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ABSTRACT

We report the first detection of evolving low-frequency quasi-periodic oscillation (LFQPO) frequencies in hard X-rays upto
100 keV with AstroSat/LAXPC during ‘unusual’ outburst phase of Swift J1727.8—1613 in hard intermediate state (HIMS).
The observed LFQPO in 20-100 keV has a centroid v, = 1.43 Hz, a coherence factor Q = 7.14 and an amplitude rms,, =
10.95 per cent with significance o = 5.46. Type-C QPOs (1.09-2.6 Hz) are found to evolve monotonically during HIMS of the
outburst with clear detection in hard X-rays (80—100 keV), where rms,,,, decreases (~ 12-3 per cent) with energy. Further, v,
is seen to correlate (anticorrelate) with low- (high-) energy flux in 2-20 keV (15-50 keV). Wide-band (0.7—40 keV) energy
spectrum of NICER/XTI and AstroSat/LAXPC is satisfactorily described by the ‘dominant’ thermal Comptonization contribution
(~88 per cent) in presence of a ‘weak’ signature of disc emissions (kTi, ~ 0.36 keV) indicating the harder spectral distribution.
Considering source mass Mpy = 10 Mg and distance 1.5 < d (kpc) < 5, the unabsorbed bolometric luminosity is estimated
as ~ 0.03-0.92 per cent Lgqq. Finally, we discuss the implications of our findings in the context of accretion dynamics around
black hole X-ray binaries.

Key words: accretion, accretion discs—black hole physics—radiation mechanisms: general —stars: individual: Swift

J1727.8—1613 — X-rays: binaries.

1 INTRODUCTION

Black hole X-ray binaries (BH-XRBs) are the ideal cosmic laborato-
ries to understand the underlying physical mechanisms that govern
the accretion dynamics around the compact objects. Interestingly, the
accreting systems become more complex when BH-XRBs undergo
various spectral state transitions during the outburst phases (and
references therein Belloni et al. 2005; Remillard & McClintock 2006;
Nandi et al. 2012; Iyer, Nandi & Mandal 2015; Sreehari et al. 2019;
Baby et al. 2021; Prabhakar et al. 2023). Indeed, these sources often
exhibit low-frequency quasi-periodic oscillation (LFQPO) features
(0.1 to <30 Hz) in the power spectra (Remillard & McClintock
2006), which generally evolve during the onset phase of the outburst.
In general, LFQPOs are considered as an effective diagnostic tool
to examine the accretion scenarios (Chakrabarti & Manickam 2000;
Chakrabarti et al. 2008; Nandi et al. 2012; Iyer et al. 2015) and the
nature of the central source (Motta et al. 2014a, b). Usually, LFQPO
features are observed at low energies (<40 keV) (and references
therein Sreehari et al. 2019; Aneesha et al. 2023) except for very
few sources (i.e. GRS 1915+105, Tomsick & Kaaret 2001; MAXI
J1535—571, Huang et al. 2018; MAXI J1820+070, Ma et al. 2021;
MAXI J1803—298, Wang et al. 2021; MAXI J1631—-479, Bu et al.
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2021), where LFQPOs are observed at higher energies. Needless to
mention that the detection of LFQPO signatures at higher energies
is a rare phenomenon and its origin remains unclear till date.
Keeping this in mind, we examine the LFQPO features in hard
X-rays observed with AstroSat for a X-ray transient source Swift
J1727.8—1613 recently discovered by Swift/BAT on 2023 August
24 (Kennea & Swift Team 2023; Negoro et al. 2023). Immediate
monitoring of the source with Monitor of All-sky X-ray Image/Gas
Slit Camera (MAXI/GSC) in 2-20 keV reveals an ‘unusual’ peak in
its X-ray flux from 150 mCrab to 3 Crab within a day (Nakajima et al.
2023) that ultimately reaches to peak value ~7 Crab. Meanwhile, the
radio counterpart of the source appears to be consistent with its
optical position, and Very Large Array (VLA; 5.25 GHz) and Allen
Telescope Array [(ATA; 5 GHz)] independently observe an increase
of radio flux from ~18 to 107 mlJy (Bright et al. 2023; Miller-
Jones et al. 2023) just after 6 d of the source discovery. Further,
VLA Low-band Ionosphere and Transient Experiment (VLITE)
continuously monitor the source in the radio frequency at 338 MHz
(Peters et al. 2023). Interestingly, during the fast rising period of
the ongoing outburst, strong QPOs in the frequency range 0.44—
0.88 Hz are observed by both NICER and Swift/BAT (Draghis
et al. 2023; Palmer & Parsotan 2023). AstroSat also observed this
source on 2023 September 2 and a prominent QPO signature was
detected in the power spectra at 1.1 Hz along with harmonic at
2.0 Hz (Katoch et al. 2023). In addition, Imaging X-ray Polarimetry
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Explorer (IXPE) reported the detection of polarized emission in hard
intermediate state (HIMS) of the source with polarization degree
PD ~ 4.1 per cent &= 0.2 per cent and polarization angle PA ~ 2.2°
=4 1.3°. Based on the polarization results and comparing X-ray flux
with known BH-XRBs, the inclination and distance of the source
are predicted as i ~ 30°-60° and 1.5 kpc (Veledina et al. 2023),
respectively.

