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ABSTRACT

The TeV binary system LS I +61° 303 is known for its regular, non-thermal emission pattern that traces the orbital
period of the compact object in its 26.5 day orbit around its BO Ve star companion. The system typically presents
elevated TeV emission around apastron passage with flux levels between 5% and 15% of the steady flux from the Crab
Nebula (>>300 GeV). In this article, VERITAS observations of LS T +61° 303 taken in late 2014 are presented, during
which bright TeV flares around apastron at flux levels peaking above 30% of the Crab Nebula flux were detected. This
is the brightest such activity from this source ever seen in the TeV regime. The strong outbursts have rise and fall times
of less than a day. The short timescale of the flares, in conjunction with the observation of 10 TeV photons from
LS I +61° 303 during the flares, provides constraints on the properties of the accelerator in the source.

Key words: binaries: general — gamma-rays: general — stars: individual (LS T +61° 303, VER J0240+612) —

X-rays: binaries

1. INTRODUCTION

High-mass X-ray binaries (HMXBs) are a class of binary
system that consist of a compact object (either a black hole or a
neutron star) and a massive stellar companion and emit in
X-rays. The current generation of imaging atmospheric-
Cherenkov telescopes (IACTs) has facilitated the study of
HMXBs which exhibit TeV emission. The class of TeV

binaries is quite sparse, consisting of only a handful of sources:
PSR B1259-63 (Aharonian et al. 2005a), LS 5039 (Aharonian
et al. 2005b), LS T +61° 303 (Albert et al. 2006), HESS J0632
+057 (Aharonian et al. 2007), and 1FGL J1018.6-5856
(Abramowski et al. 2015). TeV 20324413 (Lyne et al. 2015)
is a new candidate TeV binary and its membership of the class
is expected to be confirmed by enhanced high-energy emission
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during the anticipated periastron in early 2018. Of these
systems, only the compact objects of PSR B1259-63 and TeV
20324413 have been firmly identified as pulsars. There is still
a large degree of ambiguity concerning the nature of the
compact object within the other systems. Consequently, the
fundamental mechanism responsible for the TeV emission
remains uncertain.

The orbital periods of TeV-emitting HMXBs vary from
several days (LS 5039) to many years (TeV 2032+4-413). As the
TeV emission varies strongly as a function of the orbital phase,
the various sources may only have short windows during which
they can be detected in the TeV regime. LS T +61° 303 is a
northern hemisphere source with a short enough orbital period
to allow for regular study over multiple orbits with TeV
instruments.

Located at a distance of ~2kpc (Frail & Hjellming 1991),
LS I +61° 303 is composed of a BO Ve star and a compact
object (Hutchings & Crampton 1981; Casares et al. 2005). The
observed multiwavelength emission is variable at all energies
and modulated with a period of P = 26.5 days, believed to be
associated with the orbital motion of the binary system (Taylor
& Gregory 1982; Paredes et al. 1994, 1997; Albert et al. 2006;
Esposito et al. 2007; Acciari et al. 2008; Abdo et al. 2009).
Shorter timescale variability has also been detected in X-rays
(Smith et al. 2009; Torres et al. 2012) and hinted at in the TeV
range (Aliu et al. 2013). Additionally, the source exhibits a
periodic superorbital modulation with a period of Py, ~ 4.5
years in Ha emission (Zamanov & Marti 2000) and in radio
(Gregory 2002), X-ray (Li et al. 2012), and GeV (Ackermann
et al. 2013) bands. This modulation could be attributed to
precessing relativistic jets if the compact object is a black hole
or to cyclic variations of the BO Ve star envelope if the compact
object is a neutron star.

Radial velocity measurements show the orbit to be elliptical
with eccentricity e = 0.537 £ 0.034, with periastron occurring
around phase ¢ = 0.275, apastron at ¢ = 0.775, superior
conjunction at ¢ = 0.081 and inferior conjunction at
¢ = 0.313 (Aragona et al. 2009). The periastron distance
between the star and the compact object is estimated to be
2.84 x 10" cm (0.19 AU) and the apastron distance to be
9.57 x 10"?cm (0.64 AU) (Dubus 2013). The inclination of
the system is not precisely known but is expected to lie in the
range 10°-60° according to Casares et al. (2005), leading to
some uncertainty in the orbital parameters.

In this work, we present the results of the VERITAS
campaign on LS T1461°303 in 2014 October-December.
During this time, VERITAS observed historically bright flares
from LS T +61° 303, with the source exhibiting flux levels a
factor of 2-3 times higher than ever observed.

