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A B S T R A C T 

The study of quasi-periodic oscillations (QPOs) plays a vital role in understanding the nature and geometry of the Comptonizing 

medium around black hole X-ray binaries. The spectral-state dependence of various types of QPOs (namely A, B, and C) 
suggests that they could have different origins. The simultaneous presence of different types of QPOs would therefore imply 

the simultaneous occurrence of different mechanisms. In this work, we study the radiative properties of two non-harmonically 

related QPOs in the black hole binary GRO J1655 −40 detected at the peak of the ultraluminous state during the 2005 outburst 
of the source. The two QPOs have been previously identified as types B and C, respectively. We jointly fit the phase-lag and rms 
spectra of the QPOs and the time-averaged spectrum of the source with the time-dependent Comptonization model VKOMPTH to 

infer the geometry of the media producing the QPOs. The time-averaged spectrum required a hot disc of 2.3 keV and a steep 

power law with index 2.7, revealing that the source was in an ultraluminous state. The corona that drives the variability of the 
type-B QPO is smaller in size and has a lower feedback fraction than the one that drives the variability of the type-C QPO. 
This suggests the simultaneous presence of a horizontally extended corona covering the accretion disc and a vertically elongated 

jet-like corona that are responsible for the type-C and B QPOs, respectively. 

Key words: accretion, accretion discs – stars: black holes – stars: individual: GRO J1655 −40 – X-rays: binaries. 
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 I N T RO D U C T I O N  

he study of rapid aperiodic variability is a powerful tool in the
haracterization of black hole binaries. The time-scales associated 
ith the variability correspond to the motion of matter in the 
icinity of the black hole (see re vie ws by Done, Gierli ́nski & Kubota
007 ; Ingram & Motta 2019 ; and references therein). Quasi-periodic 
scillations (QPOs), appearing as narrow peaks in the Fourier power 
pectra of these sources, are excellent tracers of the Comptonizing 
edium surrounding the black holes (van der Klis 1989 ; Nowak 

000 ; Belloni, Psaltis & van der Klis 2002 ). Low-frequency QPOs
0.1–30 Hz) are classified into three subcategories, namely types A, 
, and C, based on their centroid frequency, strength as well as the

hape, and variability of the broad-band noise (Remillard et al. 2002 ;
asella et al. 2004 ). 
Most black hole binaries display outbursts during which the 

ource goes from being undetected in the so-called quiescence, to 
 luminosity around the Eddington limit and back to quiescence on 
ime-scales of weeks to months (Lasota 2001 ; Frank, King & Raine
002 ). The ABC classification of QPOs plays an important role in
haracterizing the different states of black hole binaries (see e.g. 
elloni 2010 , for a re vie w). A typical outburst begins in the low/hard

tate (LHS) where the hard Comptonized component, characterized 
y a shallo w po wer law with an index of ∼1.6, dominates the
 E-mail: skrout@prl.res.in 
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pectrum. The fractional rms amplitude of the variability in the 
.1–20 Hz frequency range is high ( ∼30 per cent ) and the power
pectrum contains a type-C QPO (Psaltis, Belloni & van der Klis
999 ; Belloni et al. 2002 ; Pottschmidt et al. 2003 ). As the luminosity
ncreases, the source transitions to the high/soft state (HSS), via the
ard intermediate states (HIMS) and soft intermediate states (SIMS), 
ith corresponding decrease in hardness and broad-band variability. 
he power spectra in the HIMS also show type-C QPOs and the
road-band noise have 10 per cent –20 per cent rms amplitude. 
n the SIMS type-B or A QPOs are detected and the broad-band
oise further decreases to a few per cent (Miyamoto et al. 1991 ;
elloni et al. 2005 ). While the time-averaged spectra of the two

ntermediate states are quite similar, with the power-law index lying 
round 2.0–2.4, the differences become clear in the power spectra 
Gierli ́nski & Zdziarski 2005 ). The HSS has the highest thermal
isc contribution and the lowest variability, ∼1 per cent or less 
Mitsuda et al. 1984 ; Belloni et al. 1999 ). Sometimes, type-A QPOs
re detected during this state (Casella et al. 2004 ; Belloni 2010 ;
elloni & Motta 2016 ). The source stays in the HSS while the

ntensity decreases and then gradually transitions to the LHS via 
he same two intermediate states in reverse order. In the decay of an
utburst, during the low-luminosity transitions, QPOs are sometimes 
etected, but less often than during the rise, generally owing to low
ount rates. Apart from these four standard states, sometimes the 
ource makes an excursion to an anomalous or ultraluminous state 
ULS) just after or before the HSS (Belloni et al. 1997 ; Belloni 2010 ).
long with a manifold increase in luminosity, sometimes reaching 
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nd/or exceeding the Eddington rate, this state is characterized by
o w v ariability (5 per cent –10 per cent ) and large colour variations
Dunn et al. 2010 ; Uttley & Klein-Wolt 2015 ; Ingram & Motta 2019 ).
uring the ULS, the time-averaged spectrum remains very soft and

he power spectrum shows type-B or C QPOs, thus inviting the
oniker ‘anomalous’ (Motta et al. 2012 ). The aforementioned states

