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Abstract The Parkes Globular Cluster survey at 1.4 GHz has found sowvidve recycled
pulsars in six globular clusters. Timing of these sourceselkas follow-up observations at
other electro-magnetic bands are providing a wealth ofésténg results, which are summa-
rized here.
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1 INTRODUCTION

Recycled pulsars result from the transfer of matter and languomentum from a mass-donor companion
to an old neutron star in a binary system (e.g. Alpar et al2) 98 ost of them are extremely stable clocks,
allowing for accurate measurements of their rotationahpeaters, position and apparent motion in the sky.
Coupled with the very compact nature of the underlying rerusttar, this fact makes a pulsar to be a mag-
nificent test mass for probing gravitational effects. Irntfaecycled pulsars discovered in globular clusters
(GCs) have proven to be valuable tools for investigatiingthe potential well of a globular cluster (e.g.
Camilo et al. 2000)(ii) the dynamical interactions in a globular cluster core (Blgnney & Sigurdsson
1991);(iii) the gas content in a globular cluster (e.g. Freire et al. 2404 the neutron star retention in
a globular cluster (e.g. Kulkarni et al. 1991Y) the binary evolution in a very dense stellar environment
(e.g. D’Amico et al. 2001; Freire et al. 2004Yj) the equation of state for the nuclear matter (e.g. Edwards,
van Straten & Bailes 2001; Hessels et al. 2006b). Most of theementioned investigations have been the
results of extended programs of follow-up timing obseadiof the millisecond pulsars (MSPs) hosted in
a given globular cluster. In particular, if semi-regulaplgrformed for at least 4-5 yrs, these observations
(besides refining the values of the basic parameters of asgdwe. spin rate, position, and, if applicable, or-
bital period, projected semi-major axis etc) usually alde attain very high precision in the estimation of
further relevant parameters, such as proper motions, hagber spin derivatives or also binary parameters
like periastron advance, orbital period derivative andso o

Of course before being timed a recycled pulsar must be déseohand pulsars in GCs are indeed elusive
sources. Their large distances make their flux density &ffgiwery small and their signals strongly distorted
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Table 1 Parameters of the Recycled Pulsars Discovered in the PKS®B@&5

Cluster Pulsar Ppin DM Py apsini M nin  Offset
Name Name ms cm? pc days It-s Mg Recore
NGC 6266 J17043006A 5.24 115.0 3.80 3.48 0.20 2.0
J1701-3006B 3.59 113.4 0.14 0.25 0.12 0.15
J1701-3006C 3.80 114.6 0.21 0.19 0.07 1.0
NGC 6397 J17465340 3.65 71.8 1.35 1.65 0.19 11
NGC 6441 J17563703 111.6 233.2 17.3 24.4 0.58 2.0
NGC 6522  J18033002 7.10 193.4 single 4.4
NGC 6544  J180%2459 3.06 134.0 0.071 1.65 0.009 1.2
NGC 6752 J19115958A 3.27 33.7 0.84 1.21 0.19 73
J19106-5959B 8.36 33.3 single 0.8
J1911-6000C 5.28 33.2 single 30
J19106-5959D 9.03 33.3 single 0.6
J1910-5959E 4.57 33.3 single 0.5

by propagationthrough the dispersive interstellar medinraddition, they frequently are members of close
binary systems, causing large changes in the observed spod@nd sometimes periodic eclipsing of the
radio signal. Six years ago we undertook a new search for MBBEs (the Parkes Globular Cluster survey:
PKSGC) exploiting the low system temperatureq1 K) and the large bandwidtih(300 MHz) of the new
20-cm receiver installed at the 64 m Parkes radiotelesdadpehave built at Jodrell Bank and Bologna a
new high resolution filterbank, made ®f2 x 0.5 MHz adjacent pass-band filters, giving the unprecedented
opportunity to probe distant clusters. Also we have implereeé a new multi-dimensional code to search
over a wide range of accelerations resulting from binaryiomptin addition to the standard search over a
range of DMs (see Possenti et al. 2003 for a detailed de&mripf data acquisition and processing).

