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A B S T R A C T 

We present, for the first time, an in-depth dynamical analysis of the spectrotemporal properties of the soft variability classes ( δ, 
κ , ω, and γ ) of GRS 1915 + 105 during the detection of ∼70 Hz High-Frequency Quasi-periodic Oscillations (HFQPOs) using 

AstroSat data. The wide-band spectra (0 . 7 − 50 keV) are well described by thermal Comptonization along with an extended 

po wer-law component. Additionally, po wer spectra (0 . 01 − 500 Hz) indicate that Comptonized photons (6 − 25 keV) primarily 

contribute to the HFQPOs. Our findings reveal that high (low) count rates referred to as ‘non-dips’ (‘dips’) in the light curves 
of the variability classes correspond to the detection (non-detection) of HFQPOs. Accumulated ‘non-dips’ (‘dips’) spectra are 
modelled separately using thermal Comptonization ( nthComp ) as well as kerrd which indicates harder spectra and smaller 
inner disc radius during the detection of HFQPOs. We conduct dynamical analyses (every 32 s) to trace the presence of 
HFQPOs, and variations in thermal Comptonization parameters ( � nth and N nth ). Moreo v er, we observ e a positiv e correlation of 
‘non-dips’ with QPO strength, HR 1, and N nth , while � nth shows an anticorrelation, suggesting that high-energy photons from 

the Comptonized corona are responsible for the HFQPOs. Furthermore, we estimate the size of the Comptonized corona using 

kerrd and diskpn to be ∼ 2 . 8 − 16 r g . Thus, we infer that a ‘compact’ oscillating corona likely modulates the high-energy 

radiation, exhibiting the 70 Hz HFQPOs in GRS 1915 + 105. 

Key words: accretion, accretion discs – black hole physics – radiation mechanisms: general – X-rays: binaries – X-rays: indi- 
vidual: GRS 1915 + 105. 
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 I N T RO D U C T I O N  

igh-frequency Quasi-periodic Oscillation (HFQPO) feature is re- 
arded as a useful tool for understanding the accretion dynamics 
round black hole X-ray binaries (BH-XRBs), as they carry the 
mprint of strong gravity from the central source. Several BH- 
RBs, such as GRS 1915 + 105 (Morgan, Remillard & Greiner 1997 ;
trohmayer 2001 ), GRO J1655-40 (Remillard et al. 1999 ), XTE
1550-564 (Homan et al. 2001 ), H1743-322 (Homan et al. 2005 ),
nd IGR J17091-3624 (Altamirano & Belloni 2012 ) were often seen 
o exhibit HFQPOs in the Rossi X-ray Timing Explorer ( RXTE ) era.
mong them, GRS 1915 + 105 generally exhibits various structured 
ariability classes (Belloni et al. 2000 ; Klein-Wolt et al. 2002 ; Naik,
ao & Chakrabarti 2002 ; Hannikainen et al. 2005 , and references

herein), and also demonstrates ultrafast modulations in some of 
hese classes (Belloni et al. 2006 ; Belloni & Altamirano 2013 ).
dditionally, temporal analyses of these structured variabilities often 

eveal HFQPOs at ∼ 70 Hz, particularly in the softer variability 
lasses ( e.g . , δ, γ , κ , μ, and ω), which is also confirmed by AstroSat
Belloni et al. 2019 ; Sreehari et al. 2020 ; Majumder et al. 2022 ;

ajumder, Dutta & Nandi 2024 ). 
 E-mail: hjsreehari@gmail.com (SH); sbdas@iitg.ac.in (SD); 
nuj@ursc.gov.in (AN) 
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The wide-band energy spectra of GRS 1915 + 105 were satis-
actorily described by the thermal disc photons and non-thermal 
omptonized emissions (Zdziarski et al. 2005 ). In fact, a disc–corona
onfiguration was also suggested by Taam, Chen & Swank ( 1997 );
ilhu et al. ( 2001 ), where they modelled the RXTE energy spectra
sing the multitemperature blackbody and a powerlaw . Vilhu & 

e v alainen ( 1998 ) studied the changes of the disc temperature,
ptical depth, and inner disc radius of GRS 1915 + 105 during the
apid variations in photon count rates. Subsequently, Titarchuk & 

