Contrib. Astron. Obs. Skalnaté Pleso 48, 421 – 429, (2018)

Investigation of the long-term activity of the binary X-ray sources with the planned satellites

V. Šimon^{1,2} 1 Czech Technical University in Prague, Technická 2, 16627 Prague, Czech Republic (E-mail: simonvo1@fel.cvut.cz) 2 Astronomical Institute, The Czech Academy of Sciences, 25165 Ondřejov, Czech Republic (E-mail: simon@asu.cas.cz)

Received: December 20, 2017; Accepted: March 26, 2018

Abstract. Monitors of X-ray emission are important instruments for observing the long-term activity of cosmic sources on the long timescales (e.g. years). We show the perspectives and possibilities of observing the selected types of X-ray binary sources with the planned satellites THESEUS and eXTP. The hardness of the X-ray spectrum largely determines the observability of a given object (or a type of objects) with a monitor operating in the specific band. We show the perspectives of detecting and observing outbursts in the soft X-ray transients with the hard X-ray monitors eXTP/WFM and THESEUS/XGIS. Their broad energy bands and energy resolution will enable to detect the outbursts and the complex spectral changes during these events. We also show the perspectives of observing the binary supersoft X-ray sources with the planned THESEUS/SXI. These sources sometimes have the luminosity close to the Eddington limit but their X-ray emission is usually below the band used by the monitors. Key words: Accretion, accretion disks – X-rays: binaries – stars: neutron – stars: black holes – white dwarfs

1. Introduction

Monitors of X-ray emission are important instruments for observing the longterm activity of cosmic sources on the long timescales (e.g. years and decades). Hardness of the X-ray spectrum determines the observability of a given object (or a type of objects) with a monitor operating in the specific band, so the X-ray emission of some types of objects can remain undetected by some instruments. We show the perspectives and possibilities of observing this activity in the selected types of such sources with the planned satellites THESEUS and eXTP.

2. Hard X-ray observing with eXTP/WFM and THESEUS/XGIS

WFM monitor (a set of three coded mask wide field units) onboard eXTP, planned to observe in the 2–50 keV band (Zhang et al., 2016), will be suitable for observing the long-term activity of X-ray binaries. Also THESEUS/XGIS (2 keV–20 MeV) (Campana et al., 2016) can be used for this purpose because X-ray binaries (the systems in which the neutron star (NS) or the black hole (BH) accretes matter from its close companion (Lewin et al., 1995)) often produce hard X-ray emission (e.g. with energy E of tens of keV), well within the band of WFM and XGIS. The continuum emission (often a composition of the emission components from the inner disk region (thermal radiation) and from the Comptonizing cloud around the accretor – inverse Compton scattering) of these objects by far dominates the X-ray spectrum (e.g. Lewin et al. (1995)).

What can we expect from the data from X-ray monitors? The characteristic features of the long-term activity of a type of X-ray binaries, the outbursts of the soft X-ray transients (SXTs), caused by a thermal-viscous instability of the accretion disk (e.g. Dubus et al. (2001)), can be investigated even in a single-band X-ray light curve (monitors typically observe X-rays with E of a few keV). Even some model predictions regarding to the mass accretion rate (approximated as the soft X-ray flux) are already available in a model of Dubus et al. (2001). These spectral variations are reflected in the differences between the X-ray light curves in various X-ray bands. The light curves from the planned WFM or XGIS observations, divided into several energy sub-bands, will be very important because their broad energy band and their energy resolution will enable to resolve the complex changes during the outbursts.

As an illustration of the features of the long-term activity of the SXTs, we show an outburst of Aql X-1 (Koyama et al., 1981; Chevalier & Ilovaisky, 1991) in Fig. 1. It is a combination of the one-day means of the data from the monitors ISS/MAXI (Matsuoka et al., 2009) and Swift/BAT (Krimm et al., 2013).

Fig. 1b shows the time evolution of the one-day means of the hardness ratios. These ratios, determined from the MAXI data, are HR1 =^{IB}_{IA} and HR2 =^{IC}_{IB} . The flux I_A is for the 2–4 keV band, I_B for the 4–10 keV band, and I_C for the 10–20 keV band from Fig. 1a. A large difference between the light curve of the outburst in the 15–50 keV band (Fig. 1c) and in the softer bands in Fig. 1a shows the importance of monitoring in the very broad bands like those of eXTP/WFM and THESEUS/XGIS. Their data can be used for an investigation of the mutually different X-ray light curves in the different E (and the hardness ratios) of such events. This monitoring in a very broad energy band also enables to determine the color vs. color diagrams from the X-ray light curves (Asai et al., 2016).

