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Abstract

Neutron stars are unique stellar remnants with extremegptieg, as their density and magnetic
field. Their study can be the key to a number of unansweredgmabin fundamental physics
and astronomy, ranging from stellar evolution to strongdfigtavity. One of the best ways
of studying these objects is with observations at radio Veaghs, the efficiency of which
can be vastly improved with the combination of data from ipidtradiotelescopes. In this
thesis, we use the largest European radiotelescopes flormpéng high quality studies of the
properties of objects belonging into two separate categaf neutron stars, millisecond pulsars
and magnetars.

In the first part of this thesis (Chapter 2), a complete dption of the observing systems
and calibration procedures for the multiple telescoped isspresented. Specifically, all obser-
vations were made with the European Pulsar Timing Array @R&lescopes, which are the
Effelsberg 100m radiotelescope in Germany, the Lovell 7&8diatelescope in UK, the West-
erbork 94m equivalent synthesis radiotelescope in theékgihds and the Nancay 94m equiv-
alent decimetric radiotelescope in France. In additior, dHiferent procedures for the data
acquisition and improvement of the latest and archival dathe Effelsberg radiotelescope are
described. Finally, the techniques and advantages of timbic@ation of multi-telescope data
sets are being presented.

In the second part of the thesis (Chapters 3 and 4) we coterun the study of millisec-
ond pulsars using the pulsar timing technique. Specificaéyanalyse a set of 15 millisecond
pulsars from the Effelsberg source list, showing that mbéshem are good candidate sources
for the EPTA efforts to detect gravitational waves in the ayétertz regime. We present, in
most cases only for the Effelsberg data set, improved piading results for their astromet-
ric, spin and binary parameters. Finally, we report on themgete timing analysis of one of
these sources. Specifically, we present results from the rigcision timing analysis of the
pulsar-white dwarf binary PSR J1012+5307 using 15 yearsRdiEmulti-telescope data. All
the timing parameters have been improved from the prewqusblished values, at least by
an order of magnitude. In addition, a parallax measurenseabiained for the first time for
PSR J1012+5307, being consistent with previous opticahasibns from the WD companion.
Combining improved 3D velocity information and models foe tGalactic potential the com-
plete evolutionary Galactic path of the system is obtain&fhile a new intrinsic eccentricity
upper limit is acquired, being one of the smallest calcualdite a binary system and providing
evidence for the stellar evolution of this system, a measarg of the variation of the projected
semi-major is also constraining the systems orbital oaigon for the first time. Finally, com-
bining the fact that PSR J1012+5307 is an ideal laboratarydsting alternative theories of
gravity, with a measurement for the first time of the changeforbital period of the system,
stringent, general, theory independent upper limits ferdtpole gravitational wave emission
and the variation of the gravitational constant are beingyedéd.



In the final part of this thesis (Chapter 5), we study the aaegf magnetars and specif-
ically the case of the first radio emitting anomalous X-rayspu (AXP) J1810-197. With a
simultaneous and quasi-simultaneous multi-frequencynamt-telescope campaign from July
2006 until July 2007 we obtained flux density measuremertspactral features of this 5.5-sec
radio-emitting magnetar. We monitored the spectral elahutf its pulse shape which consists
of a main pulse (MP) and an interpulse (IP). We present thedfunsity spectrum of the average
profile and of the separate pulse components. We observer@agecof the flux density by a
factor of 10 within 8 months and follow the disappearancerd of the two main components.
Although the spectrum is generally flat, we observe largaudhtons of the spectral index with
time. We conclude that AXP J1810-197 is not like any otheroradlsar we know with spectral
properties and temporal fluctuations differing remarkdkdyn normal pulsars. Significant vari-
ability exists on all considered time scales, from pulseuisg, day-to-day and over the time of
weeks and months. Analysis of the interstellar scintitlatior AXP J1810-197 shows that only
some of the variability is affected by scintillations andsnof it is due to intrinsic variations,
better described by a model of turbulent magnetosphereh&uanalysis on the single pulse
properties of AXP J1810-197 confirms these results.



Zusammenfassung

Neutronensterne sind eine besondere Gruppe von Stere#tsar, die sich durch extreme Dichten
und Magnetfelder auszeichnen. Die Erforschung von Neatrsternen kann der Schlussel zur
Losung einer groRen Anzahl ungeklarter Fragen der Physikder Astronomie sein. Diese
umfassen das Gebiet der Sternentwicklung ebenso wie ddsglamschaften starker Gravita-
tionsfelder. Die Radioastronomie bietet eine der bestedi&moglichkeiten fur diese Objekte.
Die Kombination der Beobachtungen mehrerer Radioobseneat kann dabei eine grofRe Ef-
fizienzsteigerung bewirken. In dieser Dissertation wer8eabachtungen an Europas grof3ten
Radioteleskopen kombiniert um die Eigenschaften von zuas$en von Neutronensternen, die
der Millisekundenpulsare und die der Magnetare zu untéesuc

Das erste Kapitel beschreibt die Beobachtungssysteme iendadibrationsverfahren der
verschiedenen Teleskope. Alle Beobachtungen wurden asKaben durchgefiihrt, die zum
"European Pulsar Timing Array” (=EPTA) gehoren. Es hahdeath dabei um das deutsche
100m Radioteleskop in Effelsberg, das britische 76m LoVeleskop in Jodrell Bank, das
niederlandische Westerbork Interferometer mit einer i@affltache, die einem 94m Spiegel
entspricht und nicht zuletzt das etwa gleich grol3e fraisetie Dezimeterteleskop in Nancay.
Weiterhin werden die verschiedenen Verfahren der Datasswihg und die Verbesserung der
Datenauswertung der Effelsbergdaten beschrieben. Dieflater Dissertation endet mit einer
Beschreibung des Verfahrens zur Kombination von Messdateschiedener Observatorien und
der Vorteile die dadurch entstehen.

Der zweite Teil der Dissertation ist dem Studium von Milkeedenpulsaren mittels der
prazisen Messung der Pulsankunftzeiten gewidmet. Esemui® Millisekundenpulsare aus
der Liste der in Effelsberg regelmalig beobachteten @uelhtersucht. Dabei zeigte sich, daf}
die meisten gute Kanditaten fur die EPTA Suche nach Griamitswellen im nano—Hertz Bere-
ich sind. Fur die meisten Objekte konnten wir allein scharc sorgfaltige Analyse der Ef-
felsberg Daten verbesserte astrometrische, Spin- undgarbmeter gewinnen. Abschliel3end
wird in diesem Teil die vollstandige Analyse der Kombiwatialler verfugbaren Messdaten
vorgestellt. Hier sind insbesondere die neuen Ergebnigsdds weiRe Zwerg—Pulsar Sys-
tem PSR J1012+5307, die aus EPTA Daten die einen ZeitraunilSadahren Uberdecken,
gewonnen wurden, zu erwahnen. Alle Pulsar- und Orbitpatankonnten im Vergleich zur
Literatur um wenigstens eine Grof3enordung verbessedemerZum ersten Mal konnte auch
die Parallaxe fur PSR J1012+5307 gemessen werden. Derstédrt im Einklang mit der
optischen Entfernungsbestimmung des begleitenden wéi\8ergsternes. Die verbesserte Ab-
schatzung der 3-D Eigenbewegung ergibt zusammem mit desielNém fur das galaktische
Potential eine Beschreibung der vergangenen Trajektesedbjektes in unserer Milchstralle.
Die verbesserte Bestimmung der OrbitalexzentrizitatR&R J1012+5307 ergibt, dal3 es sich
hier um eines der Systeme kleinster Exzentrizitat handeliches wichtige Implikationen fur
die Sternentwicklung in diesem weil3er Zwerg—Pulsar Systatn Die erfolgreiche Messung



der Variation der Orbithauptachse konnte erstmalig eirseBe&nkung der Orbitorientierung im
Raum ermoglichen. Aus der Tatsache, dafd PSR J1012+53@¥ealer Testfall fur alternative
Gravitationstheorien darstellt, konnten im Zusammenhmainger erstmaligen Bestimmung der
Anderung der Bahnperiode neue Grenzwerte fir die Stavkaiger gravitativer Dipolstrahlung
ermittelt werden.

Der letzte Teil der Dissertation behandelt die Untersughwon Magnetaren, insbesondere
das Objekt AXP J18108197, welches der erste anomale Rontgenpulsar ist, bei demRa-
dioemission beobachtet wurde. Simultane und quasi—samellMultifrequenzmessungen an
verschiedenen Teleskopen vom Juli 2006 bis Juli 2007 ergAlbssagen tUiber den Radioflul3
und das Radiospektrum dieses Magnetars mit einer 5.5 SeklRakationsperiode. Es wurden
fequenzabhangige Veranderungen des Pulsprofiles, aglkeinen Haupt- und einen Interpuls
aufweist, beobachtet. Der Radioflul3 der Quelle andertedabei in acht Monaten um einen
Faktor zehn. Das Radiospektrum war im wesentlichen flaggtezaber auch zeitweise starke
Fluktuationen des Spektralindexes. Wir folgern darauB, éasich bei AXP J1818197 nicht
um ein mit normalen Radiopulsaren vergleichbares Objektialn kann. Starke Variabilitat
wurde auf allen Zeitskalen, von Puls zu Puls bis hin zu WoahrehMonaten beobachtet. Eine
Betrachtung des Beitrages der interstellaren Szintiltetieigt, dal3 diese nur zum kleinen Teil
die Ursache fir die beobachtete Veranderlichkeit seimk®ie Variabilitat riihrt zumeist von
inneren Fluktuationen her, wie sie in Modellen turbulemfixgnetospharen beschrieben wer-
den. Eine weitergehende Analyse der Einzelpulseigensshabn AXP J1816197 hat das
bestatigt.
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1. Introduction to Neutron Stars

Astronomy compels the soul to look upwards and leads us
from this world to another.

Plato

1.1 Neutron stars

The story begins in the lab of Chadwick (1932) where alph#igdes produced in vacuum by
the decay of the radioactive Polonium, hit a Beryllium targed a new particle was emitted
(Figure 1.1)

‘He + °Be — n + 12C. (1.1)

With a mass a bit larger than proton’s and no electric chadgeing named neutron.

@_ah)\mpljer* Dscillograph
Fre. 1

G. 1.

To Pump

Figure 1.1: Chadwick’s experiment and the discovery of neutron.

Two years later Baade & Zwicky (1934), in their effort to examthe origin of cosmic
rays, suggest for the first time that a supernova represkatsrdnsition of an ordinary star
into a neutron star. A star with very small radius and venhhignsity. After analysing the
structure of a star consisting of degenerate neutron gasi@gimer & Volkoff (1939) showed
that the only important relationship in which the compasitdf these stars depends on is the
one between pressure and density (Equation Of State (EOR)E, knowledge of the EOS
could lead to derivation of the mass and radius of a neutian st

Today, we believe that a typical neutron star has (Lyne & @nafsmith 2006) a radius of
10-20km, a mass of 1.4Mand mean density af.7 x 10'*g cm? (similar to the density
of nuclear matteR.7 x 10'* g cm3). It consists of a neutron fluid in equilibrium with5%
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protons and electrons and an outer solid crystalline &ftecust) of about 1 km thick, made of
heavy nuclei on the surface and neutron rich heavy nucleibel

Even though, the existence of neutron stars was predicéedatically, it was not until 1967
that Jocelyn Bell and Antony Hewish (Hewish et al. 1968) osred the first radio pulsar,
while investigating the angular structure of compact radiarces, by observing the interplan-
etary scintillation with an array of 2048 dipoles in 16 rowsl@8 elements at 81.5MHz. C
1919+21 (PSR B1919+21) with a period of P=1.34 sec was thepfilsar discovered (Figure
1.2). The most important reason that pulsars were not desedwearlier is that their pulsations
were confused with RFI. A property of the Hewish survey, washart response time and a
repetitive observing routine, virtue of which RFI could bealiminated against. The identi-
fication of pulsars with neutron stars has happened a biee&y Pacini (1967) and later by
Gold (1968).

Figure 1.2: Original paper charts. (Left) The discovery of the first pulsar PSR B1919+21. (Right) Single
pulses from this pulsar.

Pulsars (pulsating stars) are highly magnetised (diposgmatic field~ 102 G) fast rotat-
ing neutron stars with a surface temperatur@0Sf— 107 K, emitting narrow radio pulses along
the magnetic axis (Figure 1.3). If Earth lies in the path eflbleam of this "cosmic lighthouse”
we can observe its pulses arriving on each rotation, refigdts spin period. The pulse period

Figure 1.3: Artistic impression of a pulsar (M. A. Garlick).

of pulsars is increasing with time and can be connected toateeof loss of rotational kinetic
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energy or else the spin-down luminosity (total power outputhe neutron star)
E=—I00 =4r*IPP%ergs?, (1.2)

(Lorimer & Kramer 2005) wheré) = 27 /P is the rotational angular frequency ahdhe
moment of inertia. The age estimation of pulsars for a petjpeihar dipole magnetic field
(braking indexn = 3) is
P
2P’
(Lorimer & Kramer 2005) where. is the characteristic age. Finally, the magnetic field gjtien
at the surface of a typical neutron star with= 10*> g cn¥ and 10 km radius is

(1.3)

Te

=3.2 X ', .
B=32x10"GV PP 1.4

(Lorimer & Kramer 2005) and called the characteristic maigrfeeld, whereP is in seconds.

From the initial discovery until today many more steps haseritaken in pulsar astronomy.
In 1974, Hulse & Taylor (1974), discover the P=59 ms PSR B¥3a63a member of a neutron
star binary system with an orbital period of 7.75 hours. Iditon, they manage to measure
variations of this orbital period. Specifically, the orlisarinkage of 1 cm/day of this system
(Figure 1.4) was proven to be caused by gravitational wadiatian (Weisberg & Taylor 1984),
being the first experimental demonstration of gravitatioveves existence.

o
v

/

| |

(5] il

4 o t
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Z o
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|
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Figure 1.4 Orbital decay of PSR B1913+16 (Weisberg & Taylor 2005). Peaistron shifts caused by emission
of gravitational radiation.

Backer et al. (1982) discovered the fast rotating millisetpulsar PSR B1937+21 with a
period of 1.558 ms, reaching the theoretical rate that ifegal forces balance gravitational
forces at the surface of a neutron star. This discovery nigtwas important for setting limits
on the equation of state of pulsars but initiated a new eraiisgp timing observations, since
millisecond pulsars are extremely stable clocks. The tecknof pulsar timing is the regular
monitoring of the rotation of a neutron star by tracking timees of arrival (TOAS) of the radio
pulses and will be described in the next chapter. Two yearstag fastest rotating pulsar, PSR
J1748-2446ad, was discovered by Hessels et al. (2006) avpigtiod of P=1.396 ms.
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Among other important discoveries over the years, sucheafiréht extra-solar planets orbit-
ing a pulsar (Wolszczan & Frail 1992) and the first and onlyldeyulsar (Burgay et al. 2003;
Lyne et al. 2004), is the one of a new category of neutron shaitgally, Duncan & Thompson
(1992) suggested the existence of magnetars, which ardystotating neutron stars with a
rapid spin-down and emission powered by the decay of théieerely strong magnetic fields.
Observations of the X-ray activity afternaray burst from SGR 1806-20 revealed pulsed X-ray
emission (Kouveliotou et al. 1998). This pulsed emissiotihai period of 7.47 sec and spin-
down rate of2.6 x 1073 s/yr was suggesting a magnetic field®f~ 8 x 104 G, proving for
the first time the existence of magnetars. Magnetars cooisibe Soft Gamma-ray Repeaters
(SGRs) and the Anomalous X-ray Pulsars (AXPSs).

From 1967 until today around 1800 neutron stars have beetteéef mostly along the
galactic plane. In Figure 1.5 the — P (period vs period derivative) diagram is presented,
where all the distinct categories of neutron stars areqater lines of constant characteristic
age, magnetic field strength and spin-down luminosity. Oag @f categorising the sample is
as follows:

1) Young pulsars (upper left part): They spin fast (303Rs.0.5s) and they are usually
expected to be associated with supernova remnants. Theyargetic and their magnetic field
is B ~ 10!t — 10,

2) Normal pulsars (middle right part): They represent tlggbst bulk of the population being
~ 90% of all pulsars. They spin fast (30 ®MB<8.5s) and they have a magnetic field®f~
101 — 104 G.

3) Millisecond pulsars (lower left part): They spin verytf§s.397 ms<P<30 ms) and they are
usually in binary systems. Their magnetic field is smaller~ 10® — 10°) and they are very
stable and accurate clocks.

4) Magnetars (upper right part): They are spinning slowexP<12 sec) and they spin-down
rapidly. Their magnetic field is very big (810'* G) and its decay is powering their emission.
They are rarely detected in radio while most often they emX-rays and usually in bursts.

A typical evolutionary scenario on the — P diagram for a normal pulsar would be to be
born with a short spin period (upper left part) followed byapid spin-down in the main bulk of
the pulsars on a timescale o — 10° yr and finally becoming too faint to be detectable (cross
over the graveyard) aftei0” yr. As will be presented in the next section, if the pulsamisi
binary system it might come back from the "dead” as a millis®tpulsar (lower left part) with
a slow spin-down, continuing to emit for a very long time.

1.2 Evolution of neutron stars and millisecond pulsars

A brief description of the most probable evolutionary seergfor the formation of neutron
stars and millisecond pulsars will be presented here (semko(2005) and references therein)
following the steps of Figure 1.6.

Initially we have a binary star system where the primary, enmassive star, has a mass
range between 8 and 20-30JVand the secondary has approximately a8M.. After the
gravitational collapse of the primary star (since it is maorassive it will exhaust more rapidly
its core hydrogen), a neutron star is formed from a type lesapva explosion. If during the
supernova explosion more than half of the pre-supernova msagected from the system the
latter will be separated with a high velocity neutron stamirone side and an OB runaway
star from the other. This scenario can explain well the faat most of the normal pulsars are
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characteristic age, magnetic field and spin-down luminosjt are shown (Lorimer & Kramer 2005). Pulsars

in binary systems are highlighted by a circle. Pulsars ass@ated with supernova remnants are shown by
stars.

isolated, although there are few identified cases of bingsiesns with a normal pulsar and a
main sequence companion.

