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ABSTRACT
We present a ∼19-ks Chandra Advanced CCD Imaging Spectrometer (ACIS)-S observation

of the globular cluster Terzan 1. 14 sources are detected within 1.4 arcmin of the cluster centre

with two of these sources predicted to be not associated with the cluster (background active

galactic nuclei or foreground objects). The neutron star X-ray transient, X1732−304, has

previously been observed in outburst within this globular cluster with the outburst seen to last

for at least 12 yr. Here, we find four sources that are consistent with the ROSAT position for

this transient, but none of the sources are fully consistent with the position of a radio source

detected with the Very Large Array that is likely associated with the transient. The most likely

candidate for the quiescent counterpart of the transient has a relatively soft spectrum and

an unabsorbed 0.5–10 keV luminosity of 2.6 × 1032 erg s−1, quite typical of other quiescent

neutron stars. Assuming standard core cooling, from the quiescent flux of this source we predict

long (>400 yr) quiescent episodes to allow the neutron star to cool. Alternatively, enhanced

core cooling processes are needed to cool down the core. However, if we do not detect the

quiescent counterpart of the transient this gives an unabsorbed 0.5–10 keV luminosity upper

limit of 8 × 1031 erg s−1. We also discuss other X-ray sources within the globular cluster. From

the estimated stellar encounter rate of this cluster we find that the number of sources we detect

is significantly higher than expected by the relationship of Pooley et al.

Key words: stars: individual: X 1732−304 – stars: neutron – globular clusters: individual:

Terzan 1 – X-rays: binaries.

1 I N T RO D U C T I O N

Neutron star X-ray transients form a subgroup of low-mass X-ray

binaries. Although usually in a quiescent state with typical X-ray lu-

minosities of 1032–1034 erg s−1, occasionally these systems go into

outburst where the luminosity increases to around 1036–1038 erg s−1.

These outbursts are attributed to a large increase in the mass accre-

tion rate onto the neutron star. The X-ray spectra from these qui-

escent neutron star transients are usually dominated by a soft com-

ponent at around 1 keV, and in some cases an additional power-law
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component, dominating at energies above a few keV, is present. The

most widely accepted model used to explain the soft, thermal X-ray

emission of these transients in their quiescent states is that in which

the emission is due to the cooling of the neutron star, which has

been heated during the outbursts. In this case, the quiescent lumi-

nosity should depend on the time-averaged accretion rate (Brown,

Bildsten & Rutledge 1998; Campana et al. 1998). However, the

X-ray emission from the cooling of the neutron star cannot directly

explain the hard power-law tail and its origin is not well understood.

Suggestions include residual accretion down to the magnetospheric

radius, or pulsar shock emission (e.g. Stella et al. 1994; Campana

et al. 1998; Campana & Stella 2000; Menou & McClintock 2001).

Many quiescent neutron stars and other quiescent low-mass

X-ray binaries have been found in several globular clusters using the

Chandra and XMM–Newton X-ray observations (see Heinke et al.
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2003c; Pooley et al. 2003, and references therein). Galactic globular

clusters provide an ideal location to study these types of sources –

the distance to host clusters can usually be determined more accu-

rately than for the Galactic quiescent X-ray binaries. The known

distance and reddening allows accurate luminosities to be derived

and removes the distance uncertainty from the quiescent properties.

The high incidence of compact binaries in globular clusters is likely

explained by the formation of such binaries via exchange encoun-

ters in the very dense environments present (e.g. Verbunt & Hut

1987; Hut, Murphy & Verbunt 1991), though the ultracompact sys-

tems may be formed via direct collisions followed by orbital decay

(Ivanova et al. 2005).

Terzan 1 (Terzan 1966) is a globular cluster at a distance of 5.2 ±
0.5 kpc and a reddening of E(B − V ) = 2.48 ± 0.1 (Ortolani

et al. 1999). In 1980, the Hakucho satellite detected X-ray bursts

from a source located in Terzan 1 (Inoue et al. 1981; Makishima

et al. 1981). Several years later, the persistent source X1732−304

was detected within Terzan 1 with SL2-XRT onboard Spacelab 2

(Skinner et al. 1987) and EXOSAT (Warwick et al. 1988; Parmar,

Stella & Giommi 1989). This is likely to be the same source as

the bursting source detected previously by Hakucho. Subsequent

X-ray observations with ROSAT (Johnston, Verbunt & Hasinger

1995; Verbunt et al. 1995) detected the source with a similar lu-

minosity, between 2.0 × 1035 and 1.3 × 1036 erg s−1 (see fig. 3

of Guainazzi, Parmar & Oosterbroek 1999). It is also assumed that

X1732−304 is the source of hard X-rays detected with the SIGMA

and ART-P telescopes (Pavlinsky et al. 1995; Borrel et al. 1996a,b).

A possible radio counterpart of X1732−304 was observed with the

Very Large Array (VLA) within the ROSAT error circles (Marti et al.

1998).

