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Abstract: The X-ray timing properties serve as crucial tool to understand the physical mechanism, such
as accretion and jet physics, of black hole X-ray binary (BH XRBs). The study carried out a systematic
timing analysis of the Swift J1727.8-1613. The observational data come from the Hard X-ray Modulation
Telescope (Insight-HXMT) in 2023, when Swift J1727.8-1613 was transitioning from low-hard state
(LHS) to the hard-intermediate state (HIMS). We analyzed their power density spectrum (PDS) and find
an obvious type-C quasi-periodic oscillations (QPOs) with the QPO frequency increasing from 0.2 Hz
to 1.8 Hz. Detailed light curve and power spectral analysis revealed that the root-mean-square (RMS)
amplitude of the QPOs gradually decreased from ~14% to ~10%. These observational characteristics
show excellent agreement with predictions from the Lense-Thirring precession model under the
truncated disk scenario, suggesting that the increasing precession frequency results from the inward
migration of the inner accretion disk radius.

Keywords: accretion disk; black hole physics - X-ray binary: Individual (Swift J1727.8-1613)

1. Introduction

Based on the mass of the companion star, black hole X-ray binary (BH XRBs) can be classified into
high-mass X-ray binaries (HMXBs) and low-mass X-ray binaries(LMXBs). BH XRBs spend most of
their time in a quiescent state, where the accretion rate is low and the X-ray radiation is too weak to be
detected. As accretion proceeds, material from the companion star overflows through the Roche lobe
and enters the gravitational field of the black hole [1]. Viscous interactions between adjacent gas layers
in the accretion disk cause angular momentum to transfer from the rapidly rotating inner regions to
the slower outer regions. The inner regions, having lost angular momentum, experience a reduction in
centrifugal force and can no longer balance the gravitational pull, causing the inner material to fall
toward the center. As the material falls into the black hole, the gravitational energy is converted to
radiative energy, ultimately producing intense X-ray radiation and resulting in X-ray outbursts [2,3] .

The Hardness-Intensity Diagram (HID) is usually used to describe the state transitions of BH
XRBs. A normal outburst typically undergoes four distinct states: the low hard state (LHS), the hard
intermediate state (HIMS), the soft intermediate state (SIMS), and the high soft state (HSS) [4,5]. In
the low hard state, the X-ray emissions are dominated by non-thermal radiation from the corona or
the base of the jet [2,6]. The corona, composed of high-temperature and low-density plasma, usually
locates above the accretion disk. In contrast, in the high soft state, the X-ray emissions are dominated
by thermal radiation from the accretion disk, which has a higher temperature and emits mainly in the
soft X-ray band [7]. The hard intermediate state and the soft intermediate state represent transitional
phases between the low hard state and the high soft state [4,8]. In the hard intermediate state, the
radiations from the corona remain strong, but the thermal radiation from the accretion disk begins
to increase significantly. In the soft intermediate state, the thermal radiations from the accretion disk
gradually become dominant, while the radiations from the corona are weakening [9].
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Quasi-Periodic Oscillations (QPOs) are universal timing phenomena observed in every BH
XRBs, manifesting as nearly periodic fluctuations in the X-ray light curves [10]. The frequencies and
characteristics of QPOs are closely related to the dynamical processes in the accretion disk, making
them crucial to study the physical processes near black holes [11,12]. Based on their central frequencies,
QPOs can be classified into high-frequency QPOs (HF QPOs, vopo > 30Hz) and low-frequency QPOs
(LF QPOs, vopo < 30Hz) [13]. Based on their quality factor (Q-value), noise properties and relative
RMS (root-mean-square) amplitude, LF QPOs can be further classfied into Type A, Type B, and Type
C [14,15]. Among these, Type C QPOs usually exhibit high Q-values and significant broadband noise,
while Type A and Type B QPOs have lower Q-values and distinct noise characteristics. Type C QPOs
predominantly appear in the low hard state and hard intermediate state, potentially related to the
dynamics of the corona or the jet. Type A and Type B QPOs are mainly observed in the soft intermediate
state and may be associated with instabilities in the accretion disk or interactions between the corona
and the disk[10]. In the high soft state, where the radiation from the accretion disk dominates, QPOs
are generally not observed.To date, the origin of QPOs (quasi-periodic oscillations) remains an opening
questions in astrophysics. Numerous models have been proposed to explore the physics under the
QPO phenomena, such as the Lense-Thirring precession[16], the precessing inner flow model [11],
corrugation modes [10], and accretion-ejection instability [17]. Among these, the Lense-Thirring
precession model is widely used to explain Type C QPOs. The precessing implied that the QPOs are
contributed from the precession of the inner region of the accretion disk, that are usually induced by
the black hole’s spin [18].

