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LS T1+61° 303 is one of around ten gamma-ray binaries detected so far which has a spectral energy
distribution dominated by MeV-GeV photons. It is located at a distance of 2 kpc and consists of a
compact object (black hole or neutron star) in an eccentric orbit around a 10-15 M, Be star, with
an orbital period of 26.496 days. The binary orbit modulates the emission ranging from radio to
TeV energies. A second, longer, modulation period of 1667 days (the super-orbital period) has also
been detected from radio to TeV observations. The VERITAS imaging atmospheric Cherenkov
telescope array has been observing LS I +61° 303 since 2006, and has accumulated a dataset that
fully covers the entire orbit. Increased coverage of the source in the very-high-energy band is
currently underway to provide more results on the modulation pattern, super-orbital period, and
orbit-to-orbit variability at the highest energies. The spectral measurements at the highest energies
will reveal more information about gamma-ray production/absorption mechanisms, the nature of
the compact object, and the particle acceleration mechanism. Using >150 hrs of VERITAS data,
we present a detailed study of the spectral energy distribution and periodic behavior of this rare

gamma-ray source type at very-high energy.
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Introduction

The new source class "gamma-ray binary" was coined in mid-2000s to describe high-mass
binary systems with most of their radiated power emitted beyond 1 MeV . LS I +61° 303 was the
third gamma-ray binary detected in VHE gamma rays [3] after PSR B1259-63 and LS 5039. After
its first detection by the Cos-B as an unidentified Galactic MeV gamma-ray emitter in 1977 [11]
to now, LS I +61° 303 has been extensively studied from radio to gamma rays. It consists of a
massive BO Ve star and a compact object [7] and is located at a distance of 2.0 kpc [9]. The nature
of the compact object remains unknown even after decades of multi-wavelength observations. The
compact object could be a pulsar orbiting around a BO main-sequence star with a circumstellar disc
or it could be an accreting black hole. Neither model has successfully explained all the features
of the multi-wavelength observation. However, the periodic signal with a period of 269.196 ms
reported by FAST radio telescope in Jan. 2021 [19] favors the pulsar scenario.

The companion star in the LS I +61° 303 binary has a circumstellar disc. The shape and the
size of the disc is unclear. The binary exhibits variability in its emission from radio to TeV due to
orbital modulation of the emission or absorption processes [4]. The orbital period is determined to
be 26.5 days based on the period radio outbursts [10]. It was also discovered in the radio wavelength
that the amplitude of the radio outburst is modulated with a periodicity of 1667 days providing an
evidence for the superorbital period [10]. A second period of 26.94 days has also been detected in
radio data [18] and the beat of these two orbital periods corresponds to the superorbital period.

From the multiwavelength observation, the outbursts peaks in the radio, X-ray, and TeV
emission occurs at similar orbital phase, ¢,,5, of 0.5 to 0.8 [1, 3, 7, 20] while the GeV peak
is anti-correlated with a shifted peak at 0.25 [2]. The GeV spectrum is described by a power-law
with an exponential cut off at 3.9 GeV [2]. It was assumed that the periastron passage occurs at an
orbital phase, ¢,,p, of 0.23 and apastron passage occurs at ¢, of 0.73 [7]. However, the study
by Kravtsov et. al provides the new constraints on the orbital parameter of the binary system [14].
The orbit is close to circular with a very small eccentricity (e < 0.15) [14]. The periastron passage
is reported at 0.6 [14], significantly different from the previous assumptions but corresponds to the
correlated peaks in radio, X-ray and TeV around 0.6.

In this study, we report the analysis of > 150 hrs of data collected with VERITAS gamma-ray
instruments.

