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Abstract

Here we report on the periodicity of the very high energy ~-ray emission from the radio emitting X-ray binary
LSI +61°303 detected also by MAGIC. The data have been taken in two campaigns along 10 different orbital
periods. The high energy emission has been found to be variable, and the fact that the detections occur at similar
orbital phases, suggests that the emission is periodic.

To test for possible periodic structures in the light-curve, we use the formalism developed by Lomb and Scargle
[1, 2] and the Rayleigh statistic test [3]. We apply both methods to the LSI +61°303 data taken in cycle I and II
separately as well as to its combination (referred to as I+II).

With merging both campaigns we found the LSI 461°303 data set to be periodic with a post-trial probability
of 1072, with a period value of 26.7840.09 days. The frequency error has been estimated as a propagation of the
Poissonian measurement errors without any signal shape assumption.
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1 Introduction

LSI +61°303 is a binary system located at 2 kpc from us, composed of a compact object of unknown nature (neutron
star or black hole) in a highly eccentric (e = 0.7) orbit around a bright (V~10.8) Be star. The system presents strong,
periodic radio outbursts [4], associated to the orbital period of the binary system: 26.496 days. The periastron passage
is at phase ¢ = 0.23 +0.02 [5]. The phase and intensity of the radio outburst show a modulation of 4.6 years [6].

Optical [7] and X-ray [8] observations detected a variable emission at timescales similar to the radio ones. The
detected periodicity at those different energy ranges is also associated to the orbital modulation. LSI +61°303 was
first observed in ~v-rays by the COS-B experiment and later EGRET measurements showed hints of variability of
the ~-ray flux [9], although no periodicity is proven with those measurements. The aim of this work is to search for
periodicity in the LSI +61°303 TeV data.

In the next sections we describe the methods used for analysing the temporal characteristics of LSI +61°303
MAGIC data. The aim of this study is to find whether within the LSI +61°303 TeV observations exists a periodic
behaviour. The data consists of a series of y-ray candidates arrival times which may be folded at a given frequency to
produce a phase distribution of the total data set. Periodicity may be more easily detected in the phase distribution
than in sparse data.

In order to test for possible periodic structures in the TeV light-curve, we will use two methods: the formalism
developed by Lomb and Scargle [1, 2] and the Rayleigh statistic test [3]. We first present the TeV data sample. Then
we will review the statistical tests and describe the methods used for obtaining the chance probability. Then we will
apply them to the TeV LSI +61°303 data.

2 Data description

The observations were performed in two campaigns. In the first campaign LSI +61°303 was observed for 54 h
(after standard quality selection, discarding bad weather data) between October 2005 and March 2006, covering six
orbital periods. About 22 % of the data were recorded under moonlight conditions. The second campaign lasts
from September to December 2006. This observation covered 4 orbital periods, and a total amount of 112 h (after
quality selection) were recorded, 17% of which were taken under moon light conditions. While in campaign I the
observations were carried out in ON/OFF mode, in campaign II the data were taken in wobble mode [10], i.e. by
alternatingly tracking two positions at 0.4° offset from the camera center. The covered zenith angle range in both
campaigns is between 32-55°.

The measurements from both campaigns show that the VHE ~-ray emission from LSI +61°303 is variable. The
~v-ray flux above 400 GeV as a function of phase is shown in Fig. 1. The flux has a maximum corresponding to about
16% of the Crab nebula flux, and is detected at around phase 0.6. A later maximum is also seen in the last observed
period at phase ~ 0.84. The probability for the distribution of measured fluxes to be a statistical fluctuation of a
constant flux (obtained from a x? fit of a constant function to the entire data sample) is 3 x 1075 and 3 x 10712 for
each campaign respectively. The fact that the detections occur at similar orbital phases already hints at a periodic
nature of the VHE ~-ray emission.

3 Statistical tests

When a periodic signal with a certain frequency and/or shape is expected, a specific test for that case can be applied;
otherwise a more general test of uniformity must be used. Two of the basic tests of the latter class are the Rayleigh [3]
and the Lomb-Scargle tests [2]. Both are based on the Fourier transform, which we introduce here.

A physical variable z; (the number of y-ray event candidates in our case) is measured a set of times ¢; where
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Figure 1: VHE ~-ray flux of LSI +61°303 as a function of orbital phase, for the first (left panel) and second (right
panel) campaign observations. In the upper panels, the six and four observed orbital periods are shown, with one
point per observation night. Bottom grey panels show the averaged flux for each observation campaign. Vertical
error bars include 1o statistical error and 10% systematic uncertainty on day-to-day relative fluxes. The modified
Julian date (MJD) corresponding to orbital phase 0 is indicated for every orbital period.

7 =1,..n. The discrete Fourier transform is defined as

n

FTx(w) = Z zje Wl (1)

J=1

where w is the angular frequency. The so-called classical periodogram (spectral power as a function of frequency) is
defined as:

Pclass(w) = %|FTX(W)|2
1| (< C (e i
= E <Z x; cos(wtﬁ) + (Z X; Sin(Wti)> (2)

([2] and references therein). If the measured signal is dominated by a sinusoidal component with angular frequency
wo, the factors z; and e~™oti are in phase. As a result, the sums in Eq. 2 and therefore the periodogram Ppjaes (w)
reaches a local maximum for w equal or close to wy. At frequencies significantly different from wg the factors x;
and the exponential are out of phase, the individual factors of the sum cancel with each other in average and the
periodogram has a small value. Thus, prominent frequency components in the data are visible as peaks in the
periodogram.



In the case of even data spacing, the significance of a certain frequency component is estimated by means of
hypothesis testing: Given the null hypothesis that the data sample only consists of Gaussian white noise®, the
periodogram has an exponential probability density function (PDF):

P(z < Poass(w) < z+dz) = e *dz (3)

We treat in detail the problem of the significance estimation in Section 3.4.

