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Abstract

We report 155 X-ray bursts from Cir X-1 detected with NICER and 48 with Insight-HXMT, respectively. The K-medoids clustering algorithm was applied to X-ray bursts detected by NICER for classification. These X-ray bursts are classified into two categories, designated as Class A and B. The profile of Class A resembles that of a typical type I X-ray burst. Class B is weaker and its profile is approximately symmetric. In these X-ray bursts, the shortest recurrence time of ∼300 s observed to date in Cir X-1 is detected. Additionally, no burst is detected prior to MJD 58933 in NICER and Insight-HXMT. The underlying reason for this phenomenon remains unclear and requires further investigation.
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1. Introduction
After its discovery, Cir X-1 was identified as an accreting black hole in an X-ray binary (Toor 1977). However, the discovery of type I X-ray bursts in Cir X-1 (Tennant et al. 1986a,b) and the subsequent confirmation with good angular resolution (Linares et al. 2010) established that its compact star is a neutron star (NS) with a weak magnetic field. Type I X-ray bursts are commonly observed in low-mass X-ray binaries (LMXBs). Additionally, some characteristics typically observed in high-mass X-ray binaries (HMXBs) are also present in Cir X-1, which makes it an unusual X-ray binary (XRB). Jonker et al. (2007) analyzed I-band observation data and proposed that the companion is a B5–A0 spectral type supergiant with an orbital period of ∼16.5 days and an orbital eccentricity of ∼0.45, which is also supported by the studies of Johnston et al. (2016) and Schulz et al. (2020). Moreover, the discovery of the natal supernova remnant of Cir X-1 makes it the youngest known XRB (< 4600 yr, Heinz et al. 2013).
X-ray bursts are generally classified into two categories: type I and type II. A type I X-ray burst is a thermonuclear flash on the surface of an accreting NS (see Strohmayer & Bildsten 2006, and reference therein). The accreted material accumulates on the surface of the NS firstly. When the conditions of the thermonuclear burning are satisfied, an ignition of H/He will occur, which then results in a type I X-ray burst. The flux in type I bursts exhibits a rapid increase from < 1 s to ∼10 s, followed by a power-law decay (Lewin et al. 1993; in’t Zand et al. 2014).
Different from the type I X-ray burst, the type II X-ray burst is rare in XRBs and exhibits little spectral evolution (Lewin et al. 1993). Currently, only two XRBs, the Rapid Burster (Lewin et al. 1976) and GRO J1744-28 (Kouveliotou et al. 1996), have been confirmed to exhibit type II X-ray bursts. The type II X-ray bursts may also be present in SMC X-1 (Angelini et al. 1991; Li & van den Heuvel 1997; Rai et al. 2018), but the identification remains unclear. The type II X-ray burst is believed to be caused by the accretion instability, but the detailed mechanism remains unclear. Some studies have indicated that the magnetic field plays an important role in the formation of type II X-ray bursts (e.g., Bagnoli et al. 2015; van den Eijnden et al. 2017).
Tennant et al. (1986a,b) discovered 11 X-ray bursts in Cir X-1. Three of these could be confirmed as the type I X-ray bursts, but the possibility that the remaining eight are the type II X-ray bursts could not be ruled out. Linares et al. (2010) detected 15 X-ray bursts, nine of which were identified as type I X-ray bursts. In this work, we search X-ray bursts with NICER and Insight-HXMT, and discuss their identifications.
2. Observations and data reduction
NICER covers the 0.2–12 keV energy band and has a large effective area below 4 keV (Gendreau et al. 2016), which is helpful to investigate the spectral evolution of X-ray bursts. We selected all data of Cir X-1 until the end of 2023. The observation dates are marked with vertical blue lines in Figure 1. The data were processed using NICER Data Analysis Software (NICERDAS version 2024-02-09_V012) with the CALDB version xti20240206. To mitigate the background influence, we set overonly_expr to 1.0. Light curves were generated using nicerl3-lc with a bin size of 1.0 s.
	[image: thumbnail]	Fig. 1. Long-term light curves of Cir X-1 with MAXI from MJD 57900 to 60200. The vertical blue and red lines represent the observations with NICER and Insight-HXMT, respectively. The date of the vertical dashed purple line is MJD 58933. All found bursts in this work are posterior to this date. The low flux (∼0 Crab) observed in certain data points represents the dip in every orbit.



