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Abstract

        Context. BeppoSAX observed GRS 1915+105 during two variability classes at the same 2–10 keV flux level. The ρ class is characterized by quasi-periodic flares recurring on a time-scale of 1 to 2 min, namely heartbeat, while the χ class is characterized by no strong temporal variability. 

        Aims. The aim of this work is to coherently analyze the source spectrum in these two classes and to gain insight into the source conditions that inset the heartbeats. 

        Methods. A single χ spectrum was accumulated, while ρ data were split in runs where five phase-resolved spectra were selected. In addition to the multicolor disc black body, the fitting model includes a hybrid Comptonization plus a Compton reflection component. 

        Results. Our results show that the emission in the ρ class is dominated by the multi-temperature disk, while in the χ class the Comptonised component is dominant. The disk temperature varies between a maximum of 1.95 ± 0.11 keV reached at the peak and a minimum of 0.95 keV in the χ class. In both classes we detect a significant contribution from a non-thermal electron population to the total Comptonized emission. A broadened iron emission line is detected in the χ spectrum. We interpret the line shape as being due to reflection from an accretion disk extremely close to the black-hole ( gravitational radii), with an equivalent width of 200 ± 20 eV. Concomitantly, upper limits of ~150 eV can be derived from the ρ spectra.

        Conclusions. In the framework of coupled disc-corona models, these results point out that the source emission is strongly affected by the fractions of accretion energy distributed between the disk, the corona, and possibly the wind, with no indication on the conditions that inset the heartbeats. 
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1. Introduction
Since its discovery in 1992 (Castro-Tirado et al. 1992), GRS 1915+105 has become one of the best known and studied Galactic black-hole binaries (BHB). The system is a low-mass X-ray binary with a KIII companion star (Greiner et al. 2001) in a 34-day orbit. The latest value of the distance is 8.6[image: equation] kpc measured with the parallax method by Reid et al. (2014). These authors used data at 22.235 GHz collected with the Very Long Baseline Array (VLBA) at the National Radio Astronomy Observatory (NRAO). The newer value allowed for a revised estimation of the black-hole (BH) mass (12.4[image: equation] M⊙) and of the system inclination (60° ± 5°). There is evidence that the BH may be highly rotating with spin parameter a close to 1 (McClintock et al. 2006; Miller et al. 2013). 
The X-ray emission of GRS 1915+105 is characterized by short and long-term variability patterns that give rise to an impressive phenomenology of light curves, involving peculiar spectral and timing features. A classification according to spectral hardness and timing features results in three main states (so-called A, B, and C states) and approximately 14 specific classes (Belloni et al. 2000; Klein-Wolt et al. 2002; Hannikainen et al. 2005). 
The X-ray spectral behavior reflects the complex pattern of states with the presence of several components whose relative intensities and parameters vary with luminosity and temporal state (Done et al. 2004). The main contributions are due to thermal emission from the accretion disk and to Comptonization emission from a hot corona, whose electron distribution can be hybrid, having both thermal and non-thermal components (Zdziarski et al. 2005; Mineo et al. 2012). Depending on the mass accretion rate Ṁ, the softer X-ray spectral component is described either with a standard α-disk model (Fender & Belloni 2004), or with the slim model (Vierdayanti et al. 2010). In addition, several other time-dependent spectral features have been observed in the X-ray band: fluorescence iron emission lines, originating from disk reflection (Martocchia et al. 2006; Ueda et al. 2010), and resonant absorption lines from highly ionized elements (Lee et al. 2002; Ueda et al. 2009; Neilsen & Lee 2009) indicating the presence of a radiatively supported disk wind. 
In this paper, we focus on two specific variability classes: the ρ class, characterized by nearly regular bursting activity on minute time-scale, namely heartbeats, and the χ class characterized by a minimal level of temporal variability. 
A detailed phase-resolved spectral analysis of the ρ class has been reported by Mineo et al. (2012) and by Neilsen et al. (2011, 2012) using BeppoSAX and RXTE data, respectively. The main contribution to the total luminosity in this class comes from the accretion disk (70%) whose temperature increases from ~1 keV at the burst minimum up to ~2 keV at the peak. The ρ burst series is characterized by a cycling behavior in a space of observable parameters such as the photon count-rate vs. the hardness ratio or the mean photon energy (see Massa et al. 2013). A physical model for describing this pattern was developed by Janiuk & Czerny (2005), while Massaro et al. (2014) used a nonlinear system of two ordinary differential equations, adapted from the well-known Fitzhugh-Nagumo model, to reproduce the light and energy curves. 
Broadband spectra in the χ class at a luminosity of 0.1–0.3 LEdd have been studied by Zdziarski et al. (2005) with RXTE and CGRO/OSSE data and by Ueda et al. (2010) with a Suzaku observation at higher luminosity. In both works, the hybrid Comptonization model was used on the hard X-ray spectra and the disk contribution to the total flux was found to be lower than in the ρ class. However, Rodriguez et al. (2008b,a) and Fuchs et al. (2003) report on INTEGRAL and RXTE data collected in χ class where the disk parameters are not constrained and no non-thermal Comptonization component is required. 
Here we present the analysis of a BeppoSAX observation of the source performed in 1999, when GRS 1915+105 was in the ρ class and we compare the spectral parameters with those obtained from a previous observation performed in 1996, when the source was in the χ class at a similar 2–10 keV flux level. The aim of this work is to obtain information on the disk luminosity and temperature in different physical conditions and to verify how the transition between them can be reproduced by means of mathematical models. 
2. Observation and data reduction
We analyzed data from two BeppoSAX observations remaining to be unpublished: the first (ObsId 2025800800) was performed on November 15th, 1996, (see Table 1), and the second one (ObsId 2089900100) on April 13th, 1999, (see Table 2). The analysis is based on data obtained with the Medium Energy Concentrator Spectrometer (MECS), operating in the 1.3–10 keV energy band (Boella et al. 1997), and the Phoswich Detector System (PDS) operating in the 15–300 keV energy band (Frontera et al. 1997). Data from the Low Energy Concentrator Spectrometer (LECS) (0.1–10 keV; Parmar et al. 1997) are not considered, their exposures being significantly lower than those with MECS-PDS, that is, 100 s for the χ class and 15 ks distributed over all orbits for the ρ class. Data retrieved from BeppoSAX archive at the ASI Science Data Center (ASDC) were reduced and selected following the standard procedure and using the SAXDAS v. 2.3.3 package. 
The MECS events for the timing and spectral analysis were selected within a circle of 8′ radius that contains approximately 95% of the point source signal. The relative background has been evaluated following the procedure suggested in the handbook for the spectral analysis1. We extracted the background at the edge of the field of view in the 1996 GRS 1915+105 observation and compared it with the one estimated from high Galactic latitude “blank” fields selecting a region with the same size and detector position. The ratio between the two rates is ~30, and, even assuming that this ratio does not include contribution from the source, we obtain a flux (0.7 ct/s) that is negligible compared with the GRS 1915+105 one (see Table 1). The observation 2025800800 was performed before the switching-off of MECS1 in May 1997. Data are therefore relative to three units unlike the observation 2089900100 where only MECS2 and MECS3 are present. 
PDS was operated in the standard rocking mode and the background was obtained from contemporary measurements. 
Spectral analysis was performed with XSPEC v.12.7.0 using the response matrices available from the BeppoSAX archive2. The MECS-PDS intercalibration factor was left free to vary in the range 0.83–0.89 as expected for point sources with a high count-rate3. 
Data collected in 1999, when the source was in ρ class, have been split into runs and named following the criteria adopted by Massaro et al. (2010). Each series corresponds to a continuous observing period and is tagged with the letter P  followed by the orbit sequential number (Table 2). The analysis is performed over runs that have an exposure higher than 1000 s in order to have sufficient statistics. 
3. Temporal analysis
3.1. 1996 observation: χ class
We estimated the variability of the X-ray emission, computing the mean rate averaged over each orbit in the 1.6–10 keV (MECS) and 15–100 keV (PDS) bands (see Table 1 and Fig. 1) in light curves with 10 s integration time bin and found that it is ~10% at maximum. Moreover, the rms, with respect to the mean within each orbit (quoted in Table 1 in parenthesis), are at a level of 2σ of the Poissonian fluctuations. Hardness ratios using 1.6–5.0 keV, 5.0–10.0 keV and 13–100 keV energy bands have been computed and no significant variation was detected. 

