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Gamma-Ray Binaries
.

.

Binary systems which host a compact object orbiting a high mass
star that have the non-thermal maximum of the Spectral Energy
Distribution in γ-rays (Paredes et al. 2013, Dubus 2013)

System Main star P/ days
Cygnus X-3 WR 0.2
Cygnus X-1 ?? O9.7Iab 5.6
MWC 656 ?? Be 60.4
PSR B1259–63 09.5Ve 1236.7
HESS J0632+057 B0 Vpe 315.0
LS I +61 303 B0 Ve 26.5
1FGL J1018.6–5856 O6V 16.6
LS 5039 O6.5V 3.9

Green: X-ray binaries with gamma-ray
emission
Red: known gamma-ray binaries

Binary systems

What are �-ray binaries?

Are systems that comprise a compact object orbiting a companion star that have

the non-thermal maximum of the Spectral Energy Distribution (SED) in �-rays.

Figure 3: SED of the �-ray binary LS I +61 303. From Moldón (2012).

X. Paredes-Fortuny (UB) Introduction 3 / 21

SED of the gamma-ray binary

LS I +61 303. Sidoli et al. (2006)
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Gamma-Ray Binaries
Young non-accreting pulsar scenario

Strong shock between both winds:
• Relativistic pair plasma wind from

the pulsar
• Stellar wind from the massive

companion star

Originally proposed by Maraschi & Treves (1981),

re-proposed by Dubus (2006)

Radio flux dominated by the
synchrotron emission

V. Zabalza et al.: GeV-TeV emission model for LS 5039

Star

Shocked pulsar wind

Shocked stellar wind

Wind
standoff

Coriolis
turnover

Orbital
motion

Pulsar

Fig. 1. Sketch of the proposed scenario at the periastron of a
close-orbit system similar to LS 5039. The region of the CD
where significant turbulence, and therefore wind mixing, are
expected to take place is indicated with a wavy line. The red
regions indicate the two proposed emitter locations.

simulations of Bosch-Ramon et al. (2012), and will therefore be
used throughout this work.

The presence and properties of this quasi-perpendicular
strong shock at the Coriolis turnover location sets apart the
characteristics of the interaction of stellar and pulsar wind with
respect to that of binary stellar systems. The non-relativistic
stellar wind in binary stellar systems can be smoothly deflected
by sound waves, as found in the simulations of Lamberts et al.
(2012). However, sound wave deflection would not affect an
already trans-sonic relativistic pulsar wind, leading to the for-
mation of a quasi-perpendicular strong shock because of struc-
ture bending. We note that this approach may not be valid for
⌘w Æ 1.2⇥10�2, as numerical simulations indicate that a recon-
finement shock, with different characteristics to those explored
above, will develop in the pulsar wind for those cases where
the stellar wind vastly overpowers the pulsar wind (Bogovalov
et al., 2008).

3. Location and properties of the non-thermal emitters

A sketch of the system, as described in the previous section, can
be found in Fig. 1. The influence of the orbital motion on the
shape of the pulsar wind zone gives rise to two distinct regions
where most of the energy of the pulsar wind is deposited in
quasi-parallel shocks: the wind standoff and Coriolis turnover
locations. The intermediate regions of the pulsar wind shock,
i.e., those not marked in red in Fig. 1, are not expected to con-
tribute significantly to the non-thermal emission of the system
given the high obliquity of the impact of the pulsar wind and
correspondingly low energy transfer into non-thermal parti-
cles.

The pulsar wind termination region close to the wind stand-
off location has been generally considered as the preferred loca-
tion for acceleration of electrons up to ultrarelativistic energies,
which would give rise to the observed non-thermal broadband
emission through synchrotron and IC processes (e.g., Dubus,
2006). However, the intense stellar photon field at this location,
and corresponding high opacities owing to photon-photon pair
production, precludes VHE gamma-rays above ⇠40 GeV from
reaching the observer for some orbital phases with clear VHE
detections (Khangulyan et al., 2008a). On the other hand, an
emitter with constant particle injection located at the wind
standoff is compatible with the phenomenology exhibited by
the source at GeV energies. The modulation is mainly driven by
the change in the IC interaction angle, with enhanced (reduced)
emission at superior (inferior) conjunction. For the allowed
orbital inclination angles (20�–60�, Casares et al., 2005), the
modulation is too strong to reproduce the Fermi lightcurve, but
this effect may be mitigated by Doppler boosting. As a proxy for
the complex hydrodynamical properties of the flow (Bogovalov
et al., 2008), we have considered an effective bulk flow velocity
of 0.15c in the direction of the axis of symmetry of the CD apex,
which changes along the orbit (see CD aberration in Sect. 2)
but is always close to the radial direction. The bulk flow veloc-
ity of 0.15c used here applies exclusively to the Doppler effect
averaged over the CD cone and with respect to the observer
line-of-sight. Therefore, it is still possible, and, given the sim-
ulations of Bogovalov et al. (2008), probable, that the intrinsic
bulk flow velocity of the shocked pulsar wind is higher.

The pulsar wind termination shock at the Coriolis turnover
location is a good candidate for the VHE emitter. The reduced
stellar photon field density implies pair production absorption
characteristics consistent with the observed spectra at VHE. For
scenarios in which the stellar wind ram pressure is dominant,
the pulsar wind solid angle subtended by the Coriolis turnover
shock is much lower than that of the apex region. This is con-
sistent with the reduced emission power of the TeV component
with respect to the GeV component.