Insight-HXMT (Zhang et al. 2020) carries three telescope: the Low Energy X-ray telescope (LE, 1–12 keV), the Medium Energy X-ray telescope (ME, 5–40 keV), and the High Energy X-ray telescope (HE, 20–250 keV). It has monitored Cir X-1 for ∼7 years. Similarly, we also selected all data from June 15, 2017 to December 31, 2023. The observation dates are marked with vertical red lines in Figure 1. The data were processed using the Insight-HXMT Data Analysis Software (HXMTDAS) v2.06 with the latest CALDB. Light curves were generated using the standard pipeline routine hpipeline with a bin size of 1.0 s. Total effective exposure times are 284 ks, 157 ks, and 353 ks for NICER, Insight-HXMT LE, and Insight-HXMT ME, respectively.
We searched for X-ray bursts by visually inspecting the light curve profiles from each observation, and 155 X-ray bursts in NICER and 48 X-ray bursts in Insight-HXMT are identified1. All identified X-ray bursts are posterior to MJD 58933, before which no X-ray burst is detected. The peak count rates exceed the persistent count rates about 20–30 counts s−1 and 50–150 counts s−1 for X-ray bursts in Insight-HXMT and NICER, respectively. It was hard to analyze the spectral evolution of the X-ray bursts in Insight-HXMT due to their poor statistical qualities2, so we focused on the X-ray bursts in NICER in this work.
Some X-ray bursts are not completely covered by observation. And there is a notable variation in the persistent count rate in some bursts. Both are not beneficial to the spectral analysis, so it is necessary to apply a filter to the sample of NICER X-ray bursts. Firstly, if the persistent count rate was not stable, the burst would be removed from our sample3. Secondly, in order to eliminate the effect of the fluctuation, the Savitzky-Golay filter (Savitzky & Golay 1964) was applied to the light curves in order to obtain the peak time, tpeak, for each burst, where a fourth-order polynomial4 was fit with a window size of 31 s. The time of maximum count rate of the filtered light curve during the burst was selected as the peak time. Additionally, it was ensured that each burst contained complete data from tpeak−50 s to tpeak+100 s, otherwise the burst was excluded. Finally, a sample of 117 X-ray bursts was obtained.
In these X-ray bursts, roughly two types of profiles could be identified in NICER light curves. The first type exhibits a rapid rise with a slow decay, while the second type shows a relatively symmetrical profile. The peak count rate in the first type (∼150 counts s−1) is typically higher than that in the second type (∼100 counts s−1). Two representative bursts are presented in Figure 2.
	[image: thumbnail]	Fig. 2. Two representative bursts in NICER light curves. The x axis represents the time since the observation starts.



The analysis of the spectral evolution of a single X-ray burst is challenging, so we attempted to merge multiple X-ray bursts to enhance the statistics. Before that, it is necessary to classify these X-ray bursts according to the two types of profiles5.
3. Methodology and results of classification
In this section, we attempted to classify these X-ray bursts based on their profiles. At first, the mean count rate between tpeak−50 s and tpeak−30 s was regarded as the background for each burst. With the background subtracted, the profiles of X-ray bursts became comparable. Then these X-ray bursts were aligned with the time tpeak. In this work, we defined:
[image: thumbnail](1)
where r1i, r2i, e1i, and e2i represent the count rate of two X-ray bursts and their errors, respectively. For two aligned X-ray burst light curves, ξ could be calculated based on the above equation, where t1 = tpeak − 30 s, tN = tpeak + 100 s, and N = 131. If two X-ray burst profiles were similar to each other, ξ would be about 1, otherwise ξ would be significantly greater than 1. Accordingly, ξ could be used to classify these X-ray bursts.
The K-medoids clustering algorithm (Kaufmann & Rousseeuw 1987) divides a series of data points into k partitions. The clustering algorithm could be described by:
[image: thumbnail](2)
where the total distance, D, is required to be minimized. One data point, mi, is chosen as the medoid in each part, Ci, then the above equation could be used to calculate the total distance. This process is repeated until the total distance between data points and the closest medoids is minimal. The property of ξ for two bursts is analogous to dist(xj, mi), thus ξ could be regarded as the distance between two X-ray bursts. Accordingly, the K-medoids clustering algorithm could be applied to the X-ray burst classification. Based on the two typical profiles, these X-ray bursts are classified into two categories, designated as Class A and B. In practice, a K-mean style algorithm (a kind of K-medoids clustering algorithm, see e.g., Schubert & Rousseeuw 2019) was employed to obtain the classification, where the number of clusters was fixed at 2. To obtain the optimal classification, 10 000 groups of different initial medoids were used. A classification could be obtain in each group through iteration. The classification with the minimum total distance was selected as the optimal one. The results are presented in Table A.1, and the mean count rates for the two classes are shown in Figure 36. Class A and Class B contain 39 and 78 bursts, respectively. The mean peak count rate in Class A (∼130 counts s−1) is significantly higher than that in Class B (∼80 counts s−1). The distributions of the background count rate for the two classes of X-ray bursts are presented in Figure 4. A Kolmogorov-Smirnov test was applied to the two distributions, resulting in a p-value of 0.09. The results indicate that there is no significant difference between the two classes of X-ray bursts in the background count rate.
	[image: thumbnail]	Fig. 3. Mean count rates for two classes of bursts. The background interval is marked in gray. The tpeak is set to 0. The count rate of Class B is multiplied by 1.53 in the right panel.