          Table 1

              Log of the 1996 observation: ObsId 2025800800. 

            

        
          Table 2

              Log of the 1999 observation: ObsId 2089900100. 

            

        Belloni et al. (2000) identified two classes with low-amplitude variation, namely φ and χ, distinguished on the basis of the value of the RXTE hardness ratios between counts in the ranges 5–13 keV and 2–5 keV (HR_1) and that in the 13–60 keV and 2–5 keV bands (HR_2). In particular, for observations in χ mode, HR_2 is always >0.1 and the HR_1 – HR_2 color–color diagram shows points that are diagonally elongated (see Figs. 2c,d in Belloni et al. 2000). Points relative to the φ class instead occupy a different region of the diagram being characterized by the values of HR_1 ≈ 1 and HR_2 ≈ 0.05 (see Figs. 2a, b in Belloni et al. 2000). 
We used the same criterion to identify the class computing a conversion factor between BeppoSAX and RXTE hardness ratios. In particular, we defined HR_2 in the same bands as Belloni et al. (2000) while taking into account the different MECS energy band. HR_1 is computed in the energy intervals 5–10 keV and 2–5 KeV. The factors to convert the BeppoSAX hardness ratios into the RXTE ones are mainly determined by the difference in the effective area between the instruments. We then evaluated these factors simulating in XSPEC (command fakeit) the RXTE spectrum corresponding to the best fit model in the BeppoSAX data (see Sect. 4.2). Using the simulated RXTE rates in the selected bands, we found that BeppoSAX HR_1 and HR_2 are 0.46 and 0.69 times the RXTE values, respectively. 
The color–color diagram for BeppoSAX data gave points all above HR_2 > 0.15, that, applying the conversion factors, corresponds to 0.22 for RXTE, with a slightly diagonal elongation. These results indicate that the source was in the χ mode. 
3.2. 1999 observation: ρ class 
A detailed temporal analysis of this observation has been presented in Mineo et al. (2016) and therefore we summarize here the main results of the analysis. We evaluated the mean recurrence time of the bursts Trec and the hard X delay (HXD), defined as the delay between the evolution of the count rate and the average energy in each burst, with the methods presented in Massaro et al. (2010) and Massa et al. (2013) for another data-set collected in 2000 (Obs_2000). They confirmed the positive correlation between Trec and HXD with the rate at the minimum of each burst BL. However, in the April 1999 observation the source brightness was within the range detected in Obs_2000 but with a time evolution that also includes a decreasing interval, the Trec and HXD values are distributed in two parallel branches in their plot with respect to BL. Comparing these results with those of Obs_2000 (Massa et al. 2013), we find that the upper branch corresponds well with the Obs_2000 trend while the other branch is systematically lower. 