n black hole binaries can be easily identified from the hardness–
ntensity diagram (Fender, Belloni & Gallo 2004 ) and the absolute
ms–intensity diagram (Mu ̃ noz-Darias, Motta & Belloni 2011 ). The
hanges of the source across spectral states are also accompanied by
adio emission from a jet or a relativistic outflow (Fender et al.
004 ). In particular, the transition from the HIMS to the SIMS
sually coincides with the launch of relativistic jets that are bright
n radio wavebands (Russell et al. 2019 ; Homan et al. 2020 ). The
imultaneous detection of type-B QPOs and radio jets has inspired
odels explaining the former to be formed by the later (Kylafis,
eig & Papadakis 2020 ). 
With o v er three decades of e xtensiv e timing studies, the phe-

omenology of QPOs has become fairly clear, although the origin
f the QPOs is still debated. The dynamic origin of the oscillations
as been broadly ascribed to two categories of models, either due to
he intrinsic variability of the accretion disc (Molteni, Sponholz &
hakrabarti 1996 ; Tagger & Pellat 1999 ; Wagoner, Silbergleit &
rtega-Rodr ́ıguez 2001 ; Cabanac et al. 2010 ), or to geometrical

ffects (Stella & Vietri 1998 ; Schnittman, Homan & Miller 2006 ;
ngram, Done & Fragile 2009 ). These two classes of models are
ostly concerned with the dynamic origin of the QPOs, answering

asically how a particular frequency in the disc may be excited. While
hoosing one of the two categories is difficult, model independent
tudies suggest a geometrical origin (Motta et al. 2015 ; van den
ijnden et al. 2017 ). These studies also claim a separate origin for the

ype-B and C QPOs. Ingram et al. ( 2016 ) carried out phase-resolved
pectroscopy of the type-C QPO in H1743 −322 that appears to
ndicate that the components of the reflection spectrum vary with
he phase of the QPO, providing evidence for a geometrical origin.
o we ver, using the same technique on the type-C QPO in GRS
915 + 105, Nathan et al. ( 2022 ) found a very small inner disc radius
 ∼1.4 R g ) and a very large thermalization time-scale ( ∼70 ms). Such
 small inner radius cannot accommodate the necessary inner flow for
recession, while the large thermalization time-scale would wash out
he short time lags observed in some cases. Stevens & Uttley ( 2016 )
arried out a similar e x ercise for the type-B QPO in GX 339 −4,
nd they suggest a possible origin from precession of an extended
et (see also Kylafis & Reig 2018 ; Kylafis et al. 2020 ). Mastichiadis,
etropoulou & Kylafis ( 2022 ), on the other hand, showed that QPOs
ould be formed by a dynamic coupling between the accretion disc
nd the Comptonizing medium. 

While much effort has been directed towards understanding the
ynamical origin of the QPO, not much attention has been given
o their radiative properties. Out of the few that have tried (e.g.
ee & Miller 1998 ; Nobili et al. 2000 ; Lee, Misra & Taam 2001 ;
haposhnikov 2012 ), most could explain only the energy-dependent
hase-lags but not the rms amplitudes. Recently, Garg, Misra & Sen
 2020 ) developed a model incorporating propagation of fluctuations
n the components of the time-averaged spectrum to qualitatively
xplain the time lag and rms spectra of the QPOs in GRS 1915 + 105.

hatever the process behind the oscillations, it appears to be quite
ertain that the variability originates from the Comptonizing medium.
his becomes evident as the QPOs are mostly detected in hard states,
here Comptonization dominates the time-averaged spectrum and,

urthermore, the rms of the QPOs generally increases with energy, in
ome cases reaching about 15 per cent at 100 keV (Bu et al. 2021 ). 
NRAS 525, 221–230 (2023) 
Karpouzas et al. ( 2020 ) built upon the Comptonization scheme
f Lee & Miller ( 1998 ), Lee et al. ( 2001 ), and Kumar & Misra
 2014 ) and developed a model to explain the radiative properties
f QPOs in a neutron star system. This model considers the QPOs
o be oscillations of the thermodynamic properties of the accretion
ow, such as the temperature and heating rate of the corona, and

he seed-photon temperature. The model incorporates feedback of a
raction of the Comptonized photons that return to the seed-photon
ource. Bellavita et al. ( 2022 ) extended the model by replacing the
eed-photon source from a single temperature blackbody, rele v ant
or neutron stars, to a multitemperature blackbody, suitable for black
ole binaries. Using this model, named VKOMPTHDK , the phase-lag
nd rms spectra of both type-B and type-C QPOs could be explained
Garc ́ıa et al. 2021 ; Zhang et al. 2022 ; Peirano et al. 2023 ; Rawat
t al. 2023 ; Zhang et al. 2023 ). The results from these studies suggest
hat the geometry of the Comptonizing medium is different for the
wo types of QPOs. While in the case of type-B QPOs the corona
as a vertically elongated (jet-like) geometry, the corona for type-
 QPOs is more horizontally extended and significantly covers the
ccretion disc. 

