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Abstract

We observed the Rapid Burster in quiescence and detected a significant X-ray flux for the first time.
Neither a type-I nor type-II burst was observed during the observation. The luminosity was estimated to
be (372) x 10% erg s~ (2-10 keV), assuming a power-law with a photon index of 2 and a distance of
10 kpe. This luminosity is comparable to that of neutron-star transients in quiescence. If mass accretion
is responsible for the X-ray emission, we can constrain the magnetic-field strength and spin period of the
neutron star. A highly magnetized, rapidly rotating neutron star may be excluded.
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1. Introduction

The Rapid Burster is a unique recurrent X-ray source
located in the globular cluster Liller 1 at a distance of
~ 10 kpc (for a review, see Lewin et al. 1993). It is a
transient source with a recurrence time of ~ 6 months,
and typically stays active for several weeks. When active,
it can produce two types of X-ray bursts: type-I bursts,
which are common to other burst sources, and type-II
bursts, unique to the Rapid Burster. Type-I bursts are
due to thermonuclear flashes on the surface of an ac-
creting neutron star, while type-II bursts are the result
of an accretion instability (Lewin et al. 1976). The be-
havior of type-II bursts is described as a relaxation os-
cillator; the integrated flux in a burst is roughly pro-
portional to the time interval to the next burst. Many
peculiar phenomena are associated with type-II bursts:
timescale-invariant profile (Tawara et al. 1985; Rutledge
et al. 1995), quasi-periodic oscillations (Tawara et al.
1982; Stella et al. 1988; Dotani et al. 1990; Rutledge et
al. 1995), pre- and post-burst dips (Marshall et al. 1979;
van Paradijs et al. 1979), post burst glitches (Lubin et
al. 1993), etc. Although it is not known why only the
Rapid Burster produces type-II bursts, it is often as-
sumed to be due to the relatively strong magnetic field
of the source (Baan 1977, 1979; Lamb et al. 1997).

In spite of all of these unique behavior, we know
that the Rapid Burster harbors a neutron-star, because

it produces type-I bursts. In fact, the Rapid Burster
can behave like other neutron-star X-ray binaries. In
1993 August, although a strong persistent flux of X-ray
was observed, no type-II bursts were found (Kunieda et
al. 1984; Barr et al. 1987).

The Rapid Burster has not been detected so far in qui-
escence. An upper limit of 103 erg s~! was obtained with
the Einstein observatory (Grindlay 1981). The ROSAT
Sky Survey gave a comparable upper limit (Verbunt et
al. 1995). In this letter, we report first on the detection
of X-rays from the Rapid Burster in quiescence.

2. Observation

We observed the Rapid Burster with ASCA (Tanaka
et al. 1994) from 1993 August 26, 23:15, through
August 27, 15:10. The detectors aboard ASCA comprise
two solid-state imaging spectrometers (SIS; Burke et al.
1994) and two gas-imaging spectrometers (GIS; Ohashi
et al. 1996; Makishima et al. 1996). The SIS data were
taken in the 1CCD mode, which covers a 11’ x 11 square
field with a time resolution of 4 s. GIS covers a cir-
cular field with a radius with 25’. The time resolution
of the GIS data was increased to 61 us while sacrificing
the rise-time bits and a part of the position and energy
bits of the telemetry. We obtained an effective expo-
sure of 28 ks for SIS and 23 ks for GIS. Another burst
source, 4U 1728—337, which is persistently bright, is lo-
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cated about 32’ away from the Rapid Burster. There-
fore, the observation of the Rapid Burster was contam-
inated by stray light from 4U 1728—337 (Serlemitsos et
al. 1995).

3. Analysis and Results

We detected a weak, but significant, X-ray flux with
both the SIS and GIS from a source located in the sky
field including the Rapid Burster. The source position
deduced from the SIS data is R.A. = 17h33™19° &+ 73,
Dec. = —33°23' + 0/5 (J2000). The GIS data, which
have a poorer spatial resolution in this observation, are
consistent with this result. No other source was detected
in the GIS field of view. The uncertainty of the source
position results from both the systematic error of the at-
titude determination due to the thermal distortion of the
satellite structure and the statistical error. It is known
that the satellite structure is distorted in response to the
day/night transitions, which cause an artificial shift of
the source image less than ~ 1, approximately along the
satellite Y-direction. In the case of the present observa-
tions, the shift changes primarily the right ascension of
the source position. The SIS error region overlaps the
HEAO-1 error box of the Rapid Burster (Doxsey et al.
1978) and includes the core of the globular cluster Liller 1
(Hertz, Grindlay 1985). Thus, the source which we de-
tected is most probably the Rapid Burster.

