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Abstract

Be X-ray binary pulsars (BeXBP) are transient. Cyclotron feature is often seen in the high energy
X-ray band, which contains an information on the surface magnetic fields. MAXI is monitoring the whole
sky and can detect unexpected brightening of BeXBPs. Combination of MAXI detection and follow-up
pointing observation by Suzaku is very effective to promote this research. We observed two BeXBP, GX
304-1 in 2010 and GRO J1008-57 in 2012, in MAXI-Suzaku collaboration. We succeeded in observing
them at the outburst peaks (600 mCrab and 430 mCrab), and then detected cyclotron feature at 54 keV
(Yamamoto et al. 2011) and 76 keV (Yamamoto et al. 2014), respectively. The estimated magnetic-field
strengths, B = 4.7 ×1012 G and 6.7 ×1012 G, are top 1 and 3 of the highest magnetic fields among XBPs.
We found a possible correlations between orbital eccentricity and magnetic-field strength in XBPs.
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1. Introduction

Cyclotron lines are often seen in the X-ray spectra of
X-ray binary pulsars (XBP). We can estimate the sur-
face magnetic fields on the pulsars from the cyclotron
lines. An electron circulates around the magnetic-field
line. Its kinetic energy is quantized to the Landau lev-
els expressed by En = (n + s)Ea, where Ea is the res-
onance energy (suffix ‘a’ denotes the absorption, since
it appears as an absorption feature), s = ±1/2 is the
spin and n = 0, 1, 2... is the quantized number. The
∆n = ±1 transition is permitted and the life time of an
electron in the excited level is very short. Therefore the
effect works as a scattering. Since the re-emitting di-
rection is widely spread out in angle, we usually see the
effect as an absorption feature. The resonance energy
is Ea = 11.6 (B/1012 G) keV. It appears in the X-ray
energy range.

BeXBP is a binary of a Be star and a pulsar. More
than a hundred of BeXBPs are listed in Raguzova and
Popov (2005). Be star is a B star with an optical
emission line (eg. Reig 2011). The star is an almost
maximum-rotating, mostly B0-2 type star, and has a
mass of ∼10 M¯. Gas of stellar surface would be
ejected out from the equator by non-radial pulsation
for example, and extends outer and outer by viscosity.

Fig. 1. One-day bin GSC light curves (2–20 keV) of 13 bright transient
BeXBP in 2 years after MAXI launch (Sootome 2012). Although
the observations are almost daily, data of upper limits are omitted
and only significant data points are shown. The light curves are
in the flux order, the brightest at the top.
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The gas forms a disk around the B star. In that sense it
can be called a ‘deccretion disk’ against well-known an
accretion disk. The line emission comes from the disk,
which is optically thin for continuum, but almost opti-
cally thick for Hα line. Typical parameters of a Be disk
are temperature ∼ 15000 K and density 10−11− 10−14 g
cm−3 (Silaj et al. 2010).

The BeXBP often has an eccentric orbit. When the Be
disk extends close to the Lagrangian (L1) point at peri-
astron, the pulsar sweeps the disk by the L1 point. The
Be disk is truncated at the distance of L1 at periastron.
Since the outer part of the Be disk is affected by the
pulsar, the disk is sometimes deformed to one-armed, or
warped shape at the edge. The BeXBP has an outburst
every time when it passes at periastron. In that sense, it
is periodic. However, once the Be disk shrinks and there
is no gas over L1 point at periastron, the pulsar becomes
quiescent and stays in non-active phase for tens of years.

Fig. 2. (upper) MAXI light curve of GX 304-1. (lower) Suzaku
wide-band spectrum of GX 304-1. Pcfabs * NPEX continuum
with cyclotron absorption at 53.7 keV and an iron line can fit the
data. The residuals from pcfabs * NPEX continuum + an iron line
and NPEX continuum alone are shown in the bottom two panels.
The cyclotron absorption is indicated by an arrow (Yamamoto et
al. 2011).

