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A B S T R A C T 

The high-frequency bump, characterized by a frequency exceeding ∼30 Hz, represents a seldom-explored time-variability feature 
in the power density spectrum (PDS) of black-hole X-ray binaries. In the 2002, 2004, 2007, and 2010 outbursts of GX 339 − 4, 
the bump has been occasionally observed in conjunction with type-C quasi-periodic oscillations (QPOs). We systematically 

study the properties of the bump during these four outbursts observed by Rossi X-ray Timing Explorer ( RXTE ) in the 2–60 keV 

bands and detect the bump in 39 observations. While the frequencies of the type-C QPOs are in the range of ∼0.1–9 Hz, the 
root-mean-square (rms) amplitude of the bump shows an evolution in the hardness ratio versus the type-C QPO frequency plot. 
By comparing the rms amplitude of the bump with the corona temperature and simultaneous radio jet flux of the source, as 
previously studied in GRS 1915 + 105, we establish that in the hard state of GX 339 − 4, the bump is al w ays strong, with the 
measurements of the rms amplitude in the range of 4–10 per cent. At the same time, the corona temperature is high and the radio 

flux is low. These findings indicate that, using the bump as a proxy, the majority of the accretion energy is directed towards the 
hot corona rather than being channeled into the radio jet. We discuss this phenomenon in terms of an inefficient energy transfer 
mechanism between the corona and jet in GX 339 − 4. 

Key words: accretion, accretion discs – stars: black holes – stars: individual: GX 339 − 4 – X-rays: binaries. 
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 I N T RO D U C T I O N  

isco v ered as a variable X-ray source in 1973 (Markert et al. 1973 ),
X 339 − 4 is a typical Galactic black-hole low-mass X-ray binary

BH LMXB; Corral-Santana et al. 2016 ; Bahramian & Degenaar
022 ), showing regular luminous X-ray outburst every 2–3 yr with
 duty cycle of ∼30 per cent (e.g. Yan & Yu 2015 ; Alabarta et al.
021 ; Yang et al. 2023 ). GX 339 − 4 possibly has a mass ratio
etween the donor star and the compact object of 0.18 ± 0.05, a
H mass of 2.3–9.5 M �, a binary orbital inclination of 37–78 ◦,
nd it is at a distance of > 5 kpc (Hynes et al. 2004 ; Heida et al.
017 ; Zdziarski, Zi ́ołk owski & Mik ołajewska 2019 ). Broad-band
-ray spectral analysis shows that the inner accretion disc has an
 E-mail: yuexin.zhang@cfa.harvard.edu , yzhang@astro.rug.nl (YZ); 
ariano@astro.rug.nl (MM) 
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nclination angle of approximately 30 ◦ (Parker et al. 2016 ) and the
lack hole has a dimensionless spin parameter of approximately 0.9
Miller et al. 2008 ; Parker et al. 2016 ). 

Most BH LMXBs, including GX 339 − 4, are typical X-ray
ransients that during outburst from months to years trace an an-
iclockwise ‘q’ path in the hardness-intensity diagram (HID; Belloni
t al. 2005 ; Homan & Belloni 2005 ). The relative proportion of
he soft thermal disc and the hard corona component to the X-ray
ux determines the spectral state of the source (for a re vie w, see
ilfanov 2010 ). In the HID, there are several well-defined spectral

tates (Belloni et al. 2005 ). The source spends most of the time in the
-ray quiescent state before it goes into outburst (see Remillard &
cClintock 2006 for a re vie w). At the start of an outburst, the X-ray

uminosity of the source increases by several orders of magnitude
ompared to the quiescent state and the source enters the low-hard
tate (LHS), which is dominated by the hard corona component (e.g.
ang-Ji et al. 2018 ). As the outburst continues, the emission of the
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oft thermal disc gradually increases and the source undergoes a 
tate transition from the LHS to the hard-intermediate state (HIMS), 
oft-intermediate state (SIMS), high soft state (HSS) and sometimes 
n anomalous ultra-luminous state (e.g. M ́endez & van der Klis
997 ; Kubota & Makishima 2004 ; Motta et al. 2012 ; Zhang et al.
023 ). In the end of an outburst, the source goes back to the LHS and
nally to quiescence. An outburst usually lasts from weeks to months 
Remillard & McClintock 2006 ), and sometimes the X-ray transients, 
ncluding GX 339 − 4, become active but never transition into the 
SS, in what is known as a failed-transition outburst (Alabarta et al.
021 ; and references therein). 
Radio jets are prominent ejections as the spectral state of an X-ray

ransient changes (see Fender, Belloni & Gallo 2005 for a re vie w). In
he LHS and the HIMS, a compact radio jet as a result of synchrotron
mission can be observed, with the radio flux correlated with the X-
ay flux (e.g. Corbel et al. 2001 ; Gallo, Fender & Pooley 2003 ).
uring the state transition from the HIMS to SIMS, this compact 

adio jet is quenched, and in the SIMS a powerful transient jet
ometimes with spatially-resolved ejecta appears (e.g. Corbel et al. 
002 ; Fender, Belloni & Gallo 2004 ). The transient jet disappears
hen the X-ray transient enters the HSS, while a compact jet 

eappears as the source returns to the hard state at the end of an
utburst (e.g. Russell et al. 2011 ; Corbel et al. 2013 ). 
Apart from the long-term evolution of black-hole X-ray binaries 

