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Abstract

We have studied the rapid X-ray time variability in 99 pointed observations
with the Rossi X-ray Timing Explorer (RXTE)•s Proportional Counter Array
of the low-mass X-ray binary 1E 1724…3045 which includes, for the “rst time,
observations of this source in its island and banana states, con“rming the
atoll nature of this source. We report the discovery of kilohertz quasi-periodic
oscillations (kHz QPOs). Although we have 5 detections of the lower kHz
QPO and one detection of the upper kHz QPO, in none of the observations
we detect both QPOs simultaneously. By comparing the dependence of the
rms amplitude with energy of kHz QPOs in di�erent atoll sources, we conclude
that this information cannot be use to unambiguously identify the kilohertz
QPOs as was previously thought. We “nd that Terzan 2 in its di�erent states
shows timing behavior similar to that seen in other neutron-star low mass
X-ray binaries (LMXBs). We studied the ”ux transitions observed between
February 2004 and October 2005 and conclude that they are due to changes
in the accretion rate.
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7.1 Introduction

Low-mass X-ray binaries (LMXBs) can be divided into systems containing a
black hole candidate (BHC) and those containing a neutron star (NS). The
accretion process onto these compact objects can be studied through the tim-
ing properties of the associated X-ray emission (see, e.g., van der Klis 2006,
for a review). Hasinger & van der Klis (1989) classi“ed the NS LMXBs based
on the correlated variations of the X-ray spectral and rapid X-ray variability
properties. They distinguished two sub-types of NS LMXBs, the Z sources
and the atoll sources, whose names were inspired by the shapes of the tracks
that these sources trace out in an X-ray color-color diagram (CD) on time
scales of hours to days. The Z sources are the most luminous, but the atoll
sources are more numerous and cover a much wider range in luminosities (e.g.
Ford et al. 2000, and references within). For each type of source, several spec-
tral/timing states are identi“ed which are thought to arise from qualitatively
di�erent inner ”ow con“gurations (van der Klis 2006). In the case of atoll
sources, the three main states are the extreme island state (EIS), the island
state (IS) and the banana branch, the latter subdivided into lower-left banana
(LLB), lower banana (LB) and upper banana (UB) states. The EIS and the IS
occupy the spectrally harder parts of the color color diagram and correspond
to lower levels of X-ray luminosity (L x ). The associated patterns in the CD
are traced out in hours to weeks. The hardest and lowestL x state is the EIS,
which shows strong (up to 50% rms amplitude, see Linares et al. 2007, and
references within) low-frequency ”at-topped noise also known as band-limited
noise (BLN). The IS is spectrally softer and has higher X-ray luminosity than
the EIS. Its power spectra are characterized by broad features and a dominant
BLN component which becomes weaker and generally higher in characteristic
frequency as the ”ux increases and the> 6 keV spectrum gets softer. In or-
der of increasingL x we then encounter the LLB, where twin kHz QPOs are
generally “rst observed, the LB, where 10-Hz BLN is still dominant and “-
nally, the UB, where the < 1 Hz (power law) very low frequency noise (VLFN)
dominates. In the banana states, some of the broad features observed in the
EIS and the IS become narrower (peaked) and occur at higher frequency. In
particular, the twin kHz QPOs can be found in the LLB at frequencies higher
than 1000 Hz, only one kHz QPO can be generally found in the LB, and nei-
ther of them is detected in the UB (see reviews by van der Klis 2000, 2004,
2006, for detailed descriptions of the di�erent states. See also Figure 1.8 on
page 13 for a Schematic color…color diagram and representative power spectra
of a typical atoll source).

A small number of weak NS LMXBs (usually burst sources and often re-
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ferred to as •weak• or •faint bursters•) resemble atoll sources in the EIS, but
in the absence of state transitions this identi“cation has been tentative (see
for example Barret et al. 2000b; van der Klis 2006). An important clue is pro-
vided by the correlations between the component frequencies (and strengths
- see e.g. van Straaten et al. 2002, 2003; Altamirano et al. 2006 and Chap-
ters 5, 6 & 8) which helps to identify components across sources. For example,
van Straaten et al. (2002, 2003) compared the timing properties of the atoll
sources 4U 0614+09, 4U 1608…52 and 4U 1728…34 (see also Chapter 6, for sim-
ilar results when the atoll source 4U 1636…53 was included in the sample) and
conclude that the frequencies of the variability components in these sources
follow the same pattern of correlations when plotted versus the frequency of
the upper kHz QPO (� u). van Straaten et al. (2003) also showed that low
luminosity systems extend the frequency correlations observed for the atoll
sources. This last result gave further clues in the link between the atoll and
the low luminosity sources.

Psaltis et al. (1999) found an approximate frequency correlation involving
a low-frequency QPO, the lower kHz QPO frequency and two broad noise
components interpreted as low-frequency versions of these features. This cor-
relation spans nearly three decades in frequency, where the Z and bright atoll
sources populate the> 100 Hz range and black holes and weak NS systems
the < 10 Hz range. As already noted by Psaltis et al. (1999), because the
correlation combines features from di�erent sources which show either peaked
or broad components with relatively little overlap, the data are suggestive but
not conclusive with respect to the existence of a single correlation covering
this wide frequency range (van der Klis 2006).

The low-luminosity neutron star systems can play a crucial role in clearing
up this issue. Observations of di�erent source states in such a system could
connect the< 10 and> 100 Hz regions mentioned above by direct observation
of a transition in a single source. In the case of the pattern of correlations
reported by van Straaten et al. (2003), low luminosity NS systems extend the
frequency correlations observed for ordinary atoll sources down to� 100 Hz.
Unfortunately, the low luminosity NS systems are usually observed in only
one state (EIS), which makes it di�cult to properly link these sources to the
atoll sources. However, some of these objects show rare excursions to higher
luminosity levels which might correspond to other states. The occurrence of
these excursions are usually unpredictable. Therefore, in practice it was not
possible until now to check on the frequency behavior of the di�erent variability
components as such a source enters higher luminosity states.