	[image: thumbnail]	Fig. 4. Distributions of the background count rate for the two classes of X-ray bursts. The x and y axes represent the background count rate and the number of X-ray bursts, respectively. Class A and B are marked in blue and red, respectively.



In order to investigate more closely the discrepancy in profiles between the two classes, the mean count rate was multiplied by a factor of 1.53 for Class B, thereby aligning the peak count rate between the two classes. The results are presented in Figure 3. The profiles exhibit similarities prior to ∼tpeak + 15 s, with Class B showing a more rapid decline after that.
4. Spectral analysis
For these observations listed in Table A.1, nicerl3-spec was employed to obtain the X-ray spectra with SCORPEON selected as the background model7, where spectra were grouped using the optimal binning option (Kaastra & Bleeker 2016) with a minimum of 10 counts per bin. The abundance table was set to aspl (Asplund et al. 2009) in the spectral model. A simple model was adopted to obtain the column density of the intrinsic absorption component. The used model was tbabs*phabs*(diskbb+bbodyrad+gaussian), where tbabs and phabs components represented the interstellar absorption and the intrinsic absorption, respectively. The diskbb component represented the blackbody emission from the accretion disk. The bbodyrad component represented the blackbody emission from the boundary layer and/or the NS surface. The gaussian component allowed for a potential spectral line feature. In the spectral fitting, the column density of the interstellar absorption was fixed to 1.8 × 1022 cm−2 (Heinz et al. 2013). The best-fits show that the column density of the intrinsic absorption ranges from 0.8 to 1.4 × 1022 cm−2, and there is no significant difference in the intrinsic absorption across these observations.
In order to investigate the spectral evolution of X-ray bursts, we firstly extracted the time-resolved spectra in 1 s steps8. With the peak time of each burst aligned, the spectra from the same intervals were combined for Class A and B, respectively. The data from tpeak − 50 s to tpeak − 25 s were considered as the background. Then, we performed the best-fits with the model tbabs*phabs*bbodyrad, where the column density of the intrinsic absorption phabs was fixed to 1022 cm−2. If the blackbody component could not be constrained, the time step would be extended until the parameters could be constrained. The parameters derived from the time-resolved spectroscopy are presented in Figure 5, where the radius of the blackbody component was calculated with a distance of 9.4 kpc (Heinz et al. 2015). The temperature evolution is different between the two classes of X-ray bursts. Prior to the peak, an increase in the temperature is observed in Class A, while the temperature remains relatively constant in Class B. During the tail of X-ray bursts of Class A, the decay in temperature may be present, despite the trend not being prominent. During the tail of X-ray bursts of Class B, no significant variation is detected in temperature. The radius evolution is similar between the two classes. The radius increases gradually, followed by a subsequent decrease. The maximum radius is reached near the peak time. The maximum radii are 5 km and 4 km for Class A and B, respectively. It should be noted that the derived radius from fitting the faint burst spectrum may not accurately reflect the actual radius of an X-ray burst emission region (van Paradijs & Lewin 1986), therefore the maximum radii presented here are intended for reference only.
	[image: thumbnail]	Fig. 5. Results from the time-resolved spectroscopy. Class A and B are marked in blue and red, respectively. The background intervals adopted in the spectral fitting are marked in gray. Each panel shows the net count rate, the blackbody temperature, the blackbody radius, the blackbody flux, and the reduced chi-square from the top to the bottom.