In this paper, for the first time to the best of our knowledge,
we report the detection of energy resolved LFQPO at frequencies
Vopo ~ 1.4-2.6 Hz in hard X-rays (~100 keV) during HIMS of
Swift J1727.8—1613. Needless to mention that the large effective
area of AstroSat/Large Area X-ray Proportional Counter (LAXPC)
makes it possible to study the variability of LFQPO at high energies.
We also present the systematic evolution of LFQPO frequencies
using AstroSat observations (augmented with NICER and Swift
detections) during the onset phase of the outburst. The hardness—
intensity variation along with the spectral study suggests that the
source evolved from Low Hard State (LHS) to High Soft State (HSS)
via intermediate states [HIMS and Soft Intermediate State (SIMS)].
At present, the source transits through the decay phase.

This paper is organized as follows. In Section 2, we mention
observation details and data analysis procedures for each instruments.
In Section 3, we present results associated with source outburst,
detection, and evolution of LFQPO at hard X-rays including spectral
modelling. Finally, in Section 4, we conclude with discussion.

2 OBSERVATION AND DATA REDUCTION

AstroSat (Agrawal et al. 2017) observed Swift J1727.8—1613 on
2023 September 2 (MJD 60189) for the first time during a slew
mode operation with an offset of ~0.9° from the pointing (RA =
261.13°, Dec. = —16.01°) for 11 s (Tsre = 14:18 UT) exposure
only. The source was further observed by AstroSat as a part of Target
of Opportunity (ToO)! campaign during 2023 September 08 (MJD
60195) to 2023 September 14 (MJD 60201) for a total exposure of
~207 ks. During slew mode, LAXPC20 was operational although it
was switched off during ToO observations for safety reasons to avoid
detector saturation due to very high source count rates. LAXPC10
was operational in a low gain mode for ToO observations. Note that
we use LAXPC10 data for temporal analysis only, where data were
collected in event mode (EA).

LAXPC level-1 data are processed by LAXPCSOFT V3.4.4> to
extract events, light curves, spectra, and background files for the
good time intervals (GTIs). The LAXPC background is estimated
from the blank sky observations (Antia et al. 2017, 2021, 2022) made
close to the source observation. While using data from slew mode
operation, we use the off-axis response matrix file for LAXPC20
(Lx20csHM130FFS50 V1.0.RMF) for channel to energy conversion to
carry out both timing and spectral analyses (Antia et al. 2017; Baby
et al. 2021; Katoch et al. 2021; Bhuvana et al. 2023). As LAXPC10
operates at low gain mode, the channel to energy mapping remains
uncertain. Hence, we obtain energy-channel relation using the 60 keV
calibration peak in the veto anode A8 (Antia et al. 2017) and a feature
in background spectrum (observed before ToO observation) around
30 keV. These peaks were attributed around channels 70 and 35,
respectively, in 1024 channel space of LAXPC10, suggesting an
approximately linear response. Employing this scaling, we estimate
the low-energy threshold to be around 20 keV. With this, we adopt a

'https://astrobrowse.issdc.gov.in/astro_archive/archive/Home.jsp
Zhitps://www.tifr.res.in/~astrosat_laxpc/LaxpcSoft.html
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linear relation to obtain energy-resolved light curve. Light curves are
generated using single event, all layers data of LAXPC10 (Sreehari
et al. 2020; Katoch et al. 2021).