The magnetic field of the shocked pulsar wind is gener-
ally well known in plerions from observations (e.g., Kennel &
Coroniti, 1984), but the so-called sigma problem precludes one
from deriving it theoretically. The situation in gamma-ray bi-
naries is even more complex, as there might be a reduction of
the post shock magnetic field strength owing to the reaccel-
eration of the flow (Bogovalov et al., 2012). Since knowledge
of the post-shock magnetic field could only be obtained via a
magnetohydrodynamical simulation of the system, we have
chosen to parametrize the magnetic field energy density as a
fraction ⇠ of the pre-shock equipartition magnetic field. We
define the latter at the balance of the magnetic field energy
density and the kinetic energy density of the pulsar wind at
the shock. Therefore, for a constant value of ⇠, the post-shock
magnetic field strength will behave along the orbit as B / 1/rp,
where rp is the distance of the shock to the pulsar.

3.1. Maximum electron energy

A distinct feature of the GeV and TeV spectra of LS 5039 are the
cutoffs present at a few GeV and above 10 TeV, respectively. The
former is apparently constant along the orbit, whereas owing
to the softer TeV spectrum during superior conjunction the lat-
ter has only been detected clearly during inferior conjunction.
These spectral cutoffs can be directly related to the maximum
energy of the electrons in the respective particle populations.
The maximum energy that can be reached in any acceleration

3

Model for LS 5039 from Zabalza et al. (2012)
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Extended radio emission

Using VLBI observations, we resolve the radio emission for all the
gamma-ray binaries which have been explored.
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LS I +61 303. Adapted from Dhawan et al. (2006)

The Astrophysical Journal Letters, 732:L10 (6pp), 2011 May 1 Moldón et al.
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2a  = 14.4 AU2

Figure 1. LBA images of PSR B1259−63 at 2.3 GHz. North is up and east is to the left. The dates and the days after the periastron passage (τ ) are quoted at the top
of each panel. The synthesized beam is displayed in the rectangle on the bottom-right corner of each image. The red crosses mark the region where the pulsar should
be contained in each run (see the text). As a reference, the size of the major axis of the orbit of PSR B1259−63/LS 2883 is shown in the first panel. For each image,
the displayed contours start at 3σ and increase by factors of 21/2; the 1σ rms close to the source in each image from left to right is 0.30, 0.66, and 0.15 mJy beam−1.
(A color version of this figure is available in the online journal.)

Table 2
Observational Parameters for Each Run

Run MJD On-source Time No. of Antennas τ+daysa Orbital Phasea (◦) True Anomalya (◦) θ a(◦)

A 54309.04–54309.46 4.65 5 1.1(2)–1.5(2) 0.00087(14)–0.00120(14) 9.1(1.4)–12.5(1.4) 191
B 54328.97–54329.40 3.75 5 21.0(2)–21.4(2) 0.01698(14)–0.01733(14) 98.3(3)–99.1(3) 279
C 54623.29–54623.67 4.20 4 315.3(2)–315.7(2) 0.25496(14)–0.25527(14) 165.97(1)–165.99(1) 346

Notes. θ is the mean true anomaly plus 180◦.
a Periastron passage at τ = MJD 54307.9710(1), from the fourth orbital solution obtained in Wang et al. (2004).

The data reduction was performed in AIPS.7 Total elec-
tron content models based on GPS data obtained from the
CDDIS data archive8 were used to correct phase variations due
to the ionosphere. Standard instrumental corrections were ap-
plied (parallactic angle, instrumental offsets, and slopes between
and within bands and bandpasses). Fringe fitting on the phase
calibrator was performed with the AIPS task FRING, and the so-
lutions were applied to the target source. A self-calibrated model
of the calibrator was used as an input model for CALIB, which
was used to reduce the amplitude instabilities on timescales
greater than 10 minutes. The data were averaged in frequency
and time, and clean images were produced. For run B only, a
single round of phase self-calibration was applied to mitigate
the residual atmospheric phase instabilities, which were more
noticeable at this epoch. The final images were produced us-
ing a natural weighting scheme (robust 5 within the AIPS task
IMAGR). For run B, robust 2 and tapering were applied to avoid
the presence of possible unreliable high-resolution features due
to sidelobes of the synthesized beam. Self-calibration slightly
affects measured properties such as extent and position angle
(P.A.), while it preserves the morphology.

3. RESULTS

The resulting VLBI images at 2.3 GHz are shown in
Figure 1. Extended emission is detected at distances up to
50–55 mas (120–130 ± 20 AU at 2.3 ± 0.4 kpc) during the two
runs shortly after the periastron passage. The emission becomes
gradually fainter from the peak toward the northwest, and no

7 The NRAO Astronomical Image Processing System.
http://www.aips.nrao.edu/
8 The Crustal Dynamics Data Information System http://cddis.nasa.gov/

individual components have been found. The P.A. of the ex-
tended emission with respect to the peak is ∼−67◦ for run A
and ∼−50◦ for run B. The emission in run C, 315 days after
the periastron passage, is dominated by a point-like source of a
few mJy.

Like all VLBI arrays, the absolute flux calibration of the LBA
relies on noise calibration injection and so the absolute flux
values reported in Table 3 should be taken as uncertain at the
∼10% level. The flux densities of runs A and B are compatible
with previous ATCA observations at the corresponding orbital
phases (the ATCA data from the current observations were not
correlated as an independent array). The flux density in run C is
compatible with the flux density of the pulsar. This is expected
considering the lack of unpulsed emission at τ +150 and τ +180
in previous ATCA observations (Johnston et al. 2005).

