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Abstract. We have obtained deep 6, 20 and 90 cm observation of two
of the richest globular clusters in the galaxy, Terzan 5 and Liller 1. In
addition to the well known eclipsing pulsar, PSR1744-24A, our 20 cm
image of Terzan 5 displays numerous point sources within 30", or 4 core
radii of the cluster center. The density of these objects rises rapidly
toward the core, where an elongated region of emission is found. This
feature may be due to the presence of a higher density of point sources
than can be resolved by the 1" resolution of our data. Observations
at 6 and 90 cm show that the brightest individual sources, as well as
the extended emission, possess the steep spectra expected of pulsars.
Furthermore, we find that the strength of the sources in the 20 cm
image agrees well with the standard pulsar luminosity function. The
total luminosity and number of objects observed in Terzan 5 suggest
that this cluster may contain 100 pulsars – probably more than any
other Galactic cluster. Although we do not resolve individual sources in
Liller 1, comparison of our images with other observations suggests that
we are again observing the sum of emission from a number of objects.
The 90 cm flux densities of Terzan 5 and Liller 1 are 35 and 9 mJy,
respectively, implying that a number of bright pulsars in these clusters
have been hidden from pulsed searches, perhaps by a combination of
dispersion smearing, scattering and doppler broadening.

1.

Introduction

The study of millisecond pulsars has recently undergone a renaissance, in large part
because of the discovery of tens of pulsars in globular clusters (see the review by
Dick Manchester in this proceedings). A few years ago, however, globular cluster
pulsars were harder to come by. We, therefore, began a project to study the distribution and numbers of globular cluster pulsars by searching for steep-spectrum
sources using the VLA. Rather than using the high-resolution A configuration to
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search for individual point sources as previous pulsar searchers had done (Hamilton, Helfand, ansd Becker 1985), we chose to observe in the C array, so that the
significant flux density expected from numerous weak pulsars would contribute to
the total cluster signal (Fruchter and Goss 1992). This strategy proved productive; six new cluster radio sources were detected, four of which have subsequently
been detected as radio pulsars (Biggs et al. 1994; D’Amico et al. 1993, Lyne et al.
1990; Manchester et al. 1989). These observations allowed us to put strong limits
on the numbers and distribution of pulsars in globular clusters. We estimated that
the total number of pulsars in the Galactic globular cluster system is between 500
and 2000, and that the true distribution of pulsars among clusters lies in-between
the standard model which produced all pulsars through collision induced binaries
(Verbunt, Lewin, and van Paradijs 1989) and one which distributed pulsars equally
among clusters. However, in either the preferred model or in the collision model,
one would have expected Terzan 5 and Liller 1 to be the two clusters in the galaxy
richest in globular clusters. Our observations agreed well in the case of Terzan 5
– it was our brightest source (though the only identified pulsar in the cluster lies
outside the cluster core, well away from the central radio emission, Lyne et al.
1990). Liller 1, however, displayed no detectable emission. This surprising result
was made even more inexplicable when Johnston, Kulkarni and Goss (1991) obtained A array 20 cm observations of Liller 1 which were several times deeper than
our survey and still failed to detect any radio emission. In this talk, we report on
further radio observations which provide significantly more insight into the nature
and number of sources in Terzan 5 and Liller 1.

2.

Observations and Results

2.1

Terzan 5

The globular cluster Terzan 5 was observed at 20 cm in the A, BnA, Β and CnB
configurations of the Very Large Array (VLA)1. In each case, approximately four
hours of data were obtained. All observations were done in continuum mode,
using two 50 MHz bandpasses, centered on the sky frequencies of 1465 and 1515
MHz. Both right and left circular polarizations were observed. Terzan 5 was also
observed at 6 cm in the Β and C arrays. In both cases the observations were
done in continuum mode, employing two orthogonal polarizations in each of two
50 MHz bandpasses, centered at the sky frequencies of 4835 and 4885 MHz. Here
we discuss the 6 cm C array data as its beamsize closely approximates that which
we used to measure the extended emission observed at 20 cm. Approximately six
hours of data were taken in in the C array during two four hour observing sessions
separated by about one week. Finally, Terzan 5 was reobserved on three successive
days in the A/B array. During these observing session we rapidly switched between
20 cm and 90 cm. The 20 cm observations were done as described above. At 90
cm we observed across two 3.125 MHz bandpasses centered at 327.5 and 333 MHz.
Both linear polarizations were observed. These dual frequency observations were
1

