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We report the discovery of correlated modulation of X-rag aadio emission properties of the
gamma-ray binary LSI +61 303 on a superorbital 4.6 year tioades Using systematic multi-
year monitoring of the system by RXTE we show that the orlptese of X-ray flares from the
source varies frongy ~ 0.35 to ¢x ~ 0.75 on the superorbital time scale. Simultaneous radio
observations show that periodic radio flares always lag thrayXflare byAgx_r ~ 0.2. We
propose that the constant phase lag corresponds to the tiftight of the high-energy particle
filled plasma blobs from inside the binary to the radio ensissegion at the distance 10 times

the binary separation distance. We put forward a hypotlieatshe X-ray bursts correspond to
the moments of formation of plasma blobs inside the binasyesy.
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1. Introduction

LSI +61 303 is one of several high-mass X-ray binaries vésfobm radio up to TeV. From
radio observations we know that LS| +61 303 is variable ofedéht time scales. The orbital period
is Porp = 26.496 d [5]. The superorbital period B=1667 d [5]. The zero orbital and superorbital
phase® = 0 is Toso = 2443366775+ kR 0. The radio signal could not be used to trace the
outflow down to the production site inside the binary orbécéuse of the free-free absorption in
the dense stellar wind environment, e.g. [13]. To undedstha nature of the high-energy particle
carrying outflow one has to use complementary high-energyidaX-ray and/ory-ray bands.

The X-ray andy-ray emission from the system is known to be variable on tidéairtime
scale, e.g. [2] and references therein. A study of the drhitzdulation of the X-ray ang-ray
signal was missing up to recently due to the absence of sgstemonitoring of the source on
many orbit (year) time scale. Such a monitoring has recdsglyame possible in the Geyray
band with the start of operation of the Large Area Telescopd ) on board of Fermi satellite [1].

In the X-ray band, a dedicated multi-year monitoring cargpavas done with RXTE [11]. As a
result, both the average periodic modulation pattern abid-to-orbit variations of X-ray ang-ray
emission from the source were established.

In this paper we discuss our study of the changes in the balraei the X-ray andy-ray
emission on superorbital time scale, as observed by RXTEEBRAL andFermi, please see this
paper for the details of data analysis. The X-yasdy data are complemented by the contempora-
neous radio monitoring data. The comparison of the X-rayabielir with the historical radio data
is given in [6].

2. Availabledata and results

In our analysis we consider radio, X-ray apday data on LSI +61 303 collected over the
period from 2007 to 2011. In soft X-rays LSI+61 303 was regulabserved by the PCA instru-
ment on board of RXTE (one 2 — 3 ks observation every 3-5 days) since Sept. 2007 up to Aug.
2011. During the Galactic plane scans and pointed obsenstiSI +61 303 was several times in
the field of view of INTEGRAL imager ISGRI. In our analysis weeauall publicly available data
for the period from the January 2003 until October 2010. mydray band we use the data of
Large Area Telescope (LAT) on board the FERMI satelliteexifd over the period from August
2008 to October 2011. The radio flux density was measured.4tdB3z with the Ryle Telescope
and its successor, the AMI Large Array (Cambridge UK). ThéeRglescope used a bandwidth of
750 MHz, and the AMI uses 4 GHz. Observations are typically-80 min in duration.

Fig. 1 shows the 3 — 20 keV X-ray flux from the source as a functbthe orbital and
superorbital phase (as seen by RXTE/PCA). From Fig. 1 onkl sae that the source exhibits on
average one episode of increased X-ray activity per orbitegular increase of X-ray activity in
the phase intervahgx ~ 0.2— 0.4 is accompanied by random variations of the source flux, with
short flares appearing on the time scalagresx < A@xPorp. The average source flux in 3-20 keV
energy range during the active/quiet part of the orbit iatid by the white dashed lines on Fig. 1
is about 1 mCrab/0.5 mCrab. Typical error of the flux measutme 0.1 mCrab, is dominated by
the uncertainity of the PCA background.
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Figure1: left:3 — 20 keV flux from LSI +61 303. The color scale is expressed@rab units.right:Radio
flux from LSI +61 303. The color scale is expressed in mJy units
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Figure 2: left: Averaged orbital variability of the hard X-ray flux (20 - 60\Kefrom LSI +61 303 he
corresponding exposures (from left to right) are 525, 661462 ksec for the & ® < 0.5 and 298, 132 and
207 ksec for the B < ® < 1right:Very high enregy (E300 GeV) flux from LSI +61 30Bhe color scale
is expressed in mCrab units.

The average phase of the X-ray activity perigdvaries on the superorbital time scale. From
Fig. 1 we find thatp exhibits a systematic drift fronpy ~ 0.35 to ¢« ~ 0.75 within one super-
orbital cycle. Such a drift is similar to the systematic dof the phase of the periodic radio flares
fromgr~05to gk~ 1[5].