The two types of QPOs, B and C, mostly appear in separate states,
t is only in rare cases that they appear together. If their origin are
ndeed from separate structures, as found earlier, simultaneous type-
 and C QPOs would imply a complex structure of the corona with
oth vertically elongated and horizontally extended components. To
est this hypothesis, we study the simultaneous type-B and C QPOs
etected during the ULS of GRO J1655 −40 (henceforth, J1655)
uring its 2005 outburst (Debnath et al. 2008 ; Motta et al. 2012 ).
his outburst was densely monitored by the Rossi X-ray Timing
xplorer, showing that the source traced all spectral states. Following

he HSS, for about twenty days, J1655 made an excursion to the
LS that was apparent in the hardness–intensity diagram as a huge

ncrease in count rate along with marginal increase in hardness
nd variability. The power spectrum during this state consisted of
 type-C QPO along with a broad peak with a similar frequency–
ms relation as that for type-B QPOs (Motta et al. 2012 ). When
he source reached the peak luminosity within the ULS (and also
 v erall), the broad power-spectral peak transitioned into a proper
ype-B QPO. The observation during that period, dated 2005 May
8 (ObsID 91702015800), consisting of both a type-B and C QPO
s analysed here. In Section 2 , we describe the data reduction and
nalysis methods. In Section 3 , we present the main result from the
imultaneous fits to the time-averaged spectrum of the source and
he rms and phase-lag spectra of the QPOs. Finally, in Section 4 we
iscuss the implications of the result of our analysis on the origin of
he QPOs and the geometry of the Comptonizing medium. 

 DATA  R E D U C T I O N  A N D  ANALYSI S  

e reduced the proportional counter array (PCA) binned data using
he new tools in HEASOFT -6.31 . The new tools are a wrapper of
he old extraction tools making the analysis simpler. We extracted
he source spectrum in the 3–30 keV range from the Standard 2

ode using all standard filtering criteria. We selected the data from
ll three xenon layers of the proportional counter unit 2 for the source
pectrum. We computed the background spectrum using the bright
ackground model pca bkgd cmvle eMv20111129.mdl . 
We carried out the timing analysis with the IDL -based timing

ackage GHATS . 1 The high time resolution PCA data were packaged

http://astrosat.iucaa.in/\protect $\relax \sim $astrosat/GHATS_Package/Home.html
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Figure 1. Top panel: The power spectrum of J1655 fitted with a multi-Lorentzian model. The dotted lines are the individual Lorentzian components used in 
the fitting. The solid line represents the total model. The peak at ≈7 Hz is the type-B QPO and the peak at ≈20 Hz is the type-C QPO. Bottom panel shows the 
residuals of the fit. 
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n two single bit modes with 125 μs resolution and one event mode
ith 62 μs resolution. The single bit mode data were binned into two
road channel ranges, one spanning channels 0 to 13 (2.06–7.35 keV) 
nd the other co v ering channels 14 to 35 (7.46–16.43 keV). The
vent mode, on the other hand, consisted of 32 channels from 36 to
49. We constructed the broad-band power spectrum by averaging 
 v er the full 3–30 keV light-curv e se gments of 16 s and a time
esolution of 1/4096 s giving a Nyquist frequency of 2048 Hz. We
emo v ed the Poisson noise by subtracting the average power between
000 and 2000 Hz from the Leahy normalized power spectrum. We 
hen converted the normalization to squared fractional rms following 
elloni & Hasinger ( 1990 ). We fitted the power spectrum by a multi-
orentzian model in XSPEC (Belloni et al. 2002 ). The model required
ve lorentz components to fit the 0.01–100 Hz spectrum. Out of

hese Lorentzians, three fitted the broad-band noise and two were 
equired for the QPOs. The lower frequency QPO at 6.8 Hz is the
ype-B QPO and the higher frequency QPO at 19.0 Hz is the type-C
PO (Motta et al. 2012 ). 
We constructed the rms spectra for each of the two QPOs by

xtracting the power spectra for smaller energy bins and fitting them 

ith the same multi-Lorentzian model that we used for the full band.
hile computing the rms, we fixed the centroid frequency and the full
idth at half-maximum (FWHM) to the values obtained from fitting 

he full band. It was possible to make significant measurement for
ix energy bins in the 2–30 keV range. The common way to compute
he phase-lags of QPOs is to average the real and imaginary part
f the cross-spectrum in a frequency range dominated by the QPO 

ignal, usually the FWHM of a QPO. This works well when the QPO
s very strong and not contaminated by other components. The two 
POs in the power spectrum of J1655 are quite close to each other
nd their respective Lorentzians have significant o v erlap, both with
ach other and with Lorentzians of the adjacent continuum (Fig. 1 ).
herefore, we use a no v el technique to extract the phase-lags from

he entire region of the power spectrum where the QPO is present
Alabarta et al. 2022 ; Peirano & M ́endez 2022 ). We constructed the
ross-spectra using the full energy band as the reference band and
he six smaller energy bins used for the rms spectra as the subject
ands. We jointly fitted the real and imaginary parts of the cross-
pectra with a multi-Lorentzian model. We also fitted a constant to
he real part of the cross-spectrum to account for the cross-correlation
ntroduced from using the full band as reference. Apart from that
e introduced an additive model using mdefine with a single 
arameter for capturing the phase-lag ( �� ). We fixed the frequency
nd FWHM of the Lorentzians to the values obtained from fits to the
ull energy power spectrum. The normalization of the real part was
eft free to vary while that of the imaginary part was linked to the
hase-lag as Im ( C) = Re ( C) × tan ( �� ) , where C is the complex
ross-spectrum. In this way, the phase-lag is obtained as an XSPEC

arameter and takes into account the entire profile of the QPO in the
ull frequency range. 