A BeppoSAX observation of X1732−304 in 1999 April discov-

ered the source in a particularly low state with the X-ray inten-

sity more than a factor of 300 lower than previous measurements

(Guainazzi et al. 1999). A more recent short (∼3.6 ks) Chandra High

Resolution Camera (HRC-I) observation of Terzan 1 did not conclu-

sively detect X1732−304 with a 0.5–10 keV luminosity upper limit

of (0.5–1) × 1033 erg s−1 depending on the assumed spectral model

(Wijnands, Heinke & Grindlay 2002). However, an additional X-

ray source, CXOGLB J173545.6−302900, was detected by this

observation.

In this paper, we study the X-ray sources detected in a recent

∼19-ks Chandra Advanced CCD Imaging Spectrometer (ACIS)-S

observation of Terzan 1 and discuss possible quiescent counterparts

of the neutron star X-ray transient X1732−304.

2 O B S E RVAT I O N S A N D A NA LY S I S

Terzan 1 was observed with the Chandra X-ray Observatory for

∼19 ks in 2005 May 10. The observation was made with the ACIS

with the telescope aim point on the back-illuminated S3 chip,

this increases the sensitivity to low energy X-rays compared to

the front-illuminated chips. Data reduction was performed using

the CIAO v3.2.2 software with the calibration database CALDB

v3.1.0, provided by the Chandra X-ray Centre and following

the science threads listed on the CIAO website. 1 No background

flares were found, so all available data was used in our analysis.

We removed the pixel randomization added in the standard data

processing as this slightly increases the spatial resolution of the

images.

1 Available at http://cxc.harvard.edu/ciao/.

2.1 Source detection

The CIAO tool 1wavdetect (Freeman et al. 2002) was used to de-

tect the sources. We detected the sources in the 0.5–8.0 keV energy

band. A detection threshold was chosen to give ∼1 false source over

the S3 chip. We detect 39 sources over the entire S3 chip with four

detected counts or greater, after the addition of one extra source

close to the cluster centre that was missed by wavdetect yet clearly

a source. Analysing the sources that are within the globular cluster

half-mass radius allows a good balance between including most of

the cluster sources and minimizing the number of nearby objects or

background active galactic nuclei (AGNs) (see fig. 1 from Pooley

et al. 2002b for example). Trager, King & Djorgovski (1995) de-

fine the half-mass radius for this cluster to be 3.82 arcmin, however,

they note that their measurement of this value is ‘particularly unreli-

able’. As this value for the half-mass radius is particularly large, and

given that the majority of X-ray binaries in the cluster will be con-

centrated at the centre we chose a smaller region of size 1.4 arcmin

within which to analyse the X-ray sources (Fig. 1 shows a Digitized

Sky Survey (DSS) image of Terzan 1). Within this 1.4-arcmin region

we find 14 sources. The Chandra image of the cluster is shown in

Fig. 2 where all sources within the 1.4-arcmin region are highlighted.

These sources are listed in descending number of detected counts in

Table 1 (in the online version of this paper, we also include a list of

sources on the S3 chip that are not within 1.4 arcmin of the cluster

centre, listed in decreasing 0.5–8 keV counts – see Supplementary

Material Section, below). The position of the brightest source we

detect, CX1, is consistent with the position of the source CXOGLB

J173545.6−302900 from the previous Chandra HRC-I observation

of Terzan 1 (Wijnands et al. 2002). From the density of sources

on the S3 chip outside of the 1.4-arcmin region, we expect to find

2.2 sources not associated with the cluster (background or fore-

ground objects) within the 1.4-arcmin region (assuming the sources

outside this region are not associated with the cluster). This is

in approximate agreement with the log N–log S relationships

of Giacconi et al. (2001). Thus, we expect that two of the 14

sources we detect within 1.4 arcmin are background or foreground

sources.

Figure 1. DSS image of Terzan 1. This IR plate was originally taken with

the UK Schmidt Telescope. The inner circle indicates a radius of 0.7 arcmin

and the outer circle indicates a radius of 1.4 arcmin.
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Chandra observation of Terzan 1 409

Figure 2. Chandra ACIS-S image of the globular cluster Terzan 1 in the 0.5–8.0 keV energy band. The large outer circle represents the 1.4-arcmin region

within which we analyse the sources. The 14 sources within this region are labelled (in order of decreasing counts in the 0.5–8.0 keV band) and the extraction

regions overlaid. Also shown are the 1σ error circles for three ROSAT pointings (using positions for pointings A and B from Johnston et al. (1995) and the

updated position for pointing C from Verbunt (2005)), the 90 per cent confidence level radius for the EXOSAT observation (Parmar et al. 1989), and the 90 per

cent confidence level radius of the radio source detected with the VLA (Marti et al. 1998). We predict that two of the detected sources are not associated with

the cluster.

2.2 Source extraction

The IDL tool ACIS Extract (Broos et al. 2002) was used for source

photometry and extraction of spectra. ACIS Extract makes use of

CIAO, FTOOLS, ds9 display capability and the TARA IDL software.

ACIS Extract constructs polygon source extraction regions which

are approximate contours of the ACIS point spread function (PSF).

The user specifies the fraction of the PSF to be enclosed by the

contour. The shape of the PSF at the location of each source is

calculated using the CIAO tool mkpsf. For all our sources, except

one, the PSF fraction contour level was set to 90 per cent, evaluated

at 1.5 keV. For the brightest source the PSF fraction was increased to

95 per cent. With the chosen contour levels there is no overlapping

of source extraction regions.