          Table 3

              Best fit spectral parameters for the χ and ρ classes. 

            

        4. Spectral analysis
Broad-band spectra were fitted with the hybrid Comptonization model developed by Coppi (1999; eqpair in XSPEC), while in our previous work (Mineo et al. 2012) we used the compps model developed by Poutanen & Svensson (1996). Both models assume that all photons produced in the disk are Comptonised by corona electrons. However they have a different approach to deriving the source emission: eqpair assumes that the input electron energy distribution is known, and derives the equilibrium temperature of the thermal plasma distribution while the final contribution of the non-thermal electrons is computed from the solutions of the energy exchange equations. In compps, the electron state distribution is composed of a thermal distribution up to a given energy and a power law above it. From these it computes the Comptonized emission. 
Two main reasons brought us to adopt eqpair: i) compps cannot fit the 1996 χ class spectrum ([image: equation] for 253 d.o.f.); ii) in the ρ class the reflection fraction was very high (Ω > 1) but, inconsistently, we could not detect a corresponding iron emission line: the 3σ upper limit on the equivalent width (EW) was ~50 eV. 

        	[image: thumbnail]	Fig. 1
            Light curves collected in one orbit of the 1996 observation with 10 s integration time bins. The top panel shows the 1.6–10 keV rate observed with the two telescope units MECS2 and MECS3, while the PDS rates in the range 13–100 keV are presented in the bottom panel. 

          



      In our fits with eqpair, we assumed a spherical corona with the size of the scattering region fixed at 107 cm and composed of electrons (XSPEC param pairinj = 0) with Maxwellian distribution at low energy and non-thermal distribution at high energy. This electron plasma is illuminated by a geometrically thin disk in a pseudo-Newtonian potential (Paczyńsky & Wiita 1980) and a temperature distribution parametrized by its maximum (Tmax). The disk has an inclination of 60° and is composed of gas with an average temperature of 106 K. The inner radius was fixed at six gravitational radii (rg = GM/c2), even if the GRS 1915+105 harbors a rapidly rotating black hole (McClintock et al. 2006; Miller et al. 2013), because this is the lower limit accepted by the model. 
We assumed that the non-thermal distribution is a power law between the Lorenz factors γmin = 1.3 and γmax = 1000 as adopted by Gierliński et al. (1999) for Cygnus X-1. Because of the lack of high-energy data, we fixed the spectral index of the non-thermal distribution Γinj at 2.5 as expected from the shock acceleration model (i.e., Del Santo et al. 2016). 
The properties of the plasma depend on the undimensional compactness parameter defined as: [image: equation](1)where L is a power (luminosity) of the source supplied by different components (i.e., soft from the disk or hard from the more energetic electrons), R is the radius of the source, σT is the Thomson cross-section, me is the electron mass and c is the speed of light. 
The up-scattered spectrum mainly depends on the ratio between the power supplied to the accelerated electrons and the power of the soft photons coming from the disk. This is handled by the model with the ratio between the two relative compactness parameters defined in Gierliński et al. (1999)ℓh/ℓs where ℓh is relative to the electrons and includes both thermal and non-thermal contribution (ℓh = ℓth + ℓnth), and ℓs is relative to the disk. 
It is customary to fix the soft compactness ℓs (named ℓbb in XSPEC) because data do not allow its constraint. Several values of ℓs have been used to fit GRS 1915+105 spectra in χ class: ℓs = 10 adopted by Del Santo et al. (2013) and Gierliński et al. (1999) in other black holes, ℓs = 100 adopted by Zdziarski et al. (2005) for the analysis of a RXTE observation of GRS 1915+105 , and ℓs = 1000 used by Ueda et al. (2010) on Suzaku data. We fitted a sample of spectra in the two classes with these values and found that our data are compatible with 10 and 100, while 1000 can be definitively ruled out on the basis of the reduced χ2. We adopted the value of 10 on all fits. 
In the latest eqpair code (v1.04), the Compton reflection (ireflct) is computed with the method of Magdziarz & Zdziarski (1995) considering ionized material and taking into account the relativistic blurring. The model normalization Ω is the solid angle of the cold reflecting matter to the illuminating source expressed in units of 2π. 
The iron line is fitted with a model suitable for the rapidly rotating Kerr black hole (laor in XSPEC; Laor 1991) that assumes a line emissivity with a power law dependence from the disk radius Φ ∝ rβline. We used the XSPEC model tbabs with cross-sections from Verner et al. (1996) and element abundance from Wilms et al. (2000) for the low-energy absorption. 
4.1. 1996 observation: χ class 
Since there is no evident spectral variation in the χ class, a single spectrum was accumulated. The whole time-averaged spectrum fitted with eqpair provided an acceptable fit with a reduced χ2 of 1.17 (252 d.o.f.); the values of the free parameters are shown in Table 3 with errors reported at 90% confidence level, the energy spectrum plus the model, and the residuals in units of σ are plotted in the top left panel of Fig. 3. 
In this class, we found that the power supplied to the electron plasma is 60% of the Comptonized soft photon power and that the non-thermal electrons contribute 22% of the total hard power. When fixing ℓnth/ℓh to zero, we obtained an unacceptable reduced χ2, which means that our high-energy data require a significant fraction of non-thermal Comptonization as also previously reported (Zdziarski et al. 2005; Ueda et al. 2010). 
The disk contributes 30% of the total luminosity and has a kTmax temperature of 0.94[image: equation] keV comparable to that found by Ueda et al. (2010), while it is a factor of two lower than the temperatures found by Zdziarski et al. (2005). 
The Compton reflection component is required by our data ([image: equation]) with a value higher than that reported in Ueda et al. (2010), while it is in agreement with Zdziarski et al. (2005). 

