used in this 
paper. 

No. ObsID Start time Exposure (s) 

NICER 

No. 1 4 133 010 105 2021 March 28 00:28:40 13 605 
No. 2 4 133 010 106 2021 March 29 02:38:28 10 702 
No. 3 4 133 010 107 2021 March 30 00:19:57 13 793 
No. 4 4 133 010 108 2021 March 31 01:07:00 10 184 

Insight -HXMT 

No. 1 P030402403913 2021 March 29 12:22:02 1890 
No. 2 P030402403914 2021 March 29 15:32:44 2490 
No. 3 P030402403920 2021 March 30 13:13:50 2040 
No. 4 P030402403921 2021 March 30 16:24:34 2580 
No. 5 P030402403922 2021 March 30 19:35:18 2910 
No. 6 P030402403923 2021 March 30 22:46:03 2520 
No. 7 P030402403924 2021 March 31 01:56:47 2250 
No. 8 P030402403925 2021 March 31 05:07:31 1140 
No. 9 P030402403926 2021 March 31 08:18:16 1530 
No. 10 P030402403927 2021 March 31 11:29:00 1740 
No. 11 P030402403928 2021 March 31 14:39:45 2160 
No. 12 P030402403929 2021 March 31 17:50:29 2760 
No. 13 P030402403930 2021 March 31 21:01:13 2820 
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1 to a low value of ∼0.2 and back to a high value at the end of the
utburst. This suggests that the source experienced a full outburst
ith an initial hard-to-soft transition and a soft-to-hard transition.
e refer to Peirano et al. ( 2023 ) for the detailed evolution track

bserved with NICER . NICER observed that the flux of GX 339 −4
xhibited a dramatic increase from ∼2500 counts s −1 on 2021 Mar
6 (MJD 59299) to ∼4600 counts s −1 on 2021 Mar 28 (MJD 59301;
ang et al. 2021 ). Multi-wavelength observations indicated that GX

39 −4 was already in the HIMS and was evolving rapidly towards
he SIMS (Baglio 2021 ; Corbel et al. 2021 ; Liu et al. 2021 ; Wang
t al. 2021 ). Both NICER and Insight -HXMT conducted very intense
bservation campaigns during this epoch that co v ered a complete
tate transitions between the HIMS and the SIMS. During the state
ransition, we observed fast alternations between different types of
DS. In this paper, we focus on the observations during this transition
eriod; the logs of the observations for NICER and Insight -HXMT
e used in this paper are listed in Table 1 . 
NICER is a soft X-ray telescope onboard the International Space

tation (ISS) launched on 2017 June 3. It provides high throughput
n the 0.2–12 keV energy band with an absolute timing precision of

100 ns, making it an ideal instrument to study fast X-ray variability.
ICER consists of 56 co-aligned concentrator X-ray optics, each
aired with a single-pixel silicon drift detector. Presently, 52 detectors
re active with a peak effective area of ∼1900 cm 

−2 at 1.5 keV. In
ur analysis, we exclude data from detectors no. 14 and no. 34 as
hey occasionally show episodes of increased instrumental noise.

e processed the NICER observations using the NICER software
ools NICERDAS version 8.0 in HEASOFT version 6.29. We run
he pipeline nicerl2 with the standard filtering criteria. 

Insight -HXMT is China’s first X-ray astronomy satellite, launched
n 2017 June 15 (Zhang et al. 2020a ). It carries three slat-collimated
nstruments: the High Energy X-ray telescope (HE, poshwich
aI/CsI, 20–250 keV, Liu et al. 2020 ), the Medium Energy X-ray

elescope (ME, Si pin detector, 5–30 keV, Cao et al. 2020 ), and the
ow Energy X-ray telescope (LE, SCD detector, 1–15 keV, Chen
t al. 2020 ). The Insight -HXMT observations are extracted from all
hree instruments using the Insight -HXMT Data Analysis software
NRAS 521, 3570–3584 (2023) 
HXMTDAS) v2.05, 1 and filtered with the following criteria: (1)
ointing offset angle less than 0.04 ◦, (2) Earth ele v ation angle larger
han 10 ◦, (3) geomagnetic cut-off rigidity larger than 8 GeV, and
4) at least 300 s before and after the South Atlantic Anomaly
assage. Each instrument of Insight -HXMT carries large, small, and
lind field-of-view (FoV) detectors in order to facilitate background
nalysis. The small FoV detectors (LE: 1 ◦.6 × 6 ◦, ME: 1 ◦ × 4 ◦, and
E: 1 ◦.1 × 5 ◦.7) have a lower probability of source contamination.
herefore, to a v oid possible contamination from the bright Earth and
earby sources, we only use data from the small FoV detectors (Chen
t al. 2018 ). 

 ANALYSI S  A N D  RESULTS  

.1 Fast transitions between different types of PDS 

n Fig. 2 , we plot the evolution of the NICER 0.5–10 keV count rate,
ardness ratio (6.0–10.0 k eV/2.0–4.0 k eV), along with the Insight -
XMT/LE 1.0–10.0 keV, ME 8.0–35.0 k eV, and HE 35.0–200.0 k eV

ight curves of the period we study. The data of Insight -HXMT/HE
re dominated by background, so that we did not use them for our
urther analysis. From this figure, it is apparent that the source
xhibited dramatic flux changes, mainly jumping between a low-
nd a high-flux state, accompanied by significant changes in spectral
ardness. 
For our timing analysis, we create dynamical and average PDS

n the NICER 0.5–10.0 keV energy band with 16-s data segments
nd 1/256-s time resolution. We normalized the PDS to rms 2 /Hz
Belloni & Hasinger 1990 ; Miyamoto et al. 1991 ), and subtracted
he contribution due to Poisson noise. In this work, we only show the
iming results of the NICER data, since the NICER count rate is an
rder of magnitude higher than that of Insight -HXMT, and, therefore,
he features, i.e. broad-band noise or QPOs, are more significant in
he PDS of NICER . 