Swift J1727.8-1613 is a famous BH XRBs, which was first discovered by NASA’s Swift satellite
on August 24, 2023. Following its discovery, the object was observed by multiple space telescopes
and ground-based instruments across the X-ray, radio, and optical bands, and through the analysis of
observational data, it has been identified as a low-mass black hole X-ray binary [2]. It is reported that
the source is located approximately 2.7 & 0.3 kpc from Earth [19], with the black hole having a mass of
about 10 £ 2 Mg, [20]. During the outburst, significant Type C quasi-periodic oscillations (QPOs) were
detected in the timing analysis of data from multiple space telescopes [21]. In particular, the Hard
X-ray Modulation Telescope ( Insight-HXMT ) observations primarily revealed Type C QPOs in the
frequency range of 0.1-8.0 Hz, providing crucial data for studying the dynamical processes around the
black hole [22,23].

In this paper,the primary objective of this study is to explore the timing properties of Swift ]J1727.8-
1613 during its 2023 outburst, with particular focus on the evolution of quasi-periodic oscillations
(QPOs). The paper is organized as follows: Section 2 describes the observations and data reduction
procedures. Section 3 details our timing analysis methodology, including QPO characterization and
power spectral modeling. Section 4 discusses the physical implications of our results in the context of
accretion disk dynamics and black hole physics.

2. Observations and Data Reduction

Insight-HXMT, China’s first X-ray astronomy satellite, was successfully launched on June 15,
2017 [24-26] . Equipped with three scientific payloads, the satellite covers a broad energy range from
1 - 250 keV, enabling comprehensive observations of high-energy astrophysical phenomena. The
Low-Energy X-ray Telescope (LE) utilizes swept charge device (SCD) detectors to observe in the 1-15
keV range, with a total geometrical area of 384 cm? [27]. The Medium-Energy X-ray Telescope (ME)
employs Si-PIN detectors, operating in the 5-35 keV band and features a geometrical area of 952
cm? [28]. The High-Energy X-ray Telescope (HE), based on phoswich Nal(Csl) detectors, covers the
20-250 keV range with a total geometrical area of 5100 cm? [29]. Together, these instruments allow
Insight-HXMT to study a variety of X-ray sources, including black holes, neutron stars, and gamma-ray
bursts, providing valuable insights into the high-energy processes governing these objects.

The observations of Swift J1727.8-1613 from the Insight-HXMT spanned from August 25, 2023, to
October 6, 2023, comprising a total of 34 independent observation sessions. In this study, we initially
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selected the first ten available observation IDs, comprising 104 exposures in total. However, quasi-
periodic oscillations (QPOs) were only detected in 99 of these exposures. Detailed information on the
selected data is provided in Table 1. In Figure 1, we present the light curve and hardness-intensity
diagram (HID) for the LE (2-10 keV) band. From the light curve, it can be seen that the count rate of
LE band rapidly increased from approximately 1250 counts/s to around 3250 counts/s. The count rate
peaked near MJD 60186 and then began to decline gradually. The hardness-intensity diagram indicates
that the source was in a transitional state between the low hard state and the hard intermediate state

during this period.
Table 1. The results of timing analysis of Swift J1727.8-1613.