For each source a spectrum, light curve and event list was ex-

tracted. The response matrix and auxiliary response files (RMF and

ARF, respectively) for each source are constructed using the CIAO

tools mkacisrmf and mkarf. Background-subtracted photometry was

computed for each source in several different energy bands: 0.5–

1.5 keV (Xsoft), 0.5–4.5 keV (Xmed), and 1.5–6.0 keV (Xhard). These

energy bands were chosen to be consistent with previous globular

cluster studies in the literature (e.g. Grindlay et al. 2001a,b; Pooley

et al. 2002a,b; Heinke et al. 2003a,b,c; Bassa et al. 2004; Heinke

et al. 2005). Table 1 lists the counts in each of these bands for all

the sources. From the counts in the Xsoft, Xmed and Xhard bands we

create an X-ray colour–magnitude diagram, plotting the logarithm

of the number of counts in the Xmed band against the X-ray colour,

defined as Xcolor = 2.5 log Xsoft/Xhard (Grindlay et al. 2001a,b;

Pooley et al. 2002a,b; Heinke et al. 2003a,b,c, 2005, though we note

that Pooley et al. 2002a,b do not use the factor of 2.5) (see Fig. 3).

Photoelectric absorption reduces the number of counts detected and

hence affects the X-ray colours and magnitudes. To allow compari-

son with sources in other globular clusters this needs to be corrected

for. However, it is important to note that absorption affects each

source differently. We determine an approximate correction for the

effects of absorption by investigating the drop in count rate due to ab-

sorption for three typical spectra: a 3-keV thermal bremsstrahlung,

a 0.3-keV blackbody and a power law with photon index, � = 2.
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Table 1. Names, positions (J2000), and background-subtracted counts in four X-ray energy bands are given for the 14 sources detected within 1.4 arcmin of

the centre of Terzan 1 and the sources detected on the rest of the S3 chip (the latter is only included in the online version of the paper). The statistical error

(from wavdetect) in the positions of all the sources is �0.1 arcsec, and thus the total positional error is dominated by the uncertainty in the absolute astrometry

(0.6 arcsec, Aldcroft et al. 2000). We therefore estimate the 1σ positional error for all sources to be ∼0.6 arcsec. The count extraction region for each source

within the 1.4-arcmin region is shown in Fig. 2. The source CX1 was first detected (and named) by Wijnands et al. (2002).

Source name (label) RA Dec. Net counts

(h m s) (◦ ′ ′′) 0.5–8.0 keV 0.5–1.5 keV 0.5–4.5 keV 1.5–6.0 keV

(1) (2) (3) (4) (5) (6) (7)

