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Abstract. We report the results of an observation of low-mass X-ray binary GX 341 with AstroSat’s large
area X-ray proportional counter (LAXPC) and soft X-ray telescope (SXT) instruments on-board for the first
time. We have detected type-I thermonuclear burst (~15 s) present in the LAXPC 20 light curve with a double
peak feature at higher energies and our study of the hardness—intensity diagram reveals that the source was
in a soft banana state. The pre-burst emission could be described well by a thermally Comptonized model
component. The burst spectra is modeled adopting a time-resolved spectroscopic method using a single color
blackbody model added to the pre-burst model, to monitor the parametric changes as the burst decays. Based
on our time-resolved spectroscopy, we claim that the detected burst is a photospheric radius expansion (PRE)
burst. During the PRE phase, the blackbody flux is found to be approximately constant at an averaged value of
~2.56 in 1078 ergs s~! cm™2 units. On the basis of literature survey, we infer that AstroSat/LAXPC 20 has
detected a burst from GX 341 after more than a decade, which is also a PRE one. Utilizing the obtained burst
parameters, we provide a new estimation to the source distance, which is ~9.3 & 0.4 kpc, calculated for an
isotropic burst emission. Finally, we discuss and compare our findings with the published literature reports.
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1. Introduction

The low-mass X-ray binary (LMXB) GX 341 was first
detected during an Aerobee-rocket flight on 16 June
1964 (Bowyer et al. 1965). LMXBs are binary systems
which are older than ~10° years with their compan-
ion stars having mass <1 M (Bhattacharya & van den
Heuvel 1991; Verbunt 1993). Ever since the discovery
of LMXBs, which have neutron stars (NS) as compact
objects, short thermonuclear bursts have been reported
(Belian et al. 1976; Grindlay et al. 1976; Strohmayer
& Bildsten 2006; Galloway et al. 2020). X-ray bursts
in LMXBs are marked as rapid rise in the photon count
in the time scale of seconds, followed by an exponen-
tial decay (Galloway et al. 2008). These are the nuclear
runaway phenomena, which are caused by the accreted
material from the companion falling onto the NS surface
via Roche-lobe overflow mechanism. Pure or mixed
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hydrogen burns up to a critical density, beyond which
bright bursts in X-rays occur locally—see reviews by
Lewin et al. (1993), Strohmayer & Bildsten (2006) and
Bhattacharyya (2010). Usually, the decay times vary
between ~10 and 100 s as reported by Lewin (1977),
Hoffman et al. (1978), Lewin et al. (1993) and Gal-
loway et al. (2008). During spectral modeling, type-I
bursts are normally described with blackbody models.
GX 3+1 is a persistently bright X-ray binary source.
After eight years of its discovery, it was first detected
with type-I short bursts, which indicated that the com-
pact object at the center certainly has to be an NS
(Makishima et al. 1983). As reported from the all sky
monitor (ASM) observation (Levine et al. 1996), the
average X-ray intensity of GX 3+1 is slowly varying
over a time scale of months to years by a factor of ~2
with high X-ray luminosity (1037103 ergs s~!) and
non-periodic behavior (Mondal et al. 2019).
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Being a luminous, persistent source GX 3+1 has
been observed by many major X-ray missions, such
as Ginga (Asai et al. 1993), EXOSAT (Schulz et al.
1989, RXTE (Bradt et al. 1993; Kuulkers & van der
Klis 2000), BeppoSAX (den Hartog et al. 2003), INTE-
GRAL (Chenevez et al. 2006; Paizis et al. 20006),
Chandra (van den Berg er al. 2014), XMM-Newton
(Pintore et al. 2015), NuSTAR (Mondal et al. 2019).
This present work is based on the observation of GX
3+1 by mission AstroSat.

LMXBs are mainly grouped as Z or atoll sources,
based on the characteristic shapes they trace on their
color—color diagrams (CCD). Atoll sources display

mainly two tracks in hardness—intensity diagrams (HID):

the banana and island states. GX 34-1 has been reported
to be a bright atoll source having a soft spectrum typ-
ically ~2-10 keV (Mondal et al. 2019). Ever since its
discovery, this source has been always found in banana
state. Two branch structures were detected in its HID,
which were identified as lower and upper banana states
in the report by Asai ef al. (1993). No island state has
been observed so far from GX 3+1 and no kHz quasi-
periodic oscillations (QPOs) are detected (Homan et al.
1998; Oosterbroek et al. 2001; Chenevez et al. 20006;
Mondal et al. 2019).