With all the products ready we jointly fitted the fractional rms
nd phase-lag spectra of both QPOs along with the time-averaged 
nergy spectrum of the source. The time-averaged spectrum required 
he typical combination of an absorbed ( TBabs ) disc ( diskbb ;

itsuda et al. 1984 ), Comptonization ( nthComp ; Zdziarski, John-
on & Magdziarz 1996 ; Życki, Done & Smith 1999 ), and reflection
 relxillCp ; Dauser et al. 2014 ; Garc ́ıa et al. 2014 ) components.

e adopted the abundance in the TBabs component from Wilms, 
llen & McCray ( 2000 ) and set the cross-sections according to
erner et al. ( 1996 ). We fixed the neutral H column density to
MNRAS 525, 221–230 (2023) 
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.5 × 10 21 cm 

−2 (Brocksopp et al. 2006 ; D ́ıaz Trigo et al. 2007 ). The
iskbb component represents the emission of a multitemperature
lackbody based on the α-disc prescription of Shakura & Sunyaev
 1973 ) and is parametrized by the inner-disc temperature ( kT in ) and a
ormalization ( N dbb ). The Comptonization component nthComp is
pproximately equal to a power law with index �, along with a high-
nergy cut-off and a low-energy rollo v er. The high-energy cut-off is
arametrized by the electron temperature, kT e , and the low-energy
ollo v er by the seed-photon temperature, kT bb , which in our case
as tied to kT in from diskbb . nthComp has a switch inp type to

oggle between a single temperature blackbody rele v ant for neutron
tar binaries and a disc blackbody pertinent for black hole binaries.
e chose the later. relxillCp is a relativistic reflection model with

he irradiating flux, or emissivity, assumed to be a broken power law.
he outer emissivity index was fixed to the Newtonian value of 3 and

he break radius was fixed at 6 R g . The inner emissivity index, q 1, was
llowed to vary within 3–10. The primary source spectrum is the same
s nthComp therefore we tied � and kT e parameters in relxillCp
o the respective parameters in nthComp . Since we had separately
ncluded a Comptonization component, the ref l f rac parameter
as fixed at −1 letting relxillCp to contribute only the reflection
art. We fixed the Fe abundance at solar values and left the disc
ensity and ionization parameters free to vary. 
We fitted the phase-lag and rms spectra of the QPOs with

he time-dependent Comptonization model VKOMPTHDK (Bellavita
t al. 2022 ). This variant incorporates diskbb as the seed-photon
ource and considers a single corona. The time-averaged version of
KOMPTHDK is essentially the same as nthComp . We tied the seed-
hoton temperature, power-law index, and coronal temperature in
KOMPTHDK to the kT in of diskbb and � and kT e of nthComp ,
espectively. The model is broadly insensitive to the af parameter.

e verified that by tying af to the inner disc radius obtained from
he normalization of diskbb (Makishima et al. 1986 ; Kubota et al.
998 ). The fit statistics and the best-fitting parameters remained
naffected. Therefore, we fixed af to the default value of 250 km.
part from these, VKOMPTHDK has the coronal size, L , the feedback

raction, η, the variability in the external heating rate of the corona,
Ḣ ext , and an additive reference lag, reflag , as free parameters. reflag
s the lag of the model in the 2–3 keV band and adjusts the lag to
ccount for the fact that the lag spectrum is defined except for an
dditive constant. This allows the user to choose the reference band
rbitrarily. The feedback fraction, 0 ≤ η ≤ 1, is given as 

= 

F D , f − F D , o 

F D , f 
, 

here F D,f is the flux of the disc after it has thermalized the irradiated
ard photons from the corona and F D,o is the flux of the disc before the
orona illuminates it. Thus, η represents the fraction of the total disc
ux that arises due to the feedback of coronal photons. Internally,
o we ver, the model calculates an intrinsic feedback fraction, ηint ,
hich is the fraction of Comptonized photons that illuminates the
isc (Karpouzas et al. 2020 ). The ηint is not a free parameter in the
odel as its maximum attainable value changes with the disc and the

oronal parameters, which makes it impractical to use it in XSPEC . 
Owing to the low resolution of the PCA spectrum, the spin

nd inclination parameters in relxillCp cannot be constrained.
herefore, we stro v e to fix these parameters to the best estimates

rom the literature. Ho we ver, there are multiple contradicting reports
aking the choice tricky. By modelling the three simultaneous QPOs
ith the relativistic precession model, Motta et al. ( 2014 ) and Rink,
aiazzo & Heyl ( 2022 ) arrived at a low spin a ∼ 0.3. Shafee et al.
 2006 ) reported a spin a = 0.7 from continuum fitting, while Reis
NRAS 525, 221–230 (2023) 
t al. ( 2009 ) measured a > 0.9 using reflection spectroscopy. Reis
t al. ( 2009 ) noted that the spin will be greater than 0.9 using
ontinuum fitting after using the correct distance. A high spin was
urther suggested by D ́ıaz Trigo et al. ( 2007 ) based on reflection fits
ith a relatively high inclination. Stuchl ́ık & Kolo ̌s ( 2016 ) attempted

o address the conflicting spin estimates and found that by using an
picyclic resonance model, and abandoning the assumption that all
POs originate at a single radius, the spin from QPOs can become