5. Timing analysis
The barycenter-corrected event files were generated through the routine barycorr. The Z2 searching algorithm (Buccheri et al. 1983) was applied to each burst in the range of 10–2000 Hz. The time window was located near the peak time for each burst and its width was set to 10 s. No period is identified with a chance probability of being due to noise below 0.1%.
6. Properties of X-ray bursts
The α value is defined as the ratio of the persistent fluence between the X-ray bursts and the X-ray burst fluence. The occurrence of multiple X-ray bursts in a single observation permits the estimation of α. However, the existence of observational gaps between neighbor X-ray bursts of Class A precludes the determination of α. Nevertheless, a lower limit for Class A could be estimated. In the case of continuous observational data, where a single X-ray burst of Class A is present, the exposure time is typically ∼500 − 1000 s. It indicates that the recurrence time of Class A is at least 250 − 500 s. The persistent flux fpersistent was estimated using the data from tpeak − 50 s to tpeak − 25 s, and the average burst flux fburst was estimated using the data from tpeak − 10 s to tpeak + 100 s for each X-ray burst of Class A. The data from tpeak − 50 s to tpeak − 25 s were considered as the background of each X-ray burst. The employed models were tbabs*phabs*(diskbb+bbodyrad+gaussian) and tbabs*phabs*bbodyrad for the estimation of the persistent flux and the average burst flux, respectively. Finally, the estimated [image: equation], where fpersistent and fburst were estimated in the energy band between 0.01 and 100 keV9. Consequently, we derive a lower limit of α ranging from 8 to 58 for Class A, where relative error ranges from 15% to 45%. In contrast, no observational gap between some neighbor X-ray bursts is present in Class B. The light curves of NICER ObsId 3578010101 as an example are shown in Figure 6. With the X-ray bursts between 39 000 s and 40 000 s in NICER ObsId 3578010101, we could estimate α in Class B. The persistent flux was obtained using the data between 39 000 s and 40 000 s, and the average burst flux was estimated with the data from tpeak − 10 s to tpeak + 50 s. With the above process repeated, the derived α = 82 ± 21 and 210 ± 140 for the two X-ray bursts marked with vertical red lines between 39 000 s and 40 000 s in Figure 6. Furthermore, another attempt was made to estimate the α value using a standard way. The average burst fluence, F, was determined by integrating the burst light curve in Figure 5. The persistent flux, fpersistent, was estimated with the merged spectrum in the interval of tpeak − 50 s to tpeak − 25 s for Class A and B, respectively. The observed recurrence time, Δt, ranges from ∼300 s to ∼600 s in this work. The α value could be calculated using the formula [image: equation]. Given the recurrence time of 300 s, the average α value is estimated to be 49 ± 1 and 113 ± 3 for Class A and B, respectively. The α value is doubled with a recurrence time of 600 s. The estimated α values are consistent with those obtained through the aforementioned method, and also consistent with the α values estimated in Linares et al. (2010).
	[image: thumbnail]	Fig. 6. Light curves of NICER ObsId 3578010101. The x axis represents the time since the observation starts. The vertical red lines indicate the peak time of X-ray bursts of Class B. Segments with a duration of less than 100 s are excluded.



Linares et al. (2011) found that if the ratio of peak luminosity of burst to persistent luminosity β = Lpeak/Lpersistent 2 − 50 keV < 0.7, the X-ray bursts would exhibit a non-cooling tail. The β was estimated from the merged X-ray spectra, and the result shows β = 0.25 ± 0.02 and 0.18 ± 0.01 for Class A and B, respectively. These results suggest that all X-ray bursts detected in this work are non-cooling bursts. This finding supports the spectral evolution of Class B and may account for the relatively weak temperature decay observed in X-ray bursts of Class A.
The interval of X-ray bursts between 39 000 s and 40 000 s in ObsId 3578010101 indicates the potential existence of a mHz quasi-periodic oscillation (QPO), which may imply a quasi-periodic burning on the surface of the NS. These bursts exhibit a recurrence time of ∼300 s, which is the shortest recurrence time reported for Cir X-1 to date. Assuming the presence of a QPO, the corresponding frequency of the QPO is ∼3.3 mHz. The corresponding persistent luminosity is estimated to be ∼1.2 × 1038 erg s−1, which corresponds to ∼1.0 × 10−8 M⊙ yr−1 given that the mass and radius of the NS are 1.4 M⊙ and 10 km, respectively. We also investigated the correlation between the bolometric flux and the recurrence time. To obtain the recurrence time, some X-ray bursts removed in Section 2 were also included. As the duration of each segment in NICER is typically less than 1000 s, the recurrence time discussed here was limited to less than 1000 s. The bolometric flux was estimated by analyzing the spectrum from an exposure time of 100 s between two neighbor X-ray bursts10. The results are shown in Figure 7, which reveals that there is no correlation between the bolometric flux and the recurrence time.
	[image: thumbnail]	Fig. 7. Lack of correlation between the bolometric flux and the recurrence time.



In order to investigate the occurrence of X-ray bursts, it is necessary to estimate the burst rate of Cir X-1 with respect to orbital phase. Given the absence of X-ray bursts prior to MJD 58933, the burst rate was estimated with observations posterior to MJD 58933 here. The related results are presented in Figures 8, where the burst rate was defined as the number of X-ray bursts per unit effective exposure time. The number of X-ray bursts was assumed to follow a Poisson distribution here. A significant variation in burst rate with respect to orbital phase is present. The burst rate in the phase between 0.4 and 0.8 is remarkably higher than that in the phase between 0 and 0.4. Additionally, we find that no X-ray burst is detected during the dip (ϕ ∼ 0.85 − 0.95).
	[image: thumbnail]	Fig. 8. Blue points represent the burst rate with respect to orbital phase. Poisson errors are adopted here. The burst rates are derived from 155 X-ray bursts observed by NICER. The folded light curves obtained from the MAXI light curve from MJD 58933 to 60200, where orbital phases are derived from the Nicolson (2007)’s ephemeris.