Historically, GX 341 has shown doubly peaked
bursts in 9-22 keV energy band reported by Makishima
et al. (1983), which was the first report of type-I bursts
from GX 34-1. Following this, GX 3+1 was found to be
a very active X-ray burster and bursts were studied by
Asai et al. (1993); Pavlinsky et al. (1994) and Molkov
etal. (1999). However, the first investigation of a double
peak photospheric radius expansion (PRE) burst was
carried out by Kuulkers & van der Klis (2000) using
RXTE data. They had estimated the source distance to
be between 4.2 and 6.4 kpc for an uncertainity of 30%.
A total of 61 bursts from GX 341 was reported by den
Hartog et al. (2003), which were observed in a high state
of the source. However, an exceptional superburst was
reported by Kuulkers (2002) with RXTE/ASM data,
which had a decay time of ~1.6 h. An unusual inter-
mediate burst with a duration of ~30 min was detected
in 2004 by INTEGRAL/JEM-X, which was analysed
by Chenevez et al. (2006). The same data set was re-
evaluated by Alizai et al. (2020) using different spectral
models. Thus, we found that no burst phenomenon has
been reported for this source since 2004.

Thermonuclear X-ray bursts from GX 341 have
never been reported earlier using AstroSat data. How-
ever, type-I themonuclear bursts has been detected
by AstroSat previously from various LMXBs (Bhat-
tacharyya et al. 2018; Beri et al. 2019; Bhulla et al.
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2020; Devasia et al. 2021; Roy et al. 2021; Kashyap
et al. 2022a). PRE burst events for the LMXB 4U 1636-
536 have been reported earlier using AstroSat data by
Beri et al. (2019) and Roy et al. (2021).

The spectral fitting of NS bursts involve modeling
with a single color blackbody component (Hoffman
et al. 1977, Beri et al. 2019; Bhulla et al. 2020). The
pre-burst spectrum of several LMXBs are found to be
well fitted with a thermally Comptonized model, which
describes the powerlaw behavior of the energy (Pintore
et al. 2015; Verdhan et al. 2017; Bhattacharyya et al.
2018; Chen et al. 2019). The parameter values of the
black-body model could be used to estimate the tem-
perature near the NS surface kTp, > 1 keV (Seifina
& Titarchuk 2012) and the physical radius of the NS.
The model parameters evolve with time in rapid events
like bursts, so it is needful to divide bursts into short
time intervals and fit the spectra of each interval, from
the rise to the decay of the burst, which is the conven-
tional method of time-resolved spectroscopy (Swank
et al. 1977; Lewin et al. 1993). The source’s persistent
pre-burst spectra is assumed to be unevolved during the
burst and used to serve as the background spectrum for
the burst spectra. This is the conventional method of
burst spectral analysis. Since type-I bursts are highly
luminous than the source’s average photon count rate, so
itis acceptable to consider modeling of the burst spectra
distinguishably, assuming that the burst does not influ-
ence the background persistent emission. But reports
have showed that bursts can modify the persistent spec-
tra (Chen et al. 2012; in’t Zand et al. 2013; Degenaar
et al. 2018; Keek et al. 2018). Worpel et al. (2013,
2015) introduced f, (which is a scaling factor sup-
plied to the persistent spectrum) method and reported
the change in persistent flux due to the burst. When the
fa 1s fixed at unity, the model follows the conventional
method.

The objectives of this paper are summarized in
the following: (i) reporting the detection of a type-I
X-ray burst from GX 3+1 with AstroSat, (ii) report-
ing the detection of the double-peak feature in the burst
at higher energies, and (iii) presenting spectral analysis
of the burst and reporting the physical parameters, such
as blackbody temperature, blackbody flux and radius of
the NS photosphere.

The organization of this paper is as follows: Section 2
discusses observational details and mentions all the data
reduction techniques briefly. Section 3 presents light
curve, hardness ratio of the photon count rate, HID, an
energy resolved burst light curve and QDP modeling of
the burst at each energy band. We have performed a joint
fitting of the persistent pre-burst spectrum, using SXT



J. Astrophys. Astr. (2022) 43:93

4

35F

f

3F
25} g
L £
Lt

Photons/cm?/s
N

+
57000 57500 58000

MJD
Figure 1. MAXI long time light curve for GX 3+1 in the
energy band of 2-20 keV. The vertical line marks the AstroSat
observation date.
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and LAXPC 20 data and obtained the parameter values
for a thermally Comptonized component, elaborated in
Section4.1. We have adopted the conventional approach
to fit the model of the burst, elaborated in Section 4.2.
All the results are discussed and compared to high-
light the consistencies with earlier published reports in
Section 5.