We selected 65 GCs in the framework of the PKSGC survey, Wighcharacteristics of being located
in the southern sky, of not having an already known assatiptdsar and of having a favourable (i.e.
high) ratio between the core density and the square of tietarte (both these values derived from optical
observation). In Table 1 we list the parameters for the 12 M&Ps which we have discovered so far in six
clusters of the aforementioned list. Full precision parrseand related uncertainties are reported in the
following papers: D’Amico et al. 2001, D’Amico et al. 2001D’Amico et al. 2002, Possenti et al. 2003.
These discoveries increased 2y% to the total number (now 24) of globular clusters hosting avkm
millisecond pulsar. Taking advantage of the availabilityttee Cagliari Observatory d¥langustaa new
large cluster of 60 CPUSs), we have completed the regulaggsieg of the collected dataiatt GHz, while
simultaneously undertaking a re-processing of all the magiens, applying a fully coherent search for
ultra “accelerated” pulsars. Further data collecte8l@GHz are also under analysis.

2 MOST RECENT RESULTSFROM TIMING
2.1 ThePeculiar Ejected Pulsarsin NGC 6752: Proper Motion and Radial Velocity Deter mination

The globular cluster NGC 6752 is known to host 5 millisecontbars (D’Amico et al. 2001, 2002), which
showed, since their discovery, peculiar features. PSR @19959B and PSR J191(%959E (hereafter
PSR B and E) reside in the central region of the GC and show legativeP values, which are interpreted
as an effect of the GC gravitational potential well. The hasg central mass to light ratigM/ /L) is much
larger (Ferraro et al. 2003b) than that reported in liteatnd at leastwice as large as the typical value
M/L ~ 2 — 3 observed in the sample of the core collapsed clusters. Ewea umexpected is the position
of the pulsars PSR J1915958A (hereafter PSR A) and PSR J19BD00C (PSR C). The first holds the
record of being the farthest MSR (3.3 half mass radii) ever observed from the centre of a glbRISR-C,
an isolated pulsar, ranks second in the list. Their veryedff@sitions naturally rose the question of their
being really associated with the globular cluster.

After 5 years of regular timing observations, we have findiyived (Corongiu at el. 2006) the am-
plitude 1» and the position angle PA (with respect to the north) of treppr motions of these two pulsars:
pa = 4.94+0.3masyr ! and PA, = 219+3 degfor PSR Auc = 6.8+2.2mas yr ! and PA; = 225420
deg for PSR C (uncertainties are2at). As shown in Figure 1, they appear nicely in agreement waithe
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other within current uncertainties (some years more withbeessary for determining the proper motions of
the 3 fainter pulsars close to the cluster center). Thisdadtthe proximity of the two objects in the plane
of the sky allowed us to estimate that the joint probabifitjor the positional and kinematic characteristics
of PSR A and PSR C to be due to chance (i.e. due to two Galadtigiigsars unrelated to NGC 6752) is
P < 107°. With this result in publication, the association of the biNRSR A with NGC 6752 has been
strengthened furthermore by the measurement (Cocozza 20@6) of the radial velocitypsra Of the
center of mass of the binary system. This was possible thandsectroscopic observations performed on
2004 of the pulsar companion, identified back in 2003 as aulHelvhite dwarf (Bassa et al. 2003; Ferraro
et al. 2003c). It turns out to Bepsra = —28.1+4.9 (1o uncertainties), fully in agreemeénwith the radial
velocity of NCG 6752V nccsrse = —27.9 + 0.8 (Harris 1996, catalog revision 2003).