1E 1724…3045 is a classic low luminosity LMXB; a persistent Low-Mass X-
ray binary located in the globular cluster Terzan 2 (Grindlay et al. 1980) which
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is a metal-rich globular cluster of the galactic bulge. Its distance is estimated
to be between 5.2 to 7.7 kpc (Ortolani et al. 1997). These values are consistent
with that derived from a type I X-ray burst that showed photospheric expan-
sion (see Grindlay et al. 1980, but also see Kuulkers et al. 2003a; Galloway
et al. 2006). The type I X-ray bursts observed from this source also indicate
that the compact object is a weakly magnetized neutron star (Swank et al.
1977; Grindlay et al. 1980). Emelyanov et al. (2002) have shown, using� 30
years of data from several X-ray satellites, that the luminosity of Terzan 2
increased until reaching a peak in 1997, after which it started to decrease.
They suggest that the evolution of the donor star or the in”uence of a third
star could be the cause of this behavior. Olive et al. (1998) and Barret et al.
(2000a) have shown that during earlier observations of Terzan 2 its X-ray vari-
ability at frequencies � 0.1 Hz resembled that of black hole candidates. This
state was tentatively identi“ed as the extreme island state for atoll sources.
Until now, no kilohertz quasi-periodic oscillations have been reported for this
source, which was attributed to the fact that the source was always observed
in a single intensity state (Barret et al. 2000b).

Monitoring observations by the All Sky Monitor aboard the Rossi X-ray
Timing Explorer showed that the source was weakly variable in X-rays (less
than about a factor of 3 on a few day time scale for the “rst 8 years of the
monitoring). However, recently Markwardt & Swank (2004) reported (using
PCA monitoring observations of the galactic bulge - Swank & Markwardt
2001) that during February 2004, 1E 1724…3045 ”ared up from its relatively
steady � 20 mCrab to � 66 mCrab (2…10 keV). In this paper we report a
complete study of the timing variability of the source. For simplicity, and
since only one bright X-ray source is detected in the globular cluster (see
Section 7.4.1), in the rest of this report we will refer to 1E 1724…3045 as
Terzan 2.

7.2 Observations and data analysis

7.2.1 Light curves and color diagrams

We use data from the Rossi X-ray Timing Explorer (RXTE) Proportional
Counter Array (PCA; for instrument information see Zhang et al. 1993; Jahoda
et al. 2006). There were 534 slew observations until October 30th 2006, which
are part of the PCA monitoring observations of the galactic bulge (Swank &
Markwardt 2001) and which were performed typically every 3 days. These
observations were only used to study the long-termL x behavior of the source.

There were also 99 pointed observations in the nine data sets we used (10090-
01, 20170-05, 30057-03, 50060-05, 60034-02, 80105-10, 80138-06, 90058-06 &
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91050-07), containing� 0.8 to � 26 ksec of useful data per observation. We use
the 16-s time-resolution Standard 2 mode data to calculate X-ray colors. Hard
and soft color are de“ned as the 9.7…16.0 keV / 6.0…9.7 keV and 3.5…6.0 keV
/ 2.0…3.5 keV count rate ratio, respectively, and intensity as the 2.0…16.0 keV
count rate. The energy-channel conversion was done using the pcae2c e05v02
table provided by the RXTE Team 1. Channels were linearly interpolated to
approximate these precise energy limits. X-ray type I bursts were removed,
background was subtracted and deadtime corrections were made. In order to
correct for the gain changes as well as the di�erences in e�ective area between
the PCUs themselves, we normalized our colors by the corresponding Crab
Nebula color values; (see Kuulkers et al. 1994; van Straaten et al. 2003, see
table 2 in Chapter 6 for average colors of the Crab Nebula per PCU) that are
closest in time but in the same RXTE gain epoch, i.e., with the same high
voltage setting of the PCUs (Jahoda et al. 2006).

7.2.2 Fourier timing analysis and “tting models.

For the Fourier timing analysis we used either the Good Xenon or the Event
modes E125us64M 0 1s or E 16us 64M 0 8s data. Leahy-normalized power
spectra were constructed using data segments of 128 seconds and 1/8192 s
time bins such that the lowest available frequency is 1/ 128 � 8× 10Š 3 Hz and
the Nyquist frequency 4096 Hz. No background or deadtime corrections were
performed prior to the calculation of the power spectra. We “rst averaged the
power spectraper observation. We inspected the shape of the average power
spectra at high frequency (> 2000 Hz) for unusual features in addition to the
usual Poisson noise. None were found. We then subtracted a Poisson noise
spectrum estimated from the power between 3000 and 4000 Hz, using the
method developed by Klein-Wolt (2004) based on the analytical function of
Zhang et al. (1995). In this frequency range, neither intrinsic noise nor QPOs
are expected based on what we observe in other sources. The resulting power
spectra were converted to squared fractional rms (van der Klis 1995a). In this
normalization the power at each Fourier frequency is an estimate of power
density such that the square root of the integrated power density equals the
fractional rms amplitude of the intrinsic variability in the source count rate in
the frequency range integrated over.

In order to study the behavior of the low-frequency components usually
found in the power spectra of neutron star LMXBs, we needed to improve
the statistics. We therefore averaged observations which were close in time
and had both similar colors and power spectra (see e.g. van Straaten et al.

1see http://heasarc.gsfc.nasa.gov/docs/xte/pca news.html
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