In the latter cases the secondary star is evolving into a i@t §lling its Roche lobe and
matter accretion on the old neutron star begins. During tleestion the loss of orbital angular
momentum (orbital shrinkage) of the system is convertamantangular momentum gain for the
pulsar which spins-up (a small part is also lost into spabelying this long timescale process
the pulsar is becoming a millisecond pulsar and tidal fociresilarise the orbit. The envelope of
the companion is exhausted and it usually stabilises to anass helium white dwarf (HWD).
In the phase of the accretion, X-rays are being produceddyellease of gravitational energy
of the in-falling matter to the pulsar and we expect to obsdhe system as a low-mass X-
ray binary (LMXB). Although, LMXBs have been detected in Zys no radio pulsations have
been observed from them. This is possibly because of alisorpt the radio emission by
the thick accretion disk or reduction of the acceleratingeptial in the magnetosphere of the
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Figure 1.6. Sketch of evolutionary scenarios of neutron stars and milBecond pulsars (Lorimer 2005).

neutron star by in-falling matter. After mass transfer eritle pulsar starts to emit in radio
and the white dwarf is cooling down, thus efforts are beinglen@ connect and compare the
cooling age of the WD with the spin-down age of the millisetqulsar in a binary system.
Recently, Archibald et al. (2009) observed the "missindsliaf radio pulsating millisecond
pulsars and LMXBs confirming the aforementioned theorielsis Ts the radio source FIRST
J102347.67+003841.2 which was detected for the first tinenas 69 ms radio pulsar in orbit
with a low mass companion. Previous optical observatiodate that an accretion disk was
present in this system within the last decade proving thesttian from the LMXB phase to the
"active” millisecond pulsar.

Apart from the previous evolutionary track there is the das¢ the secondary star is also a
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high mass star (M8 M,,). The first steps are the same, but instead of a LMXB we now have
high-mass X-ray binary. The accretion phase is not as lorgefge and the secondary might
also explode as a supernova leaving behind a second netéirorfshe system is separated
from the explosion the result will be an isolated normal ypgulsar and an isolated "slow”
millisecond pulsar. This might the explanation for the 1&lased millisecond pulsars already
observed on contradiction with the less realistic theorgmtthe companion is being ablated.
Finally, if the system survives the supernova explosionéiselt is a binary neutron star system.
Around 8 of this systems are known where only one of the twdrpatstars is being observed
as a radio pulsar. The first direct confirmation of this thewag given with the discovery of the,
so far, only double pulsar J0738B039. A 22.7 ms pulsar (A) orbiting a 2.77 s normal pulsar
(B) every 2.4 hrs is representing clearly the high-massugiariary scenario, described before,
where A is the first neutron star formed and B the second one.

1.3 Magnetic fields of magnetars

So far 16 magnetars (6 SGRs and 10 AXPs) have been discoWaed.birthrate calculations
it is not clear yet if and how they are evolutionary conneastéth the rest of the neutron stars
(Keane & Kramer 2008), although they have similar originee@®f the main subjects of many
discussions is their extreme magnetic field and their exdrbuansting emission.

Magnetars, as all neutron stars, are believed to be form#tkisupernova explosion of a
massive star. As far as we know they are isolated sources.mbis¢ possible origins of the
large magnetic field strength of neutron stars is inhergdrmm the main sequence progenitor.
However this is not sufficient for a magnetar. Only the additof a dynamo action (Thomp-
son & Duncan 1993) at some stage of evolution of the SN progecould create a seed field,
amplification of which, during the core-collapse, coulddéaan extremely strong surface mag-
netic field strength~ 10> G) (Spruit 2008). For the amplification Spruit (2008) sudgéisat
differential rotation in the final stages of core collapsthis most possible scenario, since sim-
ply magnetic flux conservation is not enough. However, thesecsion of differential rotation
into magnetic energy has to be fairly efficient. We must alsmtion two basic requirements
of this theory, stratification and helicity. The internalldies being brought to the surface by
magnetic buoyancy, where the magnetic loops float upwards wie strong field reduces the
gas pressure and density in it. The part of the loop outsidestidr forms a vacuum field with
a dipole moment, but it has to reach the surface beforefstedion becomes stable and before
the neutron star has formed completely (otherwise< 10'7 G are being blocked). In addi-
tion, stratification is holding the field from escaping tbtab the surface. Magnetic helicity
H = [ B- AdV, where A is a vector potential of B and the integral is overrtfegnetic field
volume, is needed for the field to finally reach a stable mageeuilibrium.

Thompson et al. (2000) also explain how magnetars emittiadiavith the twisted magne-
tosphere model. Although they are born spinning very fasy 8pin down rapidly by emitting
magnetic waves carrying off its rotational energy. Thisgess is very efficient when the field is
strong. Because of this it has been suggested that almastghetars are radio quiet since to
aradio beam, rapid rotation is needed. Thus, most of thethmeadio beams of magnetars are
very narrow or turned-off, something that makes them dilfitiobserve. While the magnetic
field of normal pulsars is almost constant, in magnetarsitagnetic field evolves over time,
seeking a lower energy state. During this process, it stgfbe crust to strong magnetic forces.
Specifically, magnetic field lines continually drift thrduthe star’s liquid interior, stressing the
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crust from below. The field is driving significant twisting tran of patches of crust along
horizontal directions and whenever this happens, magfietitlines outside the star also get
twisted because they are connected to the crust. This greceskits consequences are shown
in Figure 1.7.

Figure 1.7. Twisted magnetic filed lines and X-ray emission. (Left) Relged state. (Right) Crust deforma-
tions (sketch from R. Duncan).

On the left the magnetar in its relaxed state is shown. Bleetlae magnetic field lines
crossing though the star. If there is a twist of the crustyiorarrows), caused by stresses from
below, then immediately the field lines outside the magsetalt get twisted, as shown on the
right. This twist, will lead to a current along the magnetic field lines. The equation in the
figure is Amperes law, together with the green loop magnetld fitaused by the twist requires
a current. Thus, we have electrons and protons, ions flowpppsite directions along the
magnetic field lines and impact the magnetar’s surface dtwb®pposite foot-points heating it
and causing it to glow in soft X-rays. Especially electrookiave very high velocities and they
can often also collide with X-ray photons outside the staimgi most of their kinetic energy
and boosting them in high energies. This emission mechawisich is happening in bursts is
believed to be what has been observed from both SGRs and AXPs.

1Taken from http://solomon.as.utexas.edu/ duncan/



1.4. Interstellar medium 19

1.4 Interstellar medium

The signal from a pulsar is affected in various ways whiledgagates through the cold, ionised
plasma of interstellar medium (ISM). The basic propertgesdescribed in Lorimer & Kramer
(2005) and references therein) of the effects of dispemiwhinterstellar scintillation in pulsar
observations will be presented here.

1.4.1 Dispersion measure

The column density of the free electrons in the ISM along ithe of sight is called dispersion
measure (DM) and it is:

d
DM:/ nedl(cm—>pc) (1.5)
0

whered is the length from the pulsar to Earth amdis the electron number density (0.03cm=3).
The interaction of the radio waves from a pulsar with the fketrons of the ISM lead to a
frequency-dependent group velocity, so that pulses atrlbwguencies travel slower and arrive
later. Hence, by a measurement of the time delay betweeegatstwo different frequencies
one can determine the DM of each pulsar via

At ~4.15 x 10°msx (f;% — f, %) x DM (1.6)

whereAt is the time delay between frequencigsand f, (in MHz) and 4.15 is the dispersion
constant

D=
2Tmec

— (4.148808 = 0.000003) x 10°MHz2pctcm?s, (1.7)

wheree andm, are the charge and mass of an electron respectively.

Knowledge of the DM can be also used to infer a distance esbm&o the pulsar, by
integrating Equation (1.6) after assuming a model for thieaGiz electron density distribution
Ne.-

1.4.2 Interstellar scintillation

The electron density inhomogeneities in the ISM contrilbojgulsar observations as interstellar
scintillation. Depending also on the distance, sciniblatcan be divided into three categories.
The weak and the strong, which is in addition divided in th&alitive and refractive scintil-
lation. For simplicity, we use the thin-screen model for iflgomogeneities in the ISM, thus
we consider the waves passing through a thin scatteringrsenéd-way between the observed
and the pulsar and their phases are being scattered int@ataaspectrum of widtld,;. Inter-
ference can occur only if the phases of the waves are difféneiess than 1 radian (the size
of the circular region on the scattering screen centredratrdie sources, = 1/x6,, field co-
herence scale) and waves of frequencies outside the smcaintillation bandwidth will not
contribute. At distancd, the final phase modulation is producing a pattern of intgnsiria-
tion in frequency and time and that can be measured in a dyngpeictrum, a two dimensional
image of pulse intensity as a function of time and frequeAcstrong chunk of flux density on
this spectrum is called scintle and from its size in freqyeara time the scintillation bandwidth
A f and timescale\t can be measured respectively.
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Apart from A f and At we need to measure two more quantities for describing ireiéas
scintillation. The modulation index

m=o/ <S>, (1.8)

whereo is the standard deviation of the observed flux densities<atl> is their mean. The
scintillation strengthy, which can be used to define the transition between weak () and
strong scintillation{ > 1):

U= l—F = / o fETg (1.9)

S0 Af DISS

lr is the radius of the first Fresnel zone (used in diffractiveasdor interference patternsy,

the field coherence scalgthe observing frequency anllf ;55 the scintillation bandwidth of
strong (diffractive) scintillation. For = 1 (after also calculating\ f;ss, See below) we can
estimate the transition frequency from weak to strong 8lation, f.. In general for a pulsar
at a distance of 1 kpc thg. is a few GHz, thus most pulsars are being observed in thegstron
scintillation regime.

Weak scintillation

Weak scintillation produces small phase perturbationdatdistance to the observer. If the
pulsar moves with a relative speé&dss to the observer the scintle pattern is moving. For a
fixed observer an intensity modulation appears with a tilesc

lp
Atyear = —— 1.10
T (1.10)
and a modulation index:
f 5/12
Myeak = V ub/3 = ( ) X f_1'4d0'9. (111)
AfDISS

The scintillation bandwidth is- f and therefore very large.

Diffractive scintillation

Diffractive interstellar scintillation (DISS) producesryie phase perturbations at the distance to
the observer, therefore strong intensity variations. €hesiations are both in timescale

S0

AtDISS = ‘/ISS X f1'2d_0'6 (112)
and frequency
1.16 7o\ ~1
Aijsg = o 185Hz (WS) s (113)

s

wherer, is the scattering time being (from an empirical relatiop¥hi
log 7, = —6.46 + 0.154log(DM) + 1.07(log DM)? — 3.861og f. (1.14)

Because of the large modulations in intensity the flux dgredithe pulsar may differ from its
intrinsic flux density. Thus, long averaging is needed eitheéime or frequency in order to
sample more than one scintles and obtain reliable flux measnts.
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Refractive scintillation

The second category of strong scintillation is the refr@ctne and it is responsible for long
and weak intensity modulations, increasing with distamcthé pulsar. Theoretically, we can
consider the effect of refractive scintillation as the feiclg and defocusing of rays from the
scattering screen. Its long timescale is

ZR . l% _l% So

= U2AtD[55 = AtDISS X f_2'2d1'6. (115)

Atprss = = ==
7
Viss  soViss  s§Viss Afprss

It is clear thatAty;ss IS increasing with distance in contrastAd;ss. The modulation index
for refractive scintillation is

-1/3 1/6
Mprss = u~ /3 = (l_F) — (AfDISS) oc fO57 03T, (1.16)

So f

Because of the long timescale of refractive scintillatids hot always possible to avoid its
effects by time averaging, as in the case of the diffractive.o

1.5 Keplerian orbit & post Keplerian parameters

For the description of the orbit of a binary system Kepleais$ are being used. The six Keple-
rian parameters needed to describe a system are the owuiiad ,, the projected semi-major
axisa = o/sini (or x = o' sin¢/c), the orbital eccentricity, the longitude of the periastran

the epoch of the periastron passdgdétime when pulsar passes the periastron) and the position
angle of the ascending nodg,,. (Lorimer & Kramer 2005). For pulsar timing only the first
five are needed. In Figure 1.8 (Freire et al. 2001) most ofetip@sameters are shown schemat-
ically. Specifically, the orbit of a pulsar (P) around thetcerf mass of the binary system (O)

Descending Node

To Earth

Ascending Node !t

Figure 1.8. Keplerian description of a binary orbit (Freire et al. 2001).

projected onto the plane that contains the direction togvaatth (i.e perpendicular to the plane
of the sky,IT) and the line of nodes where the orbital plane intersdassshown. On this figure
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we clearly see an elliptical orbit of eccentricityand projected semi-major axis = o’ sin i,
wherei is the inclination angle of the orbital plane relatively e fplane of the sky. In addition,
the longitude of the periastran and f which is the "true anomaly” (the angle of the pulsar to
the periastron measured at O), are shown. Finally, als@ptese the vector r, connecting O to
the pulsar’s projected position andwhich is the projection to the line-of-sight of the distance
of the pulsar to O.

The aforementioned Keplerian parameters are enough toldescbits when no relativistic
effects are taken into account. However, relativistic @reelassical effects, which cannot be
ignored in some pulsar binary systems, can cause seculagebtaf the Keplerian parameters.
In order to describe and measure these effects the "PoseKapl (PK) description has been
used and the following "PK parameters” are introduced. ThHenge of the longitude of peri-
astron and orbital period; and P, respectively, the amplitudeof the Einstein delay (caused
by the varying effects of the gravitational redshift duehe presence of the companion and
time dilation as the pulsar moves on its orbit at varying spged distances from the compan-
ion) and the range; and shape of the Shapiro delay (caused by the gravitational field of the
companion) (Lorimer & Kramer 2005).

Measurements of PK parameters are vital for tests of GR darhative theories of gravity.
We know that for point masses with negligible spin contiitm$, the PK parameters should
be only functions of the Keplerian parameters and the masfstbe two bodies of the binary
system. Thus, with the masses as free parameters, an diimeftwo PK parameters can
determine the masses for a given theory. In addition, measemts of three PK parameters
provide a consistency check for this theory. The best exansghe case of the double pulsar
PSR J073%3039 (Kramer et al. 2006) where 5 PK parameters and the magswere mea-
sured providing 4 independent tests of General Relatitntfzigure 1.9 these GR tests together
with the latest measurement of the spin precession ratelsdpB, 250, are shown on a "mass-
mass” diagram (Kramer private communication). All the $imetersect in a single point, a pair
of mass values, which means that GR manages to pass therbagteld regime test.

1.6 The European Pulsar Timing Array (EPTA)

The European Pulsar Timing Array (EPTA) network (FigureQ).ik a collaboration between
the five institutes (ASTRON, JBO, INAF, MPIfR and Nancay ehs&tory) operating the largest
radio telescopes in Europe. It is consisting of the Effeigli®0m radiotelescope of the Max-
Planck-Institute for Radioastronomy (MPIfR) in Germaing ¥6m Lovell radiotelescope of the
Manchester University, at Jodrell Bank, UK, the 94m equmaMWesterbork Synthesis Radio
Telescope (WSRT) of ASTRON in the Netherlands, the 94m edgmnt Nancay decimetric

radio telescope (NRT) in France and soon the 64m SardinisRatescope (SRT) in Italy.

The EPTA is using the available telescopes for high-prenisiming in a coordinated way,
in schedules and source lists. This results, in larger andetadatasets in multiple frequencies.
In addition, exchange of data, people and knowledge betteeworking groups is ordinarily
happening, resolving swiftly any systematic telescopélgms or other issues. The main aim
of the EPTA is to increase the precision and quality of putsaing measurements, to study
the astrophysics of millisecond pulsars and to detect ctmyizal gravitational waves in the
nano-Hertz regime.
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Figure 1.9. Mass-mass diagram of PSR J07373039 where all the GR tests are represented by the different
lines. The shaded region is forbidden because< 1. With R the mass ratio derived from the measured semi-
major axes of the A and B orbits is shown. In addition, the spinprecession rate of pulsar Bf)so Yyields a
new constraint on the mass-mass diagram. In the zoom in box s clear that the intersection of all line pairs
is consistent with a single point that corresponds to the maes of A and B (Kramer private communication).

Figure 1.10 The European Pulsar Timing Array.

1.6.1 Gravitational wave detection

One of the main predictions of Einstein’s general theoryetdtivity is the existence of gravita-
tional waves. Gravitational waves are ripples in the cumeabf spacetime generated from the
accelerated masses in it, propagating as waves. Gengralytational waves are radiated over
a wide range of frequencies by accelerated objects, prduitgt the motion is not perfectly
symmetric. Although, strong indirect evidence of theirstégnce has been obtained by binary
pulsar experiments (i.e. PSR B1913+16 and PSR JO3B839), a direct detection has not been
yet achieved.
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One approach of detecting gravitational waves are the grdased interferometers such
us the current GEO600 (Danzmann & et al. 1995), VIRGO (Caroeté&l. 1998), LIGO
(Abramovici et al. 1992) and the future Advanced LIGO (Ba2€00) and space mission LISA
Danzmann (2000). These are gravitational wave detectositse to the high frequency regime
of the gravitational wave spectrum (i.e. Advanced LIG@00 Hz, LISA~mHz), as presented
on the left part of Figure 1.11 (i.e. coalescing stellar-siaisaries).

An alternative, but complementary to the previous, techaimp observe gravitational waves
is with a pulsar timing array (PTA). Let us assume that tharssystem barycentre and a distant
pulsar are opposite ends of an imaginary arm in space. Tlegiulkar can be used as a reference
clock sending regular signals observed on Earth over a tabesl. If a gravitational wave
passes, it will perturb the local spacetime metric and tteenked effect will be a change in the
apparent rotational period of the pulsar. If the uncenatritthe pulse times of arrivals is the
detector will be sensitive to waves with dimensionless d@unbés ofA > /T and frequencies
f ~ 1/T (Bertotti et al. 1983; Blandford et al. 1984), thus in the ovddhertz regime (left part
of Figure 1.11). If this arrangement is extended with theafdagh precision timing data from
more millisecond pulsars (more stable clocks) distrib@ess the sky, we have a PTA (right
part of Figure 1.11). With a PTA we have the capability to sroerrelate the residuals for pairs
of pulsars (Jenet et al. 2005; van Haasteren et al. 2009)ier o distinguish the noise in the
timing data from the signature of the stochastic gravitatlavave background. The latter, has
been predicted to originate i.e. from coalescent superiwglkack holes in the early universe,
from relic GWs form the big bang and from cosmological sosiddes cosmic strings, inflation
and phase transitions (Kramer et al. (2004) and referemegsit). The GW strain spectrum,
h.(f), can be described by a power-law in the GW frequency

f [e%
h =A 1.17
n=a(5) 117)
where the spectral exponent= —2/3, —1 and—7/6 for GW backgrounds, originates from co-
alescent super massive black holes, from relic GWs fromidheding and from cosmic strings
respectively. The energy density of the background perlagéarithmic frequency interval is

Qo (F) = 22 fh(f) (1.18)
GW - 3Hg c 5 .

whereH, is the Hubble constant (Hobbs (2008) and references therein

EPTA, as mentioned before is one of the most important efforgravitational wave de-
tection in this regime, using more than 10 years of timingdedm 15-20 pulsars. The next
step, the Large European Array for Pulsars (LEAP), whichiéla phased array of the 5 EPTA
telescopes increasing vastly the sensitivity, togeth#r thie Parkes pulsar timing array (PPTA)
and nanoGrav (GBT and Arecibo) will be able to form a globdbkputiming array with full
sky coverage wishing to lead the way in the detection andystfigravitational waves.

