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Abstract.

We report the detection of a large number of optical bursthéLow Mass
X-ray Binary (LMXB) EXO 0748-676 simultaneous with the thermonuclear X-ray
bursts. The X-ray and the optical bursts are detected ingadbservation of this source
with the XMM-Newton observatory. This has increased the bernof thermonuclear
X-ray bursts in the LMXBs with simultaneous optical detentby several factors. The
optical bursts are found to have a linear rise followed byoassomewhat exponential
decay. Most of the optical bursts have longer rise and dégsstale compared to the
corresponding X-ray bursts. We have determined the X-ralyaptical excess photon
counts in the bursts that allow us to look at the optical taa}ourst fluence ratio for
each burst and the ratio as a function of the X-ray burst itgrand as a function of
the orbital phase. The delay between the onset of the X-restdand the onset of the
optical bursts have also been measured and is found to haaecsage value of 3.25
seconds. We do not find any convincing evidence of orbitabplgependence of the
following parameters: X-ray to optical delay, rise time loétoptical bursts, and optical
to X-ray burst intensity ratio as would be expected if thaagdtbursts were produced
by reprocessing from the surface of the secondary stard¢Hating the compact star.
On the other hand, if the optical bursts are produced by rssing of the X-rays in
the accretion disk, the onset of the bursts is not expectédyie a sharp, linear shape
as is observed in a few of the bursts in EXO 07686. We emphasise the fact that
simultaneous optical observations of the X-ray bursts idtigla wavelength bands
will enable further detailed investigations of the repregiag phenomena, including
any non-linear fect of the X-ray irradiation.

Keywords: accretion — accretion discs — binaries: eclipsing — bewargeneral — stars:
individual: EXO 0748-676 — stars: neutron — X-rays: stars

*E-mail: bpaul@rri.res.in (BP); archanam79@gmail.com (AMdgripal@rri.res.in (LS)



2 B. Paul et al.

1. Introduction

The Low Mass X-ray Binary (LMXB) EXO 074867 was discovered in 1985 (Parmar et al. 1986)
as a transient X-ray source and its optical counterpart, W¥wWéas discovered in the same year
(Wade et al. 1985). EXO 074&76 is a well known LMXB that has been the target of detailed
timing and spectroscopic observations ever since its d&sgo Unlike most X-ray transients, it
did not decay back to quiescent state for a long time, but ieedaactive and was considered part
of the persistent LMXB population. In late 2008 it startedansition to quiescence after it had
been actively accreting for more than 24 years (Hynes & J8068). During 1985 to 2008 it was
a moderately bright LMXB with strong dipping activities.istone of the rare LMXBs that show
a complete X-ray eclipse, every 3.82 h. Dips and eclipseslaeeto the central X-ray source
being obscured by some structure above the disk and ocdultéte companion star respectively
at every orbital period. The presence of eclipses and contifging activity indicates that the
object is viewed at an angle of inclination in the range of-# (very close to the accretion
disc plane) and the mass of the companion is constrained abdagt 0.5 solar mass (Parmar et
al. 1986). The compact source is known to be a weakly magreetizutron star because of the
thermonuclear burst activities. Two burst oscillationtéeas at 45 Hz (Villarreal & Strohmayer
2004) and 550 Hz (Galloway et al. 2010) were detected in tMXB but Jain & Paul (2011)
reported non detection of any oscillations around 45 Hz dmwanvery small pulse fraction. The
distance to EXO 0748-676 was derived as 7.7 kpc for a heliuminated burst photosphere
and 5.9 kpc for a hydrogen dominated burst photosphere atndregsX-ray burst from the same
source is evidence for photospheric expansion (f\elal. 2005). Another unusual feature of
EXO 0748-676 is presence of orbital period glitches (\Wadt al. 2009); only one other such
system is known, XTE J171@281 (Jain et al. 2011). It is also found to show a rich varidty o
burst profiles and also some double and triple X-ray burstsriiBet al. 2007).