Exposure ID Start M]D Exposure Time(s) QPO Frequency (Hz) RMS Q-value
P61433800108  60182.28 2504 0.2427000 11.1727977% 673
P61433800109  60182.41 2240 0.28570503 12.3437080 675
P61433800110  60182.55 2670 0.30375503 11.777 0508 7+
P61433800111  60182.68 1290 0.33910010 143801012 6+3
P61433800112  60182.81 1118 0.3691 0002 13.385 55 9%
P61433800201  60183.05 164.6 04301902 134139500 74
P61433800202  60183.20 2784 04504000 13.02410123 11+8
P61433800203  60183.34 1775 0496 o0y 1648510373 442
P61433800204  60183.48 2453 0.511+0007 13.562100%2 9+3
P61433800205  60183.61 119.7 0.484+01026 13.032401 30718
P61433800206  60183.74 527.7 0.593 0012 14.9947 0301 472
P61433800207  60183.87 4189 0.5980000 12.6171955 22713
P61433800208  60184.00 359.1 0.638100%% 13.458101% 1548
P61433800209  60184.14 2034 0.680 005 146290164 8+
P61433800210  60184.26 2271 0.706 0007 14.080 0 505 9+5
P61433800211  60184.40 2095 0.705" 08 14.9567 055 673
P61433800212  60184.53 1727 0.71310:000 14.6587012; 9t]
P61433800301  60185.30 3292 0.88810002 14.57309% gt
P61433800302  60185.46 2555 0.878+0000 14.109101%8 9+3
P61433800303  60185.59 2691 0.814 0008 1321550110 1178
P61433800304  60185.72 2118 0.864+0512 14.142703% 573
P61433800305  60185.85 359.1 0.979" 003, 14.6457 0158 7t3
P61433800306  60185.99 435.9 1.10750058 12.902-09% 1073
P61433800307  60186.12 2753 1.06510002 15.03110%2 7+
P61433800308  60186.24 2394 1.129700H 13.85910153 9+
P61433800309  60186.38 2366 1.12615508 13.402+05% gt
P61433800310  60186.51 2006 1.1337001 13.916 055 8™
P61433800311  60186.65 2514 11461502 1433910542 8t
P61433800312  60186.78 179.5 12867003 1333310620 1477
P61433800314  60187.04 1473 1.0787 000 13.2297p2% 107¢
P61433800401  60187.15 2152 11565010 1404470127 9*%
P61433800402  60187.30 2423 1.1407 0008 141451015 8™
P61433800403  60187.44 359.1 126610012 13.4161055% 1347
P61433800404  60187.57 943.6 1.127+0817 13.806 040 7+
P61433800405  60187.70 1910 1.16970013 13.4357 0520 873
P61433800407  60187.97 777.1 1.329700% 13.807 753 87
P61433800408  60188.10 2493 133570013 13.6427 0.1 9+4
P61433800409  60188.22 1017 11970014 12.867 0310 73
P61433800410  60188.36 2419 1.205+0H 13.787+02%2 8+
P61433800411  60188.50 1796 1.178 0000 12.43870103 913
P61433800412  60188.63 463.8 1.213*+502 13.552+0058 9+2
P61433800413  60188.76 778.1 1.2327001 14.0987 032 873
P61433800414  60188.89 920.7 123710018 13.39110517 8™
P61433800501  60189.07 3148 13130011 13.68070121 gt
P61433800502  60189.22 1179 135510018 12743106 11+8
P61433800503  60189.35 2274 1.237+5419 12.67240353 gt
P61433800504  60189.49 2019 1.168" 0000 12.9187p0° 972
P61433800505  60189.62 2329 1.243+002 13.872000% 542
P61433800506  60189.75 718.2 13520002 1313550755 7+
P61433800507  60189.88 2254 1.337 0030 12.8447 202 1073
P61433800508  60190.02 2214 1450001 1346970158 7+
P61433800509  60190.15 1013 133570012 13748005 9+
P61433800511  60190.41 1197 128070017 12.488°0 1% 11*¢
P61433800512  60190.54 2029 1.296+001 1254240550 gt
P61433800513  60190.68 1717 1.30970 013 13.229701%% 9™y
P61433800515  60190.94 1421 1.23470012 13.0747p %% 8™

P61433800601  60191.06 3231 1.250+0008 132601045 Ve
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Table 1. data of radiatively efficient AGNs (continued).

