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ABSTRACT

We investigate some key aspects of the “heartbeat” variability consisting of series of bursts with a slow rise and a fast decay, thus
far detected only in GRS 19154105, IGR J17091-3624, and MXB 1730-335. A previous analysis based on BeppoSAX data of
GRS 1915+105 revealed a hard-X delay (HXD), that is a lag of the burst rise at higher energies with respect to lower ones; this
leads to narrower pulse widths, w, at higher energies. We here use some light curves of Rossi-XTE observations of GRS 1915+105 for
a deeper analysis of this effect and search for its presence in those extracted from some IGR J17091-3624 and MXB 1730—-335 obser-
vations performed with the same satellite. Our results show that, at variance with GRS 1915+105, no HXD is evident in the light curves
of MXB 1730—-335 and only a marginal HXD may be argued for IGR J17091-3624. For GRS 1915+105 we find a decreasing trend
of the pulse width with energy following a power law w = A - E~* with an index s ~ 0.8. Furthermore, we confirm the increase of the
HXD with the recurrence time T of the bursts in each series that was already found in previous works using BeppoSAX data. Based
on a spectral analysis of these three sources we conclude that the differences highlighted in the properties of the “heartbeat” variability
are probably related to the different accreting compact object and the eventual presence of a corona in these binary interacting systems.

Key words. binaries: close — X-rays: stars — X-rays: individuals: GRS 1915+105 — X-rays: individuals: IGR J17091-3624 —

X-rays: individuals: MXB 1730-335

1. Introduction

To date, three sources are known to exhibit series of bursts,
usually referred to as “heartbeat” variability. These bursts dis-
play a structure consistent with the p variability class first
defined by Belloni et al. (2000) while studying microquasar
GRS 1915+105. They are characterised by a typical slow rise
fast decay (SRFD) time profile. This type of burst series was
first observed in GRS 19154105 on several occasions since 1997
and was explained in terms of thermal instability in a viscous
disk (Taam et al. 1997). In the case of GRS 1915+105, the
duration of these series can be of several days, as seen in the
BeppoSAX pointing of October 2000 (Massaro et al. 2010) with
a variable recurrence time, T, ranging from ~40 s to more than
~90 s and correlated to the source luminosity. A similar vari-
ability pattern, but with shorter Ty.., was also observed in the
source IGR J17091-3624 (Altamirano et al. 2011), and recently
Bagnoli & in’t Zand (2015) reported the discovery of a behaviour
similar to the p class in the X-ray binary MXB 1730-335 (also
known as the Rapid Burster, discovered by Lewin et al. 1976),
but exhibiting a longer recurrence time of about 7 min.

Several properties of this repeating bursting state of
GRS 1915+105 were investigated in a series of papers

* Retired.
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(Massaro et al. 2010; Mineo et al. 2012, 2016, 2017; Massa et al.
2013) based on data series obtained in a long-duration study of
this source with BeppoSAX in April 1999 and October 2000.
According to the definition given in Mineo et al. (2012) we
distinguish in a burst the following three main segments: an
initial increase of the photon count rate, the slow leading trail
(SLT), up to the development of a pulse, frequently structured
in a few narrow peaks, and terminating with a final decaying
trail (FDT) to the initial level. In particular, Massa et al. (2013)
and Mineo et al. (2016) discussed the so called hard X delay
(HXD): a time lag of the bursts’ rising times that increases
with the mean photon energy. The HXD had been investigated
previously by Janiuk & Czerny (2005) who, applying a cross-
correlation analysis between light curves at different energies,
found a delay of the high-energy signal shorter than 1 s, and
interpreted it as due to the photon scattering in a hot corona near
to the inner disk. As shown by Massa et al. (2013), however, the
cross-correlation analysis is more sensitive to finding time shifts
rather than changes in the pulse width, w. For this reason those
authors developed a method to evaluate the HXD based on the
study of the trajectories described during the burst evolution in
the count rate versus mean photon energy bidimensional space.
They reported HXD values ranging from about 2 s to about 9 s,
correlated with the recurrence time of the bursts and the photon
count rate. In a subsequent paper, Massaro et al. (2014) found
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Table 1. RXTE observations of the three sources showing heartbeat
variability.

