Alma Mater Studiorum - Universita di Bologna

DIPARTIMENTO DI ASTRONOMIA
Corso di Dottorato di Ricerca in Astronomia
Ciclo XX (2005-2007)

A SPECTROSCOPIC AND PHOTOMETRIC STUDY OF MSP
COMPANIONS IN GALACTIC GLOBULAR CLUSTERS

Dottorando: Relatore:
Dott. Gabriele Cocozza Ch.mo Prof. Francesco R. Ferraro

Coordinatore:
Ch.mo Prof. Lauro Moscardini

Scuola di Dottorato in Scienze Matematiche, Fisiche e Astronomiche
Settore Scientifico Disciplinare: Area 02 - Scienze Fisiche
FIS/05 Astronomia e Astrofisica









Contents

1 Introduction 5
2 The Millisecond Pulsars Population 15
2.1 Binary Millisecond Pulsars in GalacticGCs . . . .. ... ...... 20
2.2 Optical Counterparts of Binary Millisecond Pulsars ml&&tic GCs . . . 22
2.2.1 Optical companion of MSPsin47Tuc . . . . ... ... ..... 24
2.2.2 The White Dwarf orbiting PSR B1620-26 inM4 . . . . . . . .. 52
2.2.3 The tidally deformed companion to the PSR J1740-5340 i
NGCB397 . . . . . . e 26
2.3 Search for optical counterparts: a methodological@ggr . . . . . . . . 28

3 The puzzling properties of the Helium White Dwarf orbiting the Millisecond

Pulsar A in the Globular Clusters NGC 6752 33
3.1 Introduction . . . . . . . ... 33
3.2 Thedynamical status of NGC6752. . . ... ... ........... 34
3.3 The interpretation of the MSPs accelerations . . . . .. ... .... 36
3.3.1 Case (i): Overall effect of the GC potentialwell . . . . .. .. 37
3.3.2 Case (ii): Local perturbator(s) . . .. .. ... ... ...... 41
3.4 The Helium White Dwarf orbiting the Millisecond Pulsarthe halo of
the Globular Cluster NGC 6752 . . . . .. ... .. ... ... ..... 43
3.4.1 The Optical Companion of PSR J1911-5958A . . . . . . . .. 44
3.5 Radial velocity curve of COM J19EB958A . . . . . . ... .. .. .. 49

3.6 Themassratio. . . . . . . . . . . . . s 52



CONTENTS

3.7 The puzzling light curve of COM J194B958A . . . . .. ... .. .. 54

4 Discovery of a tidally deformed millisecond pulsar compaion in NGC6266 59

4.1 Millisecond PulsarsinNGC6266 . . . . . .. ... ... ........ 59
4.2 Observationsanddataanalysis . . .. ... .. ... ......... 63
4.2.1 HSTobservations.. . . .. ... ... ... ... ... ..... 63
4.2.2 ChandraObservations.. . . . . ... ... ... . ... .... 64
4.3 Results. . . . . . . 65
4.4 DISCUSSION . . . . . o v 69

5 Conclusion 73









Chapter 1

Introduction

his Thesis is devoted to the study of the optical companidridillisecond
Pulsars in Galactic Globular Clusters (GCs) as a part of gelqroject
specifically dedicated to the study of the environmentata@ff on passive

stellar evolution in galactic GCs.

GCs are spherical systems of° + 10° Population Il stars bound by their self-
gravitation. Following a simple theoretical approach (Ben& Buzzoni, 1986), all stars
into a GC are formed at the same time during the collapse aiglesmolecular cloud,
and, at a first approximation, they show the same chemicaposition: this means that,
excluding some effects as the stellar rotation, the magffietd, or stars bound in binary
systems, the differences in stellar evolutionary stagesaly due to differences in the
initial mass. The most massive stars evolves in féfvyr out of the main sequence, and
eventually explode as type Il supernovae, while less massies will lie in these systems
for more thanl0 + 15 Gyr .

A similar stellar aggregate is the best approximation ofgbealled Simple Stellar
Population (SSP). At present, about 150 globular clusterkaown in the Milky Way
(Harris, 1996, with ages of about 10-13Gyr (see for example the review hyefta et
al., 2000).

Nevertheless, recent advances in theory and observatmre suggested that the

'When referencing to Harris (1996) we used the updated datasat
htt p: //ww. physi cs. ncnmast er. ca/ d obul ar. ht m
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evolution of the stellar content in a GC is not simply passiphysical interactions

between single stars as well as the formation, evolutioryivgl, and interactions of

binary systems, have a significant influence on clusterastplbpulations (Chernoff &

Weinberg, 1990). Binaries can be created and destroyexttiaif) the characteristics of
the binary stellar population (Heggie, 1975) leading tdftimmation of “peculiar” objects,

whose origin can not be explained viadrmal’ stellar evolution.

In fact advances in observational techniques have revélaéguresence of a multitude
of peculiar objects in GCs, including Millisecond PulsatdSPs), Blue Straggler
Stars (BSS), bright and dim X-ray sources as Low Mass X-rayaBés (LMXB) and
Cataclysmic Variables (CV). The formation of these objeets not be explained in terms
of the evolution of isolated stars, but they are thought tathee result of dynamical
interactions, which take place in the densest regions (uiistars per cubic parsec)
of the clusters.

Direct physical collisions can produce Blue Straggler Stdrombardi Rasio &
Shapiro, 1996), but near encounters are even more commareatitbught to produce the
majority of exotic objects into GCs. In this latter case themting mechanism is believed
to be the 2-body “tidal capture” (Fabian Pringle & Rees, )97Hhis term indicates the
outcome of a close encounter between a degenerate objettqmetar or white dwarf)
and a main sequence star or a red giant. During such an eecostnbng tides are raised
on the surface of the non-degenerate star. These distodisripate orbital energy and
can therefore result in capture of the non-degenerate sththe formation of a close-
binary. Tidal capture nicely accounts for the observedawandance of low mass X-ray
binaries (LMXBs) and MSPs in GCs, relative to the galactildfie

The continuous formation and destruction of binaries cécathe dynamics of the
cluster as a whole. As a result it is now clear that stellafugian and stellar dynamics
can no longer be studied separately.

Binary systems play a fundamental role also on the overallution of a cluster:
because of the gravitational interactions among stars, @&@amically evolve on time
scales generally smaller than their ages. The first sigaatiet dynamical process within

a GC is mass segregation: more massive stars (as neutrsn lsitaaries, binary by-
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Figure 1.1: F'555W, (F'336WW — F555WW) Color-Magnitude Diagram of the Galactic
Globular cluster NGC 6752. Normal evolutive sequencesratieated together with the
position of some peculiar objects such as Blue Straggles Shkiote that some stars lies
between the main sequence and the cooling sequence of whatésd These objects can
be binary systems with a blue excess, as Cataclysmic Vagabl



products) should settle toward the center.

Moreover, even more dramatic dynamical events can occungiuhe cluster’s
lifetime; in fact due both to the distribution of energy betm single stars within a GC
and to the interaction with nearest stars, some stars camol#locities larger than the
escape velocity, and cross the tidal boundary removingggrfesm the cluster. This fact
induce a substantial change in the structure of the clutstelf,ileading the inner region
to shrink and increasing the average velocity of the stanss lunaway process is called
gravothermal collapsé.ynden-bell & Wood, 1968) and would lead to the collapsehef t
core: about 15% of GC shows evidence for this phenomenon.

To reverse the collapse of the core, energy must be addedet&@) mass loss
acts as energy source reducing the total binding energy meotimass and therefore
increasing the velocity dispersion with respect of theabiequilibrium value. The three
most important causes of mass loss are stellar evolutipecesly for the most massive
stars in the early life of the cluster, merging of stars, asdape from the cluster of
weakly bounded stars (Goodman, 1989). However binary systge the most important
energy source; binaries in the core of the cluster counsilyuateract with single stars,
converting binding energy of the binary system into kinetiergy of the single star, and
reverse the collapse of the core. In fact, during a collispmart of the orbital energy of
a binary system is transferred to the passing single stdrge whe binary system itself
will become highly hardened (i.e., tightly bound). Thiss#dinaries are the heat sources
that causes expansion and evaporation, while binary¥pic@tisions can halt (or, more
probably, delay) the collapse of the core avoiding infinkatcal density: during this
phase most of the binaries in the core will be "burned” (= aB&d) by close encounters
(Hut et al., 1992).

The onset of energy generation in the core of a GC marks theoktite collapse
phase, and the core can undergo a re-expansion; this egpacen lower both the
central temperature (= kinetic energy), and the densith@ttbre. The expanding region
in the cluster center will grow radially until it reaches ayi@n of radially decreasing
temperature. Atthis point the expansion halt, and the abrggion starts to collapse again

(Bettwieser & Sugimoto, 1984). These authors suggestdadibay GCs may already
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Chapter 1. Introduction

have undergone an initial core collapse and are presertifatsg gravothermally. The
non linear nature of these oscillations would imply that tdoees spend most of their
time near the maximally expanded stages, during which thst@ls may have normal
appearance with finite-size core. In GC evolution it is therfation of binaries, and
their subsequent “burning” during encounters with singgess which releases the energy
which can counteract the gravitational contraction (Hutlket 1992). Then, when a
GC (particularly if it has a large primordial binary poptuat) begins the core-collapse
phase, the production of collisional by-products in thestdu “furnace” should reach its

maximum.

The presence of binaries in GC was clearly proved by the fos¢ovation of the X-ray
satellitedUhuruandOSO-7(Giacconi et al., 1974, Clark, 1975). These pioneering work
showed that the bright X-ray sources (with; > 103%ergs—!) discovered in Globular
Clusters, represented a significant overabundance wheparedhto the sources in the
Galactic field. Altougth these globular clusters contaii 1% of the stellar contents with

respect to our Galaxy, they containl0% of the bright X-ray sources (Katz, 1975).

It was soon realized that these sources were Neutron St&}¥ dbtreting matter
from a stellar companion in a binary system (the systemsytodled Low Mass X-ray
Binaries), and that these sources were likely to be formauagtn dynamical interaction
(Clark, 1975), either trough three body interaction orltadgture (Fabian Pringle & Rees,
1975).

Altought a large number of bright X-ray sources was discedestarting more than
30 years ago, not many binary systems were known at the tilms.Was essentially due
to selection effects: spectroscopic radial velocity stadiould only monitor a few bright
giants stars, and photometric observations suffered frmwdaing in the dense globular
clusters core. As a consequence, just few dozen binarieschearly identified before the

early '90.



Influence of dynamical evolution on stellar populations

For all the reasons illustrated above, GC studies have fauady applications in
astrophysics:

1) They are ideal laboratories to carry out “controlled expemts” in stellar structure
and evolution.

2) Being very bright, they can be detected also at very largenites, and used as
tracers of the structure and evolution of a galaxy as a wighapley (1918), for instance,
used the distribution of these stellar systems to deterthimshape of our Galaxy.

3) Due to their large stellar contenit0® <+ 10° stars) the dynamics of the stars within
a GC is an excellent application for the classical grawotadi n-body problem.

Furthermore GCs provide an ideal laboratory to study stdyaamics. Interactions
between individual stars establish a sort of equilibriumaciime scale that is typically
< 10%yr at the half-mass radius, arid 10® yr in the core. The intrinsic instability of
self-gravitating systems precludes any final equilibridatesin a GC.

In the '80s, CCD observations allowed a systematic invatitg of the inner surface
brightness profiles (within- 3") of 127 galactic GCs (Djorgovski & King, 1986; Chernoff
& Djorgowski, 1989; Trager King & Djorgovski, 1995). Djorgski & King (1986) sorted

GCs into two different classes:

e the “King model clusters”, whose surface brightness prefiear the center
resemble a single component King model (King, 1966) with wislathermal core

and a steep envelope

¢ the “collapsed-core clusters”, whose surface brightnessIgs follow an almost
pure power law with an exponent of about -1. About the 20% ef ghlactic
GCs exhibit apparent departures from King-model profilessequently they are

considered to have a collapsed core.

The current equilibrium stage of a GC is well described byKineg model (King,
1966), which best fit the surface brightness and/or densdfilp. The King model is

a Maxwellian distribution function, with a cut-off in phaspace of stars velocity: the

10



Chapter 1. Introduction

tail of stars with energy larger than the escape energy frwrsystem is truncated. As
a result of the cut-off in the distribution function, the netslare finite in mass and size.
King’s models depend on three dimensional parameters:ethieat density.., the central
velocity dispersiomwr,. and the tidal radius;. A usefull dimensionless parameter is the so-

calledconcentratiorparameter, defined as

(1.1)

T ) 30
c=— being r.=

e Nezzem
In an attempt to identify correlations among structural dydamical parameter of GCs,
Djorgovski & Meylan (1994) noted that the most concentratiedters have ratios./r,
(wherery, is the half-light radius, i.e. the radius that contains lodlthe cluster light and

consequently- half of the cluster mass) of a few percent.

Clusters with higher concentrations and smaller and detsess are presumably
more dynamical evolved. By considering a database of 148ctalGCs Djorgovski
& Meylan (1994) revealed a correlation between the lumityasnd the concentration of
the GCs. These authors noted that there is no obvious reaspualymamical evolution
would produce a correlation between luminosity and comaéinh, unless to consider
differential survival effects: less massive clusters wiceNaporate faster in the tidal field
of the Galaxy, while more massive clusters would on averagee longer, and have
better chances of reaching a more evolved status.

A relation between the volume luminosity densitigg) @ndr. was noted (Lightman,
1982; Djorgovski & Meylan, 1994). While a core shrinks, th€ @ass changes a
little, or decreases slightly due to an enhanced evaporatfcstars. Simple models
of gravothermal catastrophe (core-collapse) for isolafedter predicts a scaling law
po ~ %% (Lynden-Bell & Eggleton, 1980; Cohn H., 1980), close to theerved scaling
po ~ r; 200015 "within the observed errors (Djorgovski & Meylan, 1994).eltbserved
relation is, however, steeper, possibly due to tidal effeleiss concentrated clusters with
larger cores would be more susceptible to evaporation of,stéhich would lower their

densities.

In the Galactic system, the smallest GCs cores have- 0.05pc, andt,. ~
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10ter0ss ~ 10°yr (Djorgovski & Meylan, 1994). They must be dynamically highl
evolved, and can hardly be much smaller, sihge> t.,.,., must hold. The distribution
of relaxation times agrees with theoretical expectatiand, it allows to derive the rate of
core collapse and GC evaporation within the Galaxy (Hut &rBgwski, 1992)

King models provide accurate fits to the cores for the majaftGCs, but for all
those GCs, which are undergoing, or have undergone, thecolepse, an excess in the
observed counts, with respect of the king model is clearseolmable.

It is now commonly accepted that the presence of also a feeepeof binaries in the
core of a GC can influence the dynamical evolution of the eluss a whole: in particular
they can affect the later phases of core collapse in a GC agdead to a core expansion.