BHXRBs), short time variability is a powerful tool to study the 
ccretion flow from the X-ray to the radio bands (e.g. Hynes et al.
003 ; Ingram & Motta 2019 ; Tetarenko et al. 2019 ; Vincentelli et al.
021 ). By applying Fourier techniques to the X-ray light curves, the
ime variability components in the frequency domain present in the 
ower density spectrum (PDS) can generally be decomposed into 
arrow peaks called quasi-periodic oscillations (QPOs; Ingram & 

otta 2019 ) and broad-band noise (BBN) components (Nowak 
000 ; Belloni, Psaltis & van der Klis 2002 ). The low-frequency
POs (LFQPOs) are classified into three types, types A, B, and C,
asically depending on the QPO frequency ( ν), the quality factor 
 ν/full width at half-maximum), the fractional root-mean-square 
mplitude (hereafter rms), and the strength of the BBN (Casella et al.
004 ; Casella, Belloni & Stella 2005 ). Type-C QPOs are common
n the LHS and HIMS, while type-A/B QPOs can appear in the
SS/SIMS (Motta 2016 ). High-frequency QPOs (HFQPOs), with 

entral frequency in the range of ∼30 Hz to hundreds of Hz, are less
requent than LFQPOs and have only been detected in a handful of
HXRBs (e.g. Belloni, Sanna & M ́endez 2012 ; M ́endez et al. 2013 ;
otta et al. 2022 ; and references therein). In PDS with QPOs, the
BN components have characteristic frequencies that are strongly 
orrelated with the QPO frequency, indicating the same dynamical 
rigin of the BBN and the QPOs (Psaltis, Belloni & van der Klis 1999 ;
ijnands & van der Klis 1999 ; Belloni, Psaltis & van der Klis 2002 ).
In some BHXRBs, an upper high-frequency bump (hereafter ‘the 

ump’) at frequencies higher than ∼30 Hz has been detected but 
tudied less often than the LFQPOs (e.g. Trudolyubov 2001 ; Belloni, 
saltis & van der Klis 2002 ; Pottschmidt et al. 2003 ). The bump
as first associated with the X-ray corona and denoted by L u in
elloni, Psaltis & van der Klis ( 2002 ). Recently, Zhang et al. ( 2022 )
erformed a systematic study of the bump in GRS 1915 + 105
hen the type-C QPOs appear in this source from 1996 to 2012. In

he so called ‘plateau’ state (Fender et al. 1999 ), GRS 1915 + 105
hows continuous radio flares at 15 GHz, as seen with Ryle telescope
Pooley & Fender 1997 ; M ́endez et al. 2022 ). M ́endez et al. ( 2022 )
nd Zhang et al. ( 2022 ) suggested that the bump should originate from
he X-ray corona, and that the bump and the 67-Hz HFQPO in GRS
915 + 105 (e.g. Belloni, Sanna & M ́endez 2012 ) represent the same
ariability component but the characteristics of the corona determine 
he coherence of this component. (See Motta & Belloni 2023 for
 quantitative explanation.) More importantly, an anticorrelation 
etween the rms of the bump and the radio flux, and the correlation
etween the rms of the bump and the corona temperature of the
ource, suggest that the corona functions as the energy reservoir for
he radio jet (Zhang et al. 2022 ). Ho we ver, GRS 1915 + 105 is
eculiar since it did not follow the ‘q’ path in the HID of typical
lack-hole X-ray transients (Fender & Belloni 2004 ), making the 
ndings in Zhang et al. ( 2022 ) quite special at that stage. 
In some black-hole X-ray transients the characteristic frequency 

f the bump was reported (e.g. XTE J1650 − 500, Kalemci et al.
003 ; XTE J1118 + 480, Belloni, Psaltis & van der Klis 2002 ;
AXI J1348 − 630, Alabarta et al. 2022 ), confirming the correlation

etween the frequency of the bump and that of the LFQPOs.
urthermore, the frequency of the bump was used to infer the spin of

he black-hole transients, GRO J655 − 40 (Motta et al. 2014a ), XTE
1550 − 564 (Motta et al. 2014b ), MAXI J1820 + 070 (Bhargava
t al. 2021 ), and XTE J1859 + 226 (Motta et al. 2022 ). While these
apers focus on the dynamical properties of the bump, the evolution
f the radiative properties of the bump have been rarely studied. In
X 339 − 4, the bump was fitted in a handful of Rossi X-ray Timing
xplorer ( RXTE ; Bradt, Rothschild & Swank 1993 ) observations

Nowak 2000 ; Belloni, Psaltis & van der Klis 2002 ). Belloni et al.
 2005 ) studied only the 2002 outburst of GX 339 − 4 and found that
he rms of the bump is al w ays around 2–3 per cent. 

Here, we report the first systematic study of the bump in the black-
ole X-ray transient GX 339 − 4 using the archi v al data of RXTE .
his paper is organized as follows: In Section 2 we describe the RXTE
ata reduction. We generate the PDS and the time-averaged energy 
pectra and the corresponding background spectra and response 
atrices. We perform a spectral-timing analysis of these observations 

nd obtain the radio flux density using data from Corbel et al. ( 2013 ).
n Section 3 we present the results, including examples of the PDS,
he rms of the bump in the hardness ratio (HR) versus QPO frequency
iagram, the QPO frequency evolution accompanied by the compact 
et flux density, and correlation of the rms of the bump with the radio
ux and the X-ray corona temperature. In Section 4 we discuss our
esults and compare them with our previous studies of the bump
Zhang et al. 2022 ) in the source GRS 1915 + 105. 