3.1 Rayleigh test

The Rayleigh power at a particular frequency is a measure of the probability that the data contain a sinusoidal
component pulsed at that frequency. It is an hypothesis test, used to ascertain whether or not a signal is present in
a data set. It is a special case of the classical periodogram, where ¢; for i = 1, - - - n are the set of arrival times where
~-ray event candidates are detected (also called sampling).

We search for a sinusoidal signal in the data at the angular frequency w = 27v. The power of the Rayleigh test
R(w) as a function of the angular frequency w (the periodogram) is given by:

R(w) =2n (% Zcos(wtﬁ) + <% Zsin(wtﬁ) (4)
i=1 i=1

In absence of a periodic signal, R(w) is distributed as a x? with two degrees of freedom as n tends to infinity. This
is so because coswt; and sinwt; are Gaussian distributed, the square of a Gaussian variable is x? distributed and
the sum of x? variables is also a x? variable for which the number of degrees of freedom is given by the sum of the
degrees of freedom from the individual variables. In general, the x2 PDF with k degrees of freedom is

k)2
PDF(x?) = %xkﬂlezm (5)

Then the x? for k = 2 degrees of freedom is an exponential function (recovering the result of Eq. 3).

But this exponential behaviour is only achieved for uniform random distributions, where the arrival times ¢; are
homogeneously sampled over time or evenly sampled. If the set of arrival times is unevenly sampled (arbitrary ¢;’s) or
has gaps with uncovered phases, Eq. 5 does not hold and a dedicated Monte Carlo must be developed to determine
the PDF of the Rayleigh power. We develop further on this issue in Section 3.4.

In the case of LSI +61°303 TeV data, we perform the test using as physical quantities ¢;, the arrival times of the
events passing all signal selection cuts (including 62 cut). These events are referred to as the ON sample. Note from
Eq. 4 that the ¢; are the only measured quantities entering the Rayleigh test. For the sake of computing the chance
probability (see Sec. 3.4) we merge the events into 15 minute bins, and assign all of them a common, average arrival
time. This has no practical effect on the accuracy of the periodogram since the scanned frequencies are much smaller

than 15rlnin = 96 day—!. We discuss about the effect of selecting different binnings in Section 5.2.

3.2 Lomb-Scargle test

In the case of unevenly sampled data, one can recover a relatively simple behaviour of the power PDF with a
slightly modified definition of the classical periodogram. The Lomb-Scargle periodogram as a function of the angular
frequency w is defined as [2]:

1 [ (@i = X)cos(w(ti —7))]? | [oiy (@i — X) sin(w(ti — 7))

E o R YT i RS S

1A time series of independent Gaussian random numbers is denoted as Gaussian white noise

(6)




with the phase factor 7 given by the equation:

1
T= o arctan ( (7)

S sin(2wt;) )
o, cos(2wt;)

and X and 0% the mean and variance of the variable z;. The constant 7 is a kind of offset that makes P(w)
completely independent of shifting all the ¢;’s by any constant.

The Lomb-Scargle periodogram has the same theoretical exponential PDF as the classical periodogram (in case
of evenly spaced data, expression 6 tends to 2). This statement, however, relies on the fact that the periodogram
is normalised onto the variance 0% . When the variance is not known a priori, it has to be estimated from the data
themselves. As a result the PDF (Eq. 3) changes into [11]:

Pz < Plw) < z+dz) = (1—%’2>Zdz (8)

For small Fourier power values z and a large number of data points n, this distribution converges to the exponential
distribution.

In the case of LSI +61°303 TeV data, the variable used in the test, x;, is the number of arrival y-ray candidates
in a time interval [t; — 5%, ¢; + 5] (where At is the time binning) passing all signal selection cuts and background
subtracted (so called N.,), which can be positive (excess) or negative (defect). As in the Rayleigh test, and for the
sake of computing the chance probability (see Sec. 3.4) we merge the events into 15 minute bins, and assign all of
them a common, average arrival time.

3.3 Natural frequencies

Given n data points there is a discrete finite set of n/2 independent frequencies in the periodogram. For the case of
evenly spaced data there is a natural set of frequencies

wip =2nk/T; k=1,---,n/2 (9)

where T' = tj45t — tfirst is the total time interval spanned by the data set. These frequencies are selected so that
their discrete Fourier transform (Eq. 1) contains just enough information to recover the original data. The Fourier
power values F'T(wy,) are independent of each other.

The fundamental frequency w; = 27/T, corresponds to a sine wave of period equal to the whole interval T and
is the lowest frequency for which the data contain relevant information.

The so-called Nyquist frequency is wyy = wy, /o = nw/T = wAt where At = T'/n is the sampling interval. This
characterises the largest frequency component which can be resolved by the given data spacing At. In table 1 we
show the value of the fundamental and Nyquist frequencies for the studied data samples.

Campaign | n points T (days) vi(IFS) (d71) wvny (d71)
I 211 145 0.00686 0.723
II 491 103 0.00972 2.386
I+II 702 441 0.00226 0.794

Table 1: For each observational campaign we show the number of points (using 15 minute bins), the total elapsed
time T and the fundamental (or Independent Fourier Spacing) and Nyquist frequencies.

In case the sampling is uneven, the situation becomes more complex, since the independence among the natural
frequencies is lost. But if the frequency grid is well chosen, the degree of dependence between the powers at the
different frequencies is usually small.



