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ABSTRACT

Context. In the binary system LS $61°303 the peak flux density of the radio outburst, which is eglab the orbital period of
26.4960+ 0.0028 d, exibits a modulation of 1668 d. The radio emission at high spatial resolution appeaustsired in a precessing
jet with a precessional period of 228 d.

Aims. How close is the precessional period of the radio jet to thtalrperiod? Any periodicity in the radio emission shoulkel b
revealed by timing analysis. The aim of this work is to esgiibihe accurate value of the precessional period.

Methods. We analyzed 6.7 years of the Green Bank Interferometer ds¢aht 2.2 GHz and 8.3 GHz with the Lomb-Scargle and
phase dispersion minimization (PDM) methods and perforsi@dilations.

Results. The periodograms show two periodiciti®s, = 26.49+0.07 d (; = 0.03775 d*) andP, = 26.92+0.07 d (, = 0.03715 d?).
Whereas radio outbursts have been known to have nearlyabdaiturrencd®; with timing residuals exhibiting a puzzling sawtooth
pattern, we probe in this paper that they are actually per@autbursts and that their period Byerage= —2- = 26.70+ 0.05d.

v1+v2
The periodPaverageas well as the long-term modulati®hea = ;- = 1667+ 393 d result from the beat of the two close periods, the
orbital P; and the precession&; periods.
Conclusions. The precessional period, indicated by the astrometry td B&-e28 d, isP, = 26.92 d. The system LS+461°303 seems
to be one more case in astronomy of beat, i.e., a phenomegarriong when two physical processes create stable vangbbnearly
equal frequencies. The very smalffdrence in frequency creates a long-term variation of pelfipd—v,). The long-term modulation
of 1667 d results from the beat of the two close orbital and¢ssional rates.
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1. Introduction with the|Bondi & Hoyle ((1944) accretion in an eccentric orbit
(as in LS 1+61°303) predicting two events along the orbit as

The TeV emitting source LS +61°303 has radio characteris-shown for LS 1+61°303 by several authors (Taylor eflal. 1992;

tics that make it unique not only among the small number Marti & Paredes 1995; Bosch-Ramon et al. 2006; Romero! et al.

gamma-ray emitting systems given in the X-ray binary clasg007).

a class of binary systems where a neutron star or a black h0|eThe binary system LS+61°303, for which the nature of the

is orbiting around a normal star, but also among the larger . . .

: L . ompact object has not yet been established (i.e., a bldek ho
group of the_ radio emitting X-ray binary systems (Fendeﬂ'Et gr a?]eutrori star) shareg the remarkable propsarty of sldie ra
1997;| Massi 2005; Mirabel 2012). The peak flux density i '

uasi-periodic oscillations (Peracaula el al. 1997, 84) with

the radio outburst, which is related to the orbital period ; : :
26.49602 0.0028 d, exibits a modulation of 1668 d (Gregory ‘?Le ,‘)’Vgob_'i‘g'g r*:]‘l’:]e) s el é“ggn%fr-'igg'?r_‘g

2002). Some double peaked outbursts when observed at o= ) ‘ .
frequencies show fierent spectral characteristics. There is 'I_;Qodnguez & Mirabel 1997, 20-40 min).

first outburst with a flginverted spectrum and a second opti- The radio morphology of the system also shows unique char-
cally thin outburst associated withffrent conditions, as in- acteristics. The resolved extended structure changetqroan-
dicated by its high amplitude, the spectral index, and the Hjle (i.e., angle of the projection of the jet onto the plane of
emission line measurements (Massi & Kaufman Bernad6/20@8e sky, measured from north through east) with the surpris-
Grundstrom et al. 2007). The complex spectral sequencedfoung large variation of 60in only one day|(Massi et al. 2004;

in LS | +61°303 finds a natural explanation in the disk-jet couBhawan et al. 2006). Moreover, the jet is sometimes onedside
pling model for microquasars: first, there is a continuouflon and at other times two-sided. Because of both of these vari-
with a flat or inverted spectrum, then an event triggers alshoations in position angle and morphology, the hypothesis tha
in this slow optically thick outflow (Fender etlal. 2004), aheé LS | +61°303 might be a precessing microquasar was brought
growing shock creates the optically thin outburst (Valkeeti al. forth (Massi et al. 2004). The one-sidedness of jets is lisatl
1992;| Hannikainen et al. 2006). One of the characteristias t tributed to relativistic bulk motion along a relatively sirengle
make LS [+61°303 unique among the other radio emitting Xto the line of sight, which leads to Doppler boosting of theajed

ray binary systems is that this spectral evolution, betwieen deboosting of the counterjet emission (Urry & Padavani 1995
verted and optically thin spectra, may occur twice durirgggh A variation of that angle due to precession would cause vari-
bital period (Massi & Kaufman Bernad6 2009). This agreel weable Doppler deboosting of the counter jet, making it apjaar
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larger angles (double-sided jet) and disappear for smadleles optically thick at the observing frequency (Kovalev et &08).
of the angle to the line of sight (one-sided jet, blazar like) Based on this assumption, Massi €t al. (2012) interpreteeith