 OBSERVATI ONS  A N D  DATA  ANALYSI S  

he archi v al data of GX 339 − 4 contain ∼1000 observ ations with
XTE during its lifespan from 1996 to 2012. We extract the light
urve of the source, one point per observation, and subtract the
ackground count rate. The count rate is then obtained separately 
or the 7–13 keV (hard) band and the 2–7 keV (soft) band, both in
nits of the Crab nebula, as described in Altamirano et al. ( 2008 ).
e compute the hardness ratio by dividing the count rate in the hard

and by that in the soft band. 
We generate the energy spectra of GX 339 − 4 from the

XTE /Proportional Counter Array (PCA; Jahoda et al. 2006 ) and
igh Energy X-ray Timing Experiment (HEXTE; Rothschild et al. 
998 ) within HEASOFT v6.32 following the standard pipelines given 
n the RXTE cookbook. We extract PCA spectra from the Proportional 
ounter Unit 2 (PCU2) which is the most accurately calibrated 
etector among the five PCUs, and HEXTE spectra from the Cluster
 only. We generate the associated response matrices and add a

ystematic uncertainty of 0.6 per cent to the PCA spectra to account
or calibration uncertainties. We create the background spectra by 
MNRAS 527, 5638–5648 (2024) 
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pplying the background model suitable for the brightness level of
X 339 − 4. 
RXTE observed four outbursts of GX 339 − 4 in 2002, 2004,

007, and 2010 (e.g. Yan & Yu 2015 ; Clavel et al. 2016 ). Among
he observations of these outbursts we only investigate further the 91
bservations associated with the type-C QPOs in the LHS and HIMS
s reported in Marcel et al. ( 2020 ). 

.1 Timing analysis 

or each observation we take a time segment of a length of 32 s
sing all the PCA channels, perform fast Fourier transformation
FFT), and average all the FFT segments to obtain a single PDS per
bservation. The time resolution is al w ays at least 1/512 s such that
he Nyquist frequency is 256 Hz. We subtract the Poisson noise level
Zhang et al. 1995 ) and normalize the PDS to units of rms 2 per Hz
Belloni & Hasinger 1990 ). We do not consider the background rate
o convert the PDS to rms units since it is negligible compared to
he source rate in our observations. We apply logarithmic rebinning
o the frequency of the PDS so that the size of the frequency bins
ncreases by exp (1/100) compared to the previous frequency bin. 

We fit the PDS in the frequency range of 0.03125–256 Hz in
SPEC version 12.13.1 (Arnaud 1996 ). We use three Lorentzian

unctions to represent the QPO and two BBN components [see
owak ( 2000 ) or Belloni, Psaltis & van der Klis ( 2002 ) for the
efinition of the Lorentzian function]. The central frequency of one
f the two Lorentzians that fit the BBN is fixed at 0. If a QPO
armonic and/or subharmonic is present in the PDS, we add one or
wo more Lorentzians to fit them. In some cases, the power spectra
re not satisfactorily fitted by all these Lorentzian functions, for
xample, due to the shift of the peaks within one observation and
 third harmonic. To fit these residuals, we add extra Lorentzian
unctions. We have also noticed that in some PDS, there is enhanced
ower, due to the high-frequency bump in the frequency range ∼20–
00 Hz (Trudolyubov 2001 ; Belloni et al. 2005 ; Zhang et al. 2022 ).
herefore, we use one additional Lorentzian centered at 0 Hz to fit

he bump. 
We test the significance of the bump by computing the width and

ormalization of the Lorentzian function that fits it. If the bump is
adly constrained (the 1 σ boundary of the width of the bump falls
 20 Hz and/or > 180 Hz), we fix the width of the Lorentzian at

0 Hz and calculate the 95 per cent upper limits of its normalization.
his normalization is consistent with the value of the case where the
idth of the bump is badly constrained. We also check that there is
o bump with width � 20 Hz. If the bump has a good constraint on
ts width but its normalization is less than 3 σ significant, we also
alculate the 95 per cent upper limit of its normalization. Finally, we
onvert the normalization of the bump to rms units. 

.2 Spectral analysis 

e analyse the energy spectra of PCA in the ∼2–25 keV band.
e use the XSPEC components diskbb (Mitsuda et al. 1984 ) and
thcomp (Zdziarski, Johnson & Magdziarz 1996 ; Życki, Done &
mith 1999 ) to describe the disc blackbody emission and direct
orona emission, respectively. So the initial model used to fit the
ime-averaged energy spectra is tbabs ∗(diskbb + nthcomp)
here tbabs accounts for the interstellar absorption towards the

ource. The temperature of the seed photons in nthcomp is linked to
he inner disc temperature in diskbb . For tbabs we use the cross-
ection of Verner et al. ( 1996 ) and the solar abundance of Wilms,
NRAS 527, 5638–5648 (2024) 
llen & McCray ( 2000 ). Following M ́endez & van der Klis ( 1997 ),
e fix the Galactic absorption column density, N H , at 5 × 10 21 cm 

−2 .
After the initial fitting of the PCA data, we find clear resid-

als at ∼6.4 keV and ∼20 keV, probably due to a relativistic
roadened iron line and a Compton hump, respectively (Light-
an & White 1988 ; Fabian et al. 1989 ). We therefore add a
elxillCp component (Garc ́ıa et al. 2014 ) such that the final
odel is tbabs ∗(diskbb + nthcomp + relxillCp) . Given

he limited resolution of the PCA energy spectra and the complexity
f the reflection model, we fix several parameters in relxillCp
ollowing (Shui et al. 2021 ): we fix the corona emissivity indices to
nde x1 = inde x2 = 3 (F abian et al. 1989 ), the disc inclination angle,
 , to 30 ◦ (Parker et al. 2016 ), the dimensionless spin parameter,
 ∗, to 0.93 (Miller et al. 2008 ; Parker et al. 2016 ), and the iron
bundance, A Fe , to 6.6 times of the solar abundance (Parker et al.
016 ; Wang-Ji et al. 2018 ), which is too high to be real, but likely an
rtefact of the model (Garc ́ıa et al. 2018 ). All the fixed parameters
re basically consistent with the results from the most recent detailed
pectral analysis of GX 339 − 4 (Liu et al. 2022 , 2023 ). In the
eflection model, the inner radius of the accretion disc, R in , and
he disc ionization parameter, log ξ , are fitted freely. The corona
emperature, kT e , in relxillCp is linked to that in nthcomp . 