Swift J1727.8—1613 is also observed with NICER almost on a
daily basis since its discovery. In this work, we analyse the NICER
observations on 2023 September 2, 8, and 13, quasi-simultaneous
with AstroSat observations. Two more observations on 2023 August
25 and October 2 in different phases of the outburst are also analysed.
The data are processed using the NICER data analysis software
(NICERDAS V10) available in HEASOFT V 6.32.1° with the appropriate
calibration data base. The task NICER12 is used to generate clean
event files considering all the standard calibration and data screening
criteria. Further, the spectral products are extracted employing
nicerl3-spect tool. We select the background model 3¢50
using the flag bkgmodeltype = 3¢50 during the extraction of
spectral products.

3 MODELLING AND RESULTS

3.1 Outburst profile and hardness-intensity diagram

We study the outburst profile of Swift J1727.8—1613 using data
from multiple instruments (MAXI, BAT, and VLITE) in different
energy bands. Since its detection on 2023 August 24, the source
seems to exhibit a canonical outburst profile with a sudden rise
from quiescence followed by a slow decay. In Figs 1(a—c), we
present the results obtained from (a) 0.2 d averaged monitoring with
MAXI/GSC (2-20 keV), (b) 1 d binned light curve from Swift/BAT
(15-50 keV), and (c) radio detections using VLITE (at 338 MHz),
respectively. During the initial phase of the outburst (~27 d), source
is observed with ‘compact’ radio emission of flux ~80 mJy. However,
a significant increase of radio emission ~150 mlJy is observed during
the transition from HIMS to SIMS, which is followed by strong radio
flare with flux ~350 mlJy after ~15 d (Peters et al. 2023). In panel
(d), we depict the variation of hardness ratio (HR) defined as the ratio
of photon counts in 6-20 to 2-6 keV energy bands of MAXI/GSC.
We show the evolution of detected Type-C QPO frequency (vyp,)
during the onset phase of outburst observed with NICER, Swift, and
AstroSat in panel (e).

In Fig. 1(f), we present the hardness—intensity diagram (HID)
obtained from the MAXI/GSC monitoring, where the variation of
intensity (photons cm~2 s~!) in 2-20 keV energy range is plotted with
HR. The obtained results are plotted using colour-coded filled circles
where colourbar indicates the day number since the discovery of the
source (see also panels Figs 1a—d). As the outburst progresses, the
source traces different spectral states, namely LHS with HR ~0.6—
0.47 (DO-D3), HIMS with HR ~0.47-0.19 (D3—-D27), SIMS(R)
with HR ~0.19-0.02 (D27—D80), a long-lived HSS with HR <0.02
(D80—D130), respectively. At present, the source probably evolves
through the decay phase of SIMS (D130—till date) with HR 20.02
and flux lavel ~70 mCrab of the ongoing outburst. Note that
the observed radio detection which is strongly correlated with the
spectral states, further confirms the transition from HIMS to SIMS
(~D27) of the source along with strong radio flare detected during
SIMS.

3https://heasarc.gsfc.nasa.gov/docs/software/heasoft/
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Figure 1. Long term monitoring of Swift J1727.8—1613 with multiple instruments in different energy bands. In panels (a) and (b), variation of MAXI/GSC
and Swift/BAT count rates in 2-20 and 15-50 keV energy ranges are shown. Panel (c) represents radio flux with VLITE at 338 MHz. Variation of hardness
ratio obtained from MAXI/GSC is plotted in panel (d). Evolution of Varo in Swift J1727.8—1613 detected from different instruments is shown in panel (e).
Hardness—intensity diagram obtained from MAXI/GSC observations in 2-20 keV energy band is shown in panel (f). Colourbar indicates day number since
source discovery.
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Figure 2. Best-fitting PDS of AS2 observation (MID 60195) of Swift
J1727.8—1613 in 20-100 keV energy band. The different model components
(nine Lorentzian and one power-law) corresponding to different
characteristics are used to fit the entire PDS. The variation of residuals is
shown in the bottom panel. See the text for details.