Binary stars can form in a cluster in three distinct ways:
e binaries may be primordial;

e they may be formed during a three-body encounter if the thied carries away

sufficient kinetic energy to leave the other two bound;

e they may be formed in two-body encounters if the stellar enter occurs within a

few stellar radii and tidal dissipation results in capture.

The latter two species of binaries are expected to be relgtimore abundant in the
core of GCs, with respect of the outskirts, both becausedhditions are more favorable
for forming them in the higher density regions, and becabsg are on average more
massive than single stars and therefore tend to sink toweratluster center. If it is
evident that stellar interactions can strongly influeneediinamical evolution of a GC;
suspicious that stellar dynamics may influence the stellaluéon in GCs have more
than three decades old (Renzini, 1983), and it is now comyrnkmbw that GCs stellar
populations exhibit numerous observabpetuliar’ objects which testify the influence of
stellar dynamics on stellar populations.

These effects can both alter the normal evolutive sequgneeghey can lead to the
formation of long blue horizontal branch tails, or altertite red giant branch luminosity

function), and generate new “peculiar” objects (as Blua@iter stars, low-mass X-ray
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Chapter 1. Introduction

binaries, millisecond pulsars, etc.), whose origin canb@otlescribed as the evolution of
a normal star.

In this framework the Department of Astronomy of the Boloddaiversity, in
collaboration with other institutions (Astronomical Obgory of Cagliari and Bologna,
University of Virginia) have started a long-term programmaed to study the possible link
between the dynamical evolution of GCs and the evolutiomeif tstellar populations.

In this thesis, in particular, we have focused our attentiothe companion to binary
MSPs, in order to fully understand the formation mechanianmsthe evolution of such

systems in GCs.

The Thesis is organized as follows:

Chapter 2 presents a description of the characteristic @$18 Galactic GCs.

Chapter 3 is devoted to the analysis of the spectroscopiplapidmetric properties of
the companion to the millisecond pulsar PSR J1911-5958drlobular Clusters NGC
6752.

In Chapter 4 we report the discovery of the peculiar comparno the eclipsing
Millisecond Pulsar PSR J1701-3006B in the globular clusteC6266.
Some of the results presented in this Thesis have been wplm#uished in refered

journals and conference proceedings. We list them in theviahg.

e Cocozza, G, Ferraro, F. R., Possenti, A., & D’Amico, N. “ The puzzlingoperties
of the Helium White Dwarf orbiting the millisecond pulsar RS1911-5958 in
NGC 6752” 2006, ApjL, 641, L129

e Cocozza, G, Ferraro, F. R., Possenti, A., D’Amico, N. “The propertidshe He-
WD orbiting the Millisecond Pulsar J1911-5958 in NGC 675802 AIPC, 924,
641

e Possenti, A., Corongiu, A., Manchester, R., Camilo, F.,d,yA., D’Amico, N.,
Sarkissian, J., Ferraro, F.R., &ocozza, G “ The Timing of Globular Cluster

Pulsars at Parkes” 2006, ChJAS 6, 176

13



e Cocozza, G, Ferraro, F. R., Possenti, A., Beccari, G., Lanzoni, B.,9%am S.,
Rood, R.& D’Amico, N. “ Discovery of a tidally deformed mi#liecond pulsar
companion in NGC 6266” 2008, ApJL submitted
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Chapter 2

The Millisecond Pulsars Population

A neutron star (NS) is an ultracompact object (with a mearsidgr: p >=> 10** gcm=?)
formed during the supernova explosion of a massive stavjdérethan)M z 8 — 10M,.

After the explosion a NS is characterized by a very short ppiiod (2, ~ 1072 sec)
and a very high magnetic field ~ 10'? gauss.

The tremendous magnetic moments and the fast spinningatédesthe young NS to
emit at radio frequencies. With a favorable geometry in Whlee magnetic moment is
not aligned with the rotational axis, and the cone of theaadnission is direct toward the
Earth, this kind of objects appear to us as radio milliseqoumdars. IfQ) is the angular
velocity of the neutron star ang, the dipole magnetic field strenght, the neutron star

emits electromagnetic wavésgiven by the simple "lighthouse” model (Pacini, 1967)

. 242 N1sin?3 , B,R?
E:—T, with  d, = 5 (2.1)
whered,, is the magnetic moment of the star expressed as a functide ddius R
and the magnetic field strength), and /3 is the angle between the magnetic and the spin

axes. The rotational energy of an homogeneusly rotatingssta

B=—" (2.2)

and depend on the moment of inertia of the star I. If the edecagnetic waves are emitted
at the expense of the rotational energy losses 1)), one can infer the magnetic field

of the radio pulsar by measuring the spin peridd- 27 /2 and the spin down rate:
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(2.3)

with the same measures is possible to estimate the chaséictage of the pulsar (also

called spin-down age) that results:

_r
2P
Due to this radio—emission, pulsars lose energy and detelélP/dt > 0), and after

(2.4)

Te

~ 107 yr the radio emission ceases. At this evolutionary stagesthisoagnetic field
decays taB ~ 10" gauss. In Fig.2.1 are shown all the inferred properties of the clartep
sample of radio pulsar today known, using the simple "lighite” emission model.

As a great number of stars, a large fraction of the NS progebglongs to a binary
system: from the virial theorem, it follows that a binary &&ys gets disrupted if more
than half of the total pre-supernova mass of the system ttegjeduring the explosion
(assuming a spherical symmetry). Moreover, the fractiosuo¥iving binaries is affected
by the magnitude and the direction of any impulsive “kickloaty that the neutron
star receives at birth (Hills, 1983; Bailes, 1989). Binartksrupted from the explosion
produce a high-velocity neutron star and an OB runaway Sthe high probability of
binary disruption during the explosion, explains why so fesutron stars in the galactic
field (about 70 out te- 1700, less than 5%) have a companion: as shown irgghg, this
percentage dramatically increase for the millisecondgrals globular clusters.

But if the old, silent neutron star is member of a binary sysfeither because the
binary was not disrupted by the supernova explosion, ogiigies a companion during its
following life) and if the companion star is massive enough { 111/.), this companion
evolve into a red giant and fill its Roche lobe. This starts @opleof mass-transfer from
the giant onto the neutron star, which is recycled to mitissed period (Alpar et al., 1982;
Bhattacharya & van den Heuvel, 1991). During this periodicWitan last from a few
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Figure 2.1: P — P Diagram showing the rotational parameters for the wholepéam
of radio pulsar in the galactic field, in galactic globulausters and the Magellanic
Clouds:pulsars in binary systems are highlighted by opeemcircles, red dashed line
represent the spin-down age of the pulsar, whereas the stddtdted line shows the
inferred magnetic field. The figure comes from the Lorimer206£view.
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Myr to a few Gyr (Tauris & Savonije, 1999), depending on thempanion mass, the mass
falling onto the neutron star forms an accretion disk, angtiX-rays produced from the
liberation of gravitational energy and this system can kseoled as an X-ray binary.

The mass transfer process from the companion star alsofdaravesry efficiently
angular moment onto the neutron star surface, that is relereted to very fast rotational
period, tipically of the order of0 ms. From the Fig2.1 we may understand the differences
between the normal pulsars and the MSP population.

The P — P diagram tell us that the bulk of the pulsar population is ahtrized by
spin periodP ~ 0.5 + 1sec, dipole magnetic field strengit ~ 10+2gauss, spin—
down ager. ~ 107yr and values of the spin period derivatiye ~ 10~ s s~!. Few
object lies in the upper—left corner of tie— P diagram: they are the new—born pulsars,
as the Crab or the Vela Pulsars, the youngest pulsars toaayrkrrhis objects are also
characterized by higher magnetic fields, faster spin psraodi higher values of the spin
period derivative.

A second group of pulsars lies in the lower—left corner inFig2.1: all these objects
are characterized by faster spin period (tipically 10ms), lower magnetic field strenght
and spin period derivatives3(~ 108gauss andP ~ 10795 5! respectively ) and larger
spin—down age, ~ 10°*1%r. The large majority of these objects (highlighted with gree
open circles) have a companion, which plays a fundamer&looe-accelerate the pulsar
up to a very short rotational periods. These objects are@dlISP. The mass and angular
momentum accretion onto the NS surface, is commonly cabeglcling processand
consequently the formation mechanism of a MSP starting aviiimary systems hosting a
NS and a normal star is the so-calledycling scenariAlpar et al., 1982; Bhattacharya
& van den Heuvel, 1991).

In high mass binary systems, in which the companion of the B&Sahtypical mass
M z 8 — 10M,, the normal star is massive enough to explode as a secontheupge
producing a new neutron star. If the binary system survige & the second explosion,
the result is a rare double neutron star binary systems iite gccentric orbit. Less than
ten of this systems are currently known, the first examplad#iemidly-recyledPSR

B1913+16 (Hulse & Taylor, 1974),%0 ms radio pulsar orbits its companion 75 hr.

18



Chapter 2. The Millisecond Pulsars Population

In the formation scenario briefly descrived above, PSR B1263s an example of an
old neutron star, having subsequently accreted matter esairad angular momentum
during the evolution of the companion out the main sequence.

For more than 30 years no one example was known in which atsggbond-born
neutron star was observed as a radio pulsar. The discovathedaiouble pulsar PSR
J0737-3039 system (Burgay et al., 2003; Lyne et al., 20@hduring &2.7 ms recycled
pulsar (the pulsar "A”) and normal.77 s pulsar (the pulsar "B”) orbiting every.4 hr,
has now strongly confirmed the evolutionary model, in whighpulsar "A” and "B” are
the first and the second born neutron stars respectively.

In low-mass X-ray binary sistems, the neutron star orbith \& companion having
a lower mass A/ < 1My), which evolves on a much longer time-scale, spinning the
neutron star up to periods shorter thenms; tidal forces during this long phase serve
to circularize the orbits. At the end of the accretion preoeten the mass envelpe of
the companion star falls below a critical value (.05M,, Driebe et al. 1999, Althaus
et al. 2001), mass transfer stops and the core of the compatao will contract to a
white dwarf, whereas the millisecond pulsar can be obseagath in the radio band. The
re-appearance of the radio emission marks the end of thetaagiphase. This model
has received strong support in the recent years after thewdsy of the X-ray pulsations
(with a periodicity 0f2.49 ms) from the low mass X-ray burster SAXI808.4 — 3658
(Wijnands & van der Klis, 1998). Six other "X-Ray Accretingillisecond pulsar” are
now known, all with spin period shorter th@nns; despite intensive searches, no radio
pulsation have been detected so far in these systems. Agrmeillisecond pulsars could
be the link between the bright low mass X-ray binary and thiésacond pulsar orbiting
with an evolved companion. At the end of the recycling precgs expect that MSP will
orbits in a binary system with very light, almost exhaustid er, more commonly with
a light Helium white dwarf, the core of a normal star that hibst the external envelope
during the accretion phase. In the Fig.2.2 it's shows in tocarthe formation mechanism

for a millisecon pulsar starting with a different kind of any systems.
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2.1. Binary Millisecond Pulsars in Galactic GCs
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Figure 2.2: A cartoon with various evolutionary paths ofdmnsystems hosting a pulsar

2.1 Binary Millisecond Pulsars in Galactic GCs

Despite the large difference in total mass between the digledGalaxy and the Galactic
GC system (up to a factdi0?), the percentage of fast rotating pulsar in binary systems

found in the latter is very higher. MSPs in GCs show spin qkyia the rangé.3--30 ms,
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Chapter 2. The Millisecond Pulsars Population

slowdown ratesP < 10"s/s and a lower magnetic field, respect to "normal” radio
pulsars,B ~ 10® gauss . The high probability of disruption of a binary systems
after a supernova explosion, explain why we expect only apevwcentage of recycled
millisecond pulsars respect to the whole pulsar populatlarfact only the 10% of the
known 1800 radio pulsars are radio MSPs.

Is not surprising, that MSP are overabundant in GCs respe@htactic field, since
in the Galactic Disk, MSPs can only form through the evolutd primordial binaries,
and only if the binary survives to the supernova explosioictvliead to the neutron star
formation. On the other hand, the extremely high stellarsdgrin the core of GCs,
relative to most of the rest of the Galaxy, favors the fororabf several different binary
systems, suitable for the recycling of NSs (e.g. Davies &3$¢aun 1998).

More than 130 MSP have been found in 25 globular cluster upytotheir mean

observational radio characteristics being:

e very short rotational periods? ~ 1.3 + 20 ms;

magnetic field in the rangg)®*? gauss:

an high fraction of binaryX 70% compared to the- 3% of the normal pulsars);

large characteristic ages ~ 10710 yr

large characteristic ages of the companidnsy 10'° yr, tipical of the old stellar

population in globular clusters

In opposition, globular clusters host ority=- 3 "normal” pulsar, i.e. single pulsar
with a spin period R 1sec and a magnetic field two order of magnitude higligr~
10*+ gauss. An up -to-date list of millisecond pulsars propertis inayic globular
clusters is manteined in the P. Freire’s web page

As already known from more than 30 years, globular clustése aost a large
population of X-ray sources, respect to the galactic fielithwthe new millenium, the

study of X-ray sources in globular clusters received a neasbwith the launch of the

http://www.naic.edu/ pfreire/GCpsr.html
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2.2. Optical Counterparts of Binary Millisecond Pulsar&alactic GCs

new generation of instruments on bo&kdandraandXMM satellites, especially with the
capability of Chandrato detect low -luminosity L, ~ 10%° erg s—1) X-ray sources in
a large numbers: the high spatial resolutionGifandraalso permits to distinguish the
emission of single sources with an accuracy ofL{80"2) : see for example the large
number of sources discovered in 47 Tuc, NGC6266, NGC288 5T@rindlay et al,
2001b; Grindlay et al., 2002; D’Amico et al., 2002; Pooleyaat 2003; Kong et al.,
2006; Heinke et al., 2006); if most of this sources should b&a€lismyc Variables and
guiescent low-mass X-ray binary, MSPs also contribute$i¢otdtal numbers of X-ray
sources, as demonstred from Grindlay et al. (2001b) thatédied 19 X-ray counterparts
of radio MSPs in the globular cluster 47 Tuc. Theoreticalkgon the last 20 years shows
that the encounter frequency(i.e. the number of encounters between single stars in a
globular cluster) can be defined Bsx p3/2rg (Hut & Verbunt, 1983; Verbunt, 2006;
Pooley & Hut, 2006), being, the central density of the cluster andts core radius. The
strong correlation between the encounter frequency and-tlag sources provide a clear
evidence that low-luminosity X-ray sources in globularstérs are formed through stellar
encounters. Fig.2.3 shows this correlation; we noticetidiuater lying in the upper-right
corner of the figure are the cluster with the larger popuhatioMSPs, strongly supporting
the idea that also this sources in globular clusters areddrmrough stellar encounters.
The high accuracy in the determination of the radio MSPs, kined with the
detection of large numbers of cataclysmic variable, adiimary with bothChandraand
HST has allowed to place on a common astrometric frame, good 'L, the radio, optical

and X-ray data.