2. OBSERVATIONS

The VERITAS IACT array, located in southern Arizona
(1.3km a.s.l,, 31°40’N, 110°57'"W) consists of four 12m
diameter Davies—Cotton design optical telescopes. VERITAS
is sensitive to photons with energies from 85 GeV to 30 TeV
and can detect a 1% Crab Nebula source in approximately 25 hr
(Park 2015).30 For a full description of the hardware
components and analysis methods utilized by VERITAS, see
Acciari et al. (2008), Holder et al. (2008), Kieda (2013), and
references therein.

30 hitp: //veritas.sao.arizona.edu /specifications

ARCHAMBAULT ET AL.

x107"?
35
C Ist Orbit (Oct 2014)
o 30i ¢ 2nd Orbit (Nov 2014)
a r m  3rd Orbit (Dec 2014)
E
o 25
& C T
S 20f t
o F l
o r
S 15— +
on =
A\ E
2 oF {r T T
% - —
RN S YT
= s
T T
:I L | L | L | | | | L | | | L |

P
0.5 06 07 0.8 0.9 0 0.1 0.2 0.3 0.4
Orbital phase ¢

Figure 1. Light curve of LS I +61° 303 during the 2014 observation season
shown as a function of orbital phase in nightly bins. The phase range is shown
from 0.45 to 0.45 as the VERITAS observations commenced around a phase of
¢ = 0.5 in each orbit. The data for the first orbit (October) are shown with
orange circles, while the second orbit (November) is represented by purple
diamonds, and the third (December) by blue squares. Flux upper limits at the
99% confidence level (using the unbounded approach of Rolke et al. 2005) are
shown for points with significance <3¢ and are represented by arrows.

In the 2014 season, VERITAS observations of
LS I +61° 303 were taken from October 16 (MJD 56946) to
December 12 (MJD 57003), comprising a total of 23.3 hr of
quality-selected livetime. These observations sampled three
separate orbital periods, covering the orbital phase interval
¢ = 0.5-0.2 (see Figure 1 and Table 1). Over the entire set of
observations, a total of 443 excess events (N,, = 705,
Nogr = 2883, o = 0.0909) above an energy threshold of
300 GeV were detected above background. This is equivalent
to a statistical significance of 21 standard deviations (210,
calculated using Equation (17) of Li & Ma 1983). The 300 GeV
energy threshold applies to all fluxes and upper limits presented
hereinafter.

During the first orbit observed (in October), the source
presented the largest of its flares (hereinafter “F1°’), beginning on
2014 October 17 MID 56947, ¢ = 0.55). The source is not
significantly detected before the onset of this flare: the flux is
constrained to be less than 0.15 x 10"'em™ s at a 99%
confidence level (Rolke et al. 2005) on October 16 (MJD 56946,
¢ = 0.52). The emission durinig F1 reached a peak flux of
(3.20 + 0.34) x 10" em ™ s7! on October 18 (MJD 56948,
¢ = 0.60), equivalent to approximately 30% of the Crab Nebula
flux above the same energy threshold of 300 GeV. This
represents the largest flux ever detected from the source.
Unfortunately, observations were limited by poor weather
conditions the following two nights and only recommenced on
October 20 (MJD 56950), by which time the flux from the source
had already decreased. During the second orbital passage in
November, VERITAS detected another period of elevated flux
(“F2”) from the source at similar orbital phases (¢ = 0.55-0.65)
with peak emission of (2.02 4 0.22) x 10""'em™ s on
November 14 (MJD 56975, ¢ = 0.61).

As an initial test to show that the TeV flux is not stable, the
light curves of each orbit were fitted with a constant flux model.
Both F1 and F2 were found to be inconsistent with this model
at the 100 level using a simple X~ test. A test for variability on
a nightly timescale was then performed over the complete time
range of these observations. For each pair of nightly separated
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Table 1