In 2006, VLBA observations by Dhawan et al. (2006) medipse as the possible cross-section of the precession dahe o
sured the same large rotation of°@fay in their images as jet at the distance where the emission at 8.4 GHz becomes op-
Massi et al.|(2004). Some of the VLBA images, showing agairti@ally thick. The determined time span of 27-28 d to comgplet
one-sided structure were, however, interpreted by Dhawvah e the ellipse is a first estimate of the precession period.
(2006) as a cometary tail pointed away from the companion Be The most likely cause for precession of an accretion disk
star, that is in favor of a pulsar model rather than of the pref a compact object is an assymetric supernova explosion of
cessing microquasar model. The reanalysis of this VLBA datiae progenitor. As a result the compact object could begitilte
set and the resulting higher dynamic range of the self-cainl (Fragile et all 2007). In this case either the accretion dssk
maps has actually revealed a double-sided structure irraleveoplanar with the compact object and, therefore, subjetitdo
images |(Massi et al. 2012). Before we illustrate how the rgravitational torque of the Be star or, instead, the aamneti
sults in Massi et al. (2012) brought us to the present ingasti disk is coplanar with the orbit but tilted with respect to the
tion on the precessional period, let us consider two immortacompact object which induces, in the context of generalrela
points in the two following paragraphs, the first concerrsatj- tivity, Lense-Thirring precession if the compact objectates
calibration and the second the pulsar model. (Massi & Zimmermann 2010). A deep investigation of these or

Self-calibration of interferometric data is a well-estabéd other mechanisms of precession requires the knowledgeeof th
techniquel(Cornwell & Fomalont 1999). It may fail at SR precession parameters, such as the period of precessighend
(Marti-Vidal & Marcaide| 2008) or may create spurious symangle of the precession cone.
metrization for unbalanced closure phase triangles (resul In this paper we present a timing analysis of 6.7 years of
ing when a very displaced telescope is added to the arrdyjeen Bank Interferometer (GBI) radio data aimed at a more ac
(Massi & Aaron[1999). None of these two cases apply to tieeirate determination of the precession period. Sectidhsid
used set of only VLBA data, where double-sided structur8s-at 2.2 present the determined period, called The section illus-
16 o are present in 6 out the 12 images. Concerning ffects trates the case that, while the aim of our research was rdache
on an image of strong variations of flux density during obaervi.e., we obtained a more precise valuePaf we were presented
tions [Stewart et al. 20111), the source L8d1°303 shows a low Wwith an additional unexpected result: the beating betweeot-
radio flux density at all orbital phases, apart from the maxim bital periodP; and the precessional periéd gives rise to a new
of the long-term modulation. In these epochs a large outbuperiod,Paverage= 2/(v1+ v2) modulated by 1(v1 —v2) = 1667d,
lasting few days occurs around apastron. This means that dig., the long-term modulation. Is the foufdyeragethe period-
ing the maximum of the long-term modulation one might expetisity of the observed radio outburst? Indeed, whereas irdithe
a reduction of the dynamic range of the produced maps arowgratureP; is generally referred to as the period of the radio out-
apastron, i.e., weak features will be lost. This is not treedar bursts, it is also well known that there ardfdiences between
the VLBA observations of Dhawan etlal. (2006) performed tdhe observed and predicted (f8r= P;) outburst times, and that
ward the minimum of the long-term modulation. these timing residuals have vs time a sawtooth pattern (Sect

We are therefore faced in LS+461°303 with a changing 2.3). In Sect. 2.4 we present two important results. Firg, w
structure from a double-sided structure to a one-sidect-strgemonstrate mathematically that indeed the sawtooth iamct
ture. Are such variations possible also in the pulsar sieParadjustsP; to Payverage Then we show that the GBI data folded
Simulations [(Moldon et al. 2012) show that the emissiommfroWith Payeragepresent an fiset of 13 d at the minimum of the
the cometary tail of a pulsar for a particular orientatiod arcli- long-term modulation equal to the sawtooth function andaéqu
nation of the orbit, after aimost one orbital cycle and ataipa to that predicted by the beat betweBpn and P.. In the same
ular orbital phase may look like a double-sided nebula ateaifixsection we also present the corresponding physical scenari
position angle. In these conditions, the fading and expapidist Sect. 3 we discuss the implications of our results for the ob-
part of the cometary tail may appear detached from the brigerved periodicity in the equivalent width of tir emission
est part of the cometary tail which is closer to the orbit.sThiine in LS 1+61°303. In Sect. 4 we present our conclusions.
possibility is clearly ruled out for LS #61°303, where along
one orbital cycle the VLBA images show a double-sided jet at
several diferent orbital phases and affférent position angles ™
(Massi et al. 2012). We analyzed here 6.7 years of the NASIRAO GBI