7. Discussion
In comparison with previous studies, our sample includes numerous X-ray bursts, which could help us investigate the statistical properties of X-ray bursts in Cir X-1. Linares et al. (2010) identified 15 X-ray bursts in Cir X-1. The characteristics of nine X-ray bursts are consistent with those typically observed in type I X-ray bursts, while some other weak X-ray bursts shows approximately symmetric profiles. These characteristics are also present in our sample of X-ray bursts. The spectral evolution of Class A prior to the peak resembles that of identified type I X-ray bursts in Linares et al. (2010). However, the temperature decay is not prominent in Class A. This phenomenon may be attributed to the presence of some weak X-ray bursts in Class A. The spectral evolution of Class B is similar to that of weak X-ray bursts in Linares et al. (2010).
The nuclear reaction chain plays an important role in the profiles of thermal X-ray bursts, wherein the rp process is primarily responsible for the late nuclear burning. We employed in’t Zand et al. (2017)’s method to investigate whether the presence/absence of an rp process leads to different profiles of X-ray bursts of two classes. The decay data of X-ray bursts were fit with a two-parameter power law model and a power law plus a one-sided Gaussian model, respectively. The best-fit of a two-parameter power law model gives χν2(ν) = 0.88(21) and 1.13(7) for X-ray bursts of two classes, but that of a power law plus a one-sided Gaussian model gives χν2(ν) = 0.96(19) and 1.16(5)11. It means that the one-sided Gaussian component is not requisite for X-ray bursts in Cir X-1. The Gaussian component may be attributed to the rp process (in’t Zand et al. 2017). Therefore, our data do not support that the presence/absence of an rp process leads to different profiles of X-ray bursts of two classes, which requires further investigation.
The α value is typically in the range of ∼101 − 103 in type I X-ray bursts (Keek et al. 2010), which is consistent with that of X-ray bursts of both two classes in this work. It suggests that all X-ray bursts analyzed in this work may be classified as type I X-ray bursts. However, the lack of correlation between the recurrence time and the bolometric flux does not agree with the scenario of type I X-ray bursts. It may be attributed to that the estimated bolometric flux is derived from NICER observations, which may be not reliable due to the lack of hard X-ray spectra. Moreover, the burst rate with respect to the orbital phase also agrees with the scenario of thermonuclear burning. Yu et al. (2024) analyzed spectral properties of Cir X-1 around periastron (ϕ ∼ 0 − 0.1), and obtained the bolometric luminosity of Cir X-1 to be ∼1 Eddington luminosity (Flux < 0.5 Crab). It means that Cir X-1 may undergo stable burning around periastron, which would explain its relatively low burst rate. As Cir X-1 moves away from periastron, the accretion rate will decrease, resulting in a resumption of X-ray bursts. Furthermore, the long-term X-ray variation of Cir X-1 is also consistent with the scenario of type I X-ray bursts (see long-term light curves in Parkinson et al. 2003; Armstrong et al. 2013; Yu et al. 2024). The X-ray bursts are present in 1984–1985, in which the flux is significantly lower than 0.5 Crab. As Cir X-1 becomes brighter, it will enter a state of stable thermonuclear burning, leading to the cessation of type I X-ray bursts. When the accretion rate of Cir X-1 decreases, the recurrence time will lengthen, making the detection of type I X-ray bursts difficult. When the accretion rate of Cir X-1 increases, the recurrence time will decrease, facilitating the detection of X-ray bursts. However, we find that no X-ray burst is detected prior to MJD 58933 in NICER and Insight-HXMT. To investigate the reason for the absence of X-ray bursts, we initially present the folded light curve between MJD 58700 and 58933 in Figure 9. The observed flux during the orbital phase between 0.5 and 0.8 is comparable to that in the same phases posterior to MJD 58933. Its effective exposure time is ∼15.1 ks, and the expected burst number is ∼15. A test was conducted to estimate the possibility of no detected X-ray burst12 and the result shows p = 3 × 10−7. The presence of the disk wind and the dip in light curves indicates that Cir X-1 is a system with a high orbital inclination (Brandt & Schulz 2000; Schulz & Brandt 2002; Yu et al. 2024). Therefore, it is possible that the presence of additional gas blocking the X-ray emission may lead to the occurrence of weak X-ray bursts, which are difficult to detect. To investigate it further, we perform best-fits with the aforementioned model. The results indicate that there is no significant variation in the absorption column density. Therefore, the absence of X-ray bursts prior to MJD 58933 in NICER and Insight-HXMT remains a puzzle that requires further investigation.
	[image: thumbnail]	Fig. 9. Folded light curves obtained from the MAXI light curve from MJD 58700 to 58933, where orbital phases are derived from the Nicolson (2007)’s ephemeris.
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The data used in this article from Insight-HXMT are available at http://hxmten.ihep.ac.cn


