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Black-hole X-ray binary Swift J1727.8–1613 shows simultaneous Type-B and Type-C quasiperiodic oscillations across the hard-intermediate and soft-intermediate states
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Abstract

We present a timing analysis of Insight-HXMT observations of the black-hole X-ray binary Swift J1727.8−1613 across a bright soft X-ray flare on September 19, 2023 (MJD 60206). At the peak of the flare, the source undergoes a brief transition from the hard-intermediate state (HIMS) into the soft-intermediate state (SIMS), marked by the simultaneous appearance of three discrete radio jet ejections, a drop in broadband noise in the 2−10 keV band, and the presence of a narrow quasi-periodic oscillation (QPO) with a characteristic “U”-shaped phase-lag spectrum and a quality factor of Q ≥ 6, features that robustly identify it as a Type-B QPO. The Type-C QPO, which was clearly detected in the HIMS prior to the flare, is not observed at the flare’s peak and only reappears afterward. Most notably, we find that the Type-B QPO is not restricted to the SIMS: it is present throughout all our observations, including those taken in the HIMS, where it appears as a broad shoulder of the Type-C QPO. During the flare, the Type-B and Type-C QPOs exhibit distinct evolutionary trends in frequency, fractional rms amplitude, and phase lag. These results challenge the traditional view that Type-B QPOs are exclusive to the SIMS, a state that is, in fact, defined by their appearance in the power spectrum, and directly linked to discrete jet ejections. Instead, our findings suggest that the physical conditions giving rise to Type-B QPOs occur more broadly within the inner accretion flow.
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1. Introduction
Black-hole X-ray binaries (BHXBs) are typically transient systems that stay most of the time in the quiescent state, but show recurrent bright X-ray outbursts lasting for weeks to months (e.g. Tanaka & Shibazaki 1996; McClintock & Remillard 2006). During the outbursts, the time-averaged X-ray energy spectrum typically consists of a thermal and a power-law (PL) component (e.g. McClintock & Remillard 2006). The thermal emission originates from the accretion disk (Shakura & Sunyaev 1973) and is well described by a multi-temperature black-body with a characteristic temperature around 1.0 keV. The PL component is attributed to the so-called corona with temperatures of up to ∼100 keV (e.g. Sunyaev & Titarchuk 1980), in which soft photons from the accretion disk are inverse-Compton scattered.
Short timescale variability ranging from milliseconds to hundreds of seconds is very common in BHXBs (see Belloni et al. 2011; Ingram & Motta 2019, and references therein). Quasiperiodic oscillations (QPOs), appearing as narrow peaks in the power spectrum, are a prominent feature in BHXBs. Low-frequency QPOs (ranging from 0.1 to 30 Hz) are typically classified into three subtypes–Type A, Type B, and Type C–based on their centroid frequency, amplitude, quality factor, and the characteristics of the accompanying broadband noise (Wijnands et al. 1999; Remillard et al. 2002; Casella et al. 2005).
Based on the X-ray energy spectrum and timing properties observed during an outburst, as the source moves counterclockwise tracing a “q” shape in the hardness intensity diagram (HID; e.g. Homan & Belloni 2005; Belloni 2010; Belloni et al. 2011), the outburst is generally categorized into four spectral–timing states: a low hard state (LHS), a hard intermediate state (HIMS), a soft intermediate state (SIMS) and a high soft state (HSS). At the onset of an outburst, the source enters the LHS. During this state, the energy spectrum is dominated by the PL component. Strong broadband noise and Type-C QPOs are typically observed, with a high total fractional rms amplitude of ∼30% in the ∼2 − 15 keV band (Méndez & van der Klis 1997; Homan & Belloni 2005; Muñoz-Darias et al. 2011). Normally, as the outburst progresses, the source transitions into the intermediate states near the peak of the outburst light curve. In these states – which include the HIMS and the SIMS – the accretion disk emission becomes significant, accompanied by an increase in the temperature of the disk blackbody component. The timing properties in the HIMS are a continuation of those in the LHS, with an increase in the characteristic frequencies of the variability components and a decrease in the total fractional rms amplitude (Homan et al. 2001; Homan & Belloni 2005; Muñoz-Darias et al. 2011). When the source transitions from the HIMS to the SIMS, Type-C QPOs are replaced by Type-B QPOs and the total fractional rms amplitude drops to below ∼10% (Homan & Belloni 2005; Muñoz-Darias et al. 2011; Motta et al. 2015). When the source enters the HSS, the energy spectrum becomes dominated by the thermal emission from the accretion disk, while the PL component becomes weak or even undetectable (Méndez & van der Klis 1997; Homan & Belloni 2005; Belloni 2010; Jin et al. 2024). Sometimes, Type-A QPOs are detected during this state (Zhang et al. 2023a).
In the ∼2 − 15 keV band, the rms amplitude of Type-C QPOs varies from a few percent up to 20% (Remillard et al. 2002; Casella et al. 2005; Motta et al. 2015). These QPOs are usually narrow with quality factors of Q ≥ 8 (Q = ν/FWHM, where ν is the centroid frequency and FWHM is the full width at half maximum of the QPO), exhibit variable frequencies ranging from 0.1 to 30 Hz, and are superimposed on a strong broadband noise (e.g. Motta 2016). For Type-B QPOs, the fractional rms amplitude is typically up to 5% in the ∼2 − 15 keV band (e.g. Ingram & Motta 2019), with Q ≥ 6 and variable frequencies in the range of ∼4 − 6 Hz, accompanied by weak broadband noise variability.
The fractional rms amplitudes of both Type-C and Type-B QPOs initially increase with energy, flattening at energies above 10 − 20 keV (e.g., Huang et al. 2018; Zhang et al. 2020; Liu et al. 2022). The energy-dependent phase-lag spectra of Type-C QPOs show significant evolution as the QPO frequency increases, transitioning from hard to soft lags (e.g., Zhang et al. 2020; Rawat et al. 2025). A hard (soft) lag indicates that high- (low-) energy photons lag behind low- (high-) energy photons. Type-B QPOs, on the other hand, usually show “U”-shaped phase-lag spectra (e.g., Belloni et al. 2020; García et al. 2021; Ma et al. 2023; Peirano et al. 2023; Zhang et al. 2023b).
Rapid and sudden transitions between Type-C and Type-B QPOs have been observed in BHXBs (Casella et al. 2004; Homan et al. 2020; Liu et al. 2022). Homan et al. (2020) reported that in MAXI J1820+070 a Type-C QPO, with a centroid frequency of ∼8 Hz, abruptly transitions to a Type-B QPO with a centroid frequency of 4.5 Hz, accompanied by a sudden decrease in the strength of the broadband noise. A similar sudden transition was observed in MAXI J1348−630 (Fig. 5 of Liu et al. 2022). In these cases, the power spectra exhibit a sudden transition from one pattern to another. Type-B and Type-C QPOs have previously been detected simultaneously in only two cases: during oscillations in the X-ray light curve of the peculiar source GRS 1915+105 (Soleri et al. 2008) and in GRO J1655−40, when it was in the atypical ultraluminous state (Motta et al. 2012; Rout et al. 2023). So far, no instances of simultaneous Type-B and Type-C QPOs have been reported in any of the canonical accretion states, LHS, HIMS, SIMS, or HSS.
The appearance of Type-B QPOs, indicating the source enters the SIMS, is typically accompanied by a radio flare (Fender et al. 2009; Miller-Jones et al. 2012; Russell et al. 2019; Homan et al. 2020). However, studies by Carotenuto et al. (2022, 2024) suggest that the correlation between Type-B QPOs and jet ejections is not always clear. This radio flare is the result of discrete jet ejection events (Corbel et al. 2005; Miller-Jones et al. 2012; Russell et al. 2019; Wood et al. 2025). A good example of the appearance of type-B QPOs at the same times of discrete jet ejections is reported by Homan et al. (2020) in MAXI J1820+070. Thanks to the potential of the power- and cross-spectra joint-fit method (Méndez et al. 2024) to reveal weak variability components, in this paper we could reconsider the connection between the appearance of the Type-B QPO and the transition into the SIMS.
Several models have been proposed to reproduce the Type-C QPO and its properties, including general-relativistic Lense-Thirring precession (Ingram et al. 2009; Ingram & van der Klis 2015; Ingram et al. 2016, 2017), a resonance between the disk and the corona (Mastichiadis et al. 2022; Bellavita et al. 2022) (see also; Karpouzas et al. 2020; García et al. 2021), and instabilities between a jet-emitting and standard accretion disk (Ferreira et al. 2022). Regarding the origin of the Type-B QPO, Stevens & Uttley (2016) performed a phase-resolved spectroscopic study of the Type-B QPO in GX 339−4 and suggested that this QPO can be explained by a precessing jet (see also; Kylafis et al. 2020).
Swift J1727.8−1613 was first detected by Swift/BAT when the source went into a bright X-ray outburst in August 2023 (Page et al. 2023). This source was later dynamically confirmed as a BHXB (Mata Sánchez et al. 2025). During the outburst the X-ray photon count rate of the source rose rapidly and then decayed slowly (Mereminskiy et al. 2024; Yu et al. 2024), followed by a series of X-ray flares (Yu et al. 2024). Strong Type-C QPOs were observed in the LHS and HIMS of the outburst in Swift J1727.8−1613 (Mereminskiy et al. 2024; Yu et al. 2024; Jin et al. 2025). The Type-C QPO frequency increased and then stabilized at ∼1.0 − 1.5 Hz as the source entered the initial rise and plateau phases (Mereminskiy et al. 2024; Yu et al. 2024; Jin et al. 2025). During the so-called flare state, the Type-C QPO frequency varied in a frequency range of 2 − 10 Hz (Yu et al. 2024; Jin et al. 2025), accompanied by multiple radio flares (Ingram et al. 2024; Wood et al. 2025).
In this paper, we focus on the bright soft X-ray flare on September 19, 2023 (MJD 60206), reported by Wood et al. (2025), and study the evolution of the variability during this flare using the method proposed by Méndez et al. (2024). The paper is organized as follows. In Section 2 we describe the data reduction and analysis, in Section 3 we show the results from the timing analysis, and in Section 4 we discuss our results.
2. Observations and data reduction
We used the Insight-HXMT data analysis software Insight-HXMTDAS (version 2.06) and the latest CALDB files (version 2.07) to process the data, using only data from the small-FOV detectors. Here we analyzed the Insight-HXMT data of Swift J1727.8−1613 taken in the period September 17−22, 2023. We created good time intervals (GTIs) with the following selection criteria: a pointing offset angle of < 0.04°, an elevation angle of > 10°, geomagnetic cutoff rigidity of > 8 GeV, and the satellite being at least 300 s away from the crossing of the South Atlantic Anomaly (SAA). We estimated the background with the LEBKGMAP, MEBKGMAP, and HEBKGMAP tasks in Insight-HXMTDAS.
We used GHATS1 to compute the Fast Fourier Transform to produce power-density spectra (PDSs) in different energy bands and cross spectra (CSs) of pairs of energy bands, for each individual GTI. We computed the LE 2.0 − 10.0 keV PDS, the HE 28 − 200 keV PDS and the CS of photons in the HE 28 − 200 keV band with respect to those in the LE 2.0 − 10.0 keV band for each segment of 32 s, with a Nyquist frequency of 500 Hz. We then averaged those to get a PDS and CS per GTI2. We rebinned the averaged PDS and real and imaginary parts of the CS in frequency by a factor of ≈1.012 = 101/200 to increase the signal-to-noise ratio further but maintaining a good frequency resolution. The PDS and the real and imaginary parts of the CS were normalized to fractional rms-squared units (Belloni & Hasinger 1990). The Poisson noise was estimated from the average power above 100 Hz, where no source variability is observed, and subtracted. The background count rate was considered when we computed the rms normalization.
We used Xspec v.12.14.0 (Arnaud 1996) to fit the PDS and the real and imaginary parts of the CS. We fit the LE 2 − 10 keV PDS and HE 28 − 200 keV PDS, as well as the real and imaginary parts of the corresponding CS simultaneously, using a combination of Lorentzian functions, as has been proposed by Méndez et al. (2024). When we finished the fits, we calculated the 1σ errors of the parameters in Xspec. We consider a Lorentzian component to be significant only if it exceeds a 3σ significance level in at least one of the LE PDS, the HE PDS or the CS. In Figs. 5, 6, 7, and Table 1 we show the parameters of the fit with 1σ errors.
	[image: thumbnail]	Fig. 7. Frequency and fractional rms amplitude of the Type-C (red) and Type-B (blue) QPOs as a function of the hardness ratio. Top panel: QPO frequency. Circles represent the rising phase of the LE light curve, while stars represent the decay phase. Vertical lines mark the representative Insight-HXMT observations in Table 1. Notably, the Type-C QPO is not detected at the peak of the flare, which corresponds to the minimum hardness ratio. Middle panel: Fractional rms amplitude in the LE band. Bottom panel: Fractional rms amplitude in the HE band. The arrows indicate an upper limit.