In some observations the values of kT e from fitting the energy
pectra of PCA in ∼2–25 keV band are not constrained, we combine
he HEXTE data, whenever available in these observations, in
he 20–200 keV band with the PCA data in order to obtain better
onstraints on kT e . 

.3 Radio data 

e use the 8.6 or 9.0 GHz radio data from the Australia Telescope
ompact Array (ATCA) as reported in Corbel et al. ( 2013 ). To
ompare the radio flux density of GX 339 − 4 with that of GRS
915 + 105 in our previous study (Garc ́ıa et al. 2022 ; M ́endez
t al. 2022 ; Zhang et al. 2022 ), we obtain the radio flux density
f GX 339 − 4 by placing it at the distance of GRS 1915 + 105.
e consider that the distance to GX 339 − 4 (Heida et al. 2017 ;

dziarski, Zi ́ołk owski & Mik ołajewska 2019 ) and GRS 1915 + 105
Reid et al. 2014 ; Zdziarski 2014 ) are both ∼9 kpc, and estimate
he uncertainties of the radio flux density of GX 339 − 4 based on
he distance uncertainty from the most recent study by (Zdziarski,
i ́ołkowski & Mikołajewska 2019 ). We then convert the flux density
f GX 339 − 4 from 8.6 GHz or 9 to 15 GHz assuming a radio spectral
ndex of α = 0.4 (Corbel et al. 2013 ; Islam & Zdziarski 2018 ). 

We notice that there are only a few simultaneous ( < 1 d) radio
nd X-ray observations. So we perform a linear interpolation of the
adio data to obtain values at the times of the X-ray observations.

e interpolate the radio data o v er gaps of less than 10 d to have
nterpolated radio data on a 1-d interval, and match the interpolated
adio data with the X-ray observations. 

 RESULTS  

.1 PDS and the bump 

ig. 1 shows two examples out of the 91 RXTE /PCA PDS of GX
39 − 4 with type-C QPOs, corresponding to observation IDs
2428-01-04-03 (black; 2007 outburst) and 60705-01-70-00 (red;
004 outburst). The black PDS corresponds to the case in which
he bump is not significantly detected, while the red PDS has a
ignificant bump. In both cases, the type-C QPO fundamental is fitted
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Figure 1. PDS of two observations of GX 339 − 4 with the type-C QPOs. The black and red points correspond to observation IDs 92428-01-04-03 and 
60705-01-70-00, respectively, both of which are in the hard state, in the rising part of the HID. Top panel: Points with error bars are data, solid lines represent the 
best-fitting models, while dashed lines represent the individual Lorentzian functions that fit the data. Bottom panel: The residuals with respect to the best-fitting 
model. 
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ith a narrow Lorentzian at 5 Hz (black) and at 4.3 Hz (red). QPO
armonic and subharmonic appear at approximately 0.5 and 2 times 
he QPO fundamental frequenc y, respectiv ely. Two e xtra Lorentzians 
re required to fit the BBN in both cases. The 95 per cent upper limit
o the rms amplitude of the zero-centered Lorentzian function that 
ts the bump is 3.9 per cent in black PDS while the rms amplitude of

he bump in the red PDS is of 7 . 5 ± 0 . 7 per cent . Overall, the QPO
requency is in the range of ∼0.1–9 Hz, while the HR is between
0.2 and 1.4 in Crab units. The width of the bump that is significantly

etected shows a correlation with the QPO fundamental frequencies, 
onsistent with the correlation between the L u and L QPO in BHXRBs
s shown by, e.g. Belloni, Psaltis & van der Klis ( 2002 ). 

.2 The rms of the bump 

n Fig. 2 , we plot the HR of the source versus the type-C QPO
requency using the 91 RXTE observations of GX 339 − 4 in the LHS
nd HIMS. Error bars of both HR and QPO frequency are within the
ize of the data points. The HR and QPO frequency follow a clear
nticorrelation, i.e. the HR generally decreases as the QPO frequency 
ncreases. The data points are not as scattered around the anticorrela- 
ion as those in fig. 1 in Zhang et al. ( 2022 ) for GRS 1915 + 105, pos-
ibly due to the fact that there are far less observations of GX 339 − 4
91 observations) than of GRS 1915 + 105 (410 observations). 

The rms amplitude of the bump in the HR versus QPO frequency
lot, Fig. 2 , is between ∼4 per cent and ∼10 per cent. The circles
re the observations with significant bumps, while the triangles are 
he observations with upper limits. The rms measurements have 
n average error of ±0 . 7 per cent . As the source softens, the rms
mplitude of the bump decreases. When the HR is around 1.3 and the
PO frequency is near 0.1 Hz, the rms amplitude of the bump is ∼4–9
er cent, while when the HR is ∼0.2 and the QPO frequency increases
rom 0.1 to 8 Hz, the rms of the bump generally decreases from ∼9
er cent to < 4 per cent . In the relatively softer observations, with
R � 0.8 and QPO frequency � 3 Hz, the bump is generally not
etected significantly. 