2. Observations and data reduction

AstroSat is India’s first multi-wavelength astronomy
mission satellite launched on 28 September 2015.
For dedicated studies on X-ray astronomy, AstroSat
has been provided with payloads soft X-ray focus-
ing telescope (SXT) and three large area X-ray pro-
portional counters (LAXPC) named as LAXPC 10,
LAXPC 20 and LAXPC 30. AstroSat observed GX
3+1 in an announcement of opportunity (AO) obser-
vation conducted on 29-30 April 2018 (Obs ID:
A04_122T01_9000002064). The observation was done
for the right ascension (RA) o = 266.983329 and dec-
lination point (DEC) § = —26.56361 in international
celestial reference system (ICRS), for the celestial co-
ordinates of GX 34-1. The observation by AstroSat is
marked on the MAXI long time light curve in 2-20 keV
shown in Figure 1. The source was showing a persis-
tent behavior during the AstroSat observation, as it is
evident from the MAXI light curve.

2.1 AstroSat—SXT

The SXT (Singh er al. 2016, 2017) has an
operational energy band of 0.3-8.0 keV (Singh et al.
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2017; Bhattacharyya et al. 2021). The SXT pipeline
software! (version: AS1SXTLevel2-1.4b) is used to
generate the level 2 data of nine orbits using the pho-
ton counting (PC) mode for level 1 data. The SXT
event merger script is used to merge the data for differ-
ent orbits to produce the clean event file. An encircled
region of radius 13.5 arcmin in physical coordinates is
extracted which comprises ~96% of the source photons
for the generation of source spectrum. This extraction
is done using the standard tools of XSELECT V2.4g.
The light curve of minimum allowed time bin for SXT
instrument, i.e., 2.3775 s, is thus obtained from this
region file. The auxillary response file (ARF) is gener-
ated by using sxtARFModule? tool of the ARF on-axis
(version 20190608) provided by the SXT instrument
team. The SXT spectrum file is used with a blank sky
background spectrum provided by the SXT instrument
team during our model fitting. No pile up is observed
for the source. The energy band kept during the genera-
tion of the SXT spectrum file is the default 0.3—8.0 keV
(Singh et al. 2017; Bhattacharyya et al. 2021).

2.2 AstroSat—-LAXPC

LAXPC counters have been designed to detect X-ray
photons of energies 3.0-80 keV (Yadav et al. 2016;
Antia ef al. 2021). Beside a total of three proportional
counters as mentioned before, LAXPC has a total effec-
tive area of ~8000 cm?. Each of the three counters work
independently to record photons with a time resolution
of roughly 10 ps. This makes LAXPC able to observe
fast variability like thermonuclear bursts. We use the
data only from LAXPC 20 because LAXPC 10 has been
found displaying instability in its response and LAXPC
30 is excluded as it has been officially shut down, at the
time of observation of GX 3+1.

We have generated the level 2 data of nine orbits
from LAXPC 20 using the event analysis (EA) mode.
EA mode data contains the information about the time,
anode ID and pulse height amplitude (PHA) for each
event. The processing of the LAXPC data is done using
individual routine software LaxpcSoft? version: 19 May
2018. We have only used the layer 1 (top layer) of
the LAXPC 20 counter for the temporal and spectral
analysis except for the full-time light curve, which is
generated using all the layers of the same counter.

Uhttp://astrosat-ssc.iucaa.in/2q=sxtData.

2www.tifr.res.in/~astrosat_sxt.

3http:// astrosat-ssc.iucaa.in/?q=laxpcData.
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Figure 2. AstroSat/LAXPC counter 20 light curve for
~100 ks data in the 3.0-80 keV energy band for a bin size of
1.0 s. A burst is observed at nearly 60 ks from the start of the
observation with a sudden increment in the count rate by ~4
folds of the source’s persistent count rate.
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Figure 3. Upper and middle panels show source LAXPC
20 layer 1 light curves in the energy bands 3-6 and 6-12
keV, respectively. Bottom panel shows the hardness ratio
HR = (6—12keV)/(3—6 keV). The binning size is 0.2 s.
An increase in HR is seen during the burst, crossing 1.

3. Temporal analysis

The LAXPC 20 light curve is generated for the good
time intervals only. The background is subtracted for a
default 2% systematic error. A nearly persistent photon
count rate of ~1000 counts per s is observed from the
light curve. As we cross about 60 ks from the observa-
tional start time, the burst feature is prominent (Figure 2)
with its photon count rate (~4000 counts per s) almost
four times the non-burst rate.

Figure 3 shows the detected photons in LAXPC 20
layer 1 in energy bands of 3—6 keV and 6-12 keV with
their respective light curves plotted simultaneously and
the hardness ratio (HR) (6-12 keV)/(3-6 keV) of the
two light curves in the bottom panel with their corre-
sponding hardness ratio shown at the bottom panel. The
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Figure 4. Hardness—intensity diagram of GX 341. The
hardness ratio (HR) is taken as the ratio of the count rates
in the energy bands of 6—12 and 3-6 keV, respectively. The
HR shows a positive correlation with the intensity. The plot
is generated for a bin time of 60.0 s.

bin size is selected as 0.2 s. We have used Xronos v5.22
to generate this multiplot. We can thus infer that during
the entire observation period, the source is detected in a
soft state since the average hardness ratio was ~0.6-0.7
during the entire observation. But during the burst, we
notice the ratio increases, crossing 1.0, followed by a
sharp drop in the hardness and a subsequent rise. As the
burst decays, the ratio drops to the persistent level.