In Fig. 3 , we show the NICER 0.5–10 keV light curve with 16-s
inning and the corresponding dynamical PDS of the same period
s in Fig. 2 . All time gaps are remo v ed in this plot and marked with
otted lines. The x -axis represents the index of each 16-s PDS. The
ame plot of each indi vidual observ ation is shown in Fig. A1 . From
he dynamical PDS, it is apparent that the shape of the PDS varies
ignificantly between different orbits, coinciding with changes in
ux and spectral hardness (see also Fig. 2 ). Based on their different

iming characteristics, we can divide the PDS of this period into three
ypes. In Fig. 4 , we show the representative PDS of each type. In the
pper panel of Fig. 3 , we have marked the time of the PDS shown in
anels (a), (b), and (c) with blue, grey, and magenta, respectively. 
The PDS as the one shown in Panel (a) of Fig. 4 usually appear

t a low-flux state when the count rate is below ∼5200 count s −1 ,
orresponding to a higher hardness ratio. These PDS are dominated
y a relatively strong broad-band noise component with a 0.1–128 Hz
ractional rms amplitude abo v e 5 per cent (hereafter we call ‘BLN’
o this type of PDS). Sometimes weak type-C QPOs (not al w ays
isible) are detected at around 5–7 Hz. This type of PDS is consistent
ith that typically observed at the end of the HIMS (Stiele et al.
011 ; Homan et al. 2020 ). The PDS as the one shown in Panel (b)
re detected at a high-flux state, corresponding to a slightly softer
pectral hardness. Their o v erall rms amplitude value, ∼2 per cent in
he 0.1–128 Hz, is significantly lower than that of the PDS shown

http://hxmten.ihep.ac.cn/software.jhtml
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(a)

(b)

(c)

(d)

(e)

Figure 2. Evolution of the NICER 0.5–10 keV light curve, hardness ratio (6.0–10.0 keV/2.0–4.0 keV), together with the Insight -HXMT LE (1.0–10 keV), ME 

(8.0–35.0 keV), and HE (35.0–200.0 keV) light curves of GX 339 −4 for the period we study. The different shaded regions mark the time intervals we used to 
create the PDS and energy spectra for different types of variability (see the text for details). 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/3/3570/7080158 by R
ijksuniversiteit G

roningen user on 24 July 2023
MNRAS 521, 3570–3584 (2023) 

art/stad795_f2.eps


3574 Z.-X. Yang et al. 

M

Figure 3. NICER 0.5–10 keV light curve with 16-s binning (upper panel) and corresponding dynamical PDS (lower panel) of GX 339 −4 for the period we 
study. All time gaps are remo v ed and marked with dotted lines in the upper panel. Four different types of variability are identified based on the light curve 
and timing properties. The blue, grey, and green-shaded regions mark the periods with a relatively strong broad-band noise component, a type-B QPO, and the 
flip-flop phenomenon in the PDS, respectively. The magenta-shaded region represents the periods when the PDS are dominated by Poisson noise (see the text 
for details). 

(a) (b) (c)

Figure 4. Representative PDS of GX 339–4 using the NICER 0.5–10 keV band. Panel a : PDS with a strong band-limited noise component, extracted from 

the time interval MJD 59302.50–59302.77. Panel b : PDS with a typical type-B QPO, extracted from the time interval MJD 59303.60–59304.12. Panel c : PDS 
dominated by Poisson noise without any peaks, extracted from the time interval MJD 59304.18–59304.97. 
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n Panel (a). A sharp narrow 5-Hz QPO (quality factor 2 Q ∼ 7) is
een with a fractional rms amplitude of ∼1.7 per cent. The centroid
requency of the QPO remains more or less constant with time.
ased on these characteristics, we can identify this as a type-B QPO

hereafter we call ‘BQ’ to this type of PDS). The type-B QPOs are
sually observed when a source enters the SIMS (Belloni & Motta
016 ). Still at a high-flux level, when the type-B QPO disappears,
NRAS 521, 3570–3584 (2023) 

 Q = ν0 /FWHM, where ν0 is the centroid frequency of the QPO and FWHM 

s the full width at half maximum. 

o  

s  

s  

F  
e observe the PDS as the one shown in Panel (c). In this case, the
nergy spectrum is softer than in the periods shown in Panels (a) and
b). The PDS is dominated by Poisson noise without any significant
eak. The 0.1–128 Hz fractional rms is below 1 per cent. This is the
ypical PDS observed in the SS of BHXBs (hereafter we call ‘NQ’
o this type of PDS). 

It is important to mention that we also observed a peculiar kind
f light curve in some orbits of this period (green in Fig. 3 ): the
ource undergoes rapid transitions between a low- and a high-flux
tate on time-scales of several tens of seconds. In the left panel of
ig. 5 , we show a representative light curve of this type. This type of

art/stad795_f3.eps
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Figure 5. Left panel: a representative light curve of the flip-flop variability in GX 339–4 with 1-s binning. The data are extracted from the time interval MJD 

59302.37–59302.44. We divided the light curve into a high-flux and a low-flux interval based on the blue dashed line. The time origin is MJD 59302.3710. 
Middle and right panels: the average power spectra for the high-flux (red) and low-flux interval (black) of the flip-flop period in GX 339–4. The data used to 
produce the power spectra are shown in Fig. 2 with green. 
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ariability, called flip-flops, has been observed in previous outbursts 
f GX 339 −4 (Miyamoto et al. 1991 ) and in some other sources,
.g. Swift J1658.2 −4242 (Bogensberger et al. 2020 ), GS 1124 −683
Takizawa et al. 1997 ), and XTE J1550 −564 (Homan et al. 2001 ;
riram et al. 2016 ). We then split the light curve into a high-flux
abo v e the blue dashed line) and a low-flux interval (below the blue
ashed line). The PDS of the two intervals are shown in the middle
nd right panels of Fig. 5 . We find that the PDS of the high-flux
nterval is similar to that shown in Panel (b) of Fig. 4 . A significant
-Hz QPO is seen with weak broad-band noise. The PDS of the
o w-flux interv al is dominated by a low-frequency noise component. 