eifina ( 2009 ) attempted to explain the energy spectra using the bulk
otion Comptonization model that comprises both hard and soft 

hermal components. Meanwhile, the time-resolved evolution of the 
nergy spectral parameters of this source was reported by Migliari 
 Belloni ( 2003 ) during its β class variability. 
Indeed, the origin of HFQPOs remains of great interest as these

scillations are transient as well as subtle. Ho we ver, the conclusi ve
onsensus on the origin of HFQPOs is not settled yet. In the
ecent past, Sreehari et al. ( 2020 ) speculated that the HFQPOs are
anifested possibly due to the coherent modulation of the ‘compact’ 
omptonized corona at the inner part of the disc. Similar findings are
orroborated in some of the variability classes observed with AstroSat 
Majumder et al. 2022 , and references therein). Earlier, while 
tudying γ class of GRS 1915 + 105, Belloni, M ́endez & S ́anchez-
ern ́andez ( 2001 ) found HFQPOs during the low count rate (‘dips’)

n 13 − 30 keV energy band, although such signature disappears 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0001-9661-9702
http://orcid.org/0000-0002-2214-3593
http://orcid.org/0000-0003-4399-5047
mailto:hjsreehari@gmail.com
mailto:sbdas@iitg.ac.in
mailto:anuj@ursc.gov.in
https://creativecommons.org/licenses/by/4.0/


2966 S. Harikesh et al. 

M

a  

s  

H  

G  

t  

o  

a  

w  

i  

p  

s  

f
 

d  

c  

e  

v  

a  

s  

b  

v  

G
 

s  

S  

S

2

T  

r  

C  

t  

p  

a  

u  

v  

e  

w  

5  

H  

o
c  

t  

w  

r  

s
 

s  

S  

a  

L  

c  

r  

s  

b  

k  

1

s  

i

3

3

I  

t  

G  

ω  

2  

M  

k  

T  

‘  

v  

a
 

(  

1  

(  

f  

o  

n  

r  

r  

k
 

c  

a  

u  

m  

c
T  

2  

t  

8  

p  

c  

a  

i  

i
 

m  

C  

t  

M  

f  

o  

C  

p  

a  

a  

p  

1  

p  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/540/4/2965/8157922 by C
entral Library, Indian Institute of Technology G

uw
ahati user on 19 July 2025
t low energies (2 − 13 keV). Meanwhile, Majumder et al. ( 2022 )
howed that when the thermal Comptonized component is dominant,
FQPOs are seen in the ‘softer’ variability classes ( δ, κ, ω, γ ) of
RS 1915 + 105. Following this, Majumder et al. ( 2024 ) observed

hat the soft photons lag behind the hard photons during detection
f these HFQPOs. Majumder et al. ( 2025 ) associated HFQPOs with
 larger co v ering fraction and increased Comptonization flux along
ith lower optical depth. However, there are lack of attempts to

nvestigate the correlation between HFQPOs and the energy spectral
arameters of GRS 1915 + 105 within structured variability classes
uch as κ and ω, which exhibit variations on shorter time-scales of a
ew tens of seconds. 

Being moti v ated with this, in this paper, we aim to investigate the
ynamical variation of the HFQPOs in different structured variability
lasses. To achieve our goal, we carry out a comprehensive analysis to
xamine the appearance and disappearance of HFQPOs within each
ariability class. While doing so, we consider AstroSat observations
nd make use of the short duration (32 s) data with reasonable photon
tatistics. With AstroSat data, we examine the possible correlations
etween the structured variabilities of the light curves and the
ariation of the spectral parameters to infer the origin of HFQPOs in
RS 1915 + 105. 
The paper is organized as follows. In Section 2 , we describe the

election of observations. The modelling and results are presented in
ection 3 . Finally, we discuss our findings and present conclusion in
ection 4 . 