The HID is plotted as a function of source’s intensity
(Figure 4). For an HR (6-12 keV)/(3-6 keV) with a
binning size of 60 s, we observe a positive correlation
of the HR with source intensity in the energy band of
3—-12 keV. A positive correlation between hardness and
intensity is also reported by Mondal et al. (2019), which
indicates the characteristic soft banana state.

3.1 Search for burst oscillations

We have investigated the power density spectrum (PDS)
to detect burst oscillations using data from LAXPC 20
all layers. To generate the PDS, we have used the Lax-
pcsoftware task laxpc_find_freqlag, which outputs the
power spectra as a function of frequency. These PDS
are generated using a burst GTI file of 16 s exposure.
We have also used the GTI file for the entire orbit data
from all layers of LAXPC 20 in which the burst has
been detected and plotted the respective PDS up to
1000 Hz. We have also parallely used the ftool powspec
1.0 (XRONOS v 6.0) to generate PDS with binning of
0.005, 0.004, 0.003 and 0.002 s. However, we could not
detect any signal of oscillations.
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3.2 Energy-resolved burst profile

To resolve the entire burst into separate energy bands,
we generate four burst light curves in narrow energy
bands: 3-5, 5-8, 8—12 and 12-20 keV. All these light
curves have a binning size of 0.16 s. From Figure 5,
we observe that the burst has the highest photon count
rate in 5-8 keV band, crossing 2000 counts per s. This
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Figure 5. Plot shows the thermonuclear X-ray burst
observed in different energy bands. The X-ray burst decays
rapidly as energy approaches to 20 keV. The highest photon
count is observed for the energy band of 5-8 keV. All the
light curves have a binning size of 0.2 s.

(@)

1500

1000

RATE count/s

500

0 5 10 15 20 5 30

(©)

RATE count/s
600 800 1000
T T T

400
T

200
T

0 5 10 15 20 25 30
TIME (s)

Page5of 12 93

is followed by the light curves in 3-5, 8-12 and 12—
20 keV band in a descending order of photon count
rate. The double-peak feature is observed in the 8—
12 and 12-20 keV bands. These burst light curves
are generated after subtracting the background light
curves, using a default systematic error of 2% for the
LAXPC instrument and no scaling factors are multi-
plied.

We have performed a measurement of the exponen-
tial decay times of the burst in four energy bands by
fitting the corresponding light curves with a model
combination of a constant added to QDP Burs
model (https://heasarc.gsfc.nasa.gov/ftools/others/qdp/
qdp.html) (Devasia et al. 2021). To achieve a better
fitting, we include two Burs models. We show the
model fits for four burst profiles in their respective
energy bands in Figure 6 and the obtained rise time,
the approximate ratio of the burst peak count rate and
the persistent count rate and the decay time are reported
in Table 1. We found that the peak to persistent count
rate ratio is higher for higher energy bands as evident
from Figure 6(a—d). QDP Burs modeling of burst pro-
file has been done previously by Beri et al. (2019),
Marino et al. (2019) and Hu et al. (2020) to obtain
their timing properties. The peak flux values listed
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Figure 6. QDP modeling of the type-I burst. Figure shows modeling of the burst in (a) 3-5 keV, (b) 5-8 keV, (c) 8-12 keV
energy ranges and (d) models the burst light curve in 12-20 keV energy range. At higher energies, the double-peaked feature

is seen more distinctively.
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Table 1. Duration of rise, peak to persistent count ratio, decay duration and flux at the burst
peak, estimated for four narrow energy bands of the burst. The count ratio is the approximate
ratio of peak count rate and the persistent count rate, obtained for each Burs model.

Energy Duration of Decay Peak flux

band (keV) rise (s) Count ratio duration (s) (10~° ergs s~ em™2)
3-5 0.845, 1.05 ~3.18,5.12 1.7,6.81 9.763

5-8 0.72,3.15 ~6.96, 4.24 5.98, 1.56 11.471

8-12 0.52,1.616 ~8.03, 7.58 2.87,1.89 8.430

12-20 04,197 ~10.43, 8.69 1.22,1.59 5.270

in Table 1 have been obtained by using the XSPEC
command flux on the spectral files of exposure ~3
s near the peak of each of the energy resolved burst
light curve.