Note that there is an outlier point when the QPO frequency is
2 Hz and the HR is ∼1.5. This observation, in the LHS, is harder

han any other observation that we analyse. In this observation 
he rms of the bump is also not significant, indicated by the
own-pointing triangle. 
We plot the temporal evolution of the type-C QPO frequency for

he 2002, 2004, 2007, and 2010 outbursts of GX 339 − 4 in Fig. 3 . In
hese four outbursts, the type-C QPO frequency ranges from ∼0.1 to
 Hz. In the left-hand side of each panel in Fig. 3 , the QPO frequency
ncreases as the source evolves from the LHS to the HIMS, while
n the right-hand side of the panels the QPO frequency decreases
s the source evolves back to LHS (Motta et al. 2011 ; Marcel et al.
020 ). The gaps in these panels indicate the times that GX 339 − 4
as in the SIMS and HSS. In the rising phase of the outburst, as the
PO frequency increases, the rms amplitude of the bump generally 

ncreases from < 4 per cent to ∼9 per cent and then decreases to
elow 4 per cent. The bump is no longer significant when the QPO
requency is � 3 Hz. In the decaying phase of the outbursts, when the
PO frequency decreases, the bump is mostly not significant and the
pper limits cannot be judged easily from the plot and show no trend.
MNRAS 527, 5638–5648 (2024) 
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Figure 2. Hardness ratio versus type-C QPO frequency plot for the 91 observations of GX 339 − 4. The colour of the points indicate the rms amplitude of the 
bump. The coloured circles indicate the significant measurements, while the grey triangles are upper limits. There is a strong bump when the HR is high, while 
no bump when the HR is low. The small panel inside shows the rms amplitude of the bump when the QPO frequency is near 0.1 Hz. 
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We also plot in Fig. 3 the radio flux of GX 339 − 4. In the
002 outburst, the observed radio flux increases from 6 to 20 mJy
uring MJD 52350–52400. In the 2004 outburst, there are several
adio observations from MJD 53 000 to 53100, with the radio flux
ncreasing from 1 to ∼6 mJy. Between MJD 53 480 to 53500,
he radio flux decreases from ∼6 to 1 mJy; ho we ver, those radio
bservations are not simultaneous with RXTE observations in the
-ray band. In the 2007 outburst the radio observations are sparse,
ut an increasing trend of the radio flux from 0.5 to > 20 mJy from
JD 54 050 to 54150, and a decreasing trend from 6 to ∼2 mJy

fter MJD 54 250 are still apparent in the data. In the 2010 outburst,
rom MJD 55 000 to 55 300 the radio flux increases from 5 to ∼30
Jy, while from MJD 55 600 to 55700, the radio flux decreases from

pproximately 6 to 0.5 mJy. Most X-ray data with type-C QPOs
ave no simultaneous radio observations. It is clear that, especially
n the rising phase of the outburst, the increase of the QPO frequency
enerally lags the increase of the jet flux density. 
It is worth noting that from MJD 53 200 to 53 250 during the 2004

utburst, the rms amplitude of the bump increases up to 9 per cent
nd decreases to ∼6 per cent at the end of the rising phase. During
he same outburst, the radio flux is in the range of 0.5–2 mJy. The
ange of both the rms amplitude of the bump and the radio flux is
NRAS 527, 5638–5648 (2024) 

3  
uite different from those in the 2002, 2007, and 2010 outbursts of
X 339 − 4. 

.3 The rms of the bump versus spectral parameters and radio 
ux 

ig. 4 illustrates the measurements of the rms amplitude of the
ump and the radio flux/corona temperature, kT e , together with the
revious measurements of GRS 1915 + 105. The left panel of Fig. 4
isplays the X-ray and radio observations of GX 339 − 4. The
easurements and upper limits of the rms amplitude of the bump

re plotted in black and red, respectively. When GX 339 − 4 is
laced at the distance of GRS 1915 + 105, the measurements of the
adio flux are around 10 mJy, while the measurements and the upper
imits of the rms of the bump are 5–9 per cent and � 8 per cent,
espectively. Despite there being only a handful of simultaneous
-ray and radio observations of GX 339 − 4 compared to the

ase of GRS 1915 + 105 (Zhang et al. 2022 ) where there is an
nticorrelation between the rms amplitude of the bump and the radio
ux, the measurements of GX 339 − 4 fall in the top portion of the
easurements of GRS 1915 + 105 (grey points). The data of GX

39 − 4 in the left panel of Fig. 4 show that the bump in GX 339 − 4
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Figure 3. Temporal evolution of the QPO frequency, rms of bump, and the radio luminosity of GX 339 − 4 are shown in four panels from top to bottom, 
representing the 2002, 2004, 2007, 2010 outbursts, respectively. The circles and triangles represent the QPO frequency. The QPO frequency is denoted by circles 
and triangles, with colours indicating measurements and upper limits of the rms of the bump, respectively. Note that in the decaying phase, the red triangles 
represent the upper limits of the rms that exceed 10 per cent. The 8.5 or 9 GHz radio luminosity of GX 339 − 4 from ATCA observations is denoted by red 
empty stars. Because of the limited number of simultaneous X-ray and radio observations, most of the X-ray observations with a type-C QPO lack simultaneous 
radio observations. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/5638/7450465 by guest on 18 M
arch 2024
MNRAS 527, 5638–5648 (2024) 



5644 Y. Zhang et al. 

M

Figure 4. Left panel: The simultaneous X-ray and radio observations of GX 339 − 4 during the 2002, 2004, 2007, and 2010 outbursts. The black points indicate 
the measurements of the rms of the bump, while the red points indicate the upper limits of the rms of the bump. Right panel: The rms of the bump versus the 
corona temperature, kT e . The black points represent the measurements of both the rms of the bump and kT e ; the red points represent the measurements of kT e 
but the upper limits of the rms of the bump; the green points represent the measurements of the rms of the bump but the lower limits of kT e ; the purple points 
represent the upper limits of both the rms of the bump and kT e . In both panels, the grey points represent the measurements of GRS 1915 + 105 as reported in 
Zhang et al. ( 2022 ). Error bars indicate the 1 σ error range. 
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s quite strong, while the radio flux is low compared to the case of
RS 1915 + 105. 
We plot the rms amplitude of the bump versus the corona