Pointing ID Date  Exposure(s) Burst number
GRS 1915+105

G-1:20402-01-30-00  1997-05-26 3310 30
G-2a: 20402-01-31-02 1997-06-05 5499 113
G-2b: 20402-01-31-02 1997-06-05 791 13
IGR J17091-3624

I-1: 96420-01-05-04  2011-03-31 3968 79
1-2: 96420-01-06-00  2011-04-02 3489 96
1-3: 96420-01-06-01  2011-04-03 6112 131
1-4: 96420-01-06-02  2011-04-05 5136 117
MXB 1730-335

M-1: 40433-01-04-00R 1999-10-16 5462 13
M-2: 40433-01-04-01R 1999-10-16 736 2

Notes. The columns list the sequential number of the orbits and seg-
ments of each pointing, the date of the observation, the useful exposure
time, and the number of detected bursts in the corresponding time
series.

that the time series of the count rate and mean photon energy can
be reproduced by means of a mathematical model based on the
well studied non-linear FitzZHugh—Nagumo system of differential
equations (FitzHugh 1961; Nagumo et al. 1962).

In the present paper we report the results of a comparative
analysis of the HXD in a sample of p class bursts observed in
GRS 1915+105, IGR J17091-3624, and MXB 1730-335 based
on Rossi-XTE (RXTE) archive data. This phenomenon is clearly
apparent in the segments of GRS 1915+105 light curve at the
three energies of 3.6, 6.8, and 11.4 keV shown in Fig. 1 with burst
profiles having largely different burst recurrence times. One can
see that the rising portions of the three bursts are delayed and
that this lag increases with the photon energy. A rather small
time shift of the peak maxima of the order of 1 or 2 s, compara-
ble with the delay found by Janiuk & Czerny (2005), appears in
the data plotted in the upper panel of Fig. 1, while this effect is
not present in those plotted in the lower panel. FDT portions of
the bursts at different energies are nearly simultaneous and this
implies that the widths of the pulse segment of the burst (here-
after we use the same definitions for the burst segments given in
Mineo et al. (2012)) become narrower for increasing energy. In
this study we extend the previous results on HXD and test the
possibility of establishing a simple relation between w and the
energy for GRS 1915+105, and whether a similar relation holds
for the other sources exhibiting the same behaviour.

Data and selection procedure are illustrated in Sect. 2, while
in Sect. 3 we describe the methods used in the analysis and
present the results. The comparison with previous results and
some implications for the burst origin are discussed in Sect. 4.

2. Observations and data reduction

We considered data from RXTE/PCA (Jahoda et al. 1996) and
created filter and good time intervals (GTI) files applying all
standard criteria. The level of the background for the light curves
of each of the three sources was evaluated with standard proce-
dures! and, for both MXB 1730-335 and IGR J17091-3624, the
contamination from strong sources in the field of view was also
studied. The log of all used observations is given in Table 1.

I https://heasarc.gsfc.nasa.gov/docs/xte/recipes/
cook_book.html
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Fig. 1. Two segments of RXTE/PCA light curves of GRS 1915+105 in
the p variability class at three energies showing the HXD phenomenon
and the dependence of the pulse width, w, upon energy. Data, after the
subtraction of a constant level, are scaled to obtain comparable pulse
heights. Upper panel: RXTE G-2a data; lower panel: G-1 data. In the
latter data set the recurrence time of the bursts was more than twice
longer than that in the former one. We note in both panels the variable
duration and shape of individual bursts and in the upper one the small
time delay of the peak maxima, particularly in the first and in the third
burst.

The energy ranges used to accumulate the light curves were
properly selected to maximise the differences in the time profile
while keeping similar statistics. We carried out spectral analysis
for IGR J17091-3624 and MXB 1730-335, in a bandpass lim-
ited to the range 2.5-20 keV where the PCA is well calibrated
(Jahoda et al. 2006; Shaposhnikov et al. 2012) and contains most
of the signal. A systematic error of 0.5 per cent per channel
was included (following Shaposhnikov et al. 2012). All spectra
were corrected for particle background and cosmic diffuse back-
ground as predicted through the PCABACKEST tool (version 3.8).
The PCA response matrix was calculated with the PCARSP tool
(version 11.7.1). Spectral bins were combined to obtain at least
20 counts per bin in order to ensure applicability of the y? statis-
tic. The spectral modelling was carried out with XSPEC (version
12.9.1).