We return thus to the scenario of a precessing microquada®, | +61°303 database at 2.2GHz and 8.3GHz. The
where the two-sided jet fliers from variable Doppler boost-database covers three periods: 49379-%A74.710 MJD,
ing because the precession continuously changes the amgle39410.04451664.879 MJD, and 51798.3331823.441 MJD.
tween jet and line of sight (Massi et al. 2004, 2012). DegvinThe samples, flux densities at both frequencies with thei co
the precessional period from the available radio image®is mesponding errors, in each of the three time intervals are al
straightforward, because the images reflect the variatidheo most continuous with an average of eight observations per
projected angle on the sky plane and, therefore, a combmatday. In order to search for possible periodicities we used
of the ejection angle, inclination, and angle of the preioess the Lomb-Scargle method, which is veryfieient on irreg-
cone. The astrometry provides less biased results (Dhatnan eularly sampled datal (Lomb_1976; Scargle 1982). We used
2006; Massi et al. 2012). The astrometry of the VLBA obsethe algorithms of the UK Starlink software package, PERIOD
vations indicates that the peak in consecutive images itbescr (http://www.starlink.rl.ac.uk/). For both data sets at
a well-defined ellipse, six to seven times larger than thet,orb2.2 GHz and 8.3 GHz (Fig. 1) we obtained the same result:
with a period of about 27-28 d (Massi eilal. 2012). Assuming fawo periodsP; = 26.49+ 0.07d (»; = 0.03775+ 0.00010 d?)
the microquasar in LS461°303 the same core-shifffect typ- andP, = 2692+ 0.07d (»» = 0.03715+ 0.00010d%). The
ically observed in blazars, the peak of each image would thstatistical significance of a period is calculated in PERIOD
correspond to that part of the jet where the emission beconfellowing the method of Fisher randomization as outlined

Data analysis and results
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Fig. 1. Periodograms of 8.3 GHz (filled squares) and 2.2 GHz (ciydlaa. a: output of Lomb-Scargle method. The Lomb-Scargle
analysis gives on the y-axis the significance of the frequefwo frequencies are found af = 0.03775 d* (P, = 26.49d) and at
v2 = 0.03715d* (P, = 26.92 d). b: output of Lomb- Scargle method for datdo. c: output of PDM. The most likely period yields
the minimum dispersion and appears as a minimum in the PDMecue., specular to the maximum in the Lomb-Scargle plot. d
output of PDM for data> 4.

in [Linnel Nemec & Nemec| (1985). The advantage of usingtarof1.4at2.2 GHz, and afactor of 1.2 at 8.3 GHz. We compare
Monte-Carlo- or randomization-test is that it is distribat the Lomb-Scargle results with those obtained with the pHase
free and that it is not constrained by any specific noise moglersion minimization (PDM) method (Stellingwerf 1978).€Th
els (Poisson, Gaussian, etc.). The fundamental assumigtiomesults of the PDM analysis on the whole data sets are shown
that if there is no periodic signal in the time series datanthin Fig. 1 c; the results on data 40 are shown in Fig. 1d. The
the measured values are independent of their observati@sti results of the PDM analysis agree very well with those of Lemb
and are likely to have occurred in any other order. One tho8eargle: there is a flerent significance of the two periods when
sand randomized time series are formed and the periodogratat with low signal-to-noise-ratio (snr) are present ia #ma-
calculated. The proportion of permutations that give a pedked data set, i.eR; dominates.