A major part of the current thesis is playing an importangriol this EPTA effort (Chapter
4). New techniques are applied for calibration and impromenof the Effelsberg timing data
which are combined with the datasets from the rest of the BelBScopes (Janssen PhD thesis,
2009; Purver PhD thesis, in prep.; Desvignes PhD thesisein pvan Haasteren PhD thesis, in
prep.) The current preliminary upper limit for the amplieudf a stochastic gravitational wave
background signal of the EPTA id = 1.9 x 10~ "yr!/2, using data only from the best six
EPTA pulsars (van Haasteren et al. (2009); van Haastererttids, in prep.). This compares
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Figure 1.11 (Left) Gravitational wave energy density spectrum with the frequency range of the current
and future detectors and the sources of GW emission. The GWrhit of PTA is in the nano-Hertz regime,
complementary with the LISA and Advanced LIGO ones (Kramer & al. 2004) (Right) A pulsar timing array
(D. Champion).

to A = 1.04 x 10~ "4yr'/2 by Jenet et al. (2006) who used Parkes data along with atctzita
from the Arecibo telescope. The current work is vital forgesing the timing accuracy and the
number of extremely precise timed sources, improving theadi®n capabilities of the EPTA.
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2. Multi-telescope Observations, Data
Reduction and Technigues

The world is full of obvious things which nobody by any
chance ever observes.

Sherlock Holmes (Sir Arthur Conan Doyle)

This chapter is divided into three major sections. 1) Théiseof observations. In this the
different observing systems and calibration proceduredl the telescopes used for the current
study are being described. 2) The section of data reductiois.the most important part of
this work, which is actually concentrated on the differesthiniques used for acquiring and
improving the new and archival Effelsberg data. 3) The tepes and their advantages, used
for combining the various different sets of multi-telese@md multi-frequency data.

2.1 Observations

The section is divided according to the two major observiogles that were used for the current
work, single pulse mode and timing mode. The telescopegibated in total are all EPTA
ones. The 100m radio telescope of the Max-Planck-Instfut®adioastronomy (MPIfR), at
Effelsberg, Germany, is the second largest fully steert@dscope. With an alt-azimuth mount,
a primary focus of 100 m diameter, a secondary Gregoriarsfot6.5 m and receivers mounted
in prime and secondary focus, it operates at frequencieseleet 0.4 and 96 GHz. The 76m
Lovell radio telescope at Jodrell Bank observatory of théversity of Manchester, UK, is the
3rd largest radio telescope in the world. With an alt-azimfutly steerable mount the primary
focus paraboloid antenna can reach up to 8 GHz. The Weskefymthesis Radio Telescope
(WSRT) in the Netherlands with an effective area~0f000 m? (94m equivalent), is a powerful
aperture synthesis interferometer consisting of 14 amteramranged on a 2.7 km East-West
line. It can operate at frequencies between 120 MHz and 8 8 Ghe 94m equivalent Nancay
decimetric Radio Telescope (NRT), in France has a uniquas<tgpe design with two mirrors
at a 460 m distance between them. With a primary mirror ctingisf 10 panels (20 m long and
40 m high) and a secondary shaped as a section of a sphererofra@ius it is observing mostly
at frequencies between 1.4 to 4 GHz. A summary of all the ¢elgss instrumentation and the
calibration procedures for each mode will be presentedatises 2.1.1 and 2.1.2, while a more
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detailed description of the two major observation systefmh® Effelsberd radio telescope
can be found in the Appendix. Some details of the receivezd dsiring the observations are
available in Table 2.1

Table 2.1 Details on the made single pulse and timing observations

Telescope Mode Frequency BW
(MHz) (MH2z)
Effelsberg Singe Pulse 2640 100
Singe Pulse 4850 500
Singe Pulse 8350 1000
Singe Pulse 14600 1000
Singe Pulse 32000 2000
Timing 860 40
Timing 1400 100
Timing 2700 80
Lovell  Single Pulse 1420 32
Timing 400 8
Timing 600 8
Timing 1400 64(32)
WSRT  Single Pulse 4896 160
Timing 350 80
Timing 840 80
Timing 1380 160
Nancay Timing 1400 128

1. For polarisation measurements.
2: Usually two bands centered at 328 and 382 MHz are used wikhHOBW each.

2.1.1 Single pulse mode

Single pulse observations are of fundamental importancettron star studies itself. The ex-
planation of the structure complexity and the various phegraa like nulling, mode changing
and drifting can only be achieved by observing a sequendagiespulses. Single pulse mode is
divided into two categories. The asynchronous mode, wheaneeh of new pulsars is performed
offline by looking for periodic signals of unknown pulse meriand dispersion measure (DM) in
time series of de-dispersed candidate single pulses. Titehoous stream of data is recorded
having no Doppler corrected sample time. On the other hantha synchronous mode, the
one used and described further in the current work, the wgaten is performed synchronously
to the known apparent pulse period. In this work observatiminslow bursting neutron stars
(Chapter 5) were used in order to understand their long-tearphology, to measure the exact
time they appear and to get the averaged profile and flux gersiteach telescope the gen-
eral methods of achieving the previously mentioned wereenoorless same but the technical
characteristics and as a consequence the techniques usatiivone differ.

Ihttp://www.mpifr.de/div/effelsberg/receivers/recaintml contains all the technical information about Effel
berg receivers



2.1. Observations 29

Effelsberg: For single pulse studies and eventually flux density measants at Effels-
berg (Lazaridis et al. 2008) we used the 2.64 GHz, 4.85 GF5 8Hz, 14.6 GHz and 32 GHz
cooled HEMT receivers that are installed in the secondanyd@Karastergiou et al. 2001). Each
system provides a total bandwidth of 100, 500, 1000, 10002&@d MHz respectively. The
wide-bandwidth circularly polarised intermediate freqae (IF) signals are fed into a multi-
plying polarimeter and detector in the focus cabin and agiisied by fast voltage-to-frequency
(V/f) converters. All Stokes parameters are recorded wWilB4lphase bins of few ms dura-
tion. A noise diode signal is injected into the wavefrontdaling the horn synchronously with
the pulse period in the first 50 bins of each measurement ier dodcalibrate the flux density
of a pulsar reliably (Figure 2.1). A more detailed descoptof the whole Effelsberg Pulsar
Observing System (EPOS) is given in the Appendix A.1. Thegyoautput of the diode is
compared with the power that is received from the pulsar. digeal of the noise diode itself
is frequently calibrated and monitored by observing knoeigenence sources during regular
pointing observations. The sources that were mostly useckeldration were 3C273, 3C274,
3C286 and NGC7027. They were observed at the beginning @ndrith of each session, in
combination with checks on pointing and focus stability.eThole procedure of Effelsberg
calibration is described further in section 2.2.1 and Aagesl (2007). The quality of our ob-
servations was also monitored by taking data for well knowlsgrs such as PSR B1929+10
(Figure 2.1) which is strong enough to be detected at allieagies. The observed properties of
this pulsar, extensively studied at Effelsberg, were camgbto archival data to confirm that the
system was functioning correctly at all frequencies. Anam@nt aspect is that from December
2006 the new sub-reflector of the telescope was used. It wealed in October 2006, improv-
ing the sensitivity and resulting in flatter gain curves baballowing fast receiver changes, the
importance of which will be fully understood in Chapter 5.

Lovell: At Jodrell Bank (Kramer et al. 2007) the 1.4 GHz receivingteyn was employed
(Karastergiou et al. 2001) with a bandwidth of 32 MHz. Afteneersion to IF, two orthogonal
circularly polarised signals were fed int@2 x 1.0 MHz channel filter bank system, with inco-
herent de-dispersion performed in hardware producingal $tokes parameters. Specifically
for the case of AXP J1810-197 (Chapter 5), because of haedeaarstraints of the de-disperser
it was impossible to record the complete period. The periad #ivided into 3 phase intervals
separated by small gaps which were needed for the recorditng @lata. At the beginning of
each observation, the pulse phase of the first sampled bichesen such that the gaps were
located in off-pulse regions.

WSRT: At Westerbork (Kramer et al. 2007) we mostly used the 4.9 Géteiving sys-
tem with a bandwidth of 80 MHz distributed evenly in 10 MHz s across a total band of
160 MHz. The two linear polarisations from all the 14 telgse®were added by taking account
of the relative geometrical and instrumental phase delaywden them. Phase differences be-
tween the two linear polarisations were corrected by ma&bggrvations of a known polarised
calibrator. The baseband data were passed to the PuMa paldeend which formed a digital
filter bank for the four Stokes parameters (Volte et al. 20@e-dispersion and folding are
carried out offline.

2.1.2 Timing mode

High precision timing is the regular monitoring of the radatof a neutron star by tracking the
times of arrival (TOAS) of the radio pulses. The general powe of pulsar timing, shown in
Figure 2.2, demands a radio telescope to observe the sauneegdware or software processing
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Figure 2.1: Integrated pulse profile of PSR B1929+10 at 8.35 GHz. In the fat 50 bins the calibration signal
from the diode is inputed.

of the signal in order to de-disperse it and a high signaldise (S/N) (or synthetic) template
profile (section 2.2) to compare the observed pulsar profiits All the radio telescopes follow
the same general path but there are important differenctseihardware and the techniques
used in different observatories.
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Figure 2.2 General procedure of pulsar timing observations as providd by Lorimer & Kramer (2005)
where the major steps are presented.

Effelsberg: Timing observations in Effelsberg were made at irreguiggnvals at 860 MHz
and once per month at 1.4 and 2.7 GHz. The first two used prifoans receivers, uncooled
and cooled respectively, achieve typical system tempegsitof 60 and 25K. The 2.7 GHz is
a cryogenically cooled HEMT receiver placed in the secondiacus. It has a typical system
temperature at the zenith of 17 K. The bandwidths obtained thie three dual polarisation
receivers are 40, 100 and 80 MHz respectively. For eachipatan the band was split into
four sub-bands which themselves were subdivided into eligitially sampled channels. Each
of these 32 bands per polarisation was coherently de-disddyy programmable digital filters
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and then recombined with the appropriate channel dispecdetay (Backer et al. 1997) and
synchronously summed up with the topocentric period. Aitbetalescription of the Effelsberg-
Berkeley Pulsar Processor (EBPP) is presented in the Appéntl

A TOA was calculated for each average profile obtained fromgle 5-15 min observation
scan. In every session each pulsar was observed for threeguent scans resulting in three
individual TOAs per source. In the data reduction procdsspbserved profile was cross corre-
lated with a synthetic template, which was constructed batsufficiently large (3-7) number
of Gaussian components fitted to a high S/N standard profil@n(i€r et al. 1998, 1999a). Fi-
nally the TOA is obtained by adding the time delay betweerptioéile and the start of the pulse
phase window (phase bin 1) which is itself synchronised tcallH-maser clock. This clock is
corrected offline to Coordinated Universal Time (UTC) usiagorded maser offset information
from Global Positioning System (GPS) satellites.

Lovell: At Jodrell Bank (e.g. Janssen et al. 2008) timing obsawuativere made approx-
imately every two weeks at centre frequencies around 41@a6dl 1400 MHz. They provide
the longest time baseline TOAs obtained for this work. Atleieers are cryogenically cooled,
providing left-hand and right-hand circularly polarisedrals. These signals are fed into an
analogue filter bank system where the polarisations aretelefiltered, digitised at appropri-
ate sampling intervals and incoherently de-dispersedrigviere. The sampling time is chosen
every time for each pulsar to match the dispersion smeadraga one filter bank channel. Both
LHC and RHC signals are observed usirigpab4 x 0.1250 MHz filter bank at 410 and 610 MHz,
while most of the data acquired are recorded with>a64 x 1 MHz system at 1400 MHz.

The resulting de-dispersed time-series are folded onwittethe topocentric pulsar period
and finally written to disc. In the off-line reduction, thedwolarisations are summed to form
total intensity profiles. A standard pulse template is udeghah frequency to determine the
TOA. During this process, TOAs are referred to the local Hsemdime standard and already
corrected to UTC using information obtained via the GPS.

WSRT: At the Westerbork Synthesis Radio Telescope (e.g. Jarss#n2008) pulsar tim-
ing observations were made approximately every month wélPulsar Machine (Puma) (Volte
et al. 2002) and since September 2006 PuMall (Karuppusamly 2008), at frequencies cen-
tred at 350, 840 and 1380 MHz. The typical system temperatiorethe receivers were 120,
75 and 27 K respectively. The sampling time was froh® to few hundreds of:s, and the
bandwidth used wa8 x 10 MHz where each 10 MHz band was split into 64 channels. The
1380 MHz data taken after September 2006 (PuMall) used 80 bfHmndwidth spread in 8
steps of 10 MHz over a range of 160 MHz. The data are beingsfgetsed and folded off-line,
and then integrated over frequency and time over the whaigtion to get a single profile for
each observation. Each profile is cross-correlated withmpl&te profile, obtained from the
summation of high S/N profiles, to calculate a TOA for eacheptation. These are referred to
local time stamps from a H-maser at the station. Finally tO&3 are converted to UTC using
GPS maser offset values measured at the observatory.

Nancay. At Nancay radio telescope (e.g. Janssen et al. 2008) dgimbservations were
made approximately every week with the Berkeley-Orleansddy (BON) coherent dedisper-
sor for typical integration times of 45 min. Coherent depéision of a 64 MHz band centred
on 1398 MHz is carried out oh6 x 4 MHz channels using a PC cluster. The typical system
temperature is 35 K. A UTC(GPS) receiver is used in a perntalivdnto control the Nan-
cay clock (Rubidium) and the international UTC time scaldffdBences between UTC and
UTC(GPS) are less than 10 ns at maximum, and therefore noal@&lvy clock corrections are
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needed. One TOA is calculated from cross-correlation wipkilae template for each observa-
tion of ~ 45 min.

2.2 Data reduction & cleaning techniques

In this section the description of the data acquisition pcage of Effelsberg (the rest of the
telescopes follow the same steps) will be outlined. In aoldjtall the techniques used for the
correction and improvement of the Effelsberg timing datt e presented. A major part of

the results in the following chapters is achieved by thedhgh and extensive work discussed
in here.

2.2.1 Effelsberg flux calibration

Here we present the detailed procedure of Effelsberg recealibration and average pulse flux
density acquisition, as described by Kraus (2007) and 8e$8007). The initial step is the
conversion of the measured signal from V/f counts (raw pawéts detected from the receiver)
into temperatures (i.e. system temperaflig and antenna temperatufg). For this we must
know the value of the noise diode in K. TOOLB®} a software that can make the conversion
by multiplying the given valud’,,; (variable with frequency) to the data to get temperatures
instead of counts (eq. 2.1):

TA[K] = Tcal[K] : Tobs[counts}- (21)

The second step is the opacity correction. The atmosphesigng an attenuation of the
observed signal by a factor ef 74", wherer is the zenith opacity and M = 1/sin (ELV)
the "airmass” and the following correction is applie@; = 7,4 - e™*™. In order to derive
the actual opacity at a given time we use;, = Ty + Tapn(1 — e 7AM) ~ Ty + Tap - 7 -
AM. We know the system temperature for each observation andiitimeass and we assume
the atmospheric temperature to be equal the air temper@iarground level). The opacity
(strongly dependent on the weather) is finally:

1 Tsys — 1o

R ) (2.2)

TAtm
The third step is the gain-elevation correction, causedimglisscale deformations (because
of the homology principle no large deformations happen)hef surface when the telescope
is moving to higher or lower elevation than°3glevation for which the dish is adjusted by
holography measurements). The correction factor that wéy/auring the data analysis is:

Th T

I =GBV = A+ Ay ELV + A, - ELV®

(2.3)

where G is the standard gain of the receiving system norathisone, ELV the elevation of the
antenna for the observation ang,/A, A, are the gain coefficients for the elevation correction.
In order to also get flux densities in Jy from antenna tempegate calculate the sensitivity of
the telescopé& which is:

1
8K

2Software package created and developed in Effelsberg

Eﬁel_sberg)

[= - paD® = 284410 4, D2, " 1y, 2.844 K1y, (2.4)
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where D is the diameter of the antenna ands the aperture efficiency. Since we don’t know
na a priori we finally determiné’ by observing known calibration sources. Hence, we finally

. T
get the flux density in Jansky;;,; = F[:E’j].

Specifically for pulsar observations, starting from theesane temperature for a given cali-
bration source of strength. we use equation (2.5) (from equations (2.2) and (2.3)):

Th = Sou(v) - eTET . G, - (Ag + Ay - ELV + Ay - ELV?), (2.5)

where G, is the standard gain of the receiving system in K/Jy. Nown{flequation (2.1) and
(2.5)) we determine the actual value qf,;/Tfrom the pointing scan on a calibration source and
the pointing results (.....) obtained with TOOLBOX:

Seat(V) - €FEVT . Gy - (Ag+ Ay - ELV + Ay - ELV?)
Tsource : Attcal

Since this is a receiver dependent quantity it should betaahduring every session.;A, is an
additional attenuation for the calibration in the pulsas@ivations, used only for the 4.85 GHz
receiver where the calibration is 10dB weaker than for th@inaum pointing.

In the case of EPOS data, which are V/f encoded intensity, eadind the frequency in-
crement (f,;, strength of the calibration signal), in order to calibrétem. Thus, we initially
specify two intervals at the beginning and the end of thegowimdow for baseline calculations
and one window covering the calibration signal. Then frontl@ (mean of the data in cali-
bration) and B, (the means of the data in the baseline regions) we calculatarfd system
temperature as follows:

Tcal = . (2 . 6)

C — 31-532
=2 2.7
f : tbin : Nint ( )

and

M esin (ELV)

2

C— (B +B,) Ay+A -ELV + A, ELV?
Here the ELV is the actual elevation for the pulsar obseovati

After determining the f, and calculating the opacity correction for the day we camiobt
the flux density of the pulsar. Initially we subtract the Hamefrom each channel by fitting
a straight line through the mean of the baseline intervaté ¢oinciding with the pulse or
calibration signal). Then we divide the data (V/f counts)dayation of a phase birvpi.
times the number of integrations, N as well as f,; in order to get the signal in units of the
calibration. By multiplying this with the ratio of ;J; with the gain factor (3. we obtain the
calibrated signal for each channel:

Tsys =Teu (2 : 8)

D(¢) —(a-¢+0b)
Tsample * Nint : fcal : Grr

where S¢) is the flux density of one record as a function of pulse phasad D) are the
data at phase and a and b are the coefficients of the baseline fit. Finally ovepute the flux
density of the pulse found within the window (w1, w2) as theam@ux density of all pulses
in that interval, corrected for the pulse duty cycle, elmratdependent telescope gain and sky
opacity:

S(¢) - Tcal (29)

2 Nreco'r s [ —
Z;U:wl 7=1 ! SJ(¢2) . Tsample(w2 - 'LU1) esin(BLV)

: 2.1
(W2 — W) Nyecords p AT A ELV + 4, BLve 210

Smean,l -
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We apply the elevation corrections only at the end of the gssing. We follow the same
procedure for both total power channels (polarisationd)vae use the mean of the flux densi-
ties Spean = M We finally compute the error of the mean flux density from the
standard deviations found for the sequence of fluxes in tiigidual records, representing the
statistical properties of the pulses and their noise bazku.

