
Long-term Variability of LMXB and Cir X-1 with MAXI

Kazumi Asai1, Tatehiro Mihara1, Masaru Matsuoka1, Mutsumi Sugizaki1, Motoko Serino1, Satoshi Nakahira2,
Hitoshi Negoro3 and Motoki Nakajima4

1 MAXI team, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198
2 ISS Science Project Office, ISAS, JAXA, 2-1-1 Sengen, Tsukuba, Ibaraki 305-8505

3 Department of Physics, Nihon University, 1-8-14 Kanda-Surugadai, Chiyoda-ku, Tokyo 101-8308
4 School of Dentistry at Matsudo, Nihon University, 2-870-1 Sakaecho-nishi, Matsudo, Chiba 271-8587

E-mail(KA): kazumi@crab.riken.jp

Abstract

We review long-term observations of transient LMXBs (Aql X-1 and 4U 1608−52) and Cir X-1 with
MAXI/GSC under the simplified picture of LMXB proposed by Matsuoka and Asai (2013). Aql X-1 and
4U 1608−52 showed two kinds of hard states, hard-high and hard-low states, in the decaying part of
outbursts. The transition from the hard-high to hard-low states can be interpreted as the Propeller effect
(Asai et al. 2013). In the rising phase of outbursts of Aql X-1 and 4U 1608−52, MAXI/GSC revealed the
two types of outbursts Fast/Slow. Asai et al. (2012) suggested that the X-ray heating to the accretion
disk plays a crucial role in the state transitions. MAXI/GSC observed 21 outbursts from Cir X-1. In
seven outbursts, we found sudden luminosity decreases at periastron. Three candidates of mechanisms are
discussed for the sudden luminosity decrease; the end of the outburst during the dip, the propeller effect,
and the stripping effect by the stellar wind of the companion star. It is difficult to explain the phenomenon
with any of these mechanisms alone. However, in the case of wind clumping and/or large outer radius
assuming linear decay, it is possible for the wind stripping to trigger the sudden end of the outburst (Asai
et al. 2014).
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1. Introduction

The long-term variability in neutron star X-ray bina-
ries are often observed. Especially, soft X-ray tran-
sients occasionally exhibit bright outbursts in a soft X-
ray band. Here, we reported the behaviour of outbursts
from Aql X-1, 4U 1608−52, and Cir X-1. Aql X-1 and
4U 1608−52 are typical soft X-ray transients where type
I X-ray bursts have also been detected in both sources.
(4U 1608−52: Nakamura et al. 1989, Aql X-1: Koyama
et al. 1981). Cir X-1 does not fit the conventional classi-
fication of X-ray binaries (LMXB or HMXB). Observed
type-I X-ray bursts (Tennant et al. 1986; Linares et
al. 2010), and spectral feature categorized into both Z-
source and atoll-source (e.g., Shirey et al. 1999; Soleri
et al. 2009) agree with the typical behaviors in LMXBs
embedding a weakly magnetized neutron star. However,
results of optical spectroscopic and photometric obser-
vations suggest that the stellar companion is a B5–A0
supergiant and has an eccentric binary orbit of e = 0.45
(Jonker et al. 2007), which indicates that the source is
a HMXB with a strong magnetized neutron star.

In this paper, first, we show long-term light curves of
Aql X-1, 4U 1608−52, and Cir X-1. Next, we introduce

a simplified picture (Matsuoka & Asai 2013) based on
these data. Finally, we briefly summarize the following
two topics. One is two types of hard-to-soft transition:
Slow type and Fast type, which occurred at rising phase
of outbursts (Asai et al. 2012). The other is sudden
luminosity decrease around periastron in Cir X-1 (Asai
et al. 2014).

2. Monitoring Observations of Aql X-1, 4U 1608−52, and
Cir X-1

Figure 1 show GSC light curves (2–10 keV) , BAT
light curves (15–50 keV), and the hardness ratios of
BAT/GSC for 4U 1608−52, Aql X-1, and Cir X-1. The
GSC light curves were obtained from the public archive1

provided by the MAXI team. We also obtained the light-
curve data in the hard X-ray band of 15–50 keV mon-
itored by BAT from the transient monitor results pro-
vided by the Swift-BAT team. 2

The data are plotted from the beginning of the MAXI
observations (2009 August 15) until 2014 January 4. The
fluxes in the GSC and BAT light curves are converted to

*1 <http://maxi.riken.jp/>.
*2 <http://heasarc.gsfc.nasa.gov/docs/swift/results/transients/>.
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the luminosities in the 2–10 keV and in the 15–50 keV,
respectively, assuming that the spectrum is Crab-like
(Kirsch et al. 2005). We employ the distances of 4.1 kpc
for 4U 1608−52 and that of 5.0 kpc for Aql X-1 follow-
ing Galloway et al. (2008). Although the source distance
of Cir X-1 is poorly constrained, we employ a distance
of 7.8 kpc following D’Aı̀ et al. (2012) and references
therein.

