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One normal outburst and three mini-outbursts have been detected by Rossi X-ray Timing Explorer satellite after 2000 in the well-known black hole X-ray binary XTE J1550-564. In this work, we explore the hysteresis effect of the four outbursts, which is a phenomenon that a similar spectral state transition occurs at different luminosity in an outburst of black hole X-ray binary. A q-like track was found in the hardness-intensity diagram of the normal outburst in 2000 but not in the three mini-outbursts that only occur in the Low/Hard state. The results demonstrate that the hysteresis effect is not apparent in the three mini-outbursts and the X-ray spectra are harder than that of the normal outburst at the same photon count rate. Furthermore, the results of the correlation analysis show that the Γ − F2−10keV correlation of mini-outburst maintain negative in the Low/Hard state with the harder spectra than that of the normal outburst at the same X-ray flux. The X-ray spectral evolution can be well-explained by the state-transition model from the Shakura–Sunyaev disk to the advection-dominated accretion flow, which implies that the three mini-outbursts of XTE J1550-564 might originate from a smaller discrete accretion event.

Keywords: accretion, accretion discs, stars: black holes, X-ray binaries, X-rays: individual: XTE J1550-564


1. INTRODUCTION

The most of known black hole (BH) X-ray binaries (XRBs) are transients. They often spend most of their time in the quiescent state at a low flux level. After a long quiescent state, XRBs occasionally undergo an outburst, which is usually seemed triggered by hydrogen ionization instability (see reviews, e.g., Lasota, 2001). Basing on the spectral and timing properties of XRBs, several spectral states can be identified during one outburst (see reviews, e.g., McClintock and Remillard, 2006; Zhang, 2013). A typical outburst usually begin in the Low/Hard state (LHs), of which the X-ray spectra are dominated by a power law component with a photon index 1.5 ≤ Γ ≤ 2.0. At the peak and the initial decay stage, XRBs will enter the High/Soft state (HSs), where the X-ray emissions are dominated by a thermal component and a weak power-law tail with a photon index Γ ≥ 2.0. With the decay of X-ray luminosity, XRBs will return to the LHs. The intermediate state (IMs) often corresponds to the transition between LHs and HSs, when the power law and thermal component are of comparable significance. The physical origins of X-ray emissions in this state are very complex and unclear.

The correlation between X-ray photon index (Γ) and X-ray flux (FX) has been widely studied in XRBs over the past 10 years (e.g., Wu and Gu, 2008; Gu and Cao, 2009; Gao et al., 2011a; Emmanoulopoulos et al., 2012; Trichas et al., 2013; Cao et al., 2014; Dong et al., 2014; Allen et al., 2015; Dong and Wu, 2015; Yang et al., 2015; Liu et al., 2019) and proven that XRBs show a positive and negative Γ − FX correlation when the bolometric luminosity is much higher or lower than a critical value ([image: image]), respectively. Wu and Gu (2008) argued that the transition between the positive and negative correlation of Γ − FX are regulated by a radiatively efficient accretion mode [e.g., Shakura-Sunyaev disk (SSD)-corona, the luminous hot accretion flow (LHAF)] and a radiatively inefficient accretion mode [e.g., advection-dominated accretion flow (ADAF)], respectively. The detail theory analysis on SSD-corona and ADAF also supports the transition of accretion mode (e.g., Cao, 2009; Yuan et al., 2009; Qiao and Liu, 2013; Cao et al., 2014).

The hardness-intensity diagram (HID) is a powerful tool in describing the state transition and accretion-disc evolution of XRBs, where the thermal disk component and the non-thermal power law component evolved strongly during one outburst (e.g., Coriat et al., 2011; Fender and Belloni, 2012; Steiner et al., 2016). For a typical outburst, XRBs usually show a counter-clockwise q-like track in the HID. On the right of side of the HID, XRBs are in the LHs. On the left of the HID, XRBs are in the HSs. The top and bottom of the HID is correlated with the state transition between the LHs and the HSs. Because the hard-to-soft transition luminosity is higher than soft-to-hard transition luminosity, the HID often shows a q-like pattern, which is usually called as a hysteresis effect (see reviews in Fender and Belloni, 2012). The unusual outbursts have been found where XRBs are either still in the LHs or transition into the IMs before return to the LHs or quiescent state (e.g., Capitanio et al., 2009; Del Santo et al., 2016), which are often called a mini-outburst. In recent years, more and more mini-outbursts have been observed in several BH XRBs (e.g., GRS 1739-278, GX339-4, H1743-322, Swift J1753.5-0127, V404 Cyg, Capitanio et al., 2009; Munoz-Darias et al., 2016; Plotkin et al., 2017; Yan and Yu, 2017; Garcia et al., 2019; Xie et al., 2020), neutron star (NS) XRBs (e.g., XTE J1701-407 Degenaar et al., 2011), and even WZ sge type dwarf novae (DN) (e.g., Kato et al., 2004). However, the nature of mini-outburst is still unclear. It is quite a challenge to explain the mini-outburst using the accretion disk instability model (Lasota, 2001). Other models, such as a smaller discrete accretion event (e.g., Sturner et al., 2005), the irradiation of the companion (e.g., Hameury et al., 2000), and the enhanced viscosity (e.g., Osaki et al., 2001), are usually invoked to explain the physical properties of the mini-outburst.