2.2.2 Slow neutron stars

The software used for the whole procedure was mainly JHSPUuSn many cases the MAT-
LAB EPOS packagkewas used as well. The flux calibrated individual pulses candsal for
direct single pulse analysis, for flux density measurementsr timing measurements. The
first case will be discussed in Chapter 5. For the second tasdluxes of the single pulses
we get are from the two total power channels corresponditgft@and right hand circular po-
larisation. Finally, the individual pulse flux densitiegdaihe two polarisations are averaged to
provide the flux density and its associated error for eaclvikhoal observation, as described in
the previous section. Before averaging, all single pulsgiseces are inspected for RFI (radio
frequency interference, Figure 2.3) and the ones affecetd@ing skipped. Whenever the av-
erage pulse profiles where in calibrated PREuropean Pulsar Network) format, in which all
the 4 Stokes parameters are given, the intensity was cexMerflux density by equation (2.11)

N
W. W
Sme(m - Speak X0 = Speak X Pq = Zl: Speaki X F (211)

where S,,.... is the mean flux density (the integrated intensity under thlegpaveraged over
the full period),S,.. is the peak flux density (the maximum intensity of the profife)s the
duty cycle, P is the pulsar period, \Ms the equivalent width, the width of a rectangular pulse
having the same area as the true profile, W the pulse width aih@ Number of single pulses
(Lorimer & Kramer 2005). Thi$, ..., IS equivalent with the one finally derived in the previous
section.

Apart from when performing a complete timing analysis of atnen star, there are other
cases that we need to know the exact time of arrival (TOA) efrddio pulses. This can be
necessary when we are dealing with a variable source (e.cagaetar as presented in Chap-
ter 5) where phase alignment of all the observed scans has itwalde in order to distinguish
between the different components of the profile. Anothesaaanay be that the TOAs of all
the individual pulses of a slow neutron are needed. In bathctises the TOA acquirement
procedure is exactly the same with the only difference thdhe first we get the TOA of the
integrated profile of each scan and in the latter the TOAsIdhalsingle pulses of each scan.
When we observe with the EPOS the sampling time depends ogpetted of the pulsar ob-
served. A profile time resolution of P/1024 s, where P is thpaegnt period of the neutron star,
is being used because of hardware constraints. In orderquaracthe exact TOA of a single
pulse or of the integrated profile of a scan we must find thetdiaof the fiducial point of the
profile. In extreme cases that the profile varies this can eenitial peak. The profile or the
sequence of single pulses (Figures 2.1 and 2.3 respeqtisatpnstituted of 1024 phase bins.
The reason of selecting the bin of the initial peak of the peasi used only in the cases that we

3Created and developed by W. Sieber, A. Sievers, A. JesshieiSdiradakis and M. Kramer
4Created and developed by A. Jessner and K. Lazaridis
Shittp://www.mpifr-bonn.mpg.de/div/pulsar/ data/browkeml
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Figure 2.3 A sequence of 20 pulses of AXP J1810-197 at 4.85 GHz where theremely strong one is a bump
of RFI, possibly from a satellite, in phase with the weak sintg pulses (pointed with arrows). In addition,
two spikes of RFI appear that are however not in phase and tooarrow to affect the measurement.

do not have a template profile to cross-correlate with. Adegermining the bin position of the
peak we multiply it with the time resolution and we add theutsg ¢,;,, to the synchronised
time (7},,..), which is the reference epoch of the observation. In the chsingle pulses one
additional step is required because pulse profiles areblaridVe use the number of the pulse
periods in the sequence N and multiply it with the pulse meRcand what we get, lets call it
pulstart, we add it td@,;, before the summation witft},,.. The procedure is summarised in
equation (2.12)
TOA = Tsyne + (Mbin X tsampie + N X P) Sec (2.12)

where TOA is in secondsy;, is the number of bint,,,,. the time resolution, N the number
of pulse and P the period of the pulsar. The final step is to @driie time from seconds to
Modified Julian Date (MJD), giving the topocentric TOA of thelse or profile.

Something that we must finally keep in mind when observindgn\EPOS is the dispersion
delay across a frequency channel (Chapter 1). It is cadifiompy, ~ 4.15 x 10~ ms x
(f;jc — £;2) x DM, wheref,.; is a reference frequency in MHz, usually the centre frequenc
of the band and,,, is a channel frequency relative to the reference one. IneTald the case
of AXP J1810-197 (DM=178 cn13pc) is shown as an example, where it is clear that the inter-
stellar dispersion was not affecting us at all at high fregies and only very little at the lowest
(where pulse broadening was detected), since we were ugingeaesolution of 5410s per
phase bin.

The previously described analysis is a lot different from timing of millisecond pulsars
as will be presented in the next subsection.

2.2.3 Millisecond pulsars

In the first part of this subsection a summary of the milliset@ulsar timing process after
the data acquisition will be given. A detailed descripti@m e found in Lorimer & Kramer
(2005). As mentioned in subsection 2.1.2, when a TOA is ¢aled for every integrated (from
hundreds of single pulses) pulsar profile, the measuredigisfcross correlated either with
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Table 2.2 The dispersive delay across the Effelsberg frequency chaets.
Centre Frequency BW ply

(GHz) (MHz)  (us)
2.64 100 7387
4.85 500 5171
8.35 1000 1477
14.60 1000 443
32.00 2000 824

a high summed S/N profile or a synthetic template, in orderbtaia the final TOA from the
time offset of each profile. In other words, if the integrapedfile is considered as the shifted
version of the template, the TOA is obtained by the time sififthe profile from the fiducial
point of the template (usually the highest peak or the mialipof the profile) relative to the
reference epoch of the observatidfi,(,. of the previous section). The cross correlation is
done by a least- squares fitting of the Fourier-transfornagd (lTaylor 1992). In the template
matching procedure an uncertainty occurs which dependbe@ndise of the template, when
it is constructed by the summation of high S/N profiles. Tlifisat can be avoided or at least
reduced when a noise-free template is used, which in thes isabie description of the profile
as a sum of Gaussian components (Foster et al. 1991; Kraraerl&94). Another important
reason is that after the creation of such a primary tempheesame can be used for different
frequencies with small adjustments in the amplitudes ardthsgiof its Gaussian components
(Kramer et al. 1999a). An example of a template is shown inifeé@.4 and cases were the use
of a Gaussian noise free template improved the timing swiudf the pulsar will be presented
in Chapter 4.

Figure 2.4: The noise-free template of PSR J1713+0737 from Effelsbergath, consisting of six Gaussian
components (provided by M. Purver).

A vital step in the millisecond pulsar timing procedure is time correction of the arrival
times. The TOAs are determined from the local time at eaclervbsory, which is usually
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provided by hydrogen maser clocks. These times differ froaosé recorded against an ideal
uniform clock because observatory clocks are comparedyarahsonised to UTC, using a GPS
receiver, which gives a non-uniform timescale based ondtaion of the Earth. The ultimate
aim of the clock correction process is to transform all sitéval times to a chosen realisation
of TT (terrestrial time), which in an ideal realisation is miform Sl (International System of
units) clock. By default this is TT(TAI) (International Ataic Time), which differs from UTC
by a constant offset plus an integral number of leap seconel$adthe non-uniformity of Earths
rotation. After applying these time corrections the TOAapdcentric in TT.

Some final corrections have to be applied to the latter TOArd@ento convert it to the
barycentric TOA. The first one is the Romer delay, which & light travel time between the
phase centre of the telescope and the SSB (Solar Systemddamg)c To calculate it, accurate
knowledge of the positions of all major masses in the Solstesy is required. For that reason a
solar system ephemeris is used and in the current work tBIE405 which is published by the
Jet Propulsion Laboratory (JPL). For the Romer delay tlsolaite position of the observatory
in the solar system must be known. It depends on the geoeé&tgcbpe coordinates, the orien-
tation and non-uniform rotation of the Earth and its orbibr Ehis the appropriate corrections
are used. They are published by IERS (international Eartati®om Service). The second cor-
rection is the Shapiro delay, which corrects for extra deldye to curvature of the space time
caused by the presence of masses in the solar system. Thediiredtion that is applied when
the pulse arrival times at the observatory are transforrogtd arrival time at the SSB is the
Einstein delay which describes the combined effect of timegidn and gravitational redshift
due to the motion of the Earth and other bodies in the soldesygespectively.

The TOAs are being corrected and analysed by TEMBOTEMPO2 (Hobbs et al. 2006)
which are software packages for the analysis of pulsar gndata. The TOAs are being
weighted by their individual uncertainties, which are auiesf the least squares template fit.
The timing model fit is done to determine a number of unknownapeters, such as astromet-
ric, spin and binary parameters that make up a pulsar timiodein Starting with a small set
of parameters tempo minimises the sum of weighted squareddiresiduals, i.e. the differ-
ence between observed and modelled TOAs, yielding a setmbwed pulsar parameters and
their corresponding post-fit timing residuals as describedjuation (2.13) (Lorimer & Kramer
2005)

T;

2
o3 (B B’ 019

®,,.q4(t;) is the predicted number of non-integer rotations,,,, the observed TOAs (phase
zero), thus in the numerator are the residuals (phase elitels between prediction and obser-
vation) ando? is the variance (related to the measured TOA uncertainti2aja uncertainties
used should yield a uniform reduced = 1 for each data set. If not, they are scaled by an
appropriate factor to finally achieve it. For a "good” fit th@rdance of the observed distribution
o2 should agree well with the varianeé estimated from the least squares template fit. But,
the ratio ofs? /0% can be estimated by the reduced chi squegtéy, wherev = N —p — 1, N

is the number of observations apds the number of fitting parameters. Thus, for a good fit,
wheres? ~ o2 the reduced¢® = 1. For a perfect pulsar model with no systematic effects the
post-fit residuals show a Gaussian distribution with a meduevof zero and rms (root mean
square) comparable {0}, 7 /N. In Chapters 3 and 4 examples and further timing analysls wil

Shttp://www.atnf.csiro.au/research/pulsar /tempo/
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be presented.

Data calibration

As mentioned before here we describe the correction to tteésBerg data. In particular all the
following corrections and techniques were applied in 13isgitond pulsars were 12 of them
are in binary systems and 3 are solitary. All the sourcesraladed to the list of the EPTA and

all the corrections made contribute to the improvement eirttiming solution. The achieved

improvements and all the results from the further analyslisbe presented in Chapters 3 and
4,

Jumps As itis mentioned in section 2.3.2, between different detsaproduced from several
telescopes there are constant time offsets deriving frardifierent templates used in each
one. Specifically not only the templates are different (o#re from high S/N profiles and other
noise free from Gaussian components) but also the fiduciat pbosen on the template may
vary. Fortunately, tempo and tempo2 can fit for these timsetdf or "jumps” between TOA
datasets. In addition, due to the geometry of the cone auntpthe emitting region, the shape
of the profile of a pulsar may appear differently at differatjuencies (e.g. Thorsett (1991a);
Xilouris et al. (1996)). In this case we use a separate temfdaeach frequency and again it is
possible that a "jump” has to be fitted for those TOAs. In theent work we had to deal with
both cases. The strategy followed was to separate all tj@drecies into separate data files,
then multiply all the uncertainties by an appropriate fagtarder to achieve a reduced = 1

for each dataset and finally fit for everything together wjtinips” between the datasets, when
needed. This technique is followed for each telescope s€Odfs and at the end everything
is fitted together. Those "jumps” between datasets are lysofathe order of ms. This is not
unexpected. The largest amount of the offset is caused bditfegent reference (fiducial)
point in the template from each telescope. Since we arerdpalith ms pulsars, phase offsets
are expected to be of that order. Recently, Janssen et ab @®@rep.) presented proof of
the origin of those constant offsets. They showed, for tlse @d PSR J1012+5307, that the
common choice of the fiducial point was reducing the offsetdém between Effelsberg and
WSRT, even though the templates were generated from diffel&asets and using different
techniques. This was also proving that no other large syaiemffects were present.

Apart from the previously mentioned "jumps” one can disgo{yemps” in the data of a
single observing day, for a single session. This means thttearesiduals of all the pulsars
observed in that specific session do not fit properly with &®t.r This is most of the times
caused by an incorrect set up of the EBPP (in Effelsberg adsek in the beginning of the
observation. Tempo is capable of dealing with this problgnajplying a "TIME” correction
for the specific day the problem was encountered. Usuallytithe corrections are from 1-
60 seconds. The most efficient way to find the exact time cborecs a trial and error process.
Run tempo multiple times for different time corrections arfwose the one resulting in the
lowesty? value.

The final category of “jumps” that was found for the first tinmeEffelsberg data in the
current work are the “microsecond jumps”, which are of th@eorof tens or hundreds ¢fs.
These also appear for a certain day for all the pulsars, babine cases appear even for a
whole month and are much smaller than the previous ones.uBec# that they can be clearly
noticed only when the timing solution for the pulsar is goo@gh («s resolution). After
discovering these "jumps”, tempo can fit with the proper ticoerection in order to handle
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the problem. Their size and duration, in some cases, exsltidepossibility of arising from
problems in the EBPP clock. The most possible explanatiohi® “microsecond jumps” is
that they are due to a disfunction or time jump, or else glib¢hihe telescopes hydrogen maser
itself. In the search for the answer, as can be seen in Figbreh2 maser offset, from GPS,
fluctuations were plotted over time. From this we managedso@iate the largest of the visible
jumps (MJD~ 54350) with the longest period “microsecond jump” of our TOAS, oisomonth
during September 2007. Also the second “microsecond jutdidD(~ 53890) was associated
with a smaller maser glitch. However, the first one (MJdD53750) could not be associated
with any maser event. Further investigation is still in pess for the specific origin of these
"microsecond jumps”, but also for possible similar oneg #va minor enough to detect at the
current accuracy level. For the moment, we believe thattdgman the three discussed epochs,
other parts of the data set are not affected.
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Figure 2.5. Fluctuations of the maser-GPS time derivation versus timeri MJD, for the whole period of
Effelsberg timing. In red boxes the three detected:s "jumps”. The last two are associated with a maser
glitch.

Fighting RFI  Radio Frequency Interference (RFI) was, is and will be aignst problem
to all kind of radio astronomical studies. RFI from sateBit radars, mobile transmitters and
WLAN seems to increase as the technology on these fieldsafejeivhich makes the life of
a radio astronomer more difficult and the data processingrdemanding. In addition to all
the external sources, rfi or noise can originate quite oftem fthe telescope and its hardware
as well, or from other sources on site. The latter source®iskercontributed quite a lot to the
obtained profiles and as a result to the TOA errors in the &y timing data and some basic
examples and ways of correcting for them (instead of thrgvaway “destroyed” TOAS) will
be presented here.

As mentioned in section 2.1.2 the bandwidth for the two psédion channels was split in
32 digitally sampled channels. In many cases, over the wimoke-span of Effelsberg timing,
one or more of these channels was unstable and introducede signal that was disturbing
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the pulse signal itself. The channels showing this noiseewarying from time to time and
from one frequency to the other. This kind of interferences wat taken into consideration
before, however, as it is shown in the example in Figures2®and 2.8 it is strong enough to
totally disrupt the pulse signal and in continuation the T&w#l finally the timing fit. In Figure
2.6 the 32 channels distributed over frequency of EBPP ofbsevation of PSR J1012+5307
at 2.7 GHz are shown for the two polarisations, with the dgelised summed signal of each
polarisation channel at the bottom and an indicator of ehahiel noise on left and right (if the
noise level is below five the channels are working perfecttyiy clear in that case that channel
30 of RHC is way above the noise limit of 5, which produces ameewely bad de-dispersed
pulse signal where the actual pulse is not visible. In Figuveon the left side the actual profile
of the TOA of the sum of the 2 channels after the cross-cdroglavith the template is shown,
where again due to the initial channel noise the pulse is sabtle. Finally, on the left side
of Figure 2.8 the actual residual postfit zoomed around tleeiBp day is shown, where the
residuals are reaching, again due to the hardware noise, ldraddition this produces a much
worse postfit rms than it should be, although in most of thesd#sis kind of TOA would be
excluded since no pulse signal was visible.
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Figure 2.6. The 32 channels for LHC and RHC polarisation of PSR J1012+53Dat 2.7 GHz. The noise at
channel 30 is clearly disturbing the signal.

Fifteen pulsars with more than 10 years of Effelsberg tindatp were inspected and the
channels which had a problem, for a specific day and a specifsap where identified and
removed. Finally the TOAs were recreated for all the casés. lack of any periodicity in this
noise signal made the work much more difficult since everglsidata file from these 15 pulsars
was being checked visually. However, the vast improvemssiified the efforts. An example
of the results of this procedure is shown on the right sideigfifes 2.7 and 2.8. The left and
right part of these figures is exactly the same, with the oiffgr@nce that channel 30 and its
noise are removed in the right one. After the correction s TKA profile the pulse signal is
visible and clear and in addition the residuals in the post&tbelows0 is. In conclusion, the
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Figure 2.7. The profile of the produced TOA. On the left with the noise, whee the pulse signal is not visible.
On the right without channel 30, where the pulse signal is vible and strong.

importance of this work was not only that it improved the Eerg TOAs but also increased

the usable number, as many cases were simply considerediay ™ nbservations and were
excluded.
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Figure 2.8. Postfit of the residuals versus time of year. On the left, wittthe noise the residuals are very big.
On the right, without channel 30 the residuals are fitting alrmost perfectly.