Exposure ID Start MJD  Exposure Time(s) = QPO Frequency (Hz) RMS Q-value
P61433800602  60191.20 2191 1.182+0012 1260310353 gt
P61433800603  60191.34 2153 1.1357 001 13.660" 0330 673
P61433800604 6019147 1712 117610012 126690343 1073
P61433800605  60191.60 1463 1.081100% 1275110501 gt
P61433800606  60191.73 538.7 1.070* 0508 13.40910508 645
P61433800607  60191.87 359.1 11540419 11.524+0522 1012
P61433800608  60192.00 2394 1.1227 9008 12.791701% 8™
P61433800611  60192.39 1855 15311007 12.844 75280 573
P61433800612  60192.53 1736 146010017 12.65310°52 7+
P61433800613  60192.66 1666 1.3781 001 12.787103% 9+2
P61433800615  60192.92 1377 14581041 124700218 9+2
P61433800616  60193.06 2734 146370013 12.7857 0377 8™y
P61433800617  60193.19 1436 14017001 12.2127505% 87
P61433800618  60193.32 1774 1.35910016 12.965+0.165 743
P61433800801  60194.03 2753 1.2990010 14.03610053 4+3
P61433800802  60194.17 1878 1.299*012 127050520 743
P61433800803 6019431 1496 1.40070 013 12.766 (00 8™
P61433800804  60194.44 1496 1.491700% 1248570193 673
P61433800805  60194.71 1407 1.6640017 12.464752%2 8
P61433800807  60194.84 335.2 14461003 1132210299 8+
P61433800808  60194.97 2392 1.300+00H 1264310008 7+
P61433800901  60195.09 1975 1.31270 019 12.562 0000 673
P61433800902  60195.23 1609 1.387 0011 117857045, 9%
P61433800903  60195.37 1541 14061 001¢ 117180234 8+e
P61433800904  60195.50 1458 13060013 119324034 9+
P61433800905  60195.63 538.7 136810817 11.281103% 11+¢
P61433800906  60195.76 114.7 1.56570 0es 12.367 0353 573
P61433800907  60195.90 2748 1.39470 000 11.773793% 8™
P61433801001  60196.08 1938 1.38470005 11.987102% 9™
P61433801002  60196.22 1652 12651003 1134610492 8+
P61433801003  60196.36 1604 1.222+0817 11.410103%2 8t
P61433801004  60196.49 1255 1.127+541 12.031+0%8 9t
P61433801005  60196.62 299.2 1.09370 01 12.6507 5015 973
P61433801006  60196.76 167.6 1.195T001e 9.1627543 21732
P61433801007  60196.89 2936 1.303+001 12.1075018% 745
P61433801101  60197.07 1842 14631001 115434011 9+
P61433801102  60197.21 1496 150208 1069510450 11+8
P61433801103  60197.35 1768 143210013 11714159 gt
P61433801104  60197.48 1287 1.443700:5 11.156 7017, 1073
P61433801105  60197.62 239.4 142770002 11.4347 5390 7+
P61433801106  60197.75 239.4 1.653 005 9.607+030% 1173
P61433801107  60197.88 2022 1.847+001 11.08210222 9+>

601825 601850  60ISTS  60190.0 601925 601950  60197.5 015 0.16 017 0.18 0.19 020 021 022
Hardness Ratio (6-10/2-6 KeV)

Figure 1. The Light curve and hardness-intensity diagram (HID) of Swift J1727.8-1613.

The data from the Low-Energy X-ray Telescope (LE) were processed using the Insight-HXMT Data
Analysis Software HXMTDAS v2.06 . To ensure data quality, standard filtering criteria were applied:
the pointing offset angle was restricted to less than 0°.04, the Earth elevation angle was required to
exceed 10°, and the geomagnetic cutoff rigidity was set to values greater than 8 GV. Additionally, data
were excluded within 300 seconds before and after the satellite’s passage through the South Atlantic
Anomaly. These criteria were implemented to minimize background contamination and ensure the
reliability of the LE data for subsequent analysis.

1 http:/ /hxmtweb.ihep.ac.cn/software jhtml
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3. Data Analysis and Results

To investigate the timing properties of Swift J1727.8-1613, we generated light curves with a time
resolution of 1/128s. The power density spectrum (PDS) was computed with the fast Fourier transform
(FFT) method, which was implemented through the powspec task in the XRONOS package in the HEASoft
software. For each exposure, the data were divided into multiple segments, each containing 8192
new bins to ensure sufficient resolution. Firstly, the PDS was calculated for each individual data
segment, and then the resulting PDS values were averaged to generate the final composite PDS. The
PDS normalization was performed such that its integral represents the fractional root mean square
variability. To mitigate the impact of white noise, a normalization factor of -2 was applied in the
powspec task, and a geometric rebinning factor of -1.03 was used to enhance spectral resolution. The
PDS was converted into an energy spectrum format, and both the QPO and broadband noise were
fitted using a Lorentzian function within Xspec. The form of the Lorentzian function is as follows [10]:

a3 A
O .
/2 +arctan(vg/A) A%+ (v —1p)?2

L(v) =

where v denotes the Fourier frequency, vy represents the centroid frequency of the quasi-periodic

(1)