Table 1. 
Seven representative Insight-HXMT observations of Swift J1727.8−1613, marked with vertical dashed black lines in Fig. 2.

To generate fractional-rms and phase lag spectra of the QPOs, we divided the full energy range of the three Insight-HXMT instruments into 12 bands. The separate energy bands are LE 1.0−1.5 keV, LE 1.5−2.0 keV, LE 2.0−2.6 keV, LE 2.6−4.8 keV, LE 4.8−7 keV, LE 7−11 keV, ME 7−11 keV, ME 11−15 keV, ME 15−35 keV, HE 25−35 keV, HE 35−48 keV, and HE 48−100 keV. We selected a time resolution of 3 ms (corresponding to a Nyquist frequency of ∼167 Hz) and a segment length of ∼25 s to produce the PDSs and the CSs. We used the LE 2.6−4.8 keV band as a reference and each of the other bands as a subject to produce the corresponding CS. In this manner, we obtained 12 PDSs and 11 CSs. We jointly fit the 12 PDSs and the real and imaginary parts of the 11 CSs using a constant phase-lag model (Méndez et al. 2024). We also linked the centroid frequency and FWHM for each Lorentzian function across the different spectra in the fit. We subsequently calculated the 3σ confidence range of the parameters using the Markov chain Monte-Carlo algorithm (MCMC). The Goodman-Weare algorithm was applied for a total of 200000 samples and a burn-in phase of 100000 to 1000000 to let the chain reach a steady state.
3. Results
3.1. X-ray flare
In Fig. 1 we present the Ratan radio flux (Ingram et al. 2024), the LE 2.0−10.0 keV and HE 28.0−200 keV background-subtracted light curves, and the hardness ratio of Swift J1727.8−1613, spanning from MJD 60195 to MJD 60215. The hardness ratio is defined as the ratio between the background-subtracted count rate in the HE 28−200 keV and the LE 2−10 keV bands. The Ratan radio flux measurements are provided at three frequencies: 4.7 GHz (red), 8.2 GHz (orange), and 11.2 GHz (yellow). The shaded green region marks the observations we used in this paper, between MJD 60204 to MJD 60209, lasting ∼5 days. In this period, the LE 2.0−10.0 keV photon count rate increases from ∼2500 cts/s to ∼4500 cts/s. In contrast, the HE 28−200 keV count rate decreases from ∼1300 cts/s to ∼800 cts/s. As a result, the hardness ratio decreases from 0.54 to 0.18 during the observations. Simultaneously, the Ratan radio fluxes increase from ∼50 mJy to ∼200 mJy, although there are 2−6 day gaps between adjacent Ratan observations.
	[image: thumbnail]	Fig. 1. Ratan radio and Insight-HXMT X-ray observations of Swift J1727.8−1613 in the period MJD 60195−60215. Each point corresponds to an individual GTI. From top to bottom, the panels show, respectively, the Ratan radio fluxes at three frequencies (Ingram et al. 2024), the LE 2 − 10 keV light curve, the HE 28 − 200 keV light curve, and the corresponding hardness ratio. The shaded green region indicates the observations we use in this paper.



In Fig. 2 we present a zoom-in version of the LE light curve of the observations we use. In addition, we mark the ejection date (MJD 60206.19−60206.47) of jet knots reported by Wood et al. (2025) with the gray region. Just prior to the ejection date, the LE 2 − 10 keV light curve increases rapidly from ∼2800 cts/s to ∼4200 cts/s, forming a soft flare in the LE light curve. As a result, the flare and jet ejections occur simultaneously on September 19, 2023 (MJD 60206), as is reported by Wood et al. (2025). The flare lasts ∼7 hours.
	[image: thumbnail]	Fig. 2. Zoom-in of the LE light curve of Swift J1727.8−1613 between MJD 60204 and 60209 in Fig. 1. The shaded gray area marks the time, considering the uncertainty, of the jet ejections reported by Wood et al. (2025), where a simultaneous soft X-ray flare occurs. The vertical dashed lines indicate the seven observations shown in Table 1 and Fig. 4.



Seven representative Insight-HXMT observations are marked with black vertical dashed lines in Fig. 2. Their observation times, hardness ratios and number of segments of 32 seconds used to generate the PDS are recorded in Table 1. The first two observations are before the flare, the next three are during the flare and the last two are after the flare.
In Fig. 3 we present the LE 2 − 10 keV and HE 28 − 200 keV PDSs and the real and imaginary parts of the CS between the HE and LE data of Obs #5 in Fig. 2 and Table 1. The LE and HE PDSs peak at different frequencies: the peak in the HE PDS occurs at a slightly higher frequency than that in the LE PDS. The real part of the CS also shows an asymmetric QPO profile with a right-hand wing. This QPO has been reported by Wood et al. (2025), and the asymmetry of the QPO profile is apparent in Figure 8 of Bollemeijer et al. (2025), although they did not mention it. Interestingly, the imaginary part shows a very narrow negative peak, immediately followed by a very narrow positive peak at a slightly higher frequency, suggesting the presence of an additional variability component at that frequency, in addition to the Type-C QPO. This flip pattern of the imaginary part appears in most of the observations of Fig. 2, except for those taken at the peak of the flare, where the imaginary part shows only a positive peak at the QPO frequency (see Fig. 4 and Section 3.5). We fit the LE and HE PDS, as well as the real and imaginary parts of the CS with 2 Lorentzians in the range 2−20 Hz; one Lorentzian fits the broadband signal and the other fits the QPO, with the frequencies and widths of the Lorentzians linked across the four spectra and the normalizations free to vary in each spectrum. The fit with this simple model also shows that a single Lorentzian is not enough to fit the QPO peak. We note that Jin et al. (2025) fit this QPO feature with two separate Lorentzians (see their Fig. 6), but did not discuss this in detail.
	[image: thumbnail]	Fig. 3. PDS and the CS of Obs #5 in Table 1. Left panels: LE 2 − 10 keV PDS (black) and HE 28 − 200 keV PDS (green). Right panels: Real (black) and imaginary (green) parts of the CS between the HE and LE data.



	[image: thumbnail]	Fig. 4. PDSs and CSs of the seven representative Insight-HXMT observations marked with vertical lines in Fig. 2, and given in Table 1. Left panels: LE 2 − 10 keV PDS (black) and HE 28 − 200 keV PDS (green). Right panels: Real (black) and imaginary (green) parts of the CS. The individual Lorentzians are shown as dash-dotted lines in the LE PDS and dashed lines in the HE PDS; in the CS, the dash-dotted lines indicate the real part, and the dashed lines indicate the imaginary part. We highlight the Type-C (red) and Type-B (blue) QPOs in the PDSs and the CSs. Data with absolute values greater than or equal to 5 × 10−3 are scaled logarithmically, while values with absolute values smaller than 5 × 10−3 are scaled linearly.