Another source of interference that we had to deal with wash fthe telescope itself. As
mentioned in section 2.1.1 in October 2006 the new sub-tefle@s installed in the Effelsberg
radio telescope providing a lot of advantages. Six monttes,lafter noticing a spread in the
residuals of some of our pulsars, we inspected the raw ddtéoand an rfi signal that was only
visible in the calibration scan that follows each pulsarestation (Figure 2.9). The source of
that rfi was the new sub-reflector and more specifically thetreric system of its active panels
that was producing a signal at 41.3 Hz. Fortunately the adystem is not required for pulsar
observations below 5 GHz and from October 2007 it was turrfedHowever, for six months
we were getting the rfi seen in the right side of Figure 2.9. rRost of the pulsars this was
not a problem, since the rfi is below the noise level, but in cexe it was affecting the TOAs
and as a result the postfit rms. The best solution for handhiisgproblem was to multiply the
uncertainties of the residuals of the rfi period by a speaiitdr for which we achieve a reduced
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x? = 1. Due to this they are weighted less in the fit. That way we dichawe to remove any
TOAs. Specifically, for PSR J1518+4904 the assumed erratsdibe more than doubled for
the sub-reflector period to avoid an increase of more thasifh the postfit rms.

c1518+49 28929 1382.9 05/31/06 20:32:09 bw 1.75 int_t 120. c1518+49 31737 1382.9 08/22/07 19:24:11 bw 1.75 int_t 120.
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Figure 2.9: The calibration signal following the pulsar timing observations of PSR J1518+4904. On the left
side an observation with the old sub-reflector where everytimg looks fine. On the right side an observation
with the new sub-reflector where periodic bumps of rfi appear athe bottom, at the sum signal.

TOA alignment  The final part of the Effelsberg data improvement is what wktkha TOA
alignment. As mentioned already, in Effelsberg when penfog timing observations, each
pulsar is observed in 3 consequent scans for 10-15 min eachtipe calibration scan at the
end. The TOA uncertaintiesro 4 depend on specific parameters as shown in equation (2.14)
(Lorimer & Kramer 2005) where the last part is derived frora tadiometer equation of Dicke
(1946):
W Ssys P&
oA S/N = \/tobsAf 8 Smean

where S, is the system equivalent flux density,, the integration timeA f the observing
bandwidth, P is the pulsar period,the duty cycle ands,,...,, the mean flux density of the
pulsar. From that it is clear that short period pulsars, wahrow pulse widths, observed with
large bandwidths over very long integration times will h#éve best timing solutions. Because
of that, for a sum of single pulsesroa o +/1/Npuses, We tried to phase sum (align) all
the scans of each pulsar for every day, by cross correlatagtofiles, in order to obtain 3
times more pulses integrated and improve the observedgsofd hence, to decrease the TOA
errobars. Thus, all the separated integrated profiles &f @ayg of all the 15 millisecond pulsars
were first aligned and then a new TOA was produced from thosevedwould expect this would
decrease (improve) every dayso 4 by \/1/73 and is demonstrated in the example below for
PSR J1744-1134. This is also an example of how TOAs are storadile for their use by
tempo. In the first column an indicator for the telescope ®ash in the second the name of
the pulsar, in the third the observing frequency, in thettotine time of arrival, in the fifth the
TOA uncertainty, in the sixth the date, in the seventh therfdene and in the eighth the DM
corrections:

(2.14)
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Individual TOAs
g 1744-11 1408.250 51239.1914583706853 1.72 990302 c60860
g 1744-11 1408.250 51239.1967362457687 1.35 990302 c60860
g 1744-11 1408.250 51239.2021760498985 1.96 990302 c(@0860

Aligned TOA
g 1744-11 1408.250 51239.1914583960410 0.92 990302 cQQ000

In that case we had three scans of PSR J1744-1134 and wedatti@ieechnique of TOA
alignment to get one single TOA for the day. It is clearly s@ethe fifth column that the
uncertainty has been decreased by a facter qf1/3. In our source list there are some cases
that did not show any improvement of the uncertainties froemdpplication of this technique.
This is possible when there are certain effects such as miogleging or profile variations
involved in the analysed source. For millisecond pulsars itot usually the case, however
there are some observed cases (e.g. PSR J1022+1001, see 4€)t In some other cases the
problem exists only for the old data due to the ill-definechpagter files of the specific sources.
All those problems introduce phase shifts of the profile miyithe observation session which
produces deviations of the profile from the template but ghmhalso create problems while we
cross correlate the individual scans (during the alignmeékfter finishing the alignment of the
TOAs for each observing session the total post-fit rms isutaied again. Normally, we would
expect to get the same number as before the alignment, siaceimber of our TOAs is reduced
to 1/3. However, the post-fit rms is improved in some of theesdsecause of non-detections
that could be observed after the alignment. This effectassiasing the final number of TOAs
and thus the accuracy, as will be shown in Chapters 3 and 4.

2.3 Combination of multi-telescope data

The driving force of the current work is the opportunity tewata from different telescopes.
In that section the advantages of multi-telescope datagitbe explained (Janssen 2009).
Advantages that extend to all the aspects of the scientifik warried out for pulsars. In
addition, an initial summary of the techniques applied bdlpresented, while more details will
be given throughout all the following chapters.

2.3.1 Multi-telescope advantages

Possibly the most important advantage of performing ntaléscope observations is the capa-
bility of doing simultaneous observations at more than eaquencies. In single pulse mode
the need of simultaneity arises when the single pulse ptiegetike the sub-pulse drifting, of
a source need to be studied and the single pulses from theak&slescopes are to be corre-
lated (Chapter 5). In addition, it is also important when filog density and the spectrum of
a transient highly variable source is being measured (€n&)t In the case of timing the ad-
vantage of having simultaneous observations at the santleaircase, frequency is that these
observations can be used to check polarisation calibratmohoverall timing offsets between
the telescopes.

Another important factor for having that kind of observasas the important way DM
affects pulsar TOAs, which has been discussed already ipt€ha. Its constant monitoring,
by observing at different frequencies, is a vital point fdrigh precision pulsar timing array.
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Especially in pulsar timing, the potential of multi-telepe observations adds to the total
time spent on targets, increasing the total number of TOAI@ading to a gap-less coverage
at all timescales. In the case of source monitoring it matiqesssible to follow the source for a
long continuous time and for the long period schedulingsutes in an improved yearly orbital
coverage.

The final advancement that can be accomplished from thisdintbservations is the iden-
tification and in continuation correction of telescope lobeeor in instrumentation or software.
This can be achieved in a long-term program like timing (Glieg3, 4) by the comparison of
the different telescope datasets and the offsets between th

2.3.2 Multi-telescope techniques

In single pulse observations the techniques for combinivegacquired data from multiple-
telescopes vary, due to the exact way one wants to use thes¢sdagle pulse or integrated
pulse profile studies). In both cases the first steps are efeda obtain and calibrate them.

In the current work, when investigating the properties @& $ingle pulses there are cases
where a re-binning was applied to improve the S/N ratio of sofmservations and to match the
time resolution in all the data sets. For pulse energy 8istions, whenever there were multiple
datasets per telescope per session, they were aligneddituda and appended together to
improve the statistics. Finally for single pulse corralatithe data needed to get aligned to
avoid interstellar dispersion effects. Some more detadgeesented in Chapter 5 and the full
description of this analysis can be found in Serylak et &0&).

Another use of the current multi-telescope single pulse dats the measurements of the
TOAs of slowly rotating neutron stars. The technique fomgaihat has been described in the
previous section. The next step after creating each tgbescfiles containing the topocentric
TOAs was to run tempo or tempo2 with all the datasets togethmally have a full coverage
of the observed source.

In the case of the integrated pulse studies, currently usdtlik density measurements and
flux density spectrum analysis, the analysis is simpler.iftegrated profile for each telescope
per session is obtained, the flux density is measured andyfinalsed with the measurements
from the other telescopes. In case there were more than aevall profile per session per
telescope the flux densities and their errors were averaggthan used in the combined data.

In the high precision pulsar timing observations the coratiam of different data sets by
different observatories is not very difficult but needs aebtarapproach. When combining data
from telescopes with different observing and operatingesys, it is important to account for
all extra corrections needed, apart from the usual onesempal each individual telescope, as
described in the previous section. Observatory related telays that are not accounted for
(i.e. unmodeled cable delays) but also use of different tatep, as shown in Figure 2.10, result
in a time offset between sets of residuals from differerdgebpes.

Tempo and tempo2 can fit for these constant time offsets Wilsd-called jumps. The ideal
case would be to use the same template for all the telescopeadh pulsar to get rid of some
of those time offsets, work that is still in progress (Purgeal., in prep.). Last but not least,
after combining all the datasets with their jumps, the fieat ts to obtain again the value of the
reducedy? which must be equal to one to be certain that no more systematiertainties are
present.
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Figure 2.10. Different templates between telescopes. On the left the PSR012+5307 synthetic Gaussian
noise free template used for Effelsberg TOAs. On the right tk high S/N templates for PSR J1012+5307 used
in Westerbork for different frequencies.
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3. Millisecond Pulsar Timing | - PSR
J1012+5307. Parallax, orbital orientation
and GR tests.

The most merciful thing in the world, | think, is the inalyilif
the human mind to correlate all its contents.

Howard Phillips Lovecraft

In the current chapter we present results from the high gi@titiming analysis of the
pulsar-white dwarf binary PSR J1012+5307 using 15 yearsulfittelescope data, which can
also be found in Lazaridis et al. (2009). Observations weréopmed regularly by the European
Pulsar Timing Array (EPTA) network, consisting of EffelsgpeJodrell Bank, Westerbork and
Nancay. All the timing parameters have been improved frioengreviously published values,
at least by an order of magnitude. In addition, a parallaxsmeanent ofr = 1.2(3) mas is
obtained for the first time for PSR J1012+5307, being coastswith the optical estimation
from the WD companion. Combining improved 3D velocity infation and models for the
Galactic potential the complete evolutionary Galactichpait the system is obtained. While
a new intrinsic eccentricity upper limit of < 8.4 x 1077 is acquired, one of the smallest
calculated for a binary system, a measurement of the vamiaif the projected semi-major
axis also constrains the systems orbital orientation ferfifst time. It is shown that PSR
J1012+5307 is an ideal laboratory for testing alternatnemties of gravity. The measurement,
for the first time, of the change of the orbital period of theteyn of P, = 5(1) x 107 is
used to set an upper limit on the dipole gravitational wavession that is valid for a wide class
of alternative theories of gravity. Moreover, it is showmattin combination with other binary
pulsar PSR J1012+5307 is an ideal system to provide seHistemt, generic limits, based
only on millisecond pulsar data, for the dipole radiationl &ne variation of the gravitational
constant.

3.1 Introduction

PSR J1012+5307 is a 5.3 ms pulsar in a binary system withabietriod of 14.5h and a low
mass companion (Nicastro et al. 1995). It was discoverethga survey for short period
pulsars with the 76m Lovell radio telescope at Jodrell Babérimer et al. (1995a) reported
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optical observations revealing an optical counterparwvid.2 + 0.5 arcsec of the pulsar timing
position and being consistent with a helium white dwarf (WDinpanion.

The optical observations of the WD companion offer a unigoigootunity of information
acquisition about the evolution of the binary system andrttBo pulsar itself, such us the
cooling age of the companion in comparison with the spinfi@age of the pulsar (Lorimer
et al. 1995a; Driebe et al. 1998; Ergma et al. 2001).

Using the NE2001 model for the Galactic distribution of fiedectrons (Cordes & Lazio
2002) and the pulsar’s dispersion measure (DM) afn—3 pc (Nicastro et al. 1995) a distance
of ~ 410pc is derived. In contrast, Callanan et al. (1998) compahednieasured optical
luminosity of the WD to the value expected from WD models aattwated a distance of
d = 840 + 90 pc. In addition they measured, by the Doppler shift of the snead H spectrum
of the companion, a radial velocity componentidf+ 8kms~! relative to the SSB. From the
radial velocity and the orbital parameters of the systemntlass ratio of the pulsar and its
companion was measured tope- m,/m. = 10.5 +0.5. Finally by fitting the spectrum of the
WD to a grid of DA (hydrogen dominated) model atmosphereg tiegived a companion mass
of m, = 0.16 & 0.02 M, a pulsar mass of,, = 1.64 £ 0.22 M, and an orbital inclination
angle ofi = 52° + 4°.

Lange et al. (2001) presented the most complete precisiondianalysis of PSR J1012+5307
using 4 years of timing data from the Effelsberg 100m radest@ope and 7 years from the 76m
Lovell telescope. Using their low eccentricity binary mb&&L1 and combining the timing
measurements with the results from the optical observatiogey derived the full 3D velocity
information for the system. Furthermore, after correctimgDoppler effects, they derived the
intrinsic spin parameters of the pulsar and a characteasfe of8.6 + 1.9 Gyr which is con-
sistent with the WD age from the optical estimates. In addijtafter calculating upper limits
for an extremely low orbital eccentricity they discussedlationary scenarios for the binary
system but also presented tests and limits of alternatweribs of gravitation. Finally, they
discussed the prospects of future measurements of Postrigapparameters (PK) which can
contribute to the description of the orientation of the egstand the calculation of stringent
limits for the effective coupling strength of the scalardiéb the pulsar.

In this chapter we revisit PSR J1012+5307 with seven moresyaeahigh-precision timing
data and combined datasets from the European Pulsar Timiag fEPTA) telescopes. After
a short description of the timing procedure and the teclajicombining our multi-telescope
data, we present the updated measurements of the astrmmsptni and binary parameters for
the system. Specifically we show the improvement in all tmérig parameters and in the orbital
eccentricity limit and in addition the value for the first #for PSR J1012+5307 of the timing
parallax. Furthermore, we obtain a value for the orbitalqEerariation, in agreement with
the prediction of (Lange et al. 2001), from which we testeliint theories of gravitation and
give one of the tightest bounds on a Parametrised Post-Mam¢PPN) parameter. Finally,
we present how the timing measurement of the change of thegbed semi-major axis can
complete the picture of the orientation of the binary system

3.2 Observations

3.2.1 Effelsberg

PSR J1012+5307 was observed regularly with the Effelsb@@gnilradio telescope since Oc-
tober 1996 with typical observing times of 5-15 min in threegecutive scans. Monthly ob-
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servations were performed at 1400 MHz using the primarysaooled HEMT receiver. It has
a typical system temperature of 25K and an antenna gain d€Iy5'. In order to monitor
dispersion measure (DM) variations, it was also observedjudarly until August 2006 and
monthly thereafter, at 2700 MHz. At these frequencies aetbblEMT receiver located at the
secondary focus was used which has a system temperatur&of2tally, it was occasionally
observed at 860 MHz using an uncooled HEMT receiver, locatede primary focus, with a
typical system temperature of 60 K. The Effelsberg-Bernkelelsar Processor (EBPP) was used
for coherent on-line de-dispersion of the signal from theldL&hd RHC polarisations. It has 32
channels for both polarisations spread across bandwidi#g,d 00 and 80 MHz at 860, 1400
and 2700 MHz respectively (Backer et al. 1997). The outmnas of each channel were fed
into de-disperser boards for coherent on-line de-dispei@nd were synchronously folded with
the topocentric period.

Each TOA was obtained by cross-correlation of the profildaisynthetic template, which
was constructed out of 12 Gaussian components fitted to asigglal-to-noise ratio standard
profile (Kramer et al. 1998, 1999a). The TOAs were locallygstamped using a H-maser clock
at the observatory. They were converted to UTC using the GR&noffset values measured
at the observatory, and the GPS to UTC corrections were nradethe Bureau International
des Poids et Measures (BIPM

3.2.2 Jodrell Bank

PSR J1012+5307 has been observed with the Lovell radiactgles?—3 times per month since
1993, at three different frequencies. It is continuouslgeried at 1400 MHz and at 410 and
606 MHz, it was observed until 1997 and 1999, respectiveljth& receivers are cryogenically
cooled with system temperatures of 25, 50 and 35, respictwe their LHC and RHC polar-
isation signals are detected and incoherently de-dispgensa 2<32x0.0312 MHz filter bank
at 410 MHz, in a %26x0.1250 MHz filter-bank at 606 MHz and in ax32x 1 MHz filter-bank
at 1400 MHz. The signals are synchronously folded at thedepivic pulsar period and finally
copied to a disc.

Each TOA was obtained by cross-correlation of the profildaistandard template, gener-
ated by the summation of high S/N profiles. The TOAs were feared to GPS from a H-maser
and the time stamp was derived as for Effelsberg.

3.2.3 Westerbork

PSR J1012+5307 was observed monthly using the WSRT with tiMaR pulsar machine
(Volte et al. 2002). We used three observing frequencibsemvations at centre frequencies
of 1380 MHz and 350 MHz were carried out each month from Aud@89, and the pulsar
was observed occasionally at a centre frequency of 840 Méim 2000 until 2002. The sys-
tem temperatures were 27, 120 and 75K, respectively and ohgstvations were 30 minutes
long. The WSRT observations used a bandwidth 1.8 MHz for observations at 840 MHz
and 1380 MHz, and after September 2006 the 8 bands were spu¢ader a total observing
bandwidth of 160 MHz for the 1380 MHz observations. The obestgons at the low frequency
setup used only two bands of 10 MHz, either centred at 328 8ad/f#z or 323 and 367 MHz.
For the observations taken at 1380 or 840 MHz we used 64 freguehannels per 10 MHz

http://www.bipm.org
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band, and the observations at the low frequencies used 2§@dncy channels per 10 MHz
band.

For each observation, the data were de-dispersed and foftle. Integration over fre-
guency and time resulted in one single profile for each olagienv. Each profile was cross-
correlated with a standard template, generated by the stiomwd high S/N profiles, so finally
only one TOA was computed for each observation. The TOAs waresferred to GPS from a
H-maser clock and the time stamp was derived as for Effejsber

3.2.4 Nancay

PSR J1012+5307 was observed roughly every 3 to 4 weeks véatNamcay Radio Telescope
(NRT) since late 2004. The Nancay Radio Telescope is elguit/go a 94m dish, with a gain of
1.4 K Jy ! and a minimal system temperature of 35K at 1.4 GHz in the timeof the pulsar.
With the BON (Berkeley-Orleans-Nancay) coherent dedspe in the period covered by the
observations, a 64 MHz band centred on 1398 MHz is split ii@sn 4 MHz channels and co-
herently dedispersed using a PC-cluster, with typicabiragon times of one hour. The Nancgay
data are recorded on a UTC(GPS) time scale marked at thegarealo digital converter by a
Thunderbolt receiver (Trimble Inc.). Differences betw&#&hC and UTC(GPS) are less than
10 ns and therefore no laboratory clock corrections areeateA single TOA was calculated
from a cross-correlation with a pulse template for each agien of one hour.

3.2.5 Multi-telescope precision timing

Combing the EPTA multi-telescope datasets is not a triviatess. The general technique for
achieving the optimal combination of the data sets is pteseby Janssen et al. (2008). In
general, using different datasets from different teleesgmnd obtained at different frequencies
requires extra corrections, apart from the usual one ofrdrestormation of all the individual
telescope arrival times to arrival times in the TAI at theasalystem barycentre (SSB). The ex-
tra corrections needed are usually constant time offseteces different datasets of residuals.
These offsets derive from differences in the procedure lautating the TOAs at each obser-
vatory, specifically differences in the templates. The tiggoftware package TEMP@an fit
for these time offsets or "jumps”. In the current work sevéthese jumps needed to be fitted
corresponding not only to the telescopes but also to theréifit frequencies used. Normally,
three "jumps”, one for each telescope, would be sufficienbweler, the TOAs at different
frequencies are usually calculated by different temp)atdasch not always align optimally. In
the current case, this occurs for Effelsberg and Westerbovks. In Table 3.1 the properties of
the individual datasets are presented.