1 X-ray bursts in Insight-HXMT contain 46 X-ray bursts in LE and 2 X-ray burst in ME. Due to weakness of X-ray bursts in Insight-HXMT, some X-ray bursts may be missed. Thus, the number of identified X-ray bursts in Insight-HXMT is the lower limit.


2 The net photon is insufficient to obtain the spectral evolution of X-ray bursts in Insight-HXMT.


3 If there was a significant variation in the persistent count rate in a short time (e.g., the persistent count rate increases > 100 counts s−1 in 300 s), the background of the X-ray burst would be difficult to estimate.


4 We attempted to adjust the polynomial order and the window size, and found that a fourth-order polynomial with a window size of 31 s was a good choice to obtain the peak time.


5 The selection of X-ray bursts may be subjective due to their weak intensity. In this work, we focused on the statistical properties of X-ray bursts, thus the selection of these X-ray bursts could not affect the following analysis.


6 The data points from tpeak − 200 s to tpeak − 50 s and from tpeak + 100 s to tpeak + 200 s are incomplete for some bursts. The mean count rates presented here are derived exclusively from those data points present in bursts.


7 https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/scorpeon-overview/


8 The spectra were also grouped using the optimal binning option (Kaastra & Bleeker 2016) with a minimum of 10 counts per bin, but the systematic error was not included here.


9 The recurrence time was assumed as 250 s for X-ray bursts of Class A to estimate the lower limit of α.


10 The spectrum was extracted from the interval between [image: equation] and [image: equation] s, where tpeak1 and tpeak2 represented the peak times of two neighbor X-ray bursts. The used model was tbabs*phabs*(diskbb+bbodyrad). The bolometric flux was estimated through the emission components in the energy band of 0.01–100 keV.


11 t = −15 s was selected as the burst start time.


12 The burst number follows a Poisson distribution with a mathematic expectation of 15. No detected X-ray burst means [image: equation].
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        Two representative bursts in NICER light curves. The x axis represents the time since the observation starts.
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        Mean count rates for two classes of bursts. The background interval is marked in gray. The tpeak is set to 0. The count rate of Class B is multiplied by 1.53 in the right panel.
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        Distributions of the background count rate for the two classes of X-ray bursts. The x and y axes represent the background count rate and the number of X-ray bursts, respectively. Class A and B are marked in blue and red, respectively.
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        Results from the time-resolved spectroscopy. Class A and B are marked in blue and red, respectively. The background intervals adopted in the spectral fitting are marked in gray. Each panel shows the net count rate, the blackbody temperature, the blackbody radius, the blackbody flux, and the reduced chi-square from the top to the bottom.
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        Light curves of NICER ObsId 3578010101. The x axis represents the time since the observation starts. The vertical red lines indicate the peak time of X-ray bursts of Class B. Segments with a duration of less than 100 s are excluded.
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        Blue points represent the burst rate with respect to orbital phase. Poisson errors are adopted here. The burst rates are derived from 155 X-ray bursts observed by NICER. The folded light curves obtained from the MAXI light curve from MJD 58933 to 60200, where orbital phases are derived from the Nicolson (2007)’s ephemeris.
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        Folded light curves obtained from the MAXI light curve from MJD 58700 to 58933, where orbital phases are derived from the Nicolson (2007)’s ephemeris.

      

    

  
    
      Table A.1. 

      Result of the classification derived from K-medoids clustering algorithm

      
        


	NICER ObsId
	Orbital phase
	Peak time (MJD)
	Persistent luminosity
	Class



	
	
	
	0.01–100 keV
	



	
	