2.1. GRS 1915+ 105

RXTE observed GRS 1915+105 many times; a part of this large
data collection was already used by Belloni et al. (2000) to define
12 variability classes and, in particular, the bursting p class. We
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Fig. 2. Two-energy plot for one of the GRS 1915+105 bursts reported
in Fig. 1 after a smoothing to reduce the statistical noise. Photon count
rates have been scaled to the same range from zero, corresponding to the
minimum rate, to 1000 at the highest value. The bisecting black thick
straight line is the locus of two coincident burst profiles; the dashed
green line is the quadratic best fit to the data and the arrows indicate
the time direction of the loop. The loop shape and the anticlockwise
direction due to the HXD are clearly apparent.

considered only two pointings, G-1 and G-2, in which the source
exhibited sequences of bursts with different 7., as shown in
Fig. 1. Furthermore, G-2 data present two subsets divided by
a gap of ~2000 s that we analysed independently naming them
G-2a and G-2b. The two subsets have small differences in the
mean recurrence time and in the maximum pulse heights: the
G-2a subset is the richest one with 113 bursts and a variable
Tec in the range from 43 to 51 s (see Fig. 1) with a mean value
around 47 s, while Ty increases to ~53 s in the G-2b subset. In
the G-1 data set, T is longer and varies in the range 90-104 s.
Further details about these RXTE observations are reported in
Table 1. PCA light curves in 15 energy bands in the range from
3.2 to 13.0 keV with a time bin of 0.5 s were produced using
binned-mode data with 8 ms timing in 16 energy channels. No
background subtraction was applied in the light curve accumu-
lation because it was found negligible compared to the source
count rate even in the portions of the bursts with the lowest count
rates at the highest energies: about 2.5 ct s™! against 113 ct s7!,
therefore much lower than the Poissonian error.

2.2. IGR J17091-3624

RXTE performed a large collection of pointed observations
of IGR J17091-3624. A complete analysis of these data was
recently presented by Court et al. (2017), who included many
data from other space X-ray observatories. These authors defined
nine classes of variability, and bursts rather similar to the p class
appear in the classes III, IV, and V with different recurrence
times and time profiles.

The RXTE campaign of pointed observations of
IGR J17091-3624 considered in the present paper started
on 2011 February 9 (MJD 55601) for a total exposure time of
about 550 ks divided into 226 pointings. Among the RXTE/PCA
observations, we selected only those in which the source was
clearly in the p class (Pahari et al. 2014) or class IV according
to Court et al. (2017). Moreover, because of the faintness of
the source with respect to GRS 1915+105, we selected the
PCA pointings with the highest signal to noise ratio (S/N) and

rather regular burst sequences. We verified that during these
pointings the source IGR J17098-3628, at an angular distance
of 8’5, was in a quiescent state and its emission did not affect
the light curves of IGR J17091-3624. PCA light curves with
a time binning of 0.125 s were extracted from science Data in
GoodXenon mode without applying background subtraction.
The background contribution to the extracted light curves
is stable across both observations, with a mean of ~3 and
~5.7 ct s7! in the low- (2-6 keV) and in the high- (6-20 keV)
energy ranges, respectively, for the I-2, I-3, I-4 observations and
doubled in I-1 where two PCUs were operating. Although higher
than in the case of GRS 1915+105, the background contribution
is stably lower than the source signal to alter the burst profile
of IGR J17091-3624. Table 1 reports further details of the
pointings considered in our analysis.

2.3. MXB 1730-335

As recently found by Bagnoli & in’t Zand (2015), p-class bursts
were observed from MXB 1730—-335 only on one occasion, dur-
ing the RXTE visit of 1999 October 16. This consisted of two
observations, here indicated by M-1 and M-2, separated by a gap
of 68 s. As a whole, 15 complete bursts were observed; in the
M-1 observation there is also one type-I burst superposed onto
the FDT of one of the p bursts, and this data segment of 250 s was
excluded from our analysis. Further details are given in Table 1.