emperature, kT e , in the right panel of Fig. 4 . The black points
epresent the measurements of both the rms amplitude of the bump
nd kT e , the red points represent the measurements of kT e and the
pper limits of the rms amplitude of the bump, the green points
epresent the measurements of the rms amplitude of the bump and
he lower limits of kT e , and the purple points represent the upper
imits of both the rms amplitude of the bump and kT e . Although
here are many upper and lower limits of either the rms amplitude of
he bump and/or kT e , in the case of GX 339 − 4 the measurements of
oth quantities are located in the top right part of the plot, o v erlapping
ith the data of GRS 1915 + 105. The significant measurements of

he b ump ha ve rms amplitudes between 4 and 10 per cent, while in
he cases in which the bump is not significant the upper limits of
he rms amplitude are generally � 10 per cent . Some upper limits
f the rms amplitude, which only appear in the decaying phase of
he outburst (Figs 3 and A1 ), exceed 10 per cent and can be up to
0 per cent. The measurements of the corona temperature, kT e , are
n the range ∼15–80 keV, indicating a quite hot corona compared to
he corona of GRS 1915 + 105 whose temperature can be down to
 keV (Zhang et al. 2022 ). The rms amplitude of the bump and kT e 

re correlated in GRS 1915 + 105 (Zhang et al. 2022 ), indicating
hat both the corona is hotter and the bump is stronger. Compared to
he data of GRS 1915 + 105, the rms amplitude of the bump and kT e 

re never weakened in the LHS and HIMS in GX 339 − 4. 
We find no correlation between the rms amplitude of the bump

nd the inner disc temperature, kT in , since most fitting results show
nexpected high kT in in the LHS and HIMS, consistent with the
eport from systematic spectral studies on GX 339 − 4 in Clavel
t al. ( 2016 ) and Shui et al. ( 2021 ). 

 DISCUSSION  

e have gone through all the RXTE archi v al data of GX 339 − 4 and
urther studied the 91 observations with type-C QPOs in the LHS and
IMS. We carried out the first systematic study of the high-frequency
ump in a black hole X-ray transient, complementing our previous
NRAS 527, 5638–5648 (2024) 
tudy of the bump in the source GRS 1915 + 105. We fitted the bump
n the PDS of GX 339 − 4 with a zero-centered Lorentzian function
nd found that it has a characteristic frequency in the range 20–
00 Hz. Among the 91 observations, 39 show a significant bump and
2 show no bump, yielding only upper limits of its rms amplitude. As
hown in Fig. 2 , the rms of the bump depends on the frequency of the
ype-C QPO and the HR. When the HR is between ∼0.8 and 1.3 and
he QPO frequency is between ∼0.1 Hz and 2 Hz, the rms amplitude
f the bump is ∼4–9 per cent, whereas when the HR decreases below
.8 down to 0.2 and the QPO frequency increases from ∼2 Hz up to
 Hz the bump is not detected with upper limits of the rms amplitude
etween 3 per cent and ∼10 per cent. In the case of GRS 1915 + 105,
e have found that the energy available in the system can be directed

o power either the corona or the jet, depending on the strength of the
ump and the radio flux and the temperature of the corona (Garc ́ıa
t al. 2022 ; M ́endez et al. 2022 ; Zhang et al. 2022 ). Compared to our
revious results in GRS 1915 + 105, the radio flux of GX 339 − 4
s quite low, but the rms amplitude of the bump is high and the X-
ay corona is hot, indicating that in GX 339 − 4 more energy in
he system in the LHS and the HIMS is directed towards the X-ray
orona than in the case of GRS 1915 + 105. Ho we ver, we recall
hat to estimate the actual distribution of the energy in the system
equires proper modeling and a better understanding of both the
adiati ve ef ficiencies and the v ariability features from the jets and
he disc. This is beyond the scope of this work. 

.1 On the detection of the bump 

elloni, Psaltis & van der Klis ( 2002 ) has laid down the framework
or fitting the lower high-frequency bump ( L l in Psaltis, Belloni &
an der Klis 1999 ) and upper high-frequency bump ( L u for the bump
n this paper) in BHXRBs. As shown in Psaltis, Belloni & van der
lis ( 1999 ), the LFQPO frequency L LF in the ∼0.1–10 Hz range is

orrelated with the characteristic frequency of L l in the ∼1–100 Hz
ange. The correlation between L LF and L u also exists, with the
haracteristic frequency of L u in the ∼20–200 Hz range (Belloni,
saltis & van der Klis 2002 ). The bump L u has been reported in
ome BHXRBs, e.g. GRS 1915 + 105 (Trudolyubov 2001 ), XTE
1118 + 480 (Belloni, Psaltis & van der Klis 2002 ), Cygnus X-
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 (Pottschmidt et al. 2003 ), GX 339 − 4 (Nowak 2000 ), XTE
1650 − 500 (Kalemci et al. 2003 ), GRO J655 − 40 (Motta et al.
014a ), XTE J1550 − 564 (Motta et al. 2014b ), MAXI J1820 + 070
Bhargava et al. 2021 ), MAXI J1348 − 630 (Alabarta et al. 2022 ),
nd XTE J1859 + 226 (Motta et al. 2022 ). 