The fundamental frequency w; is unchanged for even or uneven sampling, since the interval T is still well defined.
But the Nyquist frequency might change with the data sampling (especially when the data points are closely clumped
together, like in our case). The Nyquist frequency can be estimated by means of the spectral or periodogram
window [2]:

2

1 S —iwt;

W@):N‘ > (10)
j=1

This function evaluated at W(w — w’) gives the correlation coefficient between P(w) and P(w’) for arbitrary w and
w’. Thus this quantity contains all relevant information about dependencies and correlations. For independence of
P(w) and P(w'), it is necessary (but not sufficient) that W(w — w’) = 0. Furthermore, for mutual independence of
a set P(wy) of spectral powers, it would be also necessary (but not sufficient) to have the wy evenly spaced. These
are very difficult conditions to realise in practice.

The power of the final periodogram is actually given by the convolution of the true physical process with the
spectral window. The pathology of the data distribution is all contained in the spectral window, which can be
calculated from the data spacing alone, and does not depend directly on the data themselves. The interference of
the spectral window can be described as one of two types: due to the finite length of the data and due to the data
spacing, which is called aliasing. For continuously recorded data, aliasing does not exit, while for equally spaced
data, it exists in its most extreme form. In astronomical observations, such aliasings often arise due to a one day,
one month, or one year gaps in the data.

The straightforward generalisation of the windowing function to the Lomb-Scargle periodogram (replacing the
term z; — X in Eq. 6 by unity) is not completely correct window function ([2], Appendix D), but nevertheless gives
some hints on the independent frequency components. The periodogram window in the LSI +61°303 TeV data in the
second campaign is shown in Fig. 2. The maximum shows up at v = 1d~! (day-night interruptions). In campaign II
the step between the natural frequencies is vy = ———— ~ 0.01d ™! for which the windowing function is W (0.01) ~ 10.
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Figure 2: Windowing function as derived for the LSI +61°303 data in campaign II. The red dotted line marks the
LSI +61°303 orbital period of 26.496 days.

But in spite of the loss of independence of the random variables P(w) at the natural frequencies, the chance
probability (see below Sec. 3.4) still provides a reliable significance test [12]. We will evaluate the modified periodogram
at the natural frequencies defined by the data span, and use the chance probability calculated or estimated from
the Monte-Carlo simulation (see Sec. 3.4) for unevenly spaced data to evaluate the significance of the periodogram
peaks.



In this study, we scan frequencies up to 0.25 d~!, which covers the frequency of interest (1/26.496 = 0.038d~1!)
while keeping relatively low the number of trials.

3.4 Chance probability

Given the probability distribution for the spectral power, we can write down an expression for the so called post-trial
chance or false alarm probability. If the probability that a spectral power z is above some value zg is P(z > z¢) (also
called pre-trial probability), then the post-trial probability is

F=1-[1-P(z>z)M (11)

where M is the number of independent frequencies that were examined. Thus F' is the probability that at least one
of the computed powers z is above the threshold zg. A small value for the chance probability indicates a highly
significant periodic signal.

However the principal difficulty encountered when searching for a false alarm function in the case on unevenly
spaced data is the loss of the independence of the natural frequencies (see Section 3.3). The only alternative to a
theoretical chance probability function is an empirically generated one.

The practical method for determining the chance probabilities is, as suggested by [12], the following:

1. Using the sampling times of the actual data set to be analysed, we construct a large number of random data
series.

2. Select a convenient grid of frequencies that cover the frequency range in the periodogram that is to be inspected
(see Section 3.3 for how to choose them).

3. For each random series, we construct a periodogram sampling it for the selected frequencies.

4. For each frequency, we compare the power of the real data set with the PDF obtained from the random series,
in order to determine empirically the (pre-trial) probability of this power to happen by chance.

5. The overall (post-trial) chance probability is computed by the following generalisation: for each simulated
data series we inspect the corresponding periodogram, identify the highest power that occurs at any of the
pre-selected frequencies, and use its highest values to construct the post-trial PDF.

Integration of the PDF form a given power value zy we obtain an empirical cumulative probability function (CPF)
which is used to determine the probability that pure noise alone could produce a power higher than or equal to a
given threshold power value zy for one (pre-trial) or any (post-trial) of the selected frequencies, where the influence
of the uneven sampling in the observation time has been removed.

The maximum achieved power in the CPF constructed in this way depends on the number of generated random
data series. If a power obtained with the data series to be studied is under the maximum power in the CPF, we
empirically determine the probability. If on the contrary, we get a power above the maximum, we can fit the CPF
with the false alarm function of choice. If a sufficiently good fit is obtained, the fitted function can be used to
calculate the significance levels for the given data set.

If the fit is not good however, the significance levels predicted by these fitted functions are likely to lead to erro-
neous rejection or acceptance of periodogram peaks, making them almost useless in the assessment of the significance
peaks. In such cases, we can only use the empirical CPF to give a limit on the probability for a given data set, up
to the level of the maximum obtained power in the CPF.

We apply this method to the LST +61°303 data sample in order to obtain the pre and post-trial probabilities in
the next subsections.



3.4.1 Pre-trial probability

Following the procedure described above, we evaluate the pre-trial probability via Monte-Carlo simulation of random
data series. Let us illustrate the method with an example. We use the sampling of LSI +61°303 data in campaign
IT and the values of x; randomly selected from a Poisson distribution of mean equal to the average number of events
observed in 15 minutes in the real data. Using these data we calculate the power for the selected frequencies. Figure 3
shows the Rayleigh and Lomb-Scargle periodograms for such a data sample.
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Figure 3: Rayleigh (left panel) and Lomb-Scargle (right panel) periodograms for a Monte-Carlo simulation of
LSI +61°303 campaign II sampling. For every scanned frequency, the power of each test is determined. As an
example, for frequency v = 0.1d™* (dashed line) we plot in the inset the distribution of the powers (PDF) of 104
resampled flux series. The red line in the inset marks the value of the power for the original data set (see text for
details).