A consequence of the thermonuclear X-ray bursts observiteitow magnetic field accret-
ing neutron stars (apart from being directly received bydhserver) is reprocessing of the X-ray
photons as they interact withftirent components of the binary, mainly the companion stdr an
the accretion disk. The reprocessed X-rays, often seertiabbpavelengths are delayed in time
with respect to the X-ray bursts due to light travel time aagrocessingféects. Simultaneous
X-ray and optical bursts have been detected in several LM)3&s X-1 (Hackwell et al. 1979),
4U 1536-53 (Pederson et al. 1982; Lawrence et al. 1983; Matsuoka 4984), GS 182624
(Kong et al. 2000), MS 1602600 (Hakala et al. 2005) and EXO 0#&/6 (Hynes et al.
2006). Simultaneous X-ray and aptical observationsfter a tremendous opportunity to probe
the geometry and physics of the X-ray binaries. EXO G788 is one of the very few eclipsing
LMXBs that allows us to investigate the reprocessing phezran as a function of orbital phase.
If the X-rays are reprocessed from the surface of the congpestar that faces the X-ray star, one
expects very strong orbital phase dependence of the reggioceparameters that can be tested
well in the case of EXO 074876.

The Optical Monitor on the XMM-Newton observatory allowsaaxination of the optical
and ultra-violet lightcurves simultaneously alongsideXaray burst. This adds an important
dimension to the study of LMXBs where one can relate the ap@mission to the X-ray bursts
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and hence study the reprocessing mechanisms and examioebttae characteristics, structure
of the binary and the accretion disk. Several LMXBs have l#eserved with XMM with very
long exposures and data from the optical monitor of XMM skcag useful in investigating the
optical reprocessing of the X-ray bursts. Compared to tieediure on the thermonuclear X-ray
bursts, work based on simultaneous observation of X-rayoptidal bursts is quite limited owing
to the dificulties in carrying out optical observations (which are thyodone from ground-based
observatories) simultaneously with X-ray observationsn@ from space). Here we report on
our examination of the archival data from simultaneous ¥X-aad optical monitoring of EXO
0748-676 with the XMM-Newton Observatory.

2. Observations, analysis and results

The source was observed with the XMM-Newton observatorpgda et al. 2001) on several
occasions with dferent instrument configurations. XMM has 3 X-ray mirrorstwdifferent focal
plane CCD (2 MOS CCDS and 1 PN CCD) imaging spectrometerstvat the energy band of
0.1-12 keV with a collecting area of 1900 érat 150 eV that decreases to 350%can 10 keV for
each of the the telescopes (Struder et al. 2001, Turner208l). 76 X-ray bursts were recorded
during the 7 XMM-Newton observations of EXO 074876 during SeptembeNovember 2003
(Boirin et al. 2007). We have analysed the X-ray and the aptiata from these observations
and the same are reported here. The XMM Optical Monitor (XNIWH instrument (Mason et
al. 2001) provides coverage between 180 nm and 600 nm of thteatd7 arc minute square
region of the X-ray field of view, permitting multi wavelerrgbbservations of XMM targets
simultaneously in the X-ray and ultravioleptical bands. The simultaneous optical observations
were performed with the XMM-OM in white light.

Though until 2008, EXO 074876 was considered to be a persistent LMXB, it had strong
long term intensity variations and the source was brightrduthese XMM observations. Data
reduction and analysis were carried out with XMM Science l§gia Software (SAS). We pro-
cessed the data using the tasks omfchain and epchain. Veetextroptical light curves from a
circular region of radius 6 arcsec (FWHM) around the opticalrderpart while the X-ray light
curves were extracted from the EPIC-PN CCD from a region dfus 11 arcsec around the
source position. Both the light curves had a bin size of 1 §th#d X-ray bursts reported earlier
(Boirin et al. 2007) were detected in the energy band of02keV and also in two subbands of
0.2-2.5 keV and 512 keV. Apart from the bursts, the low energy light curve akows signif-
icant orbital modulation with significant variation fromkst to orbit. The 5-12 keV light curve
did not show any significant variation apart form the bur6®&of the X-ray bursts had simultane-
ous optical data and all but one (burst no 52) of these bursis also detected in the optical light
curves. For 13 of the X-ray bursts, there was no simultaneptisal data. The profiles of the
optical bursts are shown in Fig. 1 along with the X-ray bur$tse bursts have been numbered in
the same way as in Boirin et al. (2007). A few selected burgtshown separately in Fig. 2, to
clearly demonstrate some of the burst characteristics.

Some important features noticed in the light curves are lksfe.
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Figure 1. The V-band optical light curve and the 6.22 keV X-ray lightcurve of each of the thermonuclear
bursts are shown here at the top and bottom of each panel. The X-agis iidentical for all the bursts,
and includes 20 seconds before and 100 seconds after the onsedofdly bursts.
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Both the X-ray and the optical bursts have linear, fast risgt slow decay. In some bursts,
the decay is exponential.