The phase-referenced observations allow us to obtain relative
astrometry between runs. Since no astrometric check source was
observed, we do not have real measurements of the astrometric
uncertainties, and we will use the formal errors of a Gaussian
fit obtained with JMFIT within AIPS. Given the relatively large
calibrator–target separation of ∼4◦, we expect an additional
systematic component to the position error due to the unmodeled
ionosphere of 1–5 mas (Brisken et al. 2000). As a reference
position for the plots we use the peak position of run C, αJ2000.0 =
13h02m47.s6435(1) and δJ2000.0 = −63◦50′08.′′636(1), which we
consider to represent the pulsar position at MJD 54623.48.
Assuming a mass of the neutron star of 1.4 M⊙ and a stellar
mass of 31 ± 5 M⊙ (see Table 1 for the system parameters),
the mass function provides i = 22.◦2 and the semimajor axis
of the pulsar orbit is 7.2 AU, or 3.1 mas for a distance to the
system of 2.3 kpc. The red crosses in Figure 1 mark the region
where the pulsar should be located in each epoch. Their centers

3

PSR B1259–63 Moldón et al. (2011)
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The gamma-ray binary LS I +61 303
.
LS I +61 303
..

.

B0 Ve star (12.5 ± 2.5 M⊙)
d = 2.0 ± 0.2 kpc
e = 0.72 ± 0.15

Porb = 26.496 ± 0.003 d
Psuper = 1667 ± 8 d

Variability at all frequencies
X-ray–TeV: correlated(?)
Radio–TeV: correlated
Optical–Radio: correlated
GeV–TeV: anticorrelated

Frail & Hjellming (1991),
Casares et al. (2005),
Gregory (2002)
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Radio emission of LS I +61 303
LS I +61 303 exhibits a large variability at radio frequencies.

Emission orbitally modulated (Porb ≈ 26.5 d)

FIG. 2.ÈContinuation of from 1995 March 8 to 1996 February 26Fig. 1

FIG. 3.ÈPhase-averaged Ñuxes and spectral index of LSI ]61¡303

Ray et al. (1997)

The outbursts are not equal from cycle to cycle

Radio pulsar searches have been conducted without success
(McSwain et al. 2011, Cañellas et al. 2012)

Therefore, the observed radio emission is not pulsed.

Benito Marcote bmarcote@am.ub.es BeXRB 2014 - Valencia 7/27...

7/27



.

Radio emission of LS I +61 303
Focusing on one single outburst…No. 1, 1998 RELATIONSHIP BETWEEN 2CG 135]1 AND LSI ]61¡303 423

FIG. 4.ÈMultifrequency radio light curves of LSI ]61¡303 observed
with the VLA corresponding to the radio outburst of 1994 JuneÈJuly.
Error bars not shown are smaller than the symbol size.

from two observations (radio phase 0.2 and 0.42) into the
OSSE energy range. Observations by & Meregh-Goldoni
etti using the ROSAT PSPC cover too low an energy(1995)
range to usefully extrapolate to c-rays, especially consider-
ing possible correlation of column density and power-law
index in their best-Ðt result. The ASCA result, on the other
hand, extends well above the energy band where absorption
is e†ective, and therefore supplies a better measure of the
underlying power law. As suggested by et al.Leahy (1997),
the extrapolation predicts considerably less emission in the

TABLE 6

Ha FIT PARAMETERS

MJD

Parameter 49,528.7 49,530.7

j
b
(A� ) . . . . . . . . . . . . . . . . . . . 6657.53^ 0.07 6657.56 ^ 0.09

j
r
(A� ) . . . . . . . . . . . . . . . . . . . . 6565.94^ 0.04 6565.93 ^ 0.09

j
c
(A� ) . . . . . . . . . . . . . . . . . . . 6560.88^ 0.40 6561.12 ^ 0.49

FWHM
b
(A� ) . . . . . . . . . . . 4.5^ 0.2 3.5 ^ 0.2

FWHM
r
(A� ) . . . . . . . . . . . . 4.5 ^ 0.2 5.8 ^ 0.3

FWHM
c
(A� ) . . . . . . . . . . . 20.6^ 1.1 26.7 ^ 1.4

Peak
b
(mJy) . . . . . . . . . . . . 98 ^ 5 135 ^ 8

Peak
r
(mJy) . . . . . . . . . . . . 165 ^ 5 172 ^ 7

Peak
c
(mJy) . . . . . . . . . . . . 47 ^ 5 78 ^ 7

Flux
b
(mJy) . . . . . . . . . . . . . 474 ^ 42 502 ^ 49

Flux
r
(mJy) . . . . . . . . . . . . . 794 ^ 41 1060 ^ 80

Flux
c
(mJy) . . . . . . . . . . . . . 1050 ^ 85 2180 ^ 118

Continuum (mJy) . . . . . . 250^ 10 450 ^ 10

OSSE range than was observed. The OSSE integral Ñux
from 50È300 keV during VP 325 is (4.3^ 1.1) ] 10~4
photons cm~2 s~1, while the integral of the ASCA best-Ðt
power-law models extrapolated to the same energy range
are (1.0 ^ 0.4) ] 10~4 and (0.5^ 0.2) ] 10~4 photons
cm~2 s~1 for radio phases 0.2 and 0.42 respectively. These
are inconsistent at the 2.8 p and 3.4 p levels, assuming that
the spectrum does not change (in particular, does not
harden signiÐcantly) from 10 to 300 keV.

Since the relatively large OSSE Ðeld of view does not
exclude the nearby QSO 0241]622 as a possible source of
emission, we have also plotted the result of EXOSAT (2È10
keV) observations of the QSO & Pounds(Turner 1989),
corrected for its position in the OSSE collimator response.
Note that the 1.7 photon index power-law spectrum used to
model the EXOSAT data is consistent with the OSSE
result.