A QPO feature with a centroid frequency that depends on energy was also reported in several sources (e.g., Qu et al. 2010; Li et al. 2013a,b; Yan et al. 2018). In the case of an observation of GRS 1915+105 (Qu et al. 2010), Méndez et al. (2024) suggested that this phenomenon can be explained more economically, with fewer free parameters, if the QPO feature consists of two separate Lorentzians with the same centroid frequency and FWHM in all energy bands. We performed a similar experiment, and fit the 2 − 12 Hz frequency range of the 12 energy-band PDS of Obs. #3, in which the apparent energy dependence of the QPO frequency is most pronounced. We find that the model with two separate Lorentzians that have centroid frequencies and FWHMs that are the same across all 12 energy bands provides a better fit and requires fewer parameters (χ2/d.o.f. = 1495.3/1362) than the single-Lorentzian model with an energy-dependent frequency and FWHM (χ2/d.o.f. = 1504.8/1354). In the following sections, we investigate this additional variability component together with the Type-C QPO.
3.2. Joint-fit of power and cross spectra
We simultaneously fit the PDSs and CS using the method proposed by Méndez et al. (2024), assuming the constant phase-lag model described by those authors. This method is based on the assumptions that: (i) the PDSs can be described as a linear combination of Lorentzian functions (additive components); (ii) all the Lorentzians have the same centroid frequency and FWHM in each energy band; (iii) each Lorentzian is perfectly coherent in any two energy bands; (iv) any two Lorentzians are incoherent with one another. Assumption (iv) only needs to apply over the timescales of the Lorentzians themselves, and is not affected if the frequencies or other properties of two or more of those Lorentzians are correlated over longer timescales. In previous papers (e.g., Méndez et al. 2024; Bellavita et al. 2025; Fogantini et al. 2025; Brigitte et al. 2025; Rout et al. 2025; Jin et al. 2025), it was shown that for different sources and different instruments the model reproduces the PDSs and the real and imaginary parts of the CSs, and that it predicts correctly the lags and the coherence function.
We present the LE 2 − 10 keV (black) and the HE 28 − 200 keV PDS (green) of the observations recorded in Table 1 in the left panels of Fig. 4. The right panels show the real (black) and imaginary (green) parts of the CS of the light curve in the HE 28 − 200 keV band with respect to that in the LE 2 − 10 keV band. QPOs are clearly visible in both the PDSs and CSs. We also show the contribution of each Lorentzian to the PDSs and CSs. We highlight the Type-C QPO, which consistently appears in the LHS and HIMS (Rawat et al. 2025; Jin et al. 2025), in red in both the PDSs and CSs. We also highlight, in blue, the component revealed by the flip pattern of the imaginary part in Fig. 3. This component initially appears as a shoulder of the Type-C QPO (Belloni et al. 1997, 2002; van Doesburgh & van der Klis 2020; Méndez et al. 2024) in the PDSs, which transitions from a broad to a narrow feature as the source approaches the soft flare on MJD 60206, ultimately becoming a canonical QPO as the source reaches the peak of the flare. After the peak of the flare, the width of the QPO increases again, as it once more becomes a shoulder of the Type-C QPO. This transition is clearly visible in the HE PDS. In observations P061433801903_02, P061433801901_03, P061433802104_02, and P061433802206_04, taken before and after the flare, this component looks like a shoulder of the Type-C QPO. In observations P061433802002_03 and P061433802004_01, corresponding to the beginning and end of the flare, respectively, this component becomes dominant in the HE PDS, while the Type-C QPO dominates the LE PDS, as is suggested by the misalignment of the peaks of the LE and HE PDS (see also Fig. 3). In these two observations, the amplitude of this component in the CS is larger than before and after the flare, leading to a more pronounced asymmetry in the real part and a sharper flip in the imaginary part. At the peak of the flare, in observation P061433802003_02, the Type-C QPO disappears and this component is the only QPO present in the PDS and CS. Based on a number of properties of this component and the broadband PDS, which we summarize in Section 3.4, we identify this component as the Type-B QPO; therefore, from now on we refer to this QPO as the Type-B QPO. We record the parameters of the Type-C and Type-B QPOs in Table 1. Although we do not detect the Type-C QPO in observation P061433802003_02, we estimate an upper limit of its fractional rms amplitude, which is ≤1.8% in the LE 2 − 10 keV band and ≤1.5% in the HE 28 − 200 keV band (95% confidence level), significantly lower than the rms amplitude of this QPO in other observations (see Table 1).
In Fig. A.1 we display the rotated real and imaginary parts of the rotated CS3. The rotated CS suggests again that the Type-C and Type-B QPOs are independent variability components (see Appendix A).
In Fig. 5 we present the evolution of the QPO frequencies, 1/Q, and the phase lags of the Type-C QPO (red) and Type-B QPO (blue), with 1σ errors. The frequency of the Type-B QPO is always slightly higher than that of the Type-C QPO. As the source approaches the peak of the flare, the frequencies of both QPOs increase, from ∼2.6 Hz to ∼7.5 Hz for the Type-C QPO, and from ∼3.1 Hz to ∼9.1 Hz for the Type-B QPO, the latter being comparable to the highest frequency of the Type-B QPO observed in GRO J1655−40 (Motta et al. 2012). The most rapid increase occurs at the beginning of the soft X-ray flare on MJD 60206. Throughout the observations, 1/Q for the Type-C QPO remains approximately constant at ∼0.1, except for the observation at the peak of the flare where the Type-C QPO is not detected. In contrast, the 1/Q for the Type-B QPO decreases from 1 to 0.1. As a result, 1/Q of the Type-B QPO reaches the minimum values in the flare, which is ∼0.16 − 0.07. This indicates that in the flare the quality factor of the Type-B QPO is ∼6.4 − 13.7, consistent with those (≥6) of the Type-B QPOs observed in the SIMS of the other sources (Casella et al. 2005). Throughout the observations, the phase lags of the two QPOs differ significantly, by at least 3σ. The phase lag of the Type-C QPO remains consistently negative, varying between −1.0 rad and ≥ − 0.1 rad. In contrast, the phase lag of the Type-B QPO is positive, ranging from 1.5 rad to 0.2 rad. We find that the phase lag of the Type-C QPO is anticorrelated with the QPO frequency, consistent with previous results (e.g. Zhang et al. 2020), while the lags of the Type-B QPO show a positive correlation with the QPO frequency (e.g. Gao et al. 2017). In Fig. A.2, we compare the fit results with and without the rotation of the CS (see above) and find them to be consistent within 1σ uncertainties. As was expected (Méndez et al. 2024), the rotation does not affect the fit results.
	[image: thumbnail]	Fig. 5. Parameters of the Type-C and Type-B QPOs of the observations of Swift J1727.8−1613 in Fig. 2. Top panel: QPO frequency. Middle panel: 1/Q. Bottom panel: Phase lag. The gray area marks the time of the soft X-ray flare and the jet ejections reported by Wood et al. (2025).



In the top panel of Fig. 6 we present the total (0.01−50 Hz) fractional rms amplitudes for LE 2.0−10 keV (black) and HE 28−200 keV (green), in the middle panel the fractional rms amplitudes of the Type-C (red) and Type-B (blue) QPOs in the LE 2.0−10 keV band, and in the bottom panel the fractional rms amplitudes of the Type-C (red) and Type-B (blue) QPOs in the HE 28−200 keV band. As we mentioned before, and as we indicated in Table 1, the Type-C QPO is not detected in the observation at the peak of the flare on MJD 60206. Therefore, in the middle and bottom panels of Fig. 6 we plot the upper limit of the fractional rms of the Type-C QPO. In the flare, on MJD 60206, consistent with the time of the ejection of jet knots reported by Wood et al. (2025), the broadband fractional rms amplitude drops to below 9% in the LE band and below 27% in the HE band. The total fractional rms in the LE 2.0−10 keV band during the drop is consistent with those observed in the SIMS of other sources (below 10% in the ∼2 − 15 keV; Muñoz-Darias et al. 2011). The fractional rms of the Type-C QPO in the LE band decreases from ∼10% to ∼1% as the source approaches the peak of the flare, reaching the minimum at the peak. The fractional rms of the Type-B QPO in the LE band also decreases slightly, but not significantly, from ∼6% to ∼2%, consistent with the 2−26 keV fractional rms of the Type-B QPOs observed in other sources (Motta et al. 2015), as the source approaches the peak of the flare. The fractional rms of the Type-C QPO in the HE band shows a significant drop during the flare, becoming insignificant at the peak of the flare. In contrast, the fractional rms of the Type-B QPO in the HE band increases from ∼5% to ∼15% as the source approaches the peak of the flare. Consequently, the time (MJD 60206.20) at which the Type-B QPO becomes stronger than the Type-C QPO in the HE PDS aligns closely with the ejection time of jet knot 3 (MJD 60206.22 ± 0.03) reported by Wood et al. (2025).
	[image: thumbnail]	Fig. 6. Top panel: Total (0.01 − 50 Hz) fractional rms amplitude of Swift J1727.8−1613 in the LE 2 − 10 keV (black) and HE 28 − 200 keV (green) bands. Middle panel: Fractional rms amplitudes of the Type-C (red) and Type-B (blue) QPOs in the LE 2 − 10 keV band. Bottom panel: Fractional rms amplitudes of the Type-C and Type-B QPOs in the HE 28 − 200 keV band. The gray area marks the time of the soft X-ray flare and the jet ejections reported by Wood et al. (2025). The arrows indicate an upper limit.



In the first panel of Fig. 7 we present the QPO frequencies as a function of the hardness ratio. The frequencies of both the Type-C and Type-B QPOs, νC and νB, respectively, show an anticorrelation with the hardness ratio, indicating that both QPOs are correlated with each other on timescales of hours to days. We find that νB ∼ 1.1νC, inconsistent with one QPO being a low-order harmonic of the other. We note that a 10:11 harmonic ratio, without a significant fundamental or low-order harmonic, has never been reported in this, or any other BHXB. On the other hand, this correlation is consistent with previous findings that the frequencies of all variability components, both QPOs and broad Lorentzians, are correlated with each other throughout an outburst (e.g. Psaltis et al. 1999). While a similar correlation for the Type-C QPOs has been observed in BHXBs (Méndez et al. 2022; Zhang et al. 2022; García et al. 2022; Belloni et al. 2024), this is the first time that such a correlation has been reported for the Type-B QPOs. In the last two panels of Fig. 7 we present the fractional rms amplitudes of the Type-C and Type-B QPOs in the LE and HE bands, respectively. The fractional rms of the Type-C QPOs in both the LE and HE bands is positively correlated with the hardness ratio. For the Type-B QPOs the fractional rms in the LE band also shows a positive correlation with hardness. However, its fractional rms in the HE band is anticorrelated with hardness.
3.3. Energy-dependent fractional-rms and phase-lag spectra
In Fig. 8 we present the energy-dependent fractional-rms and phase-lag spectra of the Type-C and Type-B QPOs for the seven representative observations in Table 1. The fractional rms of Type-C QPO initially increases in the energy range of 1 − 15 keV, and above 15 keV it either remains more or less constant for observations P061433801903_02, P061433801901_03, P061433802104_02 and P061433802206_04, or decreases for observations P061433802002_03 and P061433802004_01. The maximum fractional rms of Type-C QPO decreases from ∼17% to ∼10% as the source approaches the peak of the LE light curve, where the Type-C QPO eventually disappears. For the Type-B QPO the fractional rms also increases with energy in the 1 − 15 keV band, and then remains more or less constant. In contrast to the Type-C QPO, the maximum fractional rms of the Type-B QPO increases from ∼8% to ∼15% as the source approaches the peak of the LE light curve, which is comparable to the case reported by Liu et al. (2022), in which the fractional rms of the Type-B QPO reaches ∼11% above ∼10 keV. The phase lag of Type-C QPO decreases with energy in all observations. A soft lag is also reported by Bollemeijer et al. (2025) when the frequency is between 2−6 Hz. On the contrary, the phase lag of the Type-B QPO initially decreases with energy and then increases. Similar phase-lag trends for the Type-B QPO, a “U”-shaped phase lag spectrum, have also been observed in other sources such as MAXI J1348−630 (Belloni et al. 2020; García et al. 2021), MAXI J1820+070 (Ma et al. 2023), GX 339−4 (Peirano et al. 2023) and MAXI J1535−571 (Zhang et al. 2023b). In Swift J1727.8−1613 the minimum phase lag of the Type-B QPO occurs ∼3 keV, except for the observation P061433802003_02 at the peak of the flare, where the minimum shifts to slightly higher energies of ∼9 keV.
	[image: thumbnail]	Fig. 8. Fractional-rms (left panels) and phase-lag spectra (right panels) of the Type-C (red) and Type-B (blue) QPOs of Swift J1727.8−1613 for the representative Insight-HXMT observations in Table 1.