3.2 Detection and evolution of LFQPO in hard X-rays

We examine the power density spectra (PDS) using the archival
LAXPCI10 data during the outburst phase (see Section 2, Figs la—
b). While doing so, 0.01 s time binned light curves in 20-100 keV
energy range are used to generate PDS up to the Nyquist frequency
(50 Hz) using ftool powspec* within HEASOFT v6.32.1.° We
choose 4096 newbins per interval that results 2048 frequency points
in the unbinned PDS. These 2048 frequency points are further
geometrically rebinned with a factor of 1.03 to obtain the resultant
PDS with 140 frequency bins in unit of rms> Hz~! (Sreehari et al.
2019). Accordingly, each frequency bin contains ~15 data points
which are averaged out. Because of this, the underlying likelihood
function tends to follow a Gaussian distribution (van der Klis 1989;
Vaughan 2010) in accordance with the central limit theorem and
therefore, the chi-square statistics remain valid for PDS modelling
(Papadakis & Lawrence 1993).

Each PDS is modelled with a combination of multiple
Lorentzian (van der Klis 1994b, a; Nowak 2000; Belloni,
Psaltis & van der Klis 2002; Belloni et al. 2005; Kushwaha,
Agrawal & Nandi 2021) and a power-law component within
XSPEC environment. A Lorentzian is characterized by three
parameters: centroid (LC), width (LW), and normalization (LN).
In Fig. 2, we present the various model components to describe
the PDS continuum and QPO features of epoch AS2 (MJD 60195)
in 20-100 keV energy range. While doing so, we use two zero-
centred Lorentzian (ZCL; dot-dashed in grey), two bump-like
features (BLF; dashed in blue) at ~0.2 and ~4 Hz, and one power-
law component (PL; dotted in cyan) to model the entire continuum
in 0.1-50 Hz frequency range. In addition, in modelling the complex
nature of LFQPO feature (see also Dotani et al. 1989; Belloni et al.

“https://heasarc.gsfc.nasa.gov/xanadu/xronos/examples/powspec.html
Shttps://heasarc.gsfc.nasa.gov/Iheasoft/release_notes.html
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2002), we use three Lorentzian (dotted in red) at three distinct
nearby frequencies of ~1.27, ~1.34, and ~1.43 Hz. Further, one
additional Lorent zian (solid in green) profile is required to model
the harmonic feature at ~2.76 Hz. Finally, one more Lorentzian
(dotted in magenta) is needed to model a possible QPO-like feature
at ~20 Hz. With this, we obtain best-fitting PDS with a x 2, (x*/d.0.f)
of 131/117 = 1.12 that yields a strong LFQPO feature of frequency
Vopo ~ 1.43 Hz in 20-100 keV energy band. We present the best-
fitting residuals variation in the bottom panel of Fig. 2. Following
the above approach, we further carry out the modelling of the energy
dependent PDS of epoch AS2 (MJD 60195). The best-fitting model
parameters associated to individual model components used in the
PDS fitting are tabulated in Table 1. Similar model combinations
are also used to fit the PDS (20-100 keV) of epoch AS7 (MID
60199) with the exception that the BLFs (~1, ~5, and ~8 Hz) and
complex LFQPO features (~2.17, ~2.66, and ~3.29 Hz) are present
at different frequencies.

We verify the significance of the LFQPO features by comparing the
chi-square statistics obtained from the best-fitting due to the inclusion
of respective Lorent zian components. We also examine x 2 statis-
tics of the PDS modelling with and without QPO feature. Towards
this, we compute the change in fitting chi-square value per degrees
of freedom (defined as Ax2; = (x — x2)/Adof) using best-fitting
chi-square value before ( X;?) and after ( Xf) the inclusion of respective
Lorent zian component corresponding to the difference in degrees
of freedom (Adof). Accordingly, the best-fitting statistics is realized
with the improvement of A2 due to the inclusion of respective
Lorentzian components, which are presented in Table 1. As an
example, in 20100 keV, A x2 ; are computed due to the difference of
best-fitting PDS for L1-L.8 and L1-L9 components, which renders
Ax2; = 309/3 = 103. Similar approach is followed in determining
the chi-square statistics for other energy bands. The estimated A x2
due to the inclusion of respective Lorentzian components are
presented in Table 1 for all PDS of AS2. Needless to mention that
the requirement of the different model components to obtain the
best-fitting PDS is clearly justified as Ax2; improves significantly.
We continue to carry out the analyses for AS7 as well, however we
refrain in presenting it to avoid repetition.