When we look at an overall view of the spectra from this
region, no clear picture emerges. However, the fact that
OSSE and COMPTEL results fall signiÐcantly above an
extrapolation of the ASCA spectra and that the OSSE and
COMPTEL spectra are consistent with the X-ray spectrum
of QSO 0241]622, lead to the likelihood that at least some,
and perhaps a signiÐcant amount, of the Ñux observed by
both OSSE and COMPTEL might come from the QSO
rather than LSI ]61¡303. Cycle-to-cycle variations in the
X-ray emission may also contribute to the observed discrep-
ancy. More contemporaneous X-ray and c-ray data are
required to test for the existence of cycle to cycle variability
of the LSI ]61¡303 system and to better study the X-ray
period recently reported by et al.Paredes (1997a).

Similarly, the low signiÐcance of the OSSE light curves
shown in does not allow us to use temporal signa-Figure 2
tures to associate LSI ]61¡303 with the OSSE source. We
note that the Ñux detected by OSSE is relatively higher
during the 1994 April observation, in apparent coincidence
with a prominent onset and slow decay of a radio Ñare. 1994
June observations show a null detection in the BATSE
energy range in coincidence with an extended minimum of
the radio light curve. 1994 July observations by OSSE show
a Ñuctuating low-intensity c-ray Ñux in coincidence with the
onset and decay of another radio Ñare. We see little or no
evidence of c-ray emission before the radio Ñare during July,
although the X-ray evidence (e.g., et al.Paredes 1997a ;

et al. indicates that the high-energy Ñare pre-Leahy 1997)
cedes the radio. We are therefore unable to use either spec-
tral or temporal OSSE information to unambiguously
associate the c-ray emission from this region of the sky with
LSI ]61¡303.

3.2. Model Constraints
Assuming 2CG 135]1 is associated with the radio/X-ray

source, we may ask whether our observations place any
constraints on two proposed models of the system currently
under debate.

In the Ðrst model LSI ]61¡303 is assumed to contain a
nonaccreting young pulsar in orbit around the mass-losing
Be star (e.g., & Treves In thisMaraschi 1981 ; Tavani 1995).
case the high-energy emission results from the interaction of
the pulsar wind with the circumstellar material surrounding
the Be star, a mechanism that has recently been shown to
operate in the Be star/pulsar system PSR 1259[63 (Tavani
& Arons The modulation of the radio emission may1997).
be due to the time-variable geometry of a ““ pulsar cavity ÏÏ as
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FIG. 5.ÈTime evolution of the LSI ]61¡303 nonthermal radio spectrum during the outburst of 1994 JuneÈJuly. Spectra are labeled according to the date
and radio phase of the observation.

a function of orbital phase. Ultimately the high-energy
shock emissivity will depend on the geometrical and radi-
ative characteristics of the pulsar cavity as the pulsar orbits
around the primary. Long timescale modulations in the
emission from the system are explained by the inÑuence of a
time-variable mass outÑow from the Be star, and its e†ect
on the size of the pulsar cavity and its emissions.

The second model for the LSI ]61¡303 system proposes
that the high-energy emission results from super-Eddington
accretion of the circumstellar material surrounding the Be
star onto a neutron star (e.g., et al. &Taylor 1992 ; Marti�
Paredes As well as producing the high-energy1995).
photons, this is assumed to result in a stream of relativistic
particles that cool by synchrotron emission, resulting in the
radio emission. The modulation of the radio light curve is
assumed to be due to the relativistic electrons only being
accelerated during a short period (or periods) of each orbit,

with wind optical depth e†ects dictating the time delay
between the injection of the electrons and the visibility of
the radio emission.

We shall now consider (at least qualitatively) whether
each of the proposed models can explain the observed fea-
tures of the phase-resolved radio and X-ray spectra.

3.2.1. Nonaccreting Pulsar Model
The pulsar model for 2CG 135]1 is based on a non-

accreting high-energy source. A rapidly rotating pulsar, as
expected in young binary systems located near the Galactic
plane, can be sufficiently energetic to avoid accretion of
gaseous material provided by the mass outÑow of a massive
companion star. A relativistic pulsar wind, made of
electron/positrons (possibly ions) and electromagnetic Ðelds
can sweep away the gaseous material from the Be star com-
panion and produce high-energy emission by a relativistic

Strickman et al. (1998)
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Superorbital modulation
LS I +61 303 also exhibits a periodic modulation of the amplitude
and the phases of these outbursts.
The period of this superorbital modulation is 1667 d (≈ 4.4 yr)
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Paredes et al. (1990)
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Superorbital modulation
LS I +61 303 also exhibits a periodic modulation of the amplitude
and the phases of these outbursts.
The period of this superorbital modulation is 1667 d (≈ 4.4 yr)

It is gratifying that with the current larger sample of out-
bursts and improved cross-correlation estimates of outburst
times and peak flux densities, the two 68% CRs now clearly
overlap (compare Figs. 2b and 2c) and overlap with earlier
68%CR based on the peak flux density data.

Next, the timing residual data and flux density data were
used in a combined analysis leading to the solid curve in Fig-
ure 2d. Basically, the results for Figure 2c were redone
assuming Figure 2b as the prior for P2. This leads to a final
best estimate of P2 ¼ 1667" 8 days.