With the issue of PSR A's and C’s cluster membership settledare left with the question: is there
any relation between their peculiar positions in NGC 6752 the high mass to light ratio in the innermost
region of the cluster? In fact the strong gravitational mxdperienced by PSR B and PSR E could be
explained with~ 1000 Mg of low luminosity unseen matter (Ferraro et al. 2003b) esmtbwithin the
central 0.08 pc of the cluster. Given the observed shapeeotlister density profile, it could be most
probably due to{a) a very high concentration of white dwarfs or neutron stéoy;a central (single or
binary) intermediate mass black hole. On the other hé)dppears a viable hypothesis to account for the
unprecedented positions of PSR A and PSR C. Their locationgast that expected on the basis of mass
segregation and call for the occurrence of recent dynaraigaits that propelled the pulsars from the core
to the cluster outskirts. These ejections are much moregelif the scattering target is significantly more
massive than the propelled system and that strongly favecs@ario involving black-hole(s). In particular
it has been shown that a double black-hole of intermediatesra 100 M) could explain the location
of the ejected pulsars (Colpi, Possenti & Gualandris 20G#piCMapelli & Possenti 2003), satisfy the
requirements of the star density profile (Ferraro et al. 2)@8d properly fit the dynamical evolution of the
cluster (Sigurdsson 2002).

The surprises in the study of the pulsars in NGC 6752 are e finished. For instance, it must be
still understood the discrepancy between the proper metdRSR A and PSR C and that (measured in the
optical band) of the whole cluster (Corongiu et al. 2006¢:Bigure 1. In addition, according to the analysis
of Cocozza et al. (2006), the light curve from the compan®R$R A would result different with respect
to those of all the other pulsar companions detected so fasudt at variance with that obtained by Bassa
et al. (2006).

2.2 The Predominance of Binariesin NGC 6266: a Pre-Core Collapse Signature?

The Parkes Globular Cluster Search discovered 3 recycléshnsuin the globular cluster NGC 6266
(D’Amico et al. 2001; Possenti et al. 2003). The inferred ilosities of the MSPs A, B and G

10 — 20 mJy kpé at 1400 MHz: Possenti et al. 2003) place them in the brighgedtof the luminosity
function of the MSPs in GC, entailing the possible existesfamany slightly dimmer MSPs in NGC 6266.
In fact three more fainter sources have been subsequenéygtdd by Jacoby et al. (2002), exploiting the
higher sensitivity of the Green Bank Telescope. Even materésting, aChandra pointing revealed the
presence in the inner part of the globular of few tens of Xgayrces (Pooley et al. 2003), whose colours
suggest that NGC 6266 should harbour tens of MSPs.

At variance with the other GCs in which at least five pulsarehzeen discovered (Ter5, 47Tuc, M28,
M15, M5, M13, NGC6440, NGC 6752, and NGC6624), all the 6 knomitisecond pulsars in NGC 6266
are bound in binaries. The absence of known isolated putsarsot be explained invoking a selection
effect since, for a given spin period and flux density, araiterdl MSP is easier to detect than a binary MSP.
Unfortunately, the observational biases affecting thetioa F; of isolated pulsars discovered in a given
cluster (with respect to the total observed MSP populatiwa)difficult to quantify precisely. Considering
all the other clustersFis > 2/5. If this ratio applies to NGC 6266, the probability of havitige first six
detected pulsars be all binary<4s 5%. If this absence of isolated pulsars in NGC 6266 is not astieai
fluctuation, it must relate to the mechanisms of formatiorthafse objects and their interplay with the
dynamical state of the cluster. In this respect, it has beeantly shown (Beccari et al. 2006) that the star
density profile of NGC6266 is well reproduced by a standardnodel with an extended core (19”) and

1 See Bassa et al. (2006) for a different interpretation oftrae spectroscopic data.
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Fig.1 Comparison among the expected drifts (assuming uniforniompafter 10 years for NGC 6752 as
a whole, PSR A, and PSR C. Each drift is represented by a lm&rdfrom the position of the pulsars and
of the cluster center and a box whose amplitude represeatsritertainties (a2o) on the determination
of the proper motion. The units on both right ascension armtirdgion axes are arcmin. The dashed circle
represents the portion of the cluster enclosed within thierhass radius. Proper motion uncertainties for
the pulsars are from Corongiu et al. (2006), while the urdeties for the optical proper motion of the
cluster are from Dinescu et al. (1999).

a modest value of the concentration parametet (.5), indicating that the cluster has not-yet experienced
core collapse. Hence, detailed numerical simulations évbalhelpful in investigating if trapping of almost
all the neutron stars in close binary systems can reallyrodering the phase immediately preceding the
core collapse of a globular. An alternate possibility ist thth the known millisecond pulsars have been
created in a “burst” very recently: thus, they have not hamligh time to ablate their companions away or
to experience a dynamical interaction leading to the idioneof the binary.