4. Spectral analysis

To perform the spectral fitting, we have used the SXT
spectrum file, mentioned in Section 2.1. We have con-
sidered only layer 1 data from LAXPC 20 unit to obtain
non-burst or pre-burst spectrum and the burst spectrum.
We consider two broad regions of data—the pre-burst
region and burst region.

4.1 Pre-burst analysis

The pre-burst energy spectrum of the source is obtained
from the combined analysis of the SXT and LAXPC
20 layer 1 spectral data of ~841 s, which is mod-
eled by a thermally Comptonized component NTH-
COMP (Zdziarski et al. 1996; Zycki et al. 1999) in
XSPEC v12.10.1f (Arnaud 1996). We choose an energy
range with a lower limit at 0.6 keV because of the
uncertainties in the response at lower energies and
higher limit at 16 keV, since the spectra is found
to be background dominated at higher energies. The
XSPEC routine TBABS (Wilms et al. 2000) is used
for taking the interstellar medium (ISM) absorption
into account. We freeze the neutral hydrogen col-
umn density (Nyg) at 1.4 x 1022 cm™2 (Figure 7),
which is close to the value of ~1.5 x 10*? cm™2
reported by Morrison and McCammon (1983). We
select the input type-1, which considers that the seed
photons are supplied to the corona by the accretion
disk.

Table 2 shows all the parameter values achieved
for the best fit. The LAXPC 20 layer 1 spectrum
and the SXT spectrum are obtained for energy bands

Unfolded Spectrum

keV?2 (Photons cm2 s™" keV~")

‘ ‘ |
a4 “h“\‘ “1 ‘\ i
‘ i

i | am

(data—model)/error

Energy (keV)

Figure 7. Unfolded spectra from AstroSat for GX 3+1
(SXT spectrum in red and LAXPC 20 layer 1 spectrum in
black). The top panel shows the spectra fitted with the model
constant x TBABS x NTHCOMP. The energy band used is
0.6-16.0 keV. Bottom panel shows the ratio of data and
model.

4.0-16.0 and 0.6-7.0 keV, respectively. The SXT spec-
trum’s response file is provided a gain correction with
its slope frozen to 1.0 and its best fit offset obtained
~0.047J_r8:8(1)§. A systematic error of 3% is consid-
ered to account for the uncertainties in the response
calibration* (Magbool et al. 2019; Mudambi et al.
2020).

While fitting, the photon index I' is found to set-
tle at ~3.5 = 0.35, which is in agreement with the
reported values from Chenevez er al. (2006); Pintore
et al. (2015) and Ludlam et al. (2019). The electron

temperature, k7, obtained is ~4.46f§:§§ keV and the

seed photon temperature kT, achieved is ~1.82’_L8:83

keV. The low value of the electron temperature indicates
the soft state of the source, which is in agreement with

4https:// www.tifr.res.in/~astrosat_sxt/dataana_up/readme_sxt_
arf_data_analysis.txt.


https://www.tifr.res.in/~astrosat_sxt/dataana_up/readme_sxt_arf_data_analysis.txt
https://www.tifr.res.in/~astrosat_sxt/dataana_up/readme_sxt_arf_data_analysis.txt

J. Astrophys. Astr. (2022) 43:93

Page 70f 12 93

Table 2. Best-fit parameter values for the joint pre-burst spectral modeling of SXT
and LAXPC 20 layer 1 data with a thermally Comptonized multicolor black-body con-
stant x TBABS x NTHCOMP. Errors are at 90% confidence range for each parameter.

Component Parameter (unit) LAXPC 20 SXT
TBABS Ny (10?2 cm™2) 1.4 (frozen) 1.4 (frozen)
0.04
constant 1.0 (frozen) 1.18'_"0_04
NTHCOMP re 3.5104 3.5104
KT/ (keV) 4467233 446723
KT}, (keV) 1.8270%7 1.8170%7
) +0.04 +0.04
NS, 0.73 00 0.73 00
Gain Slope - (1.0)
Offset (E-02) - 57310006
x2/d.o.f 1.08 1.08
f7 (1072 ergs s7! em™?) 4460 ] 6.4170]

“Powerlaw photon index of NTHCOMP. #Electron temperature of the corona. ¥ Seed photon
temperature of the disk. °Normalization of NTHCOMP. "Unabsorbed flux in the energy of
4.0-16.0 keV for LAXPC 20 and 0.6-7.0 keV for SXT data.

our obtained HID shown in Figure 4. The fit attains a
chi-squared value of 471.76 for 437 degrees of freedom,
which is a good fitting. The SXT spectrum is rescaled
by a constant factor of ~1.18J_r8:81, while keeping
the same constant fixed to 1.0 for LAXPC 20 layer 1
spectrum.