 OBSERVATIONS  

he e xtensiv e RXTE observations facilitated the insightful findings
elated to the HFQPOs of GRS 1915 + 105 (Morgan et al. 1997 ;
ui 1999 ; Belloni et al. 2001 ; Belloni & Altamirano 2013 ). Due

o the larger collecting area, AstroSat/LAXPC (Antia et al. 2017 )
rovides high quality data that allows one to carry out in-depth
nalyses as well as understanding of the HFQPO features. Recently,
sing AstroSat/LAXPC observations, HFQPOs are reported in several
ariability classes ( δ, κ , γ , and ω) of GRS 1915 + 105 (Belloni
t al. 2019 ; Sreehari et al. 2020 ; Majumder et al. 2022 ). In this
ork, we re-analyse these ‘softer’ variability classes between MJD
7 500 and MJD 58 050 (see Fig. 1 ), during which HFQPOs of ∼ 70
z frequency are observed. In particular, we choose four AstroSat
bservations corresponding to orbit numbers 3819 ( δ class), 9670 ( κ
lass), 10 394 ( ω class), and 10 583 ( γ class), respectively. Among
hese observations, κ and ω classes show structured variabilities
ith clear presence of high count rate (‘non-dips’) and low count

ate (‘dips’) regions. Indeed, the light curves of this kind are ideally
uited for studying the spectrotemporal properties of HFQPOs. 

In order to examine light curves, power density spectra and energy
pectra, we reduce AstroSat data following Agrawal et al. ( 2018 ),
reehari et al. ( 2019 , 2020 ), and Majumder et al. ( 2022 ). For timing
nalysis, we combine LAXPC10 and LAXPC20 data, whereas only
AXPC20 data are used for spectral analysis. AstroSat/LAXPC light
urves are generated with 1 s resolution for calculating hardness
atios using LaxpcSoft . 1 While generating the power density
pectrum, we use LAXPC light curves of resolution 0.001 s. The
road-band energy spectra are generated by combining SXT (0 . 7 − 7
eV) and LAXPC20 (3 − 50 keV) data. We also use MAXI data to
NRAS 540, 2965–2974 (2025) 
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2

tudy the long-term variability of the source o v er the duration of our
nterest (MJD 57 500 to MJD 58100). 2 

 M O D E L L I N G  A N D  RESULTS  

.1 Static imprint of variability classes 

n this work, we use AstroSat/LAXPC observations to investigate
he origin and characteristics of ∼ 70 Hz HFQPOs detected in
RS 1915 + 105. We identify four variability classes ( i.e. , δ, κ ,
, and γ classes), where HFQPOs are observed (Sreehari et al.
020 ; Majumder et al. 2022 ). In Figs 1 (a) and (b), we present the
AXI light curve (2 − 20 keV) and the hardness ratio (HR: 6 − 20

eV/2 − 6 keV) of GRS 1915 + 105 during AstroSat observations.
he HR variation evidently indicates that the source remains in the

softer’ spectral states. The vertical dashed lines denote different
ariability classes, and the corresponding light curves are presented
t the inset of Fig. 1 (a). 

We generate deadtime corrected and Poisson noise subtracted PDS
see Agrawal et al. 2018 ; Sreehari et al. 2020 , for details) of GRS
915 + 105. In Fig. 1 (c), we depict PDS of the source for ω class
see Table 1 ) in wide frequency band (0 . 01 − 500 Hz). The HFQPO
eature is modelled using a Lorentzian with a centroid frequency
f 68.09 Hz, a Q factor ( ν/
ν) of 12.26 and a significance ( σ =
orm / err neg ) of 5.62. The insets show the PDS across different energy
anges, revealing that HFQPO is detected only in the 6 − 25 keV
ange, without detection of HFQPO in the 3 − 6 keV and 25 − 60
eV bands (see also Sreehari et al. 2020 ; Majumder et al. 2022 ). 

Subsequently, we perform broad-band spectral modelling
ombining both SXT (Singh et al. 2017 ) data (0 . 7 − 7 keV)
nd LAXPC20 (3 − 50 keV) data for all variability classes
nder consideration. Initially, the broad-band spectra are
odelled using phenomenological model combination of
onstant ∗Tbabs ∗edge ∗smedge ∗(diskbb + powerlaw) . 
he edge component corresponds to Xenon absorption around
9 − 32 keV (Sreehari et al. 2020 ; Majumder et al. 2022 ), whereas
he smedge component accounts for an absorption feature around
 keV which primarily depends on the disc inclination and ionization
arameters (Ross, Fabian & Brandt 1996 ). We use gain fit
ommand to take care of residuals due to instrumental features at 1.8
nd 2.2 keV of SXT . The best-fitting modelling yields the diskbb
nner disc temperature kT in ∼ 2 . 72 keV and powerlaw photon
ndex � ∼ 2 . 73. 