CXOGLB J173545.6−302900 (CX1) 17 35 45.57 −30 29 00.1 225+16
−15 10+4

−3 157+14
−13 189+15

−14

CXOGLB J173547.2−302855 (CX2) 17 35 47.26 −30 28 55.3 43+8
−7 13+5

−4 38+7
−6 29+7

−5

CXOGLB J173547.0−302858 (CX3) 17 35 47.02 −30 28 58.4 31+7
−6 15+5

−4 31+7
−6 16+5

−4

CXOGLB J173548.3−302920 (CX4) 17 35 48.31 −30 29 20.8 29+6
−5 27+6

−5 28+6
−5 1+2

−1

CXOGLB J173545.4−302834 (CX5) 17 35 45.42 −30 28 34.2 19+5
−4 3+3

−2 17+5
−4 15+5

−4

CXOGLB J173548.7−302940 (CX6) 17 35 48.71 −30 29 40.0 17+5
−4 0+2 11+4

−3 15+5
−4

CXOGLB J173549.8−302914 (CX7) 17 35 49.84 −30 29 14.4 16+5
−4 1+2

−1 13+5
−4 15+5

−4

CXOGLB J173547.6−302858 (CX8) 17 35 47.67 −30 28 58.7 15+5
−4 1+2

−1 13+5
−4 14+5

−4

CXOGLB J173552.4−302931 (CX9) 17 35 52.41 −30 29 31.3 7+4
−3 0+2 7+4

−3 7+4
−3

CXOGLB J173547.7−302847 (CX10) 17 35 47.71 −30 28 47.9 6+4
−2 1+2

−1 5+3
−2 4+3

−2

CXOGLB J173549.4−302906 (CX11) 17 35 49.42 −30 29 06.4 5+3
−2 1+2

−1 4+3
−2 3+3

−2

CXOGLB J173543.7−302816 (CX12) 17 35 43.77 −30 28 16.0 5+3
−2 1+2

−1 5+3
−2 4+3

−2

CXOGLB J173547.1−302902 (CX13) 17 35 47.17 −30 29 02.7 4+3
−2 0+2 4+3

−2 4+3
−2

CXOGLB J173542.4−302941 (CX14) 17 35 42.49 −30 29 41.0 4+3
−2 1+2

−1 4+3
−2 3+3

−2

(e.g. Pooley et al. 2002a,b). Using the Portable, Interactive Multi-

Mission Simulator (PIMMS), we determine the factor by which

the count rate lowers with the inclusion of photoelectric absorption

at the column density seen for Terzan 1. The optical reddening,

E(B − V ) = 2.48 ± 0.1 (Ortolani et al. 1999), is converted to a

column density N H = 1.36 × 1022 cm−2 (N H/E(B − V ) = 5.5

× 1021 cm−2, from Predehl & Schmitt 1995, using R = 3.1). Ab-

sorption affects the Xsoft band the most, with the absorbed count

rate a factor of 13.92 lower on average for the three models. The

other average correction factors are 4.85 for Xmed and 1.76 for the

Xhard. There is not a significant difference in the correction factors

for the different models. This leads to a shift in Xcolor of +2.25 and

a shift in log Xmed of +0.69. The lower and left-hand axes of Fig. 3

show the absorption corrected colours and magnitudes, where as the

upper and right-hand axes show the observed values.

2.3 Spectral analysis

Using XSPEC (v. 11.3.2) (Arnaud 1996) we fit the four brightest

sources (CX1–CX4) within the 1.4-arcmin region. We attempt to

fit each of the sources with three different models: the neutron star

atmosphere model of Zavlin, Pavlov & Shibanov (1996), a thermal

bremsstrahlung model and a simple power law. We both fix the

column density at the cluster value (N H = 1.36 × 1022 cm−2) and

allow it to be free, using the photoelectric absorption model phabs.

Errors in the fluxes were calculated by fixing the free parameters to

their maximum and minimum value in turn, and only one at a time.

The model was then refitted to the data and flux values calculated.

Once this was done for every free parameter, the flux range was used

to give the flux errors.

We discuss each of these sources below. Table 2 gives the lumi-

nosities of the Terzan 1 sources as determined by spectral fits for

CX1-3 assuming a distance to the cluster of 5.2 kpc. The luminosi-

ties for the other sources are determined by estimating the fluxes

Figure 3. X-ray colour–magnitude diagram. The lower and left-hand axes

show the colours and magnitudes from the absorption-corrected counts,

whilst the upper and right-hand axes show the colours and magnitudes deter-

mined from the observed counts. We approximately correct for photoelectric

absorption by shifting the data +0.69 units on the left-hand axis and +2.25

units on the lower axis. Absorption affects each source differently, and our

correction is only an approximation based on typical spectra of globular

cluster sources. For the purposes of clarity, only a few error bars are shown.

CX6, CX9 and CX13 are not shown as they have no counts in the Xsoft band.

from the detected source counts using PIMMS, and assuming the

cluster N H and a power law with � = 2.0. A power law with � =
2.0 corresponds to an absorption-corrected Xcolor ∼0.6, which is

consistent with the majority of these sources (see Fig. 3).

2.3.1 CXOGLB J173545.6−302900 (CX1)

The background-subtracted spectrum was grouped to have a mini-

mum of at least 15 counts per bin. Both the neutron star atmosphere

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 369, 407–415



Chandra observation of Terzan 1 411

Table 2. Luminosities for X-ray sources in Terzan 1. For CX1-CX3 the

luminosities have been calculated from the spectral fits (see text). For the

other sources, PIMMS was used to estimate the fluxes from the detected

source counts, assuming the cluster N H and a power law with � = 2.0. No

luminosity is given for CX4 as it is possibly a foreground object.

Source X-ray luminosity (erg s−1)