2.2 Optical Counterparts of Binary Millisecond Pulsars
in Galactic GCs

As discussed above, more than 130 MSPs, half of all those lknbave been found
in radio surveys of GCs, in which the high stellar densitied ateraction rates cause
large numbers of neutron stars to be spun-up to millisecenidgs via binary production

and subsequent accretion onto the compact object. Stutlibese objects therefore
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Figure 2.3: Number of observed cluster X-Ray sources Wijth 4 x 10%° erg/sec versus
the encounter rat€. The N, error bars are due to the uncertanties in the background
sources counts. The arrows indicates globular clustemstiazth theChandraobservation

did not reach the required sensitivity

offer insight into the formation and evolution of neutroardbinaries (e.g. Rasio Pfahl &

Rappaport, 2000) and the frequency of stellar interactionise dense cores of clusters,

and sample different evolutionary channels compared tdigiepopulation.

Recent improvements in the radio telescopes sensitivitg In@sulted in a dramatic

increase in the number of MSPs detected in GCs. For exantgell known MSPs

in the GC 47 Tuc (Manchester et al., 1991; Robinson et al.5188ve been recently
increased to 24 (Camilo et al., 2000; Lorimer et al., 2003gd&oov et al., 2005),

whereas a surprisingly large population of 33 MSPs has beeently discovered in

Terzan 5, (Ransom et al., 2005; Hessels, 2006).Thesegesalble studies of the cluster’s
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2.2. Optical Counterparts of Binary Millisecond Pulsar&alactic GCs

gravitational potential well (Freire et al., 2001a) andloé intra-cluster medium (Freire
et al., 2001b).

Binary MSPs in clusters offer the crucial advantages ofishgithese systems at well-
determined distance, age, metallicity and reddening. Psteudistances are particularly
important for reducing uncertainties in luminosity, andking reliable cluster-to-cluster
and cluster-to-field comparisons.

The optical detection of the companion to a binary MSP in a Givgd particularly
helpful in assessing the origin and the evolution of the tyinhesides supporting its
cluster membership (see, e.g., Edmonds et al., 2001; Beetaal., 2001a; Edmonds
et al., 2002). In fact, unlike the systems in the galacticdfiehe age, metallicity,
extinction, distance and hence intrinsic luminosity andiua of the MSP companion
can be estimated from the parent cluster parameters.

Moreover binary MSPs can be very helpful for studying theatyical interactions
that can take place in a GC. Besides the investigation ofisadhass and cooling age
of the companion, the observation of the degree of modulaifahe optical flux from
the companion at the orbital period will allow to measuretimgpeffects of the pulsar
impinging on the companion surface, helping in clarifyihg will be evaporated by the
pulsar.

Despite these promising goals, observational progressesletecting optical
counterparts of cluster binary MSPs are quite slow (up to rmy six of such
counterparts were identified), mainly because of the higttigpresolution needed and

sensitivity limitations.

2.2.1 Optical companion of MSPs in 47 Tuc

The first two detections of MSP companion in a GC Was., the companion to

PSR J00247203U and the faint and blue source W29, the companion to t6& M
PSR J0024 7204W, both in 47 Tuc (Edmonds et al., 2001, 2002); the posidif U,

in a Color Magnitude Diagram and the comparison with thécaetnodels reveals that
this star is a low-masss(0.17M) Helium White Dwarf. This is the more common by

product of the recycling process, in which the evolution obamal low mass star out to
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the MS start the transfer of mass and angular momentum oatd$hsurface. At the end
of the mass transfer the companion of the MSP have lost tlegre{tenvelope, leaving
only the degenerate He core.

47 Tuc also host the second optical companion of a MSP in a @yéry faint
(V =223,V — 1 = 0.7) and blue source W29, identified as the companion to the
MSP PSR J00247204W. This object is most peculiar and intriguing thég,. The
star shows a large amplitude (60%-70%) sinusoidal vanaitobothV and I. The
phase dependence of the intensity and color implies thaingeaf a tidally locked
companion causes the observed variations: the radiati@ncming from the pulsar
heat the surface of the companion, that once per orbit, sttmwvsotter and brighter side
to the observer. The eclipsing nature of PSR JBg2204W, combined with the relatively
large companion mass (M> 0.13M.) and the companion’s position in the CMD,
are completely inconsistent both with the WD charactesséind with the normal MS
population of the cluster. Combining these evidences wighX-ray eclipses observed by
Chandra (Grindlay et al., 2002), the authors conclude thatsystem may be composed
by a MSP and a very light MS star.

2.2.2 The White Dwarf orbiting PSR B1620-26 in M4

Another white dwarf has been found orbiting around PSR Bi1&20n the Globular
Cluster M4 (Sigurdsson et al., 2003). In this case, the coisga with cooling traks
of white dwarfs (Wood, 1995), suggest that the companionSR B1620-26 is a little
bit more massive Carbon-Oxigen WD, with mads ~ 0.28 M, /sini as estimated from
the radio timing orM, ~ 0.35 M, as derived from the position of the star in the CMD.
Carbon Oxigen white dwarf are quite rare as companion of MBBC, and just few
MSP are suspected from radio timing measurement to haveahjebt as companion.
A lower, M ~ 0.2M. He-WD is the preferred by-products of the recycling process
Some peculiar characteristics of this system has been faftadaccurate radio timing.
The pulsar possesses an anomalously large second timatdesivthe rotational period
(seven order of magnitude higher than expected from theapgigin down and of the

wrong sign)and further radio observations reveled theltaird fourth derivatives of the
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pulsar period as well as a secular change in the projectedrsgar axis of the inner
binary. On the basis of these contraints, Sigurdsson eR@03) proposed a model in

which a third body (=a planet) is responsable for the obsktivee varying acceleration.

2.2.3 The tidally deformed companion to the PSR J1740-5340 |
NGC6397

The most peculiar optical companion of MSP in GC is the congranf the eclipsing
millisecon pulsar PSR J1740-5340 in the globular clusteC§&97, found by Ferraro et
al. (2001b). This object turn out to be a bright ¢ 16.7) red (V' — I ~ 0.9) and variable
star (see Fig 1 of Ferraro et al. 2001b). The optical vaiitglof this star nicely correlates
with the orbital period of the binary systemB,(, ~ 1.35 days), but the characteristic
of the light curve are unprecedented for a MSP companiomgbikie clear signature of
a tidally deformed star. In fact, as shown in Fig2.4, thetlighrve, both in U and in
H, filters is characterized by two maxima at orbital phases 0Ga&d Hereafter in this
thesis we locate at phase 0 and 0.5 the two quadratures amds¢$0.25 and 0.75 the
two conjunctions. Thus at phase 0.25 (the superior conpmaf the companion star)
we see the face of the companion heated from the radiatiomgoinom the pulsar. The
maxima at the quadratures indicates that the companiataliytideformed and has filling
its Roche Lobe. In these phases the companions shows to $kevebthe major axis of
its ellipse, resulting brighter. The matter overflowing B@che Lobe is also responsable
of the eclipse of the radio signal observed at the superiojucation of the pulsar, when
the companion is located between the pulsar and the observer

A fascinating possibility is that PSR J1740-5340 is a newhdiSP, the first one
observed just after the end of the process of recycling. iBxdase (Burderi D’Antona
& Burgay, 2002), the companion star could have been orityi@aMS star ofAM/ < 1M,
whose evolution triggered mass transfer toward the comgaopanion, spinning it up
to millisecond periods. Irregularities in the mass transée from the companion\/,
are common in the evolution of these systems (e.g., Taurigorfja 1999): even a
short decreasing of/. can have easily allowed PSR J1740-5340 (having a magnetic

field B, < 10°gauss and a rotational period 3.65 ms) to become source of redtivi
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Figure 2.4: Light curves of the companion to the pulsar PSRI045340, as a function
of the pulsar orbital period (Ferraro et al., 2001b). Théatligurve in different band, and
taken in different epochs, plotted versus the phase. Themaaat the quadratures an
the minima at the conjunctions are the clear indication lpsbdal modulation due to a
tidally deformed star.

particles and magnetodipole emission, whose pressurer¢l)sfvept the environment
of the NSs, allowing coherent radio emission to be switchedShvartsman, 1970),
and (2) then kept on expelling the matter overflowing from Bache lobe of the
companion (Ruderman Shaham & Tavani, 1989). For a wide dndigary system
(as is the case of PSR J1740-5340), once the radio pulsardegsdwitched on, any
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subsequent restoration of the origind]. cannot quench the radio emission (Burderi et
al. 2001). In this case, we have now a donor star still losiragten from its Roche
lobe atM. z 5 x 10~ 1M, yr—(D’Amico et al. 2001c; a high mass-loss rate, difficult
to explain in the model of a bloated star). At the same timeredion on the NS is
inhibited because of the pressure exerted by the pulsar emthlling matter. This
strong interaction between the MSP flux and the plasma windldvexplain also the
irregularities seen in the radio signals from PSR J174M534metimes showing the
presence of ionized matter along the line of sight even wherpulsar is between the
companion star and the observer. The characteristic ageRIR740-53408.5 x 108yr)
would indicate that it is a young MSP, further supportingthcenario. If the companion
star will continue releasing matter at the present infereg¢d, PSR J1740-5340 is not a
candidate for becoming an isolated pulsar. When the coropastar will have shrunk
well inside its Roche lobe, the system will probably end ugveaP + WD (or a light
nondegenerate companion). If alternatively it will undewy significant increasing of
M., the condition for the accretion could be reestablished R8R J1740-5340 would
probably appear again as a low-mass X-ray binary or as a s/ Xransient (Campana
et al., 1998).

In the following chapters we will present the propertiestad bther two millisecond
pulsars companions discovered in globular clusters, tHeieavhite dwarf orbiting the
MSP PSR 1911-5958A in NGC 6752 and the second case of a tideftymed star
orbiting an eclipsing millisecond pulsar, PSR J1701-3006BGC6266

2.3 Search for optical counterparts: a methodological
approach

As previously discussed, mass segregation and high destior the formation of MSPs
in the globular clusters cores; as a consequence idenbinsapptical emission from the
MSP companions are quite problematic. Indeed the normajpeoions to MSPs are
white dwarfs (WDs), and/or light, nearly exhausted, maigussice (MS) stars. Such

sources are intrinsically faint; this physical charaatiei connected to the high crowding
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conditions, typical of the clusters cores, tends to to mhkddentifications difficult.

Another delicate step in the detection of optical countegptp MSPs companions
is the necessity of high accurate absolute position for ftecal data. In fact, while
the position of a MSP is known with extremely high precisioont the radio timing
measurements, the absolute astrometry for optical datacmnglicate task. This is
even more complicate in the central region of a cluster, whesually there are not
primary astrometric standard stars. Then the small fieldi@i \of the high resolution
cameras, as the HST-ACS or HST-WFPC2, requires to combgtereisolution images
(which can properly sample the most crowded regions of thetef core) with wide-
field images, which allow to observe an appropriate numbeprohary astrometric
standard stars in the cluster adjacent regions. Thus bg-caselating the wide field
image catalog with the astrometric one (e.g. the Guide Sasal@y — GSCII, available
athtt p: // www. gsss. st sci . edu/ gsc/ gsc2/ GSC2hone. ht n)itis possible to
get accurate absolute positions with rms residuals of theraf~ 0 7 3 - 0 ” 4 both in
RA and Dec.

In all the astrometric analysis shown in the following cleapt HST data have been
cross-correlated with data acquired by the Wide Field Im#&@é-I) at the ESO 2.2m
telescope (at European Southern Observatory, La Sillde)Chihe images produced by
this telescope consist of a mosaic of 8 chips (see Fig.2a8)h aith a field of view of
8 x 16/, giving a global field of view o33’ x 34’. WFI observation of clusters used in
this thesis were performed in such a way to image the cerdrabpthe observed cluster
in one chip.

The small field of view (Fow 2.5 on the side) of the high resolution HST-WFPC2
images is normally entirely contained within the FoV of oné&M¢hip, which imaged
central part of the cluster (see Fig.2.5). Thus all the tirggigwrs in the WFI catalog, lying
also in the high-resolution FoV, can be usedgasondary astrometric standarasorder
to properly find an astrometric solution of the WFPC2 cataMgte that at the end of the
procedure the two catalogs (high-resolution and wide-ibllre a fully homogeneous
absolute coordinate system.

In order to identify the companion to a binary MSP, all stgiad in a 3r error box
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Figure 2.5: Computed map of the NGC 6752: HST and WFI FoV. Taekxircular line
has a radius of 167 and it is centered on the cluster center of gravity, {,).

are accurately analyzed: as already quoted above, the coomgao MSPs are aspected
to be WD, hence they should show a blue excess and lays toftloé tee cluster MS in
the CMD (see for instance Fig. 3.4).

MSP companions often show a modulation in their luminoden analyzed, light
curves of the companions nicely correlate with MSP orbitalqu (see Figs. 2.4 & 4.5)
and can reveal the presence of heating effects on the coorpamiface, or, as in the case
of the COM J1746-5340 (Ferraro et al., 2001b), and COM J1701-3006B (Cocotza e

al., 2008), the occurrence of tidal distortion. The detecof variability in the emission
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of candidate companion, correlated with the orbital penbthe MPS, not only further
confirms the identification, but also allow to make some ptgalis on the evolution of

the binary system.
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Chapter 3

The puzzling properties of the Helium
White Dwarf orbiting the Millisecond
Pulsar A in the Globular Clusters
NGC 6752

3.1 Introduction

Although NGC 6752 is one of the nearest clusters, there isoneansus in the literature
on its dynamical status. It was initially classified as a pmst collapse (PCC) by
Djorgovski & King (1986) and Auriere & Ortolani (1989). Lateugger Cohn & Grindlay
(1995) argued that the radial profile was not inconsistetit &iKing model.

Recently, observations oP / P| and location of five millisecond pulsars (see Fig. 3.1)
in NGC 6752 (D’Amico et al., 2002) have suggested a surpylgihigh mass-to-light
ratio M /Ly in its core and the occurrence of non thermal dynamics inrtheriregions
(see Colpi Possenti & Gualandris, 2002). The determinaifan /L, by D’Amico et
al. relied on results of pulsar timing and published optitaia derived from medium
resolution ground based observation only. Taking advanfagm new optical data,
Ferraro at al. (2003 ) re-examined this measurement, disiyghe possible origin and
the consequences of the observed value®¢f| at some length.