2. MAXI observations of BeXBP

Figure 1 shows GSC light curves (2–20 keV) of 13 bright
transient BeXBPs in 2 years after the MAXI launch
(Sootome 2012). Since BeXBPs suddenly start the X-
ray activity even after many years of quiescence, we need
to watch them all the time to catch and trace the activ-
ity. MAXI monitors 28 BeXBPs. Adding GS 0834-430,
4U1901+03 and KS 1947+300, 16 BeXBPs showed 38
outbursts by the end of 2013. We pick up two successful
cases of MAXI detection and Suzaku follow-up observa-
tion.

2.1. GX 304-1

Figure 2 (upper) shows MAXI GSC light curve (2–
20 keV) of GX 304-1. It had been quiescent for 30 years,
and came back to an active phase in 2008. GX 304-1 had
a giant outburst in 2010 August marked as ‘3’. We car-
ried out Suzaku TOO observation just at the peak (600
mCrab). Five outbursts of equal peak fluxes followed it.
There are RXTE/PCA observations in outburst 2, 3, 4,
and 5. By analysing them, the pulse period is updated
to 275.5 s and the orbital Period is 132.5 day (Sugizaki
in prep.)

Figure 2 (lower) shows overall Suzaku spectrum. Par-
tial covering (pcfabs) of NPEX continuum with cyclotron
absorption (cyab) and an iron line can fit the data. The
cyclotron energy is obtained as Ea = 53.7+0.7

−0.6 keV cor-
responding to the magnetic field of 4.7 × 1012 G. The
cyab depth τ = 0.73+0.09

−0.06 and the width is W = 10.2+2.3
−2.0

keV. The residuals from pcfabs * NPEX continuum +
iron line, and NPEX continuum alone are shown in the
bottom two panels (Yamamoto et al. 2011).

2.2. GRO J1008-57

Figure 3 (upper) shows MAXI GSC light curve (4–
10 keV) of GRO J1008-57. MAXI detected 6 outbursts
in 4 years. After the fifth normal outburst, a giant
outburst occurred in 2012 November. We carried out
Suzaku TOO observation on 2012 November 20 with ex-
posure of 60 ks, and succeeded in catching it almost at
the peak with a flux of 430 mCrab.

Figure 3 (lower) shows the overall Suzaku spectrum.
We used NPEX and a soft blackbody for the contin-
uum. Three iron lines are added. The whole spectrum
was modified by a partial covering (pcfabs) and by a
cyclotron absorption (cyab). The residuals are shown
in the bottom panel. The cyclotron energy is obtained
as Ea = 78.1+7.6

−3.6 keV corresponding the magnetic field
of 6.7 × 1012 G. It is the highest ever observed from
XBP. The cyab depth τ = 0.79+0.14

−1.26 and the width is
W = 11.8+19.7

−9.6 keV The top residual panel shows residu-
als from the best-fit pcfabs * (blackbody + NPEX) con-
tinuum + iron lines (Yamamoto et al. 2014).
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Fig. 3. (upper) MAXI light curve of GRO J1008-57. (lower) Suzaku
wide-band spectrum of GRO J1008-57. Pcfabs * (blackbody +
NPEX) continuum with cyclotron absorption at 78.1 keV and
three iron lines can fit the data. The residuals from the con-
tinuum are shown in the top residual panel, where the cyclotron
absorption is indicated by an arrow (Yamamoto et al. 2014).

3. Discussion

We discovered cyclotron lines from two BeXBPs (GX
304-1 and GRO J1008-57) with Suzaku TOO observa-
tions triggered by MAXI flux monitoring. By conducting
Suzaku observation at the outburst peaks (600 mCrab
and 430 mCrab, respectively), spectra of good statistics
upto high energies were obtained, and then cyclotron
feature are detected at 54 keV (Yamamoto et al. 2011)
and 76 keV (Yamamoto et al. 2014), respectively. Those
are the first and the third highest magnetic fields among
XBPs. We conduct two statistical discussions.