The start of the optical bursts have a delay compared to theybursts.

The optical bursts are generally of longer duration.

There is a weak correlation between the peak amplitude oXttey and optical bursts.

Some of the burst profiles show clear deviations from an egptial shape.

Echo, or reverberation mapping technique has been appltedsvely on the multi-wavelength
profiles of thermonuclear bursts in EXO 074876 (Hynes et al. 2006). This assumes an instan-
taneous reprocessing of the incident X-ray flux into UV antlagp light, the transfer function
calculated for each burst representing the weighted geantlays from diferent parts of the
reprocessing region. However, for the thermonuclear bunsEXO 0748-676, and probably for
other sources as well, there is strong energy dependende dfurst profiles. The decay time
scales of bursts increase from hard X-rays to soft X-rays, & optical. The transfer function
often extends up to 10 seconds or more, considerably langerthe light travel time across the
X-ray binary. These are indications of a complex reprocesaind temperature evolution of the
reprocessed component during the bursts. Consideringthpdrature evolution that is seen dur-
ing the thermonuclear X-ray bursts, a temperature evoiubiothe reprocessed emission during
the bursts is certainly possible. Moreover, rather thandtray count rate, the reprocessed emis-
sion should be related to the X-ray flux rate. In view of thesmplexities and the fact that the
optical light curve in our dataset corresponds only to alsibgoad band, and also that the X-ray
count rate is not large enough to determine the/femperature evolution accurately, we chose
to limit the scope of this work. In the present work therefanstead of calculating the transfer
functions, we determine the burst start times, rise timad,tatal burst counts in the X-ray and
optical bands.

We fitted all the burst profiles with a model consisting of astant componerdnd a burst
with a linear rise and an exponential decay. As mentioneliteasome of the burst profiles are
not fitted well with a single exponential decay. However,ttadel used is sficient to investigate
some important features of the X-ray bursts. From this méittielg we were able to derive the
constant emission component before the bursts, start peak time and the exponential decay
time scale. The X-ray and optical counts of the bursts wetainbd by subtracting the pre-burst
component from the total photon counts during the burst® drbital phase of the start time of
each burst was calculated using an orbital period of 0.1383843 day and reference mid-eclipse
time of 52903.963579 MJD that is appropriate for this epabbl(f et al. 2009).

At high count rate, CCD detectorsfger from pileup problem which reduces the measured
count rate in a nonlinear way and the X-ray spectrum appedrse harder. However, the EPIC-
PN CDD detector of the XMM-Newton observatory has a fastea dead out compared to the
frame transfer CCDs in other observatories which resuttsarmuch smaller pileupféect in the
former. These observations were carried out in small windwvde, in which there is about 1%



6 B. Paul et al.

T T
“'14 ’ 28
e ! @ 40 ! 8
[ | g !
£ 40 - ! 4 € !
> ! =1 |
Q | Q |
; | ; 20 1 b
3 20 i o
1 | I
‘ : : : : | | | | |
150 [ } 200 |
[ I |
L I [}
Q L Q
100 | g0 !
= r | = |
S L ! 5100 [
8 g0 ! ‘ 8 1
I
g ; Z 50 :
[ I
0 | 1 0 } 1 | | |
-20 0 20 40 60 80 100 -20 0 20 40 60 80 100
Time since burst (sec) Time since burst (sec)
E 1 T T T 80 r 1 T T T |
© 43 .66
o) F i L i
g f ! § 60 - ‘ 1
= 30 [ | 1 = i
c c
> C 0 =1 |
3 20 | ‘ g 40| |
3 | | 3
10 i t 20 i : il
200 F i f f f f i f f f f
. | |
150 £ ! 2200 ! 1
[ r I © |
= L | . I
5100 r ! § !
o [ 1 ©100 - ! -
sl ; z :
[ I I
1 L L L L L L L L L
-20 0 20 40 60 80 100 -20 0 20 40 60 80 100
Time since burst (sec) Time since burst (sec)
‘ T T T ‘ T T T
40 © A6 ! ]
o) | jo |
S 40 - | 4 € |
= | € 40 | ! R
=1 ! =1 |
o | o |
o o |
= 20 = i
o T I © 20 !
: | | | : | | | |
I T T T T T T T T
I I
150 | i |
g f 1 o> 1
St I @ |
£100 [ ! £100 |
=] L I 3 |
Q L Q
o r [ o |
z 50 | ! Z 50 .
o 5 ! Z !
ok 1 I I I 1 0 E ; I I I I J
-20 0 20 40 60 80 100 -20 0 20 40 60 80 100
Time since burst (sec) Time since burst (sec)