power higher than that of the original time series would then

provide an estimate gf, the probability that, for a given fre-  This could be the explanation why in the past the second
quency window there is no periodic component present in theriod P, was unseen. Taylor & Gregory (1982) found a pe-
data with this period. A derived period is defined as signifiiod of 2652 + 0.04d in their radio data set; in 1984 they
cant forp < 0.01, and a marginally significant one for0d < wrote that part of the previous measurements were taken with
p < 0.10 (Linnel Nemec & Neméc 19B5). For both periodghe source in a weak state and repeated the analysis using
P, = 2649+ 0.07d (frequency window 0.0374€.0379d') new data and also including the old ones, obtaining the value
andP; = 26.92+0.07 d (frequency window 0.036®.0374d?') of 26.496+ 0.008d (Taylor & Gregory 1984). In 1997 Ray et
and for both data sets at 8.3GHz and 2.2 GHz we obtainald reported new observations and gave a period oﬁQﬁ
0.00< p< 0.01. 0.02d, i.e., coincident with our averag@uyerage = m =
md 26.70+0.05d, as discussed in Sect. 2.2. These
observations (Ray et al. 1997) are those of our first GBI inter
val, i.e., 49379.97550174.710 MJD. In Fig. 2a one sees that
these data sample only the interval of maximum activity. difie
Figure 1 a shows the results of the Lomb-Scargle analysibéor ference between the results.of Taylor & Gregory (1984) and of
data at 8.3 GHz and 2.2 GHz. ThelPg is dominating ovelP, |Ray et al.|[(1997) is puzzling for both groups. Ray etlal. ()997
for a factor of 1.8 at 2.2 GHz, and a factor of 1.5 at 8.3 GHzliscuss how their best estimate of the period is signifigadif}
Figure 1 b shows the results of the Lomb-Scargle analysis,férent (9r) from the 26496+ 0.08 d value of Taylor & Gregory
only data with flux density= 40~ are used. In this case the two(1984). Gregory et al. (1999), faced with théfdience between
periods have a more comparable significance, i.e., therfais a their value and the Ray etlal. (1997) results, discuss hoikelnl

2.1. Relative importance between the two periods and
previous observations
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a sudden change in period would be. In the light of our presestdcurs at a time when the amplitude is low, i.e., at the mini-
result we see that it is not a sudden change in period but timem of the long-term modulation (Figs. 6 a and 7 b of Gregory
presence of two periods that in the Ray et al. data have canpaat al. 1999). After this transitiorr, starts to grow linearly with
ble significance. As noted above, the value of Ray et al. (19%#me reaching the value = 0 only after about 800 d at the new
26.69 + 0.02d corresponds to OWayerage @s discussed in the maximum of the long-term modulation.

next section. We performed a test by using the sawtooth function to cor-
rect the model of Eq3R; modulated by 1667 d) and to verify if
the corrected model is able to reproduce the observed spectr
(i.e.,P1 andP,). First we have to define the sawtooth function.
The two frequencies, = 0.03775d (P, = 26.49d) andv, = 1he slope of the sawtooth pattern in Fig. 8a of Gregory et al.
0.03715d* (P, = 26.92 d) are only slightly dierent. This pro- (1999), is about 0.008; we generate terefore the sawtaoth f
duces a beating, i.e., a new frequency is formgelage= 2522, tion (Fig. 3a) with a period of 1667 d s

modulated with/peat = v1 —v2. For the sum of two sine functions

2.2. Beating: long-term modulation and Payerage

the following identity holds 7(t) = 0.008fmod (. 1667) )
_ and includeitin E , which becomes:
sin(2rv1it)+sin(2rvot) = 2 cos(ervl 5 Y2 t) sin(2:rvl v t), 18
fm(t) = (1 + bsin(2rvnt)) sin(2rva(t — 7(1))). (5)

where the beat frequency (or frequency of the envelopg)= _ . .
v1 — v is twice the frequency of the cosine term. In our case, the 1° study the #ect of the sawtooth function without any bias

term 1 = 1 d is equal to 166% 393 d] resulting from large holes in the sampling, we performedbot
vimve - 003775003715 , : I imulations with original sampling and with regular samgli
Figure 2 ¢ shows the sum of two sine functions witfietient simuiatio 9 pling 9 B
amplitudes We obtained the same results and here we show those with reg-
P ular sampling.
fo(t) = sin(2rvat) + asin(2rvat) The resulting periodogram of the simulated data (Fig. 2 g) is
Vi—va\ . Vi + Vs shown in Fig. 2h. One sees that the model with the single peri-
= 2acos(2;r > t) Sln(ZJT > t) odicity P1, modulated by 1667 d, once corrected by the sawtooth
. function, is able to reproduce the results of our spectralyasis
+(1-a)sin(2m), (2) that is the two period®; andP5. In the next section we show
with a = 0.7, whereas Fig. 2 e shows the function that when one directly uses the two found periBgsindP, the
sawtooth function is naturally explained.
fm(t) = (1 + bsin(2rvmt)) sin(2rv1t), 3)

with b = 0.7,v; = == d%, andv, = %7 d-1. As one can see, 2.4. Period of the observed outburst and Payerage

both Egs. 2 and 3 are able to reproduce the long-term modufgse sawtooth function results from the comparison betwéen o
tion; however, the periodograms are rathefedent. The peri- served and predicted (f& = P;) outburst time. Here we will
odogram of Eq. 2, shown in Fig. 2d agrees well with the periyq\y first analytically (Eq. 6) and then with the GBI observa-