          
          	[image: thumbnail]	Fig. 2
              Residuals in units of χ with respect to the best fit model where the iron line flux is set to zero. 

            



        
          
          	[image: thumbnail]	Fig. 3
               Energy spectra, best fit model, and residuals for the χ class (top left panel), and for SLT−1 (top right panel), the P−1 (bottom left panel) and FDT (bottom right panel) of the P12b run. The single black body and reflection components are also plotted (dash-dot lines).

            



        A cold iron line with an EW of 200 ± 20 eV is found at 6.46[image: equation] keV in agreement with the low value of the upper limit on the ionization parameter (ξ< 0.68). The value of the index of the emissivity dependence with the radius ([image: equation]) as well as the line profile (see Fig. 2) shows that the line is strongly dominated by emission from the inner part of the disk (Laor 1991). The best fit of the inner radius (4.1[image: equation]rg) is moreover consistent with the value assumed in eqpair. The inclination of the disk estimated from the line profile (86[image: equation] deg) is higher than the inclination measured with the rotational parameter of the system (Reid et al. 2014). However, a tilt of the disk inner region with respect to the orbit’s plane is expected in the Kerr black hole disks where the gas tends to align its angular momentum to the BH one (Bardeen & Petterson 1975). Slightly lower inclination values have been found by Miller et al. (2013) using a relativistically blurred disk reflection model on NuStar data. 
We further investigated whether or not the non-thermal component is requested by our data. Following Rodriguez et al. (2008b,a) and Fuchs et al. (2003), we used a multi-color black body plus a Gaussian and a power law. Despite this model being able to fit MECS data well, it produces large residuals when extended to the broad band spectra (reduced χ2 = 253(191)). 
4.2. 1999 observation: ρ class 
The ρ class spectral analysis was performed dividing each burst into five phase-selected segments (see Fig. 4). The first two segments SLT–1 and SLT–2 are the two halves of the slow leading trail (SLT), which goes from the minimum level up to half height of the pulse (P). The latter was also divided into two equal segments P–1 and P–2. The fifth segment is the fast decaying tail (FDT) of the burst. A spectrum for each of these five segments was accumulated in all runs (see Mineo et al. 2012, for details). 
All 90 accumulated spectra have been fitted with eqpair. We do not detect a reflection component nor any emission iron line in the ρ class spectra. As an example, energy spectra and residuals of the SLT–1, P–1, and FTD intervals for the P12b run are shown in the top right and in the bottom panels of Fig. 3, respectively. 
The best fit parameters averaged over the 18 runs for each of the five spectra are shown in Table 3 and plotted in Figs. 5 and 6. Errors represent the rms with respect to the mean in each interval, they are also consistent with the statistical errors at the 90% confidence level, as we verified on a sample of spectra. Figure 7 shows the percentage of the disk and corona fluxes of the total luminosity. 
We found the maximum inner disk temperatures to be in good agreement with those reported by Mineo et al. (2012) and by Neilsen et al. (2011, 2012). The disk temperature increases from ~1.2 keV in the SLTs up to ~2 keV at the peak, during which the disk flux almost doubles. 
The absorbing column density varies in correlation with the phase, showing higher values (maximum increase ~20%) closer to the burst peak (see Table 3). To investigate the possibility that this change is due to a false spectral modeling of the emission in the low-energy band, we fitted a sample of spectra with diskpbb. In this model, the dependence of the disk temperature on radius is given by a power law with a slope that is one of the free parameters of the fit. In addition, we used an empirical model simpl to mimic the thermal Comptonization. However, this first approximation is only valid up to 30 keV. Leaving the NH column as a free parameter, a maximum variation of ~10% was obtained with an anti-correlation with the source luminosity; while fixing the column to the average value gave acceptable fit for all spectra. 
5. Discussion
Systematic studies of the spectral behavior of this source in different variability classes were performed by several authors (Done et al. 2004; Muno et al. 1999; Belloni et al. 2000). Here we have focused on the comparison between two classes. We can schematically summarize the main spectral changes in the two states as follows:

        
          	
             
            Low energy absorption: the value detected in the χ class is statistically compatible with those relative to the SLT–1 and FDT intervals. The increase up to 20% along the burst is correlated with the luminosity as already found in Mineo et al. (2012). The detailed analysis performed in this paper and in Obs_2000 with several complex, low-energy absorptions and different disk models shows that the moderate-energy resolution and the effective area of the MECS below 2 keV do not allow for disentanglement of the correlation between the NH and the luminosity. 