Figure 1 shows X-ray image of the field including the
Rapid Burster taken with the SIS. The diffuse emis-
sion seen in the field of view is due to stray light from
4U 1728—337. We determined the local background level
around the Rapid Burster by selecting a sky region whose
angular distance to 4U 1728—337 is the same as that of
the Rapid Burster. Note that the contribution of parti-
cles and cosmic X-rays to the local background is negli-
gible. It is found that the peak surface brightness of the
Rapid Burster, after subtracting the local-background, is
8-times larger than the local-background fraction level.
This means that the detecting the source is very sig-
nificant. We calculated the source flux to be about
0.004 ¢ s~ (1-10 keV) for a single SIS. We also calculated
the light curve with the SIS data. No X-ray burst, such
as that seen in the active phase of the Rapid Burster,
was observed. Because the expected count rate from the
Rapid Burster in its active phase is on the order 10 ¢ s™?,
and no X-ray burst was observed, the source is conjec-
tured to be in quiescence.

We tried to calculate the energy spectrum from the
data. However, since possible fine structures in the stray-
light pattern (Serlemitsos et al. 1995) produced a rel-
atively large systematic error in the estimation of the
local background level, we could not constrain the en-
ergy spectrum. If we assume a power law with a photon
index of 2 with a neutral hydrogen column density of
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1 x 10?2 ¢cm~2 and a distance of 10 kpc, the flux corre-
sponds to an intrinsic luminosity of (31%) x 103 erg s~*
(2-10 keV).

‘We searched for coherent pulsations with the GIS data
using an FFT algorithm. We could find no significant
pulsations in the period range from 1 ms to 10% s. The
upper limit (90% confidence limit) of the rms pulse frac-
tion is about 40%.

4. Discussion

We detected a significant X-ray flux from the
Rapid Burster in quiescence for the first time. The lu-
minosity of the source was about 3 x 1032 erg s=!. We
could not constrain any spectral parameters due to heavy
contamination of the stray light from 4U 1728—337.

The presence of plural X-ray sources with low lumi-
nosity (< 1033 erg s71) is known in the cores of globular
clusters, such as 47 Tuc (Hasinger et al. 1994), w Cen
(Johnston et al. 1994), and NGC 6399 (Cool et al. 1993).
Therefore, it may be possible that some low-luminosity
X-ray sources exist in the core of Liller 1 other than the
Rapid Burster. Because the core radius of Liller 1 is
only 3”5 (Hertz, Grindlay 1985), ASCA cannot resolve
the source spatially. If other X-ray sources were really
present in Liller 1, the X-ray luminosity which we ob-
tained should be regarded as an upper limit of the lumi-
nosity of the Rapid Burster.

The quiescent luminosity, 3 x 1033 erg s~!, is com-
parable to the luminosity of X-ray novae with a neu-
tron star in quiescence. X-ray novae containing a
neutron-star are often detected in the luminosity range of
~ 10321033 erg s~! according to ROSAT (van Paradijs
et al. 1987; Verbunt et al. 1994) and ASCA observa-
tions (Asai et al. 1996). On the other hand, X-ray novae
with a black hole in quiescence seems to be systemati-
cally dimmer than that with a neutron star (McClintock
et al. 1995). The quiescent luminosity may be as low
as a few 10%0 erg s~!. Thus, as far as the luminosity
is concerned, the Rapid Burster behaves like ordinary
neutron-star transients in quiescence.