Further, we model the broad-band energy spectra using physical
odel components to examine the characteristics of the thermally
omptonized emissions. Accordingly, we adopt a model combina-

ion Tbabs ∗edge ∗smedge(nthComp + powerlaw) (hereafter
odel-1), where we fix the disc blackbody temperature as 0.1 keV

or seed photons. The unfolded energy spectrum along with residuals
f ω class is shown in Fig. 1 (d), where the energy range of dominant
omptonization is highlighted using grey shade. We find that the
hoton index of the thermal Comptonization component ranges
s � nth ∼ 1 . 68 − 1 . 92, electron temperature kT e ∼ 2 . 41 − 2 . 62 keV
nd powerlaw photon index � PL ∼ 2 . 14 − 3 . 15. The model fitted
arameters are tabulated in Table 1 . In case of ω class (Orbit
0394), the broad-band fit of nthComp model without the additional
owerlaw resulted in a reduced chi-squared of 1328 / 627 = 2 . 11.
fter adding the powerlaw , the reduced chi-squared impro v ed to
24 / 625 = 1 . 15 justifying the need for the powerlaw component.
 http:// maxi.riken.jp/ top/ index.html 
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HFQPOs in GRS 1915 + 105 2967 

Figure 1. Variation of (a) photon count rate as observed with MAXI and (b) the hardness ratio (HR) with time. Dashed vertical lines denote different variability 
classes as observed by AstroSat and the corresponding light curves are shown at the inset of panel (a). (c) Power spectral distribution in rms-frequency space 
is plotted for ω class observation (Orbit 10394, MJD 57995.40). At the insets, PDS in different energy band are shown. The broad-band spectrum of ω 

class modelled using constant ∗Tbabs ∗edge ∗smedge(nthComp + powerlaw) is presented in panel (d). The y-axis of all the four main panels are in 
logarithmic scale. See the text for details. 
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his additional powerlaw indicates the presence of an extended 
orona besides the thermally Comptonized cloud represented by 
thComp . The relatively higher values of photon-index ( ∼ 2 . 14 −
 . 15) of this powerlaw component can be attributed to non-thermal
rocesses such as bulk motion Comptonization (Nied ́zwiecki & 

dziarski 2006 ; Titarchuk & Seifina 2009 ). It may be noted that
ithout the smedge ( edge ) component, Model-1 resulted in a fit
ith a χ2 

red of 1 . 46(1 . 44), justifying the inclusion of these absorption
odel components. 
We continue modelling the source spectra replacing diskbb 

y diskpn (Gierli ́nski et al. 1999 ) using model combination 
babs ∗edge ∗smedge(diskpn + powerlaw) (hereafter 
odel-2) to estimate the size of the corona. Considering distance, 
ass, and inclination of the source as 8.6 kpc, 12.4 M � (Reid

t al. 2014 ; Sreehari et al. 2020 ), and 65 ◦ (Zdziarski 2014 ), the
nner disc radius is computed as R in ∼ 14 . 62 − 16 . 56 r g , where
 g is the gravitational radius. To examine the relativistic effects, 
e use kerrd (Ebisawa et al. 2003 ) model instead of diskbb

s constant ∗Tbabs ∗edge ∗smedge(kerrd + powerlaw) 
hereafter Model-3) while computing R in . The source parameters 
uch as distance, mass, and inclination are fixed in Model-3 to
he abo v e mentioned values. Since kerrd model is developed 
onsidering black hole of spin a k = 0 . 998, we obtain the inner disc
adius very close to the horizon as R in ∼ 3 . 27 − 3 . 72 r g . Based on
he findings from Model-2 and Model-3, we infer that the inner disc
adius (equi v alently size of the corona) seems to be localized in
he range 3 r g � R in � 16 r g . The best-fitting parameters for both

odels are presented in Table 1 . In this study, we exclude Model-2
rom further analysis as it uses the pseudo-Newtonian approach 
o approximate gravitational effects, rather than using the general 
MNRAS 540, 2965–2974 (2025) 
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elati vistic prescription. Ho we ver, we utilize Model-2 solely to
stimate the maximum inner disc radius that suggests the largest
lausible corona geometry. 
Further, to examine the variations in spectral parameters during