Following the standard approach (and references therein Belloni &
Altamirano 2013; Sreehari et al. 2019; Majumder et al. 2022,
2023), we estimate the significance (o = LNlerr,,), and Q factor
(= vgro/Av) for QPO features. We obtain ¢ and Q factor for
fundamental LFQPO as 5.46¢0 (22.970) and 7.14 (5.02) for epoch
AS2 (AS7), respectively. We further estimate the percentage rms
amplitude (rms,,; Ribeiro et al. 2019; Sreehari et al. 2020) of
the detected LFQPO and obtained as 10.95 per cent (9.21 per cent)
for epoch AS2 (AS7). Note that in both AS2 and AS7 epochs, we
consider the centroid frequency of LFQPO that renders maximum
power. Subsequently, the LFQPO parameters are computed for this
component only. All the best-fitting models and estimated parameters
are tabulated in Table 2. In Fig. 1(e), we present the evolution of
Vopo (1.09-2.66 Hz) during the entire AstroSat campaign along with
NICER and Swift/BAT detection in 0.44-0.8 Hz frequency range.

We further study the energy dependent properties of the detected
LFQPO features. Towards this, we generate PDS in different energy
bands, namely 20-40, 40-60, 60-80, and 80-100 keV. We detect
strong Type-C LFQPO features in all the aforementioned energy
bands (see Table 2) and observe that the centroid frequency (vyp,)
remains independent of X-ray photon energy as shown in Fig. 3
(AS2 and AS7 epochs). It may be noted that a ZCL component along
with an additional Lorentzian at vgpo are used to fit the PDS in
higher energy band (80-100 keV). In order to confirm the detection
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Table 2. Best-fitting QPO and harmonic characteristics obtained from different observations with LAXPC20 (AS1) and LAXPC10 (AS2 and AS7) of AstroSat.
All the quantities mentioned in the table have their usual meanings. See the text for details.

Fundamental QPO characteristics

Harmonic characteristics

Epoch Energy VQPO Av [0} Sig. rmsqpo Vhar Av 9] Sig. TMSpye TMSo szed
(Date) Range (Hz) (Hz) factor (o = e.l-}:; ) (per cent) (Hz) (Hz) factor (o = eﬁ:‘; ) (per cent) (per cent) (x%1d.o.f)
AS1 3-100  1.09%00 0.051003  21.80 2.20 9.84 +£5.84 2.16707 0797035 273 3.42 10.02 £525 22.27+£1039  1.00 (44/44)
(2023-09-02)  3-20 1.097004 0.05092  21.80 2.16 1142 +£6.27 2247030 070704 3.20 3.38 10.09 £5.05 19.11 £ 11.94  1.02 (45/44)
AS2 20-100  1.434002 0201098 7.14 5.46 10.95 +£2.14 2.76%500 0.697015  4.00 6.67 6.64+031 2188+ 171 1.12(131/117)
(2023-09-08)  20-40 142702 0.22%0%0 645 6.51 1262 £2.04 2.76%50; 0737015 378 6.37 7.75+£0.63 2482194 110 (128/116)
40-60 1387001 0.23%0:0 6.00 23.11 1044 £ 1.28 3.01%03% 154703 1.95 247 11.49£2.05 28.65+5.18 1.06(135/127)
60-80  1.371501 0.24%004 571 7.84 5.30 +1.22 - - - - - 2644 £3.06  1.19 (153/129)
80—100  1.371507 0175553 8.06 3.23 298 £ 1.10 - - - - - 2878 £3.63  0.85(77/91)
AS7 20-100  2.66+001 0.53%50  5.02 22.97 9.21 £ 1.35 - - - - - 1755+ 1.69  1.13 (130/115)
(2023-09-13)  20-40  2.66700] 0.53%00  5.02 23.90 11.87 £2.17 - - - - - 2295+£0.92 1.37(157/115)°
40-60  2.66700 0.63%002 422 11.26 9.57 +1.76 - - - - - 2646 £2.61  1.07 (134/125)
60—80  2.69100% 0.69%0%  3.90 5.41 527+ 1.24 - - - - - 24324£298 119 (159/134)
80—100  2.6470%¢ 041793 644 3.81 4.17£1.25 - - - - - 26.62+£3.65  0.88(80/91)

Notes. a

Lorentzian for modelling.
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Figure 3. Best-fitting power spectra of Swift J1727.8—1613 in different
energy bands (obtained from AstroSat/LAXPC10 observations). Panels (a)
and (b) are for epoch AS2 and AS7 and residual variations are shown at the
bottom of each panel. For clarity, power spectra in 20-100, 20-40, 40-60, 60—
80, and 80-100 keV energy bands are scaled by multiplying with constants
950, 150, 40, 20, and 5. Panels (c) and (d) show the results obtained from
simftest in 80-100 keV energy band of both observations. See the text
for details.