2.3 TheEccentric Pulsar in NGC 6441: a Heavy White Dwarf or a Neutron Star Companion?

In NGC 6441 (Possenti et al. 2001) a mildly recycled radispuhas been found: PSR J178¥03 (three
further recycled radiopulsars have been subsequentlgwised in this cluster from observations performed
at the Green Bank Telescope, Ransom et al. 2006a). PSR-JB788 orbits a companion whose minimum
mass i90.58 Mg . This fact and the large orbital eccentricity £ 0.71) favor two interpretations for the
nature of the systen(a) a pulsar orbiting a star (a heavy white dwarf or a main seqeistar) acquired
during an exchange interaction in the cluster c@ga double neutron star binary. The available data span
of timing observations has already allowed us to get a detextion of the periastron advance (and hence
on the total mass) of the system. However, the resultingdimm the total mass of the bina2y03 Mg <
MroT < 2.27 Mg (20) do not allow us to safely discriminate between the two afaretioned hypotheses.

2.4 PSR J1740—-5340in NGC 6397: Archetype of the Class of High-M ass Black-Widow Pulsars

The recyled pulsar (PSR J1748340) harboured in NGC 6397 displays unique features: itrieember

of a binary with a relatively large orbital period of 1.35 dayput nevertheless it undergoes eclipses for
about 40% of the orbit at 1.4 GHz (D’Amico et al. 2001b) and stimes shows striking irregularities in
the radio pulsation even at the inferior conjunction, i.bew the pulsar is at the closest distance from us.
Light curves (Ferraro et al. 2001; Orosz & van Kerkwijk 208&luzny et al. 2003) and spectroscopic
observations (Ferraro et al. 2003) of the optically idestiftompanion (Ferraro et al. 2001) suggest that it
must have a mass in the interval 0.22—-Q82 and completely (or almost completely) fill its Roche lobe.
These facts, combined with radio measurements, indicatetie companion may be eith@gy the remnant

of the star that spun up the pulsar (Ferraro et al. 2001) amohvisexperiencing the so-calleddio-gjection
phase (Burderi, D’Antona & Burgay 2003)i) a star which exchanged its position in the binary with that
of the star which originally spun-up the pulsar (Grindlaykt2002),(iii) a sub-subgiant resulting from a
binary-binary encounter in the cluster core (Orosz & vankifgik 2003) or(iv) a combination of the cases
(i) and (ii) (King, Davies & Beer 2003). The latter hypothesieems favoured by the recent discovery of
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similar systems in other clusters (e.g. Ter 5, Ransom eD&@5 In this case, PSR J1746340 would be
the archetype of a new class of binary pulsars, which we rfaghemass black-widow pulsars, in which the
mass loss is driven by the nuclear evolution of the compafiamy, Davies & Beer 2003), rather than by
the mechanism of ablation. The latter is believed to holchindase of the ordinafylack-widow pulsars,
orbiting low mass almost completely swelled companiorsstar

In all cases, PSR J174%340 appears the best available target for studying how ulsapenergetic
flux interacts with the plasma released by the companionceneplex structure of the Hemission line
(Sabbi et al. 2003) could be a confirmation that thdio-gjection mechanism is indeed at work in this
system; the presence of He-lines in absorption may be &stiita hot barbecue-like strip on the companion
surface heated by a highly anisotropic pulsar flux (Sabbil.e2@03); the enhanced Litium abundance
can result from nuclear reactions triggered by accelerpgeticles flowing from the pulsar (Sabbi et al.
2003b). The evidence for an enhanced Litium abundance aritiégpresence of He-lines in absorption
are particularly intriguing, since the refined value of tipgnsdown power of PSR J174(%340 (& ~
3.3 x 10%* erg s71) should not be high enough for producing strong effectsrafiiation on the companion
surface facing the pulsar (Orosz & van Kerkwijk 2003).
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