Figure 2. A few of the light curves shown in Fig. 1 are shown here for more clarith ome characteristic
features. No 14 is a burst that has an exponential decay; No 28 istthat significantly dfers from an
exponential decay; No 43 is a burst with a weak optical component. The thursts 66, 40 and 46 are
shown here have small, medium and large X-ray to optical delay regplctiThe burst No 46 also has a
very small rise time in the optical band.
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Figure 3. Left panel: The optical photon counts of each burst is plotted here stgdia X-ray photon
counts. The straight line represents the best fit through the origin. Rayiel: The optical conversion
factor (ratio of the optical counts to the X-ray counts) of each burst iggadere against the X-ray photon
counts.

pileup at a count rate of 130 per second. The peak count rateny of the X-ray bursts in the

observations reported here is up to about 300 counts pendeand therefore the error in the
excess count in the entire burst is expected to be only of ither @f 1% and we have not made
any attempt to correct for it.

In the left panel of Fig. 3 we have shown a plot of the opticalrds of the 62 bursts detected
in the XMM-OM light curves against the X-ray counts (612 keV) while the ratio of the optical
counts to the X-ray counts for each burst is shown agains{te counts in the right panel of the
same figure. Henceforth, we call the ratio of the optical ¢stmthe X-ray counts for each burst
as optical conversion factor. A nonlinear correlation isrsbetween the X-ray and the optical
counts of the bursts. As the correlation is accompanied bygelscatter we refrain from detailed
analysis of the same and in the left panel of Fig. 3 we showedgétr line through the origin. In
the three panels of Fig. 4, we have shown the delay betweestahetime of the X-ray and the
optical bursts, the rise time of the optical bursts and thicapconversion factor as function of
the orbital phases of the bursts, with the mid-eclipse tigmesented as phase zero. The lines
plotted through the filled circles in each panel represeataberage value of the parameters in
wider orbital phase intervals of 0.1. The delay between thmyand the optical bursts has a
maximum of about 8 seconds with an average value of 3.25 dscdfiowever for none of the
three parameters, X-ray to optical delay, optical rise tinreoptical conversion factor, is there a
clear orbital phase dependence seen that can be expectegiocessing from the surface of the
companion star .
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Figure 4. Top panel: The Optical conversion factor of each burst is plotted aghimsrbital phase. Middle
panel: The delay between the X-ray and optical start time of each bykitted here against the orbital
phase. Bottom panel: The rise time of the optical burst is plotted here agaénerbital phase. In each
panel, the lines plotted through the filled circles show the values averageewery orbital phase bin of
0.1.
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3. Discussion

In the LMXBSs, a large fraction of the optical emission carsarirom X-rays reprocessed by the
material in regions around the central compact object. Gefar this reprocessed variability re-
quires very long simultaneous X-ray and optical observegjavhich is usually diicult to carry
out. The thermonuclear X-ray bursts (Type-1 X-ray bursid)MXBs involve a large increase in
the X-ray flux, by a factor of 10 or more on time scales of a feaosels. As well as providing
insights into the conditions on the surface of the neutran #te sudden flash lights up the whole
binary system, and they are expected to be manifested in\thand optical via reprocessed X-
ray emission. The optical bursts almost certainly arise easequence of the reprocessing of a
fraction of the X-ray burst energy by matter located withifiea light seconds of the neutron star.
The accretion disk around the neutron star and the surfatieeofompanion star are plausible
sites for the reprocessing. The Type-1 X-ray bursts sengem@msbe to obtain information about
the geometry of the X-ray binary by illuminating the surrdings of the compact object. The re-
processing matter absorbs part of the X-rays, gets heatbabanadiates the absorbed energy with
an energy distribution related to its temperature. By caingahe features of the X-ray bursts
that originate on the compact star, with the correspondéaguires of optical bursts that originate
from the surroundings, one can obtain information aboustireoundings (Pedersen et al. 1982).
The optical bursts may contain only a fraction of the flux o ¥-ray bursts depending on the
solid angle that the reprocessor subtends on the compattsththe reprocessingtiency.
From analysis of the simultaneous X-ray and optical lightvea presented here it is clear that all
the X-ray bursts are accompanied by optical bursts. Thdtmegueprocessed variability will be
delayed in time with respect to the X-ray variability by an@amt depending on the position of
the reprocessing regions which in turn depends on the gegiethe binary and its orientation
with respect to the observer’s line of sight. The reprocésygtical emission seen by a distant
observer will be delayed in time due to a combination of ligatel time diferences and radiation
reprocessing time. One may expect the optical radiativaydaio be much smaller than the light
travel time diferences (Pedersen et al. 1982). But most, if not all of theeaipgbursts are seen
to be continued several seconds after the X-ray burst erféigd.(1 and 2). These observations
indicate that there is a radiative delay and radiative smgaf the optical flux relative to the
X-ray flux.