	
	1038 erg s−1
	





	3578010101
	0.480–0.531
	59061.30267
	
[image: equation]
	B



	3578010101
	0.480–0.531
	59061.43033
	
[image: equation]
	B



	3578010101
	0.480–0.531
	59061.43494
	
[image: equation]
	B



	3578010101
	0.480–0.531
	59061.5601
	
[image: equation]
	B



	3578010101
	0.480–0.531
	59061.56353
	
[image: equation]
	B



	3578010101
	0.480–0.531
	59061.81993
	
[image: equation]
	B



	3578010101
	0.480–0.531
	59061.95046
	
[image: equation]
	B



	3578010201
	0.538–0.593
	59062.33601
	
[image: equation]
	B



	3578010201
	0.538–0.593
	59062.33975
	
[image: equation]
	B



	3578010201
	0.538–0.593
	59062.46534
	
[image: equation]
	B



	3578010201
	0.538–0.593
	59062.72139
	
[image: equation]
	B



	3578010201
	0.538–0.593
	59062.85188
	
[image: equation]
	B



	3578010201
	0.538–0.593
	59062.97693
	
[image: equation]
	B



	3578010201
	0.538–0.593
	59062.98074
	
[image: equation]
	B



	3578010301
	0.609–0.648
	59063.36777
	
[image: equation]
	B



	3578010301
	0.609–0.648
	59063.6268
	
[image: equation]
	B



	3578010301
	0.609–0.648
	59063.75527
	
[image: equation]
	B



	3578010301
	0.609–0.648
	59063.88754
	
[image: equation]
	B



	3578010401
	0.656–0.711
	59064.52978
	
[image: equation]
	B



	3578010401
	0.656–0.711
	59064.53473
	
[image: equation]
	B



	3578010501
	0.734–0.774
	59065.4359
	
[image: equation]
	B



	3668010301
	0.032–0.065
	59367.55835
	
[image: equation]
	A



	4050050101
	0.798–0.799
	59429.3573
	
[image: equation]
	A



	4050050109
	0.334–0.381
	59438.18716
	
[image: equation]
	A



	5571030102
	0.448–0.495
	59704.42419
	
[image: equation]
	B



	5571030102
	0.448–0.495
	59704.42905
	
[image: equation]
	B



	5571030102
	0.448–0.495
	59704.55607
	
[image: equation]
	B



	5571030102
	0.448–0.495
	59704.68248
	
[image: equation]
	B



	5571030102
	0.448–0.495
	59704.68676
	
[image: equation]
	B



	5571030102
	0.448–0.495
	59704.81718
	
[image: equation]
	B



	5571050101
	0.405–0.445
	59736.33016
	
[image: equation]
	B



	5571050101
	0.405–0.445
	59736.45985
	
[image: equation]
	B



	5571050101
	0.405–0.445
	59736.46412
	
[image: equation]
	B



	5571050101
	0.405–0.445
	59736.58813
	
[image: equation]
	B



	5571050101
	0.405–0.445
	59736.71762
	
[image: equation]
	B



	5571050101
	0.405–0.445
	59736.97899
	
[image: equation]
	A



	5571050102
	0.453–0.500
	59737.3659
	
[image: equation]
	A



	5571050102
	0.453–0.500
	59737.49419
	
[image: equation]
	B



	5571050102
	0.453–0.500
	59737.50119
	
[image: equation]
	A



	5571060102
	0.417–0.472
	59753.02561
	
[image: equation]
	B



	5571060102
	0.417–0.472
	59753.02912
	
[image: equation]
	B



	5571060102
	0.417–0.472
	59753.1545
	
[image: equation]
	A



	5571060102
	0.417–0.472
	59753.15842
	
[image: equation]
	B



	5571060102
	0.417–0.472
	59753.28268
	
[image: equation]
	B



	5571060102
	0.417–0.472
	59753.41099
	
[image: equation]
	A



	5571060102
	0.417–0.472
	59753.41564
	
[image: equation]
	B



	5571060102
	0.417–0.472
	59753.54618
	
[image: equation]
	B



	5571060103
	0.480–0.504
	59754.31606
	
[image: equation]
	B



	5571060103
	0.480–0.504
	59754.44382
	
[image: equation]
	B



	5571070101
	0.415–0.439
	59769.48828
	
[image: equation]
	A



	5571070102
	0.447–0.500
	59770.13767
	
[image: equation]
	A



	5571070102
	0.447–0.500
	59770.89441
	
[image: equation]
	A



	5571090102
	0.450–0.505
	59803.1814
	
[image: equation]
	B



	5571090102
	0.450–0.505
	59803.18732
	
[image: equation]
	B



	5571090102
	0.450–0.505
	59803.30656
	
[image: equation]
	B



	5571090102
	0.450–0.505
	59803.43755
	
[image: equation]
	B



	5571090102
	0.450–0.505
	59803.56548
	
[image: equation]
	B



	5571090102
	0.450–0.505
	59803.82489
	
[image: equation]
	B



	5571110101
	0.436–0.444
	59835.81162
	
[image: equation]
	A



	5571110102
	0.451–0.506