The BH XRB XTE J1550-564 was first discovered by All-Sky Monitor (ASM) on board the Rossi X-ray Timing Explorer (RXTE) during its 1998–1999 outburst (Smith, 1998). The BH mass and distance is MBH = 9.4 M⊙ (Sturner et al., 2005) and DL = 4.4 kpc (Orosz et al., 2011), respectively. The source has been observed by RXTE to be in outburst five times, where two normal outbursts in 1998–1999 and 2000 (e.g., Smith, 1998; Miller et al., 2001), three mini-outbursts in 2001, 2002, and 2003 (Tomsick et al., 2001; Belloni et al., 2002; Sturner et al., 2005; Chaty et al., 2011). It is noted that the outburst in 2002 is considered as a mini-outburst, because the RXTE ASM observations cover the data in the rise and decay phase and the peak luminosity is about one order magnitude less than the normal outburst in 2000 (see Figure 1 in Curran and Chaty, 2013).

The main purpose of this work is to explore the physical mechanism of the mini-outburst by comparing the X-ray spectral evolution and the hysteresis effect between the normal outburst and the mini-outburst of XTE J1550-564. Due to the complexity and irregularity of the outburst in 1998–1999, we only analyze four outbursts of XTE J1550-564 after 2000. The reminder of the paper is organized as follows: we briefly describe the data reduction and analysis in section 2. The main results are shown in section 3, which will be concluded and discussed in section 4.



2. DATA REDUCTION AND ANALYSIS

BH XRB XTE J1550-564 has monitored three mini-outbursts (2001, 2002, and 2003) by proportional counter array (PCA) on board the RXTE satellite after a normal outburst in 2000. In this work, we analyze the PCA data and produce the X-ray colors and the X-ray spectra by following the below steps.

We first extract the photon count rate and color from the PCA Standard 2 data after estimation of background. The hardness ratio (HR) is defined as HR = C/A, where A and C are the net count rates in 3–5 keV and 5–12 keV band, respectively. The X-ray spectra are extracted from PCA Standard 2 data, which have an intrinsic time resolution of 16 s. We only use the data from PCU2 in this work, since the PCU2 is the best calibrated detector out of five PCUs (e.g., Cao et al., 2014). The X-ray data are reduced and analyzed with standard RXTE software with Heasoft V6.25, following the standard extraction procedure described in RXTE cookbook. First, we extract the good time intervals (GTI) with the ftool maketime. Second, the background is generated using the ftool pcabackest and the latest PCA background model (faint or bright) are chosen according to brightness level. Third, the X-ray spectra and background spectra are generated with the ftool saextract, and the response matrices are generated using the ftool pcarsp.

The X-ray spectra are fitted with XSPEC V12.10.1. In order to investigate the spectra evolution of XTE J1550-564, only channels 4-52, corresponding to 3–25 keV energy band, are adopted and a systematic error of 0.5% in each channel is added in each spectral fitting. As the main purpose of spectral analysis is to obtain the unabsorbed X-ray flux and X-ray spectral index, the model as simple as possible is adopted. We chose a power-law component (pow) and an absorption component (phabs) as a starting model, where the hydrogen column density is freezed as [image: image] (Orosz et al., 2002). A Gaussian emission line (gau) and a multi-temperature disk component (diskbb) will be added on condition that a fitting result is not satisfying enough (e.g., χ2 ≥ 1.40). The ftool Ftest will be used to give a criterion whether a new component is needed to improve the fitting results substantially or not.



3. RESULTS

In Figure 1, we present the RXTE/PCA light curve of XTE J1550-564 on MJD = 51600–51280. It can be found from this figure that XTE J1550-564 has undergone one normal outburst and three mini-outbursts, where there are some observations on the rise phase in 2000, 2001, and 2003, but only observations on the decay phase in 2002. The peak luminosity of the mini-outbursts is more or less similar and about one order magnitude less than the normal outburst.


