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Abstract

We present optical linear spectropolarimetry of the microquasar LS I +61◦ 303. The continuum emission is
mildly polarized and shows almost no temporal change. The wavelength dependence of the intrinsic component is
well explained by Thomson scattering in equatorial disk of the Be-type mass donor. The position angle (PA) of the
intrinsic polarization is ∼ 25◦, and represents the rotational axis of the Be disk. This PA is nearly perpendicular
to the PA of the radio jet found during quiescent phases. We discuss the peculiar circumstellar structure of this
microquasar inferred based on our observation, and suggest a possible connection with its high-energy activities.
We think SUZAKU, GLAST, and our 1.5m telescope, KANATA, would be good probe to examine accretion and
jet launching.

1. Introduction

A microquasar is an X-ray binary system displaying rel-
ativistic radio jets (see review of Ribó 2005 and references
therein). It consists of a compact star (neutron star or stellar-
mass blackhole) and a mass donor star. About 20 micro-
quasars have been identified in our galaxy to date (Paredes
2005). They are likely to be scaled-down version of radio-
loud active galactic nuclei because of their morphological and
physical similarities (relativistic jet ejection and blackhole en-
gine). A microquasar provides an excellent laboratory for
study of mass accretion and ejection phenomena in a strong
gravitational field on human timescales.

Optical polarimetric observation can be unique to probe
microquasar systems, since we can obtain information on jets
(e.g., geometry, magnetic field, electron energy) from syn-
chrotron emission or on geometrical properties of the binary
system from the light scattered by circumstellar matter (ac-
cretion disk and/or stellar wind) in a scale not being acces-
sible by contemporary imaging techniques. Several optical
polarimetric studies of microquasars have been reported for,
e.g., LS 5039 (Combi et al. 2004), GRO J1655-40 (Scaltriti
et al. 1997; Gliozzi et al. 1998), and SS 433 (Efimov et al.
1984) so far. They revealed the presence of intrinsic polar-
ization. However, all of these studies employed broad-band
filters which can not reveal how the polarization correlates
with the spectral features.

LS I +61◦ 303 is one of Be/X-ray binary systems, having
a large eccentricity of e = 0.72± 0.15 (Casares et al. 2005).
This source exhibits radio outbursts every 26.5 days (Taylor
& Gregory 1982) which is thought to be the orbital period
determined by optical and infrared observations (Hutchings
& Crampton 1981; Paredes et al. 1994; Gregory 2002), and
similar periodicity has also been suggested in γ-rays (27.4
± 7.2 days; Massi 2004b). Recently, Albert et al. (2006)
found very high energy γ-ray emission (above 100 GeV) show-
ing a possible periodicity. Radio interferometric observations
found that the axis of radio jet rapidly rotated in the pro-
jected sky plane (Massi et al. 2004a).

2. Observations

The observations were performed on two nights in 2005
January and on six nights in 2005 October and November
with a low-resolution spectropolarimeter, HBS (Kawabata
et al. 1999), attached to the 1.88m telescope at Okayama
Astrophysical Observatory, NAOJ. HBS has a superachro-
matic half-wave plate and a quartz Wollaston prism, giving
a capability of measuring linear polarization in a wide range
of optical region (4000-9000 Å).

3. Results

3.1. Overall polarization properties

Figure 1 shows observed polarization spectra (degree of
polarization Pobs and its position angle θobs) on 2005 Oct 27
and Nov 8. The continuum emission exhibits rather smooth
wavelength dependence over the optical region. The nightly-
averaged V-band polarization data are shown in Table1,
which indicates that there was no significant time variation
in the continuum polarization over the period of our obser-
vations. Figure 2 shows an enlarged plot around the Hα
emission line. It indicates an apparent change of polarization
across the Hα line, suggesting the existence of a polarization
component intrinsic to LS I +61◦ 303. We discuss it in §3.2.