The unabsorbed flux is found to be slightly more for
the SXT spectra in comparison to the LAXPC 20 layer
1 spectra (4.46 and 6.41 in units of 107 ergs s™' em™2,
for LAXPC and SXT, respectively), which is obtained
using the convolution model CFLUX. These values are
in agreement with the persistent flux reported by Pintore
et al. (2015) and Ludlam et al. (2019).

We have also attempted to add a DISKBB model
to the NTHCOMP, but it has resulted in an overesti-
mation of the errors in the fit. We have also tried to
fit the pre-burst spectra by selecting the input type =
0, so as to remodel the spectrum with blackbody seed
photons. This has resulted in a poor fit with a reduced
chi-squared value rising to ~1.21. However, adding a
BBODY model to the NTHCOMP, slightly lowered the
reduced chi-squared value to ~1.18, but the obtained
normalization is found to be very small and its error
limits could not be constrained.

4.2 Burst analysis

We investigated the evolution of the free parameters dur-
ing the dominant phase of the burst by systematically

1000 F T T T T T T .|
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400
200

Hﬁqﬁ T2 | T3 Y
L L L L L L

63154 63156 63158 63160 63162 63164 63166 63168
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Figure 8. Time bins selected for spectroscopy. The burst
light curve shown here is in 8—12 keV energy band.

dividing the burst exposure into a total of five time inter-
vals: T1, T2, T3, T4 and T5 as shown in Figure 8. The
exposure of the different time intervals are T1 = 0.8 s,
T2=1.05,T3=0.9s,T4 =0.6sand T5 = 2.4s. We
obtained the spectra for each of these five time bins from
the top layer or layer 1 of the LAXPC 20. The energy
band selected during XSPEC fitting is 4—-16 keV. Harder
energies >16 keV are ignored as the burst is observed
predominantly at softer energies (Figure 5). Energies
<4.0 keV are ignored to avoid uncertainties in the
response from LAXPC. As the model TBABS x NTH-
COMP has described the pre-burst spectra successfully,
we proceed to investigate the burst by adding a black-
body model (Degenaar et al. 2016) BBODYRAD to



93 Page 8 of 12

pre-burst model (Galloway et al. 2008; Beri et al. 2016).
The NTHCOMP is fed with pre-burst parameter values
which are kept frozen and only the blackbody parame-
ters are set free. This conventional approach is adopted
to model all the five burst spectra as shown in Figure 9.
A systematic error of 2% is considered to account for the
uncertainties in the spectral response of LAXPC follow-
ing the works of Antia et al. (2017), Misra et al. (2017);

= (a) Unfolded Spectrum
>
L
» 2
5 —
@
S
5 Ir
£
S
3 =
] 8
5 e |
g
5 1
=
E oo 4 L
Poo | - ‘
E | | ‘ ‘ %% ‘ |
©
S -t
S 10
Energy (keV)
BN (C) Unfolded Spectrum
3 ‘
£
- 5
»
E
S
12}
2
o
]
£
>
>
Q
2
8
g
°
°
o
£
1
8
©
=2

Energy (keV)

(e)

J. Astrophys. Astr. (2022) 43:93

Sreehari et al. (2019, 2020), Kashyap et al. (2022b) and
Majumder et al. (2022).

Table 3 reports the blackbody temperature and the
normalization constant achieved during the fitting. We
noticed that the temperature k7j, reaches a local min-
imum of 1.61 4 0.08 keV corresponding to which the
Normy,, reaches the maximum value = 496.051“}32:8;.

During TS5, which is the decay phase of the burst, the
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Figure 9. Time resolved spectroscopy of the burst using five time bins. We modeled the spectra during rise T1 shown by
Figure (a); Figures (b), (c), (d) and (e) are the unfolded modeled spectra corresponding to the time bins T2, T3, T4 and T5.
Each of the spectra is fitted following the conventional method on TBABS x (NTHCOMP + BBODYRAD). NTHCOMP

parameters are frozen at pre-burst values for all the spectra.
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Table 3. The best-fit parameters of BBODYRAD achieved during time-resolved spectroscopy of the burst. The model fitted
is TBABS x (NTHCOMP 4 BBODYRAD). The parameter values of TBABS and NTHCOMP are kept frozen to the values

achieved during modeling of the pre-burst emission. The energy band taken here for all the time bins is 4.0-16.0 keV. All the

errors are at 90% confidence range.