Finally, we constructed a simulated data set of outburst
times and peak flux densities based on sampling the derived
periodic timing residual and peak flux density light curves
according to the actual sample times and then adding inde-
pendent Gaussian noise with ! = the derived errors in the
these two quantities. The simulated data set was processed
in exactly the same way as the actual data and resulted in
the dashed curve of Figure 2d. The comparison indicates
that any low-level structure seen in the solid curve is not the
result of the nonuniform sampling but simply the result of
the effective noise.

In this regard, Bretthorst (1988, 2001) showed that one
great advantage of nonuniform sampling is to increase the
effective bandwidth, namely, the largest spectral window
free of aliases, compared to the same number of uniform
samples in the same time window. The aliasing phenomenon
returns at a sufficiently high frequency because of one of the
following reasons: (1) The sampling times ti, although non-
uniform, are all integer multiples of some small interval "T
because the times are all derived from some finite clock
interval. (2) The data are only recorded to a finite number of
decimal places that have the same effect as (1). The effective
Nyquist frequency ¼ 1=ð2"TÞ. For our data, "T ¼ 1 day, so
aliasing is only expected to be a problem for periods shorter
than 2 days.

The marginal probability for P1 is not shown because of
its similarity to Figure 5b in Paper II. The final result for
P1 ¼ 26:4960" 0:0028 days agrees within the errors with
our earlier result of P1 ¼ 26:4917" 0:0025 days. Because of
the variability of the optical spectrum (Gregory et al. 1979),
this radio determination of P1 is our best estimate of the
orbital period of LS I +61%303.

3.2. Modulation Light Curves

The Gregory-Loredo algorithm also computes probabil-
ity distributions for the shape of the outburst timing resid-
ual and peak flux density modulation. We present
summaries of these multidimensional probability distribu-
tions in the form of mean"1 ! light curves. These are shown
in Figure 3 versus time. The new data are identified by the
box symbol, which clearly follows the same pattern as the
earlier data identified by the stars.

Spectral index information is plotted versus the P2 phase
in panel c of Figure 3. The zero of the P2 phase is chosen as
JD ¼ 2; 443; 366:775 by convention, the date of the first
radio detection of the star. For each orbit two statistical
summaries of the spectral index data were computed:
(1) #m = the median and (2) #pos = an average of the two
most positive values (the average of two is simply to reduce
the effects of measurement errors). The maximum positive
spectral index (between 2.2 and 8.3 GHz) exhibits a sharp
rise around phase &0.6 and rises to a maximum of
#pos & þ0:5 around phase&0.85. Since #pos is an average of

the two most positive values, it is still quite sensitive to noise
peaks and is probably somewhat of an overestimate. The
rise in #pos indicates an increase in optical depth of the
region producing the synchrotron emission. The median,
#m, remains relatively constant around (0.35. Thus, for
most of each outburst the spectrum is consistent with opti-
cally thin synchrotron emission.

The spectral index information displayed in Figure 3c is
statistical data for entire orbits. Figure 1 provides statistical
information about the variations in spectral index within an
orbit for three different choices of the P2 phase range:
(1) near the beginning of a cycle, (2) the middle, and (3) the
end. All three show regions where # reaches a fairly con-
stant level of &(0.45, which we interpret as the intrinsic
optically thin spectral index. The largest values of #, indicat-
ing the highest opacity, occur in the phase range corre-
sponding to the largest outbursts. There, # reaches a typical
maximum2 of &0.3. Note that a histogram of spectral index
values derived from all the 8.3 and 2.2 GHz data exhibits a
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Fig. 3.—Modulation light curves. (a) Shows the timing residual light
curve. (b) Shows the peak flux density light curve vs. time in JD measured
from JD ¼ 2; 443; 366:775. (c) Shows two spectral index statistics vs. the P2

phase. The boxes represent #m = the median spectral index, and the stars
represent#pos = an average of the twomost positive values.

2 Our earlier statistical spectral index results (Taylor & Gregory 1982),
based on average outbursts at 10.5 and 5 GHz, indicated a larger variation
in spectral index. One problem with these earlier results is that the measure-
ments at the two frequencies were widely separated in time.
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spectral index is clearly shifted earlier by !0.1 in the orbital
phase compared to the flux density ridges.

4. TEST OF THE PRECESSING Be STAR MODEL

According to Hutchings & Crampton (1981), the optical
and UV spectra of LS I +61"303 exhibit the characteristics
of a rapidly rotating Be star undergoing mass loss through
an equatorial disk. Their radial velocity measurements,
although difficult to interpret because of the presence of var-
iable emission lines, suggest an eccentric orbit and a period
consistent (at the 2 ! level) with the 26.5 day radio outburst
period. Existing models (e.g., Maraschi & Treves 1981; Tay-
lor & Gregory 1984; Marti & Paredes 1995; Gregory et al.
1999) to account for the variable radio, infrared, and X-ray
emission all invoke a neutron star companion. The out-
bursts are thought to arise from variable disk accretion by
the neutron star. Lipunov & Nazin (1994) have demon-
strated that the P2 modulation period is in rough agreement
with the expected period for forced precession of the Be star

(#103 days) in the gravitational field of the neutron star. If
true, this would require the orbital plane to be inclined with
respect to the Be star disk. We will now attempt to test the
precession model by comparison with the measurements.