A division of the observed X-ray emission into several sub-bands can help to assess the role of the emission mechanisms and their evolution with time. Of course, the bands used for Fig. 1 can be modified for the sub-bands into which the WFM or XGIS measurements can be divided. Since most features of the long-term activity occur on the timescales longer than a day, the features in the light curves of outbursts can be well defined even when the data are sampled and binned in time (e.g. when the one-day means are used). This binning enables to increase the signal-to-noise ratio.

Figure 1. (a) Light curve of an example of the outburst of the soft X-ray transient Aql X-1 (MAXI data). Time is expressed as the Modified Julian Date (MJD). Energies of the individual bands are marked. (b) The hardness ratios HR1 and HR2. They are explained in the text. (c) Light curve of Aql X-1 in the 15–50 keV band of Swift/BAT.

Since both the width and the position of the peak of the outburst largely differ for various energy bands (2–20 keV versus 15–50 keV) (Fig. 1), the large variations of the emitting regions during the outburst are suggested. Ono et al. (2017) present a model consisting of a multi-color disk (MCD) and a Comptonized blackbody, with the flux of the MCD making the dominant peak of the whole outburst. As a result, the light curves in the different X-ray bands differ from each other because of the different dominant emission regions and processes.

The conditions in the disks of the SXTs can be affected by the presence of a very hot inner disk region; it can act as an irradiating source during outburst and is thought to modify the disk structure (e.g. Dubus et al. (2001)). This configuration very strongly influences the X-ray light curve of the outburst. Also the determination of the hardness ratios is important to show the time evolution of the emitting regions. The accompanying variations between the light curves in the different bands of WFM will be important for this research. The duration of the outbursts of the SXTs is from days to months, so even a one-day binning of the WFM data will be sufficient.

The light curve in Fig. 1 shows no clear sign of an exponential decay of the outburst of Aql X-1. This suggests no irradiation of the disk, when the model of Dubus et al. (2001) is applied. This is an important feature because the decaying branches observed in the 1.5–12 keV band by the RXTE/ASM monitor (Levine et al., 1996) differed for the individual outbursts in a similar object, 4U 1608–52 (Šimon, 2004).

Investigations of the recurrence time of the outbursts of the SXTs, T_C, require the X-ray monitors. The reason is that while the typical durations of the outbursts of the SXTs are from weeks to months, T_C are from months to decades (e.g. Lewin et al. (1995)). It is therefore reasonable to expect that eXTP/WFM and THESEUS/XGIS will observe a series of outbursts of some SXTs with frequent outbursts (T_C of less than 1 year) like e.g. Aql X-1 (e.g. Šimon (2002)) or 4U 1608-52 (e.g. Šimon (2004)). Because a given monitor is able to operate for several years, even a basic knowledge of the time evolution of T_C of most SXTs requires the data from several monitors.

The individual outbursts of a given SXT can have very different energy outputs (fluences) (fluence is the flux integrated over the duration of the whole outburst in a given band). This parameter, measurable by the monitors, sometimes largely differs even for the neighboring outbursts but this difference of the energy output does not influence the length of T_C of a given SXT. In the interpretation, only a small fraction of mass of the accretion disk is accreted during a single outburst in such a case. The analyses of Šimon (2002) and Šimon (2017) show that the length of T_C displays episodes both of a decrease and an increase of the length. The available data show that the length of T_C varies much more gradually than the fluence or the peak intensity of the outbursts.

Another important role of the X-ray monitors sensitive in a broad band are the observations of the cycles like the one superimposed on a very long (about 600 d) outburst of the LMXB SXT XTE J1701–462. Its length displayed a large and gradual increase from ∼16 to ∼26 days. Since this cycle was detected only by RXTE/ASM (1.5–12 keV), but not by Swift/BAT (15–50 keV), it was interpreted as coming only from the component emitting the soft X-rays (a superorbital cycle caused by tilting and warping of the irradiated disk) (Šimon, 2015). The complexity of the detected features of the time variations was caused by the fact that this source emitted X-rays from several regions (Homan et al., 2007; Lin et al., 2009).