dips’ and ‘non-dips’ independently, we generate separate broad-
and spectra combining good time intervals (gti) of only the ‘dips’
‘non-dips’) for simultaneous LAXPC and SXT observations. This
nalysis is carried out independently for ω and κ class observations
nly as they exhibit distinct ‘dips’ and ‘non-dips’ in the light curve
nlike other classes. The resulting broad-band spectra are shown
n Fig. 2 and the best-fitted spectral parameters with Model-1 are
abulated in Table 2 . N nth and N PL denote the normalization of the
thComp and powerlaw components, respectively. We observe
istinct variations in spectral parameters during ‘dips’ and ‘non-
ips’. For instance, the photon index of thermal Comptonization
emains harder ( � nth ∼ 1 . 78) during ‘non-dips’ and it steepens
 � nth ∼ 2 . 06) during ‘dips’ indicating softening of spectra. We
resent the results of Model-3 in Table 2 . While � is in the range
 . 14 − 2 . 54, the inner disc radius R in is low (2 . 87 − 2 . 93 r g ) for ‘non-
ips’ compared to ‘dips’ (5 . 35 − 6 . 69 r g ). We explore these effects
urther with our dynamic spectral analysis using LAXPC data in
ection 3.2 . 
In addition, we generate the MCMC (Markov Chain Monte Carlo)

hains associated with the best-fitted spectral parameters of ‘dips’
nd ‘non-dips’ spectra in XSPEC. Contour plots were produced from
hese chains to check the correlations between spectral parameters,
hich are presented in Figs 3 and 4 for ω class (Orbit 10394)
bservations for ‘dips’ and ‘non-dips’ segments. In Model-1, the
pectrum consists of two additive components, namely powerlaw
nd nthComp . During the ‘dips’ (see Fig. 3 ), the powerlaw pa-
ameters ( � PL and N PL ) exhibit a positive correlation with each other,
hile both show an anticorrelation with the nthComp parameters

 � nth , kT e , and N nth ). Furthermore, the nthComp parameters are
hemselves mutually correlated. A similar pattern of correlations
mong these parameters is observed during the ‘non-dips’ segments
s well (see Fig. 4 ). Ho we ver, notable dif ference between the spectra
re observed with ‘non-dips’ exhibiting harder spectral distribution
lower � nth ) and higher normalizations for both nthComp and
owerlaw components ( N nth and N PL ), respectively. 

.2 Dynamical spectrotemporal properties 

xploring the dynamic nature of structured variability classes en-
ances our understanding of the origins of HFQPOs. Following
ajumder et al. ( 2022 ), we generate dynamic power spectra using

TINGRAY 

3 package (Huppenkothen et al. 2019 ), where the span
f time segments is considered as 32 s and the frequency bin size is
hosen as 1 Hz. We apply ‘bicubic’ interpolation method to smoothen
ut the PDS for plotting, as it is less noisy compared to other options
uch as ‘sinc’, and ‘spline’. ‘Bicubic’ interpolation uses a weighted
verage approach by fitting cubic polynomials to 16 neighbouring
ixels that form a 4 ×4 square around the pixel under consideration
o compute its value, thus reducing artefacts such as pixelation or
agged edges. The obtained results are presented in the second panels
f Fig. 5 for ω class (left side) and κ class (right side). The colour-
oded dynamic PDS indicates that dark red represents a strong signal,
radually fading to yellow as the signal strength decreases. The
orresponding light curves from ω and κ classes are shown in the
op panels of Fig. 5 . It is evident from these light curves that there
 https:// pypi.org/ project/ stingray/ 

https://pypi.org/project/stingray/
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Figure 2. Left: Power density spectrum (PDS) and energy spectral distribution obtained by co-adding data from the ‘dips’ segments of the light curve in the 
ω class (orbit 10394) of GRS 1915 + 105 are shown in the top and bottom panels, respectively. Right: Corresponding results obtained from the ‘non-dips’ 
segments of the light curve. See the text for details. 
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s significant oscillation in the high count-rate regions as opposed to 
he low count-rate regions. In the third and fourth panels of Fig. 5 ,
e present the hardness ratios HR1 and HR2, where HR1 is defined

s the ratio of flux in 6 − 15 to 3 − 6 keV, whereas HR2 is the ratio
f flux in 15 − 60 to 3 − 6 keV. It is evident from the figure that
FQPOs are generally detected when the photon count rates are 
igher (‘non-dips’) in both ω and κ variability classes. Further, HR1 
s also seen to correlate with the photon count rates, ho we ver no such
orrelation is observed for HR2. 