.2 Energy spectra corresponding to different types of PDS 

e e xtract representativ e energy spectra corresponding to the differ-
nt types of PDS shown in Fig. 4 . For our spectral analysis, we use
ICER for the low-energy spectral co v erage and Insight -HXMT/ME

or the high-energy spectral co v erage. We do not use the Insight -
XMT/HE data due to the high background contribution. We create 

he NICER background-subtracted spectra with the Background Es- 
imator Tool ‘nibackgen3C50’ 3 We binned the spectra in accordance 
ith the optimal binning algorithm proposed by Kaastra & Bleeker 

 2016 ) with a minimum of 50 counts per spectral bin. We then added
 systematic error of 1 per cent below 3.0 keV using GRPPHA. We
roduced the Insight -HXMT/ME spectra using the HXMT pipeline. 
he energy bands adopted for spectral analysis are 1.0–10.0 keV for
ICER (we ignore the data below 1.0 keV due to the considerable

nstrumental residuals) and 10–25 keV for Insight -HXMT/ME. We 
t the three representative spectra jointly using XSPEC version 
2.12.10 (Arnaud 1996 ). 
For our spectral fitting, we first use a simple continuum model 

onsisting of an absorbed disc component and a Comptonization 
omponent, CONSTANT ∗TBABS ∗(DISKBB + NTHCOMP) in XSPEC. 
he CONSTANT reflects the relative calibration between NICER and 

nsight -HXMT/ME, and is fixed to 1 for NICER and left free to vary
or Insight -HXMT/ME. We find a strong and broad Fe K emission
 https:// heasarc.gsfc.nasa.gov/ docs/nicer/t ools/nicer bkg est t ools.html 4
ine centred at 6–7 keV in the residuals, accompanied by a weak
eflection hump abo v e 10 keV. We, therefore, include a full reflection
odel in our fitting (Dauser et al. 2014 ; Garc ́ıa et al. 2014 ; Dauser

t al. 2016 , 2022 ). We have tried the relativistic reflection models
ithin an empirical broken power-law emissivity ( RELXILLCP ) and 

hat with the emissivity inferred from the lamp-post geometry ( RELX-
LLLPCP ). It is worth noting that both RELXILLCP and RELXILLLPCP

alculate the relativistic disc reflection spectra using seed photon 
pectra of NTHCOMP fixed at 0.01 keV. This is compatible with a
ut-of f po wer la w, and v ery different from the typical illuminating
pectra ( DISKBB temperature ∼ 0.5 keV) observed in BHXBs, thus 
ntroducing an artificial soft excess in the modelling. To improve this
ssue, we use the multiplicative model NTHRATIO , 4 which aims to
orrect for this soft excess by introducing a first-order phenomeno- 
ogical correction, renormalizing the reflected spectrum by the ratio 
etween the NTHCOMP models at kT bb and the fixed value of 0.01 keV.
he model depends on three parameters, i.e. �, kT e and kT bb , which
e link to �, kT e , kT bb from the fitted NTHCOMP and DISKBB compo-
ents. This ef fecti v ely does not add e xtra parameters to the model.
herefore, our final models to describe the spectra are model 1:
ONSTANT ∗TBABS ∗(DISKBB + NTHCOMP + NTHRATIO ∗RELXILLCP) 
nd model 2: CONSTANT ∗TBABS ∗(DISKBB + NTHCOMP + NTHRATIO ∗
ELXILLLPCP) . 
In both models, we linked the hydrogen column density ( N H ),

nclination, and the iron abundance together between the spectra of 
he three epochs as they are not likely to change in such a short period.
ince GX 339 −4 is found to harbour a near maximally spinning
lack hole (Ludlam, Miller & Cack ett 2015 ; Park er et al. 2016 ),
e fix the value of the spin at a ∗ = 0.998 to check the possible

hange of the inner disk radius. Since the high-energy cutoff of
he hard component is outside the energy range of the instrument,
e fix the electron temperature ( kT e ) at 100 keV. We separate

he disc reflection component and the illuminating Comptonization 
omponent by fixing the reflection fraction ( R f ) at −1 and we
alculate R f from the flux of the reflection and the Comptonization
omponent we measured. In model 1, we assume a single power-
MNRAS 521, 3570–3584 (2023) 

 https://github.com/gar ciafeder ico/nthr atio 
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Figure 6. Best-fitting spectral model and residuals for the spectra of GX 339–4 in the period with broad-band noise (blue), type-B QPO (grey), and without 
any QPO (magenta), fitted with model 1: CONSTANT ∗TBABS ∗(DISKBB + NTHCOMP + NTHRATIO ∗RELXILLCP) . 
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aw emissivity profile. Using a broken power-law emissivity profile
esults in o v erfitting of the spectra. In model 2, the effect of returning
adiation on the shape of the X-ray reflection spectrum is considered
Dauser et al. 2022 ). The other parameters in both models are allowed
o vary between spectra. Both models give an acceptable spectral fit
ith χ2 / d . o . f . = 1026/1202 for model 1 and χ2 / d . o . f . = 993/1202

or model 2. The best-fitting spectral models and residuals are shown
n Figs 6 and 7 , and the best-fitting spectral parameters are listed in
ables 2 and 3 . 
From Tables 2 and 3 , it is apparent that the evolution of the main

pectral parameters is very similar between the two models. The inner
isc radius, R in , measured from the reflection spectrum is consistent
ithin errors between the spectra of the three epochs. Ho we ver, the
ormalization of the disc component varies moderately. The change
f the DISKBB normalization could be due to the change of the spectral
ardening factor. By fitting the Insight -HXMT broad-band spectra
f the 2021 outburst of GX 339 −4, Liu et al. ( 2022a , 2022c ) found
hat the inner radius remains stable during the HIMS-SIMS state
ransition and during rapid flux alternation at the end of hard to
NRAS 521, 3570–3584 (2023) 
oft transition. If R in does not change, the change of the DISKBB

ormalization could be due to the change of the spectral hardening
actor (Kubota et al. 1998 ). In this case, we find that the spectral
ardening factor in the BLN, BQ, and NQ epochs is 1.25 ± 0.02,
.32 ± 0.02, and 1 . 32 + 0 . 03 