3. Supersoft X-ray sources with THESEUS/SXI

The binary supersoft X-ray sources are the very unique emitters because their matter is accreted onto the white dwarf (WD) from a close companion at an extremely high rate. This leads to steady-state thermonuclear burning of accreted hydrogen on the surface of the WD (van den Heuvel et al., 1992). It largely contributes to their luminosity.

An X-ray emission of the very hot atmosphere of the WD (with the spectrum similar to black body and the luminosity even at the Eddington limit) in the band with E < 1.5 keV is produced (Popham & di Stefano, 1996). In the absence of absorption which steeply increases with the decreasing E (Morrison & McCammon, 1983), the peak luminosity occurs at E ≈ 0.3 keV. The intensity then steeply decreases with growing E, being by more than about three orders of magnitude smaller at E ≈ 1.5 keV.

The observed anti-correlation of the optical and soft X-ray intensities in the long-term activity of some of these objects is interpreted in terms of the very large sensitivity of the supersoft X-ray emission to two effects: absorption intrinsic to the source (Greiner & van Teeseling, 1998), and changes of the radius of the hydrogen burning envelope on the WD (Reinsch et al., 2000). A division of the observed X-ray emission into several energy bands can help to assess the role of the above-mentioned mechanisms and their evolution with time. However, this very soft X-ray emission is beyond the band of sensitivity of most X-ray monitors, so the investigations of the long-term activity of these objects are usually conducted in the optical band.

V Sge with the orbital period P_{orb} = 0.514195 d (Herbig et al., 1965) can serve as an example of the complex long-term activity of the transient supersoft X-ray sources (Hachisu & Kato, 2003). The optical luminosity, generated mainly by the accretion disk, is roughly anti-correlated with the X-ray luminosity (mainly from the hydrogen burning) (Greiner & van Teeseling, 1998). The positions of their X-ray measurements are included in Fig. 2a. When the X-ray spectrum of V Sge in the 0.1–2.4 keV band is “very soft”, the X-ray luminosity is significantly higher than when it is “hard”.

Transitions between the states of activity of V Sge are usually considerably faster than the duration of the state, so an observing within a given state is expected by THESEUS/SXI (O’Brien et al., 2018) (Fig. 2a). The WWZ-transform (method of Foster (1996)) shows an evolution of activity with time (Fig. 2b). The value of WWZ indicates whether or not there is a periodic fluctuation at a given time at a given frequency. Although the transitions between the high and low states are cyclic (Fig. 2b), this cycle displays a complicated evolution and is only intermittently present. These transitions sometimes even temporarily disappear (Šimon & Mattei, 1999).

Also RX J0513–69 displays the long-term activity similar to that of V Sge. It is detectable as a very soft X-ray source only during its recurrent optical low-state episodes (Reinsch et al., 2000). The anti-correlation of the very soft

Figure 2. (a) The optical long-term activity of the supersoft X-ray source V Sge (one-day means of the AAVSO and AFOEV data (Kafka, 2016)). The times and characteristics of the X-ray spectra in the ROSAT observations are from Greiner & van Teeseling (1998). (b) Cycles in the high-low state transitions (method of the WWZ– transform of Foster (1996)). Frequency is given in d^{−1}. The color scale represents the values of WWZ (see the scale). The higher the WWZ value, the better defined the cycle-length. (c) The best cycle-length C measured in days. Only the segments with the amplitude larger than 38 percent of its peak value were included. Updated from Šimon (2016).

X-ray and the optical fluxes argues for a multifrequency monitoring e.g. with the instruments SXI (O’Brien et al., 2018) and IRT (Götz et al., 2018) onboard THESEUS. Monitoring of various binary supersoft X-ray sources can shed more light on the activity of such objects and its more structured classification.

We also emphasize that it is important to answer the question in which states of activity such objects are detectable in the X-ray band and how this activity evolves on the long timescales (months, years). The monitor which is planned to observe in the band with E < 1.5 keV can help us to detect the long-term activity of these sources in the X-ray band.