3.2. Interstellar polarization

Observed polarization is generally expressed as a vecto-
rial sum of intrinsic polarization and interstellar polarization
(ISP), i.e.,

qobs(λ) = qint(λ)+ PISP(λ) cos2θISP, (1)
uobs(λ) = uint(λ)+ PISP(λ) sin2θISP, (2)

where (qobs, uobs) and (qint, uint) are Stokes parameters of the
observed polarization and the intrinsic polarization, respec-
tively. PISP and θISP are degree of the ISP and its position
angle, respectively. ISP is produced by dichroic absorption by
magnetically-aligned aspherical dust grains existing between
the object and the earth. To derive the intrinsic polariza-
tion, it is essentially important to know the ISP component
accurately. The degree of ISP is well expressed by a smooth
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Fig. 1. Polarization spectra of LS I +61◦ 303 on 2005 Oct 27
and Nov 8. (a) shows degree of polarization Pobs, and (b) shows
its position angle θobs.
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Fig. 2. Enlarged plot of Fig.1 around the Hα line. (a) relative
flux (flux at 6500 Å= 1), (b) degree of polarization and (c) its
position angle. We can see a clear change of polarization across
Hα emission line, which suggests an existence of a polarization
component intrinsic to LS I +61◦ 303.

function of wavelength in optical region (Serkowski et al.
1975) as,

PISP(λ) = Pmaxexp(−K ln2 λmax

λ
), (3)

where Pmax is the peak polarization degree of the ISP at
wavelength λmax. We fit the Serkowski function (Eqn. 3)
to the observed polarization data and derived the ISP pa-
rameters. Figure 3 shows the obtained K and λmax values,
together with the K-λmax relation derived by Whittet et al.
(1992),

K = (1.66± 0.09)λmax(µm)+ 0.01± 0.05 (4)

This figure shows that most of our data points are detached
from the linear K-λmax relation, which is also consistent with
the idea that the observed polarization has a substantial in-
trinsic component. To evaluate the ISP component, we used
the change of polarization across the Hα emission line. Line
emission generally emerges from optically-thin regions and
is subject to less scattering than continuum emission. This
leads to a lower polarization level in the line emission than
in the continuum emission. In the case of LS I +61◦ 303, the
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Fig. 3. K vs λmax derived for our data (open square) are plotted
together with samples of typical ISP (filled square). The solid
line is Eqn 3. The K values of our data are apart from the line.

line emission is thought to arise from the Be disk so that we
can consider that the line emission in Be stars should show
little or no polarization (e.g. Poeckert 1975; Poeckert &
Marlborough 1977; McLean & Clarke 1979; Quirrenbach
et al. 1997). Therefore, we assume that the polarization of
the line component practically represents the ISP. To sub-
tract the continuum component from the polarization at Hα
emission line (denoted by suffix ‘em’), we used its neighbor-
ing continuum polarization on both sides of the line (‘c1’ and
‘c2’). We derive Stokes parameters I,Q,U of the line emission
as

IHα = ∆λem

(
Iem

∆λem
− Ic1 + Ic2

∆λc1 +∆λc2

)
, (5)

QHα = ∆λem

(
qem × Iem

∆λem
− qc1 × Ic1 + qc2 × Ic2

∆λc1 + ∆λc2

)
, (6)

UHα = ∆λem

(
uem × Iem

∆λem
− uc1 × Ic1 +uc2 × Ic2

∆λc1 +∆λc2

)
, (7)

where ∆λ is the band width of each component (em, c1 and
c2). We set all ∆λ to be 150 Åand the central wavelength
of the Hα emission band to be 6563 Å. The derived Hα po-
larization is shown in Table1. Weighted-mean and standard
deviation of all the eight nights data are PHα=2.16 ± 0.20%
and θHα=126.4◦ ± 4.5◦, respectively. Since PA of the ISP
is almost constant with wavelength, we consider that θHα

represents θISP. To derive the spectrum of the intrinsically
polarized component, we should know the wavelength depen-
dence of degree of the ISP, further. Once λmax is fixed, the
remaining ISP parameters, K and Pmax, are calculated from
Equations (3), (4) and the derived PHα. Serkowski et al.
(1975) indicated that ISP has a peak polarization at ∼5400
± 600 Å in the case of Pmax/EB−V < 3 (Paredes & Figueras
(1986) derived EB−V ∼1.03.). We thus assume that λmax is
5000 Å, 5500 Å, or 6000 Å, and calculate the intrinsic polar-
ization.