odogram of the GBI data of Fig. 2b. On the contrary, as one cghns that the observed outburst occurPat P ie. at
see in Fig. 21, in the periodogram of Eq. 3 oy = 2649dis 1), . ofEq. 1. average e

i 1
present in the frequency range 0.686039 d™. Analytically, adjustingP; = 26.49d 1 = 0.03775d) by
the given sawtooth functior(t) to
2.3. Sawtooth function
v1(t—7(t)) = v1t(1-0.008) = (0.03775x0.992)t = 0.03745t(6)
Gregory (1999) demonstrated the existence of a long-tergtmo
ulation of the peak outburst flux. Gregory & Néigh (2002) ingives as a resulPaerage = gg37zd = 26.70d as in Sect.
dicated that the modulation in radio properties may stermfro2.1, (with variations between 26.636.70 d for slopes between
periodic ejections of a shell (density enhancement) of gdéiseé  0.006-0.008). This is an important result. It implies that the tim-
equatorial disk of the Be star. ing residuals between predicted @) and observed outbursts
The long-term modulation is also present in the timing resiére equal to the residuals between predicte®{RtndPayerage
uals of the outbursts, i.e., thefldirence between observed and We therefore ascertained that the observed outburst has per
predicted (forP = P;) outburst timel(Gregory et al. 1999). Theodicity Paverage However, if we use Eq. 3 and we simply sub-
observational result is that timing residuals show a ssipgi stitute P; by Payerage the periodogram fails to reproduce the
sawtooth pattern, i.e., with a gradual rise from 0 to about 6 dbserved periodogram witR; and P, and just shows$ayerage
but then a rapid fall to a large negative value of about -7 @& Tlismall window on the left in Fig. 2f). [BaverageOnly an apparent
saw tooth function is shown in Figs. 2 and 8 & of Gregory et gleriodicity, just produced bf; andP,?
(1999) and here in Fig. 3 a. In detail the trend is as followis: 0 Let us fold the GBI data on the perio&s, P,, andPayerage
served and predicted outburst times coincide at the peakeof {Figures 4 a-c). The data folded with the orbital periydshow
long-term modulation (i.e., at the radio maximum) resgjtin  the broad cluster that is well known in the literature (e=ig, 2 ¢
a timing residual equal te = 0; the timing residual grows lin- in Massi & Kaufman 2009), where flares above 100 mJy occur
early with time and at the minimum of the long-term modulad¥om about phase 0.4 to about phase 0.9. The broadening is due
tion reaches a maximum of about 6 d where it sharply switch&sthe diterences between the observed and predictedP(py
to about -7 d. Also surprising is that the transition~ 6d to outburst time that also causes the sawtooth pattern. Figlhre
T =~ —7d is not related to a strong change in flux density; ghows for the first time the data folded with the precessional

' (g - &) ' = 1658+ 382 when using: 6 digits 2 fmod is a function implemented in the math library of C.
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Fig. 2. Long-term modulation and period analysis. a: 8.3 GHz GBlaaata averaged over 3 d. b: Lomb-Scargle analysis results:
two frequencies at; = 0.03775d* (P = 26.49d) andv, = 0.03715d* (P, = 26.92d). The small window shows the peak at
1/1667 d* present in all periodograms. ¢: Sum of two sinusoidal fundiat 26.49 d and 26.92 d, with an amplitude rath 7. d:
Lomb-Scargle analysis results: two frequencieﬁ d-!and %92 d~1. The significance of the two frequencies becomes identical
in the periodogram only for an amplitude ratil 1e: Long-term modulation (1667 d) of a 26.49d periodic atgb f: Lomb-Scargle
analysis results: one frequency%dfl. The small window to the left shows the peakRaferagepresent in the periodogram of

a simulation of long-term modulation (1667 d) of a 26.70 dqdic outburst. g: Sine wave of periodiciBy, modulated by a sine
wave of periodicity 1667 d and corrected by a sawtooth fuumcth: Lomb-Scargle analysis results: two frequenciejﬁsgjtd*l and

255 0~ as in Figs. 2b and d.