The combination of the EPTA datasets has many advantagessglaet al. 2008). The need
for continuous multi-frequency TOAs for precise measuneinoéthe dispersion measure (DM)
and monitoring of DM variations was met in full. The obtaingaper limit for DM variations
is DM < 2.6 x 10~° cm~3pc/yr. Most important the combination of the high qualityaifrom
Effelsberg, Nancay, WSRT with the long time span data ofdib¢& Effelsberg) provides us
with a 15 year dataset of TOAs without significant time gapsing all these EPTA datasets
we improve and measure all the astrometric, spin and binargrpeters of PSR J1012+5307
presented in the first column of Table 3.2. For comparisothérsecond column the measured

2http://www.atnf.csiro.au/research/pulsar/tempo/
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Table 3.1 Properties of the individual telescope datasets.

Properties Effelsberg Jodrell Bank Westerbork Nancay
Number of TOAs 1972 600 234 86
Time span (MJD) 50371-54717 49221-54688 51389-54638 533687
Post-fit rms i s) 2.7 8.6 2.9 1.9

Frequencies (MHz) 860, 1400, 2700 410, 606, 1400 330, 371®,1&80 1400

parameters of only the current Effelsberg set is shown atloeithird the Effelsberg measure-
ments from Lange et al. (2001). From Table 3.2 it is clear thatEPTA provides the most
accurate error estimations and in additior83c measurements of 2 post-Keplerian parameters.

3.3 Analysis & Results

All the combined TOAs, weighted by their their individualaartainties, were analysed with
Tempo, using the DE405 ephemeris of the Jet Propulsion laatnyr (JPL) (Standish 1998,
2004) and the ELL1 (Lange et al. 2001) binary model. This rhadeptimal for small orbit
eccentricities. In general, for deriving the Kepleriangraeters of the orbit the Romer delay
(caused by the orbital motion of the pulsar) is used as:

Agp = x(cos B — e)sinw + wsin EV'1 — e? cosw (3.1)

(Blandford & Teukolsky 1976), where is the projected semi-major axi# the eccentric
anomalye the eccentricity and the longitude of the periastron. However, in small eccentri
ity binary pulsars the periastron location cannot be wefirged because of a high correlation
betweenv andT; (epoch of the ascending node) incaestimation of these parameters. ELL1
model is overcoming this problem by describing the Keplen@otion in a different way. For
first order approximation equation (3.1) can be written as:

Agpp >~ (sin(ID + gsin 2¢ — gcos 2<I>) , (3.2)

whered = %’;(T — Tuse) is measured from the ascending node and terms constanteratien

omitted.T,,. = Ty — w% is the time of the ascending node apé- esinw andx = e cosw are
the first and second Laplace-Lagrange parameters resgplgcior most of the low-eccentricity
binary pulsars this model is sufficient.

Tempo minimises the sum of the weighted squared timing wessd producing a set of
improved pulsar parameters and the post-fit timing resgdu@he uncertainties on the TOAs
from each telescope are scaled by an appropriate factohtevaca uniform reduceg? ~ 1
for each data set. The best post-fit timing solution of alldbmbined residuals is presented in
Figure 3.1. In the top panel the post-fit residuals versus &ine shown, with arbitrary offsets of
the different datasets. It is clear that the uncertaintiesast of the data points are comparable.
By comparing the parameters we get from different combamatiof data sets (i.e. only the
1400 MHz data or all sets but excluding the Jodrell data) weckemled that it is much more
efficient to finally use all the available datasets togetagishown in the lower panel of Figure
3.1.
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Table 3.2 Timing parameters for PSR J1012+5307. Comparison betweetné datasets from EPTA, Effels-
berg until 2008 and Effelsberg until 2001 (Lange et al. 2001)

Parameters EPTA Effelsberg 2008 Effelsberg 2001
RA,

a (J2000) 1012"33°.4341010(99) 1012"33°.434089(13) 1012"33°.43364(3)
DEC,

4 (J2000) 5307'02".60070(13) 5307’ 027.6001(2) 5307°'02".5878(4)
e (Mas yrt) 2.562(14) 2.56(2) 2.62(13)
us(mas yrt) -25.61(2) -25.49(2) -25.0(2)
Parallax,

7 (mas) 1.22(26) 0.8(3) <1.6

v (Hz) 190.2678376220576(5) 190.2678376220611(8) 19@2F621910(3)
v(s7?) -6.20063(3x 1016 -6.20077(5x 10716 -6.2070(5)x 1016

P (ms) 5.255749014115410(15) 5.25574901411531(2) O0.(BED1411947(7)
P(s st 1.712794(9% 1020 1.712833(13) 1020 1.71456(15x% 1020
Epoch (MJD) 50700.0 50700.0 50700.0

DM (cm~3 pc) 9.02314(7) 9.0209(3) 9.022(3)
Orbital period,

P, (days) 0.60467271355(3) 0.60467271355(4) 0.6046722)33(
Projected semi-

major axis,

X (It-s) 0.5818172(2) 0.5818175(2) 0.5818174(5)
1 (= esinw) 1.2(3)x107° 1.6(3)x1076 1.1(5)x10°°

k (= e cosw) 0.06(31)x10°¢ 0.14(34)% 1076 0.20(50)x 107
Eccentricity, & 1.2(3)x107° 1.6(3)x10° 1.1(5)x1076
Longitude of

periastron,

w* (deq) 93(14) 85(12) 79(24)

Trsc (MID) 50700.08162891(4) 50700.08162891(5) 50700.0805(®)
P, (s s 5.0(1.4) 10~ 4(2)x 10~ 0.3(3)x 10712

7 (s s?) 2.3(8)x10°1 <1.8x1071° <1.8x1071°
Solar system

ephemeris DE405 DE405 DE200

No of TOAS 2892 1972 1213

RMS timing

residual f S) 3.1 2.6 3.1

*: The eccentricity and the longitude of the periastron ateutated from the Laplace-Lagrange parameteandx.
Figures in parentheses are the nominatdmpo uncertainties in the least-significant digits quoted
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Figure 3.1: (Top) Post-fit timing residuals for the dataset of each telepe. From top to bottom, Effelsberg,
Westerbork, Jodrell and Nancay. (Bottom) Post-fit timing residuals. Best timing solution with all the data
sets yields the parameters in Table 3.2.

3.3.1 Timing parallax & distance

Apart from the common method of DM distance estimation( 0 pc) and the optical estimate
(d = 840 + 90 pc) for PSR J1012+5307, there is yet another way of meastimglistance
to a pulsar; with pulsar timing. In general, the timing resil$ of nearby pulsars demonstrate
an annual variation caused by parallax. This timing paxalaobtained by measuring a time
delay of the TOAs caused by the curvature of the emitted wares at different positions of
the Earth in its orbit. The time delay has an amplitude;pf cos 3/(2cd) (Lorimer & Kramer
2005), where g, is the Earth-Sun distancg,the ecliptic latitude of the pulsat,the speed of
light andd the distance to the pulsar. This effect has been measuregiipifew pulsars like
PSR B1855+09 (Kaspi et al. 1994), PSR J1713+0747 (Splawr 2005), PSR J04374715
(Verbiest et al. 2008), PSR J1744134 (Toscano et al. 1999b), PSR J2344350 (Lohmer
etal. 2004) and PSR J0030+0451 (Lommen et al. 2006), thaittwer close to the solar system
or at very low ecliptic latitudes. Here for the first time weasare a parallax = 1.2 +0.3 mas
for PSR J1012+5307. The parallax corresponds to a distanée-0822 + 178 pc which is
consistent with thel = 840 + 90 pc measured from the optical observations. The difference
with the DM distance may point to a sparse free electronildigion in this location of the
Galaxy (Gaensler et al. 2008; Chatterjee et al. 2009). Bybwoimg the optical and timing
parallax distance measurements we calculate the weightad of the distance:

7 2 wid;
d= 2
Doi Wi

wherew; = 1/0; are the weights and, are the two distances (Wall & Jenkins 2003). We finally
get an improved value of = 836 + 80 pc.

(3.3)

3.3.2 Improved 3D velocity measurement & Galactic motion

Combining the proper motion measured from timing (Tablg 8r2l the distance to the system
and the radial velocity of, = 44 + 8 km~!s from the optical observations of the WD, Lange



54 3. Millisecond Pulsar Timing | - PSR J1012+5307. Parallax, orbital orientation and GR tests.

et al. (2001) managed to determine the full 3D motion of thegaurelative to the SSB. Our new
timing results improve the proper motion measurements lyréer of magnitude and using the
combined parallax and optical distance we reestimate then8fion of the pulsar. We derive
transverse velocities of

Vg = ftad = 10.2 £ 1.0km s! (3.4)

and
vs = ptgd = 101.5+ 9.7kms ™. (3.5)

This yields a total transverse velocity of

v=1/v2+v?=102.0+9.8kms*. (3.6)

Using the radial velocity from the optical measurements= 44 + 8 km~'s) we finally get
the space velocity of the system which is

Vspace = \/ V% + 0% = 1114 £ 9.5kms ™, 3.7)

consistent and almost three times more precise than theépsevalue. In addition, this value
is still consistent with the average space velocity of mdtiond pulsars of 130 km's (Lyne

et al. 1998; Toscano et al. 1999b). All the velocity and aiseacomponents are presented
schematically in Figure 3.2.

U=103km/s

Uspace=112 km/s
. PIM=25.7 mas/yr . Ur=aakm/s

EARTH d=846 pc PSR J101245307

Figure 3.2. Distance and velocity components of PSR J1012+5307.

Since we know the 3D velocity of PSR J1012+5307 we can tryHerfirst time to track
its Galactic path in time and space. Assuming a charadteege of~ 10 Gyr and applying
a model for the Galactic potential (Kuijken & Gilmore 198%d2ynski 1990), we derive the
evolutionary path of PSR J1012+5307 in the Galaxy from thtpb started emitting as a
millisecond pulsar. In the top part of Figure 3.3 and 3.4,giwection of the evolutionary path
of the pulsar on the Galactic plane is shown, where the amolicates the current position of
the pulsar is pointed and the star indicates the positiohe@fBSun, for the Kuijken & Gilmore
(1989) and the Paczynski (1990) model respectively. ltigaus that the pulsar is presently
at one of its closest approaches to the Sun, which is why weacarally observe it. PSR
J1012+5307 reaches maximum distances-030 kpc and~ 25 kpc, for the first and second
model respectively, through its path, spending only a siinatition of its lifetime close to
the solar system orbit. In Figures 3.3 and 3.4 (bottom) the@ement of PSR J1012+5307
on the z-axis (above and below the Galactic plane) is showsusetime indicating that the
pulsar is oscillating with a period of 0.6 Gyr reaching a maximum distance ©f 7 kpc and
~ 4kpc (model 1 and 2 respectively) above and below the Galptaice. The differences
in the distances derived from the two models are caused bgiffieeent (larger) mass-density
distribution assumption of the Paczyhski (1990).
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Figure 3.3. (Top) Evolutionary path of PSR J1012+5307 on the Galactic pine. With arrow the current po-
sition of the pulsar and with * the position of the Sun is noted. (Bottom) The oscillationsfd®SR J1012+5307
above and below the Galactic plane through time.The Galaatipotential model of Kuijken & Gilmore (1989)

has been used.

3.3.3 Eccentricity

PSR J1012+5307 is a low eccentricity binary system. In otneaii timing solution we measure
a value for the eccentricity df.2 + 0.3 x 10-%. However, as shown in Lange et al. (2001), the
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Figure 3.4: (Top) Evolutionary path of PSR J1012+5307 on the Galactic gine. With arrow the current po-
sition of the pulsar and with * the position of the Sun is noted. (Bottom) The oscillationsfd®SR J1012+5307
above and below the Galactic plane through time. The Galaati potential model of Paczyski (1990) has
been used.

Shapiro delay, caused by the gravitational field of the cornigrg cannot be separated from
the Romer delay for this system, which leads to a small ctime to this eccentricity value
and specifically to the first Laplace-Lagrange paramgter e sinw. Analytically, for low-
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eccentricity pulsars the Shapiro delay can be written as
Ag = —2rIn(1 — ssin ®) (3.8)

wherer ands is the range and shape of the Shapiro delay respectively. Fgiger series it
takes the form

Ag = 2r(ag+ by sin ® — ay cos 2 + ...), (3.9)
where

14+ v1—s2

ap = —1In (%) , (3.10)
_ _ 2
p =gl V=S Vsls (3.11)
1—1-s2
a=2—> "% 1, (3.12)
S

(Lange et al. 2001). Higher harmonics are significant ontyarly edge-on orbits. Otherwise,
as in the current case, the Romer delay cannot be separatadtie Shapiro delay and the
observed values af andn are different from their intrinsic values by

Tops = T + 2rby (3.13)

and
Nobs = 1 + 47’0[2/37- (314)

For a companion mass af, = 0.16(2) M, a mass ratig=10.5(5) and a mass function of
fon = (mesini)? - dn® 28 _ () 000578 M., where the constart, = GM, /¢ = 4.9255 us, we

(mp+me)? — To P?

derive the range r and shape s of the Shapiro delay accomling t
rlps] = 4.9255(m./ M) (3.15)

and s
m 1)?
5 = sini = [M} . (3.16)
me

The intrinsic value ofj, calculated from equation (3.14), due to the contributibthe Shapiro

delay, isn = (—1.4 +3.4) x 10~7. The true eccentricity of the systemds= /7% + k2, where
k= ecosw = (0.6£3.1) x 1077, By solving this equation in a Monte Carlo simulation (Figur
3.5), for datasets of the values and uncertainties of thiagéit » and x, we obtain an upper

limit for the intrinsic eccentricity:
e<52x107" (68 per cent C.L.) (3.17)

e<84x107" (95 per cent C.L.) (3.18)

This limit is better than the previously published valuerfbea et al. 2001).

This improved limit has another significant importance. la@ter 1 we have presented the
various evolutionary paths for different kinds of pulsamdoy systems. Especially we showed
that for the pulsar low-mass white dwarf systems the mostifgospin-up mechanism of the
pulsar is the mass transfer from the Roche-lobe overflow @fcimpanion while it is in the



58 3. Millisecond Pulsar Timing | - PSR J1012+5307. Parallax, orbital orientation and GR tests.

I rrrr-rrrrrrrrrrrrrrrrror T

h 95 per centi

T UL UL
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

eccentricity (107)

Figure 3.5. Distribution of values for the intrinsic eccentricity from Monte Carlo simulations.The dashed
line cuts the distribution at the 95 per cent of the values.

red giant phase. In general, after the initial supernovatesethe NS in a low mass binary
the eccentricity will be high> 0.1). While the companion is evolving to the red giant phase
tidal forces from the NS are being balanced by convectivey etistosity on a much shorter
timescale than the lifetime of the giant. Thus, we would expe have eccentricities of the
order of exp(-1000) (Phinney & Kulkarni 1994). However,stig not what we measure for
these systems.

Phinney (1992) showed that tidal dissipation is not the @rlycess acting. Using the
fluctuation-dissipation theorem he predicted that thetakl@ccentricity, of a pulsar-WD bi-
nary system, is correlated with the orbital period. Spedlifycthere is the theoretical prediction
of a relic orbital eccentricity due to convective eddy cuatsein the mass accretion process of
the neutron star from the companion while in the red gianspha

We plot our new eccentricity limit of PSR J1012+5307 verswesdrbital period as shown
in Figure 3.6 together with other low-mass binaries. (< 0.9 M) (their values were taken
from Lorimer (2005)) and compare it with the model curveshaf Phinney & Kulkarni (1994)
model. Our current eccentricity limit is much lower than thee in Lange et al. (2001), but
still in good agreement with the predictions from this mod&mbined with the agreement of
the characteristic age of the pulsar with the cooling agéefWD (Lange et al. 2001) we are
confident that the evolutionary scenario of spin-up throogtss transfer from the companion
is valid for PSR J1012+5307.

3.3.4 Changes in projected semi-major axis

A change in the projected semi-major axis has been measurtbe icurrent analysis, for the
first time, for PSR 1012+5307. Initially, in order to insp#woe variation ofr through time we
made a plot of it versus the MJD for the largest part of our plzg@ns (similar to the stridefit
plug-in of tempo?2). Specifically, eachvalue is calculated for one year of TOAs while all the
other parameters apart from spin and orbital period aregbleahd fixed. It is clear from the
linear fit in Figure 3.7 that there is an increase in the value aver time. The observed value
of Zgs = 2.3(8) x 107 s 57! can be the result of the various effects shown in equatid9§3.
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Figure 3.6, Eccentricity versus orbital period of 39 pulsar-low-massWD systems. The points with the
crosses are upper limits. The solid line is the model curve dthinney & Kulkarni (1994) and the dotted lines
show the 95% confidence limit of this relationship.

(Lorimer & Kramer 2005):

d .
jzobs — .TD + j:,GW + % + 7m + j:,SO + j:,planet + j:,PM‘ (319)

The first term,i”, is the Doppler correction, which is the combined effecths proper
motion of the system (Shklovskii 1970) and a correction teynthe Galactic acceleration. The
former effect was introduced by Shklovskii and it is an iras®e in the projected distance of the
pulsar to the SSB, thus to the pulsar period, caused by thevease velocity of the pulsar. The
latter effect, is arising from an actual change in the distaof the pulsar to the SSB which can
be caused by differential rotation of the Galaxy, by a thirdssive body close to the binary
system or by acceleration in the gravitational field of théata (or a globular cluster). The
contribution for the Galactic acceleratiofy;/x)““ is of order6 x 10~2°. Furthermore, we
calculate the contribution of the Shklovskii effect to b&* = (2 + pu?)d/c ~ 8 x 107%.
Both the contributions are very small compared to the oleskrmalue, thus, this term can be
neglected.

The second term;@" is arising from the shrinking of the orbit due to gravitatibawave
damping

4 (20\*? (Tom,)?/
pciige —x% (FZ) % = (-824+1.7) x 1072 (3.20)

(Peters 1964), wherE, = GM /c* = 4.9255 us andm,. is expressed in units of solar masses,
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Figure 3.7. Projected semi-major axis versus time. Clear indication of variation.

x is the projected semi-major axis aiiij the orbital period. This contribution again is much
smaller than the current measurement precision.