0.5–2.5 keV 0.5–10 keV

CX1 0.5+1.7
−0.3 × 1033 2.0+1.8

−0.3 × 1033

CX2 1.9+1.3
−0.7 × 1032 2.6+1.1

−0.5 × 1032

CX3 4.3+5.8
−2.4 × 1032 4.5+5.7

−2.1 × 1032

CX5 4.9 ± 1.6 × 1031 8.5+2.4
−2.0 × 1031

CX6 8.1+11.7
−5.5 × 1030 7.6+2.4

−1.9 × 1031

CX7 2.1+1.5
−0.9 × 1031 7.2+2.3

−1.8 × 1031

CX8 1.3+1.2
−0.7 × 1031 6.7+2.3

−1.7 × 1031

CX9 1.7+1.4
−0.8 × 1031 3.1+1.7

−1.2 × 1031

CX10 3.9+10.0
−3.6 × 1030 2.6+1.6

−1.1 × 1031

CX11 8.1+11.7
−5.5 × 1030 2.2+1.6

−1.2 × 1031

CX12 1.3+1.2
−0.7 × 1031 2.2+1.6

−1.2 × 1031

CX13 3.9+10.0
−3.6 × 1030 1.7+1.5

−0.9 × 1031

CX14 1.7+1.4
−0.8 × 1031 1.7+1.5

−0.9 × 1031

model and thermal bremsstrahlung model do not fit the spectrum

satisfactorily with either the cluster N H or allowing it to be a free

parameter. A power-law model, with absorption at the cluster value,

fits with a photon index, � = 0.2 ± 0.2 and a reduced χ 2
ν = 0.92

for 13 degrees of freedom (d.o.f.). Allowing the photoelectric ab-

sorption to be a free parameter leads to a fit with N H = 2.4+1.8
−1.1 ×

1022 cm−2, � = 0.7+0.7
−0.6 and χ 2

ν = 0.82 for 12 d.o.f. The photon index

of the source from these power-law fits is unusually hard for globu-

lar cluster sources, and from the X-ray colour–magnitude diagram

it can be seen that this is the hardest source in the cluster. Only a few

known globular cluster sources have � < 1.0 and most tend to have

� > 1.5. An example of a globular cluster source that under some

observing conditions could look like CX1 is the CV X9 in 47 Tuc

(Heinke et al. 2005). This source has very strong soft X-ray emis-

sion (see fig. 18 in Heinke et al. 2005), due to oxygen lines. Above

∼5 keV it shows more flux than can be accounted for with simple

bremsstrahlung or power-law models; possibly this is due to partial

covering absorption. Observing this object only above 2 or 3 keV

(for instance, if it was in Terzan 1 and heavily obscured) would give

an effective photon index of ∼0.3. Recently, Muno et al. (2004)

detected many X-ray sources in the Galactic Centre that have hard

spectra, with a median photon index � = 0.7, though many have

� � 0. These authors suggest that most of the sources are inter-

mediate polars. Intermediate polars are more luminous and harder

than other CVs. The hardness of these sources is thought to be due

to local absorption (in addition to Galactic absorption) that is par-

tially covering the X-ray emitting region, for example, by material

in the accretion flow. We therefore model CX1 absorbed by the av-

erage cluster absorption (using the phabs model, and fixing N H =
1.36 × 1022 cm−2), plus an additional partially covering absorption

component that affects a fraction of the emitting region (using the

pcfabs model). This leads to a fit with χ 2
ν = 0.78 for 11 d.o.f. This

spectral fit is shown in Fig. 4. We get a higher photon index, with

� = 1.1+1.0
−0.9, with the partial absorption component having N H =

3.4+3.8
−3.2 × 1022 cm−2 and a covering fraction of 0.8+0.2

−0.6. Thus, the

partial covering absorption can explain the extreme hardness as the

photon index has increased, and the source could be an intermediate

Figure 4. The spectrum of the brightest source in Terzan 1, CXOGLB

J173545.6−302900 (CX1).

polar. However, it is not possible to distinguish between the quality

of these fits given the values of reduced χ2
ν .

From this model we calculate the unabsorbed 0.5–2.5 keV lu-

minosity = 0.5+1.7
−0.3 × 1033 erg s−1 and the unabsorbed 0.5–10 keV

luminosity = 2.0+1.8
−0.3 × 1033 erg s−1 (assuming a distance of 5.2 kpc).

2.3.2 CXOGLB J173547.2−302855 (CX2)

As this source only has a total of 42.8 net counts in the 0.5–8 keV

band, we did not group this spectrum into bins and cannot use χ2

statistics. We therefore fit the spectrum in XSPEC using Cash statistics

(Cash 1979) without subtracting a background spectrum (as Cash

statistics cannot be used on background subtracted spectra). This

should introduce a minimal error as there are only 0.2 background

photons in the extraction region. To investigate the quality of fits, the

‘goodness’ command is used. This generates 10 000 Monte Carlo

simulated spectra based on the model. If the model provides a good

description of the data then approximately 50 per cent of the sim-

ulations should have values of the Cash fit statistic that are lower

than that of the best-fitting model. We define the fit quality as the

fraction of the simulated spectra with values of the Cash statistic

lower than that of the data. Both very low and very high values of

the fit quality indicate that the model is not a good representation of

the data.

Fitting a neutron star atmosphere model to this spectrum (with

the radius = 10 km, the mass = 1.4 M� and the normalization =
1/d(pc)2 = 3.7 × 10−8) does not give a good fit, with a fit quality of

1.0. Fitting a thermal bremsstrahlung model also gives a reasonably

poor fit, with a fit quality of 0.85. An improved fit is obtained when

this spectrum is fitted with a simple power-law model at the cluster

N H, giving a photon index, � = 2.5 ± 0.6 and a fit quality of 0.65.

Allowing the N H to be a free parameter, gives N H = 1.2+0.8
−0.6 ×

1022 cm−2, � = 2.3 ± 1.0 and a fit quality of 0.7. Such a value

of the photon index suggests that this could be a hybrid thermal

plus power-law spectrum, but there are not enough counts to be

conclusive. From the X-ray colour–magnitude diagram we see that

this source is relatively soft and so it is possible that it could be a

quiescent neutron star X-ray binary. We determine a 0.5–2.5 keV

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 369, 407–415
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luminosity of 1.9+1.3
−0.7 × 1032 erg s−1 and a 0.5–10 keV luminosity

of 2.6+1.1
−0.5 × 1032 erg s−1 from the power-law fit with the cluster

column density.