The RXTE pointing changed between M-1 and M-2 to
exclude from the PCA field of view the Low Mass X-ray binary
4U 1728-34, at an angular distance of ~0.5 degrees from
MXB 1730—-335. This change put MXB 1730—-335 at an off-axis
angle of 0.56 degrees in M-2, with a sensible reduction of the
detected rate as a consequence of the smaller effective area (see
also Bagnoli et al. 2014). However, as also shown by Bagnoli &
in’t Zand (2015; their Fig. 1), the shape of the burst profiles and
the peak-to-peak amplitude were not affected by this change. We
noticed in the field of view of the M-2 observation the presence
of the other potentially contaminating source IGR J17354-3255
(Bird et al. 2010). We evaluated the expected contribution from
this object by means of the spectral model given by D’Ai et al.
(2011) and obtained that the 2—-10 keV count rate is lower than
1% of the signal from MXB 1730—-335. We therefore concluded
that neither 4U 1728-34 nor IGR J17354-3255 significantly
affected the observed light curves of the Rapid Burster.

We then extracted two light curves of this source in the
distinct energy ranges 2.1-3.8 keV and 11.4-15.2 keV, where
statistics is good enough for evaluating the peaks’ width, with
a time bin of 1 s; these curves were accumulated from PCA
event-mode data with 16 us timing in 64 energy channels. We
verified that the background contribution to the extracted light
curves was stable across both observations, with a mean of ~7
and ~9 ct s~! in the low- (2.1-3.8 keV) and in the high- (11.4—
15.2 keV) energy ranges, respectively, that is, too low to affect
the rate variations of the source.

3. Data analysis and results
3.1. Methods

The burst profiles in Fig. 1 show that the HXD affects the pulse
width, w, that becomes narrower with increasing energy. A sim-
ple and direct approach to obtain a relation between w and the
photon energy E is that of measuring the former quantity from
individual bursts in light curves at different energies and then
computing averages and standard deviations for each set. It is
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Fig. 3. Two-energy plots for the three sources. Data points, obtained by a scaling at the same highest amplitude of light curves with a time resolution
of 0.5 s after a smoothing over five points, are represented in red; the thick black lines correspond to equally scaled count rates, and the green solid
curves are the quadratic best fits to the data. Left panel: G-2 data in the energy bands 3.22-3.94 keV on the abscissa and 10.82-11.92 keV on the
ordinate with a time bin size of 1 s and 3-point running average; central panel: 1-2 data in the energy bands 2—6 keV on the abscissa and 6-20 keV
on the ordinate with a time bin size of 1 s and 3-point running average; right panel: M-1 and M-2 data (excluding those of the type-I event) in the

ranges 2.1-3.8 keV on the abscissa and 11.4—15.2 keV on the ordinate.

reasonable to take w to be equal to the full width half maximum
(FWHM) of the pulse including significant portions of the rising
and decaying segments. We obtained this quantity by measur-
ing the time difference at the half level between the lowest and
the highest count rates. We then computed the mean width for
every energy band and took as uncertainty the standard devi-
ation which reflects the statistical scatter of the w values from
these means. In the case of the G-2 observation (Fig. 1, upper
panel), however, the pulse is generally structured in two or three
narrow peaks and it is not easy to establish the actual half level.
When there is a rather deep value between two peaks, we decided
to take w to be the largest interval between the half peak levels
in the initial rising and final decaying portion of the pulse as
this structure could also be present in the G-1 data (Fig. 1, lower
panel), but individual peaks are not always well resolved.

This method, however, applied to IGR J17091-3624 data
failed to obtain significant results due to the low S/N and to the
large fluctuations in amplitude, recurrence time, and burst struc-
ture. A simple approach, useful for a fast visualisation of the
changes of the pulse width with energy, is the two-energy plot, an
intensity-intensity plot, with each intensity measured in a differ-
ent energy band. Given two simultaneous light curves at different
energies, one makes the scatter plot of the count rate at lower
energy on the abscissa against the simultaneous rate at higher
energy on the ordinate. The points of similar burst profiles are
distributed along a straight line and, if bursts are normalised to
the same amplitude, this is the bisecting line. A scattering of the
burst points in the shape of a curved trajectory, with an upward
or downward curvature, corresponds to a delayed or anticipated
increase of the higher-energy count rate, with the minima and
maxima points clustering on the bisecting line. Figure 2 shows
an example of high-energy delayed trajectories for one burst of
GRS 1915+105. Data were smoothed to eliminate the statisti-
cal noise and to show the typical pattern described in a burst.
To highlight the curved trajectory a quadratic best fit (the sim-
plest non-linear law) was also computed: for this purpose all
the data were included in the fit. We note that the closed cycle
is described in an anticlockwise direction, implying that pulse
widths at higher energies are narrower because of the occurrence
of the HXD. A loop in a clockwise direction would correspond to
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a high-energy rise preceding that in the lower-energy band. One
has to take into account that both the high variability of burst
profiles and the low S/N affect the point distribution that can
exhibit a relatively large dispersion. In any case, a simple inspec-
tion of the plot is useful for deriving a qualitative indication of
the possible changes of the pulse width with energy.