1. Analysis

The Very Energetic Radiation Imaging Telescope Array System (VERITAS) is located at the
Fred Lawrence Whipple Observatory, Arizona and consists of 4 IACTs, each 12 m diameter. Each
IACT is quipped with the camera system with 499 photomultiplier tubes to detect the signals from
extensive air shower particles. The VERITAS gamma-ray instruments can detect 1% Crab flux in
less than 25 hrs and is sensitive to gamma rays in the range of 100 GeV to > 30 TeV. The VERITAS
observatory started collecting data from the direction of LS I +61° 303 starting 2007 after its
discovery by MAGIC [3].

From 2008 to 2021, there has been about 209 hr A weather (best weather) data as shown in
Fig. 1. In 2009, there was a major upgrade in VERITAS, i.e relocation of one of the telescopes to
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Figure 1: Total observation of LS I +61° 303 by VERITAS observatory. Bin count is in hr. Each box
indicates the total hours of A weather data observed by VERITAS in different orbital and superorbital phase
bins from 2008 to 2021.

achieve a more symmetrical position in the array. The data used in this study is after the upgrade,
from Oct. 2009 to Jan. 2021, covering more than a decade. The data was collected via standard
VERITAS technique for point sources using wobble mode with a 0.5 offset. After removing the
weather and hardware problems, the total good quality livetime used in the study is 164 hrs. The
standard VERITAS analysis for point sources is performed with the help of an internal VERITAS
software called Eventdisplay [16]. The Boosted Decision Tree technique [13] is used at an energy
threshold > 300 GeV. The background is calculated via Ring Background method in which the OFF
region for the background estimation is defined as a ring around the ON region or the source region.
For the Ring Background, the source exclusion radius used is 0.6 and the background/source
area ratio is 20. An exclusion region of 0.2 is applied to the stars brighter than 7.5 mag. The
significance of the gamma-ray emission from source above the background is calculated via the Li
and Ma significance formula [15].

As seen in Fig. 1, the hours of observation during the flaring states (¢,,» = 0.5 to 0.8) are
significantly more than the quiescent states (¢,,» = 0.8 to 0.5). In the 2014/2015 observing season,
the highest ever TeV fluxes (> 30% of the Crab Nebula) for the LS I +61° 303 were recorded [5].
To date, the season consists of the highest LS I +61° 303 TeV flux observed with VERITAS and a
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Figure 2: Left: Significance map of the LS I +61° 303 using Eventdisplay software for the ¢,,5 0.5 to 0.8.
Right: Differential fluxes above 300 GeV with > 3 ¢ detection.
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Figure 3: Left: Significance map of the LS I +61° 303 using Eventdisplay software for the ¢, 0.8 to 0.5.
Right: Differential fluxes above 300 GeV with > 3 o~ detection. The upper limits are 99% flux upper limit.

detailed study of this bright flare is provided in [5]. The entire data set is further divided into 10
orbital bins each with a width of 0.1 by using the starting ¢,,, at MJD 43366.775 and an orbital
period of 26.496 days. For the study in superorbital phase bins, the data is divided into 10 phase
bins by using a superorbital period of 1667 days.

2. Results

The gamma-ray emission from the LS I +61° 303 is detected with 33 o above the energy
threshold of 260 GeV and using 163 hours of observation. The spectral energy distribution is
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dorp  Live time (min) Significance

0-0.1 761.87 5.0
0.1-0.2 760.87 4.3
02-03 738.50 3.6
03-04 760.63 59
04-05 759.08 7.1
0.5-0.6 1123.60 11.7
0.6-0.7 2090.47 31.7
0.7-0.8 1330.12 9.1
0.8-09 920.55 6.6
09-1.0 555.83 4.2
0.5-0.8 3286.27 20.4
0.6-0.5 5257.33 13.9

0-1.0 9801.52 33.0

Table 1: Livetime and Significance in various orbital bins

described by a power law spectrum,

dN E\"
ZoN = 1
dE O(EO)’ M

where, the flux normalization Ny is (1.35 + 0.05) x 1072 TeV-lem™2s7!, Ej is 1 TeV and the
spectral index I' is —2.55 + 0.05.