3.1. Magnetic field distribution

Figure 4 shows magnetic field distribution of BXP (left
axis) and single radio pulsars (right axis). 18 XBPs are
plotted; 6 by Ginga, 5 by RXTE, 3 by Suzaku, and 4 by
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Fig. 4. Magnetic field distribution of BXP (left axis) and single
radio pulsars (right axis) (Manchester et al. 2005). Updated
from Mihara et al. (1998). The side hump of radio pulsars at
log10 B = 11.5 is a selection effect by a long life of weakly mag-
netized pulsars. Both X-ray and radio pulsars peak at 2×1012 G.
Two newly discovered XBPs in this paper locate at higher wing
of XBP distribution.

others. The side hump of radio pulsars at log10 B = 11.5
is a selection effect by a long life of weakly magnetized
pulsars. Besides it, both X-ray and radio pulsars peak
at 2× 1012 G. Two newly discovered XBPs in this paper
locate at higher wing of XBP distribution. It is an up-
dated distribution from Mihara et al. (1998). Still, the
peak locate at the same magnetic field.

3.2. Magnetic field and orbital eccentricity

We made correlation plots between magnetic fields and
other parameters. The only possible new correlation is
seen in that with orbital eccentricity, as shown in Figure
5 (Yamamoto et al. 2014). Two newly discovered XBPs
locate in the upper right corner, and make the correlation
to look stronger. The magnetic field is proper to the
neutron star, and the orbital eccentricity is related to
the binary motion and a kick at supernova explosion.

(1) If we assume that magnetic field and eccentricity
do not change significantly during the pulsar’s lifetime,
the correlation should have been formed when the XBPs
were born. For example, if a strong kick (i.e. strong
inhomogeneous explosion) makes high magnetic field (for
example, by high turbulence), it would be possible.

(2) There is another idea attributing it to an evolution.
If a low-magnetic-field pulsar becomes a circular orbit
quickly after the birth, it would be also possible. Usu-
ally circular orbit is made by stellar mass-loss as seen in
supergiant X-ray binaries (Cen X-3, SMC X-1, and Cyg
X-3). The mass-loss of the companion should not depend
on the pulsar magnetic field. Then, a combination of two
mechanisms might be possible. (a) Eccentricity becomes
small by the mass accretion from the companion (Ver-
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Fig. 5. A possible positive correlation between XBP magnetic field
and orbital eccentricity. Two newly discovered XBPs locate in the
upper right corner, and make the correlation to look stronger.

bunt et al. 1993). And (b) Mass accretion weakens the
magnetic field (Shibazaki et al. 1989).

There would be more ideas to understand the relation.

4. Summary

MAXI is watching outbursts of XBP for 4.5 years. MAXI
is useful to trigger Suzaku follow-up observation at the
outburst peak. GX 304-1 had a giant outburst in 2010
August. Suzaku discovered a cyclotron resonance at 54
keV. GRO J1008-57 had a giant outburst in 2012 Novem-
ber. Suzaku discovered a cyclotron resonance at 78 keV.
Those B = 4.7 and 6.7 ×1012 G are in the high end of
the magnetic field distribution. Orbital eccentricity and
magnetic fields may have a positive relation in XBP.

References

Manchester, R.N., Hobbs, G.B., Teoh, A, Hobbes, M.
2005, AJ, 129, 1993

Mihara, T., Makishima, K. and Nagase, F. 1998,
Adv.Sp.Res. 22, 987

Raguzova, N.V.. and Popov, S.V. 2005, Astronomical &
Astrophyical Trans., 24, 151

Reig, P. 2011, Ap&SS, 332, 1
Silaj, J. et al. 2010, ApJS, 187, 228
Shibazaki, N., Murakami, T., Shaham, J., Nomoto, K.

1989, Nature, 342, 656
Sootome, T 2012, Master thesis in Sibaura Institute of

Technology
Verbunt, F. 1993, Ann. rev. of A&A, 31, 93
Yamamoto, T. et al. 2011, PASJ, 63, S751
Yamamoto, T. et al. 2014, PASJ, 66 in print

- 94 -