BBODYRAD
Parameter Tl T2 T3 T4 TS
kT, 2304016 1845000 L6108 18307 207018
Norm}, 46.82711 13 269.4215¢8 496.057138-53 301407507, 124781148
Radius” 416799 9.43108% 13.58"1% 10.67098 6.811039
x%/d.o.f 0.81 1.16 1.65 112 1.67

Flux’ 1127513 2.58%03, 2.541033 2761938 1.6770

*Blackbody temperature in keV units. #Normalization constant of BBODYRAD is given by Normy;, = R2/ D120 kpe? where R

is the radius in km and D¢ kpc is the source distance in units of 10 kpc. YRadius of the photosphere in units of km, estimated

for a source distance of 6.1 kpc. *Unabsorbed blackbody flux in 1078 ergs s

blackbody temperature rises again following a drop in
the normalization value. We could also observe that the
unabsorbed flux is nearly constant from time bin T2 to
T4 (the time interval during which the burst has shown
the double peak at higher energies). We highlight that
at T2, the Normy,, is obtained with an almost six fold
increase from T1. The normalization values are used
to estimate the radius using the relation® Normp, =
R?/ D%O kpe and we achieve the maximum value of the

photospheric radius 13.58f}:§g km, which agrees with

the inner disk radius reported by Mondal et al. (2019)
using NuSTAR data, in which they have also mentioned
an upper limit of <13 km to the NS radius. To showcase
all these parametric changes involved during the burst
span, we have plotted the physical parameters vs time
with + = 0 as the burst rise in Figure 10. We have not
used any color correction factor to derive the radius and
the burst temperature. The radii values are estimated for
a source distance of 6.1 kpc (Kuulkers & van der Klis
2000) reported for a helium-rich photosphere.

5. Discussion and conclusions

In this work, we report the AstroSat observation of the
bright atoll source, the LMXB GX 3+-1. The light curve
obtained from LAXPC 20 instrument indicated the pres-
ence of a thermonuclear burst feature of type-I. Our
temporal analysis revealed that the instrument SXT had
observed the source simultaneously with the LAXPC 20

3 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node137.
html.

-1 2

cm”™ < units

during the pre-burst stage till ~ 2 min before the burst
was detected by LAXPC 20. Since LAXPC is opera-
tional during both orbital day and night and SXT can
only observe during orbital night, there is more expo-
sure by LAXPC than SXT prior to the satellite entering
the South Atlantic Anomaly (SAA) passage. Hence,
unfortunately, SXT data is not available during the ther-
monuclear burst.

It is noteworthy that the large collective area of
LAXPC has allowed us to generate an energy-resolved
burst profile and we have followed Beri et al. (2019)
and Bhulla et al. (2020). A drop in count rate in the
light curve of the X-ray burst is observed when the nar-
row energy bands become harder. Also, we found that
the burst was the brightest in 5-8 keV energy band with
a count rate higher than the softest band 3-5 keV. From
our QDP modeling, we found that the burst decays faster
at higher energies, which indicates that the temperature
is decreasing as the burst evolves. This trend is similar
to the behavior of the burst from 4U 1636-536, an atoll
source, reported by Beri ez al. (2019). We also noticed a
double-peak feature in the burst at higher energies, i.e.,
8—12 and 12-20 keV. This is a quick event ~2 s within
which the burst had showed the double peak, indicating
a radius expansion phase (Paczynski 1983; Watts and
Maurer 2007). It is necessary to highlight that double-
peak bursts are also observed for bursts categorized as
non-PRE bursts (Regev and Livio 1984), where the dou-
ble peak feature is observed for low energies as well,
theoretically modeled by Fujimoto et al. (1988), Melia
and Zylstra (1992), Fisker et al. (2004), Bhattacharyya
& Strohmayer (2006), Zhang et al. (2009), Lampe et al.
(2016) and Bult et al. (2019).


https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node137.html
https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node137.html
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We now discuss about our modeling of the pre-burst
or persistent spectra. The seed photon temperature is
found to be <1 keV in the literature reports of GX 341,
but Pintore et al. (2015) has obtained values >1 keV
for their two used models, both involving the thermally
Comptonized NTHCOMP without fixing the seed pho-
ton temperature with the disk blackbody temperature.
In our case, the persistent pre-burst spectrum is fitted
by an NTHCOMP for a disk blackbody emission and
without any explicit DISKBB (Makishima et al. 1983;
Mitsuda et al. 1984). The kT, is obtained to be >1.8
keV. This is in close agreement to inner disk tempera-
ture reported by Mondal et al. (2019). We mention that
the atoll source 4U 1728-34 is reported with seed pho-
tons >1.6 keV by Bhattacharyya ef al. (2018) for an
NTHCOMP model with disk blackbody as input (no
explicit disk blackbody component is used). We also
mention that we could not improve the fitting of the pre-
burst spectra by adding DISKBB or BBODY models to
NTHCOMP. Since we have used the NTHCOMP model
only to model the pre-burst spectrum, where blackbody
seed photons were not the input, the Comptonizing layer
must have primarily covered the disk (Bhattacharyya
et al. 2018).