The live time and significance in 10 ¢, bins each with 0.1 width are listed in Table 1. In the
dorp 0.5 t0 0.8, it is detected with 20.4 o above the energy threshold of 260 GeV and using 54.8
hours of observation as shown in the Fig.2 and in the ¢,,5 0.8 to 0.5, it is detected with 13.9 o
using 87.6 hours of observation as shown in the Fig.3. The spectral energy distribution of the ¢,
of (0.5 - 0.8) and (0.8 - 0.5) are shown in the Fig.2 and Fig.3 respectively. In the quieter (0.8 - 0.5)
bin, the spectrum is slightly softer and there is a hint of cutoff in the energy spectrum above 10 TeV.

LS I +61° 303 is significantly detected in most of the bins except phase bin (0.1 - 0.2), (0.2
- 0.3) and (0.9 - 1.0). In those low significance bins, LS I +61° 303 is detected with about 40
The highest significance is at (0.6 to 0.7) ¢, bin. The nightly light curve binned with the orbital
period in Fig.4 shows the flux outburst at about 0.65. For the flaring states, 0.5 to 0.8 ¢,,5 bins, it
is detected with 20.40- and for the quiescent states from 0.8 to 0.5, it is detected with 13.9 o. The
study of the energy spectrum in these various 10 orbital bins shows no significant spectral variation.
The average spectral index is about -2.6. Because of the lack of the statistics, the superorbital phase
study in each ¢,,, bin could not be performed. However, the superorbital phases are explored in
the ¢o,p bins (0 - 0.3), (0.3 - 0.5), (0.5-0.7) and (0.7 - 1.0). Only (0.5 - 0.7) bin has enough
statistics, in which there is no significant spectral variation in the superorbital phases.
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Figure 4: Nightly orbital phase binned light curve of LS I +61° 303 with 163 hours of VERITAS data. The
starting MJD used is 43366.8 days and the orbital period used is 26.496 days.

3. Summary

LS I +61° 303 is a gamma-ray binary, the high energy photons dominate its spectral energy
distribution. Using more than a decade of VERITAS data, the spectral energy distribution of the
binary system follows a power law spectrum. In the ¢,,5 0.5 to 0.8 when the source is flaring, the
spectral index is -2.54+0.08. For the bin 0.8 to 0.5, the spectral index is slightly softer at -2.86+0.18.
The emission peaks in the ¢,,p 0.6 to 0.7.

A correlated X-ray to TeV gamma-ray emission but anti-correlated to the GeV emission has
also been observed in other binary system such as LS 5039 [8]. However, LS I +61° 303 include a
more complex stellar wind structure, a circumstellar disc around the companion star in comparison
to LS 5039 for which no such disc has been observed.

According to Bednarek et al. [6], the two leptonic population can explain these characteristics
in X-ray to TeV observation. Assuming that the compact object is a pulsar, interaction between
the pulsar and the companion star winds creates a double shock structure within the binary system.
The leptonic population is accelerated to higher energies on the shock from the side of the pulsar
in comparison to the accelerated leptonic population from the side of massive star. Hence, the
multi-wavelength gamma-ray emission consists of two components of gamma-ray photons, which
also explain a different spectral shape, a cutoff, obtained in GeV energies [2]. According to Huber
et al. [12], “a complex distribution of accelerated particles” in the massive star wind and pulsar
interaction environment can explain the orbital modulation observed in all band.

A super-orbital modulation has also been observed in all wavelength. A long-term variability of
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1610 days, close to 4.5 yr observed in radio, has been reported by MAGIC. In case of VERITAS, due
to the observation statistics, only the ¢,,5 bin 0.5 to 0.7 has enough statistics for a possible search
for superorbital variability. While we did not observe any spectral variation for the superorbital
phases in the ¢4, 0.5 to 0.7, further studies to look for a long-term modulation are in process.
Additionally, modeling of the VERITAS dataset is underway, following the procedure of Mariaud
etal. [17].
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