The A configuration of the VLA is its largest. Each successive array (B, C, D) is approximately
a factor of three smaller than its predecessor. Hybrid configurations (e.g. BnA), have the
northern arm in the larger configuration, to provide a more circular beam for southern sources.
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Figure 1: Radio contours are shown superposed on an I band image of the rich cluster
Terzan 5. The 20 cm radio image has a beamsize of 3" × 3".
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designed to allow us to study both the emission from the center of the cluster as
well as the the low-frequency eclipse behavior of the 11 ms pulsar 1744-24A.
Figure I shows the contours of the 20 cm image of Terzan 5 superposed on an I
band image of the cluster taken by Taft Armandroff with the CTIO 1-m telescope.
The VLA image was made using uniform weighting and a 40 kilolambda taper.
This weighting produces a small beam size (3" × 3") which sharpens the details of
the image with the loss of some sensitivity to extended structure. The bright radio
source about 30" to the west of the cluster is the eclipsing pulsar, PSR 1744-24A.
The sidelobes on this source are due to its time variability. The most striking
feature of the radio image, however, is the diffuse radiation centered on the optical
cluster. The flux density of the diffuse component is ≈ 2 mJy: stronger than the
two prominent point sources in the image. When observed on a high resolution
display, a number of point sources which are difficult to discern in the contour
plot become apparent. We estimate that there are as many as a dozen individual
point sources detectable in the image. Even when only the highest resolution data
is retained and an image with a l" beam is produced (with a consequent loss of
signal-to-noise) the center of the cluster remains a continuous, elongated resolved
source. If, as we believe, the source of this emission is pulsars, their central density
is too great for them to be individually resolved in our data.
Comparison of the 20 cm and 6 cm observations shows that the the ≈ 1.5 mJy
source about ten arc seconds to the northwest of the cluster center possesses a
spectral index of –2 and the central diffuse emission has an index below –1.4.
The only astrophysical sources likely to possess spectra this steep are pulsars.
The 6 cm image also reveals the ~ 200 µJy source to the south-east of the cluster to be highly variable source (undectable in one image its flux density increased
by a factor of several in the other). Furthermore, in the 20 cm BnA configuration
image obtained simultaneously with our 90 cm data, this source has brightened
considerably to become a ~ 1 mJy source. Because these latter observations were
separated from our previous 20 cm observations by more than 2 years, we suspect
that this change in flux density is due to refractive scintillation in the interstellar
medium, and that the rapid 6 cm variability is a result of diffractive scintillation.
Both the northern and southern point sources show up strongly in our 90 cm
image. Each contributes about ~ 13 mJy to the total flux density of the cluster, with another ~ 10 mJy apparently due to the cluster as a whole. As our 90
cm beamsize is 9" across, the division of the flux density into these components
must be regarded as highly approximate. Unfortunately, a beamsize this large was
required in order to make the necessary 3-D imaging of the 90 cm data computationally feasible. In Figure II, we display the 90 cm radio contours superposed
on a greyscale image of the 20 cm data displayed in Figure I. The r.m.s. noise in
the 90 cm image is approximately 1.3 mJy. Note that the only 20 cm source not
also observed at 90 cm is the one identified pulsar in the cluster, PSR 1744-24A.
Our data provides strong evidence that this pulsar is continuously enshrouded by
material lost from the companion. We will discuss this aspect of our observations
in detail in another publication.
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Figure 2: 90 cm radio contours are shown superposed on a 20 cm image of the cluster
Terzan 5. While the central emission displays a steep spectral index characteristic of
pulsars, the one identified pulsar in the field, PSR 1744-24A is not visible, even though it
was strong a strong source in the simultaneous 20 cm observations. This pulsar appears
to be continuously eclipsed at 90 cm.
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2.2 Liller 1
The strong central emission observed in Terzan 5 made the non-detection of the
nearly equally dense and equadistant cluster Liller 1 seem particularily surprising.
While the observations of Johnston, Kulkarni and Goss (1991) were deep – their
20 cm 4σ limit was 180 µJy –, the data were taken in A configuration which has
a beamsize of ~ 1.5", and thus greatly over-resolve the ~ 7" core radius of the
cluster (Djorgovski 1993). If the cluster were to contain a number of sources, a
lower resolution image would be more sensitive. We therefore observed Liller 1 at
20 cm in the CnB configuration, which has a 20 cm beamwidth of approximately
10" at the declination of Liller 1. This observation revealed a 280 ± 50 µJy source.
In order to determine the spectral index of this emission we observed Liller 1 at
6 cm in the DnC configuration, and re-reduced 90 cm Β configuration archival
observations made by Johnston and Kulkarni using 3D imaging. We find a 90
cm (330 MHz) flux density of 9 ± 1 mJy and a 6 cm (4885 MHz) flux density of
95 ± 14 µJy.

3.