3.2. Results
3.2.1. GRS 1915+105

The two-energy plot for the data series at 3.6 keV and 11.4 keV
shown in the upper panel of Fig. 1 is given in the left panel of
Fig. 3. After a normalisation of the count-rate ranges to similar
amplitudes, we found that the point distribution clearly shows
the same pattern shown in Fig. 2 with the curvature expected for
high-energy pulse widths narrower than the corresponding ones
at low energy. This effect is also apparent from the deviation of
the quadratic best fit line to all data (thick green line) from the
straight (black) line that would imply an unchanged profile.

We evaluated the FWHM of all pulses in the light curves
at 15 energy channels in the range from 3.5 keV to 12.5 keV
and reported the resulting mean value versus the average energy
of each channel. The resulting relations for the two considered
pointings are given in the plot in the upper panel of Fig. 4. A
clear monotonic decreasing trend is apparent in all the data sets
that can be well described by a single power law w = A - E™*
whose best-fit relations are plotted using thick dashed lines. This
model is a good fit to the G-1 and G-2b points with an exponent
equal to s = 0.81 £ 0.04 for both curves. The subset G-2a cannot
be fitted by the same law (x> = 61 for 13 d.o.f.) because of a
break around 5 keV. For these data we used a broken power law
whose best fit parameters are: s; = 0.50 £ 0.08, s, = 0.76 + 0.02
and a break energy fixed at E, = 5.0 £ 0.5 keV. All these fits
gave reduced y? values very close to or lower than unity (0.6 for
G-1; 1.2 for G-2a; 0.9 for G-2b). A broken power law, but with
a lower statistical significance, can actually be obtained also for
the G-2b set. The need for considering a broken power law can
be evaluated by means of a run test that takes into consideration
the number r of sequences (runs) of the residuals’ sign (see, e.g.
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Barlow 1989). There are 4 and 3 runs for the G-2a and G-2b
sets, respectively, while the expected number of runs for N =
15 points is (r) = 1 + 2(N.N_)/N = 8.5, where N, and N_ are
the numbers of positive and negative residuals, in the case of
G-2b data equal to 8 and 7, respectively. The variance of r is
0'% = [2N,N_(2N,N_ — N)]/[N*(N — 1)], that in our case gives
a standard deviation equal to 1.86. Thus, the above number of
runs is 2.70 lower than the expected value, suggesting that a law
with an increasing negative slope would better represent these
data.

Considering that the change in w is mainly due to the HXD
in the slow leading trail (SLT, see Fig. 11 in Massaro et al. 2010
for a precise definition) and in the rising portion of the pulse, we
can use these values to investigate how the delay increases with
the photon energy. In the lower panel of Fig. 4 we reported the
w differences between the lowest-energy channel (3.6 keV) and
the others for the G-1 and the G-2a sets. We note that, in both
curves, HXD increases up to ~10 keV and approaches a con-
stant value above this energy; moreover, the positive correlation
is confirmed between the HXD and T, already found by Massa
et al. (2013) using BeppoSAX data.

3.2.2. IGR J17091-3624

The relatively low count rate and the high intrinsic variability of
the burst shapes of this source make the data analysis difficult.
To accumulate light curves with a sufficient statistics one has
to use broad energy intervals, which makes it harder to distin-
guish between slightly different pulse widths. A couple of short
segments of the light curves in the energy ranges 2—6 keV and
6-20 keV are given in the two upper panels of Fig. 5 to show the
high variability of the burst profiles. The nature of these changes
is mostly intrinsic, as shown in the same panels of this figure
where we plotted the same light curves shifted by 81 s to match
together the first and the fifth burst. We note the large changes
in the burst duration, in their shape and amplitude as in the case
of the last two bursts which almost disappeared in the shifted
curves. Nevertheless, a rather weak indication for a smaller w in
the high-energy band in a few of these bursts is not completely
excluded. Another marginal indication for the existence of HXD
is suggested by the two-energy plot shown in the central panel
of Fig. 3 for the I-2 set: data points are, in fact, scattered in a
curved pattern similar to the one in Fig. 2. The quadratic best
fit to these data, when compared with the extrapolation of the
linear fit of data in the low-count-rate regime, indicates a devi-
ation at high count rates. Similar patterns are also apparent in
the other three data sets indicating that it is not due to some ran-
dom effects. In any case, a good quantitative evaluation of the
relation between w and E, like in the case of GRS 1915+105,
cannot be performed due to the low S/N. A further issue is that
one could not establish the direction of the loop if it were really
present. This is a relevant point because, as noticed early on by
Altamirano et al. (2011) and recently confirmed by Court et al.
(2017), the loop in the count rate versus the X-ray colour plane
is described in the clockwise direction at variance with the case
of GRS 1915+105, indicating thus a Soft X-ray Delay rather than
a HXD.