[image: Figure 1]
FIGURE 1. The RXTE/PCA light curve of XTE J1550-564 on MJD = 51600–51280, where the filled and open points represent the observations in the rise phase and in the decay phase, respectively. Black circles represent the normal outburst in 2000. Red diamonds represent the mini-outburst in 2001. Blue squares represent the mini-outburst in 2002. Green triangles represent the mini-outburst in 2003.


Figure 2 shows the HIDs of XTE J1550-564 for one normal outburst and three mini-outbursts. The count rate and hardness ratio are produced from the standard products of RXTE. It can be found that the HIDs of the mini-outbursts have a quite difference with the normal outburst. For the normal outburst in 2000, the HID well follows a q-like track, and goes through a whole state transition with LHs–IMs–HSS–IMs–LHs. However, the HIDs of the three mini-outbursts all lie on the right of q-like track along with LHs, where the hardness ratios are very similar, but hardness ratios are much smaller than the normal outburst at the same photon count rate. The normal outburst and the mini-outbursts show a similar value of hardness ratio when the photon count rate less than ~20cts−1, corresponding X-ray luminosity [image: image].


[image: Figure 2]
FIGURE 2. The hardness-intensity diagrams of XTE J1550-564 in 2000, 2001, 2002, 2003, where the filled and open points represent the observations in the rise phase and in the decay phase, respectively.


We present the correlation of Γ − F2−10keV for one normal outburst and three mini-outburst of XTE J1550-564 in Figure 3. The main results can be summarized as follows: (1) The three mini-outbursts show a more or less similarity, where the three mini-outbursts on the decay phase show a similar negative Γ − F2−10keV correlation, and the Γ − F2−10keV correlation in the rise phase is on the extension of the decay phase. (2) In the rise phase, the Γ − F2−10keV correlation of the normal outburst shows an positive correlation when [image: image]. Due to the lack of observational data, no conclusion can be made that the correlation of Γ − F2−10keV on the rise phase is on the extension of the decay phase. (3) In the decay phase, the Γ − F2−10keV correlation of the normal outburst shows a transition from a negative to positive correlation at a critical value [image: image], corresponding to L0.1−200keV ~ 1.2%LEdd. (4) In the decay phase, the photon index of the mini-outbursts is much smaller than the normal outburst at the same X-ray flux.


[image: Figure 3]
FIGURE 3. The relation between photon index, Γ and unabsorbed 2–10 keV X-ray flux, where the filled and open points represent the observations in the rise phase and in the decay phase, respectively.




4. CONCLUSION AND DISCUSSION

We analyze the hysteresis effect and the evolution of X-ray photon index along X-ray flux of BH XRB XTE J1550-564 for one normal outburst and three mini-outbursts after 2000. The main results are summarized as follows. (1) A q-like HID is found in the normal outburst in 2000, but not in the other three mini-outbursts. (2) The Γ − F2−10keV correlation of the mini-outbursts in the rise phase is on the extension of the decay phase. (3) The mini-outbursts show a harder X-ray spectrum than the normal outburst at the same X-ray flux.

The hysteresis effect of XRBs has been studied widely, where the state transition is clearly demonstrated in the HID. Recently, more and more mini-outbursts have been studied, where the peak luminosity is about one to two order lower than the normal outburst, and the HID lies on the lower right along with the hard state (see Figure 7 in Yan and Yu, 2017). We first present the HID of XTE J1550-564 basing the PCA observation on board the RXTE satellite and find that the HID in normal outburst shows a q-like track, which is agreed with the normal outburst in other XRBs. In order to study the physical mechanism of the mini-outburst, we furthermore analyze the HID of the three mini-outbursts of XTE J1550-564 in 2001, 2002, and 2003. The peak luminosities are about one order lower than the normal outburst in 2000 with the hardness ratio HR(5 − 12keV/3 − 5keV) ~ 1.40 − 2.20, which predicts the three mini-outbursts are still in the LHs. The HIDs of the three mini-outbursts all lie on the right of the normal outburst in 2000 and follow a similar track. The results demonstrate that the mini-outbursts have a similar physical properties and their X-ray spectra are much harder than the normal outburst at the same photon count.