          

          	
             
            Disk: the temperature and the luminosity of the disk component in the χ class spectrum are significantly lower than the values in all the segments of ρ bursts. The contribution to the total luminosity is also significantly different in the two classes: it decreases from the 70–85% of the ρ class to the 34% of the χ class. 

          

          	
             
            Corona: the corona dominates the χ class emission, while its contribution is strongly reduced in the spectra of the ρ class. The physical status is also different in the two classes: the gas is moderately ionized in the χ class with an optical depth of ~2 and becomes completely neutral and optically thin (τ = 0.1) in the ρ class when the flux of the underling disk increases up to a factor of three. Electrons receive a larger fraction of power in the χ class (72%) with respect to the ρ class where they get a maximum of 30%, while the fraction of non-thermal electrons is equivalent in the two classes (~30%). 

          

          	
             
            Compton reflection and iron line: significant Compton reflection is detected in the χ class only. The observed strong relativistic line is produced close to the last stable orbit for a rapidly rotating BH. Detection of iron line in GRS 1915+105 spectrum has been reported in several observations (Zdziarski et al. 2005; Martocchia et al. 2006; Titarchuk & Seifina 2009; Ueda et al. 2010; Miller et al. 2013). However, evidence for a relativistic line has only been reported by Martocchia et al. (2002) with BeppoSAX observations in time intervals when the source showed low variability. 

          

        

      During the ρ class, the iron line disappeared coherently with the absence of the reflection bump. The upper limit at the 2σ level on the line EW (150 eV) and on the reflection component (Ω < 2) is higher than the values estimated in the χ class. This may be due to the strong contribution of the disk emission, which covers the reflection component: we cannot completely exclude its presence. 

        
        	[image: thumbnail]	Fig. 4
            Segment of the light curve corresponding to the run P2b. The color indicates the five segments used for the spectral analysis.

          



      
        
        	[image: thumbnail]	Fig. 5
            Continuous black lines indicate the average of the best fit absorption column (middle panel) and inner disk temperature (bottom panel) in the five intervals; dashed lines show the interval relative to the rms. For comparison, in the top panel, the light curve of one burst is plotted. 

          



      
        
        	[image: thumbnail]	Fig. 6
            Continuous black lines indicate the average of the best fit τ (second panel), ℓh/ℓs (third panel) and ℓnt/ℓh (bottom panel) in the five intervals; dashed lines show the interval relative to the rms. For comparison, in the top panel the light curve of one burst is plotted. 

          



      
        
        	[image: thumbnail]	Fig. 7
            Contribution in percentage of the total flux provided by the disk (middle panel) and by the corona (lower panel). The dashed lines show the interval relative to the rms. For comparison, in the top panel, the light curve of one burst is plotted. 

          