To estimate the probability of each power, we produce random data series by resampling the original fluxes, i.e.,
we keep constant the arrival times and shuffle the number of observed number of events. In this way, we obtain
quasi-independent random data series. We produce 10* resampled series and calculate the periodogram for each one.
For a given frequency, the probability to obtain a power value between zy and zg + dz is then given by the number
of simulated light curves resulting in such a power value, divided by the overall number of simulations:

Nsim(ZO < P(wl) < 2o+ dZ)

P(z0 < Pwi) < 20 +dz) = N

(12)

In our example, for the frequency v = 0.1d™* a power of Rayleigh test of R(O.ld_l) = 55 is obtained. To estimate
the probability of this or higher power to occur, it is compared to the distribution of the Rayleigh power (PDF) for
10* randomly resampled fluxes (Fig. 3 left panel, inset). The probability is the given by

Nyim(R(0.1d71) > 55)

P(R(0.1d7") > 55) = o

=0.59 (13)

The same procedure is done for the Lomb-Scargle test, where a power of P(O.ldfl) = 0.17 is obtained, which
corresponds to a probability of P(P(0.1d™") > 0.17) = 0.83.

In case the power obtained for the original data series is much larger than the highest simulated power, an
estimation of the probability has to be done. For the Lomb-Scargle method, as the PDF has by construction an



exponential shape, a fit is performed (see eg. inset in Fig. 3) to extrapolate up to the desired power. In figure 4 we
present the pre-trial CPF of the Lomb-Scargle power, determined by Monte-Carlo simulations for the LSI +61°303
data sampling in campaign II and a frequency of v = 1/26.496 day~!. For the case of the Lomb-Scargle test, due
to the fact that the periodogram is normalised to the variance o2, which is estimated from the data, the probability
distribution does not follow an exponential form with index —1 (classical periodogram, red line). Expression 8
(yellow line) does not reproduce either the results obtained by Monte-Carlo simulation. Therefore, as discussed in
Section 3.4 we estimate the pre-trial probability (for powers above 13) using an exponential fit to the cumulative
probability function obtained with the Monte-Carlo simulated (resampled) data.
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Figure 4: Pre-trial cumulative probability function of the Lomb-Scargle power determined by Monte-Carlo simulations
(in blue) for LSI +61°303 campaign II sampling and frequency v = 1/26.496 day~!. The theoretical exponential
density function is shown in red, whereas in yellow the expected probability density function from the normalisation
of the Lomb-Scargle periodogram on the measured variance is given.

For the Rayleigh test we do not have a suitable function to describe the probability distribution, since the Rayleigh
power is distributed as x? with 2 degrees of freedom only if the sampling data set is uniformly distributed. In fig 5
we see as an example the power distribution of Monte-Carlo simulations of LSI +61°303 campaign II sampling, for
two frequencies v = 0.038d~! (upper panel) and v = 0.060d ! (lower panel). A Gaussian function does not fit well.
The CPF of the pre-trial probability of the Rayleigh power for those two example frequencies are also shown (right
panels). The probability distributions do not follow the integral of a Gaussian distribution (erfc or complementary
error function). We conclude that the value and distribution of the Rayleigh power changes with the frequency we
study. Then if the obtained power for a given frequency is higher than the maximum simulated power, we use the
RMS of the distribution to estimate the pre-trial probability. This will work in much of the cases, but will over
estimate the probability as higher the power is. Nevertheless we will apply the Rayleigh test as a crosscheck with
the Lomb-Scargle method, although we will draw the conclusions exclusively using the Lomb-Scargle test.

3.4.2 Post-trial probability

To obtain an appropriate post-trial probability we first construct an empirical CPF as described above, and fit this
distribution with the false alarm function of choice. To exemplify it we use the second LSI +61°303 campaign
sampling (as in Sec. 3.4.1). For each Monte-Carlo data series we construct the Lomb-Scargle periodogram and use
the maximum obtained power at any of the scanned frequencies to build the corresponding PDF and CPF, shown
in Fig. 6. For instance, by producing 10* resampled time series, we reach a highest Lomb-Scargle power just above
13. An exponential fit is performed for powers above 6, and the result is used to estimate the chance probability for
powers above 13.
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Figure 5: Example of two Rayleigh power distributions (left) and cumulative functions of the pre-trial probability
(right) computed using Monte-Carlo simulations with LST +61°303 campaign II sampling, for frequencies v =
0.038d~! (upper panels) and v = 0.060d~! (lower panels). As the power distributions are not symmetric they
do not fit well to Gaussian functions. The red line corresponds to the complementary error function (from the
integral of the Gaussian distribution) while the blue line is a fit to the data using the error function form.

As a consistency check, we have also produced the CPF by resampling of the following data series (all corre-
sponding to campaign II sampling): the original LSI +61°303 data, the LSI +61°303 data after subtraction of the
orbital period sinusoid, and an OFF sample obtained simultaneously with the LSI +61°303 data. In all those cases
we obtained compatible CPF's, showing that this procedure to compute the post-trial probability only depends on
the data sampling.

The post-trial PDF and CDF using the Lomb-Scargle test for the LSI +61°303 campaigns I, IT and I4+II samplings
are shown in Fig. 7. Exponential fits to the CPFs will be used to compute the post-trial probability form the data
periodograms (see Sec. 5.1).