oscillation (QPO), A corresponds to the half width at half maximum, and a% is the total power obtained
by integrating L(v) over all frequencies (0 < v < o0). Through spectral fitting, we have derived the
central frequency of QPO, full width at half maximum (FWHM), and root mean square amplitude
(RMS) for each observational exposure, as summarized in Table 1. The quality factor Q is defined as
Q = 1p/(2A) (see Table 1). Figure 2 shows the evolution of the QPO frequency of Swift J1727.8-1613.
Several time points from MJD=60182 to MJD=60198 are marked in the figure, illustrating the evolution
of the QPO frequency during different observational periods. As illustrated in Figure 2, it can be
seen that the QPO frequency exhibited a significant rising trend at MJD=60182-60186, increasing
from approximately 0.2 Hz to 1.2 Hz. Then, the QPO frequency remained stable around 1.2 Hz at
MJD=60186 - 60190. Starting from MJD=60190, the QPO frequency gradually decreased, reaching 1.0
Hz at MJD=60192. Afterward, there was an alternating pattern of increases and decreases, with the
frequency eventually reaching about 1.8 Hz. This process of rising, stabilizing, and falling frequencies
may be related to changes in the radius of the accretion disk or adjustments in the accretion rate. The
figure provides a clear observation of the dynamic variation of the QPO frequency over time, offering
valuable information for studying the dynamical processes of black hole accretion disks, such as the
evolution of the accretion disk radius and the geometric structure of the corona. Figure 3 shows the
evolution of the RMS amplitude of the QPO. From the figure, it can be found that the RMS values
remains stable and stays around 0.14 between MJD 60182 and MJD 60190. Starting from MJD 60190,
the RMS values gradually decreased, reaching about 0.10 at MJD=60198. Figure 4 displays the Power
Density Spectra (PDS) and their fitting residuals for six exposures in chronological order, showcasing
the fitting results for the QPO and broadband noise.
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Figure 2. The evolution of the quasi-periodic oscillation (QPO) frequency of Swift J1727.8-1613.
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Figure 3. The evolution of the root mean square (RMS) of the QPO in Swift J1727.8-1613.
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Figure 4. The six power density spectra of Swift J1727.8-1613.

4, Discussion and Conclusion

Our study of the black hole X-ray binary Swift J1727.8-1613 has revealed significant insights into
its accretion dynamics and quasi-periodic oscillation (QPO) behavior during its 2023 outburst. Using
data from Insight-HXMT, we tracked the source’s timing properties across multiple epochs. The light
curve in the 2-10 keV band exhibited a rapid rise in count rate from 1250 to 3250 counts/s, peaking
around MJD 60186 before gradually declining (see Figure 1). The hardness-intensity diagram (HID)
indicated a transition from the low hard state (LHS) to the hard intermediate state (HIMS), marked
by a decrease in hardness ratio from 0.22 to 0.15. Timing analysis revealed strong Type C QPOs with
frequencies evolving from 0.2 Hz to 1.8 Hz, accompanied by stable fractional RMS (~ 14%) in the initial
phase, followed by a decline to ~ 10% (see Figures 2 and Figure 3). According to the classification
criteria for low-frequency QPOs, we have classified all the detected QPOs as Type C QPOs. Chatterjee
et al. (2024) also conducted timing analysis on the first ten observation IDs (totaling 92 exposures) of
Swift J1727.8-1613, identifying QPOs in the frequency range of 0.21 4 0.01 - 1.86 £ 0.01 Hz, which they
similarly classified as Type C QPOs - consistent with our findings [30-32]. In this work, we suggest
that the observed frequency evolution matches the predictions of the Lense-Thirring (L-T) precession
model, which attributes Type C QPOs to relativistic frame-dragging effects near a spinning black hole
[e.g., [12,33-36]]. This model operates under the assumption of a truncated disk configuration. As the
accretion rate rises, the inner boundary of the accretion disk moves inward, consequently driving an
increase in the precession frequency. Here, the precession frequency vt can be expressed as [11]:
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4a 342
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where a represents the dimensionless spin parameter (—1 < a < 1), and r denotes the orbital radius
normalized by the gravitational radius R; = GM/c*. A significant inverse correlation between the
coronal truncation radius and low-frequency QPO (LFQPO) frequency demonstrates both qualitative
and quantitative consistency with the Lense-Thirring precession model originally proposed by [11,37-39].
The observational data indicate that the source is undergoing a transition from the low hard state (LHS)
to the hard intermediate state (HIMS). As the accretion rate increases, the inner radius of the accretion
disk is expected to decrease. According to the relationship between the L-T precession frequency and the
inner disk radius given by Eq.3, this reduction in inner radius should directly lead to an increase in the
precession frequency. This prediction is fully consistent with the evolution of QPO frequencies shown in
Figure 2. On the other hand, during the initial transition phase from the low hard state (LHS) to the hard
intermediate state (HIMS), the inner radius of the accretion disk remains relatively large. At this stage, the
corona structure is geometrically thick and located farther from the black hole. Its precession induces
continuous variation in the line-of-sight angle of X-ray emission. Due to the intrinsic anisotropy of coronal
radiation, the observed flux exhibits periodic modulation, contributing to the higher RMS values. As the
accretion rate increases and the inner disk radius contracts, the vertical extent of the corona diminishes,
consequently reducing the amplitude of precession-induced flux modulation - i.e., leading to decreased
RMS. This physical picture corresponds well with the evolution of RMS shown in Figure 3.
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