onsistent with the Fe line results. Deciding the true inner disc
nclination is even more complicated. While the orbital inclination
as found to be 70 ◦ (Greene, Bailyn & Orosz 2001 ), the jet was

eported to be tilted at 85 ◦ (Hjellming & Rupen 1995 ) suggesting
pin-orbit misalignment. Ho we ver, with reflection spectroscopy the
nclination was found to be 30 ◦ (Reis et al. 2009 ) or 52 ◦ and 63 ◦ (D ́ıaz
rigo et al. 2007 ). With such a variety of options it is only meaningful

o try different combinations and see how the data respond. 
One important aspect to be dealt with is that the VKOMPTHDK

odel is a purely Comptonization model whereas the time-averaged
pectrum consists of significant contribution from the disc and
eflection components. Therefore, the rms calculated by the model
s only from the Comptonized component, whereas the observed
ms will be diluted by the effects of the disc and reflection, which
re assumed to be much less variable than the corona. To take
nto account this effect, we multiplied a dilution component to
KOMPTHDK only for the rms spectra. The dilution is defined as the
raction of the total flux contributed by the nthComp component,
thComp ( E )/( diskbb ( E ) + nthComp ( E ) + relxillCp ( E ))

Bellavita et al. 2022 ). 

 RESULTS  

e show the 0.03–100 Hz power spectrum of J1655 in Fig. 1 .
he power spectrum has a flat top spanning about three decades

n frequency and falls off at around 20 Hz. It can be decomposed
nto five Lorentzians and has a broad-band 0.03–100 Hz fractional
ms of 5.4 per cent. Out of the five components, three Lorentzians
ccount for the broad continuum and the other two fit the QPOs
t 6.8 and 19.0 Hz. The former is a type-B QPO and the later
s a type-C QPO having fractional rms amplitudes of 0.8 per cent
nd 1.2 per cent, respectively. The simultaneity of the two QPOs is
emonstrated by the spectrogram shown in Fig. 2. This classification
s based on the fact that the two QPOs lie on the two branches
orresponding to the types-B and C on the broad-band rms – QPO
requency plane and the type-B QPO at 6.8 Hz is highly variable in
requency (see fig. 5 in Motta et al. 2012 ). While this classification
elps in contextualizing our work within the existing literature, it
s worth noting that our conclusion is independent of the QPO
lassification. 

Deciphering the radiative origin of these two QPOs is the objective
f this work. The time-averaged spectrum of the source and the
ractional rms and phase-lag spectra of the QPOs were jointly fitted
n XSPEC . As explained in detail in Section 2 , the PCA spectrum could
ot discriminate between the low (0.3) and high (0.9) spin values,
ielding an acceptable fit in both cases. Ho we ver, the inclination
eemed to be correlated to the spin, with a lower spin giving a low
nclination ( ∼30 ◦) and a higher spin leading to a high inclination
 ∼50 ◦) when left free. Trying to freeze the inclination to the orbital
ilt (70 ◦) or the jet orientation (85 ◦) did not result in acceptable
ts. Instead, leaving the spin free with the inclination fixed at 70 ◦

ave an acceptable fit, albeit with a much higher spin estimate of
0.99. It is worthwhile to remember that reflection spectroscopy with
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Figure 2. Spectrogram for the observation showing the two simultaneous QPOs at 6.8 and 19 Hz. Each bin in the time axis spans 16 s. 

Table 1. The best-fitting parameters from the simultaneous fit to the time-averaged 
spectrum of the source and the rms and lag spectra of the QPOs. The three models 
correspond to the three choices of spin and inclination as mentioned in the top row. The 
ηint is not a model parameter and it is computed separately. The errors represent the 1 σ
uncertainty. 

Model 1 Model 2 Model 3 
Component Parameter a = 0.3 a = 0.9 a free 

i free i free i = 70 ◦

diskbb kT in (keV) 2.38 ± 0.01 2.35 ± 0.04 2.44 ± 0.03 
norm 24.0 ± 0.2 23 . 8 + 1 . 5 −1 . 2 32 . 1 + 3 . 2 −2 . 3 

nthComp � 2.739 ± 0.003 2.76 ± 0.01 2.76 ± 0.01 
kT e (keV) 207 . 6 + 3 . 7 −4 . 9 > 199 > 198 

norm 3 . 21 + 0 . 08 
−0 . 04 3.4 ± 0.2 2.9 ± 0.1 

relxillCp i ( ◦) 23 . 4 + 0 . 1 −0 . 5 51.7 ± 1.2 –
a – – 0.990 ± 0.001 
q 1 > 9.7 8 ± 1 > 9.7 

log ξ (erg cm s −1 ) 4.46 ± 0.01 4.28 ± 0.07 3.5 ± 0.1 
log N (cm 

−3 ) 16.51 ± 0.03 16.45 ± 0.10 16.7 ± 0.1 
norm 0 . 762 + 0 . 003 

−0 . 007 1.33 ± 0.05 2.7 ± 0.1 

VKOMPTHDK L (km) 707 + 31 
−15 676 + 97 

−92 660 + 81 
−58 

(Type-B QPO) η 0.141 ± 0.002 0 . 138 + 0 . 004 
−0 . 022 0.15 ± 0.01 

ηint 0.038 ± 0.001 0 . 037 + 0 . 002 
−0 . 006 0 . 041 + 0 . 001 

−0 . 005 
δḢ ext 0.051 ± 0.001 0.055 ± 0.009 0.06 ± 0.01 
reflag 0.90 ± 0.07 13 + 0 . 9 −0 . 4 0 . 98 + 0 . 29 