In the present work, we have used the rising parts of the Xamy optical bursts which
contain clear information related to the light travel timé&erences and thus about the geometry
of the reprocessing region. Asftiirent parts of the reprocessing body give rise ftedént values
of this geometric delay there will be a geometric smearirsp allThe reprocessed radiation can
be considered as a superposition of contributions frofieint parts of the reprocessing body.
If the X-ray absorbing material in the disc has a significarals height above the mid-plane so
that the companion would befectively shielded from direct X-ray illumination, it willeduce
the strength of reprocessing from the surface of the congpestar.

In agreement with the reprocessing scenario, the optiagatdwere observed a few seconds
after the X-ray bursts. Average value of the delay is 3.2B88ds. The light travel time across this
compact X-ray binary system is about 3 seconds (Hynes ef086)2and therefore, the average
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delay of the optical bursts with respect to the X-ray burstsampatible with the reprocessing
region being the surface of the compact start or the outeetion disk.

It has been proposed that the optical reprocessing takee friam the surface of the com-
panion star facing the compact star and the accretion diskestigations have been made for
EXO 0748-676 using simultaneous X-ray and multi-band opfid&! observations (Hynes et al.
2006). In the present work, apart from detection of a largelmer of simultaneous X-ray and
optical bursts, an important outcome is that we did not fing @nvincing evidence of orbital
phase dependence of the following parameters: X-ray tacalptielay, rise time of the optical
bursts, and optical conversion factor as would be expettbeé ioptical bursts were produced by
reprocessing from the surface of the secondary star thatiag the compact star. In particular,
the optical conversion factor is expected to be very sméltigforbital phase is near zero. On the
other hand, if the optical bursts are produced by reprongssithe X-rays in the accretion disk,
as the accretion disk in EXO 074876 has a size of a few light seconds, the onset of the bursts is
not expected to have a sharp, linear rise as is observed i affédne bursts in EXO 0748676.

The temperature and amplitude of the reprocessed emisg@xpected to evolve during the
bursts and are also expected to beatent in diferent bursts. Thus observations carried out in a
single opticalUV band are expected to show a complex non-linear relatibwdxn the counts in
the X-ray and the optical bursts. In absence of multi banécalpt/V measurement, we refrain
from any discussion about the correlation between the Xamay the optical burst amplitudes
except for examining the simple optical conversion factadunction of the orbital phase of the
binary.

The average X-ray to optical flux ratio of the bursts is cadted to be about 300 with some
uncertainty due to our lack of knowledge about the opticaksfal characteristics of the bursts.
It is evident from Figs. 3 and 4 that there is a largffetence from burst to burst by a factor of
as much as five. Accurate determination of this ratio fromtirhdnd opticgUV observations
could be useful for determining the fraction of X-rays white intercepted by the disk which
will in turn be useful for estimation of the thickness of thisldas seen from the neutron star.
The upcoming multi-wavelength observatory ASTROSAT wilge area X-ray detectors (Paul
2009) and Optical-UV telescopes (Srivastava et al. 2008)bwiof particular interest for such
studies.

4. Conclusions

We have detected a large number of simultaneous X-ray amcebpype-I bursts in the eclipsing
LMXB EXO 0748-676 and have investigated several aspects such as the delay aptical
bursts and the optical conversion factor. No significanitatiphase dependence is seen for these
parameters which argues against the surface of the compstainbeing the reprocessing region.
We emphasise the fact that simultaneous optical obsengtid the X-ray bursts in multiple
wavelength bands will enable further detailed investmyai of the reprocessing phenomenon,
including any non-linearféect of the X-ray irradiation.
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