The five MSPs hosted in NGC 6752 have been discovered on 198®€d 7 during
a search for MSPs in galactic GCs in progress at the ParkestRedcope (D’Amico

et al., 2001a). Three of them are located in the central nsgaf the globular, as
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3.2. The dynamical status of NGC 6752

Figure 3.1: Positions of the 5 MSP (indicated by arrows) tbimNGC 6752 (D’Amico
et al., 2002), superposed on an optical image of the cluBker.circle indicates the half-
mass radius region,(=115").

normally expected on the basis of the mass segregation inséecl The other two are
the most external MSPs bounded to a GC ever detected untilP®®R J19115958A, in
particular, is a binary MSP (the only binary MSP found in ttlisster) and has a position
~ 6.4 away from the cluster optical center: indeed PSR J1%BHB8A is the most off-
centered pulsar among the whole sample of MSPs whose positibe respective cluster
is known, and it suggests that this object might be the re$strong interactions occurred

in the cluster core.

3.2 The dynamical status of NGC 6752

Ferraro et al. 2003 also found a significant deviation of tiae Sumber density profile

from a canonical King model, interpreting this fact as a cledication that the innermost
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TABLE 1
MEASURED AND DERIVED PARAMETERS FOR FIVE MILLISECOND PuLsars 1IN NGC 6752

Parameter PSR A PSR B PSR C PSR D PSRE
Name .......ooevvernnn J1911-5958A J1910-59598 J1911-6000C 11910-5959D 11910-5959E
RA. (720000 oo 19 11 42.7562(2) 1910 52.050¢4) 1911 05.5561(7) 1910 52.417(2) 19 10 52.155(2)
Decl. (J2000) .......... —59 5826.900(2)  —595900.83(3)  —600059.680(7)  —593905.452)  —59 59 02.09(2)
Pms).ooioriiniinn, 32661865707911(5)  8.35779850080(3)  5.277326932317(4)  9.03528524779(2)  4.571765939765(7)
P, 3070100 x 10°% =799(5) x 10° 22 x 10°* 9.633) x 10®  —437(1) x 10 °
Epoch (MID) .......... 519200 520000 519100 51910.0 519100
DM (em ~pe) ..o 33.68(1) 33.28(4) 33214 33.32(5) 33.29(5)
P (days) oo, 0.837113476(1)
a8l (8) oo, 1.206045(2)
T MID) e, 51919.2064780(3)
Fecentricity ............ <107
M Mo) o, >0.19
MID Range ............ 51710-52200 51745-52202 51710-52201 51744-52197 51744-52201
Number of TOAs ...... 74 27 94 38 38
Residual (u8) ........... 10 83 55 55 60
Sgo (MIY) i, 0.22 0.06 030 0.07 0.09
Offset’ (arcmin) ......... 6.39 0.10 270 0.19 0.13

Figure 3.2: Derived parameters and positions of the 5 MSRdauNGC 6752 (D’Amico
et al., 2002).

region of NGC 6752 has experienced (or is experiencing)lagse phase. Unfortunately,
no similarly unambiguous signature is available for défgiating the in- and post-core
collapse state (Meylan & Heggie, 1997). However, in favteatases the phase of the

collapse can be evaluated from indirect evidence.

This results support the earlier suggestions of post-collapse bounce (Auriere &
Ortolani, 1989). Post-core collapse clusters are expeictathdergo large amplitude
oscillations in core size due to the gravothermal instgbdf collisional systems (e.g.
Cohnetal., 1991). The oscillating core spends most of the &t near maximum size and
a radial extension di.11 pc is consistent with the maximum radius of the core predicted
by the models of post-core collapse bounce. The parametst coonmonly used in
theoretical studies is the ratio of core radius to half-nmadaus,r./r,. Using the value of
r. = 5 "2 and the half-mass radius of5” from Trager King & Djorgovski (1995), this
ratio results for NGC 6752./r;, = 0.045. For comparison, the multi-mass Fokker-Planck

models for the post-collapse evolution of M15 presented bgbBGorn et al. (1992, see
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their Fig. 5) reach a comparable valuergfr;, = 0.034 during the maximally expanded
state of the most extreme core bounces. The inclusion ofgodial binaries in Monte
Carlo simulations by Fregeau et al. (2003) results in an evieler range of predicted
r./ry in the post-collapse phase.

Furthermore, there is an intermediate region in the congagensity profile of
NGC 6752 which is well represented by a power law profile witbl@gpea ~ —1,
compatible with the steepness predicted by single mass Ismotflexpanding bouncing
cores (Lugger Cohn & Grindlay, 1995).

It is also worth noting that NGC 6752 has apparently retamsdbstantial primordial
binary population (Rubenstein & Bailyn, 1997); these hiesumay play an important
role in supporting the core and delaying the core-collapsate In this respect, Ferraro
et al. (1999a) have suggested that some species originmatadoinary evolution could
be used as possible tracers of the cluster dynamical ewolutin particular, the large
BSS population recently found in M80 by Ferraro et al. (1998&ht be the signature
of a transient dynamical state, during which stellar inteoms are delaying the core-
collapse process leading to an exceptionally large poipulaif collisionalBSS. On the
other hand the BSS population found in the central region@CN6752 is small (Sabbi
et al., 2004) perhaps indicating that NGC 6752 is in a difiedynamical evolutionary
state than M80: maybe the binary population in NGC 6752 haseen “burned out”
producing collisional BSS while that in M80 has.

3.3 The interpretation of the MSPs accelerations

NGC 6752 hosts 5 known millisecond pulsars (D’Amico et &d02a, 2002, see Fig. 3.3).
The positions in the plane of the sky of three of them (PSRs BnD E, all isolated
pulsars) are close to the cluster center, as expected orahie &f mass segregation in
the cluster, but PSR-B and E show lamggativevalues of P, implying that the pulsars
are experiencing an acceleration with a line-of-sight congmta, directed toward the
observer and a magnitude significantly larger than the igesibmponent o’ due to the

intrinsic pulsar spin-down (see e.g. Phinney, 1992).
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What is the origin of such acceleration? Given the locatibiNGC 6752 in the
galactic halo and knowing its proper motion (Dinescu Gir&rdan Altena, 1999), it is
possible to calculate the contributions Fodue to centrifugal acceleration, differential
galactic rotation and vertical acceleration in the Gatapttential, all of them resulting
negligible (D’Amico et al., 2002). Hence, the remainingyddle explanations of the
observed negativ® are the accelerating effect of the cluster gravitationaéptial well

or the presence of some close perturbator(s) exerting &agianal pull onto the pulsars.

3.3.1 Case (i): Overall effect of the GC potential well

The hypothesis that the line-of-sight acceleration of th&Rd with negativeP is
dominated by the cluster gravitational potential has bemrtimely applied to many
globulars. In particular from this assumption a lower litatthe mean projected mass-
to-light ratio in thel’-band M /Ly in the central region of M15 (Phinney, 1992) and
47 Tucanae (Freire et al., 2003), yieldéd/L, > 3 andz 0.7 respectively. Following
(Phinney, 1992), a lower limit td1 /Ly, in the inner regions of NGC 6752 is given by

al max (91.)
C

10% Lygpc—2

~

%(QL)) <
)

Mcyl (<€L
7I'D2Gi
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whereXy (< 0, ) is the mean surface brightness within a line of sight sutgdrzy an
angled, with respect to the cluster center and}.;(< ¢, ) is the mass enclosed in the
cylindrical volume of radiusk?;, = D#,. This equation holds to withia- 10% in all
plausible cluster models and is independent of clusteancst, except for the effects of
extinction. SinceE(B — V) is very small for NGC 6752 (= 0.04 according to Harris,
1996) the latter is a negligible affect for this cluster.

Using the observed/P of PSR-B and PSR-E (D’Amico et al., 2002), combined
with the accurate determinations®@j;., (the cluster center of gravity) and, (< r) (the
mean surface brightness radial profile), it turns out thétL, > 6 + 7 for the case of
NGC 6752.

D’Amico et al. (2002) obtained a slightly largéet /£y = 10 using published values

of Cyray @and Xy (< ) derived from medium resolution ground based observatiohs o
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The difference between the two estimates is mainly due togfirged new position of the
cluster center of gravity.

Despite a residual uncertainty0”7 on Cy,,,, under the hypothesis that the line-
of-sight acceleration of PSR-B and PSR-E are entirely duthéocluster gravitational
potential, a lower limit of M /Ly Z 5.5 can be firmly established. It is obtained
assuming that the two millisecond pulsars were just symioadty located (and hence
at the minimum projected distance) with respect to the acerater of gravity.

The sample of the core collapsed clusters shows typicaésaltithe projected central
mass-to-light ratio in the interval - 3.5 (Pryor & Meylan, 1993), although largevt /L
ratios can be obtained when a Fokker—Planck model fit is wsgdthe case of M15 Dull
etal., 1997, 2003). If we tak&1/ L, 2 3, the expected total mass located within the inner
r1,p = 0.08 pc of NGC 6752 (equivalent to the projected displacementSRB from
Clrav) Would be~ 1200 <+ 2000 Mg,. On the other hand, the observgd /Ly ~ 6 + 7
implies the existence of furthey 1500 -+ 2000 M, of low-luminosity matter segregated
inside the projected radius, . This extra amount of mass could be constituted by a
relatively massive black hole, like the 170077700 M, black hole in the center of the
globular cluster M15 recently proposed by (Gerssen et @032

Results presented from Sabbi et al. (2004) shows that therggnificant differences
in the kinematics and mass distributions of the centrabregpf M15 and NGC 6752 (we
note here that because the distance to NGC 6752 is less thHahdteo M15, its inner

core is more easily studied):

e HST imaging of M15 (Guhathakurta et al. 1996 — WFPC2; Sosini&gK1997
— FOC) shows no evidence for a compact core, at variance hlobservations
of the core of NGC 6752;

e The derived stellar density profiles of M15 have power lavwpskconsistent with
a = —0.75 (expected from single mass models with a dominant centagkithole,
Lugger Cohn & Grindlay (1995)). If & 10°M,, black hole resides in the inner
region of NGC 6752, its gravitational influence would extemare than~ 2” from

the center of the cluster and probably produce a central ptawecusp, which in
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Figure 3.3: Maximum line-of-sight acceleratitwy, .. /c| = |P/P| versus radial offset
with respect to the center of NGC 6752. The histogram reptegbe prediction based
on the star density assuming a unity mass-to-light ratice d&shed lines are analytical
fits to the optical observations, labeled according to treptetl mass-to-light ratio. The
measured values cﬁ’/P (filled pentagons, D’Amico et al., 2002) in the two MSPs with
negativeP (PSR-B and E) can be reproduced onlyAdr/ Ly > 6--7. The open pentagons
show the best guess for the range of maximugyic| for PSR-D: the upper value is
calculated assuming a negligible intrinsic positikg; the lower value is estimated taking
into account intrinsid®,, from the observed scaling between X-ray luminosity and-spin
down power for MSPs (see D’Amico et al., 2002, and referehegein). Given the
relative large uncertainty, the value fof; /| it is not further taken into account in the
discussion.
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3.3. The interpretation of the MSPs accelerations

NGC6752 is not observed.

A very high M /Ly ~ 6 = 7 could be also due to central concentration of dark
remnants of stellar evolution like neutron stars (NSs) asavii~ 1.0 M, white dwarfs
(WDs) (as also proposed for M15 by Dull et al., 1997, 2003; BBgardt et al., 2003).

In this case, one can constrain the initial mass functionHjind/or the neutron star
retention fractionf,.. in NGC 6752.

On the basis of the current population of turn-off stars fie mmass interval.6 —
0.8 M), the estimated number of upper main sequence initiallggrein NGC 6752
is ~ 4000 (D’Amico et al., 2002). This assumes a Salpeter-like IMF,(r = 2.35
which is consistent with that measured by Ferraro et al.7bR9If the low-luminosity
matter observed in the centi@D8 pc were entirely due tez 1300 NSs of1.4 My, then
fret ~ 30% (a reasonable value for collapsed clusters — Drukier, 1996

Alternatively, M /Ly, ~ 6 + 7 can be explained by a Salpeter IMF:if20% of the
total population of heavy.0 M. -WDs sank into the NGC 6752 core during the cluster
dynamical evolution.

Either scenario must be compared with the observed shape star density profile.
According to Cohn et al. (1991), during the core collapsespltae surface density slope
for the most massive component is expected tarbe —1.23 rather than the projected
isothermal slope ofv = —1.0. In the central cusp that forms during core collapse, the

surface density slope of a component of stellar mass given approximately by:

a=-189" 1065

mq
wheremy is the stellar mass of the dominant component. If the lumipgsofile is
dominated by turnoff stars of mass = 0.8 M, and has a slope af = —1.05, then
the implied mass of the dominant, non luminous componentlghze m, = 0.89 M, ,
i.e. somewhat more massive than the adopted turnoff mass.aigument does suggest
that the central gravitational potential is not likely to d@minated by a large number of
neutron stars, but heavy white dwarfs still remain a poksibi

Velocity dispersions provide a further constraint on theureof the cluster potential
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well: the stars dominating the dynamics in the inner parthaf tluster should have
(see eq. 3.5 of Phinney, 1992) a 1-dimensional central itglatispersiono,, 2
9 = 10kms™'. This is compatible both with the very wide publishgd interval for
the 0,0 of NGC 6752 2.1 + 9.7kms™', Dubath Meylan & Mayor, 1997) and with
preliminary proper motion measurements of stars in theraepart of NGC 6752, which
would suggest a significantly higher one-dimension vejadispersions,  ~ 12 kms™*
and the existence of strong velocity anisotropies (Drukteal., 2003). Recent Fabry-
Perot spectroscopy of single stars in NGC 6752 shows a flatigldispersion profile
with typical one-dimension velocity dispersion~ 6 + 7kms~! within the centrall’
(Xie et al., 2002). This is also marginally compatible (gitee~ 10% uncertainty of the
formula 3.5 of Phinney, 1992).

3.3.2 Case (ii): Local perturbator(s)

We here explore the alternate possibility that the acceteramparted to PSR-B and
PSR-E are due to some local perturbator.

NGC 6752 is a highly concentrated cluster and its core coakt#, > 10° stars
per cubic pc (assuming an average stellar masg of 0.5 M), hence close star-star
encounters are a viable possibility.

In order to produce the line-of-sight acceleration
lay| = ¢|P/P| =2.9 x 107 %cms™2

seen in PSR-B (or PSR-E) a passing-by star of massust approach the pulsar at

7 1/2
s < (Gmla|~H)Y? = 0.0015 (0 5M®) pe.

An upper limit to the probability of occurrence of a suitablese encounter can be
roughly estimated as s°n, = 3.7 x 1073(m/0.5 M, )*2. Although this assumption is
not negligible, the need of having two different canonidars independently exerting
their gravitational pull ontd®’SR — B andPSR — E, makes the joint probability of such

configuration suspiciously lovg 107°.