However this method of calculating the chance probability is not feasible for the Rayleigh test in unevenly sampled
data. This is due to the fact that the pre-trial probability density function strongly depends on the sampling and
the tested frequency and it makes no sense to tabulate the higher Rayleigh power, since it is not the most probable.
Nevertheless we calculate the Rayleigh (pre-trial) periodograms and used them for comparison and cross check of
the Lomb-Scargle method.
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distribution (right) computed using Monte-Carlo simulations of LSI +61°303 campaign II sampling. The parameter
of the exponential fit performed (in the right part of the distribution) is given in the inset.
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fits performed (in the right part of the distributions) are given in the inset.
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4 Technical considerations

4.1 Unphysical peaks in the periodogram

The fact that the telescope detection efficiency might show periodicities (e.g. periodic changes of zenith angle),
could cause non-physical peaks in the periodogram. In order to evaluate and correct for this effect, we construct the
periodogram using the OFF sample obtained simultaneously with the LSI +61°303 data. This is treated in different
ways for campaigns I and II:

e For campaign I the data are taken in ON/OFF mode, so we use a higher hadronness cut to select a simulta-
neous background. As for ON data the hadronness cut is & < 0.1, for OFF we use 2 0.3 < h < 0.5.

e For campaign II, as the data are taken in wobble mode, we use the signal candidates recorded by the anti-
source positions for constructing the Lomb-Scargle periodogram.

The periodograms for campaigns I, IT and I+IT using the OFF samples are shown in Figs. 8, 9 and 10 (upper panels)
respectively. Significant peaks (probability < 10™%) appear for some frequencies such as: 0.016 and 0.028 day " for
the first campaign and v = 0.03,0.04 and 0.63 day ' for the second.

To remove those unphysical peaks from the periodogram, we perform the statistical tests using the equalised
quantity &; = k; * 2;, where z; are the number of vy-candidates: Noy (for the Rayleigh test) or excess events N,
(for the Lomb-Scargle test) reaching the telescope at time ¢;; and the equalisation weights k; are defined as

k; =< Nbg > /Nbgi (14)

for i = 1,---n, where Ny ; is the number of events detected at time ¢; in the background region and < N4 > their
mean value.

To make this equalisation as smooth as possible, we would like to have large statistics in the background estimation
Npg. Therefore, for the evaluation of the weights in campaign II, we use the mean background from the 3 OFF regions
and apply a softer hadronness cut. For the signal extraction, we use a hadronness cut with y-ray efficiency 0.8. We
see in Fig. 11 that the background events obtained with efficiencies 0.8 and 0.95 are well correlated. Then one may
use the second, softer cut in order to have more statistics for the background estimation in the equalisation. For
campaign I, we used a different hadronness cut 0.5 < h < 0.6 of simultaneous data, where the signal contribution is
not expected?, and use it for the equalisation.

In order to check if the equalisation method eliminates the spurious frequencies due to the detection efficiency, we
build the periodogram for the OFF samples, but using the equalized quantities #;. The results for the Lomb-Scargle
and Rayleigh tests for the different campaigns are shown in Fig. 8, 9 and 10 (lower panels). For campaign II we
perform this test over three different samples corresponding to the three independent OFF wobble regions. In each
case, the weights k; are computed using the remaining two OFF samples. We obtain no significant probability peaks
in any of the samples for any of the tested frequencies and those obtained from the non-equalised data are removed.

The fact that we use this equalization method prevents us to use the y-ray flux as physical magnitude in the
statistical test. For calculating the flux from the number of excess, we use (apart from the observation time) the
effective area, which is obtained from Monte-Carlo. And Monte-Carlo takes into account known variations (as zenith
angle) while the equalization procedure considers those and any other variations (such as weather conditions).

2We tested with Crab of the same period that this cut does not contain significant signal
3 Also tested with the Crab data sample.
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Figure 8: Periodogram obtained with the Lomb-Scargle (left) and Rayleigh (right) tests for the OFF region in
campaign I: The upper (lower) panel shows the probabilities for the OFF region without (with) equalisation. The
vertical dashed line marks the LSI +61°303 orbital frequency. The horizontal dotted line marks the level of probability
<1072
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Figure 9: Periodogram obtained with the Lomb-Scargle (left) and Rayleigh (right) tests for the OFF data in campaign
II: Upper panels show the probabilities for one anti-source region without equalisation applied; second, third and
last panels show the probabilities for each one of the three independent OFF regions, equalised using the data from
the remaining two. The vertical dashed line marks the LSI +61°303 orbital frequency. The horizontal dotted line
marks the level of probability < 1072,
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(lower) panels show the probabilities for the OFF region without (with) equalisation. The vertical dashed line marks
the LSI +61°303 orbital frequency. The horizontal dotted line marks the level of probability < 1072,
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Figure 11: Distribution of OFF events together in the 3 OFF regions of LSI 461°303 campaign II, for hadronness
cut with y-ray efficiency 0.8 versus distribution with efficiency cut 0.95.
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4.2 Merging data form different observational campaigns

We want to perform the statistical tests using campaigns I, IT and I+II both together, in order to increase the number
of measurements and the total elapsed time (between the first and last observation).

Due to the difference in time between the two observational campaigns (6 months) and the change in the obser-
vation mode, we expect the telescope sensitivity to be different. Moreover, the analyses themselves are different: the
~-ray rate (recorded from Crab Nebula samples contemporaneous to each campaign) is different. For those reasons,
we define a new quantity, comparable between both campaigns, to be able to perform the statistical tests.

In the case of Lomb-Scargle method, we use for the individual campaign test the number of excess Ne,. The
phaseogram with LSI +61°303 data of each individual campaign in shown in Fig. 12 (left panel). To scale Ng; to
the same level we use the relation between two Crab data analyses, contemporaneous with each of the LSI +61°303
campaigns. In all analyses we used the same energy threshold of 400 GeV. For campaign I we used 212 minutes of
Crab data taken in October and November 2005. With an analysis completely analogue to the one performed over
LSI 461°303 data in campaign I we obtain an excess rate of Roy ~ 287 + 10 N, /h. For campaign II, 116 minutes
of Crab data in September 2006 were analysed in the same way as LSI +61°303 campaign II, with an excess rate of
Rerr 156 +£9 N, /h. Thus the scale factor between LSI +61°303 data campaigns is Se,, = Rerr/Rer = 0.55, and
the phaseogram with the scaled number of excess is shown in Fig. 12 (right panel).
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Figure 12: Number of equalized 7-excess for first (red) and second (green) campaigns versus LSI +61°303 phase
(folded with the orbital frequency). Each analysis campaign has a different N, level (left panel), which is scaled by
a factor 0.55 obtained from the analysis of Crab Nebula samples, to obtain a comparable base line (right panel).