Evolution of the orbital variability of the source in hardrys (20 - 60 keV) on the superor-
bital time scale, observed by INTEGRAL, is shown in Fig. 2.e@ould see that, similarly to the
3-20 keV range, the maximum flux happens during the orbitabptd25 < ¢ < 0.5 in the superor-
bital cycle phase 8 < ® < 1. The maximum becomes wider and shifts towa@b0< ¢ < 0.75
in the superorbital phase<® ® < 0.5.

Observations of the systematic drift of the phase of theorHidies from the source reported by
[5] were performed several superorbital cycles before th@y<monitoring campaign by RXTE.
To verify the long-term stability of the range of the shiffs¢gr over many superorbital cycles we
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use the data of monitoring of the source in the radio band hvhie contemporaneous with the
RXTE monitoring campaign. Right panel of Fig. 1 shows theadldix of the source as a function
of the orbital and superorbital phases. Comparing righepahFig. 1 with the equivalent figure
from [5], we find that the overall drift pattern of the phasetloé radio flare remained stable over
several superorbital cycles. The same drift from the plgase 0.55 to ¢gr ~ 0.95 is observed also
in the radio data contemporaneous with the RXTE monitoramgaign.

Comparison of X-ray and radio superorbital variabilitytpats is shown in 1. The average
phase of the X-ray activity period always preceeds the pbadlee radio flare byAgy_r ~ 0.2,
which corresponds to the time delAyx_r = A@x_rP ~ 5.3 d.

Contrary to the X-ray and radio bands, the superorbital radidun pattern is not clearly visible
in the y-ray band. Right panel of fig. 2 shows the source flux in thel®.1GeV energy band
plotted as a function of the orbital and superorbital phassijlarly to Fig. 1. Long-term source
behaviour of the source in the GeV band is puzzling. Orbitatlolation was clearly observable
at the beginning of Fermi observations at the superorbliabp 8 < ® < 6.9. The phase of the
maximum orbital modulation of the GeV flux in this superoabiphase range was close to the
phase of the X-ray activity. However, in the time perioddaling the superorbital phase ~ 6.9
a clear orbital modulation pattern disappeared.

3. Discussion.

A constant time delay between the drifting orbital phaseX-ofy and radio flares could be
naturally explained if one takes into account that radio drdy emission originate from differ-
ent regions. The radio emission is produced at large distéoen the binaryDg > 5 x 10 cm
[13], while the X-ray flux is most probably produced at shodistances of the order of the binary
separation % 102 cm < Dy < 102 cm. Assuming that injection of high-energy electrons respo
sible for the X-ray and radio flares happens in the same ewethiei binary, one could attribute
the time delay between the X-ray and radio flares to the tifrifight of the high-energy particle
filled plasma to the radio emission region. This gives amest of the plasma outflow velocity
Vr =~ Dr/ATx_r ~ 10° cm/s, which is in good agreement with the asymptotic vejoaithe stellar
wind from the massive star in both the polar and equatorgibres [13].

The constant time delay between the X-ray and radio flaregshsisggests the following sce-
nario of production of the periodic radio flares. Once peritpn event of interaction of the
compact object with the stellar wind leads to injection ajiienergy particles into the stellar
wind. The high-energy particles mixed into the stellar wasgape from the binary system with the
stellar wind velocity. A radio flare occurs at the moment wh@nportion of the stellar wind filled
with high-energy electrons reaches the distarizesDg at which the system becomes transparent
to the radio waves.

Electrons producing synchrotron emission in the radio e energieke ~
10[B/1 G| Y2 [vr/10 GHZY? MeV, where vy is the frequency of the radio synchrotron emis-
sion. The main cooling mechanisms for such electrons arehsgtron and/or inverse Compton
emission with the characteristic cooling time scales 0.7[B/1 G]~¥/?[vg/10 GHZ~Y/? yr and
tic ~ 6.5 [D/lO13 cm] ~2.d. Unless magnetic field in the system is much higher #an10 G, the
synchrotron and inverse Compton cooling time scales arshmter than the time-of-flight from
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inside the binary orbit to the radio emission region. Thusrgy losses do not prevent electrons
injected in the binary system from traveling to the radio &siun region on a time scale of several
days.

The X-ray emission is most probably produced via the syriobmomechanism by electrons
of the energie€e ~ 100[B/10 G~ ?[Ex /5.4 keV]¥/? GeV. This conjecture is supported by the
observations of fast variability of X-ray emission on thagiscale$ ~ 10 s [11] which is compa-
rable to the synchrotron cooling time of 100 GeV electronthmB ~ 10 G magnetic field. The
absence of any obvious break / cut-off features in the keV-&murce spectrum with a maximum
in the~ 10— 100 MeV range is in favour of interpretation of the entire KB¥V bump as a single
spectral component. In such a model the GeV band emissiareitodhe synchrotron emission by
the 10-100 TeV electrons.

The phase of thg-ray flare is close to the phase of the X-ray flare (Fig. 1 ankipgnel of
2), at least during a part of the superorbital cycl® 6 ® < 6.9. It is natural to identify the phase
of the X-rayk-ray flare with the moment of formation of high-energy pdetioutflow inside the
binary.