      The comparison of the spectral results of the two classes suggests that an equivalent accretion rate of the system is redistributed between the corona and the disk in two different fractions. This fraction f cannot be directly computed from the eqpair paramater ℓh/ℓs because of the reprocessing of the hard X-rays in the disk. A formula that takes this phenomenon into account is given by Kubota & Done (2016): [image: equation](2)where Cr is the fraction of corona photons irradiating the disk that are reflected without reprocessing in the disk (Cr = 1 means no reprocessing). Our results indicate that the fraction of power injected into the corona for the χ class spectrum is 0.4 and 0.8 for Cr = 1 and Cr = 0, respectively, and it has a value of approximately 0.2, independently from Cr in all the ρ class spectra. 
A different evaluation of the Ṁ in the disk can be obtained by applying the formula A6 in Gierliński et al. (1999) that links it to the fourth power of the maximum temperature, if the disk reaches the last stable orbit. Considering that we detect a relativistic line in the χ class spectrum and high disk temperatures in the ρ class we can assume that this condition is valid. To overtake the variation of the temperature along the burst, probably due to a complex viscosity in act during the heartbeats, we computed the average temperature (1.47 keV). The fourth power of the ratio of the two temperatures foresees almost a factor of ten increase of Ṁ between the two classes, which is approximately twice the highest estimate computed with Eq. (2). However, the disk temperature in a system with a significant fraction of energy injected in the corona is different, typically with a lower temperature, when compared to a state with a faint corona. This is caused by strong coupling between the two components (Kubota & Done 2016). The two results, therefore, bring us to the same conclusion that the corona is energetically dominant in the χ class. 
In conclusion, the fraction of energy injected into the system is differently distributed in the disk and in the corona in the two classes. The disk is well modeled by diskpn relative to a stable state also in the ρ class when the source is in bursting mode. The state of the disk is strongly affected by the oscillation during the ρ class and by the coupling with the corona in the χ class and no simple theoretical relation can be used to model the luminosity/temperature evolution. This physical description of the source should also take into account the link between radio emission and X-ray states (Rushton et al. 2010; Rodriguez et al. 2008a; Klein-Wolt et al. 2002; Muno et al. 2001), because the coronal emission could be related to the existence of compact jet. We inspected the radio flux observed by Ryle at the Mullard Radio Astronomy Observatory at 15 GHz and indeed find that the radio flux is ~25 mJy during BeppoSAX χ observation, and ~3 mJy when the source is in the ρ class (Pooley 2006). 
Finally, we highlight the possibility that a limit-cycle behavior responsible for the oscillation in the innermost region of the disk can be justified in the framework of the slim disk model (Honma et al. 1991; Szuszkiewicz & Miller 1998), while its presence in the standard disk model can be obtained if the role of a corona is also taken into account (Janiuk et al. 2000, 2002; Janiuk & Czerny 2005). The importance of the role of the wind in stabilising the oscillations has recently been investigated by Janiuk et al. (2016) who found that, assuming a constant fraction of the source mass accretion rate involved in the wind, the code is able to reproduce the hearthbeat oscillation of the IGR 17091-3624. Moreover, to suppress the oscillations it is sufficient to increase the wind strength. 
6. Summary and conclusion
We analyzed two unpublished BeppoSAX observations of GRS 1915+105 at a similar X-ray luminosity level but in two different variability classes, χ and ρ. The averaged χ spectrum and the phase resolved ρ spectra were modeled with eqpair. We found that the χ class did not show any spectral variation along the observing period, at variance with the ρ class where different spectral parameters have been observed to change along the burst. The disk is always well modeled by a standard stable disk with a maximum value of temperature at the burst peak (~2 keV) and a minimum in the χ spectrum (~0.9 keV). In the ρ class, the emission was dominated by the multi-temperature disk, while in the χ class the Comptonised component is dominant. In both classes a statistically significant contribution from the non-thermal Comptonized component is required with equivalent fractions of the non-thermal population. A strong relativistic line is observed in the χ spectrum (EW ~ 110 eV), while only upper limits are obtained in the phase resolved spectra of the ρ classes. 
These results point out that the source emission is strongly affected by the fractions of accretion energy distributed between the disk, the corona, and, possibly, the wind, with no indication on the conditions that inset the heartbeats. 
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          ftp://ftp.asdc.asi.it/sax/doc/software_docs/saxabc_v1.2.ps.gz
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            Light curves collected in one orbit of the 1996 observation with 10 s integration time bins. The top panel shows the 1.6–10 keV rate observed with the two telescope units MECS2 and MECS3, while the PDS rates in the range 13–100 keV are presented in the bottom panel. 
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              Residuals in units of χ with respect to the best fit model where the iron line flux is set to zero. 
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               Energy spectra, best fit model, and residuals for the χ class (top left panel), and for SLT−1 (top right panel), the P−1 (bottom left panel) and FDT (bottom right panel) of the P12b run. The single black body and reflection components are also plotted (dash-dot lines).
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            Segment of the light curve corresponding to the run P2b. The color indicates the five segments used for the spectral analysis.
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            Continuous black lines indicate the average of the best fit absorption column (middle panel) and inner disk temperature (bottom panel) in the five intervals; dashed lines show the interval relative to the rms. For comparison, in the top panel, the light curve of one burst is plotted. 
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            Continuous black lines indicate the average of the best fit τ (second panel), ℓh/ℓs (third panel) and ℓnt/ℓh (bottom panel) in the five intervals; dashed lines show the interval relative to the rms. For comparison, in the top panel the light curve of one burst is plotted. 
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            Contribution in percentage of the total flux provided by the disk (middle panel) and by the corona (lower panel). The dashed lines show the interval relative to the rms. For comparison, in the top panel, the light curve of one burst is plotted. 
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    Table 1 

              Log of the 1996 observation: ObsId 2025800800. 

            
              
                	Orbit
                	T start
                	Exposure
                	Rate (ct/s)
                	
              

              
                	
                	(s)
                	(s)
                	MECS*
                	PDS*
                	
              

              
                	
                  

                
              

              
                	1
                	0
                	500
                	273.5 ± 11
                	31.1 ± 2 
              

              
                	2
                	2910
                	2080
                	276.1 ± 10
                	33.2 ± 3 
              

              
                	3
                	8688
                	2473
                	267.6 ± 10
                	33.4 ± 3 
              

              
                	4
                	 14 458
                	2919
                	299.1 ± 11
                	35.2 ± 4 
              

              
                	5
                	 20 119
                	2912
                	267.8 ± 12
                	33.8 ± 4 
              

            


              Notes. The columns list the sequential number of the orbits, the time in seconds from the starting time (1996 November 15 20:30:12 UTC), the exposure time and the rate detected in three MECS units. 

              (*) Errors are computed in light curves with 10 s integration time bins with the rms with respect to the average along the orbit, to be compared with the average Poisson error that is 5 ct/s for the MECS and 2 ct/s for the PDS. 


            


  
    Table 2 

              Log of the 1999 observation: ObsId 2089900100. 