LIf confirmed, such anisotropies would support the hypotheEa relatively massive, probably binary
black hole
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3.3. The interpretation of the MSPs accelerations

Rather than being randomly placed, could the perturber bimarybcompanion to
the MSPs? For such a companion not to have been already discbly pulsar timing
analysis would require an orbital periéyl = 20 yr. Survival of such a wide binary is quite
problematic in the core of a dense cluster like NGC 6752 —edd® binary pulsar with
P, > 3.8 days has been detected in collapsed clusters to date. Seeingith®gstems in

NGC 6752 appears extremely unlikely.

One may wonder if &ingleobject, significantly more massive than a typical star in
the cluster, could simultaneously produce the accelersititetected both in PSR-B and
PSR-E. Recently, Colpi Possenti & Gualandris (2002) suggetbe presence of a binary
black-hole (BH) of moderate mas&/(;, 1, ~ 100 <200 M) in the center of NGC 6752
in order to explain the unprecedented position of PSR-A bihary millisecond pulsar
which is6’.4 far away from the cluster center (D’Amico et al., 2002). Asldeed from
Figure 3.3, the projected separation of PSR-B and PSR-Bysdan= 0.03 pc. A binary
BH of total mass\/,,, 1,1, approximately located in front of them within a distancetod
same order ofl |, could be accelerating both the pulsars without leavingabservable
signature on the photometric profile of the cluster. As the lBhhrity ensures a large
cross section to interaction with other stars, the recddaity v,.. due a recent dynamical
encounter could explain the offset position (with respeat’y,.,) of the BH. However
this scenario suffers of a probability at least as low as dfizihe previous two: placing
the black hole at random within the core gives roughly a 1%nchahat it would land
in a location where it would produce the observed pulsarlacatons and the required
e 2 4 ~ 5kms™ ! is also at the upper end of the expected distribution,Qffor an
intermediate mass black-hole in NGC 6752 (Colpi Mapelli &Benti, 2003a).

In summary, on the basis of the available data, the accelasashown by PSR-B
and PSR-E can be easily accounted by the usually adoptedh®gis(i) (which could
explain also the large positive of PSR-D if it were not intrinsic), although the nature
of the required extra amount00 <+ 2000 M) of low luminosity mass still remains

puzzling. The existence of local perturbator(s) of the auldynamics (caséi)) is a
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distinct possibility. While it seems extremely unlikelyrely on the basis of the high
value of P/ P measured in PSR-B and PSR-E, there are other indicationsinaay low-
mass BH. In particular, it would explaifa) the absence of any cusp in the radial density
profile, (b) the flat velocity dispersion profile (Xie et al., 2008)) and(d) the ejection of
PSR-A and PSR-C in the cluster outskirts (Colpi Possenti &l&udris, 2002). However

it is admittedly arad hochypothesis, requiring a fine tuned scenario.

Clearly additional information must be collected. A londsseline for timing
measurements will allow to better constrain the presenceoofpanions in very large
orbits around PSR-B and PSR-E. In particular it will pernaoitderive (at least) upper
limits on the second derivative of the spin period of the ardswhich is more influenced
by by-passing stars rather than by the cluster potentidl (®einney, 1992). Similarly,
the (single massive or binary intermediate mass) black-hgpotheses could be better
investigated with spectroscopic determination of the @lisjpn velocity of the stars
located in the pulsars’ neighborhood, likewise with stamgiy counts reaching higher
magnitudes (hence exploiting a larger sample of objectd) kagiter spatial resolution

(thus probing the innermost of the cluster and the surroundings of the pulsars).

3.4 The Helium White Dwarf orbiting the Millisecond
Pulsar in the halo of the Globular Cluster NGC 6752

As mentioned in the introduction to this chapter PSR J19B958A is the only binary
millisecond pulsar associated to this cluster. It has a pphiod of 3.26 ms, an orbital
period of 0.84 days and very low eccentricity € 107°). Precise celestial coordinates
(RA = 19"11m42756, DEC=-59°58'26"91) have been obtained for this source from
pulsar timing observations (D’Amico et al., 2002) and rdbyerefined (Corongiu et al.,
2006). This position is far away{ 6.4, corresponding to about 74 core radii), from the
cluster optical center: indeed PSR J195D58A is the more off-centered pulsar among
the sample o~ 100 MSPs whose position in the respective cluster is known, &nd i
suggests that this object might be the result of strongactemns occurred in the cluster

core.
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Since dynamical friction should have driven the binary taigathe GC center in a
timescale much shorter than the age of the cluster, theidtocat PSR J19115958A
has been interpreted as a evidence for a strong dynamieshation which occurred
< 1 Gyr ago in the cluster core. Colpi Possenti & Gualandris 2@Xplored a number
of possibilities for the peculiar location of PSR J19BB58A: a careful analysis led to
discard the hypothesis of a primordial binary (born eithrethie halo or in the core of
the cluster) and to reject also the possibility of a 3-bodgttering or exchange event
off core stars. Hence they conjectured that a more masgigettéeither a binary or a
single intermediate-mass black hole, see also Colpi MiagdHossenti, 2003a; Colpi et
al., 2003b) could have provided the necessary thrust toghPR J19115958A into its
current halo orbit at an acceptable event rate.

As a part of large program devoted to the optical identifamatf MSPs companion
in GCs, Ferraro et al. (2001) present the identification efdptical counterpart to the
PSR J19115958A companion.

3.4.1 The Optical Companion of PSR J1911-5958A

Figure 3.4 shows th&,U — V and B, B — VV CMDs for the starslérge filled circleg
identified in the80” x 80” FORS1 sub-image centered at the nominal position of PSR
J1911-5958A. Most of the stars trace a clean and well definath sequence (MS)
spanning almost 8 mags in tlé band reaching/ ~ 26. Only a few sparse objects,
showing a blue excess, are visible on the left side of the M& Most extreme blue
objects in the CMDs are CO-WDs: once the MS is matched, thegiynioverlaps the
position of a CO-WDs population (shown sisiall empty circlesn Fig. 3.4) observed in
this cluster by Renzini et al. (1996) and Ferraro et al. (B99Tn particular, the colors
and the luminosities of the three CO-WDs found here and ofptlegiously observed
population agree with the theoretical cooling sequence) fak/., hydrogen rich WDs
(Wood, 1995) (drawn alseavy dashed linm Fig. 3.4).

On the basis of the accurate astrometric positions obtaired the photometric
catalog, we identified a blue object (hereafter COM J198958A) lying at only 01
from the nominal position of the MSP. The finding chart (in tBeband filter) for
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Figure 3.4: (U, U — V)) and (B, B — V)) CMDs for the stars identified in a region
of 80 x 80 centered at the nominal position of the PSR J193958A. The optical
counterpart to the pulsar companion (COM J195958A) is marked with é&arge empty
square Theheavy dashed lines the CO-WD cooling sequence from Wood (1995); the
two light dashed linesire the cooling tracks for He WD masses 0.197 @n@2 M, (the
lowest mass model is the reddest one) from Serenelli et @R Thesmall triangles
along the two tracks label different ages (1, 2 and 3 Gyr,eetsgely). The CO-WD
population observed in this cluster by Renzini et al. (1989&]) Ferraro et al. (1997a) is
also plotted asmall open circlesn the left panel.

COM J1911-5958A is shown in Figure 3.5. Only a few objects (10) are lying in
the region of the CMD to the left of the MS: considering the Faf\the sub-image, there
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Figure 3.5: Finding chart for COM J1915958A showing the median-combined B-band
image. The region covel$ x 15, also plotted is theéo error circle (03) for the absolute
astrometric positioning of the optical image. North is up &ast is to the left.

is a very small probability { 5 x 10~2) of detecting one of the blue objects just
by chance in a circular aperture of raditt®’3 (corresponding to the uncertainty in the
relative radio-optical astrometry) centered on the pytseition.

The position of COM J19115958A is marked as karge empty squaran the CMDs
in Figure 3.4, whereas absolute coordinates and magniauddisted in Table 3.1. Taking
into account the expected variability of this object and t@bal uncertainty in the
calibration of the photometric zero-point, the consemedyi adopted overall uncertainty
in the reported magnitudes is 0.15 mag.

The location of COM J19115958A in the CMDs £ 1.5 mag bluer than the
MS in the diagram) excludes that this star is a CO-WD, whileegembled/,,;, the
companion to PSR J0024—7203U in 47 Tuc (Edmonds et al., 2@®19h was suggested

(Edmonds et al., 2001) to be a low mass Helium core WD (He-W@hfthe comparison
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with theoretical models by Serenelli et al. (2001). Howewke He-WD tracks used
by Edmonds et al. (2001) were computed for progenitors widim lisolar) metallicity
(Z = 0.02).

Here we have applied the same procedure taking advantage@i aset of tracks
specifically computed (Serenelli et al., 2002) for globutduster applications, i.e.
assuming progenitors with low metallicities. In partiauidne used cooling tracks have
Z = 0.001, which are closer to the cluster metallicityFe/ H] = —1.43 £+ 0.04) as
recently derived by Gratton et al. (2003). The cooling segas for two He-WD masses
(0.172 and 0.197 M, respectively) are over-plotted in Figure 3liglit dashed lines The
models have been drawn by adopting a distance modulus M), = 13.13 (from the
homogeneous distance scale for 61 GCs derived by Ferrako #289b) and a reddening
E(B — V) = 0.04 (Harris, 1996; Gratton et al., 2003). Note that the distamoelulus
adopted here is consistent both with the estimate obtametdthe WD cooling sequence
((m— M)y = 13.0540.1) by Renzini et al. (1996) and with the most recent deternonat
((m — M) = 13.12 £ 0.08) derived from MS fitting by Gratton et al. (2003).

Inspection of Figure 3.4 reveals that luminosity and cofdZOM J1911-5958A well
agree with its being a He-WD of mass in the raiiger — 0.20 M. In particular, from
the Z = 0.001 models of masses172 M, and0.197 M, by Serenelli et al. (2002), we
derive the following estimates for the properties of COM11L95958A: a temperature
in the intervalT.¢z = 10,000 + 12,000 K, a gravitylogg = 6.12 + 6.38, a luminosity
L =0.03+0.04 Ly, aradiusk = 3 +4 x 10° cm and a cooling age in the rang& <+ 2.8

Gyr.
Vv B U (12000 032000
22.03 22.13 22.06  19"11m42°743 —59°58'26'85
Tog gravity luminosity radius cooling age
(k (log g) Lo cm Gyr

10,000 = 12,000 6.12+6.38 0.03+0.04 3-+4x 10° 1.2+238

Table 3.1: Photometric data, position & characteristi¢sried for COM J19115958A.

From the pulsar mass-function.(026887 M., D’Amico et al., 2002), it results a
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minimum companion mass (corresponding to a system seenceggee. with orbital
inclinationi = 90°) Mcom = 0.185 M, for a pulsar mass of.35 M, (Thorsett &
Chakrabarty, 1999). Given the upper limitZ{oy < 0.2 M) of the range of masses
of COM J1911-5958A inferred from the cooling tracks of Serenelli et aD@2), we can
constrain the inclinatiomto be larger thary 70°. Adopting a larger value for the pulsar
mass would result in a even larger lower limit for the orbgkne inclination.

Dynamical friction can rapidly drive back to the cluster&@n object of total mass
of order 1.6 M, moving on a highly eccentric orbit in the cluster potentlalparticular,
ejection of PSR J19115958A from the core to the outskirts of NGC 6752 (implying
a radial orbit) cannot be occurred more thgn = 0.7 =+ 1 Gyr ago (Colpi Possenti &
Gualandris, 2002). The cooling age of COM J195D58A is longer thany;, implying
that any dynamical event responsible for the ejection grybacted on an already
recycled millisecond pulsar. Hence, the optical identifara of COM J19115958A
tends to excludéi) the scenarios in which the recycling process occurred éftewas
triggered by) the dynamical encounter which propelled thiegr in the cluster halo (but
see the discussion in Sigurdsson, 2003) éndany kinds of interactions imparting a
significant eccentricity to the binary pulsar (having exigdd a recent mass transfer phase,
the circularization of the system at the present lewvety 10~°, would require a time
much longer thany). In particular, among the proposed black hole hypotheSe#p(
Mapelli & Possenti, 2003a; Colpi et al., 2003b) a binary klhole of mass in the range
10 = 200 M, seems the most plausible candidate.

Stimulated by the implications of the peculiar position &#J19115958A in NGC
6752, we have undertaken a program of optical observationthe aim of shedding
light on the origin and evolution of the binary and for ass&ssts belonging to the
cluster. As a first step, we have identified the radio pulsgtscal companion (hereafter
COM J1911-5958A, an analogous identification was independently aeklidy Bassa
et al. 2003) by using high-resolution images taken at ESQ Varge Telescope: in
the following sections we present the results of a secondpaf photometric and
spectroscopic observations performed at ESO Very Largestepe (VLT) in order to
determine the radial velocity$) and light curve {7) of COM J1911-5958A. The mass
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ratio of the system is derived 6, as well as contraints on the pulsar mass and the orbital

inclination of the binary.

3.5 Radial velocity curve of COM J1911-5958A

The analyzed spectra has been retrieved from the ESO Scikrateve Facility.
Observations were performed by using ti@cal Reducer and low resolution
Spectrographer JFORS1) mounted at th&ntu 8m-telescope (UT1) of the ESO-VLT
on Cerro Paranal (Chile). The spectra series were obtaungagds different nights from
2004 July to 2004 August, using the Long Slit Spectrosco®S).operation mode and
the B-Bessel Grism, which cover the spectral rafge) — 5900A4. The 1’ wide and
6’.8 long slit was adopted, yelding a dispersion of Mbixel. The exposure time for
each spectrum2600 sec,~ 4% of the system orbital period), and the total number of
different spectra analyzed (23), ensured a typical sigmaleise ratioS/N ~ 10 per pixel
(measured at the continuum level), allowing to collect adgpbase-resolved set of data.
The data reduction has been perfomed by using the standafef IRols. Raw images
has been first corrected for bias and flat-field and deconttednfrom cosmic rays,
then the spectra were extracted and wavelenght calibratisthg the task IDENTIFY
and polynomial fit with a 4-th order function, the accuracyted wavelenght calibration
results< 0.01 A. Each spectrum has been corrected for the Earth motion podtee to
a common heliocentric system using the task RVCORRECT.

A median combined spectra is shown in Fig 3.6

The spectral range covered by the spectra allows the oligsm several spectral
features, in particular the Hydrogen Balmer-lines fréfpto H (7). The Doppler-shifted
wavelenght of each line has been measured by using the SPagKT fitting with a
gaussian function all the features. The wavelenght of emehHas been converted to
a radial velocity (RV), then all the RVs measured for eachcgpehas been averaged

and a mean value was obtained (accounting for the heliacertrrection). Only the 21

2|RAF is distribuited by the National Optical Observatoryiahnis operated by the Association of
Universities for Research in Astronomy Inc., under coofegaagreement with the National science
Foundation
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Figure 3.6: Median combined spectra obteined from the 23uéam exposures analyzed:
the continuum is normalized to the units and the HydrogemBallines fromH 3 to H (7).
are cleary visibles.