To complete our analysis we also obtained standard spec-
tra of the PCA observations reported in Table 1. We considered
an absorbed multicolour disk black-body plus a comptonisation
component (wabs#(diskbb+compTT) in XSPEC). The resulting
best fits gave spectra with a dominant accretion-disk emission
and a comptonised component contributing about 10% of the
total emission in the 2-5 keV energy range without any cutoff
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Fig. 4. Upper panel: energy scaling of the pulse FWHM of the bursts
in the pointings G-1 (green squares), G-2a (black circles), and G-2b
(orange diamonds). Error bars of the G-2a data set are smaller than the
symbols. Power law best fits for all data sets are given by dashed lines,
while the broken power-law best fits for G-2a and G-2b data are given
by dash-dotted lines. Lower panel: HXD plotted as a function of energy
for the G-1 and G-2a data set; the mean recurrence times of the bursts
are reported. Colour codes are as in the upper panel. The dashed lines
are quadratic best fits.

up to 40 keV. Due to the lack of cutoff energy in the spectra,
we fixed the electron plasma temperature of the comptonisation
model at the lowest possible value in order to achieve an accept-
able y? corresponding to a temperature estimate kT, ~ 60 keV
or 70 keV (depending on the spectra). As a result of these fitting
procedures, we obtained for the disk an inner temperature k74 of
~1.3 keV and an electron plasma optical depth of about 0.3.

3.2.3. MXB 1730-335

The two-energy plot (see Fig. 3, right panel) shows that data
points for the energy bands 2.1-3.8 keV and 11.4-15.2 keV are
distributed, with a very small dispersion, along a straight line
practically coincident with the best fit line, indicating that the
burst profiles at these energies are very similar and no HXD is
appreciable. Furthermore, the quadratic best fit (green line) gave
a negligible second-degree term. This result is also evident from
the two segments of the light curves in different energy bands
shown in the top and central panels of Fig. 6. The profile is typi-
cal of the p bursts with the SLT followed by broad pulses and by
the FDT. In the bottom panel of Fig. 6 the same two segments
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Fig. 5. Two segments of the I-2 light curve of IGR J17091-3624 in
the energy bands 2-6 keV (top panel, black) and 6-20 keV (central
panel, red) exhibiting a bursting behaviour with a profile typical of the
p variability class. The bin duration is 0.125 s. The dashed light curves
in the fop and central panels are the same light curves backshifted to
match the fifth burst to the first one, to show the high intrinsic variations
of the burst pattern. The superposition of the two data sets, scaled to the
same mean amplitude and with the same colours, is plotted in the botfom
panel to show the high variability of the burst shape and in particular
of the height of the main pulses. We note that in some bursts there is a
marginal indication of a pulse width at higher energies shorter than at
lower ones.

are superposed after a scaling to the same amplitude; no appar-
ent difference of the pulse width can be seen between the two
curves (see also Fig. 7).

Bagnoli & in’t Zand (2015) described the results of a phase-
resolved spectral analysis using a comptonised model and found
that a thick corona, with an optical depth ranging from 5 to 7,
is necessary. We also performed a spectral analysis from data
corresponding to one of the two bursts in the M-2 observation,
excluding any contribution by 4U 1728-34: we included both
a disk component and a comptonising corona — wabsx(diskbb
+ compTT), in XSPEC — and obtained results in very good
agreement with Bagnoli & in’t Zand (2015), confirming that the
emission is dominated by a thick corona without any significant
contribution from the disk.