−0 . 05 for model 1, and 1.32 ± 0.01, 1.40 ± 0.02,
nd 1.38 ± 0.03 for model 2 by assuming i = 30 ◦, D = 8 kpc, and
 BH = 10 M �. Therefore, minor changes in the spectral hardening

actor could account for the changes of the DISKBB normalization.
he change of the spectral hardening factor could be due to the
hange of the disc density (Zhang et al. 2022b ) or the illumination
f the hard X-rays from the corona onto the disc (Ren et al.
022 ). 
From BLN to BQ, the inner disc temperature increases with a

light spectral softening. The reflection fraction increases gradually
rom BLN to BQ to NQ. The height of the corona measured from
odel 2 does not change too much between the spectra of the three

pochs. Ho we ver, we note that their values ( h ∼ 1.5 − 2.0 R g ) are
ery small, which would indicate that the illuminating source is very

art/stad795_f6.eps
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Figure 7. Best-fitting spectral model and residuals for the spectra of GX 339 −4 in the period with broad-band noise (blue), type-B QPO (grey) and without 
any QPO (magenta), fitted with model 2: CONSTANT ∗TBABS ∗(DISKBB + NTHCOMP + NTHRATIO ∗RELXILLLPCP) . 
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.3 Comparison with MAXI J1820 + 070 and MAXI J1348–630 

n this section, we compare the transitions we observed in GX 339–4
ith those seen in the two bright BHXBs MAXI J1820 + 070 and
AXI J1348 −630. 
A rapid HIMS-to-SIMS state transition was observed in MAXI 

1820 + 070 by NICER (ObsID: 1200120197), along with fast 
hanges in the X-ray variability (Homan et al. 2020 ). A type-C QPO
een at the beginning of the transition became gradually weaker and 
as replaced by a type-B QPO at some point. About 2–2.5 h after

his switch, a strong radio flare was observed that corresponded to 
he launch of jet ejecta (Homan et al. 2020 ). The type-B QPO was
nly present for ∼1.5 h and then disappeared. For our analysis, we
rocessed this observation with the standard filtering criteria using 
ICERDAS version 8.0. We then extracted background-subtracted 

pectra for the period with type-C QPO (BLN), type-B QPO (BQ),
nd without any QPOs (NQ), respectively. We fitted the NICER 

pectra with the model TBABS ∗(DISKBB + NTHCOMP + GAUSS) in the
.5–10.0 keV band. The data below 1.5 keV are not used due to
a  
he large instrumental residuals seen in the spectra. Unfortunately, 
nsight -HXMT did not conduct observations during this transition. 

For MAXI J1348–630, fast transitions between different kinds of 
DS were detected by NICER (Zhang et al. 2021 ) and Insight -HXMT
Liu et al. 2022b ). Using Insight -HXMT data, Liu et al. ( 2022b )
etected multiple cases of BQ-NQ and BLN-BQ transitions in this 
ource and presented a detailed spectral analysis in a broad energy
and of 1–100 keV. Zhang et al. ( 2021 ) reported the detection of a fast
ppearance/disappearance of a type-B QPO (BQ-NQ transition) in 
our NICER observations and performed the first systematic spectral- 
iming analysis of this transition. The results of MAXI J1348 −630
hown in this paper are adopted from Liu et al. ( 2022b ) and Zhang
t al. ( 2021 ). 

In the upper panel of Fig. 8 , we show the ratio between the
pectra with and without the type-B QPO (BQ/NQ). The data of
AXI J1348 −630 are adopted from the upper panel of fig. 6 of Liu

t al. ( 2022b ). The o v erall trend of the spectral ratio is quite similar
etween the three black hole systems. The main spectral differences 
ppear at energies abo v e 3 keV, where the ratio increases towards
MNRAS 521, 3570–3584 (2023) 
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Table 2. Best-fitting spectral parameters for the spectra of GX 339 −4 in the period with 
broad-band noise (BLN), type-B QPO (BQ), and without any QPO (NQ), fitted with model 1: 
CONSTANT ∗TBABS ∗(DISKBB + NTHCOMP + NTHRATIO ∗RELXILLCP) . The spectra are combined 
from multiple consecutive orbits showing a similar PDS shape to impro v e the signal-to-noise 
ratio. The time intervals used to create the spectra are shown in Fig. 2 with different colours 
(blue for BLN, grey for BQ, and magenta for NQ). 