To scale the OFF data (that we use for crosscheck, as e.g. in Sec. 4.1) we proceed in the same way: by comparing
the Crab analyses. As the normalization factors in each campaign are different, we use the relation between the
background rate in the Crab campaigns which are 1.29 and 0.39 N.,/min, respectively. This yields a scale factor of
Sorr = 0.30. The phaseogram for Norp with and without applying the scale factor are presented in Fig. 14.

For the Rayleigh test, we use the Noy as physical variable, the direct comparison with Crab is not feasible. As
an approximation, we used the same scale factor as in the OFF data set Sorr. The phaseograms with and without
applying the scale factors are shown in Fig. 13.
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5 Results

5.1 Periodograms over LSI +61°303 data

We apply the Rayleigh and Lomb-Scargle statistical tests to the LSI 4+61°303 data campaign I. The results
are presented in Fig. 15. A maximum peak in the periodogram probability is seen for frequency v = 0.038d~! and
v = 0.035d~! with the Lomb-Scargle and Rayleigh tests, respectively. The pre-trial chance probability is about 1075.
Using the CPF shown in Fig. 7, we compute the corresponding post-trial probability, which results to be 2.0 x 10~

6
T T T
v,=0.0377 day Lomb-Scargle Test

T T
v,=0.0377 day™ Rayleigh Test

LSI+61303

10

10

N
T

LSI+61303

-log__ (Probablity)
-log, (Probablity)
-log__ (Probablity)

E

2. ‘
3

g

o2

&

o

2 o

o 00 s
Frequency [day’]

Off data

Off data

! { L
0 0.05 0.1 0.15 0.2

0.25 0.25
Frequency [day] Frequency [day]

Figure 15: Pre-trial periodogram for Lomb-Scargle (left) and Rayleigh (right) test over the LSI +61°303 data in
campaign I (upper panel) and OFF data (middle panel). In the lower panel we present the probabilities for the
data after subtraction of a purely sinusoidal signal at the orbital period. The vertical dotted line corresponds to the
orbital frequency.

We apply the test to the campaign II data and obtain the periodogram shown in Fig. 16. In this case a
maximum peak in the Lomb-Scargle periodogram probability is clearly seen for frequency v = 0.038d~!, for which
we obtain a Lomb-Scargle power of ~ 17. It is highly significant with a pre-trial chance probability of about 1075,
The post-trial chance probability of the peak is found to be lower than 0.8 x 10~7. For the Rayleigh statistical test,
the maximum peak is seen at v = 0.040d~!, with a power of 223, which corresponds to a pre-trial probability of
~ 10710,

The fact that the power obtained in campaign I is lower than the one obtained in campaign II is due to the lower
observation time (54 hours compared to the 112h in campaign II) and because the orbital coverage is lower: in the 6
observed periods there are no data taken below phase 0.1 neither above phase 0.8. While in campaign II we observed
4 periods but a better coverage was achieved.

We combined campaigns I and II data, which allows us to scan more frequencies, because the elapsed time
between first and last measurement is 442 days. The results are shown in Fig. 17. A peak at frequency v = 0.038d !
is seen with a Lomb-Scargle power of ~ 22, which gives a pre-trial chance probability about 10~'2. The corresponding
post-trial probability is 1.3 x 10~°. Similar behaviour is observed for the Rayleigh test with a maximum in v = 0.038
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Figure 16: Pre-trial periodogram for Lomb-Scargle (left) and Rayleigh (right) test over the LSI +61°303 data
campaign IT (upper panel) and OFF data (middle panel). In the lower panel we present the probabilities for the data
after subtraction of a purely sinusoidal signal at the orbital period of the system (yellow line) and after subtraction
of a sinusoidal plus a Gaussian peak (blue line). Vertical dotted line corresponds to a frequency of 0.037 day~?.

which has a probability of ~ 10712

Also less prominent but significant peaks are detected for other frequencies. For instance, in the Lomb-Scargle
periodogram, the frequencies 0.041, 0.115 and 0.150 d—! have pre-trial probabilities of about 108, 10~1° and 1078,
respectively. All those peaks are related to the signal, as they do not show up in the OFF data (Fig. 17, middle
panel). These are beat periods of the orbital period with various gaps present in the LSI +61°303 data-set, that is,
rational fractions of beat periods added to the orbital period.

The data have been folded with the orbital frequency (v = 0.037d 1) for campaign I, IT and I+I1. The results are
presented in fig 18. A sinusoidal fit is performed in each case, and the obtained parameters are given in the inset.

If we subtract the sinusoidal signal from the fit to the data and perform the statistical tests, we obtain the
periodogram probabilities shown in Figs. 15, 16 and 17 (lower panels, yellow line) for LST 4+61°303 data campaign I,
IT and I+II respectively. The peak corresponding to the orbital frequency has been removed in all cases as expected.
With subtracting the orbital period we also remove or reduce some satellite peaks. But the fact that those other
peaks do not achieve a level consistent with the background test indicates that the signal in LST +61°303 data is not
purely sinusoidal.

We also subtract a sinusoidal plus a Gaussian signal contribution, fitted to campaign II and campaign I+II data *
(fig 18, green dotted lines). The corresponding periodograms are presented in Fig. 16 and Fig. 17 (lower panels, blue
lines). The orbital frequency peak has been removed and the rest of the periodogram peaks are much more reduced
than in the purely sinusoidal subtraction, being compatible with the background periodogram.