VERITAS Observations of LS I +61° 303 in 2014
Date® Orbital Flux(>300 GeV) Duration S(F, = F)
(MJID) Phase, ¢ (x107"em ™2 s7h (minutes) (o)
56946.3 0.52 <0.15 24.5
56947.3 0.55 2.32 + 0.54 21.0 5.15
56948.3 0.60 3.20 + 0.34 74.5 1.38
56950.3 0.67 <0.47 51.5
56951.3 0.71 <0.64 51.1 0.94
56952.3 0.75 <0.55 51.0 0.56
56954.3 0.82 <0.28 51.1
56956.3 0.90 <0.86 51.5
56958.3 0.97 <0.38 50.3
56960.3 0.05 <0.46 50.7
56962.3 0.12 <0.96 50.7
56973.2 0.54 <0.53 25.5
56974.2 0.58 1.30 £ 0.34 344 3.63
56975.2 0.61 2.02 + 0.22 111.3 1.80
56976.3 0.65 1.55 £ 0.25 65.4 1.42
56977.2 0.69 <0.94 54.5 3.74
56979.2 0.76 <0.85 25.7
56981.3 0.84 <0.53 51.3
56982.3 0.88 <1.02 25.7 0.57
56983.3 0.92 <0.58 334 0.62
56985.2 0.99 <0.82 48.8
56987.2 0.06 <0.69 51.9
56989.2 0.14 <1.13 51.6
57001.1 0.59 <0.66 64.6
57002.1 0.63 0.72 £ 0.12 144.3 2.67
57003.1 0.67 1.06 + 0.20 80.2 1.48

Notes. The errors quoted on the flux are statistical only. The last column shows
the pre-trials significance of the flux difference for each pair of nightly
separated fluxes in units of standard deviation. The significance is only shown
after the second entry of the pair. The sections show the division of the data
across the three sets of observations taken in October, November, and
December, respectively.

¥ Start of observations.

fluxes (F;, F,) with statistical errors (o}, 0,), the absolute value
of the difference of the fluxes was calculated and the errors
propagated using the usual variance formula. Assuming that the
fluxes and errors are normally distributed, the probability that
the two fluxes are not the same (i.e., F; = F;) was found in
terms of the standard deviation by dividing the difference by its
error (e.g., Behnke et al. 2013, p. 7):

|Fi — B
(ot + od)
For the nights on which there was not a significant detection of
the source (presented as upper limits in Figure 1 and Table 1),
the insignificant data points and their corresponding errors were
used for the calculation. The most significant difference was
found between the first and second nights of F1, with a pre-
trials significance of 5.150 corresponding to a post-trials
significance of 4.660 when accounting for the 12 pairs of
nightly separated observations. Overall, the data are too
sparsely sampled to allow a good measurement of the rise
and fall times of the flares. However, the strong statistical
indication of nightly variability and the sharp transition from a

S(FF=F) = (1)
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Table 2
Spectral Parameters of the Power Law Fits to the Observations of
LS I +61° 303 in the Energy Range 0.3-20 TeV

Normalization (x107'? cm™2

s Tev)
1.8 % 014y %+ 0.4,
8.6 & 1.0ga £ 174y,
4.8 + 0.4gy + 1.0,

Observations Spectral Index

234 + 0.075 & 034,

2.24 + 012 + 0.34y,
236 + 0.12y + 0.3y

All (average)
F1 (Oct 17-18)
F2 (Nov 13-15)

flux upper limit to a significantly detected flux over the course
of 24 hr at the onset of F1 and F2 imply that the rise time of the
flares is of the order of one day or less.

Follow-up observations conducted by VERITAS during the
next month (December) covered the orbital phases of
¢ = 0.59-0.67 and detected the source at a lower flux level.
The previous flares in 2014 were detected at ¢ ~ 0.60, but
during  this cycle  the source  reached  only
(0.72 £ 0.12) x 10 "' ecm % s~ at a comparable orbital phase
on December 11 (MJD 57002, ¢ = 0.63). The peak emission
of this cycle occurred on the following night at an orbital phase
of ¢ = 0.67. The light curve of this orbit was also fitted with a
constant flux model and was found to be consistent within ~3¢.
The observations during this month seem to exclude the type of
peaked flaring behavior seen around the orbital phase ¢ ~ 0.60
in the previous two orbital cycles, indicating some orbit-to-
orbit variations in the source.

The average differential photon spectrum from all observa-
tions of LS T +61° 303 during the 2014 observing season is
well fit with a power law of the form

dN E T
A _ N , 2
dE O(ITeV) @

in which N, is the normalization at the pivot energy of 1 TeV,
and I' is the spectral index. The measured parameters are
consistent with past observations. Differential photon spectra
were also extracted from F1 (October 17-18, MID
56947-56948) and F2  (November 13-15, MID
56974-56976) and show a similar spectral shape, albeit with
a higher normalization constant. The parameters from the
spectral fits are given in Table 2. No spectral variability is
detected within the statistical errors. All spectra are shown in
Figure 2 along with previous spectral measurements (Acciari
et al. 2008; Aleksi¢ et al. 2012) for comparison.