From the perspective of the radiative properties (rms and phase 
ag) of the bump, Pottschmidt et al. ( 2003 ) investigated the long-
erm variability of Cygnus X-1 and proposed that the presence of
he bump in the LHS originates in the hot accreting corona, which is
esponsible for most of the emission in the ∼2–13 keV in that state.
or GRS 1915 + 105, Trudolyubov ( 2001 ) and Zhang et al. ( 2022 )
sed X-ray and radio data in the HIMS to study the relation between
he accretion-ejection scenario and the presence of either the bump 
r the radio jet. Ho we ver, both GRS 1915 + 105 and Cygnus X-1
re long-lasting black-hole sources. 1 

Before this work, the bump in the typical black hole transient 
X 339 − 4 had only been reported in a few RXTE observations

Nowak 2000 ; Belloni, Psaltis & van der Klis 2002 ; Belloni et al.
005 ). From a systematic study of all the RXTE observations of GX
39 − 4, as shown in Fig. 1 , we find that during the 2002, 2004, 2007,
nd 2010 outbursts, the bump is detected in 39 observations, all of
hich also show a type-C QPO in the LHS and HIMS. The bump

s not present in all the observations, with the rms amplitude of the
ump showing an evolution of the strength during the outburst. We 
enerally lose the bump when the QPO mo v es to high frequencies,
here the measurements of the rms amplitude of the bump decreases 
elow the detection threshold. This could result from several reasons: 
s the QPO frequency increases, the frequency of the bump also 

ncreases (see e.g. Belloni, Psaltis & van der Klis 2002 ). If the bump
requency becomes larger than 200 Hz, near the 256 Hz boundary 
f the PDS, the zero centered Lorentzian naturally fails to constrain 
he bump frequenc y. Another e xplanation of the non-detection of the
ump can be that as GX 339 − 4 evolves from the LHS to the HIMS,
he PDS is flatter and there are less time variability components (e.g.
elloni et al. 2005 ). 

.2 The evolution of the type-C QPO in GX 339 − 4 

n a previous study (Zhang et al. 2022 ), we conducted a systematic
tudy of the high-frequency bump in GRS 1915 + 105, a black hole
ong-lasting X-ray transient prior to 2018 (Motta et al. 2021 ). Fig. 2
n Zhang et al. ( 2022 ; see also fig. 1 in M ́endez et al. 2022 ) illustrates
he HR versus type-C QPO frequency plot, which displays a spread 
f approximately 0.6 in HR at a specific QPO frequency, much larger
han the errors. In the case of GX 339 − 4, the points in Fig. 2 show

uch less scattering, with HR varying by approximately 0.2 at a 
pecific QPO frequency. By comparing the rms amplitude of the 
ump in the HR versus the type-C QPO frequency plot in this paper
ith that in Zhang et al. ( 2022 ), it is apparent that Fig. 2 for GX
39 − 4 the data do not extend to the bottom left and top right parts
s shown in fig. 2 in Zhang et al. ( 2022 ) (regions 5, 6, 13 to 16, and
9–24). These regions in fig. 2 of Zhang et al. ( 2022 ) are different
rom Fig. 2 of GX 339 − 4: in regions 13 to 16, and 19–24, the rms
f the bump is all upper limit and below 2 per cent in the bottom
 Note that since 2018 GRS 1915 + 105 has been in a state of extreme low 

-ray flux (Negoro et al. 2018 ). It has been suggested that this low X-ray flux 
tate of GRS 1915 + 105 is not similar to that of a typical X-ray transient, 
ut is due to a super-Eddington accretion with a high local absorption near 
he black hole (Koljonen & Tomsick 2020 ; Motta et al. 2021 ) associated 
ometimes with a disc wind (Miller et al. 2020 ; Neilsen et al. 2020 ). 

t  

l  

t  

a  

b  

p  

o  

i

eft re gions; in re gions 5 and 6, the bump is significantly detected.
he difference may be due to the fact that, with the appearance of

ype-C QPOs, GRS 1915 + 105 evolves only within a long-lasting
IMS, while GX 339 − 4 evolves through the LHS and HIMS, and
ndergoes state transitions from the HIMS to the SIMS. 
Studies on black-hole X-ray transients have shown that the 

requency of the type-C QPO increases as the source evolves from
he LHS to the HIMS (e.g. Motta et al. 2011 ; Marcel et al. 2020 ;
hui et al. 2021 ). At the same time, the relative contribution of

he hard component to the total X-ray flux decreases and the soft
omponent becomes dominant (Gilfanov 2010 ). The anticorrelation 
etween the hardness ratio and the type-C QPO frequency in Fig. 2
an also illustrate this point. A recent simulation based on the JED-
AD hybrid model naturally quantitativ ely e xplained the evolution 
f the type-C QPO frequency (Fig. 3 ) during the four outbursts of
X 339 − 4. In this model, the spectral evolution of a transient XRB

s driven by an interplay between a standard accretion disc (SAD)
n the outer parts and a jet-emitting disc (JED) in the inner parts
Ferreira et al. 2006 ; Marcel et al. 2020 ). By reconstructing the mass
ccretion rate and the flux contribution from the thermal disc and
he corona, the type-C QPO frequency can be directly linked to the
eplerian frequency by a scaling factor of 100 at the transition radius,
 J , between the JED and SAD flows (Marcel et al. 2018a , b , 2020 ).
he type-C QPO frequency naturally evolves as the transition radius 
o v es due to the JED-SAD magnetized structure (see figs 2 and 3 in
arcel et al. 2020 ). In Fig. 3 , not only the frequency of the type-C
PO but also the flux density of the compact jet evolves during the
HS and HIMS of GX 339 − 4, where there is a hint that in the rising
hase of the outburst the change of the QPO frequency lags that of the
et flux density. The evolution of the radio flux can also be reco v ered
rom the JED-SAD model by introducing a scaling factor, ˜ f R (Marcel 
t al. 2020 , 2022 ). Besides the temporal evolution of the type-C QPO
nd the radio flux density, the accretion-ejection structure in the JED-
AD model also provides an explanation for the complex multi- 
avelength correlation in BHXRBs (e.g. Gallo, Fender & Pooley 
003 ; Gallo, Miller & Fender 2012 ; Corbel et al. 2013 ). 