2.3.3 CXOGLB J173547.0−302858 (CX3)

This source also has too few counts to use χ2 statistics and so

we again use Cash statistics. A simple power-law fit at the cluster

column density gives a photon index, � = 3.9 ± 1.2 and a fit quality

of 0.51. Such a high photon index strongly suggests a soft thermal

spectrum, which is also indicated by the X-ray colour. A neutron star

atmosphere fit (with the radius = 10 km, the mass = 1.4 M� and

the normalization = 1/d(pc)2 = 3.7 × 10−8) at the cluster column

density gives T ∞
eff = 73.7+3.3

−3.7 eV with a fit quality of 0.65. Allowing

the column density to be a free parameter does not greatly improve

the fit, with N H = 1.8+0.5
−0.4 × 1022 cm−2, T ∞

eff = 78.9 ± 6.7 eV and a fit

quality of 0.62. A thermal bremsstrahlung fit with the cluster column

density gives kT = 0.6+0.6
−0.2 keV with a fit quality of 0.68, where as

with the column density left free we get N H = 1.8+1.3
−0.9 cm−2 and kT =

0.4+1.0
−0.2 keV with a fit quality of 0.77. We determine a 0.5–2.5 keV

luminosity of 4.3+5.8
−2.4 × 1032 erg s−1 and a 0.5–10 keV luminosity

of 4.5+5.7
−2.1 × 1032 erg s−1 from the power-law fit with the cluster

column density. From its spectrum, this source could be a quiescent

neutron star.

2.3.4 CXOGLB J173548.3−302920 (CX4)

Cash statistics have also been used to analyse this source. This

source is the softest source within the cluster, with an extremely high

X-ray colour. There is no valid power-law fit when fixing the column

density to the cluster value. However, leaving this free we get a fit

with N H = 0.7+0.5
−0.6 × 1022 cm−2, � = 7.1+2.9

−4.3 and a fit quality of 0.74.

There is no good fit for either a neutron star atmosphere model or a

bremsstrahlung model. Such a soft X-ray colour and spectrum, and

the measured N H being much lower than the cluster value suggest

that this source may not be associated with the cluster and may be

a foreground object with a lower column density. However, there

is no counterpart seen in the DSS or two-Micron All-Sky Survey

(2MASS) images. As this could possibly be a foreground object and

the model is highly uncertain, we have not determined a luminosity

for this source.

3 D I S C U S S I O N

3.1 The neutron star X-ray transient X1732−304 in quiescence

The most likely candidate for the quiescent counterpart of the neu-

tron star X-ray transient X1732−304 is CX2. Of the four sources

that are within the ROSAT error circles, it is the only one con-

tained in all three and contained within the EXOSAT error circle

(see Fig. 2, note that the three separate error circles are from the

three separate ROSAT observations of the source). From the X-ray

colour–magnitude diagram we see that this source is relatively soft

and its spectrum suggests that it could be a hybrid thermal plus

power-law source. Thus, it is possible that it could be a quiescent

neutron star X-ray binary. The fact that it cannot be fit with a power-

law spectrum alone is consistent with what was found by Jonker

et al. (2004); that the power-law fractional contribution increases

for sources with luminosities decreasing from 1033 to 1032 erg s−1.

The position of CX2 is consistent with the position of three pho-

tons detected by Wijnands et al. (2002) and has a flux slightly lower

than their predicted upper limit. CX3 also has a suitably soft X-ray

colour and spectrum to be a possible candidate, however, its posi-

tion is only fully consistent with the ROSAT A pointing and it is

on the edge of the error circles for the EXOSAT and ROSAT B and

C observations. Although CX3 cannot be ruled out as the possible

quiescent counterpart, CX2 is the most likely candidate.

The source CX2 is also closest to, though not fully consistent

with, the position of the radio source detected with the VLA which

might be the radio counterpart of the transient. The position of

this VLA source [right ascension (RA): 17h35m47.s27, declination

(Dec.): −30◦28′52.′′8] is accurate to 1.7′′ (90 per cent confidence

level radius, Marti et al. 1998), however, the phase calibrator for

these VLA observations had calibrator code C, which could mean

a maximum systematic error of 0.15 arcsec (J. Marti, private com-

munication). The offset between the radio and X-ray position is

2.5 arcsec. The Chandra pointing accuracy is within the typical 0.6-

arcsec absolute astrometry (90 per cent confidence level radius)

(Aldcroft et al. 2000) as we find that the position of the X-ray source

CXOGLB J173545.6−302900 (CX1) is consistent with the position

of the same source in a previous Chandra observation of the cluster,

with an offset of only 0.3 arcsec. Given the uncertainties in the X-ray

and particularly the radio position only a small systematic offset is

required for the sources to be fully consistent.

For an additional check of the accuracy of the Chandra pointing,

possible optical and infrared counterparts were searched for. We

searched for USNO-B1.0 (Monet et al. 2003) point sources that are

close to ACIS Extract positions for the X-ray sources on the S3 chip.

From this we get three optical sources that match the X-ray posi-

tions to within the 0.6-arcsec absolute astrometry (90 per cent confi-

dence level radius) for Chandra (Aldcroft et al. 2000). These sources

are CXOU J173544.2−302736, CXOU J173545.6−303204 and

CXOU J173536.4−302917 and have offsets of 0.07, 0.39 and

0.54 arcsec, respectively. The corresponding USNO-B1.0 sources

are 0594−0571302, 0595−0586465 and 0594−0571303 which

have positional accuracies of 0.2, 0.1 and 0.4 arcsec, respectively

(averaging the error in RA and Dec.). Matches with the 2MASS

Catalogue of point sources (Cutri et al. 2003) were also searched for.