If the two planes are inclined, then it follows that the neu-
tron star will intersect the disk plane at two opposite points
in its orbit along the line of nodes. Because of precession,
the line of nodes will rotate in the orbital plane at a constant
angular rate, !. If the radio outbursts are associated with
accretion of disk material by the neutron star at these inter-
section points, then it follows that the outburst times will be
progressively delayed, assuming the Be star rotation has the
same sense as the neutron star orbital motion. For a circular
orbit (e ¼ 0), the delay would correspond to a constant orbi-
tal phase shift per orbit; i.e., Dh1 = a constant. Recall from
the definition of orbital phase in equation (1), h1 = the frac-
tion of one orbital period. The zero of "1 is by convention
measured from the orbital position of the neutron star on
JD ¼ 2; 443; 366:775, the date of the first radio detection of
the star. For an elliptical orbit D"1 will vary nonuniformly,
as can be seen from the following argument. The angle
through which the line of nodes rotates in one orbital period
is a constant = !P1. Because the neutron star is moving
fastest near periastron, it will take a smaller fraction of an
orbital period (smaller D"1) to move through the angle !P1
than at apastron.

In either case, we would expect to see two outbursts per
orbital period, in contradiction to the one outburst per orbit
observed, unless (1) the true orbital period is twice 26.496
days or 52.992 days or (2) the disk shadows one of the two
outbursts. Based on the available radial velocity measure-
ments (e.g., Hutchings & Crampton 1981) and the analysis
of optical and infrared photometry (e.g., Paredes et al.
1994), the latter period is very unlikely. However, the radial
velocity measurements are very difficult to interpret because
of the presence of variable emission lines. Out of interest we
examined case 1 by replotting the GBI radio data as in Fig-
ure 4 but with an orbital phase based on a 52.992 day
period. As expected, there are two outbursts per orbit in this
case, and each spans a range of 0.25 in the orbital phase, or,
1
2 the range spanned by a single outburst for an orbital
period of 26.496 days. However, the precession model pre-
dicts that each outburst will span an orbital phase range of
1.0 in the course of one precession period, in contradiction
to the observations.

For case 2, one outburst shadowed, we would expect to
see only one outburst per orbit. In the first half of a preces-
sion period,3 we would see the outburst arising from the pas-
sage of the neutron star through the disk in one direction,
and in the second half of the precession period, we would
see the outburst arising from the disk crossing in the other
direction. Each would span an orbital phase range of
approximately 0.5 in half of a precession period, in keeping
with what is observed. How well does this prediction fit the
measured orbital phase shift data? We computed the pre-
cessing disk outburst phase behavior for both a circular
orbit and a wide range of elliptical orbits and compared
them with the measurements in Figure 4. We found that a
circular orbit gave a bad fit to the data, but an elliptical orbit
with eccentricity of#0.5 provided a reasonable fit.

3 Case 2 requires a precession period of twice 1667 ¼ 3334 days.

3.6 3.8 4 4.2 4.4 4.6 4.8 5
P2 Cycles

0
0.2
0.4
0.6
0.8
1

O
rb
ita
lP
ha
se !c" 0.5

!1.Α

3.6 3.8 4 4.2 4.4 4.6 4.8 5
P2 Cycles

0
0.2
0.4
0.6
0.8
1

O
rb
ita
lP
ha
se

!b" 280

0
mJy

3.6 3.8 4 4.2 4.4 4.6 4.8 5
P2 Cycles

0
0.2
0.4
0.6
0.8
1

O
rb
ita
lP
ha
se

!a" 250

0
mJy

Fig. 4.—Intensity plots of the daily averaged flux densities at (a) 8.3
GHz and (b) 2.2 GHz. (c) Shows spectral index behavior. The flux density
and spectral index are represented by a combination of gray-scale and dot
size. The larger, darker dots correspond to larger flux densities or more pos-
itive spectral indices.
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Superorbital modulation

intercompared before averaging to eliminate one of the
channels when it was exhibiting much higher noise than the
other. Typically, there are approximately six measurements
per day. A daily average flux density was used for all subse-
quent analyses.

In this work the times and flux densities of each outburst
were based on a cross-correlation analysis with outburst
templates generated from the GBI data set. Correlation
templates were constructed at both 2.2 and 8.3 GHz for
three P2 phase bins representative of the beginning, middle,
and end phases of a P2 cycle. These are shown in Figure 1,
together with the spectral index, defined by S / !", derived
from the two frequency templates. The templates were con-
structed in the following way: (1) The data were first divided
into orbits based on our best estimate of the orbital period,
P1, starting from the discovery of the radio emission (Greg-
ory & Taylor 1978) on Julian Date JDð Þ ¼ 2; 443; 366:775.
Within a given P2 phase bin, a representative outburst was
selected and cross-correlated with all the other outbursts to
obtain alignment delays. The template was then shifted by
the indicated delay and scaled in flux to give the closest
agreement to the observed outburst. A mean outburst tem-
plate was then constructed from the shifted and scaled out-
bursts. This procedure was then repeated using this mean
template in a second iteration. Only GBI data were used in
the template construction, and the number of outbursts in

each P2 phase bin was $27. The templates shown in Figure
1 are based on our final best estimate of the orbital period,
P1 ¼ 26:4960 days, and the modulation period, P2 ¼ 1667
days.

The 8.3 GHz templates were then applied to all data
within the 5–10.5 GHz range spanning the 23 yr of observa-
tions to estimate the outburst times and characteristic flux
densities.