Finally, it is interesting to underline the different behaviour of
type-I bursts, frequently observed in this source, whose FWHM
exhibits a much lower width at high energies, due to a faster
decay at high energies rather than to a delayed increase (see the
review paper by Lewin et al. 1993).

4. Discussion

The so-called p class of bursting variability, named after the clas-
sification introduced by Belloni et al. (2000) for GRS 1915+105,
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Fig. 6. Two segments of the RXTE/PCA light curves of

MXB 1730-335 in the p variability class in the energy bands
2.1-3.8 keV (top panel, black) and 11.4-15.2 keV (central panel, red).
A running average smoothing over five bins was applied to reduce the
fluctuations and to show clearly the burst structure. The dashed violet
horizontal lines correspond to the mean level of the background and
the error bar is the statistical error. The superposition of the two data
sets, scaled to the same mean amplitude and with the same colours,
is plotted in the bottom panel to show that the pulse width does not
change with energy.

is characterised by a slow brightness increase followed by a much
faster rate up to the pulse development, that can be structured
either in a single or in a few narrow peaks, terminating through a
fast decay to the initial level. This particular structure is observed
not only in this unique source, but also in two interesting objects,
namely the other microquasar IGR J17091-3624 and the pecu-
liar accreting neutron star binary MXB 1730-335, generally
referred to as Rapid Burster. Our aim was to investigate whether
the p-class bursts of these sources exhibit similar characteristics
in an attempt to find a common physical interpretation of the
mechanism generating the bursts. In particular, we focused our
analysis on the search of a relation between the pulse width and
the photon energy.

In a previous paper on GRS 1915+105, Massa et al. (2013)
found that the bursts’ structure is related to changes in the mean
photon energy, which can be used for measuring the HXD;
its occurrence implies that the pulse width w decreases with
energy. It is interesting to recall that a similar phenomenon was
already noticed in the prompt emission of gamma-ray bursts
(GRBs) by Fenimore et al. (1995) who found that the typical
burst duration, as measured by their autocorrelation functions,
has a power-law dependence on the photon energy as E~¢, with
(s) =0.45.

The results of our analysis show that for GRS 1915+105 the
decrease of the pulse width for increasing energies is remark-
ably regular and can be rather well described by a power law
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Fig. 7. A segment of the RXTE/PCA M-1 light curves of
MXB 1730-335 in the energy bands 2.1-3.8 keV (black) and 11.4—
15.2 keV (red), in which at the time of 1250 s a type-I burst is
superposed onto the heartbeat variability. These light curves were not
rescaled at the same amplitude to better distinguish them.

with a mean exponent close to ~0.8, but a slope that increases
with energy is also suggested by the data. A similar behaviour
cannot be firmly established for IGR J17091-3624 because
of the poor statistics and the highly variable burst profiles;
we were, therefore, able to find only a very marginal indica-
tion on the basis of the two-energy plot and it was practically
impossible to obtain a description by means of any functional
behaviour. Finally, the decrease of the pulse width with energy
is excluded for the Rapid Burster from burst series at ener-
gies differing by a factor of about four and not exhibiting any
change.

A simple mathematical model of the heating of the disk gas
during the unstable growing phase of a burst is the one of an
exponentially increasing photon flux with an energy-dependent
scale 7.(E):

F(t,E) = Fo - exp{t — Trec/Te(E)}, (D

up to a peak value followed by a very sharp decrease, as shown
in Fig. 8, where the initial values of the curves are neglected with
respect to the much higher peak values which are normalised to
unity. It is easy to demonstrate that if 7.(E) is given by a power
law like 7.(E) = 7{(E/E )P, itresults in p = s.

One can derive a relationship between the photon flux time
scale and the emitting electron process in a simple dimensional
approach by assuming that the energy losses (or gains) of the
electrons having energy E, and the resulting photon energy E
can be expressed by power laws:

dEe/dt o« Egla E o Egl’ (2)
from which it is easy to derive

_E E
Y IdE/dl] T (dE/AE)AE./dn)]

For synchrotron or inverse Compton radiation g; = 2 and ¢, = 2,
one has s = (¢ — 1)/g2 = 0.5, a value close to the typical
exponent found for GRBs as already noticed by Tavani (1996),
but clearly this value is too low for GRS 1915+105. Assuming
s ~ 0.8 = 4/5, that is, the value that we found in our analysis
(see Sect. 3.2.1), one obtains the following relation:

g1~ (4/5)g2 + 1, “)

E(lfth)/%' (3)

o

92

G
I

Normalized Intensity
=g
wn
T

025

L ‘ ‘ ! ‘ !
00 10 20 30 40 50

Time

Fig. 8. Approximate modelling of the rising portions of p bursts of
GRS 1915+105 with exponential law with three e-folding scales: 14 s
(black), 8 s (red), 4 s (blue). The corresponding half widths, w, are also
indicated.

which, for a thermal emission process with g, = 1, gives q; =
9/5, a value close to 2 that should be compatible with the results
from disk-instability numerical calculations.