Of the USNO-B1.0 matched sources, CXOU J173545.6−303204 is

the only one to match a 2MASS source, with an offset of 0.58 arcsec.

CXOU J173550.1−303155 also has a possible 2MASS counterpart,

with an offset of 0.57 arcsec. The possible optical (USNO-B1.0)

counterpart for this source has an offset of 0.78 arcsec. To check

how many accidental matches we get, we apply a random offset of

up to 20 arcsec and count the number of matches (sources found to

be within 0.6 arcsec of each other). This was repeated 1000 times

and the number of mean accidental matches of X-ray sources with

the USNO-B1.0 catalogue was found to be 0.2 ± 0.5. The three

sources we find is significantly above this mean.

As the radio source is not seen to be fully consistent with any

X-ray source there is the possibility that it is an unrelated source,

for example, a background AGN or quasar, in which case the radio

source would likely still be present and any future radio observation

might prove this. It is also possible that we may not have detected

X1732−304 in quiescence. Only one photon is detected in the 0.5–

8 keV band within the VLA error circle, which could very likely be a

background photon. Assuming fewer than five counts were detected

in VLA error circle, this gives an upper limit on the count rate of

2.7 × 10−4 counts s−1. We use XSPEC to estimate an upper limit on

the flux from this count rate. Initially, we fix the parameters of an

absorbed neutron star atmosphere model to the appropriate cluster

values expect for the effective temperature. This parameter is then

adjusted to match the required count rate of 2.7 × 10−4 counts s−1.
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The unabsorbed 0.5–10 keV luminosity upper limit is then deter-

mined to be 8 × 1031 erg s−1. Such a luminosity is slightly lower

than typically seen for quiescent neutron stars (e.g. Heinke et al.

2003c; Pooley et al. 2003) although this scenario cannot be ruled

out.

Assuming that CX2 is the quiescent counterpart to X1732−304,

it is possible to put limits on the length of time that the source will

stay in quiescence. In the deep crustal heating model of quiescent

neutron star emission (Brown et al. 1998) the quiescent luminosity

depends on the time-averaged accretion rate of the source. Assum-

ing standard core cooling, it is then possible to relate the quiescent

flux, Fq, and the average flux during outburst, 〈F0〉, with the av-

erage time the source is in outburst, t0, and quiescence, tq, via F q

≈t 0/(t 0 + t q) × 〈F 0〉/135 (e.g. Wijnands et al. 2001, 2002). We

use the bolometric flux during outburst as estimated by Wijnands

et al. (2002) to be 1.5 × 10−9 erg cm−2 s−1. To place upper limits

on the thermal quiescent flux we use the neutron star atmosphere

fit to the spectrum of CX2 with the column density at the cluster

value. We fix the temperature to the upper limit from the fit and

determine the bolometric flux (generating a dummy response from

0.001–100 keV and extrapolating the model). This gives F q < 3.3

× 10−13 erg cm−2 s−1. The outburst from X1732−304 was seen to

last at least 12 yr, so, assuming that t 0 = 12 yr, we get t q > 395 yr.

However, it is not clear how long the source was in outburst when

it was first detected. If we assume that t 0 = 17 yr, then the lower

limit for the quiescent time increases to t q > 560 yr. We note that

the long outburst episode of this transient will have heated the crust

significantly out of thermal equilibrium with the core and therefore

the crust might still be cooling down toward equilibrium again. If

that is the case, then the thermal flux related to the state of the core

is even lower than the measured value (hence the core is cooler) and

the quiescent episode should be even longer to allow the core to cool

down. We note that if CX2 is not the counterpart of the transient, the

quiescent flux would be lower and therefore the predicted quiescent

episodes would be even longer.

Disc-instability models suggest that such a long quiescent should

not occur. During quiescence the disc will slowly fill up again and

at some point, even a small change in mass transfer rate should

trigger an outburst (e.g. Lasota 2001). Another neutron star X-

ray transient observed to have been in outburst for >10 yr is KS

1731−260. The quiescent flux of this neutron star also leads to

the length of predicted quiescent episodes of several hundred years

(Wijnands et al. 2001). However, the neutron star X-ray transient in

the globular cluster NGC 6440 has much shorter outbursts and qui-

escent periods that are consistent with the observed quiescent flux

(Cackett et al. 2005). Thus, it appears that for the quasi-persistent

neutron stars X1732−304 and KS 1731−260 to be as cool as ob-

served in quiescence either the quiescent periods are several hun-

dreds of years long, or the quiescent periods are much shorter and

enhanced neutrino cooling is required for the neutron star to cool

more quickly. In the latter case it is possible that in these systems

the neutron stars are relatively heavy as suggested by Colpi et al.

(2001).