3.3. Origin of intrinsic polarization

Figure 4 shows the spectra of the intrinsic polarization for
different λmax. The wavelength dependence of the intrinsic
polarization is closely similar to those of typical Be stars, e.g.
ζ Tau (Wood et al. 1997). The polarization of Be stars is
explained by the result of Thomson scattering in their equa-
torial disks. If there is only one polarizing component (e.g.
a single disk), the PA of the intrinsic polarization θint should
be constant against wavelength. This assumption is reason-
able for most Be stars. The derived θint becomes rather flat
for λmax, suggesting that the assumptions of the range of
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Fig. 4. Spectra of intrinsic polarization. (a) degree of the intrin-
sic polarization and (b) its position angle.

λmax and the Be star-origin polarization are self-consistent.
Therefore, we conclude that the origin of the intrinsic polar-
ization is Thomson scattering in the Be star.

4. Discussion

4.1. Topology of the Be equatorial disk and orbital plane

Neither θint nor the EW of the Hα line do show temporal
variation, which suggests that the Be equatorial disk is nearly
stable during the period of our observation. θint ∼ 25◦ im-
plies that the PA of the Be disk is ∼115◦ (PA of polarization
is perpendicular to the scattering plane) and the rotational
axis of the Be star is at PA ∼25◦. As noted in §1, radio
jets have been found in LS I +61◦ 303. The directions of
the jets seem to be biased around PA∼120◦ during quiescent
phases. If we can assume that the radio jets are perpendic-
ular to the plane of the accretion disk around the compact
object, the PA of the semi-major axis of the accretion disk on
the projected sky would be ∼30◦. No X-ray pulsation (e.g.,
Goldoni & Mereghetti 1995) suggests that the compact star
is not strongly-magnetized and such an orthogonal disk-jet
geometry can be assumed. We also consider that the plane
of the accretion disk represents the orbital plane of the bi-
nary system. Thus, we propose a geometrical model in which
the rotational axis of the Be star is almost perpendicular to
the orbital plane as shown in Figure 5. Considering an evo-
lution of a typical binary system whose member stars were
born in a same molecular cloud, our geometrical model seems
to be quite peculiar. However, a similar geometry has been
reported in another Be/X-ray binary system, PSR B 1259-63
(Wex et al. 1998 and Wang et al. 2004). They suggested
that the Be equatorial disk is considerably tilted with respect
to the orbital plane, and Chernyakova et al. (2006) suggested
that the tilt angle is about 70◦. These studies may support
our picture for LS I +61◦ 303.

4.2. Geometrical model of LS I +61◦ 303

Orbital parameters of LS I +61◦ 303 have been derived
from optical spectroscopy as orbital eccentricity e = 0.72 ±
0.15 and a sin i = 8.2 ± 2.9R¯ where a is the length of major
axis of the orbit and i is the orbital inclination angle (Casares
et al. 2005). From e and a sin i, we can estimate the distance
of the compact star from the Be star at their periastron pas-
sage as dperi = a (1-e). Considering the range of ± 1σ error

in both e and asini, we calculate dperi for i = 0◦-90◦ as shown
in Figure 6. This figure suggests that the separation at the
periastron is less than ∼30R¯ in most cases for i >∼ 10◦. If
the outer radius of the Be disk is ∼3R∗ = 30R¯ (Waters et
al. 1988), the compact star is likely to get across the Be
equatorial disk, nearly perpendicularly as discussed in §4.1
For larger i (>∼ 30◦), the compact star would pass through
the inside of the Be stellar surface. In this case, a drastic
dip of high energy emission would be observed around the
periastron (Φ ' 0.23). However, such a phenomenon has not
been reported (e.g. Paredes et al. 1999; Harrison et al.
2000; Massi 2004b), and we can reject the case of dperi

<∼R∗
and suggest i <∼ 30◦. This condition is comparable to the
condition ( i <∼ 28 ± 11◦), derived under the assumption that
the compact star is not eclipsed by the Be star (radius ' 10
R¯) even at the conjunction (Φ = 0.16, Casares et al. 2005).
When the compact star gets across the Be equatorial disk, the
accretion disk around the compact star may obtain angular
momentum which is different from that of the spherical wind
of the Be star. Using Bondi-Hoyle accretion model (Bondi
& Hoyle 1944) together with mass-loss model in Waters et
al. (1988) (v∞ ∼2000km s−1, and Ṁw ∼10−8M¯ yr−1 for
the spherical wind, and v∞ ∼200km s−1 and Ṁw ∼10−7M¯
yr−1 for the equatorial wind), and a disk geometry model
same as §4.1, we estimate the mass accretion rate on to the
compact star. The accretion rate during the passage through
the equatorial disk at ∼3R∗ (Ṁw,disk) is ∼8 × 10−7M¯ yr−1