To crosscheck these results, we apply the Rayleigh and Lomb-Scargle methods over a simulated sample containing
a sinusoidal signal similar to that found in the data. For each arrival time ¢;, taken form the real data, we simulate

4For campaign I alone, this function is difficult to fit (see folded phaseogram in Fig. 18) due to the uncovered phases and so we did
not tried this test on these data.
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Figure 17: Pre-trial periodogram for Lomb-Scargle (left) and Rayleigh (right) tests over the LST +61°303 combined
campaign I4+1II data (upper panel) and OFF data (middle panel). In the lower panel we present the probabilities
for the data after subtraction of a purely sinusoidal signal at the orbital period (yellow line) and a sinusoidal plus a
Gaussian wave form (blue line). The dotted vertical line corresponds to a frequency of 0.037 day ! (period of 26.496
days).

a signal as a random Gaussian with mean B + A - sin(27(¢; + ¢o)) where A, B and ¢q are taken form the sinusoidal
fits to the data folded with the orbital period; the width ¢ of the Gaussian function is taken from the data spread in
the phaseogram. We obtain the periodogram shown in Figure 19, using time bins of 15 minutes. We detect a signal
of about 10~ '® chance probability for v = 0.037d ! for Lomb-Scargle test and campaign I data. The same procedure
is done for campaign II and we obtain a probability of 1073 for the same frequency. For campaign I4+II a peak with
probability 10745 is detected for frequency v = 0.0375d .

So far, we have scanned the periodograms up to frequency 0.25 d~!, which includes the orbital period of interest,
but due to the long elapsed observation time, we are able to search for higher frequencies (see Sec. 3.3). To search for
possible features in the high frequency region, we perform an extended Lomb-Scargle test for LSI +61°303 campaign
IT data as shown in Fig. 20. Apart from the already discussed periodogram peaks around the orbital period, we
see significant signals (probability lower than 10~%) in frequencies 1.04 (period about 23 h), 2.04, 3.08, 4.8 and 5.08
d=!. From the OFF periodogram (Fig. 20 middle panel) we see that those peaks are related intrinsically to the
LSI +61°303 data, as they do not appear in the simultaneous background. However, if we subtract a sinusoidal or
a Gaussian plus a sinusoidal function to the data, the peaks (together with the orbital peak) disappear or reduce
up to the level of the background probabilities. We conclude that those peaks are due to aliasing effects. In fact,
the highest peak at about one day we already expected from the windowing function (see Sec. 3.3) because the
measurements were done mostly in consecutive nights.
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are given in the insets). For campaign II and I+II, there is also the possibility to investigate other wave forms,
and we fitted a sinusoidal signal plus a Gaussian component (green dashed lines), which adjusts better to the data

(x?/dof= 11.53/13 for campaign I+II). Vertical dotted line indicates the periastron passage.
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21



5.2 Analysis for different time bins

All previous results are obtained using bins of 15 minutes. In this section we study the effect of the bin size (At) on
our results.
From inspection of Eq. 6 it becomes evident that:

e the Lomb-Scargle power increases with the number of points: for a sinusoidal signal in a data set with n points,
(x; — T) x ocoswt or (z; — T) x osinwt and then
1 [[X, ocoswt; coswt;]*  [Yor, osinwt; sinwt;]?

2 n 2 7 n 3
20% > i cos? wi; > iy sin® wt;

P(w) x ; (15)

therefore P(w) < n. And so the probability will increase with the number of points in the data set, for the same
number of scanned frequencies (same number of trials). Averaging the data increases the effective sampling
interval At, thus decreasing the Nyquist frequency. If we scan the averaged data set at a lower number of
frequencies, the post-trial probability will also decrease. The fact that the post-trial probability increases with
the number of scanned frequencies is the statistical penalty that we must pay for inspecting a large number of
frequencies[2].

e Successive sub-divisions of a data sample produce progressively less effect on the CDF, until it eventually
converges to a limiting CDF beyond which no further division of the sample changes the result. The original
time domain data contain a finite amount of information. There is therefore a limit to how much information
they can be forced to yield.

e A binning of half a day or day-by-day is not appropriate because different days have different observation times
and hence different errors. But as the statistical tests used here do not treat with errors, all points are weighted
the same. In case of fixed-time bins, all points have similar weight in the periodogram. This effect becomes
even worst since the LSI +61°303 orbit is not uniformly covered: we observed more days and for longer times
in phases with expected higher flux, about ¢ ~ 0.6, and hence their relative weight in the periodogram is very
much reduced by taking a fixed number of data points per night.

The periodograms obtained in campaign II using bins of 7.5, 15, 30 and 60 minutes, half nights and night-by-night
bins are shown in Fig. 21. We see that the significance of the peak around frequency 0.0377 decreases for wider bins,
except between 7.5 and 15 minute bins, where the saturation limit is reached. The amplitude of the folded data
with the orbital frequency (see inset in Fig. 21) scales approximately proportionally with the size binning. The main
difference when combining data for widening bins is the loss of statistics. The number of data points decreases from
419 points in 15 minutes bins to 51 points in night-by-night bins.

The second peak seen in Fig. 21 at frequency ~ 0.12d~! (about 8 days) is a beat period of the 0.037d~! peak. We
saw that it decreases when subtracting a sinusoidal signal and vanishes for a sinusoidal plus Gaussian signal (Fig 16
lower panel).