4. Conclusions

The detectability of an object strongly depends on the energy band of the X-ray monitor. We also emphasize that the soft X-ray activity of a given source can be different from that in the hard X-ray band.

The hard X-ray monitors (THESEUS/XGIS, eXTP/WFM) are suitable for observing the NS and the BH accretors. The soft X-ray monitor THESEUS/SXI can be used also for observing the binary supersoft X-ray sources.

The outbursts of the SXTs are usually unpredictable. Their average T_C and its complicated variations can be determined only from a long (years to decades) series of observations. Since the time of operation of a given monitor is often several years, also a follow-up observing with the future monitors is very needed.

The light curves of the SXT outbursts in a given X-ray band differ for the individual events even in the same object. The large structural changes of the emitting regions occur during the outburst (e.g. the time of the peak flux of the far X-ray emission (15–50 keV) can occur when the soft X-ray flux (e.g. 2–4 keV) is still rising to its peak).

The near-IR monitor THESEUS/IRT is suitable for observing all types of binary X-ray sources, but it appears to be very important also for detecting and/or observing of the optical counterparts of X-ray transients and the correlations of the optical and X-ray states in the binary supersoft X-ray sources.

Acknowledgements. This study was supported by grant 13-33324S provided by the Grant Agency of the Czech Republic. This research has made use of the observations provided by the ASM/RXTE team, public data from Swift/BAT transient monitor provided by the Swift/BAT team, and the MAXI team. This research has also made use of the observations from AAVSO International database (USA) and the AFOEV database (France). I thank the variable star observers worldwide. I used the code developed by Dr. G. Foster and available at www.aavso.org/winwwz. I also thank Prof. Petr Harmanec for providing me with the code HEC13. The Fortran source version, compiled version and brief instructions on how to use the program can be obtained at http://astro.troja.mff.cuni.cz/ftp/hec/HEC13/

References

Asai, K., Mihara, T., Mastuoka, M., & Sugizaki, M., Hard-tail emission in the soft state of low-mass X-ray binaries and their relation to the neutron star magnetic field. 2016, PASJ, 68, Issue 4, id.50, DOI: 10.1093/pasj/psw048

Campana, R., Fuschino, F., Labanti, C., et al., A compact and modular x- and gammaray detector with a CsI scintillator and double-readout Silicon Drift Detectors. 2016, in Proceedings of the SPIE, Vol. 9905, Proceedings of the SPIE, 10

Chevalier, C. & Ilovaisky, S. A., Discovery of a 19-hour period in Aquila X-1. 1991, A&A, 251, L11

428 V.^ˇSimon

Dubus, G., Hameury, J.-M., & Lasota, J.-P., The disc instability model for X-ray transients: Evidence for truncation and irradiation. 2001, A&A, 373, 251, DOI: 10.1051/0004-6361:20010632

Foster, G., Wavelets for period analysis of unevenly sampled time series. 1996, Astron.

J., 112, 1709, DOI: 10.1086/118137

Götz, D., Boulade, O., Cordier, B., et al., The Infra-Red Telescope on board the THESEUS mission. 2018, in the Proceedings of the THESEUS Workshop 2017 (http://www.isdc.unige.ch/theseus/workshop2017.html), Journal of the Italian Astronomical Society (Mem.SAIt)

Greiner, J. & van Teeseling, A., On the X-ray properties of V Sge and its relation to the supersoft X-ray binaries. 1998, A&A, 339, L21

Hachisu, I. & Kato, M., A Limit Cycle Model For Long-Term Optical Variations of V Sagittae: The Second Example of Accretion Wind Evolution. 2003, Astrophys. J., 598, 527, DOI: 10.1086/378848

Herbig, G. H., Preston, G. W., Smak, J., & Paczynski, B., The Nova-Like Variable V Sagittae as a Short-Period Eclipsing Binary. 1965, Astrophys. J., 141, 617, DOI: 10.1086/148149

Homan, J., van der Klis, M., Wijnands, R., et al., Rossi X-Ray Timing Explorer Observations of the First Transient Z Source XTE J1701-462: Shedding New Light on Mass Accretion in Luminous Neutron Star X-Ray Binaries. 2007, Astrophys. J., 656, 420, DOI: 10.1086/510447