significance of QPO, we perform simulation using simftest inside
XSPEC (Athulya et al. 2022; Bhuvana et al. 2023; Li et al. 2023;
Sharma, Jain & Paul 2023) to obtain the probability of best-fitting
without the LFQPO features in 80-100 keV energy band. In Figs 3(c—
d), we present the distribution of the difference of chi-square values
with and without LFQPO feature for 1000 simulated power spectra.
The change of the chi-square value obtained from the real observed
data (Ax2,) by modelling the LFQPO feature is found outside the
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elTyeg being the negative error of normalization of the fitted Lorent zian. "Higher Xid is observed due to the excess residuals at ~2 and ~35 Hz (AS7), and we refrain using additional
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Figure 4. Plot of rms,, with energy visualized in terms of Swift/BAT (B)
and MAXI/GSC (M) fluxes. Colour coded filled circles, triangles, and squares
denote frequency of LFQPO of Vopo = 1.43 (AS2), 2.03 (AS5), and 2.66 Hz
(AS7), respectively. Points marked with ‘B’ and ‘M’ are horizontally shifted
for better visibility. Horizontal and vertical colourbars denote Swift/BAT and
MAXI/GSC fluxes.

distribution of the change in chi-square value (A x2,,) obtained from
the simulation. These findings evidently indicate that the detected
Vopo 18 directly associated with the hard X-ray emissions. The energy
dependent model fitting and estimated parameters along with fit
statistics are tabulated in Table 2.

Furthermore, we study the variation of energy-resolved rms
amplitude (rms ) of the LFQPOs as function of Swifi/BAT (B) and
MAXI/GSC (M) fluxes. The obtained results are shown in Fig. 4,
where filled coloured circles, triangles, and squares denote the Type-
C LFQPO of vy, = 1.43 (AS2), 2.03 (ASS5), and 2.66 Hz (AS7)
observed with AstroSat in different energy bands. In the figure,
all points marked with ‘B’ and ‘M’ are shifted horizontally for
better clarity. The horizontal and vertical colourbars demonstrate
the quasi-simultaneous Swift/BAT (counts in cm™2 s~! within 15—
50 keV) and MAXI/GSC (photons in cm™ s~! within 2-20 keV)
fluxes. We observe rms,,, ~ 13 per cent at 20-40 keV which drops
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Table 3. Best-fitting and estimated spectral parameters obtained from the fitting of energy spectra with NICER and AstroSat in 0.6—40 keV energy range.
All notations have their usual meanings. The errors are computed with 90 per cent confidence level.

Model components Model parameters NI1

AS1 + NI2 NI3 NI4 NI5

Fitted parameters

Tbabs ny(x 10%) em—2 0.19%001 0.21%01 0.20%91 0.2270% 0.19%01
diskbb KTy (keV) 0.32790) 0.361001 0.407002 0.60790) 0.7010:01
Naiskbb(x 10%) 0.82793¢ 541016 011018 0.13700% 0.0910:01
nthcomp kT, (keV) 3.9370¢ 6.837930 4.261549 4 4.61°
Toin 607052 847001 807502 967001 265705
Gaussian E (keV) - 6.411006 - 6.711002 -
o (keV) - 07" - 0.301513 -
norm - 0.11773:008 - 0.016+9%07 -
Estimated parameters
Faise (x 1077) ergem=2 57! 0.137%01 0.35201 0.36201 0.3010:%2 0.37+9!
Fon (x 1077) ergem=2 57! 27402 3.527001 83100 241700 691002
Frol (x 1077y ergem=2 571 417902 3.98%0¢1 2.207002 273400 2.0610.03
Disc contribution (per cent) 9.22 8.79 16.36 10.99 17.96
Compt. contribution (per cent) 90.07 88.44 83.18 88.24 82.04
Lpol (in Lgaa) 0.029 £0.001°  0.0824£0.002°  0.046 £0.001®  0.057 £0.003°  0.042 £ 0.004°
0.32 £0.01° 0.92 £0.01° 0.51 £0.01° 0.63 £ 0.02¢ 0.48 £ 0.04¢
T 12.03 £ 1.20 6.97 £0.22 9.49 =+ 0.64 8.66 + 1.88 526 £ 1.05
y- par 445021 2.60 £ 0.05 299 £0.11 234 £0.15 1.01 £ 0.08
x2d.of (x2) 135/136 (0.99)  223/225(0.99)  137/135 (1.01)  124/142(0.87)  159/161 (0.99)