We further examine the time-dependent behaviour of the energy 
pectrum. In doing so, we model the energy spectrum in 3 − 25 keV
nergy range using Model-1 for each successive 32 s time segment 
ithin the AstroSat observations. Here, we restrict the energy range 
pto 25 keV in order to a v oid poor photon statistics at higher energies
nd hence powerlaw component is excluded while model fitting. 
he results are illustrated in 5 th and 6 th panels of Fig. 5 , depicting

he time evolution of photon index ( � nth ) and normalization (N nth )
rom the nthComp component of Model-1. We observe that � nth 

enerally exhibits an anticorrelation with the photon count rate, while 
 nth aligns with the variations in the count rate. We also note that
FQPOs disappear when � nth is higher. Notably, when HFQPOs 

re detected, R in estimated from the kerrd component of Model- 
 is found to extend at relatively smaller radii (see 7 th panel of
ig. 5 ) compared to the scenario when HFQPOs are absent. Similar
ariation of R in w.r.t. count rate variations were reported by Migliari
 Belloni ( 2003 ) though it was not in the context of HFQPOs. The

omparatively larger uncertainty in radius estimates during dips has 
o do with low photon statistics in the spectrum corresponding to that
2 s interv al. This observ ation highlights that HFQPO features are
irectly associated with higher HR1 values and lower � nth , indicating
elatively harder spectral states. It is worth noting that the count rates
or the δ and γ classes remain consistently high, resulting in stable 
pectral parameters (see Sreehari et al. 2020 ; Majumder et al. 2022 ).

Next, we estimate the source bolometric luminosity (L bol ) in 
 − 100 keV energy range as L bol = 4 πd 2 F, where d ( = 8 . 6 kpc)
efers to the source distance and F denotes the X-ray flux. For
 class observation (Orbit 10394), we obtain L bol = 0 . 19 L Edd ,
here L Edd ( = 1 . 26 × 10 38 ( M BH / M �) ergs s −1 ) is the Eddington
uminosity and M BH ( = 12 . 4 M �) is the black hole mass. Further,
e independently calculate the bolometric luminosity by adding (a) 

ll the dip segments (low count; L 

D 
bol ) and (b) all the non-dip segments

high count; L 

N 
bol ) of the structured variability classes ( ω and κ). For

 class, we obtain L 

D 
bol = 0 . 09 L Edd and L 

N 
bol = 0 . 26 L Edd , whereas

or κ class, L 

D 
bol = 0 . 07 L Edd and L 

N 
bol = 0 . 15 L Edd . With this, we

nfer that HFQPOs seem to be associated with the relatively high
ource luminosity (see bottom panels of Fig. 5 ). We also calculate
 bol for δ class (Orbit 3819) and γ class (Orbit 10583) observation. 
ll the obtained results are presented in Table 1 . 

 DI SCUSSI ON  A N D  C O N C L U S I O N  

n this paper, for the first time, we trace the dynamical evolution
f timing and spectral properties of GRS 1915 + 105 in small time
egments (32 s) of the structured variability classes exhibiting ∼
0 Hz HFQPO feature. We use AstroSat observations in the softer
ariability classes, namely δ, κ , ω, and γ classes. We find that for
MNRAS 540, 2965–2974 (2025) 
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 and κ classes, power of νQPO , HR1 and L bol correlate with the
igh count rates (‘non-dips’), while � nth and R in generally show
nticorrelation. 