−0 . 37 

VKOMPTHDK L (km) 1153 + 5 −10 1148 + 70 
−58 1137 + 39 

−33 
(Type-C QPO) η 0.59 ± 0.01 0.60 ± 0.05 0.59 ± 0.03 

ηint 0.157 ± 0.008 0.16 ± 0.02 0.16 ± 0.02 
δḢ ext 0.083 ± 0.002 0.09 ± 0.01 0.10 ± 0.01 
reflag 0.44 ± 0.01 0.45 ± 0.04 0.45 ± 0.02 

χ2 /dof 46.46/60 41.98/60 38.91/60 
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MM –Newton data also resulted in very similar spin and inclination 
stimates (D ́ıaz Trigo et al. 2007 ; Reis et al. 2009 ). 

Table 1 gives the best-fitting parameters with three variations of 
he model by fixing the spin and inclination to different values. 
wo combinations involve fixing the spin to 0.3 and 0.9 while 
eeping the inclination free, while the third combination keeps the 
nclination fixed at 70 ◦ and allows the spin to vary. The errors quoted
epresent 1 σ uncertainty and were e v aluated by running Markov 
hain Monte Carlo (MCMC) simulations in XSPEC with 1000 w alk ers
nd 2 × 10 5 steps with an initial burn-in length of 40 000 steps to
nsure the convergence of the chains. We rescaled the covariance 
atrix by 10 −4 in order to sample a wide parameter space by the
 alk ers. It is apparent that most of the best-fitting parameters remain

onsistent across the three variants of the models. The only significant
ifferences are the fluxes of the individual components of model 3
 i = 70 ◦) which are different from those of models 1 and 2. Apart
rom these, the inner disc temperature and disc ionization parameter 
re, respectively, slightly higher and lower in model 3 than in models
 and 2. The high disc temperature kT in ∼2.4 keV and photon index,
 ∼ 2.7, confirms the ultrasoft nature of the source during the
MNRAS 525, 221–230 (2023) 
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M

Figure 3. From top to bottom, the left-hand panels represent, respectively, the time-averaged spectrum of the source and the fractional rms and phase-lag 
spectra of the QPOs. The corresponding panel in the right-hand column are the residuals. The black and red points in the middle and bottom panels represent 
the type-B and C QPO, respectively. The dotted lines are the best-fitting models. In the top left panel, the dotted, dashed, and dot–dashed lines represent the 
disc, Comptonization, and reflection components, respectively. 

o  

m  

k  

f  

i  

o  

F  

r
 

p  

r  

r  

f  

h  

f  

i  

f  

f  

r  

i  

p  

t  

f  

t  

a  

s  

1  

η  

m

4

T  

2  

i  

t  

s  

p  

t  

e  

o  

C  

a  

m  

e  

c  

r
 

C  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/1/221/7236050 by W
ithers user on 04 Septem

ber 2023
bservation. The electron temperature could not be constrained for
odels 2 and 3, pegging at the upper limit of 250 keV. For model 1,

T e was constrained to ≈208 keV. From the reflection component, we
ound that both the inner emissivity power-la w inde x ( � 8) and disc
onization ( � 10 3.5 erg cm s −1 ) remained high. The disc density, on the
ther hand, was constrained to moderate values of N ∼ 10 16.5 cm 

−3 .
ig. 3 shows the fitted time-averaged spectrum of the source and the
ms and phase-lag spectra of the QPOs for the model 2. 

The remarkable result of the joint fitting e x ercise is that the
arameters pertaining to the coronal geometry from VKOMPTHDK

emained consistent across the three model variants. The corona
esponsible for the type-B QPO has a size of ≈680 km and a low
eedback fraction of ∼10 per cent . For the type-C QPO, on the other
and, the corona is much larger, with a size of ≈1150 km and the
eedback fraction is also high at ∼60 per cent . The corresponding
ntrinsic feedback fractions, ηint , are ∼4 per cent and ∼16 per cent
or the type-B and C QPOs, respectiv ely. The e xternal heating rate
or both QPOs is similar, varying between 0.05 and 0.1. Finally, the
educed χ2 indicate that all three models provide excellent fits and it
s not possible to choose one o v er the other. We can conclude that a
articular choice of the spin and inclination does not drastically affect
he joint fits. Most importantly, the geometry of the corona obtained
rom VKOMPTHDK remains completely unaffected. In Fig. 4 , we show
he confidence contours of the rele v ant coronal parameters (i.e. size
nd the feedback fraction) obtained by carrying out Monte Carlo
NRAS 525, 221–230 (2023) 
imulations for model 2. The corresponding contours from mode1s
 and 3 are almost identical to those of model 2. The contours for
1 appear to be bimodal, ho we ver, the separation of the two lobes is
erely at a few per cent level. 