periodP,. The cluster of the large flares is also evident and su- In physical terms the jump is illustrated in Fig. 4 d. The madi
perimposed to scattered smaller flares. If now we fold tha dahaximum of the long-term modulation results when the ejec-
with PaverageOne would expect, since it is the averagePpfand tion, periodical atP = P, occurs at the smallest angle with
P,, a clustering rather similar to that in Fig. 4a and b. The reespect to the line of sight and the Doppler boosting is strge
sult, shown in Fig. 4 c, is completelyfirent. First of all, there (Kaufman Bernadé et al. 2002). Because of the preced3jon
are two clusters. Second, each one of the two clusters issnotlge angle of the ejection changes, and the radio minimuneeorr
broad as those witR; andP», i.e., the clustering is better. Wheresponds to an ejection occurring at the largest angle witheats
does the double clustering come from? We used the color greerthe line of sight. At this point the ejection has traveltedf a
for data after 50841 MJD, located in the minimum. A harmonigrecession cone and turns onto the other half of the precessi
might theoretically give rise to two possible clusters, iouthis cone, i.e., from | to Il in Fig. 4d. This causes the phase jump
case green and black points had to be presentin both cluStersin the data folded witHPaverageand the jump in the saw tooth
the contrary, all data before the minimum, i.e. the blackt®i function of Fig. 3a.
cluster at one phase and all points after that, i.e., greémgo Finally, in Fig. 4 d, we present the data folded Withyerage
cluster at another phase. The points before and after 508&1 Mvhere we fold the data before 50841MJD (black points) using
cluster separately with a shift of 0.5 in phase (or about 13 d) the usuaty = 43366275MJD (Gregory 2002), whereas for the
data after 50841MJD (green points) we tise 13.25d, correct-

We have also folded the simulated data of Eq. 2 Witferage  ing for the jump at the minimum. The better folding of the karg
In this case the dependencyBpnandP; is very simple, just two flares with PayerageWith respect to those with the two real peri-
sine functions. Nevertheless, the same kind of doubleaiingt  odicitiesP; andP; is the observational evidence for the result of
shown by the GBI data occurs for the simulated data of Eq.E4. 6, i.e., the periodicity of the radio outbursHgerage
as one can see in the box of Fig. 4 c. The fact that a simple sum
of sine functions inP; and P, produces the same jump, as the
GBI data, if folded withPayerage implies either that this simple 3. Periodicities in the equivalent width of the Ha
mathematical form is true in LS461°303, or, more likely, that  emission line
the jump is a property of the beating process and its valug onl
depends on the two perio@s andPs. Our results have important implications for the short- amt+

Ha variations for the Be star of the LS 461°303 system.

In mathematical terms, as shown in the Appendix, the beat&dmanov et all (1999) analyzedtspectra of LS k61°303 and
the two sine functiong(P;) and f(P,) has a phase reset wherdetermined the same 26.5 d radio period, and in additiorr-dete
the delay off(P,) with respect tof(P;) becomes larger than mined that the | emission line equivalent width (EW) varies
P,/2. Until that pointf(P1) preceedsf(P2) (and Paweragd giv- over the same time scale as the long-term radio modulation.
ing rise to a positive timing residual. After that poif{iP,) (and Moreover| Zamanov et al. (1999) tried to find evidence foglon
Paveragd preceedsf (P1). This produces the jump from a largeterm periodicities in other line parameters like the impotB/R
timing residual to a nearly equally large, but now negative; ratio.
ing residual observed in the sawtooth function (see Fig.r8t a  Most BgX-ray binaries show asymmetric splitaHprofiles,

d and the derived saw tooth function in Fig. 3 b, in impressirthe “blue” (B) or “violet” (V) peak and the “red” (R) peak./R
agreement with the observed one of Fig. 3a). (or V/R) variability refers then to the variation of the relative



M. Massi and F. Jaron: Orbital and precessional periodiiti LS 1+61°303

§ 8 § 8 ~ ~
L 8 e PRI b >
' ek 2 a , 2
S 2 S 2 ‘
T 43 ~ » ~
w0 D 0 )
2 —2/ 22 > >
_ _ Y I
g g - 'H
2 -6 26 [0) [0]
E 5
& ~879600 50400 51200 -8 0 500 1000 1500 o q
Time (MJD) Time (50000 MJD +) 0 0
o a I f‘/\x n A T T
[ V) X X
. ©94 [ A o} J
= | ‘ | [ - a3
£ o SREREE g g
=

—o.al |

92é) 2960 ;5‘ ”%\1
0.4 £ £ d
d ~ ~ 0' [}
0.2 2
= ba b
s ° 5 200 5 200
=< 0 [0]
0.2 g g
0 0
70-47720 760 800 840 880 920 960 U U
Time § §
Fig.3. a: Sawtooth function based on timing residuals observed ~ A
by|Gregory et 8l (1999). b: Sawtooth function based on the lo . .
of synchronization of the sine functiori{P,) and f(P) of ®,verage overage + offset
Fig. 3c. c: Sine waves with periody (black line) andP, (red
line) starting with synchronized peakstat 0. d: Sum of the Paverage =21(v1+ V) %@
sine waves. The first five bars are at a regular interval equal t
Paverage then the next bar follows at a distance of only 13.25 d Porbital
(P1/2), followed by four bars again at a regular interval equal vy
t0 Paverage@s before. The two central bars are symmetric with Minimum
respect to a peak of(Py) (Fig. 3¢) that is nearly equidistant gggg{ﬁ:g
from the preceeding peak and the delayed peak(Bf) (see
Appendix). Maximun
Doppler
oy Boosting
_’g;,r_ Pprecession
strength of the blue to the red peak/RBvariability cycles are e vz

common in Be stars forming canonical /Beray binaries con-
taining accreting X-ray pulsars. As stated above, Zamanav arjg 4. a: Radio light curves (data averaged over 1 d) vs
collaborators tried to find evidence in LS+61°303 for long- Dot With Do related to &2 with P;=26.49 d and

term periodicities in the BR ratio, but they conclude that “un-, ~ Ey
fortunately, the results of this search turned out to be tiegja to=JD2443366.775_(Gregory 2002), before (black) and after