Discussion

Our observations of Terzan 5 and Liller 1 have revealed steep-spectrum radio
emission from both clusters. In this section we show that this emission is almost
certainly produced by a large population of pulsars so far undetected by pulsed
searches.
The pulsar luminosity function is usually approximated by the formula (Manchester and Taylor 1977)

where L, the pulsar luminosity, is bounded below by a minimum luminosity, Lmin
and where α = 2.0. We, therefore, have used a Monte Carlo simulation to determine, given our knowledge of the luminosities of the 20 cm sources in Terzan
5 and the total luminosity of the cluster, whether our observations are consistent
with the standard luminosity function. As expected, we find that ability to fit the
data is largely independent of the assumed Lmin, but is strongly dependent on α
We find that the 90% confidence interval for α given our Terzan 5 observations is
–1.6 > α > –2.4, with the best fit at α = –1.85. Although we cannot α priori
rule out another steep spectrum source mimicking this luminosity function, our
analysis makes it appear highly probable that all of the radio emission observed
from Terzan 5 is produced by pulsars.
Our observations of Liller 1, however, are much less informative. All of our
detections are with beamsizes larger than the cluster core radius. Thus our inability to resolve the emission and study its luminosity function is not surprising.
Nonetheless the signal to noise of our detections is good enough to allow us to
obtain an accurate radio position in spite of our large beam. In the table below,
we compare the position of the radio emission with that of the optical cluster and
the x-ray source in Liller 1. All radio positions agree; therefore we have reported
only the 6 cm position, which has the smallest error ellipse.
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LILLER 1 SOURCE POSITIONS

While the rapid X-ray burster in Liller 1 would be an obvious possible source of
variable radio emission, its position (Grindlay et al. 1984) is offset from the radio
position by about 8 arcseconds. The agreement between the radio and optical
positions of the cluster appears to be quite a bit better, although the position of
the optical center of the cluster is somewhat controversial. Grindlay et al. report a
position which disagrees by several arcseconds with the cluster discovery position
of Liller (Liller 1977). However, Grindlay et al. used U band plates for their work
whereas Liller worked in the R and I bands. As the visual extinction to this object
is estimated at ~ 10 magnitudes (Djorgovski 1993), we have used Liller’s position
in the table.
While the position offset and steep spectrum of the radio source make it appear unlikely that it is the counterpart to the rapid X-ray burster, we cannot easily
identify the total number of sources responsible for the radio emission. Nonetheless, it is improbable that a single pulsar is responsible for all the emission we
see. Figure III plots the flux density of the radio source in Liller 1 versus frequency. Note that the 20 cm flux density reported here is a factor of two below
what one would expect based on a spectral index determined by the 90 and 6 cm
observations. As pulsar spectra are usually steeper at shorter rather than longer
wavelengths (Manchester and Taylor 1977), it would appear that the source may
have been low when we observed it at 20 cm. Yet our 20 cm flux density is 100 μJy
greater than the 4σ A configuration limit of Johnston, Kulkarni and Goss (1991).
Were the greater flux density caused by variability rather than the fact that the
larger beam incorporates more objects, then the intensity at the time of the A
configuration observations would have to be doubly suppressed.
Given that our Terzan 5 observations confirm that the standard field pulsar
luminosity function can be applied to cluster millisecond pulsars, we can use our
Monte Carlo simulations to estimate the number of pulsars in these clusters. Assuming that the minimum 20 cm pulsar luminosity is 0.3 mJy kpc2 (see Fruchter
and Goss 1992 for a discussion of this assumption), we estimate that there are
between 60 and 200 pulsars in Terzan 5. Similarly we can use the fact that for
an L–2 luminosity function, the expected number of pulsars Npuls given a total
luminosity, L tot is

or in the case of Liller 1, about 15 pulsars (again see Fruchter and Goss 1992 for
the derivation of this formula). While the reader may be justifiably suspicious of
our assumed minimum luminosity, it should be noted that the relative expected
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Figure 3: The flux density of the source radio source in Liller 1 as a function of observing
frequency.

number of pulsars in different clusters is independent of the assumed Lmin. Therefore, it seems highly likely that Terzan 5 is indeed several times richer than its
apparent cousin Liller 1. Furthermore, when one extends this comparison to include other clusters (a point which will be taken up at greater length in another
publication) one finds that Terzan 5 almost certainly contains more pulsars than
any other cluster yet studied.
Both Terzan 5 and Liller 1 have been observed by pulsed searches described
at this conference by Dick Manchester. Indeed, we have been told that acceleration searches have also been applied to the Terzan 5 data in an attempt to detect
the bright central point sources reported here (M Bailes, private communication).
The reason for the non-detection of these pulsars is unfortunately unclear. Little interstellar scattering is detected in observations of PSR 1744-24A (Nice and
Thorsett 1992), and the expected dispersion measures of 200 to 400 cm–3 pc
should be accessible to 20 cm searches. Nevertheless, when a new generation of
large radio telescopes, such as the GMRT, are complete and these clusters can be
searched with shorter integrations and narrower bandwidths at higher frequencies,
we expect these objects to be revealed as troves of pulsar treasure.
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