3. RESULTS

The outburst times and peak flux densities were processed
using a special version of the Bayesian Gregory-Loredo
(GL) algorithm (Gregory & Loredo 1992). The GL method
is well suited for the detection and measurement of a peri-
odic signal of unknown shape. In Gregory & Loredo (1992),
details of the theory were presented for the case of a time
series where the appropriate noise sampling distribution is
the Poisson distribution. In Paper I the method was general-
ized to deal with a time series with independent Gaussian
noise. A simple modification of the GL method enables it to
handle data sets where the number of periods in the total
observing time is small (<10) and there are significant data
gaps. For a detailed discussion of these points, see Appendix
B in Gregory & Loredo (1992) and the Appendix of Paper I.
The current analysis leads to improved estimates of both the
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Fig. 1.—Left: Shows radio outburst cross-correlation templates at 2.2 and 8.3 GHz for three P2 phase bins. Right: Shows the 2.2–8.3 GHz spectral index
templates derived from the cross-correlation templates.
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Goals
At ν ≪ 1 GHz LS I +61 303 and all the gamma-ray binaries
have been poorly explored.
We expect…
• Absorption mechanisms arising from the spectrum

(Bosch-Ramon 2009)

• A large extended structure, “nebula” at arcsec-arcmin scales
(Bosch-Ramon et al. 2011)

• A more steady emission along the time (Durant et al. 2011)
.
Goals of this work..

.

• Determine the low-frequency spectrum of LS I +61 303
• Study its variability
• Search for absorption mechanisms
• Detect for first time the predicted extended emission
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GMRT: Giant Metrewave Radio
Telescope

• Located near Pune, India
• 30 45-m dishes
• Separated up to 25 km
• Y-configuration

• Observing frequencies:
154, 235, 325, 610, 1420 MHz

• Resolution: 2–60 arcsec
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LOFAR: The Low Frequency Array

• New generation (digital) radio interferometer
• The Netherlands (core), France, Germany, Sweden, United

Kingdom, Poland
• 24 core, 14 remote and 8 international stations
• 48 HBAs and 96 LBAs each
• LBA: 30–80 MHz & HBA: 110–250 MHz
• Baselines: 100 m–1500 km
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LOFAR: The Low Frequency Array

We started a collaboration with the Transient Key Project (TKP)
of LOFAR.

We have access to the following data for LS I +61 303 at 150 MHz:
• One deep observation during the commissioning phase (2011)

◦ Testing of the current status of LOFAR
◦ Still high noise (rms = 40 mJy)

• Regular short observations with the Radio Sky Monitor (RSM)

◦ 6 pointings in 2013. 4 are already analyzed
◦ More pointings in the coming months
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Studying LS I +61 303 at ν < 1 GHz
We have analyzed ∼30 unpublished archival GMRT observations at
235/610 MHz in 2005–2008 and one observation at 150 MHz in
2008
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Results from the GMRT observations
GMRT data from Nov. 2005 to Feb. 2006
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Results from the GMRT observations
GMRT data from Nov. 2005 to Feb. 2006
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Results from the GMRT observations
GMRT data from Nov. 2005 to Feb. 2006
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Results at very low frequencies
With the GMRT observation at 154 MHz we detected for first time
a gamma-ray binary at these very low frequencies.

• ν = 154 MHz
• Bandwidth 32 MHz
• Beam:

30 × 14 arcsec

• Point-like source
• Sν = 37 ± 2 mJy
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Results at very low frequencies
6 RSM pointings to LS I +61 303 with LOFAR up to now.

• ν = 149 MHz
• Bandwidth 78 MHz
• Beam:

27 × 15 arcsec

• 4 analyzed obs.
• 3 detections > 3σ

• Point-like source

g
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Results at very low frequencies
Preliminary results from the RSM LOFAR observations
Detection of LS I +61 303 in three of four analyzed observations
The behavior of the source is variable along the time
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Discussion
Unresolved questions

Variability at 150 MHz, orbitally modulated?

We observe a large variability at 610 MHz but a more constant
emission at 235 MHz. What is the origin of this behavior?
• Outbursts absorbed at 235 MHz?

Emitting region becomes optically thick at the very low
frequencies?

• Changes in the electron density of the surrounding plasma with
produces different absorption mechanisms?

• Changes in the emitting region?

ℓK0 ⇝ 1.08 ℓK0, B ⇝ 0.75 B
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Consistency of the results
Comparing these results with the ones from Strickman et al. (1998)
We need to take into account the superorbital period:

ϕsuper
Strickman ≈ 0.7 ϕsuper

GMRT ≈ 0.2 ϕsuper
LOFAR ≈ 0.8

S2.2 ∼ 175 mJy S2.2 ∼ 120 mJy S2.2 ∼ 175 mJy
No. 1, 1998 RELATIONSHIP BETWEEN 2CG 135]1 AND LSI ]61¡303 423

FIG. 4.ÈMultifrequency radio light curves of LSI ]61¡303 observed
with the VLA corresponding to the radio outburst of 1994 JuneÈJuly.
Error bars not shown are smaller than the symbol size.

from two observations (radio phase 0.2 and 0.42) into the
OSSE energy range. Observations by & Meregh-Goldoni
etti using the ROSAT PSPC cover too low an energy(1995)
range to usefully extrapolate to c-rays, especially consider-
ing possible correlation of column density and power-law
index in their best-Ðt result. The ASCA result, on the other
hand, extends well above the energy band where absorption
is e†ective, and therefore supplies a better measure of the
underlying power law. As suggested by et al.Leahy (1997),
the extrapolation predicts considerably less emission in the