RV determinations resulting from the average of at leastrinasures have been used.
The mid-point of each observations has been converted tbitalbphase by adopting
the orbital period and the epoch of the ascending node fgoutsar orbit as given by the
radio ephemeris (Corongiu et al., 2006). Phases 0.0 anaf&spond to the quadratures,
phase 0.25 to the inferior conjunction of the companion (kken COM J19115958A

is at its closest position with respect to the observer) dmase 0.75 to the superior
conjunction. In order to determine the amplitufle of the radial velocity curve and
the systemic velocity, of the binary system, we have fitted the data by using a functio
which is the sum of a constant and a sinusoid, adequate toiloesioe almost perfectly

circular orbit of COM J19115958A. The best fit curve yield& = 237.5 £20.0 km s™*
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andy = —28.1 + 4.9 (10 uncerteinties) and is reported in Figure 3.7.
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Figure 3.7: Velocity curves of COM J191B5958A (arge doty and PSR J19115958A
(empty squares The data for the pulsar are derived from timing measureésnemd the
radio ephemeris (Corongiu et al. 2006). Error bars for thisgyuradial velocity are
smaller than the size of the symbols. Tieeshedand thesolid linesrepresent the best-
fit to the velocity data with a sinusoidal curve, for the pulaad the companion star,
respectively. The systemic velocity= —28.1 km s™! of the binary has been subtracted.
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3.6. The mass ratio

3.6 The mass ratio

The systemic velocity of the binary system is in agreemerl whe published radial
motion of the globular cluster(acerse = —27.9 + 0.8, Harris et al. 1996, catalog
revision 2003). This lends further support to the clustemiership of the binary. Given
the central 1-D dispersion velocity of NGC 6752 (9-15 km,Drukier et al. 2003), the
expected 1-D dispersion velocity for objects of mads— 1.7 M, (corresponding to the
most likely total mass of the binary, see later) and locateithe projected position of
PSR J19115958A with respect to the cluster center is 2-3 km $éMapelli, private
communication). This is fully compatible with the value dfet differenceAv,p =
|7 — vnacers2| S 6 km s71. Moreover, the small value ohv,;p may indicate that the
binary is now near apoastron of a highly elliptical orbitle {potential well of the globular
cluster. In fact, were the binary on an almost circular oabit4 core radii from the GC
center, its line of sight velocity with respect to the clustenter (Sabbi et al. 2004),
as estimated from the enclosed mass, would be of the arde? km s!. All these
considerations support the hypothesis that the binary das kecently kicked out of the
core of NGC 6752 due to a dynamical interaction ($&e

We are in the position of inferring the ratio between the raasd the two stars in the
binary. The mass function of the pulsar, as measured fror cdodervation, is (Corongiu
et al. 2006,):

M@ oy sin® i

f(MPSR> = (MCOM + MPSR)2

= 0.002687849(6) M, (3.1)

whereas the mass function of the companion, derived fronsjpectroscopic observation

results:

Mg sin® i KPP,
(Mcowm + Mpgr)? 2rG
whereP,,;, = 0.83711347700(1) days (Corongiu et al. 2006), K is the amplitude of the

F(Mcom) = =1.13+0.29 M, (3.2)

radial velocity curve Mpsr andMcon are the masses of the pulsar and the compamion,
is the inclination of the normal to the orbital plane withpest to the line-of-sight, and the
brakets report théo errors on the last significant digit. The mass ratie Mpsgr /Mcowm

can be derived by combining eq. (3.1) with eq. (3.2), andltegu= 7.49 + 0.64.
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inclination (deg)

Figure 3.8: Mass of PSR J1915958A and orbital inclination of the binary. The allowed
range of values are constrained to lie within the strip wHoskelers (otted line$ are

the 10 boundaries derived from the mass ratio of the system. Lifieostant mass
for COM J1911-5958A are also showrdéshed linesand labeled with the assumed
mass value. If COM J19H15958A is a He-WD, the space of parameters is additionally
constrained (see Ferraro et al. 2003a) between the linesspanding to companion
masses 0.17 and 0.20,, (thick dashed lines

Solving separately for the masses of the two stars wouldiregudetermination of

the orbital inclination: the relation betweéiy,sr andi for different values ofV/ oy 1S
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displayed in Figure 3.8, for a reasonable choice of the paudtar massi(— 2.5 M),
Shapiro & Teukolsky 1983). The measured mass ratio (witluitsertainty) selects a
narrow strip of allowed parameters in Figure 3.8. In paticuMpsg > 1.1 My and
Mecom > 0.16 Mg, (1o limits). Moreover,Mcowm < 0.30 Mg and the orbital inclination is
Z 60°. Tighter constraints can be obtained in the hypothesis bleatdmpanion is a He-
WD: in this case, the range of masses determined by Ferralo €003a) implies that
the system is almost edge-an( 70°) and the pulsar mass is in the rang2 — 1.5 M.

It is worthwhile to note that the latter mass interval braskbe values of all neutron star

masses accurately measured so far (Lorimer 2005), but aeg(béice et al. 2005).

3.7 The puzzling light curve of COM J1911-5958A

The photometric observations were performed in servicearadheAntu8m-telescope
of the ESO-VLT during two nights in 2003, March and May (ES@dtem ID 071.D-
0232), and six nights in 2004, August (ESO Program ID 0730B7®\). All the images
were acquired using B-band filter in high-resolution modéhwine FORS1 camera. In
this configuration the instrumental pixels scal®.is " pizels~' and the Field of View of
the2048 x 2048 pixels Tektronix-CCD i}’ .4 x 3'.4. The data comprise twenty-one 600s
and five 360s exposures, centered roughly less thé&r from the PSR J19115958A
nominal position (D’Amico et al. 2002). The observation20®4 were planned in order
to be randomly distributes along the orbit of the binary egyst

From all the original frames we have extracted a subimage®x 500 pixels, roughly
centered on the nominal position of PSR J195858A. The scientific images have
been reduced using ROMAFOT, a package specifically devdlepechieve accurate
photometry in crowded fields (Buonanno et al. 1983); it eesihe visual inspection of
the quality of point-spread function (PSF) procedure. P&st-fitting has been performed
for all the images separately, and the mask with the startipnsobtained from the
best-quality image was adapted to each image. The instiahmagnitudes have been
reported to a common photometric system, then we have @auotaancatalog with the

coordinates and the instrumental magnitudes for all thes sammon to all the images.
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We have performed the photometric calibration using twdeddint and indipendent
methods. First, magnitudes have been matched to four sthstirs (Landolt 1992)
observed under photometric conditions in the B-band. Thé#érnhe ~ 100 stars in our
catalog in common with the B-band catalog published by Fered al. (2003) have
been used to derive the photometric zero-point. The twdtregicalibrations are fully
consistent within a few hundredths of magnitude.

A periodicity search was carried out on the photometric dagausing GRATIS
(GRaphycal Analyzer of TIme Series), a software packageldped at the Bologna
Astronomical Observatory (see previous applications iméfe et al. 2001). Since the
period (P = 0.839 + 0.002 day) obtained from the COM J1915958A variability curve
turned out to be fully consistent with that obtained from thdio time series of PSR
J1911-5958A, a phased light curve has been produced (Figure 38)rasg the same
orbital parameters used {b. The different symbols in Figure 3.9 mark series of B-
magnitudes obtained in different observing nights (henfferdnt companion’s orbits):
in particular, empty and starred symbols are used for thatipgis of 2004, whereas filled
symbols (clustering at about phase 0.6) refer to obsenatb2003.

The result is really surprising: COM J1915958A shows two phases of strong
enhancement of the luminosity located close to the quadst@and extending for about
20% of the orbit each. The primary maximum occurs between phasesnd 0.6 (a more
precise positioning is prevented by the lacking of useftidda that range) with a flux
variation of> 0.3 mag in less tham hr: orbital location and rapidity of the brightening are
confirmed in two different orbits. A secondary maximum, esponding to a brightening
of ~ 0.2 mag appears at about phase 0.05, presenting a less steepithisespect to the
primary peak (in this case only the decay from the maximunbgeoved in two different
orbits). Outside the peaks, the source displays an almeastgtiuminosity at an average
B = 22.11 £ 0.02. In particular the B-band luminosity at orbital phase0.6 does not
show any significant fluctuation between the 2003 and the 2i2@4 (the pointings of
2003 unfortunately did not cover other orbital phases).

These features are unusual and intriguing. The modulafitimeocoptical light curve

of the companion to a MSP is most often driven by the heatingnefemisphere of the
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star (whose rotation is syncronized with the orbital peridde to the radiation coming
from the pulsar: see for example the cases of PSR B1957+2@&(@a, van Paradijs,
& Rengelink 1995) and PSR J2051-0827 (Stappers et al. 200i)e Galactic field
and 47 Tuc U and 47 Tuc W in the GC 47 Tucanae (Edmonds et al., 200R). For
PSR J19115958A the square of the rati@;( ~ 100) between the orbital separation
(~ 4.5 — 5R) and the radius of the companion (inferred from the off-elakninosity
and the effective temperature, Ferraro et al. 2003a) is rfaugkr than the ratict( ~ 25)
between the rotational power of the pufsand the bolometric off-peaks luminosity
of COM J1911-5958A. This implies that the modulation due to the heatinfgatf
(A(mag) = 2.51og[1+(n/2)(&/£7)], wheren < 1 is the efficiency of the process) should
be negligible A\(mag) < 0.001) and in fact no flux enhancement is detected around phase
0.75, when the side of the companion facing the pulsar ibisi

Ellipsoidal variations due to the tidal deformation of th@rgpanion are known to
produce a light curve with two peaks at quadratures (seexample the case of PSR
J1740-5340 in NGC 6397, Ferraro et al. 2001), but the light curvexpeeted to
have maxima of equal amplitude and clear minima (of uneqapthg at conjunctions.
Moreover, tidal deformations are expected to be insigmfidar a companion whose
radius is~ 20 times smaller than the radius of its Roche lobe.

Accretion of matter onto a compact object can generate atyasf modulated optical
emission (e.g. Frank, King & Raine 2002), but neither thetrogustar nor the He-
WD in this system can be suitable sources of plasma feedicrgtan-related processes
at the present epoch. The timing stability and the extensiothe time span of the
radio observations of PSR J1913958A tend also to exclude the existence of a residual
accretion disk around the pulsar or the presence of a thitidadly faint body which is
now pouring mass in the binary.

One may wonder if the optical modulation can be intrinsidi® He-WD. Non-radial

31t is calculated with the usual formula., = (472)IP/P? wherel (assumed equal tt)*° g cn?) is
the neutron star moment of inerti&, the spin period and the spin period derivative. Given the observed
proper motion and the off-centered position of PSR J1BI58A in NGC 6752, the value df,.. can be
underestimated at most a factbas a consequence of the centrifual acceleration of the paifghof the
combined effects of the gravitational potentials of thea@gland of the globular cluster (Corongiu et al.
2006). This possible correction leaves the discussiontahetlheating effect unchanged.
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pulsations of WDs can produce optical fluctuations at a lef’el 0.2 mag, but for a star
with T.¢ ~ 11,000 K the expected modulation occurs at periods significantlyteho
than 0.84 days (e.g. Bergeron et al. 2004). However, a few imggnetic field ¢ 10°
G) isolated WDs (see e.g. PG 1031+234, Piirola & Reiz 1994,EdVE J0317855,
Barstow et al. 1995) display variations ©f0.3 mag at the supposed rotational period
of the star. In the framework of an oblique rotator model for WD, these photometric
modulations have been interpreted with changes with tregiootal phase of the mean
magnetic field strenght over the visible stellar surfacei¢tvin turn affects the opacity
along the line of sight: Ferrario et al. 1997). A suitablemetry (leading to an alternate
exposure of both the magnetic polar caps of the WD) may ircjpie produce a double
peaked light curve, but we note that all the aforementiorfetts have been observed
only in relatively massive WDs< 0.5 — 1.0 M) sofar.

Given this puzzling scenario, further data are clearly sgagy for constraining the
origin of the optical modulation in this system, namely mhassolved multi color

(UBVRI) photometry, complemented with higher resolutigestroscopy.
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Figure 3.9: Light curve of COM J19115958A: thefilled symbols represent observations
performed on two different nights on March and May 2003, whsertheemptyand
starred symbols represent the data collected on August 2004. [Biiftemarks refer

to different nights of observation. The horizontidshed linerepresents the off-peaks
mean B-magnitude of the source, calculated averaging tkee ataorbital phases in
the ranges (0.20.4) and (0.6-0.95). The phases of quadrature and conjunction of
COM J1911-5958A are reported for clarity.
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Chapter 4

Discovery of a tidally deformed
millisecond pulsar companion in
NGC6266

4.1 Millisecond Pulsars in NGC6266

NGC 6266 (M62) is one of the most massive and brightést & —9.19; Harris 1996)
Galactic Globular Clusters (GCs), also characterized gk kalues of the central density
(log po ~ 5.47, with py in units of M. pc?; Beccari et al. 2006) and reddening
(E(B — V) ~ 0.47; Harris 1996). It displays a King-model density profile wih
extended core~ 19”) and a modest value of the concentration parametet (1.5,
Beccari et al. 2006). Six binary millisecond pulsars (MSfs)e been discovered in M62
(D’Amico et al. 2001, Jacoby et al. 2002, Possenti et al. 20@8eafter PO3) and it
ranks fifth of the GCs in wealth of MSPs, after Terzan 5, 47 Tiaea M15 and M28
Surprisingly, all MSPs in NGC 6266 are in binary systems. #ssukssed in P03, the
absence of known isolated MSPs in NGC 6266 cannot simply tribasl to a selection
effect since, for a given spin period and flux density, anated MSP is easier to detect
than a binary one. Thus if such a lack of isolated pulsarsti@mstatistical fluctuation, it
must be somehow related to their formation mechanism arftetdynamical state of the

cluster. Moreover, recent de@tandraX-ray observations of NGC 6266 have revealed a

When referencing to Harris (1996) we intend the updated seata at
htt p: // ww. physi cs. ncnmast er. ca/ d obul ar. ht m

2Seeht t p: / / ww. nai c. edu/ pfreire/ GCpsr.htn for an updated catalogue of MSPs in
GCs with relatives references
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very large number of X-ray sources: 51 sources were det&gtaah the cluster 23 half
mass radius (Pooley at al., 2003), indicating that an highlyar of cataclysmic (and/or
interacting) binaries should be present.

These observational facts may suggest that NGC 6266 is iacivé” dynamical state,
where the rat&,,,, of formation (and hardening) of binary systems containingatron
star and/or a white dwarf is much larger than the rate of gison R 4;,, Of such systems
(Pooley & Hut, 2006).