During the spectral modeling of the burst, we have
used the model BBODYRAD, which directly leads to
estimate the radius of the source. We found that the
photopshere shrinks and the radius reaches to a value of
~6.81 km during the decay of the burst. Bhattacharyya
etal. (2018) systematically examined the relative differ-
ences in the blackbody normalization values achieved
for both the conventional and the f;, method, and the
latter has been found to provide lower normalization
values and hence, a smaller NS radius. We have also
tried adopting the f,; methodology to model burst spec-
tra, but the data quality is not good enough to constrain
complex models. Referring to Figure 10, we see that the
photospheric radius increases and reaches a local maxi-
mum at the same time when the blackbody temperature
kTpp reaches the minimum value as it could be seen at
the top plot. From T2 to almost T4, which describes
the PRE episode, the unabsorbed X-ray flux is found
to remain approximately constant at ~(2.58-2.76 in
10~8 ergs s~! cm™2), which is expected for a PRE burst
(Strohmayer & Bildsten 2006; Galloway et al. 2008).
During the double-peak event, the source contracts and
the photosphere expands thus, the flux and hence, the
luminosity is expected to remain almost constant. This
is derived from the understanding that luminosity is
directly dependent to both the source temperature and
the radius. The expansion of the photosphere leads to a
drop in photon temperature and thus, X-ray count rate
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Figure 10. A combined plot of the evolution of unabsorbed
flux, the normalization constant of blackbody model, black-
body temperature k7jp, the model error and the estimated
photospheric radius in km for a source distance of 6.1 kpc.
The x-axis counts the time from the rise of the burst.

drops (Tawara et al. 1984). Studies performed using
the BeppoSAX data by Beri et al. (2016) indicated
the presence of high temperatures (~3 keV) for X-ray
bursts showing double-peaked profiles at higher ener-
gies, however, we do not find the presence of such high
temperatures during the touchdown period. Since we
have used a frozen pre-burst model as a background to
the burst spectra, hence, we are unable to investigate
the effect of burst on the persistent emissions during
the PRE event, which was previously carried out for a
non-PRE burst by Bhattacharyya et al. (2018).

It is worthy to mention that during the years 1983—
2006, most of the reports of bursts from GX 341 had
been published, after which no burst event is reported
for almost more than a decade. As mentioned in our
Introduction section (Section 1), the first measurement
of the radius of the NS was carried out by Kuulkers
& van der Klis (2000) and the authors have reported a
radius of 4.5 £0.3 km during the non-burst period. This
is consistent with the radius value derived by us during
T1 (rise of the burst, see Figure 10) ~4.16 £+ 0.53 km.
A single blackbody approximation on burst spectrum
modeled by Molkov et al. (1999) had reported the NS
radius to be 7.2 £ 1.2 km for a considered source dis-
tance of 8.5 kpc. If we consider a source distance of 8.5
kpc, we obtain the touchdown radius to be ~9.5 km. In
addition, the estimation of source distance could be well
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derived during a PRE, and ever since Kuulkers & van der
Klis (2000) had reported it, the source distance has not
been calculated with a greater precision. Since, we could
detect a PRE event, we attempt to estimate the source
distance. The peak luminosity during the PRE event is
considered to reach the source’s Eddington luminosity,
as the NS surface is lifted up. We use this opportunity
to estimate the source distance by using the peak flux
obtained by us from Table 3. The peak photon flux (F})
is related to the Eddington luminosity (Lggq) by a linear
equation, which is the modified Stefan-Boltzmann law
for an LMXB, given by Lewin et al. (1993):

Lgdad = 4md*&, Fy. (1)

Here, we have assumed the anisotropy constant &, to be
unity, which corresponds to the isotropic case. The sub-
script b stands for burst. Keeping this equation in mind,
we proceed towards deriving the Eddington luminosity
from the equation (Pike et al. 2021)

[ AmeGM[ 2GM]*
Edd = KO C2R
kT 0.86 X
I+ (e 1+ X)), 2
X[ +<39.2keV> ]( +X) @

where M is the mass of the NS, G is the gravitational
constant and c is the speed of light. We have assumed
a typical NS mass of 1.4 M. We have considered the
hydrogen mass fraction X = 0 and the typical upper
limit of the NS radius as R = 10 km. We use the value
of kg = 0.2cm? g~ !, which s the opacity factor for pure
He (Pike et al. 2021). Using the value of kT, for the T4
time bin of Table 3, we found the value of Eddington
luminosity Lggq = 2.87 x 1038 erg s~!. Substituting
this value of luminosity and choosing the value of Fj, as
the highest flux value from Table 3, which corresponds
to the T4 time bin in Equation (1), we achieve the dis-
tance d = 9.3 = 0.4 kpc. For arange of 0.5 < &, < 2
(Kuulkers & van der Klis 2000), we obtain d in the range
of 6.6—13.2 kpc. We believe that to obtain source’s phys-
ical parameters with greater accuracy, a refinement in
the spectral analysis is required on a better data.
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