(Zamanov et .. 1999) (green) (2400000.5 50841)JD (see Appendix). b: Same as

“4a” but for ®precession related toP,. ¢: Radio light curves vs

V/R variability is explained in terms of a non_axisymmetr_ic:a(baveragefOr Paverage = 26.70 d. The small window shows the
equatorial disk in which a one-armed perturbation (a zoB8n gjmjated data (Eq. 2) identically folded. d: Radio light
disk with higher density) propagates (Reig 2011). As a posgg DaverageWith to changed byt (At = 0 before (2400000.5

ble explanation for the long-term modulation, Gregory & ei 50841)JD and\t = 1325 d after it, see Appendix). e: Sketch of
(2002) indicated that it may stem from periodic ejectionsof {4 precessing jet in LS4461°303 (,out of scale).

shell of gas in the equatorial disk of the Be star. Gregory 8&sNe
(2002) commenting the fact that there are no periodic viariat
in the Hy V/R ratio fo_r LS 1+61°303, never_thgless tried_ totesty ~gnclusions and Discussion
the one-armed density wave model predictions. Their cenclu

sion is that the radio behavior “is at odds with the prediwiof Our timing analysis and simulations give the following résu

a one-armed density wave model. Thus, the one-armed density

wave model does not agree quantitatively with the measurmme 1. The timing analysis of 6.7 years of GBI data of
for LS |1 +61°303” (Gregory & Neish 2002). LS | +61°303 results in two frequencies = 0.03775d*

In other words, the origin of the long-term variation of the (P1 = 2649+ ,0-07 d) andv, = 0.03715 dl, (P2 = 2692+ )
Ha emission line from the disk of the Be star does not seem 0.07 d). The aim of our research, to obtain a better determi-
to be related to structural disk variations (ngRBvariations), nation of the precessional period, indicated by the astigme
whereas it is clearly related to a periodical change in thatmer to be of 27-28 d, has therefore been reached. The period ex-
of emitted photons (the EW()). A likely candidate as agent of _ iSts and itis sligthly above the orbital period.
these variations is the relativistic precessing jet thalcevell 2- An additional and totally unexpected result of ourzreslear
be able to produce EW(d variations of the same timescales as 'S that these two periodicities give rise t®aerage= 7.5, =
those we observe in its radio emission. = 26.70 + 0.05d, modulated withPpeat =

2
0.03775+0.03715
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Fle = Waoms = 1667+ 393d. In other words, the inverse Compton losses because they are exposed to steslar p

long-term periodicity is equal to the beat Bf andP,, and tons, and only at the second accret&action peak, occuring
Ppeatmodulates a new perio®ayverage rather displaced from periastron, the relativistic el@asrsurvive

. We have shown that the sawtooth function derived in the pédverse Compton losses and produce the large observed radio
(Gregory et al. 1999) by comparing observed and predictedtburst with period?; = 26.49d (Bosch-Ramon et al. 2006).
(for P = P;) outburst time compare®; to Payerage Our result  This ejection periodically changes direction (Massi e@al12)
therefore confirms the controversial value of@%+ 0.02d with a period established in the present paper of 26.92 drdhe
obtained in the past by Ray et al. (1997) for the periodici§io maximum of the long-term modulation results when the€je
of the outburst. tion occurs at the smallest angle with respect to the linéghits

. Paverageis only an apparent periodicity, a result of the be#nd the Doppler boosting is largest (Kaufman Bernadolet al.
of P, and P,. When the GBI data are folded WitRayerage 2002). The radio minimum results when the ejection occurs at
the data, instead of clustering at one specific phase, clud@ge angles with respect to the line of sight. The point wher
at two phases separated by about 0.5 (13.25 dP,¢2) de- the ejection has travelled half a precession cone and turttseo
pending on whether the data are before or after the minimwther half of the precession cone gives rise to the jump is@ha
of the long-term modulation. We have shown that the beat tsfr the apparenPayerage