Two different mechanisms may be responsible for the
X-ray emission from the Rapid Burster in quiescence.
One is the rotation power of the neutron-star; the other
is mass accretion from the companion star. Many models
of the Rapid Burster assume the presence of a magnetic
field of 10°-10'° G on the surface (Baan 1977; Lamb et
al. 1977; Michel 1977). Mass accretion during the ac-
tive phase is expected to have spun up the neutron star
to a sub-second period (Alpar et al. 1982). If the neu-
tron star has a magnetic field, say 101° G at the surface,
and spins rapidly (with a period of say 10 ms), its spin-
down energy-loss rate (assuming that the loss formula
for magnetic dipole radiation applies) can be as large as
10%% erg s~!. If about 1% of the spin-down energy is
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Fig. 1. SIS image of the sky field including the Rapid Burster in 2-10 keV. North is up, east to the left. The image data
obtained by two SIS detectors were combined and smoothed by a Gaussian curve with o = 1.5 pixels. The Rapid Burster
is indicated by the cross. The diffuse X-ray emission is the stray light from the nearby X-ray source 4U 1728—337. The
gray-scale levels are indicated in the figure in units of count (6”)~2(28 ks)~!.

converted to X-rays, as is the case of the Crab pulsar,
the observed X-ray flux can be explained. In this case, it
would be the first observation of an LMXB which became
a millisecond radio pulsar.

If the energy source of X-ray emission is mass accre-
tion, there are two different ways to supply the mat-
ter: through accretion disk or by the stellar wind. If

the companion star fills its Roche-lobe, it is expected
that an accretion disk is also present in quiescence. The
mass-transfer rate from the secondary into the disk may
be very small, or the rate at which mass is transferred
through the disk could be very low. The rate at which
mass is fed into the disk from the companion might be
much larger than the mass-transfer rate through the disk
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as is the case for A0620—00 (McClintock et al. 1995). On
the other hand, the companion star may have a moder-
ately strong stellar wind, as is the case for a giant, part
of which is accreted onto the neutron star during the
quiescent phase. In the latter case, it might be possible
to consider the mass accretion on to the magnetosphere,
rather than the neutron star surface, as the source of X-
ray emission (van Paradijs et al. 1989; King, Cominsky
1994). However, the expected luminosity of magneto-
spheric accretion is relatively large for the probable pa-
rameters of LMXB, only an order of magnitude smaller
than the luminosity of neutron-star accretion (Corbet
1996). The quiescent luminosity of the Rapid Burster
which we obtained is 10~3-10~* of the average luminosity
in the active phase. Thus, magnetospheric accretion may
not work for the Rapid Burster in quiescent; hereafter we
consider only neutron-star accretion. The accreting mat-
ter, regardless of disk accretion or wind accretion, would
be channeled to the magnetic poles. The reason for this is
that the Alfvén radius in quiescence, which is estimated
asra ~1Xx 108L3_32/ 7Bg/ 7 cm for a neutron star of mass
of 1.4 Mg and a radius of 10 km, where L33 is the X-ray
luminosity in units of 103® erg s~ and By the surface
magnetic field in unit of 10° G, is much larger than the
neutron-star radius (~ 108 cm). This means that the
neutron-star works as an accretion-powered pulsar in the
quiescent phase.

The rotational velocity of the magnetic field at the
boundary layer must be smaller than the Kepler velocity
to keep the mass accretion continuing. We can constrain
the rotation period and the magnetic field of the neu-
tron star under this condition. Assuming a neutron star
of mass of 1.4 Mg and having a radius of 10 km, the
following constraint can be obtained:

3 3
log P, — glong > —0.5— ?logLsa + §logf1, (1)

where P; is the spin period of the neutron star in unit of
second and f; is the ratio of the boundary layer radius
to the Alfvén radius: f; ~ 1 for spherical accretion and
f1 =~ 0.5 for disk accretion. According to this constraint,
a neutron star whose surface magnetic field is 10° G, for
example, should have a spin period longer than ~ 0.2 s
(~ 0.07 s) for spherical (disk) accretion. A highly mag-
netized rapidly rotating neutron star can therefore be re-
jected. Therefore, if mass accretion were responsible for
the X-ray emission from the neutron star in quiescence,
it would mean either: (1) that the magnetic field of the
neutron star is very low or (2) that the rotation period
is very long. The former possibility was suggested by
Hanawa et al. (1989) and Kawai et al. (1990) to explain
the type-II burst activity of the Rapid Burster. Accord-
ing to the recycled scenario of millisecond radio pulsars
(Bhattacharya, van den Heuvel 1991), LMXBs are gen-
erally expected to have a rapid spin of the order of a mil-
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lisecond. Such a short spin period may be incompatible
with the large magnetic field (10°-10'° G) hypothesized
in the magnetosphere models of the Rapid Burster.
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