and the spherical wind at the same passage (Ṁw,sw) is ∼7 ×
10−13M¯ yr−1. Thus, Ṁw,disk is about 6 order higher than
Ṁw,sw. The value is ∼40 times higher than the Eddington
accretion rate of a typical neutron star (NS), and it is unlikely
that such a high accretion rate acutually occurs in the case of
a NS. But, the large difference in Ṁw would lead to sudden
changes of accretion and the resultant mass ejection. Such an
impulsive change gives a hint on the formation and the pre-
cession of the radio jet. However, the launch of the precessing
jet occurred at Φ ∼0.7, largely apart from the periastron Φ
' 0.23. It has been known that both the radio and X-ray
emission modulate with the orbital phase (Harrison et al.
2000 and references therein) and that there is a significant
offset between their peaks (∆Φ ∼0.4-0.5). The radio peaks
are distributed over a wide phase interval of about 0.45-0.95
(Paredes et al. 1990). Harrison et al. (2000) suggests that
X-ray emission is produced by inverse Compton scattering
of stellar photons by relativistic electrons produced at the
shock interaction of the relativistic between jet and Be star
wind near the periastron, and the synchrotron radio emission
would then arise from the expansion of the plasma around the
apoastron passage. Along with this scenario, the launch of
the precessing jet at Φ ∼0.7 does not seem to be directly con-
nected with the activities inferred from orbital modulations
of X-ray and radio fluxes. More speculatively, we suggest
that the time lag between the periastron and the jet launch
represent the timescale of the mass accretion through the ac-
cretion disk. To examine the mechanism of the jet formation
we should gain more observational information, e.g., more
precise X-ray and γ-ray monitoring around Φ ∼0.7.

5. Summary

Our main results can be summarized as follows: (1) The
wavelength dependence of the intrinsic polarization is ex-



Table 1. Observation log

UT MJD Φa Exposureb

(s)
2005 Jan 21.5 53392.0 0.37 300×36
2005 Jan 28.5 53399.0 0.63 300×44
2005 Oct 27.6 53671.1 0.90 300×64
2005 Oct 30.7 53674.2 0.94 300×68
2005 Nov 6.7 53681.2 0.28 300×40
2005 Nov 7.7 53682.2 0.32 300×68
2005 Nov 8.6 53683.1 0.35 300×56
2005 Nov 10.6 53685.1 0.43 300×60
P c

obs θc
obs P d

Hα θd
Hα

(%) (◦) (%) (◦)
1.22±0.03 138.8±0.7 2.21±0.93 129.3±18.6

1.31±0.03 137.8±0.6 1.85±0.51 127.6±14.7

1.20±0.02 137.2±0.5 2.63±0.36 125.6±7.00

1.26±0.02 138.2±0.5 2.38±0.47 123.5±10.1

1.30±0.03 137.1±0.6 2.53±1.01 130.9±20.1

1.31±0.04 137.9±0.8 1.74±0.57 128.0±17.0

1.27±0.02 137.8±0.4 1.67±0.37 128.3±11.5

1.25±0.02 135.9±0.4 2.44±0.92 117.8±20.6

a Orbital phase calculated for t0 = JD 2 443 366.775 and
P=26.4960days (Gregory 2002). b Total exposure time is
expressed as the integrated time per one frame, multiplied
by the number of frames. c degree of observed polarization
and it’s position angle in V-band. d Polarization of the Hα
line emission component. See §3.2.

plained by Thomson scattering in the equatorial disk of Be
star. (2) We found that the PA of the semi-major axis of
the Be disk on the projected sky is almost parallel to the
PA of the radio jet observed in quiescent phase. If we as-
sume that the radio jet is perpendicular to the accretion disk
of compact star, the Be disk is approximately orthogonal to
that of the accretion disk. (3) The compact star is likely
to get across the Be disk around the periastron suggesting a
drastic change of mass accretion rate (Ṁw,disk/Ṁw,sw ∼106).
Speculatively, we suggest that this might be related with the
precession of the radio jet axis. LS I +61◦ 303 is one of the the
ideal laboratories to research the peculiar activity of micro-
quasars. Phase-resolved multi-wavelength monitorings using
SUZAKU, GLAST and KANATA are required to examine
the accretion process and jet launching.
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