Component Parameters BLN BQ NQ 

Constant 0.89 ± 0.01 0.85 ± 0.01 0.85 ± 0.01 

Tbabs N H ( ×10 22 cm 

−2 ) 0.46 ± 0.01 

Diskbb kT in (keV) 0.71 ± 0.01 0.77 ± 0.01 0.78 ± 0.01 

Norm 2551 + 108 
−53 2342 + 82 

−62 2556 + 63 
−51 

Nthcomp � 2.16 ± 0.01 2.21 ± 0.01 2.20 ± 0.01 

kT e (keV) 100 (fix) 

Norm 0 . 29 + 0 . 04 
−0 . 02 0.19 ± 0.06 0.13 ± 0.04 

RelxillCp i ( ◦) 34.14 ± 1.00 

a 0.998 (fix) 

R in (ISCO) −1.55 ± 0.06 −1.63 ± 0.06 −1 . 71 + 0 . 13 
−0 . 08 

R out ( R g ) 400 (fix) 

z 0 (fix) 

Index 3.50 ± 0.09 3.58 ± 0.10 3.45 ± 0.09 

log ( ξ ) 2.99 ± 0.03 2.99 ± 0.04 3.00 ± 0.06 

log N (cm 

−3 ) 20 . 00 + P 
† 

−0 . 05 20 . 00 + P 
† 

−0 . 08 19 . 73 + 0 . 17 
−0 . 22 

A Fe 3 . 34 + 0 . 87 
−0 . 50 

kT e (keV) 100 (fix) 

Norm 0.013 ± 0.001 0.012 ± 0.001 0.010 ± 0.001 

Flux 
F diskbb (10 −8 erg cm 

−2 s −1 ) 0.87 ± 0.01 1.17 ± 0.01 1.31 ± 0.01 

F nthcomp (10 −8 erg cm 

−2 s −1 ) 0.24 ± 0.01 0.16 ± 0.01 0.11 ± 0.01 

F relxillCp (10 −8 erg cm 

−2 s −1 ) 0.53 ± 0.01 0.49 ± 0.01 0.39 ± 0.01 

R f 2.21 ± 0.10 3.06 ± 0.20 3.54 ± 0.33 

χ2 / d . o . f . 1026/1202 

Note. † The letter ( P ) indicates that the error of the parameter pegged at the upper boundary. 
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igher energies and turns to flat or slightly decreases with energy
bo v e 10 keV. The values of the ratio abo v e 10 keV are different
etween sources and between different cases of the same source.
he spectral ratios below 3 keV are all lower than unity, suggesting a
eaker disc component when there is a type-B QPO than when there

s no QPO. 
The upper panel of Fig. 8 shows that the high-energy emis-

ion is stronger when the type-B QPO appears. Then it is nat-
ral to consider that the type-B QPO is related to the ap-
earance of an additional hard spectral component. To test
his scenario, we perform a joint spectral fitting for the BQ
nd NQ spectra using a two-Comptonized component model,
ONSTANT ∗TBABS ∗(DISKBB + NTHCOMP1 + NTHCOMP2 + LAOR) in
SPEC. In our fitting, the parameters of the first Comptonization

omponent ( NTHCOMP1 ) including �, kT e , kT bb , norm are linked
etween the BQ and NQ spectra. We assume that the type-B
PO is only produced in the second Comptonization component

 NTHCOMP2 ) and the normalization of this component is set to zero
or the NQ spectrum. We obtain that the NTHCOMP2 component
ontributes ∼22 per cent of the flux to the BQ spectrum. If NTHCOMP1
oes not contribute to the QPO rms amplitude, we measure that the
ntrinsic rms amplitude of NTHCOMP2 should be around 71 per cent
o produce the observed QPO rms (16 per cent in the 20–30 keV
and). We have also done a similar analysis for MAXI J1348–630
nd the intrinsic rms of the additional hard component should be
NRAS 521, 3570–3584 (2023) 
igher than 100 per cent to produce the 15 per cent rms of the type-
 QPO. Ho we ver, the rms of the v ariability in BHXBs is typically

ower than 50 per cent (Ingram & Motta 2019 ). Therefore, it is not
ikely that only the increased hard component flux contributes to the
PO rms. 
Based on a systematic analysis of the transient type-B QPO in
AXI J1348 −630, Zhang et al. ( 2021 ) found that, in the NICER

nergy band (0.6–10 keV), the change of the Comptonization
omponent flux, � F nthcomp , is anti-correlated with the change of the
isc component flux, � F diskbb , during the BQ-NQ transition (see their
g. 8). This suggests that the appearance of the type-B QPO is related

o a redistribution of the accretion power between the disc and the
omptonization component. In Fig. 9 , it is apparent that the three

ources, GX 339 −4, MAXI J1820 + 070, and MAXI J1348 −630,
ollow the same correlation. We fit this correlation using a linear
unction and find the best-fitting line is � F nthcomp = −1.03 � F diskbb 

0.09, consistent with the result of Zhang et al. ( 2021 ) obtained
sing the data of MAXI J1348–630 only. 
By comparing the spectra of the orbits with and without type-B

PO, Zhang et al. ( 2021 ) found a clear threshold in the fraction of the
omptonization component flux to the total flux ( F nthcomp / F total , 0.6–
0 keV band), which is related to the appearance of type-B QPO: the
PO only appears when F nthcomp /F total � 40 per cent . Following the
ethod described in Zhang et al. ( 2021 ), we make a similar analysis

or GX 339–4 using NICER data. In Fig. 10 , we show F disc / F total (top
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Table 3. Best-fitting spectral parameters for the spectra of GX 339 −4 in the period with 
broad-band noise (BLN), type-B QPO (BQ), and without any QPO (NQ), fitted with 
model 2: CONSTANT ∗TBABS ∗(DISKBB + NTHCOMP + NTHRATIO ∗RELXILLLPCP) . The spectra 
are combined from multiple consecutive orbits showing a similar PDS shape to impro v e the 
signal-to-noise ratio. The time intervals used to create the spectra are shown in Fig. 2 with 
different colours (blue for BLN, grey for BQ, and magenta for NQ). 