Figure 2 shows the magnified light curves and hardness
ratios of Aql X-1 from MJD=55100 to MJD=55350. We
can identify these three states in the light curve. Hard-
ness ratio can be divided into two states (soft state and
hard state). The hardness ratio below ∼ 0.3 indicates
soft state, and that above ∼ 0.3 is hard state. Moreover,
in the GSC light curve, the hard state can be divided
into two sub-state: hard-high state and hard-low state.
In the hard-high state, the luminosity is variable around
∼ 1036 erg s−1. On the other hand, in the hard-low
state, the luminosity is below the detection limit of GSC
(∼ 3 × 1035 erg s−1). Thus, we identified three states
from long-term light curves of GSC and BAT.

While the hard-high states are clearly recognized in
Aql X-1 and 4U1608−52, they are hard to see in Cir X-
1. The hard-to-soft transition luminosity of Cir X-1 re-
ported by D’Aı̀ et al. (2012) is ∼ 3× 1036 erg s−1. This
luminosity is near the detection limit of GSC (∼ 1×1036

erg s−1 in Cir X-1) and the detection limit sometimes
increases because of the variability of the background.
Thus, it is difficult to detect hard-high state in Cir X-1.

3. Simplified Picture of LMXB

Matsuoka and Asai (2013) proposed four states; soft,
hard-high, hard-low, and no-accretion (recycled pulsar)
state according to the mass-flow rate and the neutron
star magnetic-field strength. The soft and the hard-
high states are characterize by the accretion disk states,
which are optically thick (soft) or thin (hard-high). The
two hard states, hard-high and hard-low, are classified
in terms of the propeller effect.

In the soft state, the inner disk is optically thick and
thermal radiations are dominant. The gas accretes on
the equator of the neutron star. The state of most of
outburst is soft state (soft state in figure 2). A decrease
in the mass accretion rare leads to a state transition from
the soft state to the hard-high state in the inner disk. In
the hard-high state, the disk becomes optically thin and
Comptonized radiation becomes dominant. The accre-
tion flow is from the optically thin disk to the whole
surface of neutron star. The transition (from soft to
hard-high) is the inner disk state transition.

When mass accretion rate becomes lower, the Alfven
radius expands and becomes equal to the co-rotation
radius. Then, the accretion flow is restricted by the
centrifugal force and propeller effect occurs. This is

Fig. 1. One-day GSC light curves (2–10 keV), one-day BAT light
curves (15–50 keV), and the hardness ratios (BAT/GSC) for
4U 1608−52, Aql X-1, and Cir X-1. The vertical error bars rep-
resent 1-σ statistical uncertainty.
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Fig. 2. Magnified light curves and hardness ratios of Aql X-1 from
MJD=55100 to MJD=55350.

the hard-low state. In the hard-low state, considerable
amount of gas are ejected by the propeller effect, but,
some gases still can accrete around magnetic poles. In
this transition, the luminosity decreases rapidly. Accord-
ing to this picture, we can derive the surface magnetic
field of the neutron star from the propeller luminosity
at which occurs the rapid luminosity decrease. The ob-
tained values were consistent with previous works (see
Asai et al. 2013).

4. Two Topics of Outbursts

4.1. Slow type and Fast type in rising phase

Asai et al. (2012) analyzed the initial rising behaviors of
ten outbursts from Aql X-1 and 4U 1608−52 using data
taken by MAXI/GSC, Swift/BAT, and RXTE/ASM.3

The two types of hard-to-soft state transitions, Slow type
and Fast type, were found. These two types show the
different properties in the following three points: (1)
the duration from the outburst onset to the hard-to-
soft transition (“pre-transition time”) in the Slow type
is longer than that in the Fast type; (2) the 2–15 keV lu-
minosity at the hard-to-soft state transition (“transition
luminosity”) in the Slow type is larger than that in the
Fast type; (3) the 15–50 keV luminosity reaches its max-
imum during the hard state in the Slow type but during
the soft state in the Fast type. Figure 3 illustrates the
schematic light curves of the Slow type and the Fast type
rising behaviors.

Next, we discuss how and why two types are created
and evolved. In figure 4, we plotted pre-outburst lu-
minosity against pre-transition time. The pre-outburst
luminosity is an average luminosity for about 10 d before
the outburst onset. Although there are large uncertain-
ties, we see that the pre-outburst luminosity is higher in

*3 <http://xte.mit.edu/>.