 DI SCUSSI ON  

he power spectrum of J1655 at the peak of the ULS during its
005 outburst displays two non-harmonic QPOs (Fig. 1 ), which were
dentified as being types-B and C (Motta et al. 2012 ). We jointly fitted
he time-averaged spectrum of the source and the phase-lag and rms
pectra of the QPOs to infer the radiative origin of the QPOs. The
hase-lag and rms spectra were modelled with the recently developed
ime-dependent Comptonization model VKOMPTHDK (Karpouzas
t al. 2020 ; Bellavita et al. 2022 ). The type-B QPO required a corona
f size ≈680 km and an intrinsic feedback of ∼4 per cent . The type-
 QPO, on the other hand, required a coronal size of ≈1150 km
nd a higher feedback of ∼16 per cent . Using only spectral-timing
ethods, we show for the first time the co-existence of a vertically

longated, or jet-like corona, and a horizontally extended, or slab-like
orona, the oscillations of which result in the type-B and C QPOs,
espectively. 

Hard X-rays in black hole binaries are produced by inverse
ompton scattering of disc photons in an optically thin cloud of
lectrons known as the corona (Sunyaev & Truemper 1979 ). Since
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Figure 4. The confidence contours of the geometry parameters (size, L , and feedback fraction, η1 ) from the best fit with the VKOMPTHDK model 2. The 1 and 2 
subscripts represent the type-B and C QPO, respectively. The corner plot is generated using the tool pyXspecCorner . 
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he variability amplitude increases with energy, Sobolewska & Życki 
 2006 ) posited that the radiative properties of the power spectral
omponents should have their origin in the corona. The most 
rominent of these variability components are QPOs, which appear 
s narrow peaks in the power spectrum. The QPOs are classified 
nto types A, B, and C based on their frequency and other variability
roperties (see Section 1 ). The different types of QPOs have different
ag/rms spectra and thus believed to originate from different parts of
he corona or a corona with properties that change as the source

o v es through different states. The increase in rms with energy for
oth the QPOs (Fig. 3 ), ho we ver, suggests a common process likely
onnected with inverse Comptonization. The same process also gives 
ise to hard time lags since the hard photons, having undergone 
omptonization, arrive later than the soft seed photons (Miyamoto 
t al. 1988 ). Sometimes a fraction of these scattered hard photons
ravels back and gets thermalized in the accretion disc. Whenever 
hese newly thermalized photons dominate o v er the intrinsic emission 
f the disc, the soft photons will arrive later than the hard photons
esulting in a soft lag (Uttley et al. 2011 , 2014 ; De Marco et al. 2015 ).

The appearance of the QPOs in the ULS indicates a peculiar
hange in the accretion flow. In the state transition scheme of black
ole binaries, the ULS is both preceded and followed by the HSS.
uring the HSS, the corona likely disappears indicated by an increase 

n the fraction of the disc flux, the disappearance of QPOs, and a
ecrease in the total fractional variability. The reappearance of the 
POs during the ULS suggests the restoration of the corona for a

hort period. It is noteworthy that the two QPOs simultaneously 
ccurring suggests a common emission mechanism for the two, 
espite different dynamical origins. This is precisely the assumption 
n the VKOMPTHDK model where all kinds of QPOs are generated by
he same process of inverse Comptonization. The fact that the lags
re different for the two QPOs (see Fig. 3 ) suggests that the photons
ravel through regions with different geometrical properties, which 
akes their radiative properties different. 
MNRAS 525, 221–230 (2023) 
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M

Figure 5. A schematic of the geometry of the two coronae simultaneously present during the observation. Comptonization in the vertically elongated jet-like 
corona resulted in the type-B QPO while Comptonization in the horizontally extended corona led to the type-C QPO. 
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The VKOMPTHDK model used in this work includes a feedback
oop akin to the physical scenario where a fraction of the hard coronal
hotons return to the disc and are re-emitted, accounting for the soft
ags. The fraction of the primary hard emission that returns to the
isc, which is parametrized in the model as η, can be used as a proxy
or the geometry of the Comptonizing medium (Garc ́ıa et al. 2022 ;
 ́endez et al. 2022 ). A higher feedback fraction implies that the disc

s enveloped by the Comptonizing medium, increasing the chance of
ack scattered photons to impinge on to the disc. This can happen
hen a horizontally extended corona covers a significant part of the
isc. Accordingly, a lower feedback fraction would mean that the
orona and the disc are spatially separated in such a way that the
ack scattered photons find it difficult to reach the disc. A vertically
longated or jet-like geometry of the corona could explain the low
eedback fraction. The VKOMPTHDK model assumes a spherical and
omogeneous corona of uniform density and electron temperature.
espite this simplified picture, which are necessary for solving the

quations, it is remarkable that the model is able to explain the
adiative properties of different types of QPOs. 

The size of the corona and the feedback fraction are mainly con-
trained by the phase-lag spectra of the QPOs. While the amplitude
f the lags constrains the size, the relative sign of the lags constrains
he feedback fraction. This is intuitive, as a larger corona would
mply that the seed photons spend more time inside the corona
esulting in longer lags. Accordingly, a ne gativ e lag implies that
he Comptonized photons scatter back and impinge the disc which
e-emits thermally after the correlated coronal emission. This can
appen when the corona physically envelopes the disc. Conversely,
 positive lag indicates a geometry where the corona is physically
etached, or f ar aw ay, from the disc so that feedback is difficult to
anifest. The phase-lag spectra of the two QPOs in J1655 (Fig. 3 )

learly discerns these two scenarios. The phase-lag spectrum of the
ype-B QPO is flat and has a low amplitude, whereas the phase-lag
pectrum of the type-C QPO is inverted, with negative lags increasing
ith energy. This suggests that the type-B QPO originates from a