The phase of the X-ray activity is close to the phase of théagion of the binary orbit
@per >~ 0.3 at the superorbital phase~ 0.5 (Fig. 1) when the duration of the activity period is
shortest. The phase of activity gradually shifts to the Jpestastron intervalg; > 0.3 over the
superorbital period and almost reaches the phase of thérapas, ~ 0.8 toward the end of the
superorbital cycle so that the X-ray emission is alwaysyaalavith respect to the apastron. Shift
of ¢ is accompanied by the increase of the width of activity pkrio

A possible explanation for such behaviour could be found gtenario in which the 4.6 yr
superorbital cycle is interpreted as the cycle of graduédlbp and decay of the equatorial disk of
the Be star. Atb ~ 0.5 the equatorial disk is weak. The phase of the closest eteobetween the
disk and the compact object is the phase of the periastrderaktion of the compact object with
the disk perturbs the disk and strips away a part of the disklwscapes from the system to the
radio emission region. Gradual buildup of the equatorisk diue to ejection of matter from the Be
star leads to the increase of the disk density and/or digk Siach a scenario implies that extended
radio emission shouldn’t have a clear jet-like morpholday, rather have an irregular morphology
varying over the orbital and superorbital cycle.Such aaldeé morphologu is indeed observed in
the radio band [4].

The shift of the phasex of ejection of a portion of the disk could be explained by the i
crease of the time of accumulation of energy sufficient fecepn. The kinetic energy needed
to strip away a part of the disk is comparable to the grawiteti binding energy of the disk] ~
GNM.paRyHg ~ 100 [pg/1043g- cm~3] [Ry/10™ cm] [Hq/10* cm| x [M./10M.)] erg, wherepq, Ry
andHy are the density, radius and thickness of the equatorial @sich energy should be trans-
mitted to the disk by the compact object at each disk-comphjetct interaction event. Suppose
that the compact object injects energy in the disk at a cohstde P erg/s at each interaction
event. The energy sufficient for ejection of a part of the désthen accumulated on a time scale
Tej~U/P~1[P/10% erg/ﬂf1 d. Accumulation of mass in the disk leads to the increasg pf
and, as a consequence, to the shiftpof

If the disk size reaches the size of the binary orbit, the @rhpbject always moves inside
the disk and continuously perturbs it. Studies of the higissnX-ray binaries with Be stars show
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that in this case the compact object induced instabilitiethé disk might lead to destruction and
complete loss of the disk. Our hypothesis is that the losk@fdisk corresponds to the period in
the superorbital phase range~ 0.4 — 0.5 when the strength of X-ray and radio flares decreases
and no systematic periodic variability of the source is obms@ (see Fig. 1 and [5]). Ejection of
matter from the equatorial regions of Be star leads to faonadf a new disk at around ~ 0.5

and a new cycle of disk growth/decay starts.

In such a scenario, regularity of the superorbital modaitatn the system could be readily
explained. The constant growth rate of the equatorial digReostar is determined by the stable
rotation of the Be star. The period of superorbital modatais determined by the fixed time scale
on which the disk growth to the size comparable to the sizé®binary orbit. This scenario for
the origin of the orbital and superorbital modulations @ #ource flux could be tested using the
Ha data which provide a diagnostic of the state of the equatdisk of Be star [12, 9]. Growth
and decay cycles of the disk lead to the variations of theadvgtirength and shape of theoHine.
Variability of the line intensity and profile on the time sealf the superorbital modulation was
demonstrated by [12]. Monitoring of thecHline on the time scale of several superorbital cycles
would show if the the observed variability corresponds t® pleriodic buildup and decay of the
disk. Periodic ejection of a part of the disk as a result ofdbipact object-disk interaction might
be responsible for occurence of transient red or blue “steyal of Ha line as observed by [9].
Systematic re-observation of the repetition of occurerfcth® shoulders in many orbital cycles
and correlation of the phase of occurence of the shouldetsthe phases of X-ray flares would
provide a direct test for our model.

References

[1] Abdo A.A. et al., 2009, Ap.J., 701, L123.
[2] Chernyakova M., Neronov A., Walter R., 2006, MNRAS, 31385.

[3] Chernyakova M., Neronov A.,Molkov S., Malyshev D., Lutoov A., Pooley G., 2012, Ap.J., 747,
L29.

[4] Dhawan V., Mioduszewski A., & Rupen M. 2006, PoS, Progegs of the VI Microquasar
Workshop: Microquasars and Beyond, 52.1

[5] Gregory P.C., 2002, Ap.J., 575, 427.
[6] Li, J., Torres, D. F., Zhang, S., etal. 2012, ApJ, 744, L13
[7] Massi M., etal., 2004, A&A, 414, L1.
[8] McSwain M.V,, et al., 2011, Ap.J. 738, 105.
[9] McSwain M.V. et al., 2010, Ap.J., 724, 379.
[10] Paredes J.M., Massi M., Estalella R., Peracaula M.8188A, 335, 539.
[11] Smith A., et al., 2009, Ap.J., 693, 1621.
[12] Zzamanov R.K., et al., 1999, A&A, 351, 543.
[13] Zdziarski A.A., Neronov A., Chernyakova M., 2010, MNRA403, 1873.