Note. aErozen parameter. ®Source distance d = 1.5 kpc. ®Source distance d = 5 kpc. Lggq = 1.3 x 10°° erg s=! for a 10 Mgblack hole.

down around ~ 2.5 per cent at 80-100 keV for all epochs under
considerations. It is noteworthy that Swift/BAT flux anticorrelates
with v, in all energy bands, whereas MAXI/GSC flux increases
with v,

3.3 Spectral energy distribution

We investigate the spectral properties of Swift J1727.8—1613 using
combined NICER/XTI and AstroSat/LLAXPC20 observations in 0.6—
40 keV energy range. The spectral analysis is carried out for quasi-
simultaneous NICER and AstroSat observations during epoch AS1
and NI2. In addition, the spectral distribution of the source is
studied using NICER observations NI1, NI3, NI4, and NIS5 in 0.6—
10 keV energy range, when AstroSat/LAXPC20 monitoring were not
available.

Spectra are modelled using XSPEC V12.13.0C in HEASOFT V6.31.1.
We adopt a model combination const*xTbabs* (Gaussian +
diskbb + smedgesxnthcomp) to describe the spectral distri-
bution. Here, const takes care of the cross-calibration between
the spectra of different instruments and Tbabs is used for the
galactic absorption. The models diskbb (Makishima et al. 1986)
and nthcomp (Zdziarski, Johnson & Magdziarz 1996) represent the
standard accretion disc and thermal Comptonization components.
The Gaussian is incorporated in the spectral fitting to model the
iron line emission at ~6.4 keV. Additionally, a smedge component
is used at ~9.94 keV to improve the residual variations only for
AS1 + NI2 observations. It may be noted that NICER spectra showed
two instrument lines at 1.8 and 2.2 keV, which are modelled using
two additional Gaussian. With this, we obtain an acceptable fit

with x2, of 0.99. The resultant fit indicates the presence of a weak
disc signature having temperature of 0.36 & 0.01 keV. Moreover,
a hard Comptonized spectral tail of photon index 1.84 + 0.01 and
electron temperature 6.83703) keV are obtained. We compute the
flux associated with different spectral components as well as total
bolometric flux using the convolution model cf1lux in 0.5-50 keV
energy range. Following Zdziarski et al. (1996) and Majumder et al.
(2022), we estimate the optical depth (7) and Compton y-parameter
(y-par). We find that the NICER spectra are well-described with
the aforementioned model without the smedge component. All
the model fitted and estimated spectral parameters are tabulated in
Table 3. The best-fitting spectra obtained from NICER and AstroSat
observations and the corresponding residuals are shown in Fig. 5.

4 DISCUSSION

In this paper, we report the discovery of evolving LFQPO fea-
tures (1.4—2.6 Hz) at hard X-rays (~100 keV) with AstroSat
during the ‘unusual’ outburst phase of Swift J1727.8—1613. The
source traces the canonical hysteresis loop in the HID with a
fugacious HSS followed by a decay phase. During the AstroSat
campaign, the source was in HIMS dominated by the Comptonized
emission (~ 83-86 per cent) with weak signature of disc emission
(~ 11-16 per cent) and temperature kTi, ~ 0.4-0.6 ke V.

The most fascinating results we report in this work are the
significant detection of energy dependent LFQPO features above
40 keV, particularly in the energy range of 80-100 keV with Q >
6 and 0 > 3 (see Table 2 and Fig. 3), when the source was in

HIMS. We observe that as the outburst progresses, vy, is evolved
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Figure 5. Upper panel: Best-fitting energy spectra of Swift J1727.8—1613
with NICER and AstroSat observations during the onset phase of the outburst.
Lower panels: Residuals variations obtained from the fitting with different
model combinations.

from ~0.44 to 2.66 Hz during LHS (NICER and Swift/BAT) and
HIMS (AstroSat) (see Fig. 1). The unfolded energy spectra (Fig. 5)
clearly indicate that the spectral energy distribution is dominated by
non-thermal emission with electron temperature k7, ~ 4-7 keV and
spectral index I" ~ 1.6—1.9 (see Table 2).