	59836.71239
	
[image: equation]
	A



	5571120101
	0.441–0.477
	59852.52942
	
[image: equation]
	B



	5571120101
	0.441–0.477
	59852.91788
	
[image: equation]
	B



	5571120101
	0.441–0.477
	59852.98048
	
[image: equation]
	B



	5571120102
	0.480–0.535
	59853.04158
	
[image: equation]
	B



	5571120102
	0.480–0.535
	59853.16959
	
[image: equation]
	B



	5571120102
	0.480–0.535
	59853.17387
	
[image: equation]
	B



	5571120102
	0.480–0.535
	59853.81294
	
[image: equation]
	A



	5571120102
	0.480–0.535
	59853.81848
	
[image: equation]
	B



	5571120103
	0.539–0.559
	59854.33474
	
[image: equation]
	A



	5571160101
	0.480–0.540
	59985.02084
	
[image: equation]
	A



	5571160101
	0.480–0.540
	59985.08411
	
[image: equation]
	A



	5571160101
	0.480–0.540
	59985.08761
	
[image: equation]
	B



	5571160101
	0.480–0.540
	59985.34096
	
[image: equation]
	A



	5571160101
	0.480–0.540
	59985.47483
	
[image: equation]
	B



	5571160101
	0.480–0.540
	59985.53924
	
[image: equation]
	A



	5571160101
	0.480–0.540
	59985.73434
	
[image: equation]
	A



	5571160101
	0.480–0.540
	59985.85909
	
[image: equation]
	A



	5571160101
	0.480–0.540
	59985.86618
	
[image: equation]
	B



	5571160101
	0.480–0.540
	59985.92339
	
[image: equation]
	B



	5571160101
	0.480–0.540
	59985.99268
	
[image: equation]
	B



	5571160102
	0.543–0.579
	59986.05439
	
[image: equation]
	B



	5571160102
	0.543–0.579
	59986.12149
	
[image: equation]
	B



	5571160102
	0.543–0.579
	59986.18769
	
[image: equation]
	B



	5571160102
	0.543–0.579
	59986.30797
	
[image: equation]
	B



	5571160102
	0.543–0.579
	59986.50889
	
[image: equation]
	B



	5571160102
	0.543–0.579
	59986.57358
	
[image: equation]
	B



	5571160102
	0.543–0.579
	59986.57811
	
[image: equation]
	B



	5571160102
	0.543–0.579
	59986.64237
	
[image: equation]
	B



	5571170101
	0.486–0.509
	60001.60061
	
[image: equation]
	B



	5571170101
	0.486–0.509
	60001.85676
	
[image: equation]
	A



	5571170102
	0.517–0.568
	60002.24106
	
[image: equation]
	B



	5571170102
	0.517–0.568
	60002.24588
	
[image: equation]
	A



	5571170102
	0.517–0.568
	60002.3709
	
[image: equation]
	A



	5571170102
	0.517–0.568
	60002.56635
	
[image: equation]
	A



	5571170102
	0.517–0.568
	60002.63119
	
[image: equation]
	A



	5571170102
	0.517–0.568
	60002.69824
	
[image: equation]
	A



	5571170102
	0.517–0.568
	60002.76003
	
[image: equation]
	B



	5571170102
	0.517–0.568
	60002.95472
	
[image: equation]
	A



	5571180101
	0.490–0.537
	60018.28985
	
[image: equation]
	A



	5571180101
	0.490–0.537
	60018.81029
	
[image: equation]
	B



	6689030101
	0.994–1.007
	60158.64467
	
[image: equation]
	B



	6689030102
	0.030–0.077
	60159.29105
	
[image: equation]
	B



	6689030102
	0.030–0.077
	60159.41882
	
[image: equation]
	A



	6689030102
	0.030–0.077
	60159.48208
	
[image: equation]
	B



	6689030102
	0.030–0.077
	60159.54704
	
[image: equation]
	A



	6689030102
	0.030–0.077
	60159.61143
	
[image: equation]
	B



	6689030102
	0.030–0.077
	60159.8052
	
[image: equation]
	A



	6689030103
	0.088–0.135
	60160.43879
	
[image: equation]
	B



	6689030103
	0.088–0.135
	60160.44473
	
[image: equation]
	B



	6689030103
	0.088–0.135
	60160.56784
	
[image: equation]
	A



	6689030103
	0.088–0.135
	60160.63236
	
[image: equation]
	A



	6689030201
	0.538–0.558
	60167.4222
	
[image: equation]
	A



	6689030202
	0.581–0.632
	60168.38036
	
[image: equation]
	B



	6689030202
	0.581–0.632
	60168.63974
	
[image: equation]
	A



	6689030202
	0.581–0.632
	60168.77287
	
[image: equation]
	A



	6689030202
	0.581–0.632
	60168.96696
	
[image: equation]
	A



	6689030203
	0.636–0.687
	60169.34746
	
[image: equation]
	A





      

      
The orbital phases are derived from Nicolson (2007)’s ephemeris.
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