Component Parameters BLN BQ NQ 

Constant 0.89 ± 0.01 0.85 ± 0.01 0.85 ± 0.01 

Tbabs N H ( ×10 22 cm 

−2 ) 0.46 ± 0.01 

Diskbb kT in (keV) 0.71 ± 0.01 0.77 ± 0.01 0.78 ± 0.01 

Norm 2592 + 71 
−52 2351 + 43 

−34 2586 + 37 
−30 

Nthcomp � 2.14 ± 0.02 2.19 ± 0.01 2.18 ± 0.02 

kT e (keV) 100 (fix) 

Norm 0.27 ± 0.04 0.18 ± 0.03 0.12 ± 0.03 

RelxilllpCp i ( ◦) 29 . 90 + 0 . 94 
−1 . 38 

a 0.998 (fix) 

R in (ISCO) −1.71 ± 0.03 −1.84 ± 0.04 −1.87 ± 0.07 

R out ( R g ) 400 (fix) 

h ( R g ) 1 . 49 + 0 . 32 
−0 . 21 1 . 49 + 0 . 11 

−0 . 20 1 . 96 + 0 . 32 
−0 . 38 

z 0 (fix) 

log( ξ ) 2.99 ± 0.04 2.98 ± + 0.03 3 . 01 + 0 . 06 
−0 . 04 

log N (cm 

−3 ) 20 . 00 + P 
† 

−0 . 08 20 . 00 + P 
† 

−0 . 08 19 . 94 + P 
† 

−0 . 26 

A Fe 3 . 51 + 0 . 59 
−0 . 41 

kT e (keV) 100 (fix) 

Norm 2 . 91 + 0 . 77 
−1 . 79 2 . 66 + 1 . 56 

−1 . 24 0 . 30 + 0 . 63 
−0 . 13 

Flux 
F diskbb (10 −8 erg cm 

−2 s −1 ) 0.89 ± 0.01 1.20 ± 0.01 1.31 ± 0.01 

F nthcomp (10 −8 erg cm 

−2 s −1 ) 0.23 ± 0.01 0.16 ± 0.01 0.10 ± 0.01 

F relxilllpCp (10 −8 erg cm 

−2 s −1 ) 0.54 ± 0.01 0.50 ± 0.01 0.40 ± 0.01 

R f 2.34 ± 0.11 3.12 ± 0.20 4.00 ± 0.41 

χ2 / d . o . f . 993/1202 

Note. † The letter ( P ) indicates that the error of the parameter pegged at the upper boundary. 
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anel) and F nthcomp / F total (bottom panel) against the total flux. Here
ach point corresponds to one orbit from the BQ/NQ epoch in Fig. 3 .
e also find a clear threshold in F nthcomp / F total or F discbb / F total in this

lot. The QPO is present when F nthcomp /F total � 70 per cent . 
In the lower panel of Fig. 8 , we show the ratio between the spectra

ith type-B QPO and those with the broad-band noise (BQ/BLN). 
he data of MAXI J1348–630 are adopted from the lower panel of
g. 6 of Liu et al. ( 2022b ). The spectral ratios of BQ/BLN are quite
ifferent from those of BQ/NQ. Below ∼10 keV, the ratios are greater
han unity, and first increase and then decrease with energy, showing 
 maximum at around 4 keV. Abo v e ∼10 keV, the ratios are lower
han unity and decrease towards higher energies up to 100 keV with a
ifferent slope. We also extract a spectrum for the high-flux level and
he low-flux level of the flip-flop variability , respectively . The spectral 
atio (high-flux/low-flux) is shown in the lower panel of Fig. 8 with
reen points. We find that below ∼4 keV, the spectral ratio increases
onotonously with energy, similar to that of BQ/BLN. Ho we ver, 

bo v e ∼4 keV, the evolution of the spectral ratio is quite different.
he spectral ratio between the high-flux and low-flux level of the flip-
ops remains more or less constant without showing a decreasing 

rend. In addition, we note that no anti-correlation between the change 
f the thermal and Comptonization component flux is seen during 
he BLN/BQ transition. This can be inferred from the evolution of
he spectral ratio with energy easily as the spectral ratio is al w ays
reater than unity below 10 keV. 
 DI SCUSSI ON  

ast transitions in X-ray variability have been reported in several 
ources during the past three decades. Thanks to the large ef fecti ve
rea of NICER and Insight -HXMT, we can study, for the first time, in
etail the spectral and variability changes during the fast transitions in
 broad energy band. In this paper, we hav e inv estigated the changes
f the spectral-timing properties during the fast transitions observed 
n GX 339 −4 and made a detailed comparison of the transitions
etween different black hole systems. We find that the spectral ratio
etween intervals with a type-B QPO (BQ) and without a QPO
NQ) is nearly constant or slightly decreasing abo v e 10 keV, and the
alue of the constant is different between sources. Below 10 keV, a
hange in the relative contribution of the disc and Comptonization 
mission was observed during the BQ and NQ transitions. The type-
 QPOs were only detected when the fraction of the Comptonization
omponent is abo v e a threshold. The value of the threshold is found
o be different between sources. In addition, the trend of the spectral
atio is quite different between the two different kinds of transition
BQ/NQ and BQ/BLN). Below we discuss our main findings. 

.1 The transient nature and physical origin of the type-B QPO

ype-B QPOs are typically transient features that suddenly ap- 
ear/disappear on short time-scales (Nespoli et al. 2003 ; Sriram et al.
MNRAS 521, 3570–3584 (2023) 
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M

Figure 8. For GX 339 −4, MAXI J1820 + 070 and MAXI J1348 −630, 
upper panel: ratio between the spectrum with and without the type-B QPO 

(BQ/NQ), and lower panel: ratio between the spectrum with the type-B QPO 

and that with the broad-band noise (BQ/BLN). The green points mark the 
spectral ratio between the high-flux level and the low-flux level of the flip- 
flop variability. The data of MAXI J1348 −630 are adopted from Liu et al. 
( 2022b ). The data points are re-binned for clarity. 
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Figure 9. The change of the Comptonization component flux as a function of 
the change of the disk component flux from non-QPO to type-B QPO for GX 

339 −4, MAXI J1820 + 070, and MAXI J1348 −630. The fluxes are calculated 
in the 0.6–10.0 keV and are in units of 10 −8 erg cm 

−2 s −1 . The dashed line 
represents the best-fitting line � F nthcomp = −1.03 � F diskbb − 0.09. 