P03 presented phase—connected timing solutions, yielgngcise celestial
coordinates, for three of the MSPs in NGC 6266 (see Fig.4llljhis pulsars are located
close to the center of mass of the cluster, at least in piojgctvith projected distances
r < 2r.wherer, is the core radius of NGC6266. The position of the three psilEa
consistent with the fact that dynamical friction and thereguilibrium, in which energy
equipartition gives less velocity to the most massive g aostraining them to reside
deep in the potential well. The spin period derivativesare all negative, implyng that
the line-of-sight acceleration imparted to the pulsargrsatied towar the observer and it
overcomes the (positive) intrinsie, due to the spin-down.

One of the three pulsars, PSR J17@D06B (hereafter PSR 6266B) displays partial or
total eclipses of the radio signalatt GHz near its superior conjunction (in the convection
adopted throughout this paper, this corresponds to oniasey = 0.25), clearly due to
gas streaming off the companion. The pulsar orbit is cirowleh a projected semi-major
axis ofonlyR ~ 0.11 Rg,.

P03 suggested two options for explaining the behaviour e RBR 6266B system:
() the pulsar companion is a hon-degenerate bloated star,ewhass loss is sustained
by ablation of its loosely bound surface layers by the relstic wind emitted by the
pulsar. In this case, PSR 6266B may resemble PSRs B1957+2¢h(Er et al. 1990)
and J2051-0827 (Stappers et al. 2001): the optical light curve of tikeimpanion star
presents a maximum when we see the side of the companiorgfdw@npulsar (i.e. at
the pulsar inferior conjunctionp = 0.75), a clear signature of the irradiation of the
companion surface by the pulsar fluii) the pulsar companion is a tidally deformed

star overflowing its Roche lobe due to the internal nucleatu#ion. In this case, the
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Parameter PSR J1701-3006A

PSR J1701-3006B

PSR J1701-3006C

Observed Parameters

R. AL (J2000.0) e eeeeeeseneene 1701 12.5127(3)

1701 12.6704 (4)

1701 12.8671 (4)

Decl. (J2000.0) ..covvvrvrrrieeneeieieeree e eeeeeeeeeeeens 300630.13(3) 300649.04 (4) 3006 59.44 (4)

Period, P (MS) ...veeviniiereriicininieiesinisisrercneenes 5.2415662378289(16)  3.5938522173305(14)  3.8064243637728(18)

Petiod derivative, P...........reereeereeescccreereesees ~1.3196(9) x 10710 —3.4978(7) x 10-19  —3.189(11) x 10-20

Epoch (MID)...ccovivieiiiieieiinienirceeie e 52,050.0 52,050.0 52,050.0

DM (CIN72 PO 1ot 115.03 (4) 113.44(4) 114.56 (7)

Orbital period, Py (days) ..o 3.805948407 (16) 0.1445454304 (3) 0.2150000713(15)

Projected semimajor axis, X (It=5).......covuvverirenes 3.483724(8) 0.252775(13) 0.192880(12)

ECCENIICITY?, €..vvvevvreivecieeesi s <4 x 10°¢ <7 % 1073 <6 x 1073

Time of ascending node, T,,. (MID) ................. 52,048.5627980 (15) 52,047.2581994 (9) 52,049.855654(2)

Span of timing data (MJD) .....cocoovviriennnane. 51,714-52,773 51,714-52,773 51,714-52,773

Number of TOAS ..o 80 74 73

rms ming residual (28) ..oovveeeeieiee e 21 26 32

Flux density at 1400 MHz, Sy450 (MJY) ....ouevevee. 0.4(1) 0.3(1) 0.3(1)
Derived Parameters

Galactic longitude, /(deg) .......ccoveveeieveeeeinnes 353.577 353.573 353.572

Galactic latitude, 5 (deg) ......ovvvevreeeeeerereeienens 7322 7.319 7.316

Mass function, f, (M) ..o, 0.00313392(2) 0.00082999 (13) 0.00016667 (3)

Companion mass, M, (Me)..ooeevneeneninineinnns >0.20 >0.12 =>0.07

Radio luminosity, L0 (MJyKPe?) ....ovvevveenee. 19(7) 14(6) 14(6)

Offset, @] (AICSEC) ....cviiireeriiiririierererereeeveriienas 19.2 1.7 10.5

Figure 4.1: All the observed and derived parameters forettitelsars in the globular

cluster NGC6266
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Figure 4.2: Eclipse of the radio signal at 1390 Mhz; the esbgoccurs at orbital phase
~ 0.25 (at the superior conjunction). A typical event starts atgeh@15-0.20 and ends at
phase~ 0.35. In the five boxes are shown different kind of eclipses dufing different
observations

system may be more alike PSR J174B40 (D’Amico et al. 2001; Ferraro et al. 2001),
where irradiation effects are negligible (Orosz & van Keijkv2003) and the optical light
curve of the companion is dominated by ellipsoidal variagig~erraro et al. 2001), i.e. it
shows two maxima at quadratures= 0.0 and0.5). We here present the identification of
the optical companion to PSR 6266B based on high-qualitgehesolved photometry
obtained with theHubble Space TelescofelST) and X-ray emission detected with
Chandra.
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4.2 Observations and data analysis
4.2.1 HST observations.

The photometric data presented here consist of a set ofreggiution images obtained
on 2004 August 1 by using the Advanced Camera for Survey (A@$poard the HST,
and retrieved from th&SO/ST-ECF Science Archiv&he data comprise thre-band
exposures x 340 s and 1 x 30s exposures), two (of 120 and 340s eadkband
exposures and four (of 340, 1050, 1125, 1095s e&thpand exposures. The three
longest exposures iH,, are the combination of three sub-exposures. An additiogtal s
of Wide Field Planetary Camera 2 (WFPC2, Prop. 10845, RiaF@y data has been
secured through thé, filter with the specific aim of testing the possible varialilof
the companion: teh1200s exposures have been performed between May 2 and May 5
2007. In order to best resolve stars in the most crowded megibe WFPC2 o”bservations
were performed by pointing the Planetary Camera (with alugiso of 0.046 /pixel) on
the cluster center. The photometric analysis of the ACSsagataas been carried out using
the ACS module of the Dolphbpackage (Dolphin, 2002), using the FLT.fits datasets
for the photometry, and the drizzled images as referenaethégeometric distortion
correction. We have set the photometry parameters as reeaded in the Dolphot
manual, obtaining a final catalog &f, R and H, magnitudes, calibrated according to
Sirianni et al. (2005). The final catalog has been reporteant@bsolute astrometric
system by cross-correlating the stars in common with the skettof Beccari et al. (2006),
which has been astrometrized by using the standard stangfi@newGuide Star Catalog
Il (GSCII) lying in the considered field of view (FoV). At the end of thepedure, the
rms residuals were of the order of 0”.5 both in RA and Dec; we assume this value as
representative of the astrometric accuracy.

In order to carefully search for any variability from the M8Bmpanion, we have

reanalyzed thé/, images in a small area around the nominal position of PSRB2§6

30nly nine exposures have been used in the following anasyse one of the ten was usefulless
because of a cosmic ray passage.

4The DOLPHOT packages, including the ACS module and all theudwntation, can be found at
http://purcell.as.arizona. edu/ dol phot/.
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using ROMAFOT (Buonanno et al. 1983). This package has beecifecally developed
to perform accurate photometry in crowded fields, that alleova a visual inspection of
the quality of the PSF-fitting procedure. In particular, veséd extracted0 x 50-pixels
(~ 27.5 x 27.5) sub-images from the ten original, ACS frames, each centered on the
nominal position of PSR 6266B. In order to optimize the dibecof faint objects, we
have performed the search procedure on the median imagen, THeeresulting mask
with the star positions has been adapted to the individuadimages, and the PSF-
fitting procedure performed separately on each of them. Hneesstrategy has been
adopted for the analysis of the nine WFPER, images, after the careful alignement
with the previously astrometrized ACS frames. The resgltmstrumental magnitudes
have been transformed to a common system, and a final catalbgeordinates and
magnitudes for all the stars identified in the considereddBimages has been compiled.
The photometric calibration of the instrumental magnitudad the absolute celestial
coordinates were determined by using all the stars in comwitim the overall ACS

catalog, calibrated and astrometrized as discussed above.

4.2.2 Chandra Observations.

NGC 6266 was observed for 63 ks on May 2002 with @leandra Advanced CCD
Imaging Spectrometer (ACIS). The ACIS-S3 chip was pointedie cluster center, its
field of view ® x 8') entirely covering the half-mass radius.¢3, Harris 1996). The
data were reduced using the CIAO software (v. 3.3.0), regmsiag the level 1 event
files; the taskaci s_r un_hot pi x was used to generate a new badpixel file. Then we
applied the corrections for pixels randomization, goodetimtervals and grades. Our
analysis includes only photons with ASCA grades of 0, 2, 3nd & Aboutl.5 ks of
observations were not considered in the analysis becaube ¢figh background level.
We searched for discrete sources in our level 2 event filggWsvdet ect (Freeman et
al. 2002), performing the source detection separetelyef -1, 1-2, 2-8, and 0.2-8 keV
bands. The detection treshold was set@o®, and the source detection was performed
increasing the sequence of wavelets from 1 to 16 by factoy&oMore than 110 sources

were detected in the 0.2-8 keV band in the entire chip. Themstry of all the detected

64



Chapter 4. Discovery of a tidally deformed millisecond jaulsompanion in NGC6266

sources was corrected by using the Aspect Calculator pedviy theChandraX-Ray
Center. Then we searched for possible optical counterpattsin our HST images and
catalog. About 5 bright stars and 2 faint and extended abjékely background galaxies)
were found to coincide with the X-ray sources well outsidetiblf-mass radius, where the
stellar density is relatively low. We therefore used thgstécal counterparts for extending
the astrometric solution of HST to ti&handrasources, thus obtaining the same accuracy

in the absolute astrometry for both the optical and the Xs@yrces.

4.3 Results

Fig. 4.4 shows th8” x 37 H, WFPC2 map centered on the PSR 6266B nominal position
(marked with acrosg, as derived from timing (see P03). An accurate photomatratysis
has been carried out for all the 25 stars found in our catalog within a distance of
1 " .2 from the PSR 6266B position. This corresponctd times the radius(( .5) of

the circle accounting for thés uncertainty in the absolute astrometry of the HST data.
In particular, we have extracted 19 individual images froan dataset (10 exposures
with ACS and 9 with WFPC2 camera) and compared the resultiagnitudes for each
object in order to search for variability and estimate th@dsl photometric uncertainties
for different classes of magnitude. Only one source in thtalog (hereafter named
COM 6266B, marked with a small circle in Fig. 4.4) showéd variability (AH, ~ 0.2
mag) significantly larger than the typical rms magnitudettiations §{ H, ~ 0.02 mag

in ACS data, andH, ~ 0.04 mag in WFPC2 data) of stars of similar luminosity. Its
celestial coordinates arejsgy, = 17"01™125690 anddjap00 = —30°06'48 " 61 whereas
the mean apparent magnitudes are B=20.58, V=19.48, R=18 02 18.65 (V is from
Beccari et al. 2006). It is located just at the edge of thetmwsl error circle for
PSR 6266B. Fig. 4.3 reports th&, Ha— R) and(R, B — R) Color Magnitude Diagrams
(CMDs) for all the stars detected in tB@” x 20”box centered on the PSR 6266B nominal
position. COM6266B is marked with &rge filled trianglein both the CMDs. As
apparent from the Figure the star has almost the same luityirafsthe cluster Turn

Off, but it shows an anomalous red color which locates it duhe Main Sequence. The
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Figure 4.3:(B, B — H,) and(R, B — R) CMDs for the stars identified in a region of
20 x 20 centered at the nominal position of the . The optical coynaterto the pulsar
companion § is marked withlarge filled triangle
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photometric properties imply that it is not a degenerate atal that it has a moderate
Hao excess (see Fig. 4.3), indicating the presence of ionizedgaounding the system.
These findings are consistent with the irregulaties seememadio signal of PSR 6266B
and supports the scenario that COM 6266B is a mass loosing Istaorder to firmly
assess the physical connection between COM 6266B and theylpnlsar PSR 6266B,
we have accurately investigated the time scale of the dptaréability®. The H,, time
series (19 points) was processed using GRAY#Sitting routine, a code developed at
the Bologna Astronomical Observatory in order to study teeqalicity of variable stars
(see, e.g., Clementini et al. 2000). Following the procedully described in Ferraro
et al. (2001), the most significant (99% confidence interpakjodicity was found at
a period of0.1446 + 0.0015 day, consistent, within the uncertainties, with the oibita
period of PSR 6266B derived from timing( = 0.1445454303(6) day, where the figure
in parenthesis is the uncertainty, at 99% confidence lewvethe last quoted digit; P0O3).
Given that, we have folded the 19 magnitude values usingnd the reference epoch of
the PSR 6266B radio ephemerig, (= 52047.258199(2); P03).The results are shown in
Fig.4.5. As apparent, the ACS and the WFPC2 data (obtaineat &years later) agree
with each other, defining a well defined light curve with twetdict maxima at about
¢ = 0.0 and¢ = 0.5. This fact, as well as the phases and the amplitudes of themajni
confirm that the optical modulation is associated to thegrudgary motions and strongly

suggest that COM 6266B is a deformed star overflowing its Bdabe.

Additional properties of this system can be derived fromahalysis of theChandra
data. We found an X-—ray source located at orly)”.4 from COM 6266B and at”.3
from the nominal radio position of PSR 6266B. The derivedrdowtes of the X-ray
source arevjo = 17701™125696 anddjan = —30°06'49”.06, and thelo uncertainty
area on its position is encircled in Fig.4.4 (dashed linejve® the number of sources
(50) detected within the half-mass radius of NGC 6266, thabability of a chance

>Note that COM 6266B has a close companion located at only diix 0 19) West in the ACS
map (see Fig.4.4). This object turns out to be a normal Sa@ranch star, slightly brighter(0.5 mag
in B, R andH,,) than COM 6266B and not displaying any evidence of varighillthough very close to
each other, the two stars are clearly separable in the hggiution ACS and WFPC2 images and we have
verified that the photometric analysis of COM 6266B is notetiéd by the presence of this close star.
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4.3. Results

Figure 4.4: Finding chart for showing the median-combiréd image. The region
covers2 x 2; the cross marks the nominal position of RPSRwith the 1o error circle
(05, solid line). The smaller circle shows the optical coundéerpwhereas the dashed
circle represent théo in the Chandraposition. North is up and East is to the left.
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superposition of an X—ray source within" 3 from the radio position of PSR 6266B is
~ 7x 1074, strongly supporting the association of the detected sowitbehe PSR 62668
system. The (background substracted) photons count$sas&’ (soft: 0.2-1 keV),
23.71%0 (medium: 1-2 keV) and).8"3% (hard: 2-8 keV), implyingHH1 ~ 1.3 and
H2 ~ 0.4 (where HR1=medium/soft counts and HR2=hard/medium cQuriteence
the source is harder than the typical MSPs population obsgerv GCs (e.g. Grindlay
et al. 2002) and HR1, HR2 resemble those of a source in whilpdisar wind shocks
the material released from the companion (see, e.g., thes @fsPSR J17405340 in
NGC 6397, and PSR J002Z4204W in 47Tuc; Grindlay et al. 2002, and Bogdanov
et al. 2005, respectively). Even if the small number of phetprevents a detailed
spectral analysis, for an absorption column dendity = 2.2 x 102! cm~2 (Pooley

et al. 2003), the counts in each band and the HR1 and HR2 valgesonsistefit
with a power law model having a photon index 2.5, and a total unabsorbed flux
Fx ~ 107" erg cm~2sec™! in the 0.2-8 keV band, translating (for a distance of 6.6 kpc;

Beccari et al. 2006) into a X—ray luminosity 6fy ~ 6 x 103! erg sec™?.