3.4. Identification of the Type-B QPO
The imaginary part of the CS in Fig. 3 shows a variability component at a frequency slightly higher than that of the Type-C QPO, which is present in the data even before we apply the Lorentzian model described in Section 3.2. We show this component in blue in the PDS and CS in Fig. 4. In Appendix B we present the coherence function and phase-lag spectra, indicating again that this component is an independent variability component, which appears as the shoulder of the Type-C QPO in the PDS of most of the observations. In Fig. 9 we illustrate the smooth evolution of this component (blue) alongside the Type-C QPO (red) in the HE PDS. As we describe in Section 3.3, the two features are clearly distinguished by their phase lag spectra: this variability component (blue) displays a characteristic “U”-shaped profile, whereas the Type-C QPO (red) shows a steadily decreasing trend with energy. We can clearly see that, in the PDS, this component transitions from a relatively broad shoulder of the Type-C QPO to a regular QPO as the source approaches the peak of the soft X-ray flare on MJD 60206 (Fig. 4; this evolution is depicted schematically in Fig. 9). At the peak of the flare, this QPO has replaced the Type-C QPO, and is the only narrow feature in the PDS (middle panel of Fig. 4). After the peak of the flare, the Type-C QPO reappears, and this other QPO becomes broader and once more turns into a shoulder of the Type-C QPO in the PDS. Furthermore, we also find that: (i) the “U”-shaped phase-lag spectrum of this component (Fig. 8) is similar to those seen in other Type-B QPOs; (ii) during the flare, the quality factor of this feature exceeds 6 (Fig. 5), a typical value for the Type-B QPO (Casella et al. 2005), while at the same time the total (0.01 − 50 Hz) fractional rms drops below 10% in the 2 − 10 keV band (Fig. 6), similar to the values observed in other sources in the SIMS when the Type-B QPO appears (Muñoz-Darias et al. 2011; iii) during the flare, when this QPO dominates the PDS, the discrete radio jet ejections occur (Fig. 2; Wood et al. 2025), which is similar to what is observed in other sources during the transition from the HIMS to the SIMS when Type-B QPOs appear (e.g., Fender et al. 2009; Homan et al. 2020). These properties are consistent with those of Type-B QPOs reported in the literature, supporting the identification of this feature as the Type-B QPO in Swift J1727.8−1613. In addition, these properties indicate that the source enters the traditional SIMS during the flare on MJD 60206 (see a detailed discussion in Section 4.1).
	[image: thumbnail]	Fig. 9. Evolution of the Type-C (red) and Type-B (blue) QPOs in the HE PDS and corresponding phase-lag spectra across seven observations in Table 1 and Fig. 4, ordered by observation sequence number along the horizontal axis. The x and y ranges are the same across all panels. The vertical axes represent increasing 2 − 10 keV intensity (upward) and decreasing spectral hardness (downward). The profiles of the Type-C and Type-B QPOs are extracted from Fig. 4, with all other data and Lorentzian components omitted for clarity. The phase lag spectra shown are identical to those presented in Fig. 8. The first two observations occur before the soft X ray flare on MJD 60206, the next three during the flare, and the final two after the flare.



In the case of Swift J1727.8−1613, the QPOs exhibit the following properties: (i) the Type-B QPO is detected in all our observations during both the HIMS and SIMS, rather than being limited to the SIMS; (ii) the Type-B QPO co-exists with the Type-C QPO during the HIMS; (iii) the frequency of the Type-B QPO is anticorrelated with the hardness ratio; (iv) the frequency of the Type-B QPO in Swift J1727.8−1613 is consistently higher than that of the Type-C QPO, in contrast to the only other case in which the Type-B and C were detected simultaneously (GRO J1655−40; Motta et al. 2012). Since in other sources the Type-B and -C QPOs appear at different times, it is not possible to compare their frequencies to draw general conclusions.
3.5. Dynamical imaginary cross-spectrum
While we have shown that the Type-B and Type-C QPOs coexist over the time intervals used to compute the PDS and CS (typically ∼500 − 1500 seconds; see Table 1), it remains to be seen whether this holds true over shorter intervals. Given that the Type-B QPO sometimes disappears for periods of a few hundred seconds (e.g., Zhang et al. 2021; Peirano et al. 2023), it is also possible that the QPOs alternate in time rather than being present simultaneously. Wood et al. (2025) present the dynamical power spectra (known as the spectrogram in signal processing) of Swift J1727.8−1613 around the soft X-ray flare on MJD 60206 and find that, at the same time as the jet knots are ejected, the QPO frequency suddenly increases (see also Fig. 2 of Jin et al. 2025). However, in this case, the power spectrum alone is not sufficient to separate the two components. Since the two QPOs exhibit very different phase lags (see Fig. 5), a more suitable tool to track their evolution separately is the time-frequency plot of the imaginary part of the cross spectrum. In Fig. 10 we show the dynamical imaginary part of the CS4 between the HE (28 − 200 keV) and LE (2 − 10 keV) data. This Figure shows a sharp flip of the lags, from negative for the Type-C QPO (red) to positive for the Type-B QPO (blue). At a compactified time of ∼150 ks, after a gap in the observations, the source count rate increases from ∼4.3 × 103 counts s−1 to ∼5.5 × 103 counts s−1. At the same time, the frequencies of the Type-C and Type-B QPOs increase from ∼3.6 Hz to ∼6.7 Hz and from ∼4.4 Hz to ∼7.5 Hz, respectively. The second harmonic of the Type C QPO, which was at ∼7.2 Hz before the gap, disappears after the gap. At the peak of the flare, only the Type-B QPO is detected, reaching a maximum frequency of ∼9 Hz. After the flare, at a compactified time of ∼190 ks, when the frequency of the Type-B QPO decreases to ∼6.2 Hz, the Type-C QPO and its second harmonic reappear at ∼5.5 Hz and ∼11 Hz, respectively. This plot shows that the Type-C and Type-B QPOs coexist simultaneously over timescales as short as ∼30 − 60 s.
	[image: thumbnail]	Fig. 10. Dynamical imaginary cross-spectrum of Swift J1727.8−1613 between MJD 60204 and 60209. The photon count rate of the light curve in the bottom panel is the sum of the LE (2 − 10 keV) and HE (28 − 200 keV) count rates. The dynamical imaginary cross-spectrum is given in Leahy units (Leahy et al. 1983); the segments in the X axis have a duration of ∼60 seconds. We do not show the time gaps between observations to produce a more compact plot; the time gaps can be seen in Fig. 2. Compactified time is the true elapsed time in seconds since MJD 60204.22117, with the gaps in the data removed from the plot. The arrows identify the Type-B QPO, and the Type-C QPO and its second harmonic.