To confirm these results we have generated Monte-Carlo data series with the sampling and sinusoidal signals
corresponding to the different time binnings. The Lomb-Scargle power for frequency 0.037d~! is reduced as the bin
width increases as seen in Fig. 22. The power obtained for the same frequency with LSI +61°303 data is also shown
for comparison (Fig. 22, blue points).
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5.3 Peak frequency and error estimation

In case of evenly sampled data, the distance between independent frequencies (see Sec. 3.3) is the Independent
Fourier Spacing (IFS): for instance in LST +61°303 campaign IT the elapsed time is T' ~ 100 days, and the number
of points n ~ 500 points, for 15 minutes time bins; in this case we may scan the natural frequencies (Eq. 9)
from v; = 1/100 = 0.01d™! to ve50 = 250/100 = 2.5d~. The step between those natural frequencies is the IFS
1/T ~ 1/100 = 0.01d~*. However, the position of the peak in a periodogram can be estimated with better accuracy
than this value.

An accurate peak frequency determination is done by scanning more frequencies (increasing the oversampling
factor) around the frequency which has maximum probability in the periodogram. The power values around the
most probable frequency for each campaign are shown in Fig. 23 and the frequency values are summarised in table 2.
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Figure 23: Lomb-Scargle powers around the most probable frequencies in the periodograms for LSI +61°303 cam-
paigns I, IT and I+IT (from left to right).

In case the sample is unevenly spaced, while the statistical properties of the periodograms have received much
attention, the frequency error estimation is rarely discussed in the literature [13]. We will discuss below two different
approaches.

Sometimes, an astrophysical quantity is not an obvious function of the observed data, thus, the regular error
propagation formula cannot be applied to estimate the error of the corresponding quantity. This is the case of the
signal frequency derived from power spectrum, which is a function of the data, but the exactly form is hard to be
obtained. We therefore applied a Monte Carlo simulation to evaluate the error in the frequency estimation, as we
did for the false alarm probability (see Sec. 3.4).

One possible approach to the error estimation is the following: we simulate light curves where the number of
~v-ray candidates are selected randomly from a Poisson distribution of mean equal to the actually measured number
of events arriving at every given time.

The periodogram is calculated for 10% of those randomly generated series, and the distribution of the resulting
peak power frequencies are shown in Fig. 24. The region around the orbital frequency is fitted with a Gaussian
function. The other peaks can be attributed to the aliasing effect and are of no interest for this study.

For campaign I+II we obtain an error of 0.00013d~! which corresponds for the orbital period to an error in
the period of 0.09 days. The frequency value is calculated with enough accuracy by increasing the oversampling in
the LSI +61°303 Lomb-Scargle periodogram. The frequency and period with their errors obtained for the different
campaigns are given in table 2.

Under the assumption of a purely sinusoidal signal, we can estimated the frequency error from Monte-Carlo
simulated time series containing a sinusoid, with the same characteristics (amplitude, phase origin and base line) as
the obtained with the fitted data (see Fig. 18). With 10% of these data series we construct the distribution of the
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Figure 24: Distribution of frequencies with the highest Lomb-Scargle power determined by letting the data points
in the LST +61°303 light curve vary according to a Poissonian distribution. From left to right: campaigns I, IT and
1411

highest power in the periodogram, shown in Fig. 25. The frequency and period together with the estimated errors,
for each campaign, are shown in table 2. In the campaign I+II, we obtain an error of 0.00005d ! which corresponds
to an error in the period of 0.03 days.
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Figure 25: Distribution of frequencies with the highest Lomb-Scargle power determined by Monte-Carlo simulated
time series for campaigns I (left), IT (middle) and I+1I (right panel).

6 Conclusions
A search for periodicity over LSI +61°303 TeV data in campaign I, IT and I+II has been carried out using the

Lomb-Scargle and Rayleigh statistical tests. The associated (post-trial) chance probability has been calculated by
Monte-Carlo simulations on each specific unevenly sampling for the Lomb-Scargle method.
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Lomb-Scargle
Campaign Poisson Errors Sinusoidal with Gaussian Errors | Chance probability IFS
v P v P (post-trial)
(dh) (d) (dh) (d) (C)
I 0.0388 £ 0.0007 25.8 = 0.5 | 0.03880 £+ 0.00017 25.77 £ 0.12 2.0x1074 0.00686
II 0.0388 £ 0.0007 25.8 + 0.4 0.0388 £ 0.0003 25.8 £ 0.2 0.8x10~7 0.00972
I+11 0.03734 + 0.00013  26.78 + 0.09 | 0.03734 £+ 0.00005 26.78 + 0.03 1.3x107° 0.00226

Table 2: For each observational campaign we present the frequency v and period P with their error obtained with
two different methods and the Lomb-Scargle periodograms: Poissonian propagation of errors and a sinusoidal with
Gaussian errors. The IFS value is also given. The post-trial chance probability of the frequency peak is quoted for
each campaign.

The periodograms for each campaign show up peaks around the orbital frequency v = 1/26.496d~!. The peak
is purely associated with the LSI +61°303 data, as it does not appear for the simultaneous OFF data periodogram
(see Fig. 17). Some other peaks that appear in the periodogram are beat periods of the orbital period with various
gaps present in the data-set. This is seen when subtracting a purely sinusoidal signal to the data, and performing
the same statistical test. In this case, the orbital frequency peak is removed as expected, but also those satellite
peaks are removed or reduced. If instead we subtract a sinusoidal plus a Gaussian signal contribution (as see in the
periodogram Fig. 18) the satellite peaks are much more reduced, being compatible with the background periodogram
level.

As expected the most accurate frequency value is obtained after merging the data from both campaigns, which
yields a period value of 26.7840.09 days with a post-trial probability of 107%. The frequency error has been
estimated as a propagation of the Poissonian measurement errors. If a sinusoidal signal is assumed, the error is
much reduced up to 26.78+0.03 days. But the signal subtractions we already performed over the periodograms
suggested a non purely sinusoidal form of the signal, thus we take the confident value obtained without any signal
forma assumption.
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