4.4 Discussion

Many observed features of COM 6266B (namely, its anomalkedisolour, thei,, excess,
the shape of the light curve, the X-ray emission from the tyinare suggestive of a
tidally deformed star, which is experiencing heavy mass,Isgnilar to the system found
in NGC 6397 by Ferraro et al. (2001). On the other hand, othetgmetric properties
of the source does not fit in this picture, as described beldhe comparison of the
position of COM 6266B in the CMDs (Fig. 4.3) with the isochesrby Pietrinferni et al.
(2004) (adopting [Fe/H]=1.1 and an age of 12 Gyr for NGC6266) results in an effective
temperaturel .z ~ 6000 + 500 K and a bolometric luminosity.,, ~ 1.9 + 0.2 L,

for extinction and distance like in Beccari et al. 2006. Thmplied emission radidsis

5The PIMMS tool has been used for these estimates:
http:// heasarc. gsfc. nasa. gov/ Tool s/ w3pi ms. ht m

"The uncertainties il,q, Lo and Rey account for both the flux and color variations of COM 6266B
and the uncertainties in the distance, in extinction andatcining the CMDs with the isochrones.
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-
18.6 A\ ]
—]
AR J_|
AN 1
I \ A 1
o \ 1
ja ]
18.7 — A —
L ‘ )i i
\ "I
18.8 [Quad Sup Quad Inf Quad |
Conj Conj
] 1 ] 1 ] ] 1 ]
0 0.25 0.5 0.75 1

Figure 4.5: Ligh curve of in thé/,, obtained by using the period and the reference epoch
of the radio ephemeris of . Asterisks represent ACS archbsevations performed in
August 2004; large empty triangles are the WFPC2 data d¢etleim May 2007. The
phases of quadrature and conjunction of are reported fatycldhe Solid Linerepresent
the Fourier ime series (truncated to the second harmoratp#st fits the data.
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Rew ~ 1.2 £0.2 Ry If the luminosity variations shown in Fig. 4.5 are mainly dioe

tidal deformations k.., is expected to be of the order of the Roche lobe radiysof

the companion. The latter can be estimated from the massidarend projected semi-
major axis of PSR 6266B (derived from pulsar timing, PO3pvted a pulsar mas¥/,,,

and an orbital inclination are assumed. As already discussed in P03, the presence of
radio eclipses indicates thais not smaff. Conservately taking > 20° and assuming
M, = 1.4 Mg, the companion star is expected to span the mass intervalofiri25 M,

(7 = 90°) to 0.41 Mg, (i = 20°), corresponding ta?,, ~ 0.26 — 0.40 R. The upper
value of R,; is only slightly affected by the choice df/,,, being R, < 0.45 R for

0.7 Mg < M,y < 3.0 Mg, a safely large neutron star mass range (see e.g. Freire et
al. 2008). In summary, for all plausible binary parametérsirns outR.,, 2 3 R..

In order to matchR,,, with R, it should bei ~ 3 deg (for M, = 1.4 Mg) implying an
unreliable companion mass6 M. In the hypothesis that COM 6266B is the companion
to PSR 6266B, which is the origin of this discrepancy? A nundfepossibilities are
examined below.

(i) The binary system does not belong to the cluster. This cadiydead to reconcile
R., With R,;. On the other hand, the celestial position of PSR 6266B issattlear? from
the cluster center, and the pulsar shows a negative vallee@in period derivative, as
expected if PSR 6266B lies in the cluster potential well.

(i) The optical luminosity is dominated by strong non-thermalcesses, maybe
triggered by the pulsar spin down poweg;10 L, (see P03). In this case, a large
disagreement betweeR.,,, (evaluted fromLy, = 47 R2 opT%, with op the constant
of Stefan-Boltzmann) and,; may be expected. However, it is hard to explain how a
large non-thermal component may generate a light curve evheaxima fall at orbital
phases which nicely fit with typical ellipsoidal variations

(i) COM6266B is the blending of two stars. This is not uncommontha
crowded stellar field of a GC core. One star would be the olptizariable companion

to PSR 6266B and the other star a not variable star in the foweg (background).

8This is also an implicit consequence of the hypothesis thatshape of the light curve is due to
ellipsoidal variations, the modulation of which tends tmigh for small values of.
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However this only partially alleviates the problem. E.gswasing that the luminosity
of COM 6266B comes from two stars of equal medp magnitude (i.e.H, = 19.35
mag), the observed ellipsoidal modulation could only bedpoed if the modulation of
the light curve of the pulsar companion reachesy, ~ 0.35 mag, a rather extreme
value for this kind of variable stars. Even in this case, weleit with an emission radius
Ren1.7Ry,. Matching R, with R,; would require that COM 6266B is the blend of a not
variable star with/, = 18.8 mag and a star of mean magnitule = 20.6 mag and
havingAmy, ~ 2 mag. We note that similar considerations would apply if P3668
were a triple system.

Options (i) and (i) will be finally addressed as soon as spectroscopic data will
be available for the system, allowing to investigate itsoasgion to the cluster (via

determination of the radial velocity) and the nature of pi@al spectrum.
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Chapter 5

Conclusion

The optical detection of the companion to a binary MSP is &mental to understand
the origin and the evolution of this kind of binary systemsr those systems harbored
in a GC, the analysis of the MSP companions is also more irapgrbecause it can
be very helpful in the investigations of the dynamical iatgions that can take place
in a GC. Despite several efforts in the last years, obsemwaliprogresses in detecting
optical counterparts of cluster binary MSPs are quite slogvtpo now only six of such
counterparts were identified), mainly because of the higttiglpresolution needed and
sensitivity limitations.

The first two detections of MSP companion in a GC W4&s;, the companion to
PSR J00247203U and the faint and blue source W29, the companion to tB& M
PSR J00247204W, both in 47 Tuc (Edmonds et al., 2001, 2002); compdhagposition
of U, in a Color Magnitude Diagram with theoretical models thesthars are shown
that this star is a low-mass (0.17M) Helium White Dwarf. A little bit more massive
(M. = 0.28 M, /sini) white dwarf has been found orbiting around PSR B1620-26 in
the Globular Cluster M4 (Sigurdsson et al., 2003): this @ufpossesses an anomalously
large second time derivate of the rotational period andharrtadio observations reveled
the third and fourth derivatives of the pulsar period as waslla secular change in the
projected semimajor axis of the inner binary. On the basibege contraints, Sigurdsson
et al. (2003) proposed a model in which a third body (=a plaisetesponsable for the
observed time varying acceleration.

In this work we have presented the properties of two MSP caonmopa in the chapter
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63 we showed the spectroscopical and photometrical pregefiCOM J19115958Ain
the Globular Cluster NGC6752. This object turn out to be arwass ¢ 0.18 M) Helium
White Dwarf, as aspected from the recycling scenario. A ymguliar carachteristic
of this object is the anomalous position respect to centema$s (or gravity) of the
cluster: radial velocity measurment are shown that COM 11%D58A belongs to
NGC6752, despite it is located more thé&hfrom the cluster center. The scenario
proposed from Colpi et al.(2003) suggests that a strongdatien occured in the cluster
core: considering that dynamical friction could rapidlyvérback to the cluster core an
object of total mass of order 1.6 Jthe ejection of PSR J1915958A from the core
to the outskirts of NGC 6752 (implying a radial orbit) cani@ occurred more than
Tat = 0.7 =1 Gyr ago. On the other hand the cooling age of COM J1HI58A is
longer thanry;, implying that any dynamical event responsible for the épegtprobably
acted on an already recycled millisecond pulsar. Despiteishanad hochypotesis, a
binary black hole of mass in the rang)@0) — 200 M, could be a plausible candidate: the
same idea may also expalains the anomalous accelerating #ie line of sight of at
least two out of three MSP hosted in the cluster core. Recerksahave also shown that
small deviation from classical shape of the surface brigégnn globular clusters with
a suspected collapsed core (see for example Baumgart €0ab, Trenti et al. 2007)
may be interpreted as the signature of the presence of amiedéate mass black hole: in
this framework also the status of the core of NGC6752, coudysst the presence of an
IMBH in this cluster. Many authors (see the discussion imptéa3) found in fact that the
core of this cluster shows small deviation from the clags{@ag-model profile.

Altought this is still a very controversial subject, NGC@&75 one of the few globular
cluster in which the presence of an IMBH is suspected (Mioethl., 2007)

Another peculiar caracteristic of the COM J1913958A is the puzzling light curve,
showing two maxima at orbital phases 0.05 and 0.5; modulatiohe optical light curve
of the companion to a MSP may occured in the case of the heaftmge emisphere of the
star (whose rotation is syncronized with the orbital peridde to the radiation coming
from the pulsar, but in the case of COM J19439958A the irradiation coming from the

pulsar should be negligible.
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Chapter 5. Conclusion

Ellipsoidal modulation due to the tidal deformation of th@rgpanion are known to
produce a light curve with two peaks at quadratures (seexample the case of PSR
J1701-3006 in NGC 6266 described in the chapter 4 of this work) lulaltleformations
are expected to be insignificant for a companion whose raslits20 times smaller than
the radius of its Roche lobe.

The optical modulation can be intrinsic to the He-WD, in treiework of an oblique
rotator model for the WD, in which photometric modulatioravé been interpreted with
changes with the rotational phase of the mean magnetic field.

In the chapter 4 we have presented the discovery of the sixttpanion of a MSP in
a globular cluster, COM J17643006 in NGC 6266. This object turn out to be a bright
star with an anomalous red color and optical variability({.2mag) nicely correlates to
the orbital period of the pulsar. The shape of the opticditlurve is a clear signature of
tidal distortion, suggesting that the MSP companion is ateld star, completely filling
its Roche Lobe; this star also lies within the error box positof a low luminosity
L, ~ 6 x 10%'ergs~! and quite hard X-ray sources, supporting the hypotesissthvae
interaction is occurring between the pulsar wind and thesgraaming off the companion.
This is the second case in which such an object has been fauarbits a MSP in a
globular cluster (being COM J174®340 the first, Ferraro et al. 2001b), suggesting that
these kind of systems could represent an intermediate temadury stage of the recycling
process, or the result of a more recent exchange interasiibna MS star occurred in
the cluster core. Comparing the position of the COM J178006 in the CMD with
theoretical isochrones, we found that the radius of the(¢tat 1R.) deduced from the
luminosity and the temperaturé (~ 1.9L., and7" ~ 6000K) is three times larger of the
Roche Lobe of the star. Possible explanation for this misinate also discussed a the end
of chapter 4: the presence of a third companion or the bletd@ttars in the crowded
field of NGC6266 could alleviate the problem, as well as theuoence of non thermal
processes, maybe triggered by the spin down power of thapisth these hypotesis can
affected the optical luminosity of COM J176B006, leading to overstimate the radius of
the star, calculeted from the classical formilg, = 47 R? opTk.

As also noted in the previous chapter, the optical and X-Rappgrties of the
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PSR 6266B system impressively resembles those PSR 3684@. On the other hand,
P03 already noted that the radio emission of R8Rdisplayed irregular eclipses near
the superior conjunction, from phase0.15 to phase- 0.35, meaning that the eclipses
are due to the matter overflowing the Roche lobe of the conopastiar. This kind of
systems, formed with a recycled eclipsing radio pulsar amdlative massive NI >
0.10M) companion, could be frequent in Globular Clusters, as gmgrfrom recent
surveys: PSR J00247204U and PSR J00247204W in 47 Tuc (Camilo et al., 2000),
PSR J1748-2446A, PSR J1748-2446P and PSR J1748-2446adzan e (Ransom
et al., 2005) and PSR J1746340 (Ferraro et al., 2001b; Grindlay et al., 2002) shows
similar properties. As in the case of PSR J178340 it is clear from its position on
the CMD that PSR 6266B is not a WD. Evolutive computationgjr{iri D’Antona &
Burgay, 2002),indicate that the companion star of PSR J488@0 will become an
He-WD of ~ 0.2 Mg, assuming that the initial mass of the companion to the MSP
was M, = 0.85M; and the neutron star mass 44, = 1.4 M. If we assumed a
similar scenario for PSR 6266B we may hypotize that COM 62&8Bshow photometric
properties very similar to those of other He-WD orbitingard MSP as for examplé,,;
and COM J19115958A. Thus they could represent an intermediate/finalestdghe
recycling process, leading the formation of MSP/He-WD eyt or systems with very
low mass star orbiting a MSP. If further supported by addaiocases, this evidences
could confirm that a low mass 0.15 = 0.2 M, He-WD orbiting a MSP is the favored
system generated by the recycling process of MSPs, nototitgiGalactic field (Hansen
& Phinney, 1998), but also in GCs (Rasio Pfahl & Rappapor®®@0

As a part of the long term program started at the UniversityBofogna, new
observation of other GCs, as for example Terzan 5, whichsh®3tMSP and 17 MSP
in binary sistems, has been obtained by using HST, in the &double/triple the existing
sample of known MSP companion, shedding light on thier fdiomaand evolution
mechanism.

Optical identification of a larger sample of MSP companionldaallows a deep
insight on the phisycal processes occurring in these bisystems. Carefull examination

of the companion light curve , as induced for example by sdligal distortion or by the
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irradiation of the pulsar flux, may constrain the orbitalgraeters as well as investigate
the effects of the irradiatiun flux of the MSP onto the comparsurface. Moreover, the
possibility to derive the mass ratio ratio of these systammsmthe radial velocity curve of
the companion leads to a direct estimate of the pulsar mé&ss isTparticulary interesting
since the NS in these systems is expected to be more massiwdddhe heavy mass
accretion) than the canonicaB5-+1.40M .. The prediction on the maximum NS mass by
different equation of state of the nuclear matter can beldwalemostrating the crucial

role that MSP studies play in the fundamental problems obpsyand astrophysics.
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