P, andP, reproduces the same double clustering as the GBI This research has brought up many questions in need of fur-
data. We find that the time in the minimum of the long-terriher investigation. Future work needs to be done to estatiis
modulation when the phase jump occurs is the time whéadio vs Hr relationship, the possible physical processes un-
the relative delay between the two functidi{®;) andf(P,) der the observed precession, and the Doppler boostlegts.
have reached the maximum delayRf/2. In a physical sce- Future observations are needed to estimate the angle ofghe p

nario this corresponds, as discussed below, to the poimavheession cone; an estimate of this angle could result frompeom
the ejection has travelled half a precession cone and turnsiag VLBA observations at the same orbital phase but intesap
the other half of the precession cone. (16672)d, that is by about 31 orbital cycles. From th&elient
5. Paverage@NdPpeatare related to each other. They are both prgosition angle of the radio structures one could infer trertape
duced by the beat betwe®a andP;, the two real periodic- of the cone. Of course the two images interlapsed by 31 cycles
ities. Ppeas the long-term periodicity, is likayerage just an should be done with high precision at the same orbital phase.
apparent periodicity. Compare in Fig. 1 in_Massi etlal. (2012) image A (or image B)
6. P; and the long-term modulation alone, cannot reprodugéth image | (or J) taken only one cycle later than A (B), but
the observed periodogram (i.€;). It would be possible to at a sligtly diterente phasa® = 0.016. The small phase dif-
reproduce the observed periodogram only by adding a sa@&tence already causediérences in the images.lIn Albert et al.
tooth function. In this scenario, the sawtooth function mu$2008) it is discussed that two images taken 10 cycles apdrt a
be produced by a physical process continuously chargingat the same orbital phage = 0.62 are higly similar. Of course
t0 PaverageUntil a shift in orbital phase o#6 ¢/26.49 d is 10 cycles are still far from the requested 31 cycles. However
reached. Then another process would suddenly shift the dilie slightly diferent position angle between the two images in
burst from+6 ¢/26.49 d to -7 #26.49 d in orbital phase, but Fig. 1 of those authors indicates that this comparison cbeld
without changing the amplitude of the outburst (remainingood investigative tool to estimate the precession andigtime
in the minimum). Instead, we have shown that using directpservations.

the two period$®; andP, that we found in the periodogram ,
cknowledgements. We would like to thank the anonymous referee for help-

of the GBI data, one naturally explains the two apparent p%l comments. We thank Lisa Zimmermann and Jurgen Negth&dr read-

riOdS.Pbe_atandPavefage and the phase.ju.mp mavefage ing the manuscript and for the several interesting disoassiThe Green Bank
7. Implications of our results for variations at other waveanterferometer is a facility of the National Science Fouimtaoperated by the
lengths indicate the precessing relativistic jet as thenag@&RAO in support of NASA High Energy Astrophysics programs.
responsible for the observeddyariations, equal to the vari-
ations that we observe in radio emission of the jet.
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Appendix A: Beat and sawtooth function

Let us assume two sine functiorfis and f, with period P; = 26.49d andP, =
26.92d. Let us start during the radio maximum, i.e., with zenoirig residual
between the peaks df andf,. In Fig. 4 e a zero timing residual corresponds to
an ejection with the smallest angle with respect to the lingight, that is with
the strongest Doppler boosting. Sineg is shorter tharP;, each cyclef(P5)
has a delay oP, — P; = 0.43d. The period formed by the beBfyeragehas
a timing residualr between its peak and that &{P;) half of that delay, i.e.,
0.43/2 = 0.21d. This agrees well with = 0.008x P; = 0.21d of Eq. 4.
f(Paveragd is always betweerfy and f; and its peaks have a regular distance
of Paverage= 26.70 d (Fig. 3d). However, at the minimum the accumulated de-
lay of f(P,) with respect tof (P1) is almostP,/2. That is, as shown in Fig. 3¢,
the peak off (Py) is nearly equidistant from the two peaks 1), the peak
about 13 d before and the peak about 13 d after it. The beatthetfirst peak
gives rise to a peak of (Paveragd at about 827.8 d, whereas the beat with the
second peak gives rise to a peakf@Payeragd at 841.05 d. The dierence be-
tween these two consecutive peaks (FPaveragd is 13.25 d. This corresponds to
about 0.5 in phase, when the data are plotted in phase,ferage(Fig. 4 ¢), and
also corresponds to the jump of about 13 d in the sawtoothibmobserved by
Gregory et al. (1999). After that point(P,) is preceedind (P;). In the physical
scenario of Fig. 4 e this jump, or reset of the phasBkage Corresponds to the
point where the ejection has travelled half a precessior emnl turns onto the
other half of the precession cone. Figure 3 b shows time, resulting from this
simple analysis based on the sine functions of Fig. 3; theltieg slope of the
function is indeed 0.008, as in Fig. 3a.
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