Figure 10. Flux fraction of the DISKBB component ( F disk / F total , upper panel) 
and the NTHCOMP component ( F nthcomp / F total , lower panel) as a function of 
the total flux of GX 339 −4 for each orbit with (black) or without (red) the 
type-B QPO. 
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013 ). In this paper, we have made a detailed spectral-timing study of
he transient type-B QPOs detected in three BHXBs. By comparing
he spectra of the periods with and without the QPO, we find that
he o v erall trend of the spectral ratio is v ery similar between sources.
his similarity suggests that the transient QPOs in BHXBs might
hare the same physical origin. 

As shown in the top panel of Fig. 8 , the spectral ratio between BQ
nd NQ for each case is nearly constant or slight decreasing abo v e
0 keV, and the value is significantly higher than unity. This means
hat the high-energy Comptonization emission is stronger when type-
 QPOs appear. Liu et al. ( 2022b ) found that the value abo v e 10 keV

s different between different cases in a source. In contrast, the total
NRAS 521, 3570–3584 (2023) 
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ux below 10 keV does not change too much. If the flux could be an
ndicator of mass accretion rate, our result implies that the appearance 
f type-B QPOs or not of is not determined by the change of the global
ass accretion rate only, given that the BQ/NQ transition can occur 

t different flux levels in an outburst (Zhang et al. 2021 ; Liu et al.
022b ). 
At energies below 10 keV, the spectral change between BQ and 

Q is more complex. We find that, in all cases, the Comptonization
omponent flux increases, whereas the disc component flux decreases 
rom NQ to BQ. The flux change of the thermal component is
nversely proportional to the flux change of the Comptonization 
omponent. This tight correlation supports the scenario proposed 
y Zhang et al. ( 2021 ) that the transient nature of the type-B QPO is
ssociated with a redistribution of the accretion power between the 
isc and the Comptonization emission. 
In MAXI J1348 −630, Zhang et al. ( 2021 ) found that the type-
 QPO only appears when the flux fraction of the Comptonization 
omponent is abo v e a critical value. This threshold is also present
ere in GX 339 −4. Ho we ver, the critical value in GX 339 −4 is
nconsistent with that obtained in MAXI J1348 −630, suggesting 
hat source properties determine this critical value. The critical value 

ay be related to the intrinsic parameters of the different BHXB
ystems (e.g. black hole mass, spin, and inclination) or the different 
onfigurations of the accretion flow. The inclination of GX 339 −4 
s 36 ◦ ± 4 ◦ (Ludlam et al. 2015 ) and the value is 36.5 ◦ ± 1 ◦ for

AXI J1348 −630 (Kumar et al. 2022 ). Therefore, it is less likely
hat inclination plays an important role in determining the critical 
alue. GX 339 −4 contains an extremely fast-spinning black hole 
ith a ∗ > 0.97 (Ludlam et al. 2015 ), while MAXI J1348 −630 has
 moderately high spin ( a ∗ = 0.80 ± 0.02, Kumar et al. 2022 ). The
ass of GX 339 −4 is not well constrained (2.3 M � < M BH < 9.5 M �,
eida et al. 2017 ), whereas the mass of MAXI J1348 −630 is M BH =
.7 ± 0.3 M � (Kumar et al. 2022 ). Given the current measurements of
he intrinsic parameters of the two systems, it is difficult to distinguish
hether black hole mass or spin value determines the threshold. 
The type-B QPO observed in the 2021 outburst of GX 339 −4

as also studied by Peirano et al. ( 2023 ) using NICER and AstroSat
ata. They found that the rms and lag spectra of the type-B QPO in
X 339 −4 are similar to those in MAXI J1348 −630 (Garc ́ıa et al.
021a ). In addition, by fitting the rms and lag spectra of the QPO
ith a time-dependent Comptonization model (Bellavita et al. 2022 ), 

hese authors found that two physically connected Comptonization 
omponents are needed to explain the radiative properties of the 
PO: a small corona ( ∼25 R g ) with a high feedback fraction of
hotons returning from the corona to the disc and a large corona
 ∼1500 R g ) with almost no feedback (Peirano et al. 2023 ). The small
orona would be a compact region located close to the black hole,
hile the large corona would be a vertically extended region that may
e the base of a relativistic jet or outflow. This supports our abo v e
nding that the increased hard component is not the only contributor 

o the modulation of the QPO flux. 

.2 Transitions between the PDS with type-B QPOs and strong 
road-band noise 

ast transitions between the PDS with type-B QPOs and strong 
road-band noise (BQ/BLN) are usually observed during the HIMS–
IMS state transition (e.g. Motta et al. 2011 ; Homan et al. 2020 ;
hang et al. 2020b ). Sometimes, a significant type-C QPO is detected
hen the broad-band noise dominates. We found that the spectral 

atio of this type of transition is significantly different from that of the
Q/NQ transition. As shown in the bottom panel of Fig. 8 , the ratio
hows a maximum at around 4 keV. Abo v e 4 keV, the ratio decreases
radually with photon energy, changing from abo v e unity to below
nity at around 10 keV. We note that the decreasing trend is steeper
elow 10 keV. In addition, the different relation between thermal 
nd Comptonization component flux during BLN/BQ transitions 
uggests that the physical process or the geometry leading to the
wo types of transitions is totally different. 