The third term,d;;‘, is the contribution of the varying aberration caused bydgéio preces-
sion of the pulsar spin axis, and is typically of ord&f°! P/ P, ~ 2 x 10~'® (Damour & Taylor
1992). For a recycled pulsar, like PSR J1012+5307, the sprpected to be close to parallel
to the orbital angular momentum, which further suppredsiesiffect. Hence, the contribution
is at least three orders of magnitude smaller than the obderv

The fourth term,i™, is representing a change in the size of the orbit caused Isg fnas
from the binary system. We investigate the mass loss duesttos of rotation energy by the
pulsar, which we consider as the dominant mass-loss efi@etinitially calculate the change

in the orbital period from that same contribution as follows

. I, P ~
P = 87? 02;4 7 Py~ 1071, (3.21)

where M = m, + m, and the moment of inertia of the pulsir~ 10* gcn?. Subsequently,
by Kepler’s third law we calculate the change in the projé&emi-major axis of the orbit to be
~107'7. Thus, we can also neglect this contribution.

The fifth and the sixth terms;°© and i7", are the contributions due to the classical
spin-orbit coupling caused by a spin-induced quadrupolenard of the companion and the
existence of an additional planetary companion respdygtiVdney can both be neglected. For
the first one to be significant, a main-sequence star or alyajeiting white dwarf companion
(Wex et al. 1998; Kaspi et al. 2000) would be necessary. Thengkis not being considered
because there is no evidence for another companion to tearpul

Since all the other contributions are much smaller than tieensed variation of the pro-
jected semi-major axis, we conclude that the measured valagsing from the last term of
equation (3.19)#7M. This is a variation ofr caused by a change of the orbital inclination
while the binary system is moving relatively to the SSB (Ara@nian et al. 1996; Kopeikin
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1996; Sandhu et al. 1997). The measurement of the effecsepted in the following equation:
"M =154 x 107" 2 cot i(—f1q sin Q + g5 cos Q), (3.22)

where( is the position angle of the ascending node. The quantitieg andyus are expressed
in seconds and milliarcseconds per year, respectively.pftyger motions and the inclination
angle have been measured and since we measure the valli¥ of 1., we can, for the first
time, restrict the orbital orientatiofl of PSR J1012+5307. In Figure 3.8 thé" versus the
position angle of the ascending node is presented. Unfat#lyy our measured value cannot
fully restrict the orientation, however from the lower lisf i, we derive significant limits
for the position angle. For an inclination angleicf 52° we get:

151° < © < 220° (68 per cent C.L.) (3.23)
and
117° < Q2 < 255° (95 per cent C.L.), (3.24)
while fori = 128°
Q<40° & Q> 331° (68 per cent C.L.) (3.25)
and
Q<74 & Q>297° (95 per cent C.L.). (3.26)
=231

5 = 1.48(10)

F &= 0.65(20)

&(10718)

L 1 L 1 1 L
0 50 100 150 200 250 300 350
Q(deg)

Figure 3.8 Change of the projected semi-major axis versus position ang of the ascending node. The two
curves have been produced foi = 52° (peak at 180°) and ¢« = 128° (peak at0°). The solid line represents
the measured value ofi and the dashed lines the & and 20 limits of &, from top to bottom. The latter
constrains the orientation(.
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3.3.5 Orbital period variations

In order to inspect the variation @}, through time we also made a plot of it versus the MJD for
the largest part of our observations, as in the previousxsedt is again clear from the linear fit
in Figure 3.9 that there is an increase in the valugabver time. There are several effects that
can contribute to changes in the observed orbital periodlmhary system that can be either
intrinsic to the orbit or just kinematic effects. The mospiontant terms are :

Pb = Pbm + PbT + PbD + PbGW + PbG. (327)

P, is the observable rate of change of the orbital period, thdrithe first time measured here
for PSR J1012+5307 to bié, = 5.0(1.4) x 10~ s s 1,
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Figure 3.9. Orbital period versus time. Clear indication of a variation.

The first and second termg}, ", PbT, are the contributions from the mass loss from the
binary and from tidal torques respectively. They can botméglected in the case of PSR
J1012+5307 because the first one is very small, as shownellefot0-1¢), and the second is
also small due to the lack of interaction between the pulsdrtlhe companion.

The third term,PbD, is identical to the first term of equation (3.19). In ordeatount for
the galactic acceleration we have extended the Damour 8oT4¥P91) expression (for a flat
rotation curve) to high Galactic latitudes

. Gal
P, _ K.|sinb|
Pb N C

2R 3
_QTQ (COSl + m) cosb , (328)

wheres = (d/Rs) cosb — cosl. K, is the vertical component of Galactic acceleration taken
from Holmberg & Flynn (2004), which for Galactic heights= |dsinb| < 1.5 kpc can be
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approximated with sufficient accuracy by
K.(107% ems™?) o~ 2.27 2y + 3.68 (1 — e~ 31 2o ) (3.29)

wherez,,. = z(kpc). K, was derived by analysing a sample of K giant stars from Hipqsir
satellite and by determining the gravitational potentfghe local Galactic disc, by comparing
the number of giant stars observed in the cone (sample artehdpc vertical to the Galactic
plane) with the number expected for various models of theendistribution in the discR., =
8.0 + 0.4 (Eisenhauer et al. 2003), deduced from the orbit of the S2aarSund the massive
black hole in the Galactic centre, afd, = 27.2 + 0.9 km/s/kpc (Feast & Whitelock 1997),
derived from Hipparchos proper motions of Galactic Cepbhaidd ground-based photometry,
are the Sun’s Galactocentric distance and galactic angalacity (= Oort'sA — B). For the
pulsar’s galactic coordinates bt 160.3° andb = 50.9° we find

PEl = (=5.6+0.2) x 1071, (3.30)
We also calculate the contribution due to the Shklovskee&fhccording to the following:

. 2 1 2)d
p" = @Pb = (7.0+£0.7) x 107 (3.31)

where we used the measured proper motion and the weighten ofi¢lae distance discussed
earlier,d. So, by summing we yield the Doppler correction:

PP = Pl p" — (6.4 +0.7) x 10714, (3.32)

The fourth termeGW, is the contribution due to gravitational wave emissiongémeral
relativity, for circular orbits it is given by:

. . 1927 (27\"* (T m,)?/?
Gw GR _97T<7T) (T, me)*3q (3.33)

" = p = 2\ Heme)™ g
’ ’ 5 \ P (¢ +1)/3
For PSR J1012+5307 we fifd” = (—1.1+0.2) x 10~

3.3.6 Testing general relativity and alternative theories of gravity

Equivalence principles are fundamental to gravitatiohabty. The earliest of all, the Weak
Equivalence Principle (WEP), affirms that in an external/gedional field, different objects (in
mass and composition) experience the same accelerati@Eifstein Equivalence Principle
(EEP) combines the WEP with the local Lorentz invarianceépendency of the velocity of
the freely falling reference frame) and the positional imrace (no preferred locations) for non-
gravitational experiments. Finally, the Strong EquivakeRrinciple (SEP) is actually expand-
ing EEP by including experiments on objects with strong-gedivitation. General Relativity
(GR) embodies SEP completely.

All the calculated terms in the previous section are the dinafsare expected to contribute
by using GR as our theory of gravity. However, there are @adteve theories of gravity, like
the tensor scalar theories (in addition to the tensor fiektadar field exists coupled to matter
with gravitational strength), that violate the SEP (thet fdoat all bodies fall with the same
acceleration in an external gravitational field indepeniglest the strength of their self-gravity)
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and predict an extra contribution to the observed orbitelbpevariation, via dipole radiatioh
(see Will (1993, 2001) and references therein). This dipgiavitational radiation results from
the difference in gravitational binding energy of the twadles of a binary system, and is
expected to be much larger than the quadrupolar contribugispecially if the binding energies
of the two bodies of the binary system differ significantlyug, the case of PSR J1012+5307,
where there is a pulsar-WD system, is ideal for testing ttength of such emission. One finds

- dipole

2m)2T, 1
b, M(1 o) (1—e?) 2, (3.34)

el

=S g 2
wherem, is expressed in units of solar massesy refers to the dipole self-gravitational
contribution, which takes different values for differeheories of gravity (zero for GR) and
S = s, — s. is the difference in the “sensitivities” of the two bodies€sWill (1993)), and.
is the reduced massy,m./M, of the system. The sensitivity of a body is related to its/gra
tational self-energy. In the post-Newtonian limit ~ ¢/mc?, which gives~ 10~* for a white
dwarf (Will 2001). Hence, we can neglectin equation (3.34) since, ~ 0.2. Using the mass
ratioq ande ~ 0, equation (3.34) can be written as

Tome q 2

Pbdipole — —47r2 Tb P 1 KDS,, - (335)

For a specific theory of gravity, is known ands, can be calculated as a function of the
equation-of-state of neutron star-matter.

Finally, there are theories that predict that the locallyame&ed gravitational constaGt
changes with time as the universe expands. A changing gt@nal constant would cause a
change in the orbital period, which for neutron star-WD eyst was first considered by Damour
et al. (1988) to be: '

BC ~ —2ng. (3.36)
Nordtvedt (1990) expanded the previous by taking into antthe effects of this variation to
the neutron star structure and by introducing an extra seitgifactor (sensitivity to changes
of the gravitational constant),:

pe = —22 [1 . (1 + ;”—M) sp] P, (3.37)

where) is the total mass of the two bodies.
The intrinsic change of the orbital period is the observddeseninus the Doppler correction
term from equation (3.32):

P = Py — PP = (=154 1.5) x 107 (3.38)
which agrees well with the GR prediction given above as
pere = pintr — pER — (0.4 4 1.6) x 10714, (3.39)

Hence, there is no need for & or B¢ to explain the observed variation of the orbital
period. On the other hand, this can be used to set limits foida wlass of alternative theories
of gravity, which we will show in the following sections.

3In some cases also monopole radiation is considered, hofaew eccentricity systems it is negligible.
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A generic limit for dipole radiation

A tight system comprising a strongly self-gravitating meatstar and a weakly self-gravitating
white dwarf should be a very efficient emitter of gravitasbdipole radiation, if there is any
deviation from general relativity that leads to a non-vhimg ~ in equation (3.34). Hence,
observations of such systems are ideal to constrain demgbf that kind. PSR J1012+5307
turns out to be a particularly useful system to conduct sutgst since: (1) the white-dwarf
nature of the companion is affirmed optically, (2) the masisnedes in this double-line system
are free of any explicit strong-field effe¢tsvhich are a priori unknown, if we do not want to
restrict our analysis to specific theories of gravity, (3 #stimated mass of the pulsar seems
to be rather high, which is important in the case of strongl fedfects that occur only above a
certain critical mass, like the spontaneous scalarisébamour & Esposito-Farese 1993).

In the previous section we have shown that the change in thigabperiod is in full
agreement with the prediction by general relativity, ortoe kinematic contributions are ac-
counted for. Hence, any deviations from general relatilggding to a differenﬂ%,GW is ei-
ther small or compensated for a potenlﬁ'ﬁ However, we can already limit the variation of
the gravitational constant by using the published limithfG = (4 & 9) x 10~ ¥ yr~! from
the Lunar Laser Ranging (LLR) (Williams et al. 2004). In candtion with equation (3.37)
it gives P& = (—1 =+ 3) x 1071, for the most conservative assumptign = 0. Hence,
prele — (—0.2 4+ 1.6) x 10~, which with the help of equation (3.35) converts into

kps, = (0.5£6.0) x 107° (95 per cent C.L.) . (3.40)
Furthermore, if we assumg = 0.1(m,, /M) (c.f. Damour & Esposito-Farése (1992)) we find
kp = (02424) x 107 (95 per cent C.L.) . (3.41)

This number improves upon the previously published limitR&R J1012+5307 (Lange et al.
2001) by more than an order of magnitude.

For the tensor-scalar theories of Damour & Esposito-Fa(E386)xpS? ~ (a, — a,)? =~
(a, — ag)? < 6 x 1077, assuming that the effective coupling strength of the cariggaWD
to the scalar fieldg., is much smaller than the pulsars and is approximatg/ywhereq, is a
reference value of the coupling at infinity. This value issistent with and improves slightly on
the previously published limit 6f x 10~5 (Nice et al. 2005), obtained from PSR J0751+1807. If
the non-linear coupling parametgy is of order 10 or larger, then neutron stars are much more
weakly coupled to the scalar field than white dwarfs (EspeBdrese 2005). In this case, for
PSR J1012+5307¢, —a.)? &~ o < 6 x 1077, which is an order of magnitude weaker than the
limit 3.4 x 10~ from PSR J1141 6545 (Bhat et al. 2008). Actually, in tensor-scalar theoadt
gravity the latter is possibly the most constraining pulsaary system. However, since there
has been no optical identification of the companion, thatccestablish its WD nature without
mass determination based on a specific gravity theory, biyet possible to derive a general
theory independent limit for dipole radiation from PSR J116545, as done here with PSR
J1012+5307.

In the future, more accurate determination of the distandamprovement of ouP, value
(the uncertainty of°, decreases with time; 2 (Lorimer & Kramer 2005)), could further in-
crease the precision of the PSR J1012+5307 limit.

4The mass estimation for the weakly self gravitating whiteadveompanion is done with Newtonian gravity
(Callanan et al. 1998), and in any Lorentz-invariant theafrgravity the theoretical prediction for the mass ratio
does not contain any explicit strong-field-gravity effe@samour 2007).
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Combined limits on G and the dipole radiation with millisecond pulsars

In the previous section we have used the LLR limit €din order to provide a test for dipole
radiation with a single binary pulsar system. On the otherha generic test fof; cannot
be done with a single binary pulsar, since in general thedhat predict a variation of the
gravitational constant typically also predict the existnf dipole radiation (Will 1993).From
equations (3.34) and (3.37) we can see gt P, whereas’ ™ o« P;!. Hence, one can
combine any two binary pulsars, with tight limits fé&; and different orbital periods, in a joint
analysis to break this degeneracy, and to provide a tegt'fand the dipole radiation that is
based purely on pulsar data. A formally consistent way ofgahis with white-dwarf binary
pulsars is the application of equation

Pgee G me T

;b = —25 [1 — <1 + m) sp] — 4%2% KDSZ

(3.42)

(see equations (3.37) and (3.34)) to both binary pulsadssalving in a Monte-Carlo simulation
(Figure 3.10) this set of two equations 61/ G andxp. This procedure properly accounts for
the correlations due to this mutual dependence, and thusdesoa self consistent test f6t
and the dipole radiation, that does not rely on LLR limitsledry specific assumptions. There
remains the problem of getting a good estimatesfoin a general theory independent test. As
before, we will uses, = 0.1 (m,,/M) keeping in mind that the limits given below are subject
to certain changes, if a different assumptiondprs made.

With its short orbital period and its fairly well determinethsses PSR J1012+5307 is an
ideal candidate for such a combined analysis. Presentypést binary pulsar limit fo
comes from PSR J0437715 (Verbiest et al. 2008; Deller et al. 2008), wh&¥°° = 0 has
been used in the analysis to obtain the limit &r Using this pulsar in combination with PSR
J1012+5307 in a joint analysis as introduced above giveh,a®5 per cent C.L.,

g = (=0.743.3) x 1072 yr~' = (—0.009 % 0.045) H, (3.43)

and
kp = (0.3+£2.5) x 107° (3.44)

where H, = 74kms ! Mpc~! has been used as a value for the Hubble constant (Riess et al.
2009). Our pulsar test therefore restriél;éG to less than a 20th of the expansion rate of the
Universe.

The limit for G given here is clearly weaker than the one given in Deller g28l08). The
main reason for this is that the equation féﬁ" used by Deller et al. (2008) does not account
for the sensitivity of the pulsar as in equation (3.37). Rerinore, the combined analysis still
allows for a certain range fap; ™ in PSR J04374715, leading to a somewhat weaker limit
compared with an analysis that use$” = 0, as can be seen in Fig. 3.10. Although this
limit for G is weaker than the LLR limit, it still provides a useful inademlent addition to the
LLR result, as has been argued in Verbiest et al. (2008).

The limit for the dipole radiation is slightly weaker tharetbne given in the previous sec-
tion. However, in contrast to the limit of the previous sentithe limit here does not rely on the

5It is interesting to point out, that in the Jordan-Fierz4Bsaicke theoryP, "' + PE = ( for binary pulsars
with white-dwarf companions that have orbital perieds0 days.
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Figure 3.10 (Left) The dipole radiation contribution versus the (/G for each of the 10000 iterations of the
Monte Carlo simulation for PSR J1012+5307 and PSR J0437-4%31 (Right) Contour plots of the one and
two o confidence regions or;/G and «p jointly. The elongation of the regions reflects the correlaibn due

to the mutual dependence of the two systems, PSR J1012+530idd@SR J04374715, in this combined test.

LLR result for G, and therefore constitutes an independent test baseq swiddinary pulsar
observations.

We would like to stress two facts about the advantage of coimdpispecifically these two
binary pulsars. Firstly, in both cases the companion whitarflis identified optically, and its
non-compact nature is ascertained independently of therlymag theory of gravity. Secondly,
the two pulsars seem to be rather heavy and similar in mass{\/)®, which is important
in case we have effects like spontaneous scalarisatioreadbositical neutron star mass, where
the neutron star can develop strong scalar charges evea ab#ence of external scalar force,
i.e. even ifag = 0 (similar with the spontaneous magnetisation of ferrom&{@amour &
Esposito-Farese 1993). In the future, more accurate memsmts ofP, and distance of the
two pulsars could constrain even more our derived limits.

In addition, we performed the same analysis using PSR JBRP#and PSR J1713+0747
(Splaver et al. 2005), a long-orbit, low-eccentricity binpulsar-white dwarf system that have
been used succesfully to set limits on violations of the SHEf derived limits with a 95 per
cent C.L. are,

g =(-1.5+3.9) x 1072 yr~! = (-0.022 £ 0.053) Hy (3.45)

8In general, PSR J04374715 does not allow the determination of the pulsar massgedinis requires the
mass function, which contains explicit strong-field cdmitions. Within the generic class of conservative gravity
theories (Will (1993); Damour & Taylor (1992)), for instamconly the effective gravitational masSyn,,, of
PSR J04374715 can be determined. However, if one assumesiitviates less than 20 per cent framthe
pulsar mass is in the range of 1.5 to 2.0 solar masses.
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and
kp = (0.6 +2.6) x 107, (3.46)

The rp limit does not differ much, as expected, but tHgG limit is 20 per cent weaker than
before. In the future, application of our combined analysidetter candidate sources could
constrain even more those limits.

3.4 Conclusions

We have presented results from the high precision timindyaisaof 15 yr of EPTA data for
PSR J1012+5307. A first ever measurement of the timing parall= 1.2(3) and distance has
been obtained for this pulsar. Combined with informatiamiroptical observations of the WD
companion an improved 3D velocity has been derived for tséesy. This information enables
the derivation of the complete orbital motion of the pulsathe Galaxy, showing that it spent
most of its lifetime far away from the solar system orbit. biddion, an improved limit on
the extremely low intrinsic eccentricity, < 8.4 x 107 (95 per cent C.L.), has been acquired,
which agrees well with the theoretical eccentricity-cabperiod relation (Phinney & Kulkarni
1994).