4. Discussion
Our analysis of a soft X-ray flare in Swift J1727.8−1613 on September 19, 2023 (MJD 60206), with Insight-HXMT reveals that, at the peak of the flare, the source undergoes a brief but clear transition into the SIMS, marked by the simultaneous appearance of discrete jet ejections, a sharp drop in broadband noise in the 2−10 keV energy band, and a narrow, coherent QPO with a characteristic “U”-shaped phase-lag spectrum and a quality factor of Q ≥ 6, which are hallmarks that strongly support its identification as a Type-B QPO. Crucially, this transition is accompanied by the complete disappearance of the Type-C QPO, which had been persistently present before the flare and reemerges only after it. Yet, perhaps most notably, the Type-B QPO is not confined to this transient excursion into the SIMS: we detect, for the first time, the Type-B QPO consistently across all our observations in the HIMS, where it appears as a broad shoulder of the Type-C QPO in the PDS.
Thanks to the continuous and well-sampled coverage provided by Insight-HXMT, we trace for the first time a smooth and coherent evolution of both the Type-C and Type-B QPOs across the flare. These two components remain clearly distinguishable throughout, primarily by their markedly different phase lags. We find that the properties of these QPOs are closely linked to the hardness ratio, both during the rise phase of the LE light curve when the hardness ratio decreases, and during the decay phase when the hardness ratio increases. As the hardness ratio decreases: (i) the frequencies of both QPOs increase, with the Type-B QPO consistently maintaining a slightly higher frequency than the Type-C; (ii) the fractional rms amplitude of the Type-C QPO drops steadily in both the LE and HE bands, vanishing altogether at the flare’s peak; (iii) the Type-B QPO becomes increasingly prominent in the HE band, peaking in amplitude at the same time the Type-C QPO disappears, while its amplitude in the LE band shows a mild decline; (iv) the Type-B QPO becomes progressively more coherent, reaching Q ≥ 6 during the flare, whereas the Type-C QPO displays a roughly constant coherence throughout the observations we used, except for the observation at the peak of the flare where the Type-C QPO is not detected.
Our results indicate that the Type-B QPO appears in all our observations considered here, including those before and after the flare, when a Type-C QPO is present in the PDS and the source is in the HIMS (e.g., Yu et al. 2024; Rawat et al. 2025). These results provide new insights into the physical and geometrical origins of the QPOs. We discuss and offer an interpretation of these findings in the following subsections.
4.1. Type-B QPOs and SIMS
As a black-hole transient transitions from the HIMS into the SIMS, three key properties are typically observed (e.g., Belloni et al. 2011). The first is the appearance of the Type-B QPO. One of the main properties of the Type-B QPO, as was summarized by Casella et al. (2005), is its narrow profile, with Q ≥ 6. Over the past two decades, the Type-B QPOs observed in BHXBs have consistently exhibited this property (e.g., Motta et al. 2011; Zhang et al. 2021). The second property is a decrease in the fractional rms amplitude of the broadband noise, typically falling below 10% in the 2 − 15 keV band in the SIMS (Muñoz-Darias et al. 2011), compared to ≥30% in the LHS and 10−30% in the HIMS. The third indicator of the source transitioning into the SIMS is the appearance of discrete radio jet ejections (Homan et al. 2020; Bright et al. 2020; Wood et al. 2021). Contrary to the steady jet observed in the LHS and HIMS (e.g., Méndez et al. 2022; Wood et al. 2024, 2025), these discrete ejections are optically thin.
In the case of Swift J1727.8−1613, during the X-ray flare (MJD 60206), marked with the gray region in Figs. 2, 5, and 6, the Type-B QPO is also narrow, with Q ∼ 6.4 − 13.7 (1/Q ∼ 0.16 − 0.07), consistent with the Q values of other Type-B QPOs detected in the SIMS in other sources (e.g., Motta et al. 2011; Zhang et al. 2021). This QPO exhibits a “U”-shaped phase lag spectrum, with its minimum occurring at approximately 3 keV, except the observation at the peak of the flare, where the minimum shifts to around 9 keV. The overall trend of the phase lag spectrum is consistent with those observed in the Type-B QPOs from other sources, such as MAXI J1348−630 (Belloni et al. 2020; García et al. 2021), MAXI J1820+070 (Ma et al. 2023), GX 339−4 (Peirano et al. 2023), MAXI J1535−571 (Zhang et al. 2023b), and Swift J1728.9−3613 (Kumar 2024). In the cases of MAXI J1348−630 (Belloni et al. 2020; García et al. 2021), MAXI J1820+070 (Ma et al. 2023), and GX 339−4 (Peirano et al. 2023), the minimum phase lag of the Type-B QPOs is at ∼2 − 3 keV. In contrast, the Type-B QPO observed in MAXI J1535−571 shows a phase lag spectrum with a minimum at ∼6 − 8 keV (Zhang et al. 2023b), although the minimum could lie at even higher energies, as the NICER energy range is not sufficient to clearly observe the upturn. On the other hand, in Swift J1728.9−3613 (Kumar 2024), a 5.76-Hz Type-B QPO has a minimum phase lag at around 2 − 3.5 keV, while a 5.46-Hz Type-B QPO displays a nearly flat phase lag spectrum above ∼4 keV within the NICER energy band.
Simultaneously, the total (0.01 − 50 Hz) fractional rms in the LE 2 − 10 keV band drops below 9% during the soft X-ray flare (Fig. 6), which is consistent with the typical rms (below 10%) observed in the SIMS (Homan & Belloni 2005; Muñoz-Darias et al. 2011). In addition, during the soft X-ray flare on September 19, 2023 (MJD 60206), three jet knots are ejected and identified in the VLBA image of Swift J1727.8−1613 (Wood et al. 2025). Therefore, from all this, we conclude that during the flare on MJD 60206, Swift J1727.8−1613 enters the traditional SIMS.
However, we also detect Type-B QPOs throughout all the observations, from MJD 60204 to 60209, that are taken from the HIMS and this brief transition into the SIMS. This result raises questions about the traditional paradigm that associates Type-B QPOs exclusively with the SIMS. In Swift J1727.8−1613, the Type-B QPO is present both before and after the soft X-ray flare. At the same time, the Type-B QPO has a broad profile and appears as a shoulder of the Type-C QPO, resembling the shoulder of the Type-C QPOs observed in the past (Belloni et al. 1997, 2002; van Doesburgh & van der Klis 2020; Méndez et al. 2024). As is shown in Fig. 8, the fractional rms and phase lag spectra of this shoulder of the Type-C QPO are consistent with those of the QPO that we identify as Type-B QPO in the flare. We therefore classify this shoulder of the Type-C QPO as a Type-B QPO.
In Appendix C, we investigate two observations before those we presented above and find that the shoulder of the Type-C QPO still appears in these two observations, which have similar properties as those of the Type-B QPO during the X-ray flare. These indicate that, at least in Swift J1727.8−1613, the Type-B QPO does not suddenly appear in the SIMS, but is already present in the HIMS.
Motta et al. (2012) already detected simultaneous Type-C and -B QPOs in GRO J1655−40 (see also; Rout et al. 2023), although such occurrences are very rare. In that case, the source was in the so-called ultraluminous (or anomalous) state (see Fig. 1 of Motta et al. 2012). In the case of Swift J1727.8−1613, however, we detect both QPOs simultaneously during the HIMS, marking the first time such a phenomenon has been observed in this state.
In previous studies, transitions between the Type-C and Type-B QPOs almost always happened during gaps in the X-ray coverage. Transitions were caught successfully in the cases of MAXI J1820+070 (Homan et al. 2020; Ma et al. 2023) and MAXI J1348−630 (Liu et al. 2022). In both cases the Type-C QPO suddenly switched to the Type-B QPO, from an 8-Hz Type-C QPO to a 4.5-Hz Type-B QPO in MAXI J1820+070 and from a 9.2-Hz Type-C QPO to a 4.8-Hz Type-B QPO in MAXI J1348−630. A more recent study by Li et al. (2025) suggests that, in MAXI J1820+070, the Type-B QPO also appears before the source transitions into the SIMS. However, they do not analyze the phase-lag spectrum or explicitly identify the QPO types. It remains to be seen whether those analyses missed weaker forms of the Type-C and Type-B QPOs because they relied solely on the PDS. In the case of Swift J1727.8−1613, the strength of the Type-C QPO indeed decreases and the QPO disappears at the peak of the soft X-ray flare on MJD 60206, at the same time as the strength of the Type-B QPO reaches its maximum (Figs. 6 and 7). However, due to the close proximity of the frequencies of the Type-C and Type-B QPOs in Swift J1727.8−1613, the switch between the Type-C and Type-B QPOs is not distinctly apparent in the PDS. In fact, the Type-B QPO observed in the flare was interpreted as a Type-C QPO in previous studies (Zhu & Wang 2024; Wood et al. 2025; Bollemeijer et al. 2025; Ma et al. 2025; Debnath et al. 2025). Compared to the traditional method that relies solely on PDS analysis to detect timing variability components, the joint fit of PDS and CS (Méndez et al. 2024) makes better use of the available data and can reveal variability components that are otherwise hidden when using the PDS alone (e.g., Bellavita et al. 2025; Fogantini et al. 2025; Brigitte et al. 2025; Rout et al. 2025). Taking advantage of this approach, in this paper we discover a Type-B QPO in Swift J1727.8−1613 in the HIMS, which can be distinguished from the Type-C QPO when both QPOs are present simultaneously.
This result also supports the interpretation that the profile of the Type-C QPO and its shoulder, here identified as the Type-B QPO, consists of two distinct components, which, as we have done here, are typically fit with two separate Lorentzian functions: at the peak of the soft flare, the shoulder (that is, the Type-B QPO) is observed in isolation, while the main QPO, the Type-C QPO, is absent. Méndez et al. (2024) identified the shoulder of the Type-C QPO in GRS 1915+105 and GX 339−4 using the model of two separate Lorentzians. We speculate that (some of) those shoulders could correspond to the Type-B QPO. Our findings here challenge interpretations in which the shoulder is not a separate oscillation but rather part of a single, asymmetric, profile caused, for instance, by multiplicative variability components in the time domain (e.g., Ingram & van der Klis 2013). It remains to be seen whether the idea that the QPOs are due to multiplicative signals in the time domain can be extended to the real and imaginary parts of the CS, and whether such a model can accurately predict the lags and coherence function, as is the case with our assumption of additive components.
4.2. Tracing accretion-flow geometry through the Type-B and Type-C QPOs
Profiting from the good coverage in both X-ray and radio, Homan et al. (2020) found evidence that in MAXI J1820+070 the appearance of the Type-B QPO is connected with the discrete jet ejection events. In the case of Swift J1727.8−1613, Wood et al. (2025) detected that jet knots were ejected at the time of the soft X-ray flare, on September 19, 2023, when we detect the Type-B QPOs, which would point to a similar connection. However, as we explain in Section 4.1, in Swift J1727.8−1613 Type-B QPOs are detected throughout all observations from MJD 60204 to 60209, not exclusively during the brief transition of the source to the SIMS. The fact that Type-B QPOs can exist without accompanying discrete jet ejections suggests that the Type-B QPOs are not caused by, or directly correlated to, those ejections, as was previously suggested by Carotenuto et al. (2024).
Stevens & Uttley (2016) performed phase-resolved spectroscopy of the Type-B QPO in GX 339−4 and suggested that this QPO can be explained by a precessing jet-base corona (see also; Kylafis et al. 2020). Using phase-resolved spectroscopy of the Type-C QPOs, Ingram & van der Klis (2015), Ingram et al. (2016, 2017) suggested that this type of QPO can be explained by a precessing hot inner accretion flow, located inside the truncation radius of the accretion disk. Previous studies of their fractional rms and phase lag spectra using the vKompth model (Karpouzas et al. 2020; Bellavita et al. 2022), which introduces a feedback factor representing the fraction of the photons Comptonized in the corona that return to the seed-photon source, suggested that the Type-C QPOs are associated with a disk corona, located within, or partially covering the accretion disk (Méndez et al. 2022; García et al. 2022; Ma et al. 2023; Rout et al. 2023; Rawat et al. 2023; Alabarta et al. 2025), whereas Type-B QPOs are linked to a jet-base corona (Peirano et al. 2023; Zhang et al. 2023b; Ma et al. 2023; Alabarta et al. 2025).
In Swift J1727.8−1613 the frequencies of both the Type-C and Type-B QPOs are anticorrelated with the hardness ratio (Fig. 7). In the case of Swift J1727.8−1613, Ma et al. (2025) find that the Type-C QPO tracks the truncation radius of the accretion disk. Therefore, the observed trend for the Type-C QPO naturally follows: as the accretion disk moves inward and the disk-corona that produces the Type-C QPO contracts, the increase in the disk emission leads to a softer energy spectrum. In Swift J1727.8−1613 the Type-B QPO frequency is slightly higher than the frequency of the Type-C QPO throughout the observations. Under the assumption that higher frequency corresponds to a smaller emission region, this would indicate that the region responsible for the Type-B QPO is smaller than the disk–corona region responsible for the Type-C QPO. Both the Poynting-Robertson cosmic battery (Kylafis et al. 2012) and the magnetically arrested disk (Avara et al. 2016; Narayan et al. 2022) models propose that a strongly magnetic field region, serving as the jet base, forms naturally at the innermost region of the disk-corona. It is therefore possible that the frequency of the Type-B QPO is linked to the characteristic radius of this strong magnetic field region. Our results would then suggest that, as the truncation radius of the accretion disk moves inward (the hardness ratio decreases), the characteristic radius of both the disk-corona (responsible for the Type-C QPO) and the jet-base corona (responsible for the Type-B QPO) decrease.
We also found that, as the hardness ratio decreases, the fractional rms amplitude of the Type-C QPO both in the LE and HE energy bands decreases, and eventually the QPO is no longer detected (Fig. 7). This may indicate that the disk-corona (responsible for the Type-C QPO) shrinks and then becomes very weak, or even disappears, as the truncation radius of the accretion disk moves inward (the hardness ratio decreases). At the same time, the jet-base corona (responsible for the Type-B QPO) appears to dissipate more power, as suggested by the fact that the fractional rms amplitude of the Type-B QPO in the HE energy band increases as the hardness decreases (Fig. 7). However, the fractional rms amplitude of the Type-B QPO in the LE energy band (Fig. 7) decreases as the hardness decrease. Under the assumption that the Type-B QPO originates from a coupling between the accretion disk and the jet-base corona, this behavior can be explained by an increase in the Lorentz factor of the electrons in the jet-base corona as the source transitions from the HIMS to the SIMS (Fender et al. 2004). This results in fewer high-energy photons from the jet-base corona returning to the disk (You et al. 2021). As a consequence, the feedback is reduced, weakening the coupling between the disk and the jet-base corona.
Wood et al. (2025) detected jet ejections on September 19, 2023 (MJD 60206), which occur simultaneously with a soft X-ray flare. At the beginning of the flare, the frequencies of both the Type-C and Type-B QPOs show a rapid increase, as is shown in Fig. 5. Some theoretical models predict that discrete jet ejections occur when the magnetic pressure becomes dominant as the magnetic field accumulates in the jet-base corona (Kylafis et al. 2012; Ripperda et al. 2022; Zhdankin et al. 2023). In these scenarios, the built-up magnetic field in the inner regions of the accretion flow can become unstable, triggering the ejection of a substantial amount of accreting material and allowing the accumulated magnetic field to escape. If this interpretation holds, the soft X-ray flare in Swift J1727.8−1613 shown in Fig. 2 could be explained naturally by the rapid inward motion of the accretion disk caused by the (local) disruption of the magnetic pressure resulting from the escape of the magnetic field. This scenario also offers a natural explanation for the observed rapid increase in the frequencies of both the Type-C and Type-B QPOs at the beginning of the flare, possibly due to a rapid and simultaneous shrinkage of the disk-corona and jet-base corona regions when the accretion disk moves inward rapidly. The disappearance of the Type-C QPO at the peak of the flare suggests that this unstable process largely or even completely destroys the disk-corona that produces the Type-C QPO. The discovery of a rapid inward movement of the disk inner radius during the flare in Swift J1727.8−1613 (Ma et al. 2025) further supports a change in the geometry of the accretion flow (see also He et al. 2025; Xu et al. 2025). In this scenario, in the decay phase of the flare, the magnetic field would accumulate again, the sizes of the corona regions would increase again, and the frequency of the QPOs would decrease again.
Additionally, our observations show that the Type-B QPO transitions from a broad to a narrow profile, evolving into a typical Type-B QPO feature during the flare shown in Fig. 5. This transition occurs as the source approaches the peak of the LE light curve, coinciding with an increase in the Type-B QPO frequency. Thus, for the Type-B QPO, a higher quality factor is associated with a higher frequency. We suggest that the quality factor of the Type-B QPO in Swift J1727.8−1613 may be linked to the characteristic width of the jet base corona. The same idea has been also proposed by Kylafis et al. (2020). They suggest that the absence of Type-B QPOs in the LHS and HIMS may be due to by a wide jet-base corona, although the jet-base corona may also be precessing. As we mentioned before, the frequency of the Type-B QPO is consistently higher than that of the Type-C QPO in Swift J1727.8−1613, in contrast to the cases of MAXI J1820+070 (Homan et al. 2020; Ma et al. 2023) and MAXI J1348−630 (Liu et al. 2022). This discrepancy suggests that the location of the jet-base corona may differ between systems. In this scenario, in the case of Swift J1727.8−1613, the jet-base corona would be situated near the disk plane very close to the black hole. In contrast, for systems where the Type-B QPO has a lower frequency than the Type-C QPO during the transition from the HIMS to the SIMS, the jet-base corona would be farther away from both the disk plane and the black hole.
5. Conclusions
In this paper we present results that challenge the traditional paradigm that associates Type-B QPOs exclusively with the SIMS and discrete jet ejections, and instead suggest a more nuanced picture in which this QPO component emerges under a wider range of accretion conditions. Our conclusions are as follows:

	
The source Swift J1727.8−1613 undergoes a brief but clear transition into the SIMS during the soft X-ray flare on MJD 60206.



	
The Type-B QPO is detected during both the HIMS and the SIMS, rather than being limited only to the SIMS.



	
In the HIMS, the Type-B QPO co-exists with the Type-C QPO, whereas in the transition to the SIMS the Type-C QPO weakens and eventually disappears when the source is in the SIMS.



	
The frequency of the Type-B QPO of Swift J1727.8−1613 is consistently higher than that of the Type-C QPO and is anticorrelated with the hardness ratio.



	
The distinct evolutionary trends of the Type-B and Type-C QPOs suggest that the Type-C QPO is associated with a disk-corona, while the Type-B QPO is linked to a jet-base corona.




The joint-fitting technique of the PDS and CS proposed by Méndez et al. (2024) has demonstrated significant potential for uncovering QPOs that are otherwise hidden in the PDS alone (e.g., Bellavita et al. 2025; Fogantini et al. 2025; Brigitte et al. 2025). Applying this technique to archival data of other sources may allow the detection of weak Type-B QPOs that were previously missed using conventional PDS analysis. Such reinvestigations could provide new insights into the occurrence and properties of Type-B QPOs, particularly during phases when they are too faint to dominate the PDS.
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1 http://astrosat-ssc.iucaa.in/uploads/ghats_home.html


2 We use only the GTIs during which both the LE and HE instruments collected data simultaneously. and discard those GTI that are shorter than 320 seconds.


3 As in Méndez et al. (2024), we rotate the cross vectors counterclockwise by π/4 rad, such that variability components with approximately zero phase lags would have approximately equal real and imaginary parts. On the one hand, this stabilize the fits, and on the other hand it allows one to plot the CS using a logarithmic scale, which improves the visibility of the component with a small imaginary part. Since this is equivalent to a rotation of the axes by −π/4 rad, this has no impact on the fit process (see Appendix A and Méndez et al. 2024, for details).


4 In Fig. 10 we show the dynamical imaginary part of the CS. As far as we are aware, there is no established name for this quantity in signal processing. By analogy with the spectrogram, it could be referred to as an imaginary cross-spectrogram.




Appendix A:  Rotated CS
In this section, we rotate the cross vectors counterclockwise by π/4 rad (Méndez et al. 2024), which is equivalent to rotating the coordinate axes clockwise by π/4 rad. In the right panel of Fig. A.1, we show the rotated real and imaginary parts of the cross vector and highlight the contributions from the Type-C (red) and Type-B (blue) QPOs. The Type-C QPO almost always dominates the rotated real part, except in Obs. #5 at the flare peak, where the Type-C QPO disappears. The Type-B QPO dominates the rotated imaginary part in Obs. #3, #4, #5, and #6. Notably, in Obs. #3 and #5 (panels 3 and 5 in Fig. A.1), the peaks of the rotated real and imaginary parts do not coincide: the peak of the Type-C QPO coincides with that of the rotated real part, while the peak of the Type-B QPO coincides with that of the rotated imaginary part. This behavior further supports our conclusion that the Type-C and Type-B QPOs represent independent variability components.
	[image: thumbnail]	Fig. A.1. Same as Fig. 4, but the cross vectors are rotated counterclockwise by π/4 rad. The PDS and CS are rebinned in frequency by a factor ≈1.047 = 101/50.



In Fig. A.2, we present the QPO parameters obtained from the fits using the rotated CS (Méndez et al. 2024). As expected, the parameters of the two QPOs are consistent within the 1σ uncertainties with those obtained from the fits in Fig. 5. This indicates that rotating the cross vector does not affect the fit results.
	[image: thumbnail]	Fig. A.2. Same as Fig. 5, but obtained from the fit to the rotated CS (Méndez et al. 2024). The squares represent the parameters from the rotated CS, whereas the stars denote the same parameters from the non-rotated CS.




Appendix B:  Coherence function and phase lags
In Fig. B.1 we plot the phase lags and the coherence function of Obs #5 (left panel) and #4 (right panel) in Table 1. In Obs #5, where both the Type-C and Type-B QPOs are significantly detected (Fig. 4), the coherence peaks at the centroid frequencies of both the Type-C and the Type-B QPOs. The coherence function reaches a values of ∼0.4 at the maximum, with a dip in between, where the profiles of the two QPOs overlap, because of the decrease of the coherence where the two signals overlap. At the peak of the flare (Obs #4), where only one QPO is present in the PDS and CS, the coherence shows a single narrow peak at the centroid frequency of the Type-B QPO that reaches a maximum value of ∼0.8. The higher value of the coherence in this case is consistent with the fact that, contrary to Obs #5, in Obs #4 there is only one QPO, which is then not affected by the loss of the coherence produced by the other QPO in #5. The small drop from unit coherence in this case is due to other variability components in the data that overlap in frequency with the Type-B QPO (see Fig. 4). The phase lags of Obs #5 exhibit a sharp dip with a negative minimum at the Type-C QPO frequency and a plateau at the frequency of the Type-B QPO, whereas in Obs #4 the phase lags remain positive near the QPO frequency, owing to the disappearance of the Type-C QPO. We note that in both panels in Fig. B.1 the continuous lines were not fitted to the lags and the coherence function, but are the prediction of the best fitting model to the PDS and CS. As explained in Méndez et al. (2024), this consistency provides further support for our conclusion that the Type-B QPO, appearing as the shoulder of the Type-C QPO, is an independent variability component.
	[image: thumbnail]	Fig. B.1. Phase lags and the coherence function of Obs #5 (left panel) and #4 (right panel) in Table 1. The red vertical line indicates the centroid frequency of the Type-C QPO, while the blue vertical line indicates that of the Type-B QPO. The models are not fitted to the data, but predicted on the basis of the parameters of the Lorentzians fitted to the PDS and the real and imaginary parts of the CS.