The correlation of Γ − FX has been studied extensively, where the negative and positive correlation are found when the bolometric luminosities are smaller and larger than 1–10% Eddington luminosity, respectively (e.g., Wu and Gu, 2008; Gao et al., 2011b; Emmanoulopoulos et al., 2012; Cao et al., 2014; Yang et al., 2015; Liu et al., 2019). Using the PCA observations on board RXTE satellite, we explore the correlation of Γ − FX for three mini-outbursts and one normal outburst of XTE J1550-564. The three mini-outbursts show a similar negative correlation, and the correlation in the rise phase is still on the extension of the decay phase. The Γ − FX correlation of the normal outburst in the decay phase shows a transition from positive to negative with the X-ray luminosity decreasing, in which the critical bolometric luminosity Lbol,c ~ 1.2%LEdd, estimated from X-ray luminosity at 0.1–200 keV energy band. The results agree with the former works (e.g., Dong et al., 2014). However, due to the lack of observational data during the rise phase, we cannot judge whether the Γ − FX correlation in the rise phase is on the extension of the decay phase or not. The X-ray spectra of the mini-outbursts can be well-fitted by a single power law (pow) or a power law + Gaussian line (pow + gau) with Γ ~ 1.30 − 2.30, which consist of the state transition from LHs to quiescent state. Comparing with the normal outburst, the photon index of the mini-outburst is smaller in the range of [image: image], corresponding to the bolometric luminosity [image: image], which suggest that the X-ray spectra of mini-outbursts are harder than the normal outburst at the same X-ray flux.

The physical mechanism of Γ − FX correlation is still unclear. A possible explanation is the transition from SSD-corona to ADAF accretion model (e.g., Wang et al., 2004; Yuan et al., 2007; Gu and Cao, 2009; Sobolewska and Papadakis, 2009; Emmanoulopoulos et al., 2012; Plotkin et al., 2013; Yang et al., 2015). To our knowledge, the X-ray photon index is regulated by electron temperature Te and optical depth τ of the ADAF (Liu et al., 2019). The ADAF model predict that as the accretion rate faded from an LHs into a quiescent state, the optical depth for comptonization decreases and thereby leading to a softer X-ray spectra (Qiao and Liu, 2013). As accretion rate increases, the hot plasma in the ADAF are cooled into a SSD and thereby leading to a softer X-ray spectrum (Cao, 2009). Therefore, the X-ray spectra of the normal outburst might exist a disc component nearby the transition from positive to negative Γ − FX correlation during the decay phase. On the contrary, there is not a disc component in the X-ray spectra of mini-outburst, the lower accretion rate of which does not make the hot the hot plasma in the ADAF cool into an SSD. The X-ray emissions of the whole mini-outburst are all from the ADAF. Therefore, the mini-outbursts follow a similar Γ − FX correlation and present the harder X-ray spectra at the same X-ray flux. In order to investigate the above conclusions, we analyze the X-ray spectra for the initial observational data (A point) on the negative Γ − FX correlation in the normal outburst and the observational data (B and C point) at the same X-ray flux in the mini-outbursts (see Figure 1). For the A point, the model pha(pow) are first adopted and a reduced chi-square χ2/d.o.f = 2.36/46 are obtained. Furthermore, we add the gau component to fit the X-ray spectra and obtain a reduced chi-square χ2/d.o.f = 1.91/43, which is not yet a good enough fitting result. Therefore, the diskbb component are added to improve the fitting and we obtain a reduced chi-square χ2/d.o.f = 0.53/41. At the same way, we analyze the X-ray spectra of B point and C point and the main results are summarized as follows: (1) for the B point, the reduced chi-square χ2/d.o.f = 6.04/46 for the model pha(pow) and χ2/d.o.f = 0.87/43 for the model pha(gau + pow), respectively; (2) for the C point, the reduced chi-square χ2/d.o.f = 1.76/46 for the model pha(pow) and χ2/d.o.f = 0.69/43 for the model pha(gau + pow), respectively. Basing on the ftool Ftest, the model pha(diskbb + gau + pow) for the A point, pha(gau + pow) for the B point and C point are adopted in this work, respectively. The best fitting results are presented in Table 1 and Figure 4, which predict that there is a disc component in the X-ray spectrum of A point, but not in points B and C. Alternatively, the negative Γ − FX of the mini-outbursts can also be explained by a luminous hot accretion flow. For the mini-outburst with a lower accretion rate, the viscosity parameter is very small (e.g., α ~ 0.01, Xie and Yuan, 2016). With the accretion rate decaying, the electron density and the magnetic strength increases, which can result in the increasing of synchrotron absorption depth in luminous hot accretion flow and thereby leading to softer X-ray spectra (e.g., Yang et al., 2015; Xie and Yuan, 2016; Xie et al., 2020). We will obtain a negative Γ − FX correlation. How then are these mini-outbursts produced? A possible explanation is a smaller discrete accretion event, where a lower mass accretion rate cannot cool the hot plasma in ADAF into an SSD (Sturner et al., 2005). However, the transition from a ADAF to an SSD on the decay stage is caused by some other physical reasons (e.g., evaporation, magnetic field, inclination effect). A further detailed spectral and timing analysis is needed to investigate the nature of the mini-outburst.


Table 1. The best-fit parameters for A, B, and C point in Figure 1.

[image: Table 1]


[image: Figure 4]
FIGURE 4. The X-ray spectra and residuals of A, B, and C points.
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