An uncertainty on the energy scale of 15%-25% results in a
systematic uncertainty of ~20% on the flux normalization and
~40% on the integral flux, assuming a spectral index of 2.34.
The systematic uncertainty on the spectral index is estimated to
be ~0.3, accounting for uncertainties on the collection
efficiency, sky brightness, analysis cuts and simulation model.

The highest energy gamma-ray candidates observed were
detected during the peak night of F1 with energies between
about 10 and 13 TeV. There are no events in the background
region with energies above 4TeV on this night, so it is
assumed that the contribution of the background at ~10 TeV is
negligible.

During these observations, the source was also monitored by
the Fermi-LAT (0.1-300 GeV), the Swift-XRT (0.2-10 keV),
and both the RATAN and AMI radio instruments
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Figure 2. Average and flare differential photon spectra of LS 1 +61° 303 from
the VERITAS 2014 observations, shown in comparison with the average
spectra from Acciari et al. (2008) and Aleksic¢ et al. (2012).

(4/6-15 GHz). In addition, Hoe monitoring of the system took
place at the Ritter Observatory in Toledo, Ohio (USA). After
F2 was detected by VERITAS, an Astronomer’s Telegram®'
(Holder 2014) was released, notifying the astronomical
community of the historic flux levels and triggering more
intense observations by multiwavelength partners, as well as
additional observations with the MAGIC TeV observatory. The
results of this multiwavelength campaign are under analysis
and will be presented in a future publication.

3. DISCUSSION AND CONCLUSION

The nature of the compact object in LS I +61° 303 is not
firmly established and, as a result, proposed emission
mechanisms for the system cover a range of possibilities.
These mechanisms fall into two main categories: microquasar
(1Q) and pulsar binary (PB). In the Q scenario, non-thermal
particle-acceleration processes occur in the jet of an accreting
compact object (see Bosch-Ramon & Khangulyan 2009 for a
review, or Massi et al. 2001, 2015; Massi & Jaron 2013 for the
specific case of LS I +61° 303). The pulsar binary scenario
utilizes the presence of a shocked wind in which particle
acceleration is the result of the interaction between the stellar
and the pulsar winds (e.g., Maraschi & Treves 1981; Dhawan
et al. 2006; Dubus 2006). While some versions of both models
utilize a hadronic primary population, the majority of both
model types employ leptonic origins for the observed non-
thermal emission. In a leptonic scenario, the TeV emission is
the result of inverse-Compton (IC) scattering of electrons
accelerated in the jet (©Q) or at the shock front (PB).

Paredes-Fortuny et al. (2015) present a general pulsar wind
shock scenario with an inhomogeneous stellar wind in which
the BO Ve star disc is disrupted and fragments. The resulting
clumps of the disc fall into the shock region, pushing the shock
closer to the pulsar. The reduction in size of the pulsar wind
termination shock could allow for increased acceleration

31
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efficiency on the timescale of a few hours, depending on the
size and density of the disc fragments. Such a scenario could
account for the exceptionally bright TeV flares and orbit-to-
orbit variations seen in LS T +61° 303.

Regardless of the primary mechanism to generate the
emission, Khangulyan et al. (2008) provide a prescription to
calculate model-independent limits on the magnetic field
strength and the efficiency of the accelerator within an IC
scenario. Given the temperature T = 2.25 x 10*K
(Dubus 2013) of the BO Ve star in LS T +61° 303, the average
energy of the stellar photons is 3k7T ~ 6eV, and the IC
scattering takes place deep in the Klein—Nishina regime, in
which most of the electron energy is transferred to the scattered
photons. Thus, the presence of ~10TeV photons requires
electrons with an energy of at least 10 TeV in the emitter, as
well as forcing the acceleration time to be less than the cooling
time. Two example cases will be used in the following
discussion: the conservative case of a 10 TeV electron which
must be present in the emitter, and a more optimistic case of a
20TeV electron as there is no evidence of a cutoff in the
photon spectrum. Following the calculations of Khangulyan
et al. (2008), the acceleration timescale of the electrons can be
expressed as

E BY'
wmene 20 )(iE) o

where rp is the Larmor radius of the electron, (%) is the

energy of the electron in units of TeV, (%) is the magnetic

field strength in units of Gauss, and 7,.. > 1 is a parameter
describing the efficiency of the accelerator (in general
Nace > 1). The characteristic cooling time of electrons in the
Klein—Nishina regime is given by