Appendix C:  Type-B QPO signature in other observations
To investigate whether the Type-B QPO is consistently present in other observations in the HIMS, we analyze two observations before the ones presented above. We fit jointly the LE 2 − 10 keV PDS and HE 28 − 200 keV PDS, as well as the real and imaginary parts of the corresponding CS between HE 28 − 200 keV and LE 2 − 10 keV data, as we do in Section 3.2. In Fig. C.1 we plot the PDS, along with the real and imaginary parts of the CS, for these two observations, in the same format as presented in Fig. 4. The first observation, P061433801103_03, taken on MJD 60197.45, shows a Type-C QPO with a centroid frequency of 1.41 ± 0.01 Hz and a phase lag of −0.04 ± 0.04 rad between the HE 28 − 200 keV and the LE 2 − 10 keV data. A shoulder of the Type-C QPO has a centroid frequency of 1.42 ± 0.04 Hz, a quality factor of ∼1.3, and a phase lag of 0.39 ± 0.09 rad. The phase lag of this shoulder is consistent with the values of the Type-B QPOs in Fig. 5, and is 4.4σ different from that of the Type-C QPO. The second observation, P061433801403_01, taken on MJD 60200.36, exhibits a Type-C QPO with a centroid frequency of 2.65 ± 0.01 Hz and a phase lag of −0.11 ± 0.04 rad. A shoulder of the Type-C QPO is also detected in this observation, with a centroid frequency of 3.7 ± 0.3 Hz, a quality factor of ∼0.8 and a phase lag of 0.48 ± 0.18 rad. This phase lag also matches the values of the Type-B QPOs in Fig. 5, and differs from that of the Type-C QPO by 3.2σ. These results show that the shoulder of the Type-C QPO is always present, but outside the soft X-ray flare this shoulder has a broad profile. All this indicates that this shoulder is the same component we identify as the Type-B QPO around the peak of the soft X-ray flare on MJD 60206.
	[image: thumbnail]	Fig. C.1. Same as Fig. 4, but for observations P061433801103_03 (left panel) and P061433801403_01 (right panel).





All Tables
Table 1. 
Seven representative Insight-HXMT observations of Swift J1727.8−1613, marked with vertical dashed black lines in Fig. 2.
In the text

All Figures
	[image: thumbnail]	Fig. 7. Frequency and fractional rms amplitude of the Type-C (red) and Type-B (blue) QPOs as a function of the hardness ratio. Top panel: QPO frequency. Circles represent the rising phase of the LE light curve, while stars represent the decay phase. Vertical lines mark the representative Insight-HXMT observations in Table 1. Notably, the Type-C QPO is not detected at the peak of the flare, which corresponds to the minimum hardness ratio. Middle panel: Fractional rms amplitude in the LE band. Bottom panel: Fractional rms amplitude in the HE band. The arrows indicate an upper limit.
In the text



	[image: thumbnail]	Fig. 1. Ratan radio and Insight-HXMT X-ray observations of Swift J1727.8−1613 in the period MJD 60195−60215. Each point corresponds to an individual GTI. From top to bottom, the panels show, respectively, the Ratan radio fluxes at three frequencies (Ingram et al. 2024), the LE 2 − 10 keV light curve, the HE 28 − 200 keV light curve, and the corresponding hardness ratio. The shaded green region indicates the observations we use in this paper.
In the text



	[image: thumbnail]	Fig. 2. Zoom-in of the LE light curve of Swift J1727.8−1613 between MJD 60204 and 60209 in Fig. 1. The shaded gray area marks the time, considering the uncertainty, of the jet ejections reported by Wood et al. (2025), where a simultaneous soft X-ray flare occurs. The vertical dashed lines indicate the seven observations shown in Table 1 and Fig. 4.
In the text



	[image: thumbnail]	Fig. 3. PDS and the CS of Obs #5 in Table 1. Left panels: LE 2 − 10 keV PDS (black) and HE 28 − 200 keV PDS (green). Right panels: Real (black) and imaginary (green) parts of the CS between the HE and LE data.
In the text



	[image: thumbnail]	Fig. 4. PDSs and CSs of the seven representative Insight-HXMT observations marked with vertical lines in Fig. 2, and given in Table 1. Left panels: LE 2 − 10 keV PDS (black) and HE 28 − 200 keV PDS (green). Right panels: Real (black) and imaginary (green) parts of the CS. The individual Lorentzians are shown as dash-dotted lines in the LE PDS and dashed lines in the HE PDS; in the CS, the dash-dotted lines indicate the real part, and the dashed lines indicate the imaginary part. We highlight the Type-C (red) and Type-B (blue) QPOs in the PDSs and the CSs. Data with absolute values greater than or equal to 5 × 10−3 are scaled logarithmically, while values with absolute values smaller than 5 × 10−3 are scaled linearly.
In the text



	[image: thumbnail]	Fig. 5. Parameters of the Type-C and Type-B QPOs of the observations of Swift J1727.8−1613 in Fig. 2. Top panel: QPO frequency. Middle panel: 1/Q. Bottom panel: Phase lag. The gray area marks the time of the soft X-ray flare and the jet ejections reported by Wood et al. (2025).
In the text



	[image: thumbnail]	Fig. 6. Top panel: Total (0.01 − 50 Hz) fractional rms amplitude of Swift J1727.8−1613 in the LE 2 − 10 keV (black) and HE 28 − 200 keV (green) bands. Middle panel: Fractional rms amplitudes of the Type-C (red) and Type-B (blue) QPOs in the LE 2 − 10 keV band. Bottom panel: Fractional rms amplitudes of the Type-C and Type-B QPOs in the HE 28 − 200 keV band. The gray area marks the time of the soft X-ray flare and the jet ejections reported by Wood et al. (2025). The arrows indicate an upper limit.
In the text



	[image: thumbnail]	Fig. 8. Fractional-rms (left panels) and phase-lag spectra (right panels) of the Type-C (red) and Type-B (blue) QPOs of Swift J1727.8−1613 for the representative Insight-HXMT observations in Table 1.
In the text



	[image: thumbnail]	Fig. 9. Evolution of the Type-C (red) and Type-B (blue) QPOs in the HE PDS and corresponding phase-lag spectra across seven observations in Table 1 and Fig. 4, ordered by observation sequence number along the horizontal axis. The x and y ranges are the same across all panels. The vertical axes represent increasing 2 − 10 keV intensity (upward) and decreasing spectral hardness (downward). The profiles of the Type-C and Type-B QPOs are extracted from Fig. 4, with all other data and Lorentzian components omitted for clarity. The phase lag spectra shown are identical to those presented in Fig. 8. The first two observations occur before the soft X ray flare on MJD 60206, the next three during the flare, and the final two after the flare.
In the text



	[image: thumbnail]	Fig. 10. Dynamical imaginary cross-spectrum of Swift J1727.8−1613 between MJD 60204 and 60209. The photon count rate of the light curve in the bottom panel is the sum of the LE (2 − 10 keV) and HE (28 − 200 keV) count rates. The dynamical imaginary cross-spectrum is given in Leahy units (Leahy et al. 1983); the segments in the X axis have a duration of ∼60 seconds. We do not show the time gaps between observations to produce a more compact plot; the time gaps can be seen in Fig. 2. Compactified time is the true elapsed time in seconds since MJD 60204.22117, with the gaps in the data removed from the plot. The arrows identify the Type-B QPO, and the Type-C QPO and its second harmonic.
In the text



	[image: thumbnail]	Fig. A.1. Same as Fig. 4, but the cross vectors are rotated counterclockwise by π/4 rad. The PDS and CS are rebinned in frequency by a factor ≈1.047 = 101/50.
In the text



	[image: thumbnail]	Fig. A.2. Same as Fig. 5, but obtained from the fit to the rotated CS (Méndez et al. 2024). The squares represent the parameters from the rotated CS, whereas the stars denote the same parameters from the non-rotated CS.
In the text



	[image: thumbnail]	Fig. B.1. Phase lags and the coherence function of Obs #5 (left panel) and #4 (right panel) in Table 1. The red vertical line indicates the centroid frequency of the Type-C QPO, while the blue vertical line indicates that of the Type-B QPO. The models are not fitted to the data, but predicted on the basis of the parameters of the Lorentzians fitted to the PDS and the real and imaginary parts of the CS.
In the text



	[image: thumbnail]	Fig. C.1. Same as Fig. 4, but for observations P061433801103_03 (left panel) and P061433801403_01 (right panel).
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      Fig. 7. 

      
        [image: thumbnail]
      

      
        Frequency and fractional rms amplitude of the Type-C (red) and Type-B (blue) QPOs as a function of the hardness ratio. Top panel: QPO frequency. Circles represent the rising phase of the LE light curve, while stars represent the decay phase. Vertical lines mark the representative Insight-HXMT observations in Table 1. Notably, the Type-C QPO is not detected at the peak of the flare, which corresponds to the minimum hardness ratio. Middle panel: Fractional rms amplitude in the LE band. Bottom panel: Fractional rms amplitude in the HE band. The arrows indicate an upper limit.

      

    

  
    
      Table 1. 

      Seven representative Insight-HXMT observations of Swift J1727.8−1613, marked with vertical dashed black lines in Fig. 2.

      
        


	
	Obs ID
	HR
	
	
	Position†
	Type-C QPO
	Type-B QPO



	Sequence
	Obs time
	Number of
	Frequency
	Q
	rms (%)
	Frequency
	Q
	rms (%)



	number*
	(MJD)
	segments
	(Hz)
	
	in HE
	(Hz)
	
	in HE





	#1
	P061433801903_02
	0.42
	60205.47
	17
	Before
	3.39 ± 0.01
	12.6
	14.2 ± 0.6
	3.9 ± 0.1
	2.3
	9 ± 1



	#2
	P061433801901_03
	0.34
	60205.21
	15
	Before
	4.26 ± 0.01
	19.0
	12 ± 1
	4.61 ± 0.05
	4.7
	11 ± 1



	#3
	P061433802002_03
	0.23
	60206.20
	30
	Beginning
	6.67 ± 0.03
	6.7
	9 ± 1
	[image: equation]
	6.7
	[image: equation]



	#4
	P061433802003_02
	0.18
	60206.33
	18
	Peak
	−
	−
	≤1.5‡
	9.12 ± 0.02
	13.0
	14.4 ± 0.4



	#5
	P061433802004_01
	0.22
	60206.46
	28
	End
	6.84 ± 0.03
	7.6
	9 ± 1
	7.50 ± 0.06
	7.0
	13 ± 1



	#6
	P061433802104_02
	0.30
	60207.59
	27
	After
	4.92 ± 0.01
	12.3
	12 ± 1
	5.31 ± 0.06
	5.6
	10.6 ± 0.8



	#7
	P061433802206_04
	0.38
	60208.84
	20
	After
	3.97 ± 0.01
	12.4
	12.8 ± 0.6
	[image: equation]
	2.4
	9 ± 1





      

      
Notes. * The observations are ordered according to the 2−10 keV intensity (rising – peak – declining), or equivalently, according to the hardness ratio (decreasing – minimum – increasing). † The position is relative to the flare on MJD 60206. ‡ Type-C QPO is not detected and we give 95% confidence upper limit of the fractional rms, ≤1.8% in the LE 2 − 10 keV band and ≤1.5% in the HE 28 − 200 keV band.