Wide band (0 . 7 − 50 keV) spectral modelling of the ‘softer’
ariability classes of GRS 1915 + 105 indicates the presence of
oth thermal Comptonization component ( � nth ∼ 1 . 68 − 1 . 92) and
owerlaw component ( � PL ∼ 2 . 14 − 3 . 15) (see Sreehari et al.
020 ; Majumder et al. 2022 , for more details). These findings
eem to mimic the existence of two Comptonized components as
eported by Titarchuk & Seifina ( 2009 ). To explore the variations
urther, we considered ω and κ classes where the flux alters between
ntervals of ‘dips’ and ‘non-dips’. All the ‘dips’ segments were
ombined, resulting in a broad-band spectrum with a photon index
f � nth ∼ 2 . 06. In comparison, the accumulated ‘non-dips’ segments
ield a comparatively harder spectrum with � nth ∼ 1 . 78 for the ω
lass. The powerlaw index remains same ∼ 2 . 5 for both ‘dips’ and
non-dips’ segments. With Model-3, we obtained an inner disc radius
 3 r g for ‘non-dips’ and ∼ 6 r g for ‘dips’. We associate the inner

isc radius with the size of a Compton corona that is possibly present
etween the black hole and the disc. Contour plots of Model-1 (see
igs 3 and 4 ) indicate that the powerlaw parameters are mutually
orrelated with each other, while they are anticorrelated with the
thComp parameters. It is worth mentioning that though ‘dips’ and

non-dips’ parameters show similar trends of correlation, the ‘non-
ips’ spectra are harder (lower � nth ) and have higher normalization
N nth ). 

Notably, from a dynamic analyses of the LAXPC (3 −25 keV)
nergy spectra (divided into 32 s segments within each observation
uration), we infer that the source spectral nature is softer ( � nth �
 . 2, HR1 � 0 . 7) for the ‘dips’ segments, whereas for ‘non-dips’
egments, the spectra appear to be harder ( � nth � 2, HR1 � 1) (see
ig. 5 ). Moreo v er, we observ e that the strength of HFQPOs are
irectly correlated with the photon count rates. It is important to note
hat the dynamic energy spectra are modelled using the nthComp
omponent alone, as high-quality spectral data with sufficient photon
ounts in short durations are available only up to 25 keV. We
inned the data at 32 s to facilitate the analysis of dynamics at
horter time-scales. This enables us to estimate the contribution from
hermal Comptonization without powerlaw component. Evidently,
he existence of HFQPOs is associated with the regions that inverse
omptonizes the soft photons to produce high energy radiations (see
lso Fig. 1 d). Interestingly, δ and γ classes do not show any structural
ariability in the light curves, ho we ver, their luminosities (L bol ) are
omparable with L 

N 
bol of ω and κ classes (see Table 1 ). 

Meanwhile, several models were proposed to explain the HFQPOs
bserved from GRS 1915 + 105. Cui, Zhang & Chen ( 1998 ) and
erloni et al. ( 1999 ) proposed the relativistic precession model

RPM), where the orbital plane of the accreting particles do not
lign with the equatorial plane of the rotating black hole due to the
elati vistic frame-dragging ef fects. No wak et al. ( 1997 ) and Morgan
t al. ( 1997 ) also attempted to explain the origin of HFQPOs in
RS 1915 + 105 based on the ‘diskoseismic’ g-mode oscillation
riginally introduced by Kato & Fukue ( 1980 ) for Newtonian discs.
urther, Kato ( 2004 ) proposed that HFQPOs in GRS 1915 + 105
ay result from resonances between disc oscillation modes and

nternal disc warps. Following this, Kotrlov ́a et al. ( 2020 ) investigated
he influence of non-geodesic forces, such as magnetic fields and
adiation pressure on epicyclic frequencies, concluding that several
odels are incompatible with rapidly spinning systems like GRO

1655-40 and GRS 1915 + 105. Their findings fa v our pressure-
upported disc oscillations as a viable explanation for HFQPOs. More
ecently, Musoke et al. ( 2023 ) employed 3D GRMHD simulations



HFQPOs in GRS 1915 + 105 2971 

Figure 3. Correlations between parameters of nthComp and powerlaw components of Model-1 are presented for the ‘dips’ segment of the ω class variability. 
In addition to the contours, we also show the distribution of each parameter on the top. The powerlaw parameters, such as � PL and N PL , are positively 
correlated and both of them are anticorrelated with the nthComp parameters ( � nth , kT e , and N nth ). See the text for details. 
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o associate HFQPOs with radial epicyclic oscillations of a dense 
as ring near the tearing radius, demonstrating that disc tearing and 
recession can plausibly generate a higher frequency QPO feature. 
oreo v er, Dhaka et al. ( 2023 ) reported the possible origin of QPO

ased on the relativistic dynamical frequency model. Meanwhile, 
ihingia et al. ( 2019 ) indicates that the modulation of the compact

nner disc (equi v alently Comptonized corona) successfully exhibits 
he quasi-periodic variations of the emergent flux from a viscous 
ccretion flow. 