Fig. 3. Schematic drawings of 2–10 keV and 15–50 keV light curves
(LX and LBAT) in each of Slow-type and Fast-type outbursts.
From Asai et al. (2012)

Fig. 4. Relation between pre-outburst luminosity in 2–15 keV and
“pre-transition time”. The errors in “pre-outburst luminosity” are
1-σ errors. Filled and open marks represent Slow type and Fast
type, respectively.

Slow type. The high pre-outburst luminosity, that is, the
intense disk irradiation may heat up the accretion disk
and delays the disk transition. As the hard state lasts
longer, the 15-50 keV luminosity goes high, and reaches
the maximum before the transition. Thus, we can ex-
plain the three distinct properties of two types by the
difference of pre-outburst luminosities.

4.2. Sudden luminosity decrease around periastron in
Cir X-1

MAXI/GSC observed 21 outbursts from Cir X-1 between
2009 August and 2014 January. Although 14 outbursts
showed ordinary gradual decays, in 7 outbursts we found
sudden luminosity decrease at the periastron that termi-
nated the outburst. Figure 5 show samples of GSC light
curves in Cir X-1. The outburst in figure 5(a) contin-
ued smoothly to the next periastron, although intensity
drops interpreted as absorption dips were detected. On
the other hand, two outbursts in figure 5(b) showed the
sudden luminosity decrease around periastron. In the
previous simplified picture, sudden luminosity decrease
is interpreted by the propeller effect (from hard-high to
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Fig. 5. Samples of one-day GSC light curve (2–10 keV) of outbursts.
The vertical lines indicates at phase zero, that is periastron. We
adopt the ephemeris of Nicolson (2007).

hard-low). However, the propeller effect expects to oc-
cur always at some constant luminosity for the source.
In figure 5(a), the outburst continued from 1038 erg s−1

to 1036 erg s−1. Meanwhile, in figure 5(b), the two
outbursts show the sudden luminosity decrease around
7×1037 erg s−1. This means that it is difficult to explain
these sudden luminosity decrease by the propeller effect.

We examined possibility that the luminosity decayed
sufficiently low after the dip and the outburst seems to
have ended. Here, the dip was assumed to continue from
phase 0.95 to 1.3 because in the outburst of figure 5(a)
the dip continued from phase ∼ 0.95 to ∼ 1.3. The decay
profile during the dip was assumed to be three cases:
exponential decay, linear decay, and brink model (Powell
et al. 2007). We extrapolated the fitting results for the
decay profile. As the results, the observed data points
after the drop lie far below the three fitted lines except
for two outbursts (see figure in Asai et al. 2014). This
implies that it is difficult to explain the sudden drop
in terms of the interpretation that the outburst ended
during the dip.

Next, we consider stripping effect by stellar wind. If
the ram pressure of stellar wind is larger than the gas
pressure of accretion disk, the stellar wind may strip
outer part of the accretion disk and the sudden drop of
accretion may occur. Wind stripping works in the case
of Ṁc = 10−5Msunyr−1. This means that wind stripping
occurs when the mass loss rate is large. (see figure 6).

Here, we consider other conditions as follows. For in-
stance, the accretion radius could be larger than that
derived from exponential decay model and the ram pres-
sure of the stellar wind is likely about one order of mag-
nitude higher than that of the smooth wind adopted in
our calcuration. If the decay is linear, the obtained outer
radius of the accretion disk can be large (> 7 × 1010 cm
). Moreover, it is now widely accepted that the wind of

Fig. 6. Allowed regions in a plane of stellar wind velocity and distance
from the neutron star. The vertical dotted line indicates estimated
typical outer radius assuming the exponential decay. The right
side of solid and dashed lines are the region which fulfills the
condition of wind stripping. From Asai et al. (2014).

OB stars is clumpy. The core density becomes one order
of magnitude higher than that in the smooth wind (e.g.,
Hamann et al. 2008; Puls et al. 2008). With 10 times
higher density wind, the solid and dashed lines in fig-
ure 6 move to the left, and this change, makes the wind
stripping model consistent with the observations.

Even when the ram pressure of the wind does not ex-
ceed the gas pressure on the equatorial plane, it may
blow out the surface of the accretion disk. This may
cause expansion of the disk followed by a decrease in gas
pressure. Then the interaction causes a state transition
at the outer part of the accretion disk. The luminosity
may suddenly drop below the soft-to-hard transition lu-
minosity, that is, (3.5 ± 0.7) × 1036 erg s−1 (D’Aı̀ et al.
2012).
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