    

  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        Ratan radio and Insight-HXMT X-ray observations of Swift J1727.8−1613 in the period MJD 60195−60215. Each point corresponds to an individual GTI. From top to bottom, the panels show, respectively, the Ratan radio fluxes at three frequencies (Ingram et al. 2024), the LE 2 − 10 keV light curve, the HE 28 − 200 keV light curve, and the corresponding hardness ratio. The shaded green region indicates the observations we use in this paper.

      

    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Zoom-in of the LE light curve of Swift J1727.8−1613 between MJD 60204 and 60209 in Fig. 1. The shaded gray area marks the time, considering the uncertainty, of the jet ejections reported by Wood et al. (2025), where a simultaneous soft X-ray flare occurs. The vertical dashed lines indicate the seven observations shown in Table 1 and Fig. 4.

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        PDS and the CS of Obs #5 in Table 1. Left panels: LE 2 − 10 keV PDS (black) and HE 28 − 200 keV PDS (green). Right panels: Real (black) and imaginary (green) parts of the CS between the HE and LE data.

      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        PDSs and CSs of the seven representative Insight-HXMT observations marked with vertical lines in Fig. 2, and given in Table 1. Left panels: LE 2 − 10 keV PDS (black) and HE 28 − 200 keV PDS (green). Right panels: Real (black) and imaginary (green) parts of the CS. The individual Lorentzians are shown as dash-dotted lines in the LE PDS and dashed lines in the HE PDS; in the CS, the dash-dotted lines indicate the real part, and the dashed lines indicate the imaginary part. We highlight the Type-C (red) and Type-B (blue) QPOs in the PDSs and the CSs. Data with absolute values greater than or equal to 5 × 10−3 are scaled logarithmically, while values with absolute values smaller than 5 × 10−3 are scaled linearly.

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Parameters of the Type-C and Type-B QPOs of the observations of Swift J1727.8−1613 in Fig. 2. Top panel: QPO frequency. Middle panel: 1/Q. Bottom panel: Phase lag. The gray area marks the time of the soft X-ray flare and the jet ejections reported by Wood et al. (2025).

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Top panel: Total (0.01 − 50 Hz) fractional rms amplitude of Swift J1727.8−1613 in the LE 2 − 10 keV (black) and HE 28 − 200 keV (green) bands. Middle panel: Fractional rms amplitudes of the Type-C (red) and Type-B (blue) QPOs in the LE 2 − 10 keV band. Bottom panel: Fractional rms amplitudes of the Type-C and Type-B QPOs in the HE 28 − 200 keV band. The gray area marks the time of the soft X-ray flare and the jet ejections reported by Wood et al. (2025). The arrows indicate an upper limit.

      

    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
        Fractional-rms (left panels) and phase-lag spectra (right panels) of the Type-C (red) and Type-B (blue) QPOs of Swift J1727.8−1613 for the representative Insight-HXMT observations in Table 1.

      

    

  
    
      Fig. 9. 

      
        [image: thumbnail]
      

      
        Evolution of the Type-C (red) and Type-B (blue) QPOs in the HE PDS and corresponding phase-lag spectra across seven observations in Table 1 and Fig. 4, ordered by observation sequence number along the horizontal axis. The x and y ranges are the same across all panels. The vertical axes represent increasing 2 − 10 keV intensity (upward) and decreasing spectral hardness (downward). The profiles of the Type-C and Type-B QPOs are extracted from Fig. 4, with all other data and Lorentzian components omitted for clarity. The phase lag spectra shown are identical to those presented in Fig. 8. The first two observations occur before the soft X ray flare on MJD 60206, the next three during the flare, and the final two after the flare.

      

    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
        Dynamical imaginary cross-spectrum of Swift J1727.8−1613 between MJD 60204 and 60209. The photon count rate of the light curve in the bottom panel is the sum of the LE (2 − 10 keV) and HE (28 − 200 keV) count rates. The dynamical imaginary cross-spectrum is given in Leahy units (Leahy et al. 1983); the segments in the X axis have a duration of ∼60 seconds. We do not show the time gaps between observations to produce a more compact plot; the time gaps can be seen in Fig. 2. Compactified time is the true elapsed time in seconds since MJD 60204.22117, with the gaps in the data removed from the plot. The arrows identify the Type-B QPO, and the Type-C QPO and its second harmonic.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Same as Fig. 4, but the cross vectors are rotated counterclockwise by π/4 rad. The PDS and CS are rebinned in frequency by a factor ≈1.047 = 101/50.

      

    

  
    
      Fig. A.2. 

      
        [image: thumbnail]
      

      
        Same as Fig. 5, but obtained from the fit to the rotated CS (Méndez et al. 2024). The squares represent the parameters from the rotated CS, whereas the stars denote the same parameters from the non-rotated CS.

      

    

  
    
      Fig. B.1. 

      
        [image: thumbnail]
      

      
        Phase lags and the coherence function of Obs #5 (left panel) and #4 (right panel) in Table 1. The red vertical line indicates the centroid frequency of the Type-C QPO, while the blue vertical line indicates that of the Type-B QPO. The models are not fitted to the data, but predicted on the basis of the parameters of the Lorentzians fitted to the PDS and the real and imaginary parts of the CS.

      

    

  
    
      Fig. C.1. 
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        Same as Fig. 4, but for observations P061433801103_03 (left panel) and P061433801403_01 (right panel).
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quency by a factor of ~ 1.012 = 10'/2% to increase the signal-
to-noise ratio further but maintaining a good frequency resolu-
tion. The PDS and the real and imaginary parts of the CS were
normalized to fractional rms-squared units (Belloni & Hasinger
1990). The Poisson noise was estimated from the average power
above 100 Hz, where no source variability is observed, and sub-
tracted. The background count rate was considered when we
computed the rms normalization.

‘We used Xspec v.12.14.0 (Arnaud 1996) to fit the PDS and
the real and imaginary parts of the CS. We fit the LE 2 — 10 keV
PDS and HE 28 — 200 keV PDS, as well as the real and imagi-
nary parts of the corresponding CS simultaneously, using a com-
bination of Lorentzian functions, as has been proposed by Mén-
dez et al. (2024). When we finished the fits, we calculated the
1o errors of the parameters in Xspec. We consider a Lorentzian
component to be significant only if it exceeds a 30~ significance
level in at least one of the LE PDS, the HE PDS or the CS. In
Figs. 5, 6, 7, and Table 1 we show the parameters of the fit with
1o errors.

To generate fractional-rms and phase lag spectra of the
QPOs, we divided the full energy range of the three Insight-
HXMT instruments into 12 bands. The separate energy bands are
LE 1.0-1.5 keV, LE 1.5-2.0 keV, LE 2.0-2.6 keV, LE 2.6-4.8
keV, LE 4.8-7 keV, LE 7-11 keV, ME 7-11 keV, ME 11-15
keV, ME 15-35 keV, HE 25-35 keV, HE 35-48 keV, and HE
48-100 keV. We selected a time resolution of 3 ms (correspond-
ing to a Nyquist frequency of ~ 167 Hz.) and a segment length
of ~ 25 s to produce the PDSs and the CSs. We used the LE
2.6-4.8 keV band as a reference and each of the other bands
as a subject to produce the corresponding CS. In this manner,
we obtained 12 PDSs and 11 CSs. We jointly fit the 12 PDSs
and the real and imaginary parts of the 11 CSs using a constant
phase-lag model (Méndez et al. 2024). We also linked the cen-
troid frequency and FWHM for each Lorentzian function across
the different spectra in the fit. We subsequently calculated the
30 confidence range of the parameters using the Markov chain
Monte-Carlo algorithm (MCMC). The Goodman-Weare algo-
rithm was applied for a total of 200000 samples and a burn-in
phase of 100000 to 1000000 to let the chain reach a steady state.

3. Results
3.1. X-ray flare

In Fig. 1 we present the Ratan radio flux (Ingram et al. 2024), the
LE 2.0-10.0 keV and HE 28.0-200 keV background-subtracted
light curves, and the hardness ratio of Swift J1727.8—1613, span-
ning from MJD 60195 to MJD 60215. The hardness ratio is
defined as the ratio between the background-subtracted count
rate in the HE 28-200 keV and the LE 2-10 keV bands. The
Ratan radio flux measurements are provided at three frequencies:
4.7 GHz (red), 8.2 GHz (orange), and 11.2 GHz (yellow). The
shaded green region marks the observations we used in this pa-
per, between MJD 60204 to MJD 60209, lasting ~ 5 days. In this
period, the LE 2.0-10.0 keV photon count rate increases from
~ 2500 cts/s to ~ 4500 cts/s. In contrast, the HE 28-200 keV
count rate decreases from ~ 1300 cts/s to ~ 800 cts/s. As a re-
sult, the hardness ratio decreases from 0.54 to 0.18 during the ob-
servations. Simultaneously, the Ratan radio fluxes increase from
~ 50 mJy to ~ 200 mJy, although there are 2-6 day gaps between
adjacent Ratan observations.

In Fig. 2 we present a zoom-in version of the LE light curve
of the observations we use. In addition, we mark the ejection
date (MJD 60206.19-60206.47) of jet knots reported by Wood
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Fig. 1. Ratan radio and Insight-HXMT X-ray observations of Swift
J1727.8-1613 in the period MJD 60195-60215. Each point corresponds
to an individual GTI. From top to bottom, the panels show, respectively,
the Ratan radio fluxes at three frequencies (Ingram et al. 2024), the LE
2 - 10 keV light curve, the HE 28 — 200 keV light curve, and the cor-
responding hardness ratio. The shaded green region indicates the obser-
vations we use in this paper.
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Fig. 2. Zoom-in of the LE light curve of Swift J1727.8—1613 between
MID 60204 and 60209 in Fig. 1. The shaded gray area marks the
time, considering the uncertainty, of the jet ejections reported by Wood
et al. (2025), where a simultaneous soft X-ray flare occurs. The verti-
cal dashed lines indicate the seven observations shown in Table 1 and
Fig. 4.

et al. (2025) with the gray region. Just prior to the ejection date,
the LE 2 — 10 keV light curve increases rapidly from ~ 2800
cts/s to ~ 4200 cts/s, forming a soft flare in the LE light curve.
As a result, the flare and jet ejections occur simultaneously on
September 19, 2023 (MJD 60206), as is reported by Wood et al.
(2025). The flare lasts ~ 7 hours.

Seven representative Insight-HXMT observations are
marked with black vertical dashed lines in Fig. 2. Their obser-
vation times, hardness ratios and number of segments of 32
seconds used to generate the PDS are recorded in Table 1. The
first two observations are before the flare, the next three are
during the flare and the last two are after the flare.
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