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Abstract

We report on the luminosity and pulse-period evolution of a Be binary X-ray pulsar, GX 304−1, with
a 275.5 s pulsation period during a series of eight outbursts from 2009 to 2012 observed by MAXI/GSC,
RXTE/PCA, and Fermi/GBM. Extrapolating the periodic cycle of these outbursts to that of the past
outbursts in 1960s, we refined the binary orbital period to 132.190±0.014 d. We derived the pulse period
variation in outbursts observed with RXTE/PCA. We found that the period variation can be explained by
a combination of the binary modulation due to the orbital motion of the neutron-star pulsar and the pulsar
spin up caused by mass accretion, assuming that the accretion rate is proportional to the X-ray luminosity.
The estimated binary orbital parameters agree with those of the typical Be binary X-ray pulsars.
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1. Introduction

Binary X-ray pulsars exhibit complex spin-up/down
episodes. They are considered to be caused by accreting
matter whose angular momentum is transferred at the
pulsar magnetosphere. Its theoretical model was pro-
posed by Ghosh and Lamb 1979 (hereafter GL79). How-
ever, observational results to examine the model quan-
titatively have ever limited. The issue is considered to
be important from the relation with evolutions of binary
neutron-star pulsars and their magnetic fields.

GX 304−1 is a Be/X-ray binary pulsar with a 275.5-
s pulsation period located near the Galactic plane. Its
outburst activities have been observed approximately by
132.5 day interval from 1967 to 1980s (e.g. Priedhorsky
et al. 1983), and then turned off. The source distance is
estimated to be 2.4±0.5 kpc (Parkes et al. 1980), but the
binary orbital parameters have not been determined yet.
Its outburst activity resumed in 2008. Since then, the X-
ray flux has been continuously monitored by MAXI/GSC
and Swift/BAT. The surface magnetic fields on the neu-
tron star is estimated to be B = 4.7×1012 G from the cy-
clotron resonance-scattering feature in hard X-ray spec-
tra observed by Suzaku and RXTE at the outburst peak
(Yamamoto et al. 2011). The coherent pulsation is also
monitored by the Ferm/GBM pulsar project. We here
present the lumonosity and spin-up evolutions with the
MAXI/GSC, RXTE/PCA, and Fermi/GBM data, and
then estimate the binary orbital parameters.
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Fig. 1. X-ray Light curve observed with MAXI/GSC in 2–20 keV
band from 2009 August to 2014 March (top). Orbital phase of
outburst peaks folded by the best period of 132.19 d (bottom).

2. Recurrent outburst intervals and orbital period

Figure 1 top panel shows the MAXI/GSC light curve of
2–20 keV from 2009 August to 2014 March. It reveals
the periodic outburst activity by ∼ 132.2 d interval. We
determined the epochs of the outburst peaks by fitting
each profile with a gaussian function. By extrapolat-
ing the obtained periodic cycle to that in 1980s (Pried-
horsky et al. 1983), the recurrent period is refined to
132.190±0.014 d. Figure 1 bottom pannel shows the or-
bital phases of the outburst peaks folded by the obtained
best-fit period.
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Fig. 2. Variation of observed pulse period observed by RXTE PCA
(red) and Fermi GBM data (blue), and that of the best-fit model
(dashed line) (A), X-ray luminosity estimated from MAXI/GSC
data (B), calculated period changes for the pulsar spin up (C),
and that for orbital motion (D) in the best-fit model.

3. Pulse period variation and determining binary orbit

The pulsation period when the source is bright enough
is provided by the Femi/GBM pulsar project1. We also
analyzed data of XTE/PCA pointing observation and
derive the pulsar period. In figure 2, we plot the ob-
tained pulse-period variation, together with the X-ray
light curve. It shows a modulation coupled with the
132.2 d outburst cycle, presumably due to the binary or-
bital motion. In the long term, the period has declined
gradually, representing the pulsar spin up.

According to GL79, the pulsar spin-up rate −Ṗ [s
yr−1] by mass accretion via Keplerian disk is

−Ṗ = 5.0× 10−5µ
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where µ30 = 1030 G cm3, RNS6 = RNS/10
6 cm, MNS⊙ =

MNS/M⊙, L37 = L/1037 erg s−1, and n(ωs) is a dimen-
sionless torque that depends on the fastness parameter
ωs. Using the MAXI/GSC light-curve data to estimate
the luminosity, we can calculate the equation (1) with
the typical neutron-star mass and radius. To calculate
the period modulation due to the binary motion, we need
binary elements including orbital period Porb, eccentric-
ity e, radius projected on the light of sight ax sin i, epoch

*1 http://gammaray.nsstc.nasa.gov/gbm/science/pulsars/

Table 1. Best-fit orbital parameters

Parameter Value
Orbital period 132.190 d
Epoch of the periastron MJD = 55421.4
Ppulse at the periastron 275.415 s
Orbital eccentricity 0.57
ax sin i 476 lt-s
ωperiastron 77◦

Coefficient factor to GL79 (α) 0.25

τperi and argument ωperi of the periastron, all of which
have not yet known.
Hence, we fitted the observed pulse period variation

with a model composed of the pulsar spin up given by
equation (1) and the orbital modulation to determine the
orbital elements. To adjust the undetermined factor in
the theoretical model for the bolometric and the beaming
correction, we introduced a constant coefficient, α, to the
equation (1).
The best-fit model is found to represent the data rea-

sonably, which is overlaid on the data in figure 2. The
figure also shows the period changes due to the pul-
sar spin up and the orbital motion calculated from the
best-fit model, respectively. Table 1 summarizes the ob-
tained orbit parameters. The obtained coefficient factor,
α ≃ 0.25, is just in one order of magnitude smaller than
unity, and similar with that for other Be/X-ray binary
pulsars (e.g. A 0535+26; Finger et al. 1996).

4. Binary paramters

From the obtained orbital elements, the binary mass
function f is

f =
(M sin i)3

(m+M)2
=

4π

G

(ax sin i)
3

P 2
orb

≃ 6.6M⊙. (2)

Assuming the mass of the pulsar to be m = 1.4M⊙, the
companion mass M is estimated to be > 8.8M⊙ from
sin i < 1.0. This agrees with the typical Be-star mass.
Yamamoto et al. 2014 suggest the correlation between

the magnetic-field strength and the orbital eccentricity
in high-mass X-ray binaries. The obtained large eccen-
tricity supports the relation.
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