-1 0.7
w, E
tkn ~ 170 a s 4
N (100 erg cm3) (1TeV) @

where w, = L, /(4md?c) is the energy density of the starlight
close to the compact object in which L, is the luminosity of the
optical star and d” is the distance between the emitter and the
optical star. This distance cannot be much more than the orbital
distance as otherwise the periodic component of the emission
would be washed out, therefore the emitting region is assumed
to be located close to the compact object. The temperature
T =225 x 10* K and radius R = 10 R (Dubus 2013) of the
star in this system results in a total luminosity of
L,~9 x 10" ergs .
The synchrotron cooling time is given by

BY? E \!
to x4 % 102(—) ( ) S. 5
Y 1G 1 TeV )

The relation gy < 5, can be set due to the fact that IC losses in
the Klein—Nishina regime allow for the hard electron spectra
(harder than 2) necessary to produce hard gamma-ray spectral
indices (from 2 to 2.5). Thus, the magnetic field in the emitter is
constrained by the relation

12 -1 ~0.85
B<4.2><10 (i) ( E ) G. ©)
T cm 1TeV
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. E
Using (—1 oV

(]Ti v) = 20 results in B < 0.02 G at apastron (close to the

position in the orbit at which the flares were detected).

A fundamental condition is that the Larmor radius of the
electrons must be considerably less than the linear size of the
emitter. As before, the distance between the compact object and
the emitter is used as an estimate of the linear size of the
emitter. Rearranging Equation 3) to get

) = 10 gives a value of B < 0.03 G and using

ry &~ O.lc(lév)(%) 1cm and taking the ratio % gives a
value of ~10% of the total system size at apastron at the upper
limit of the magnetic field strength (B = 0.03 G) in the case of
10 TeV electrons. The Larmor radius of 20 TeV electrons is
already ~31% of the system size at apastron at the upper limit
of the magnetic field strength (B = 0.02 G). A lower magnetic
field strength results in a larger Larmor radius. Given that the
Larmor radius is such a large fraction of total system size, the
leakage time of the electrons (not considered in this simple
model) may already be the shortest timescale of the system,
especially for higher-energy electrons.

The constraints are strongly dependent on the assumed
location of the emitter, which has been taken to be coincident
with the compact object in order to derive these limits. If the
emitter is located farther from the star, the upper limit on the
magnetic field is reduced even further and the orbital
periodicity would be washed out. Regardless of the location
of the emitter, the simple Klein—Nishina scattering assumed in
this discussion implies a very hard synchrotron spectrum in the
X-ray band. If the same population of electrons that is
responsible for the VHE emission also produces the X-ray
emission, photon indices softer than 1.3 in the X-ray regime
(Kar 2015) may challenge this simple scenario, which requires
an electron spectral index harder than 2 to produce hard
gamma-ray spectral indices.

The VERITAS observations of the bright flares from
LS T +61° 303 in 2014 provide constraints on the physical
properties of the system around the acceleration region. The
upper limit derived on the magnetic field strength following the
prescription of Khangulyan et al. (2008) results in a Larmor
radius that is a sizeable fraction of the total system size. This
implies that particle leakage from the system will be non-
negligible, a problem that is not accounted for in the model. In
addition, the hard electron spectral index required to produce
the observed gamma-ray spectral indices results in some
tension with the photon indices in the X-ray regime. Both of
these issues suggest that it is difficult for this type of simple
model to reproduce the emission observed from the source. A
beamed model could more easily account for the emission,
hinting in favor of a uQ scenario for LS I +61° 303, although
a jet-like structure could also be produced in PB systems (e.g.,
Bogovalov et al. 2008). A pQ scenario is also mildly favored
by calculations of the mass of the compact object that place the
minimum mass at about 2.5 M., (e.g., Punsly 1999; Nuiez
et al. 2011).

There are a number of insights that could aid in distinguish-
ing between the uQ and PB scenarios. High-resolution radio
imaging could reveal extended jet-like structures that would
point to a pQ scenario. Refined measurements of the orbital
parameters of the system constraining the inclination angle and
hence the mass of the system could clearly identify the compact
object as a black hole if its mass were found to be >3 M. The
detection of pulsed emission from the source at any wavelength
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would unambiguously identify the compact object as a pulsar,
but it is also possible that the dense stellar environment of the
source could hinder such a detection. A correlation between the
electromagnetic emission and Ha variations would indicate
that the emission is related to changes in the circumstellar disk
of the optical star. It is clear that further observations of
LS I +61° 303 are necessary across all wavelengths to fully
understand the nature of the varying emission from this source.
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