maller corona which is detached from the disc and the type-C QPO
rises from a bigger corona which envelopes the disc so as to facilitate
igher feedback. The best-fitting parameters from our fits with the
KOMPTHDK model correspond quite well with this geometry (see
able 1 ). The type-B QPO is produced by a corona of ≈680 km
nd an intrinsic feedback fraction of ∼4 per cent while the type-
 QPO comes from a larger corona of ≈1150 km and a relatively
igher intrinsic feedback of ∼16 per cent . This would mean the
imultaneous presence of two different coronal geometries during
he observation. The type-C QPO originates from the oscillations in
 larger, horizontally extended, corona while the type-B QPO arises
rom oscillations in a smaller, vertically elongated, or jet-like, corona.
ig. 5 represents schematically the scenario described here, where

wo physically distinct Comptonizing media are simultaneously
NRAS 525, 221–230 (2023) 
resent. The VKOMPTHDK model used here is oblivious to the physical
rigin of the dynamics of the QPOs. It only explains the radiative
rigin by assuming the coronal and disc properties to oscillate at the
PO frequency. The oscillations could arise either due to geometrical

actors or intrinsic variability (Section 1 ). Mastichiadis et al. ( 2022 )
ecently showed that the QPOs could be dynamically produced
y a resonant coupling between the accretion disc and the hot
omptonizing corona, which is in agreement with the assumptions
f VKOMPTHDK . Although the reflection component was significant,
sing the PCA spectrum we were not able to constrain the spin of the
lack hole and the inclination of the disc by fitting the relativistic Fe
 α line. We verified that fixing the spin parameter to 0.3 (Motta et al.
014 ) or 0.9 (Reis et al. 2009 ; Stuchl ́ık & Kolo ̌s 2016 ) while allowing
he inclination to vary, or fixing the inclination to 70 ◦ (Greene et al.
001 ) while varying the spin gives identical fits. Not only are the
hree variants statistically similar, but the best-fitting parameters are
lso consistent with being the same (Table 1 ). 

There is increasing evidence that the type-B QPOs are associated
ith the jet emission (Fender, Homan & Belloni 2009 ; Homan et al.
020 ; Garc ́ıa et al. 2021 ). The transition from the HIMS to the SIMS
s marked by both the appearance of a type-B QPO and ejection of a
elativistic jet (Fender et al. 2004 ; Russell et al. 2019 ; Homan et al.
020 ). The type-B QPO variability has also been seen to correlate
ith the system inclination, suggesting a jet origin (Motta et al. 2015 ;
eig & Kylafis 2019 ). Kylafis et al. ( 2020 ) were able to explain the
ariability of the photon index of the Comptonizing component by
onsidering the Comptonization to take place in a precessing jet.
n the other hand, the type-C QPOs have been shown to originate

rom an extended corona. For instance, the geometrical model for the
ormation of type-C QPOs considers the oscillations to arise from
 precessing inner accretion flow (Ingram et al. 2009 ). Recently,
olarization measurement of Cyg X-1 in the hard state indicated a
orizontally extended, slab-like, corona (Krawczynski et al. 2022 ).
ince during the hard states we generally detect type-C QPOs, we
an associate them with a horizontally extended corona, akin to what
e got for J1655. 
Previous studies using the VKOMPTHDK model (and its dual-

omponent variant VKDUALDK ) are broadly consistent with the afore-
entioned idea. The evolution of the type-C QPOs during the HIMS

n MAXI J1535 −571 shows that the corona size initially decreases
nd then increases rapidly towards the end of the HIMS. The feedback
raction, on the other hand, evolv es conv ersely suggesting that the
orona transformed from a horizontal to a vertical structure (Zhang
t al. 2022 ; Rawat et al. 2023 ). Towards the end of the HIMS,
he corona of MAXI J1535 −571 reached its maximum size. The
ransition from the HIMS to the SIMS was coincidental with the
jection of a transient jet and the appearance of type-B QPOs.
hang et al. ( 2023 ) analysed these type-B QPOs and showed that

he corona contracted in the vertical direction, and the feedback
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raction gradually increased along the SIMS. The type-B QPOs in 
AXI J1348 −630 and GX 339 −4 have been shown to require two

hysically connected structures (Garc ́ıa et al. 2021 ; Bellavita et al.
022 ; Peirano et al. 2023 ). Often the larger of the two structures is
nterpreted as a jet and the smaller structure, with a higher feedback
raction, is associated with a compact corona. These studies with 
he dual-component model ( VKDUALDK ) suggest that the corona 
arbours a complex geometry with the presence of both a horizontal 
nd vertical structure. Depending on the strength of their variability, 
ne or both the structures manifest themselves in the data. Recently, 
 ́endez et al. ( 2022 ) found a strong connection between the corona

nd the jet in GRS 1915 + 105, suggesting that the former morphs
nto the later due to a redistribution of the accretion power. While
he y observ ed only type-C QPOs during the HIMS, the changes in
he corona could be due to the source approaching the SIMS. Since
ype-B QPOs were not detected, the source probably never made 
he transition to the SIMS. Our analysis of J1655 during the ULS
emonstrates one such rare instance when the transition has taken 
lace and both the corona and the jet are simultaneously present. 
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