Kafka, S., Observations from the AAVSO International Database . 2016, in http://www.aavso.org

Koyama, K., Inoue, H., Makishima, K., et al., Discovery of X-ray bursts from Aquila X-1. 1981, Astrophys. J., 247, L27

Krimm, H. A., Holland, S. T., Corbet, R. H. D., et al., The Swift/BAT Hard X-Ray Transient Monitor. 2013, ApJS, 209, 14, DOI: 10.1088/0067-0049/209/1/14

Levine, A. M., Bradt, H., Cui, W., et al., First Results from the All-Sky Monitor on the Rossi X-Ray Timing Explorer. 1996, Astrophys. J., Lett., 469, L33, DOI: 10.1086/310260

Lewin, W. H. G., van Paradijs, J., & van den Heuvel, E. P. J., X-ray binaries, Cambridge Astrophysics Series, Cambridge, MA: Cambridge University Press. 1995

Lin, D., Remillard, R. A., & Homan, J., Spectral States of XTE J1701 - 462: Link Between Z and Atoll Sources. 2009, Astrophys. J., 696, 1257, DOI: 10.1088/0004- 637X/696/2/1257

Matsuoka, M., Kawasaki, K., Ueno, S., et al., The MAXI Mission on the ISS: Science and Instruments for Monitoring All-Sky X-Ray Images. 2009, PASJ, 61, 999, DOI: 10.1093/pasj/61.5.999

Morrison, R. & McCammon, D., Interstellar photoelectric absorption cross sections, 0.03-10 keV. 1983, ApJ, 270, 119, DOI: 10.1086/161102

O’Brien, P., Bozzo, E., Willingale, R., et al., The Soft X-ray Imager (SXI) on-board the THESEUS mission. 2018, in the Proceedings of the THESEUS Workshop 2017

(http://www.isdc.unige.ch/theseus/workshop2017.html), Journal of the Italian Astronomical Society (Mem.SAIt) Ono, K., Makishima, K., Sakurai, S., et al., A hard-to-soft state transition of Aquila X-1 observed with Suzaku. 2017, PASJ, 69, id.23, DOI: 10.1093/pasj/psw126 Popham, R. & di Stefano, R., Accretion Disks in Supersoft X-Ray Sources. 1996, Lecture Notes in Physics, 472, 65, DOI: 10.1007/BFb0102247 Reinsch, K., van Teeseling, A., King, A. R., & Beuermann, K., A limit-cycle model for the binary supersoft X-ray source RX J0513.9-6951. 2000, A&A, 354, L37 Šimon, V., On the recurrence time and outburst properties of the soft X-ray transient Aquila X-1. 2002, A&A, 381, 151, DOI: 10.1051/0004-6361:20011470 Šimon, V., The properties of outbursts and long-term activity of the soft Xray transient 4U 1608-52 (QX Nor). 2004, A&A, 418, 617, DOI: 10.1051/0004- 6361:20040037 Šimon, V., Cataclysmic variables - A research laboratory for accretion processes. 2016, in Proceedings of Science, Vol. FRAPWS 2016, 2nd Frontier Research in Astrophysics Šimon, V., The long-term activity of dwarf novae and soft X-ray transients. 2017, in The Golden Age of Cataclysmic Variables and Related Objects - IV, Proceedings of Science (submitted) Šimon, V. & Mattei, J. A., The peculiar binary V Sagittae: Properties of its longterm light changes. 1999, Astronomy and Astrophysics Supplement, 139, 75, DOI: 10.1051/aas:1999381 Šimon, V., Evolution of the complicated decaying branch of the very long outburst in XTE J1701-462. 2015, New Astronomy, 37, 26, DOI: 10.1016/j.newast.2014.11.005 van den Heuvel, E. P. J., Bhattacharya, D., Nomoto, K., & Rappaport, S. A., Accreting white dwarf models for CAL 83, CAL 87 and other ultrasoft X-ray sources in the LMC. 1992, A&A, 262, 97 Zhang, S. N., Feroci, M., Santangelo, A., et al., eXTP: Enhanced X-ray Timing and Polarization mission. 2016, in Proceedings of the SPIE, Vol. 9905, Proceedings Volume 9905, Space Telescopes and Instrumentation 2016: Ultraviolet to Gamma Ray, 16