            
              
                	Series
                	T start
                	Exposure
                	Rate (ct/s)
              

              
                	
                	(s)
                	(s)
                	MECS
                	PDS 
              

              
                	
                  

                
              

              
                	 P1
                	0.0
                	2417.6
                	232.4
                	55.5 
              

              
                	 P2b
                	6215.3
                	2011.5
                	226.0
                	53.1 
              

              
                	 P3b
                	 12 443.3
                	1600.1
                	211.0
                	48.8 
              

              
                	 P4a
                	 16 654.2
                	1135.2
                	207.2
                	45.3 
              

              
                	 P4b
                	 18 666.3
                	1019.9
                	214.9
                	49.5 
              

              
                	 P5a
                	 22 484.0
                	1436.5
                	205.8
                	45.0 
              

              
                	 P6a
                	 28 254.5
                	1785.1
                	209.0
                	44.8 
              

              
                	 P7
                	 34 019.3
                	2162.4
                	209.9
                	45.3 
              

              
                	 P8
                	 39 785.6
                	2496.2
                	203.7
                	44.6 
              

              
                	 P9
                	 51 343.3
                	3104.6
                	206.3
                	45.2 
              

              
                	 P10
                	 56 973.5
                	3255.2
                	198.3
                	43.2 
              

              
                	 P11
                	 62 746.5
                	3246.8
                	197.6
                	43.8 
              

              
                	 P12a
                	 68 722.5
                	1530.2
                	198.7
                	44.9 
              

              
                	 P12b
                	 69 926.5
                	1914.0
                	198.7
                	44.9 
              

              
                	 P13
                	 74 448.7
                	3127.2
                	196.6
                	43.7 
              

              
                	 P14a
                	 80 451.5
                	1150.2
                	200.3
                	44.0 
              

              
                	 P15
                	 86 617.5
                	2467.3
                	204.2
                	47.1 
              

              
                	 P16b
                	 92 842.4
                	1587.3
                	207.3
                	49.3 
              

            


              Notes. The columns list the names of the runs, the time in seconds since April 13th, 1999, 2:11:34 UT, the exposure time and the count rates in the two MECS units and in the PDS. 

            


  
    Table 3 

              Best fit spectral parameters for the χ and ρ classes. 

            
              
                	Paramater
                	χ class
                	ρ class*
              

              
                	
                	
                	
                  SLT−1
                
                	
                  SLT−2
                
                	
                  P−1
                
                	
                  P−2
                
                	
                  
                    FDT
                  
                
              

              
                	
                  

                
              

              
                	NH (1022 cm-2)
                	6.57[image: equation]
                	6.70 ± 0.16
                	7.24 ± 0.13
                	7.97 ± 0.16
                	7.57 ± 0.19
                	 6.53 ± 0.19
              

              
                	kTmax (keV)
                	0.94[image: equation]
                	1.26 ± 0.02
                	1.21 ± 0.02
                	1.41 ± 0.05
                	1.95 ± 0.11
                	 1.57 ± 0.06
              

              
                	
                  
                    ℓh/ℓs
                  
                
                	0.60[image: equation]
                	0.29 ± 0.02
                	0.24 ± 0.02
                	0.14 ± 0.02
                	0.11 ± 0.03
                	0.31 ± 0.03 
              

              
                	
                  
                    ℓnth/ℓth
                  
                
                	0.22[image: equation]
                	0.05 ± 0.08
                	0.14 ± 0.08
                	0.30 ± 0.14
                	0.34 ± 0.11
                	0.36 ± 0.14 
              

              
                	
                  
                    τ
                  
                
                	1.10[image: equation]
                	0.18 ± 0.04
                	0.13 ± 0.02
                	0.08 ± 0.03
                	0.31 ± 0.13
                	0.26 ± 0.05 
              

              
                	
                  
                    ξ
                  
                
                	<0.68
                	0.0
                	0.0
                	0.0
                	0.0
                	0.0
              

              
                	
                  Ω
                
                	0.77[image: equation]
                	0.0
                	0.0
                	0.0
                	0.0
                	0.0
              

              
                	E (keV)
                	6.46[image: equation]
                	–
                	–
                	–
                	–
                	–
              

              
                	
                  
                    R
                    in
                  
                
                	4.1[image: equation]
                	–
                	–
                	–
                	–
                	–
              

              
                	
                  
                    βline
                  
                
                	3.0[image: equation]
                	–
                	–
                	–
                	–
                	–
              

              
                	θ (deg)
                	86[image: equation]
                	–
                	–
                	–
                	–
                	–
              

              
                	EW (eV)
                	200 ± 20 eV
                	–
                	–
                	–
                	–
                	–
              

              
                	
                  
                    Ftotal†
                
                	5.45
                	3.7 ± 0.3
                	5.0 ± 0.4
                	7.6 ± 0.3
                	7.0 ± 0.6
                	3.82 ± 0.27 
              

              
                	
                  [image: equation]
                
                	1.88
                	2.69 ± 0.18
                	3.84 ± 0.22
                	6.42 ± 0.46
                	5.91 ± 0.69
                	2.69 ± 0.20 
              

              
                	Fdisk (% fraction of total)
                	34
                	72.7 ± 4.9
                	76.9 ± 4.4
                	84.5 ± 6.1
                	84.5 ± 9.9
                	70.4 ± 5.3 
              

              
                	Fcor (% fraction of total)
                	59
                	27.3 ± 4.9
                	23.0 ± 4.4
                	15.5 ± 6.1
                	15.5 ± 9.9
                	29.5 ± 5.3
              

            


              
                Notes.
              