In GX 339 −4, we observed frequent BLN/BQ transitions during 
he period we study. Such phenomenon was also observed in 
he previous outbursts of GX 339 −4 and in some other BHXBs
Belloni & Motta 2016 ). In addition, BQ/BLN transitions are also
etected during the flip-flop variability. This corresponds to frequent 
tate transitions between the HIMS and the SIMS. Nixon & Salvesen
 2014 ) proposed a model to explain the state transitions in BHXBs
onsidering the process of disc tearing. In this model, individual 
ings of gas in the disc break off and precess independently. The
earing of the disc and alignment with black hole spin can explain
he frequent HIMS-SIMS transitions. Ho we ver, this process happens 
n time-scales of a few days (Nixon & Salvesen 2014 ). A previous
tudy showed that the type-B QPO can appear/disappear within tens 
f seconds (Nespoli et al. 2003 ), contrary to the expectation of the
bo v e model. 

Based on a systematic study of the reverberation lags in 10 BHXBs, 
ncluding the three sources we studied in this work, Wang et al.
 2022 ) found that the lags of the broad-band noise component in
he PDS become longer during the HIMS-SIMS state transition, 
uggesting that the corona is the base of the jet that vertically expands
nd/or is ejected during the transition. Zhang et al. ( 2022a ) fitted
imultaneously the time-averaged spectrum, the fractional rms, and 
hase-lag spectra of the QPOs in MAXI J1535 −571. The change of
he geometry inferred from their results is that the corona expands
ertically but contracts horizontally during the transition from the 
IMS towards the SIMS. In this work, we find that the inner disc

adius does not change too much from BLN to BQ. This also suggests
hat the spectral-timing evolution during the HIMS–SIMS state 
ransition could be due to changes of the corona and/or geometry
f the jet base. During the state transition from the HIMS to the
IMS, the jet properties change dramatically. The steady compact jet 
radually switches off and relativistic discrete ejecta can be launched 
e.g. Fender et al. 2009 ; Russell et al. 2019 ; Carotenuto et al. 2021 ).
he evolution of the jet properties is also likely related to the change
f the inner flow. 

.3 Possible changes in corona/jet geometry during the 
ransitions 

n the bright HS and the HIMS, type-C QPOs are usually present
nd accompanied by strong band-limited noise. The band-limited 
oise is supposed to originate from propagating fluctuations in mass 
ccretion rate within a hot inner flow (Ingram 2016 ), and the type-C
PO can be produced by the global Lense-Thirring precession of the

ame flow (Ingram et al. 2009 ). The change of the projection area of
he hot flow along the line of sight leads to the flux modulation of the
PO. Ho we ver, the type-C QPO becomes weaker or non-detectable 

t the end of the HIMS. In the form of the advection-dominated
ccretion flow (ADAF, Esin, McClintock & Narayan 1997 ; Yuan &
arayan 2014 ), the gas cannot cool ef fecti vely and the accretion flow
refers a spherical accretion geometry (scale height H / R ∼ 1). This
ymmetry becomes more dominant as the accretion rate increases in 
he outburst. Thus, the weakening of the type-C QPO could be due to
he hot inner flow being very close to spherical so that the change of
he projected area is minor, or the shrinking of the ADAF corona with
MNRAS 521, 3570–3584 (2023) 
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ncreasing accretion rate. During the transition from BLN to BQ, the
and-limited noise component decreases significantly. From BLN to
Q, we find that the Comptonization component becomes softer and

ts flux decreases. Since the band-limited noise is usually related to
he hot inner flow, we expect that the decrease of the band-limited
oise is likely due to the shrinking of the hot flow region. 
As mentioned earlier, the type-B QPO could be produced in the

ombined extended corona and the base of the jet. Liu et al. ( 2022b )
roposed that the disappearance of the type-B QPO can be due to
he inner part of the flow becoming aligned with the black-hole spin
xis due to the Bardeen–Petterson effect (Bardeen & Petterson 1975 ).
rom our spectral fitting, we find that the reflection fraction increases
lightly when the type-B QPO disappears. The reflection fraction in
he lamp-post geometry is related to the corona height and the bulk
elocity (You et al. 2021 ). Since we observe a constant lamp-post
eight during the transitions (Table 3 ), the change of the reflection
raction could be due to the change of the bulk velocity. 

 C O N C L U S I O N S  

e present a detailed spectral-timing analysis of the fast transitions
f X-ray variability observed in the 2021 outburst of GX 339 −4
nd make a detailed comparison of the transitions between different
lack hole systems. The main results are: 

(1) In the three black hole X-ray binary systems, GX 339 −4,
AXI J1348 −630, and MAXI J1820 + 070, the spectral ratios of
Q/BLN and BQ/NQ are very similar. The spectral ratio of BQ/NQ

s nearly constant or slightly decreasing abo v e 10 keV, but the
alue is different for each source. We also investigate the relative
ux change of the thermal and Comptonization components during

he appearance/disappearance of the type-B QPO and find a tight
nticorrelation for the three sources with a slope ∼−1 below 10 keV.

(2) Using a broad-band spectral analysis, we find that the inner
adius of the accretion disc shows no evident changes during the
ransitions. Ho we ver, the spectrum becomes softer when the type-
 QPO appears. When the type-B QPO disappears, the reflection

raction increases. 

We suggest that a slightly truncated disc with a hot flow region
xists in the BLN epoch and the hot flow region converts into a
et that might be precessing when the type-B QPO appears. The
isappearance of the type-B QPO can be explained by a stop of the
recession of the jet. During the appearance/disappearance of the
ype-B QPO, the redistribution of the accretion power between the
isc and the jet plays a key role. 
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Figure A1. NICER light curve (0.5–10 keV) (upper panels) and corresponding dynamical power spectra (lower panels) of GX 339 −4 with a time resolution 
of 16 s. We divide the light curves into four typical periods based on the properties of PDS: periods with type-B QPO (gray shaded), with strong band-limited 
noise (blue shaded), with flip-flop phenomenon (green shaded) and the period dominated by Poisson noise (magenta shaded). 
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