.3 The corona-jet radiati v e coupling 

hen we detect it in GX 339 − 4, the rms amplitude of the bump
s al w ays larger than ∼4–5 per cent (Fig. 4 ). The values correspond
o the highest values of the rms amplitude of the bump, low radio
ux and high corona temperature in GRS 1915 + 105 (M ́endez
t al. 2022 ; Zhang et al. 2022 ). As discussed first in Trudolyubov
 2001 ) and then M ́endez et al. ( 2022 ) and Zhang et al. ( 2022 ), the
ms amplitude of the bump is anticorrelated with the radio flux and
orrelated with the corona temperature, indicating that the bump 
riginates from the hot corona. Zhang et al. ( 2022 ) further proposed
hat under such condition, the exchange of accretion energy between 
he corona and jet is efficient. For the X-ray transient GX 339 − 4
n the LHS and the HIMS, the quasi-simultaneous X-ray and radio
bserv ations sho w that the bump is only detected when the radio flux
s low and the corona temperature is high. When the temperature of
he corona is higher than ∼30 keV, we mostly measure the upper
imits of the rms of the bump. Note that these upper limits are within
he error range of the significant measurements, such that the data
re still consistent with the high corona temperature-high rms of the
ump regime. Considering the findings in GRS 1915 + 105, the
resence of the bump in GX 339 − 4 suggests that in the hard state
f this source, most of the accretion energy is directed to the corona
nstead of being used to eject the radio jet. 
MNRAS 527, 5638–5648 (2024) 
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The weak corona-jet radiative coupling in the LHS of GX 339 − 4
s supported by the results of Marcel et al. ( 2022 ) using the JED-SAD
odel. Fig. 5 in Marcel et al. ( 2022 ) shows the JED-SAD transition

adius, r J , versus the mass accretion rate, ṁ , along with the energy
ransfer efficiency of the disc accretion energy in GX 339 − 4. In the
HS, the energy transfer efficiency of advection through the corona

s the strongest (up to 50 per cent), while that of jet and accretion
ow cooling is below ∼25 per cent, justifying that the exchange
f accretion energy to the jet through the corona is inefficient. Note,
o we ver, that the jet power is a parameter in the JED-SAD model, and
hat the model itself makes strong, although realistic, assumptions
see section 7.1 in Marcel et al. 2018a and sections 3.1, 4.1, and 4.3
n Marcel et al. 2019 ). 

The efficiency of the radiative coupling between different
ccretion-ejection components can be assessed through the empirical
elationships involving the X-ray and radio fluxes in the hard state
Gallo, Fender & Pooley 2003 ; Merloni, Heinz & di Matteo 2003 ).

e note that, ho we ver, this correlation could be biased by the
election of the X-ray energy range and the relative contribution
rom the soft disc and hard corona components, as well as any
hanges in radiati ve ef ficiencies of either the disc, the corona, or
he jets during the outburst. Two branches can be identified within
he X-ray–radio correlation: the normal branch and the outlier
ranch (Gallo, Miller & Fender 2012 ). In the outlier branch the
ource H 1743 − 322 e x emplifies an efficient accretion-ejection
oupling (Coriat et al. 2011 ; Williams et al. 2020 ), whereas in the
ormal branch GX 339 − 4 shows an inefficient accretion-ejection
oupling, characterized by an X-ray–radio correlation L radio ∝ L 

0 . 6 
X 

Corbel et al. 2013 ). In the failed-transition outburst of GX 339 − 4
Alabarta et al. 2021 ), the correlation becomes even flatter, with
 radio ∝ L 

0 . 39 
X , indicating in the hard-only outburst the coupling

etween the accretion flow and the jet is more inefficient (de Haas
t al. 2021 ). 

Apart from the corona-jet radiative coupling, it is promising to
urther study the corona-jet morphological coupling by applying
 time-dependent Comptonization model like vKompth to the
adiative properties of the bump (Karpouzas et al. 2020 ; Bellavita
t al. 2022 ). This model has been successful in explaining the
adiative properties (rms and lags) of QPOs and deducing the size
nd the geometry of the corona (e.g. Garc ́ıa et al. 2021 ; M ́endez et al.
022 ; Zhang et al. 2023 ). The challenge we used to face for this is
o measure the lags of the bump o v er a relatively broad frequency
ange. A no v el method proposed by M ́endez et al. (2023, submitted
o MNRAS) holds a promise to allow us to measure the lags of
he bump that can be fitted by the time-dependent Comptonization

odel. 
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PPENDI X:  H I D  O F  G X  3 3 9  − 4  

ig. A1 illustrates the HID of GX 339 − 4 as observed. The coloured
oints represent observations during the appearance of type-C QPOs 
nd the rms amplitude of the bump during the 2002, 2004, 2007, and
010 outbursts. 
In the top two horizontal branches, which are also in the rising

hase, we observe an initial increase in the rms amplitude of the
ump from below 4 per cent to approximately 9 per cent during
he LHS-to-HIMS transition. Subsequently, it decreases to below 

 per cent during the HIMS-to-SIMS transition. In the bottom 

orizontal branch, which is in the decaying phase, we generally 
nd upper limits for the rms amplitude of the bump. It is noteworthy

hat, even though we set the upper boundary of the colour bar to be
0 per cent, during the decaying phase, the upper limits of the rms
mplitude of the bump can reach as high as 30 per cent (see also the
ight panel of Fig. 4 ). This can be attributed to the power spectra
n the decaying phase, which are very noisy with large error bars at
igh frequencies. 
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Figure A1. The HID of GX 339 − 4 using RXTE archi v al data. The coloured points in the first horizontal branch correspond to the rising phases of the 2002, 
2007, and 2010 outbursts; the coloured points in the second horizontal branch represent the rising phase of the 2004 outburst, while those in the third horizontal 
branch pertain to the decaying phases of the 2002, 2004, 2007, and 2010 outbursts. Coloured circles denote measurements of the rms amplitude of the bump, 
while down triangles correspond the upper limits of the rms amplitude of the bump. The small panel inside provides an enlarged view of the top right corner. 
Note that in the decaying phase, the red triangles represent the upper limits of the rms that exceed 10 per cent. 
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