TABLE 6

Ha FIT PARAMETERS

MJD

Parameter 49,528.7 49,530.7

j
b
(A� ) . . . . . . . . . . . . . . . . . . . 6657.53^ 0.07 6657.56 ^ 0.09

j
r
(A� ) . . . . . . . . . . . . . . . . . . . . 6565.94^ 0.04 6565.93 ^ 0.09

j
c
(A� ) . . . . . . . . . . . . . . . . . . . 6560.88^ 0.40 6561.12 ^ 0.49

FWHM
b
(A� ) . . . . . . . . . . . 4.5^ 0.2 3.5 ^ 0.2

FWHM
r
(A� ) . . . . . . . . . . . . 4.5 ^ 0.2 5.8 ^ 0.3

FWHM
c
(A� ) . . . . . . . . . . . 20.6^ 1.1 26.7 ^ 1.4

Peak
b
(mJy) . . . . . . . . . . . . 98 ^ 5 135 ^ 8

Peak
r
(mJy) . . . . . . . . . . . . 165 ^ 5 172 ^ 7

Peak
c
(mJy) . . . . . . . . . . . . 47 ^ 5 78 ^ 7

Flux
b
(mJy) . . . . . . . . . . . . . 474 ^ 42 502 ^ 49

Flux
r
(mJy) . . . . . . . . . . . . . 794 ^ 41 1060 ^ 80

Flux
c
(mJy) . . . . . . . . . . . . . 1050 ^ 85 2180 ^ 118

Continuum (mJy) . . . . . . 250^ 10 450 ^ 10

OSSE range than was observed. The OSSE integral Ñux
from 50È300 keV during VP 325 is (4.3^ 1.1) ] 10~4
photons cm~2 s~1, while the integral of the ASCA best-Ðt
power-law models extrapolated to the same energy range
are (1.0 ^ 0.4) ] 10~4 and (0.5^ 0.2) ] 10~4 photons
cm~2 s~1 for radio phases 0.2 and 0.42 respectively. These
are inconsistent at the 2.8 p and 3.4 p levels, assuming that
the spectrum does not change (in particular, does not
harden signiÐcantly) from 10 to 300 keV.

Since the relatively large OSSE Ðeld of view does not
exclude the nearby QSO 0241]622 as a possible source of
emission, we have also plotted the result of EXOSAT (2È10
keV) observations of the QSO & Pounds(Turner 1989),
corrected for its position in the OSSE collimator response.
Note that the 1.7 photon index power-law spectrum used to
model the EXOSAT data is consistent with the OSSE
result.

When we look at an overall view of the spectra from this
region, no clear picture emerges. However, the fact that
OSSE and COMPTEL results fall signiÐcantly above an
extrapolation of the ASCA spectra and that the OSSE and
COMPTEL spectra are consistent with the X-ray spectrum
of QSO 0241]622, lead to the likelihood that at least some,
and perhaps a signiÐcant amount, of the Ñux observed by
both OSSE and COMPTEL might come from the QSO
rather than LSI ]61¡303. Cycle-to-cycle variations in the
X-ray emission may also contribute to the observed discrep-
ancy. More contemporaneous X-ray and c-ray data are
required to test for the existence of cycle to cycle variability
of the LSI ]61¡303 system and to better study the X-ray
period recently reported by et al.Paredes (1997a).

Similarly, the low signiÐcance of the OSSE light curves
shown in does not allow us to use temporal signa-Figure 2
tures to associate LSI ]61¡303 with the OSSE source. We
note that the Ñux detected by OSSE is relatively higher
during the 1994 April observation, in apparent coincidence
with a prominent onset and slow decay of a radio Ñare. 1994
June observations show a null detection in the BATSE
energy range in coincidence with an extended minimum of
the radio light curve. 1994 July observations by OSSE show
a Ñuctuating low-intensity c-ray Ñux in coincidence with the
onset and decay of another radio Ñare. We see little or no
evidence of c-ray emission before the radio Ñare during July,
although the X-ray evidence (e.g., et al.Paredes 1997a ;

et al. indicates that the high-energy Ñare pre-Leahy 1997)
cedes the radio. We are therefore unable to use either spec-
tral or temporal OSSE information to unambiguously
associate the c-ray emission from this region of the sky with
LSI ]61¡303.

3.2. Model Constraints
Assuming 2CG 135]1 is associated with the radio/X-ray

source, we may ask whether our observations place any
constraints on two proposed models of the system currently
under debate.

In the Ðrst model LSI ]61¡303 is assumed to contain a
nonaccreting young pulsar in orbit around the mass-losing
Be star (e.g., & Treves In thisMaraschi 1981 ; Tavani 1995).
case the high-energy emission results from the interaction of
the pulsar wind with the circumstellar material surrounding
the Be star, a mechanism that has recently been shown to
operate in the Be star/pulsar system PSR 1259[63 (Tavani
& Arons The modulation of the radio emission may1997).
be due to the time-variable geometry of a ““ pulsar cavity ÏÏ as

Strickman et al. (1998)
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Consistency of the results
Considering the estimations from Gregory (2002), we extrapolate
the fluxes from Strickman et al. (1998) to the ones expected at the
superorbital phase observed in the GMRT data.
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Consistency of the results
Considering the estimations from Gregory (2002), we extrapolate
the fluxes from Strickman et al. (1998) to the ones expected at the
superorbital phase observed in the GMRT data.
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Conclusions

• Detection for the first time of a gamma-ray binary at 150 MHz

• Claiming of variability at this frequency

• The outbursts are not present at 235 MHz but still visible at
610 MHz. The origin of this behavior is still unclear

• The extended emission at very low frequency is not detected
in the LOFAR and GMRT images
Sensitivities ≲ 1 mJy and/or resolutions of ≈ arcsec are
necessary

• More data at 150 MHz could resolve the origin of the observed
variability

• The characterization of the behavior of LS I +61 303 at low
frequencies still requires deeper studies in combination with
high-frequency observations
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