3.2 Comparison with other globular clusters

Pooley et al. (2003) found a relationship between the number of

X-ray sources (with 0.5–6 keV luminosity L X > 4 × 1030 erg s−1)

in a globular cluster and the stellar encounter rate of the cluster (see

their fig. 2). These authors calculate the stellar encounter rate by

performing a volume integral of the encounter rate per unit volume,

R ∝ ρ2/v (where ρ is the density and v is the velocity dispersion),

out to the half-mass radius. This requires knowing the core density

and velocity dispersion. Unfortunately, for Terzan 1 there are no

measurements of the velocity dispersion available. However, we can

relate the velocity dispersion to the core density, ρ 0, and core radius,

rc, via the virial theorem, and thus can estimate the encounter rate

by ρ1.5
0 r2

c (Verbunt 2003). As Terzan 1 is a ‘core-collapse’ cluster

and the core is not well defined, any estimate for the encounter

rate based on core values will be unreliable. However, using the

values for the core density, ρ 0, and core radius, rc, from the Harris

catalogue (Harris 1996, 2003 February version) we find that the

core is a factor of 3.4 less dense than that of 47 Tuc and the core

radius is a factor of eight times smaller. We therefore estimate that

the encounter rate of Terzan 1 will be a factor of 3.41.5 × 82 ∼ 400

smaller than in 47 Tuc. Thus, based on the core density and core

radius, the encounter rate for Terzan 1 is many tens to hundreds of

times smaller than the value of 47 Tuc. As 47 Tuc has a encounter

rate of 396 (in the (Pooley et al. 2003) normalization), we estimate

that Terzan 1 has an encounter rate of ∼1, which from the Pooley

et al. (2003) relationship would imply that there should only be ∼1

X-ray source in Terzan 1. This is clearly not the case, as we detect

14 sources (though two of them are predicted to be not associated

with the cluster).

As noted above, as Terzan 1 is a core-collapse cluster, therefore

any estimate based on the core radius and density will be unreli-

able. It is therefore important to determine whether any change in

these parameters could make this cluster consistent with the rela-

tionship. If the core radius is larger than assumed, this will have

the corresponding effect of decreasing the computed density of the

core, therefore it is difficult to increase the estimated encounter rate

of Terzan 1 by the required factor of ∼50 to make it consistent

with the Pooley et al. (2003) relationship. For instance, increas-

ing the assumed core radius by a factor of 3 (to 7.2 arcsec) de-

creases the computed core density by a factor of 3.09 (following

Djorgovski 1993), and thus will increase the computed encounter

rate by only a factor of 1.66. Uncertainty in the distance has a simi-

larly small effect on the cluster parameters. Uncertainty in the red-

dening towards Terzan 1 can also have an effect on the estimated

core density as the core density is calculated from the extinction

corrected central surface brightness. In fact, using E(B − V ) =
2.48 (Ortolani et al. 1999), rather than the value from the Har-

ris catalogue, will increase ρ 0 by 77 per cent, although still not

enough to eliminate the discrepancy with the Pooley et al. (2003)

relation.

To account for the number of detected X-ray sources it may be

that the cluster was previously much larger and that most of the stars

have been lost, perhaps due to passages through the Galactic disc

as was suggested for NGC 6397 by Pooley et al. (2003). This idea

is supported by the fact that Terzan 1 is in the bulge of the Galaxy

and has the closest projection to the Galactic Centre among known

globular clusters. Further evidence for a previously more massive

cluster comes from the spectroscopic study of Terzan 1 by Idiart

et al. (2002). These authors identify apparent members of Terzan 1

with substantially higher metallicity and suggest that Terzan 1 may

have captured these stars from the bulge during a previous epoch

when the cluster was significantly more massive.

4 C O N C L U S I O N S

We have presented a ∼19-ks Chandra ACIS-S observation of the

globular cluster Terzan 1. Within 1.4 arcmin of the cluster centre we

detect 14 X-ray sources and predict that two of these are not asso-

ciated with the cluster (background AGNs or foreground objects).
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The brightest of these sources, CX1, is consistent with the posi-

tion of CXOGLB J173545.6−302900 first observed during a short

Chandra HRC-I observation of Terzan 1 (Wijnands et al. 2002). This

source has a particularly hard spectrum for a globular cluster source,

with a simple power-law fit giving a photon index of 0.2 ± 0.2. Such

a hard spectrum suggests that this could be an intermediate polar

(Muno et al. 2004). The position of the second brightest source,

CXOGLB J173547.2−302855 (CX2), is the only source to have a

position that is consistent with all three of the previous ROSAT point-

ings that observed the neutron star transient X1732−304 (Johnston

et al. 1995) as well as the EXOSAT observation. X-ray colour and

spectrum of this source suggest that it could be a quiescent neu-

tron star and therefore we find that this source is the most likely

candidate for the quiescent counterpart of X1732−304. CX2 has a

position closest to the position of the radio source detected in Terzan

1 by the VLA (Marti et al. 1998), though the positions are not fully

consistent. Assuming standard core cooling, from the quiescent flux

of CX2 we predict extremely long (>400 yr) quiescent episodes of

X1732−304, or enhanced core cooling, to allow the neutron star

to cool. Having estimated the stellar encounter rate of this cluster

we find significantly more sources than expected by the relationship

of Pooley et al. (2003) perhaps because the cluster was previously

much larger and that most of the stars have been lost due to passages

through the Galactic disc.
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