In addition, there were attempts to explain the structured variability 
lasses ( ω, κ , λ, and ρ), characterized by recurring ‘dip’ and ‘non-
ip’ segments, in the light curves of GRS 1915 + 105 using accretion
nstability models. These models attribute the variability to rapid 
 v acuation and subsequent gradual refilling of the inner accretion disc
riven by viscous-thermal instabilities (Belloni et al. 1997 ; Neilsen, 
emillard & Lee 2011 ; Vincentelli et al. 2023 ). Meanwhile, Janiuk,
zerny & Siemiginowska ( 2000 ) demonstrated that the radiation 
ressure-driven instability within a standard accretion disc model 
an account for the intricate temporal variability observed in GRS 

915 + 105. Ho we ver, using a model-independent approach, Nandi
t al. ( 2001 ) and Chakrabarti et al. ( 2005 ) suggested that these
hanges are likely to be associated with the sub-Keplerian accretion 
ow, as the observed transition time-scales are much shorter than 

he expected viscous time-scale. Furthermore, GRS 1915 + 105 has 
MNRAS 540, 2965–2974 (2025) 
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M

Figure 4. Same as Fig. 3 , but for ‘non-dips’ segments. See the text for details. 
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een observed to display variability and class transitions o v er a wide
uminosity range (0 . 7 − 35 per cent of L Edd ) (Athulya et al. 2022 ;
thulya & Nandi 2023 ), indicating that such variability can occur
ithout the inner disc e v acuation as proposed by disc instability
odels, and largely independent of the accretion rate. 
Overall, the present dynamic spectrotemporal analysis of ω and
variability classes in GRS 1915 + 105 reveals a clear association

etween inner disc radius variations and the presence of HFQPOs.
e find that HFQPOs at ∼ 70 Hz occur only during relatively

arder spectral states ( � nth � 2), where the inner disc is close to
he black hole ( R in � 4 r g ), suggesting a compact Comptonizing
orona. Conversely, in softer states ( � nth � 2 . 2) with larger inner disc
adii ( R in � 7 r g ), the HFQPOs are absent. Spectral modelling using
errd and diskpn components constrains the maximum inner disc
NRAS 540, 2965–2974 (2025) 
adius as ∼ 16 r g , further supporting a link between disc truncation
nd corona size. Collectively, the observed dynamic variations in
hoton index, spectral hardness, inner disc radius, and the presence
r absence of HFQPOs support the interpretation that these oscilla-
ions result from aperiodic modulations in a compact, high-energy
omptonized corona. Since the observed modulations occur on time-

cales shorter than the viscous time-scale, a sub-Keplerian accretion
ow likely go v erns this behaviour. This conjecture possibly aligns
ith theoretical prescription where the coronal structures and their

ssociated variabilities are the natural consequences of sub-Keplerian
ccretion under appropriate physical conditions (Chakrabarti &
itarchuk 1995 ; Das et al. 2014 ; Sukov ́a & Janiuk 2015 ; Debnath,
hattopadhyay & Joshi 2024 ). 
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Figure 5. Dynamical variation of spectrotemporal parameters for ω class ( left ) and κ class ( right ) are shown. The count rate (kcts s −1 ), νQPO (Hz), HR1, HR2, 
� nth , N nth , R in ( r g ), and L (L Edd ) are presented successively from top to bottom panels for ω and κ classes. The spectral parameters are derived from Model-1 for 
� nth and N nth , and from Model-3 for R in . Here, � nth and R in are anticorrelated with count rate, meanwhile all other quantities except HR2 are correlated with 
count rate. The dynamic PDS in the second panel has a frequency binning of 1 Hz and it uses ‘bicubic’ interpolation for visualization. See the text for details. 
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