The case of the Rapid Burster (MXB 1730—335) presents
very interesting differences with respect to GRS 1915+105: the
much longer Ty of bursts and their profile independent of
energy. One has to take into account the physical structures of
these systems. Both GRS 1915+105 and IGR J17091-3624 have
accretion disks around black holes and spectral data indicate that
p-class bursts are practically unaffected by photon scattering in
an energetic corona, as discussed in Mineo et al. (2012, 2016)
for the former source and in Capitanio et al. (2012) for the latter
one. We verified that when IGR J17091-3624 exhibits p bursting
series, the luminosity fraction from the corona does not exceed
10% and its optical depth is of the order of ~0.03 and likely
compatible with zero.

Accretion in the Rapid Burster instead occurs onto a neutron
star and therefore the disk, if and when existing, has its inner
boundary at the star surface. Moreover, Bagnoli & in’t Zand
(2015) and our spectral results indicate the presence of a thick
corona, differently from the two other sources. The existence of
a thick corona may be relevant for the development of p bursts in
MXB 1730-335; in particular, it is interesting to verify whether
these oscillations may be due to the onset of a limit cycle in the
corona itself.

As reported by Bagnoli & in’t Zand (2015), an event, clas-
sified for its duration and time evolution as a type-I burst, was
observed just at the beginning of one of the p bursts in the M-1
data series (see Fig. 7), exhibiting a faster decay at higher ener-
gies with respect to lower ones (see also Bagnoli et al. 2013).
This event did not affect the simultaneous heartbeat variability
and there is no evidence of a related effect in the corona: in par-
ticular the rising front is very sharp and independent of energy.
This occurrence suggests that type-I and p bursts could origi-
nate from different sites without any apparent relation. One has,
therefore, to introduce either a particular geometric structure of
the corona or to require that only a rather small fraction of pho-
tons emitted in the type-I burst would be directed towards the
corona.

Physical models for the bursting behaviour of GRS
1915+105 have been proposed since the paper by Taam et al.
(1997) reporting its discovery. Neilsen et al. (2011, 2012), on
the basis of the phase-resolved spectral analysis, explained
the bursts’ structure by means of the superposition of two
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components with different energy spectra and time profiles.
These two pulses, one soft and the other one hard, have a dif-
ferent origin. In particular, the latter one should originate in an
outflow of energetic plasma from the inner disk as a consequence
of the thermal-viscous instability (see Janiuk & Czerny 2005).
Our results on the decreasing behaviour of the pulse width with
the energy then provide an interesting constraint for a realistic
modelling of these two components.

More recently, Mir et al. (2016) proposed a model in which
the inner radius of the accretion disk changes during the burst
with a delayed response to the accretion rate raised to an expo-
nent less than or equal to unity. In this model, however, the origin
of the lag is not explained but is rather assumed as a param-
eter to be derived from best-fit data. Moreover, these authors
consider the lag as being due to a phase shift of sinusoidal
modulation of the accretion rate, while we demonstrated that
it corresponds to a decrease of the pulse width with energy.
It would be interesting to verify whether the model proposed
by Mir et al. (2016) is able to reproduce the observed burst
profiles. Yan et al. (2013, 2017) performed a timing analysis
in different segments of the p burst profile aimed at study-
ing the properties of quasi-periodic oscillations detected in the
Fourier spectra at frequencies higher than ~0.5 Hz. In the more
recent paper, these authors considered only two wide energy
bands, approximately below and above 5 keV, and found a hard
phase lag up to 50 ms. This result, lower than HXDs measured
by us, is not in conflict with our finding because it is clearly
not related to the decrease of the pulse width for increasing
energies.

The complex processes presented in this paper require
further ad-hoc analysis and the development of a dedi-
cated physical model that could be addressed in a future

paper.
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