              (*) We assume the standard deviation of the distribution of the best fit values in each group of spectra as error.


              (†) 0.01–200 keV unabsorbed flux in unit of 10-8 erg cm-2 s-1.


            


  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
            Light curves collected in one orbit of the 1996 observation with 10 s integration time bins. The top panel shows the 1.6–10 keV rate observed with the two telescope units MECS2 and MECS3, while the PDS rates in the range 13–100 keV are presented in the bottom panel. 

          

    

  
    
      Fig. 2 
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              Residuals in units of χ with respect to the best fit model where the iron line flux is set to zero. 

            

    

  
    
      Fig. 3 
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               Energy spectra, best fit model, and residuals for the χ class (top left panel), and for SLT−1 (top right panel), the P−1 (bottom left panel) and FDT (bottom right panel) of the P12b run. The single black body and reflection components are also plotted (dash-dot lines).

            

    

  
    
      Fig. 4 
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            Segment of the light curve corresponding to the run P2b. The color indicates the five segments used for the spectral analysis.

          

    

  
    
      Fig. 5 
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            Continuous black lines indicate the average of the best fit absorption column (middle panel) and inner disk temperature (bottom panel) in the five intervals; dashed lines show the interval relative to the rms. For comparison, in the top panel, the light curve of one burst is plotted. 

          

    

  
    
      Fig. 6 
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            Continuous black lines indicate the average of the best fit τ (second panel), ℓh/ℓs (third panel) and ℓnt/ℓh (bottom panel) in the five intervals; dashed lines show the interval relative to the rms. For comparison, in the top panel the light curve of one burst is plotted. 

          

    

  
    
      Fig. 7 
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            Contribution in percentage of the total flux provided by the disk (middle panel) and by the corona (lower panel). The dashed lines show the interval relative to the rms. For comparison, in the top panel, the light curve of one burst is plotted. 

          

    

  OEBPS/aa29657-16-eq43.png





OEBPS/aa29657-16-eq45.png





OEBPS/aa29657-16-eq9.png





OEBPS/aa29657-16-eq38.png





OEBPS/aa29657-16-eq5.png





OEBPS/aa29657-16-eq41.png





OEBPS/aa29657-16-eq101.png
_ 2-GC+CeT
I e -coy
with

_  h
8=+t






OEBPS/aa29657-16-eq92.png









OEBPS/aa29657-16-fig5_small.jpg





OEBPS/aa29657-16-fig2_small.jpg





OEBPS/aa29657-16-eq8.png





OEBPS/aa29657-16-fig1.jpg
|||||||||||||||||||||||||||||

b

“Nl\'l‘l ||||||‘.||| |’| M wh Il\'“”l." i|i|||||m|||m\ ||"

\’w'whuhﬂ"u”, ﬂ'Hf’






OEBPS/aa29657-16-fig2.jpg
(X) srenpisoy





OEBPS/aa29657-16-fig3.jpg
100

100

10

o o
Fog 1 8 L ] il
»n
=
A
3 =3 2
o >
- S
“ o
- 2
L - ] ol Lo 4
. . . . .
b 10 100 Ok 1 10 100 O}
(i-A®3 ;-8 z-Wo suoloud) ASN (1-A®Y ;S ;-Wo suojoyd) A8y
& T T
L S !
1
[ ] |
5 )
7] |
.
i
:
;
i
i
S~ r
Q> N/ t
S - :
3 i
> i
3 I
L. o )
=¥ | 1 '
- ==
T ===
== 0 =
1 =
i 4 1.
i [ =7
= 1
: =
: :
i o —
T < —
L L . L L . . . N
L 10 100 z2 0 2 1 10 100 0b 2 0 &
(,-A® ;-5 w0 suojoud) A8) % (,-A®Y ,-S .-wid suojoud) A8Y x

Energy (keV)





OEBPS/aa29657-16-fig4.jpg
MECS rate (ct/s)

400

300

200

120

140

160

Time (s)

180

200

220





OEBPS/aa29657-16-fig5.jpg
00y 00¢ 00T O00%8 <L Nt 80

(-8 2) a1y (-wo) N (AaY) "Iy

Phase





OEBPS/aa29657-16-fig6.jpg
8¢ 691
($/10) 1By

0
1

0S¥'0  §TC0

S

]

/

Y

ce0

q,

7/

]

0

Phase





OEBPS/aa29657-16-fig7.jpg
8¢¢ 691 001 08 %4 v 0
(spo) arey (%) xn[q ysIq (%) xn[q rUOIOD





OEBPS/aa29657-16-fig1_small.jpg





OEBPS/dash.png





OEBPS/aa29657-16-fig4_small.jpg
L






OEBPS/aa29657-16-fig7_small.jpg





OEBPS/aa29657-16-eq90.png
Q=077"0"





OEBPS/aa29657-16-fig3_small.jpg





OEBPS/aa29657-16-eq63.png





OEBPS/aa29657-16-eq58.png





OEBPS/aa29657-16-eq72.png
or L

mec3 R





OEBPS/aa29657-16-eq51.png





OEBPS/aa29657-16-eq55.png





OEBPS/aa29657-16-eq53.png





OEBPS/aa29657-16-eq48.png





OEBPS/aa29657-16-fig6_small.jpg