The detection of LFQPO (vy,, <1 Hz) at high energies
(>100 keV) was earlier reported for few BH-XRBs (MAXI
J1820+4-070, Ma et al. 2021 and MAXI J1803—298, Wang et al.
2021), however strong LFQPO (vy,, ~ 1-10 Hz) at energies
<100 keV were observed in MAXI J1535—571 (Huang et al. 2018)
and MAXI J1631—479 (Bu et al. 2021) sources. It was suggested
that the Lense—Thirring (LT) precession of the inner hot flow can
account for the possible origin of Type-C LFQPO of BH-XRBs
(see Ingram et al. 2016, for details). Considering this, efforts were
further given to investigate the Type-C LFQPOs using LT precession
of a small-scale jet, where jet rotates and twists around the spin
axis of BH resulting the modulation of the observed flux (Ma et al.
2021). However, this scenario bears limitations as it requires steady
increase of jet precession in order to explain the evolution of LFQPO
of vgpo ~ 1.09 —2.66 Hz as detected in Swift J1727.8—1613 at
high energies >40 keV. In addition, while explaining the evolution
of vgpo considering the jet precession model for low-inclination
source (~29°), Bu et al. (2021) claimed that the frequency of Type-C
LFQPO generally increases with the decrease of jet height. However,
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jets are unlikely to be decoupled in LHS/HIMS (Fender, Belloni &
Gallo 2004; Fender, Homan & Belloni 2009) and hence, this model
also suffers shortcomings to explain the evolution of QPO for Swift
J1727.8—1613, although the orbital inclination of this source is
recently reported as 40° (Peng et al. 2024). Moreover, as there is no
energy dependence of vgpo observed for this source (see Table 2), it is
implausible that any differential precession is involved in exhibiting
the LFQPO (Ingram et al. 2016). Needless to mention that the
evolution of the Type-C LFQPO (vqpo ~ 0.1-30 Hz) is observed in
the BH-XRBs having time-scale of 5-20 d (Remillard & McClintock
2006; Nandi et al. 2012; Radhika & Nandi 2014; Radhika et al. 2016),
which remains challenging to explain till date.

What is more is that the Type-B QPOs are generally observed
during the spectral state transition from HIMS to SIMS as well as in
SIMS (Fender et al. 2004, 2009; Radhika et al. 2016; Huang et al.
2018; Ingram & Motta 2019, and references therein). However, for
Swift J1727.8—1613, we find that all the LFQPOs (vopo ~ 0.44—
2.66 Hz) are observed in LHS and HIMS with rms,,, ~ 10 per cent
and Q > 5, which are indeed the prime characteristics of a Typc-C
QPO (Belloni et al. 2005; Nandi et al. 2012; Ingram & Motta 2019).

Meanwhile, alternate possibilities are also suggested that com-
prehend the local inhomogeneity in accretion disc yielded the time
varying modulation of the inner ‘hot’ flow and hence, it contributes
in resulting vg,, (Huang et al. 2018; Bu et al. 2021). In reality,
this conjecture resembles the corona oscillation scenario caused
due to the undulation of the ‘hot’ and ‘dense’ downstream flow
in the vicinity of the black holes (Molteni, Sponholz & Chakrabarti
1996). Since v, is comparable to the inverse of the infall time-
scale (fipran) (Chakrabarti & Manickam 2000) and fiygy strongly
depends on corona geometry, it is more likely that v, increases as
the region occupied by the downstream flow decreases (Chakrabarti
et al. 2008; Nandi et al. 2012; Iyer et al. 2015). Indeed, the dynamics
of the downstream flow can be regulated by tuning the accretion
parameters, namely accretion rate and viscosity (Chakrabarti &
Molteni 1993; Das et al. 2014). When the soft photons from the
upstream are upscattered at the inner ‘hot’ flow, high-energy X-
ray emissions are produced because of the inverse-Comptonization
process (Chakrabarti & Titarchuk 1995; Mandal & Chakrabarti
2005). Accordingly, LFQPO is likely to observe at high energies
whenever the source remains in harder spectral state dominated by
the Comptonized emission in presence of weak disc signature.

To summarize, we report the first detection of evolving LFQPO
features of Swift J1727.8—1613 above 40 keV in HIMS observed
with AstroSat. In addition, to the best of our knowledge, Swift
J1727.8—1613 is the third known BH-XRB that exhibits significant
detection of LFQPO (>1 Hz) at higher energies (~100 keV).
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