Of particular interest is the measurement of the variatiotme projected semi-major axis,
i = 2.3(8) x 1075 which is caused by a change in the orbital inclination as yiséesn moves
relative to the SSB. This measurement allowed us to setdiomtthe positional angle of the
ascending node, for the first time, the last unknown paranetelly describing the orientation
of this binary system.

As a result of the significant measurement of the change iorhieal period of the system,
5.0(1.4) x 10714, and the identified nature of the two bodies in this binarteys tests for
alternative gravity theories could be performed. Firsdlgtringent, generic limit for the dipole
radiation has been obtained from PSR J1012+53Q/%, = 0.5 £ 6.0 x 107> (95 per cent
C.L.), with the use of th& limit from LLR. Secondly, in a self consistent analysis wesdia
used PSR J1012+5307 together with PSR J64375 to derive a combined limit on the dipole
radiation and the variation of the gravitational constant,= (0.4 & 2.6) x 1073 andG /G =
(—0.7 £ 3.3) x 1072 yr=! (95 per cent C.L.) respectively. These limits have beervddri
just with the use of millisecond pulsar-WD binaries and akdfor a wide class of alternative
theories of gravity.
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Keeping time, time, time,

In a sort of Runic rhyme,

To the tintinnabulation that so musically wells,
From the bells, bells, bells.

Edgar Allan Poe

In this chapter the calibration of the Effelsberg archivatadand analysis, described in
section 2.2.3, of the rest of the Effelsberg and EPTA candidallisecond pulsars is presented.
In addition, some details and properties of the sourcesiges gogether with future prospects
of their EPTA high precision timing analysis. In total foeen sources, observed monthly with
Effelsberg radio telescope at at least two different fregies, have been chosen. From those,
three are solitary pulsars, one is in a double neutron starpisystem (NS-NS) and ten are in
neutron star-white dwarf (NS-WD) binary systems. In Tablethe selected sources are shown
with the current post-fit rms achieved in comparison withgbst-fit rms without the improved
calibration procedures. In all the cases the improvemaerdssg varying from two times to two
orders of magnitude. Finally, for consistency check, allkBQvere analysed with both tempo
and tempo2 and in most cases extremely small differences between them only at the level
of the second or even third decimal digit. In the last coluhmpost-fit rms with the use of only
the 1.4 GHz data is shown.

4.1 PSR J0030+0451

PSR J0030+0451 is a nearby 4.9 ms solitary pulsar (one of3hedwn isolated pulsars). It
was independently discovered by the Arecibo Drift Scan Se¢g@omer 2000) and the Bologna
sub-millisecond pulsar survey (D’Amico 2000). With a BM.33 pc/cm, the Taylor & Cordes
(1993) electron distribution model gave the first estimaftar a distance off =230 pc. Lom-
men et al. (2000) using timing observations with Arecibdstalescope derived a value for the
change of the orbital period derivative Bf ~ (1 & 0.2) x 1072°s s! and a proper motion of
1 < 60+70 mas/yr. Nicastro et al. (2001) using scintillation meamegsts of PSR J0030+0451
calculated its transverse velocity@af= 9+ 6 km/s, one of the slowest measured for any pulsar.
Recently, Abdo et al. (2009) reported the discovery-oay pulsations from PSR J0O030+0451
with the Large Area Telescope (LAT) of the Fermi Gamma-ralg3eope, making it the second
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Table 4.1 The fourteen analysed millisecond pulsars with the post-fitms with and without calibration. The
TOAs are until September 2008 (MJD 54720) and all the availale Effelsberg frequencies have been used.
On the last column only the 1.4 GHz TOAs have been used.

Source Post-fit rms Post-fit rms Post-fit rms Post-fit rms
before (1s) after (tempo)xs) tempo2 (is) 1.4 GHz [i8)
PSR J0030+0451 “ 5.685 5.677 3.769
PSR J0218+4232 51.538 9.639 9.613 9.087
PSR J06130200 28.060 2.661 2.662 2.657
PSR J0621+1002 23.802 6.827 6.880 6.506
PSR J0751+1807 15.527 4,938 4,935 4.275
PSR J1022+1001 16.169 3.740 3.645 3.117
PSR J10240719 ~1500 13.418 12.390 2.739
PSR J1518+4904 23.529 18.909 18.965 19.032
PSR J16232631 ~2100 3.900 3.897 3.914
PSR J1640+2224 15.241 1.673 1.673 1.474
PSR J16431224 34.425 3.922 4.010 3.849
PSR J17441134 1.708 0.620 0.618 0.619
PSR J20530827 49.867 48.744 48.734 48.873
PSR J21450750 4,138 2.565 —b 2.489

@: The source was regularly observed from 2008.
b: Because of a software bug of tempo2 we cannot yet achievésfution for this pulsar.

ms pulsar to be detected trrrays. Together with further ms pulsar detections of Fehmayt
provide a significant new tool for studying the magnetoseberf energetic pulsars.

The highest precision timing analysis to date was achieyddimmen et al. (2006) reach-
ing a post-fit rms ofv 1 s by using 6 years of monthly data from the 305m Arecibo telpsc
at 430 and 1410 MHz. They measured a parallax for the first tifme= 3.3 + 0.9 mas which
corresponds to a distance &f= 300 + 90 pc, agreeing with the dispersion measure derived
distance of 317 pc from the Cordes & Lazio (2001) model of Gataelectron distribution.
They also confirmed the measurement of Nicastro et al. (20(the pulsar’s transverse veloc-
ity over a range of 8-17 km/s. They calculate a proper motior @74 + 0.09 mas/yr in the
plane of the ecliptic. The proper motion out of the ecliptiare is difficult to measure due
to its low ecliptic latitude. Finally, they performed a s$séital analysis of the velocity data of
isolated versus binary millisecond pulsars, similar to bobt al. (2005), confirming that there
is a similarity between the average velocities of the twoybatons. However, by also finding
a significant difference of the populations in the heightsvabor below the Galactic plane
(isolated heights are half from the binaries), they conetuthat luminosity differences of the
two populations accounted for these findings.

PSR J0030+0451 has been observed with Effelsberg radiotgle for two months during
1999 at 1.4 GHz. Because of that, we did not have enough TOAsdo until now, for an
improvement of the initial ephemeris (containing only piasi, period and period derivative).
Thus, our initial consideration was to include again thigrse in our monthly timing schedule.
PSR J0030+0451 is being observed regularly with Effelsbetwo different frequencies (1.4
and 2.7 GHz) from March 2008.
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The second problem, when starting observing it again, wasethby of the lack of an effi-
cient number of high S/N integrated profiles in order to @eatemplate, thus we could not get
the accurate TOAs. After six months of monthly observatiavs gathered enough high S/N
profiles which we summed with the ones from the 1999 obsemaiat 1.4 GHz. After getting
the summed profile we used the Gaussian fitting package bainfkr et al. 1994) in order to
create a synthetic template for the pulsar and cross cterglavith the individual integrated
profiles of each day in order to obtain TOAs. The usual procedilowed for the synthetic
template creation has some specific steps. The summed psdéded in bfit, scaled (usually
to one) and shifted, then smoothed in order to eliminatewsing noise and has its baseline re-
moved. The determination of the Gaussian components bsstidieg the profile is then done

(z—b)>

by choosing their centre, width and height. To describe as&aun functionf(z) = a« e” 22~
one needs three parametershe height of the pealk,the centre of the peak andhe full width

at half maximum (FWHM) of the peak. Finally, after checkiray tinwanted differences be-
tween the Gaussian summed profile with the real profile we B@anhill-simplex-algorithm

to improve the initial values of the parameters (e.g. Kragtal. (1994)). After fixing every-
thing together we produce the synthetic template. In Figutethe six Gaussian components
that were used for creating the synthetic template, alsbhdrsame figure, of PSR J0030+0451
are presented.
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Figure 4.1 On the left, the six Gaussian components used for the templatof PSR J0030+0451 over the
integrated profile. On the right, the synthetic template with the real integrated profile.

After creating the synthetic template the TOAs of all theeslations were calculated. As
for all the pulsars in the current work the data of PSR J00361Qvere calibrated in order to
be improved. In addition to the rfi cleaning and the microsecumps” inserted for specific
days, the individual integrated profiles of each days olaeEm (3 in each session) were added
together by cross correlation in order to finally get an "laéig” TOA. After a total of eight
months of observations we have six TOAs at 1.4 GHz and thrae/&Hz resulting in a post-
fit rms of 5.7us. The post-fit residuals versus time are shown in Figure 4.2.

Since there were so few Effelsberg TOAs no more results doeldcquired from this pul-
sar. By continuation of Effelsberg timing of PSR JO030+0456# combination with the rest

INonlinear optimisation numerical method
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Figure 4.2 The post-fit residuals in ;s versus time in years for PSR J0030+0451, as produced by teoth
With green are the 1.4 GHz TOAs and with blue the 2.7 GHz.

of the EPTA telescopes, which have observed it for a longeogewe expect to reach an rms
comparable to the fis reported from Lommen et al. (2006). This will enable us tpriove the
timing solution of this pulsar and measure its astrometigt gpin parameters in high accuracy.
In addition, its low rms and its large angular separatiomfiather very stable millisecond pul-
sars is making it an ideal candidate for the ultimate goahefEPTA of the direct gravitational
radiation detection (see Chapter 1).

4.2 PSR J0218+4232

PSR J0218+4232is a 2.3 ms pulsar in a two day orbit around-aiass 0.2 M. white dwarf
companion (Navarro et al. 1995). It was discovered in 1998 r@slio source (Dwarakanath &
Shankar 1990; Hales et al. 1993) but it was not until 1993 wiwemell observations by Navarro
et al. (1995) confirmed it to be a millisecond pulsar. Fromdisg@ersion measure, a lower limit
(because it is lying outside the electron layer of the modeljhe distance of 5.7 kpc for this
luminous pulsar L4 > 2700 mJy kp&) was derived.

Verbunt et al. (1996) showed evidence of emission from PSR 864232 at high energies,
both at X-rays using the High Resolution Imager of ROSAT ang-eays using EGRET data.
Kuiper et al. (1998, 2000) presented further evidence afatidn in both energy domains using
again EGRET data for the-ray and ROSAT for the X-ray. The X-ray pulsations were found
with a period identical to the radio pulse period. Receritlgy-ray detection was confirmed
by the Fermi-LAT, making it the first ms pulsar detected byrike/~-ray telescope. The most
remarkable fact for PSR J0218+4232 is that it is the onlyiseitlond pulsar similar to the Crab
pulsar with a large un-pulsed fractioé3(c + 13% in the ROSAT band below 2.4 kev (Kuiper
et al. 1998), and- 50% in radio (Navarro et al. 1995)). Since there was no identificaof
a nebula around the pulsar the best explanation for thisaisiths an aligned rotator. The
latter was further supported by Stairs et al. (1999) usingrpuetric radio observations who
showed that the line-of-sight inclination maybe around 8Qrdes with a very broad pulsar
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beam. This leads to the intriguing conclusion that with ih@rtg proper accuracy, a Shapiro
delay measurement can be acquired for this binary system.

PSR J0218+4232 has been observed with Effelsberg radiotgde regularly at at least two
frequencies from 1999. Its low S/N ratio and its unusuallydat profile (Figure 4.3) making it
very difficult to measure its TOAs with high precision, espég at 2.7 GHz. For that reason
instead of the normal integration time used for the restemtiiilisecond pulsars in our schedule
(three scans of 5-10 min each) we increased the integration time of each facahis pulsar
in order to increase the S/N and the timing accuracy (equ&tid4). After calibrating the data
of this pulsar (removing rfi and adding "jumps”) and updatthg solar system ephemeris to
DEA405, its separate scans per day were added ("alignediyler o increase the S/N ratio. This
procedure improved the timing accuracy even further, bezafimany previous non-detections
that could be observed after the alignment, giving us fink8y TOAs.

The template used in Effelsberg until now was created soraesyayo. Since this pulsar
cannot provide in short timescale a high S/N sum of integrptefiles we decided to construct
another Gaussian synthetic template at 1.4 GHz (Figure 4.8 new template is much better
and detailed than the previous one increasing our timingracy by an order of magnitude,
reaching for the first time a post-fit rms of 9:6. In the future we will be able to make even
more accurate templates (distinguish more features ofdtmplicated profile) at more than one
frequencies.
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Figure 4.3. On the left, the six Gaussian components used for the templatof PSR J0218+4232 over the
integrated profile. On the right, the synthetic template with the real integrated profile.

By fitting our nine years of TOAs, mostly at 1.4 GHz and few ab 8Hz we get get the
post-fit residuals versus time as shown in Figure 4.4. AlI&As were analysed by tempo2
using the ELL1 (Lange et al. 2001) binary model for small etgeity binary systems. In
Table 4.2 all the improved astrometric, spin and binary p&tars produced by tempo2 are
presented. The uncertainties of the TOAs are scaled by arfa€tl.5 and 1.6 at 1400 and
800 MHz respectively, to achieve a uniform reduggd~ 1. As shown, we measure most
of these parameters with high accuracy, deriving also afgignt total proper motion ofi =
5.6 £ 0.3 masl/yr.

The final part of the preliminary analysis made in the curvemtk for PSR J0218+4232 was
to search for signatures of a Shapiro delay caused by thé&ajranal field of the companion
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Figure 4.4. The post-fit residuals in ;s versus time in years for PSR J0218+4232, as produced by teoth
With green are the 1.4 GHz TOAs and with red the 800 MHz.

Table 4.2 The spin, astrometric and binary parameters of PSR J0218+422.

Parameters Effelsberg

a (J2000) 02:18:06.35291(18)
4 (J2000) +42:32:17.413(4)
v(s) 430.46105900638(3)
v (s72) -1.4340711014(16)
PEPOCH (MJD) 51400.000128011
POSEPOCH (MJD) 51400.000128011
DMEPOCH (MJD) 51400

DM (cm~3 pc) 37(9)

e, (Maslyr) 5.1(3)

s (mas/yr) -2.3(7)

P, (d) 2.0288461157(5)

X (It-s) 1.9844369(13)

T asc (MJID) 51398.5704136(5)
7 0.0000033(14)

K 0.0000032(13)
No of TOAs 137

Post-fit rms [iS) 9.6

Figures in parentheses are the nomiraTEMPO2 uncertainties in the list-significant digits quoted

WD in our data (equation 4.1). For small eccentricity pudsae have;
Agp = —2rIn[l — ssin |, (4.1)

wherer = T,m. ands = sin¢ are are the two post-keplerian parameters range and shape
and ® is the orbital phase measured from the ascending node (Letrgje2001). A Shapiro
delay is only measurable in binary systems where the orlséén nearly edge-on & 90°),
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which is probably the case here (Stairs et al. 1999). Byrggttie value of the companion
mass tom. = 0.2Mg (Navarro et al. 1995) and using the mass function we meagjire,
(mesini)3/(m, + m.)? = (203843.3 + 0.4) x 1078, weres is the inclination angle of the
system, we try to constrainby checking the minimum value af’>. As seen in Figure 4.5 we
cannot successfully constrain the inclination angle. Bgviimg that the maximum of the effect
would be expected for superior conjuctich £ 7/2) when the pulsar is behind the companion,
by settingm. = 0.2 M and the inclination angle ain i ~ 0.9 we would expect that the effect
would have a magnitude of 0.3 us in our post-fit residuals. It is clear that with the current
accuracy we cannot detect the Shapiro delay.

In the future, improvements of our timing solution, mos#gulting from the combination
of Effelsberg with the rest of the EPTA TOAs, could increase timing accuracy enough to
measure the Shapiro delay. This would enable us to measeitevthPK parameters and s
and significantly constrain the masses and the inclinatigtesof the binary system.

PSR J0218+4232 (for Mc=0.2)
1.218 T T T T T T T T

1.215 -

1.212 [ ] -

1.209 . , . ; . ; . ; .
0.0 02 04 06 08 1.0

sini

Figure 4.5. The curve represents they? values for fixedm. = 0.2 M, where no constrains can be derived
for the inclination angle i.

4.3 PSR J0613—-0200

PSR J06130200 is a millisecond pulsar with 3.06 ms period in a roughtgwtar orbit with
period of 1.20 days around a low mass(@.13 M.) companion (possibly a white dwarf). It was
discovered in 1994 in a survey of the Southern Hemisphetetivit Parkes 64m radio telescope
by Lorimer et al. (1995b) providing a DM distance of 2 kpc byngghe Taylor & Cordes (1993)
electron distribution model. Toscano et al. (1999b) refworthe first time measurements of the
proper motion for the pulsar after 5 years of timing with Rark

Hotan et al. (2006) give the latest high precision timinguhessfor that pulsar using mostly
three years data at 685 MHz with the Caltech Parkes SwinliRenerder coherent de-dispersion
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system at Parkes. One peculiarity of PSR J381200 is that at low frequencies its profile is
changing by evolving a narrow spike. This feature makesdrighecision timing possible at low
frequencies and this is why they achieve an rms of.8.1After combination with the 1.4 GHz
data they measure for the first time a paralla®.af+- 6 mas deriving a distance of 480 pc, three
times smaller than the DM one from the Galactic electron ignisstribution model NE2001
(Cordes & Lazio 2002). They also confirm the proper motiomgadf Toscano et al. (1999b) in
right ascension while the difference of the same value ifimkg@on is attributed in the different
solar system ephemeris. Finally by managing to constranrttlination angle of the system
between 59-68 degrees they constrain the mass of the coomgar.13-0.15 M, showing that

it is one of the most asymmetric systems, suitable for tesgeeral relativity.

PSR J06130200 has been observed with the Effelsberg radiotelesegpsarly at 1.4 GHz
from 1996 and in at least two frequencies from 1999. Unfaataly the low frequency data at
800 MHz were not good enough to use in our timing analysiscivinmeans that we actually
have only two years of multi-frequency data (1.4 and 2.7 GW#though it has a broad compli-
cated profile (Figure 4.6, taken from the European Pulsawvbliét(EPN)) it is strong enough,
enabling us to perform high precision timing analysis. Aftee usual calibration of the data
and after updating the solar system ephemeris to DE405, dedatie separate scans per day in
order to increase more the S/N ratio. This procedure ineckasr timing accuracy, providing
finally 217 TOAs with an rms of 2.is.
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Figure 4.6. The integrated profile of PSR J0613-0200 at 1.4 GHz taken from the EPN.

By fitting nine years of TOAs, mostly 1.4 GHz and less 2.7 GHzge¢ get the post-fit
residuals versus time as shown in Figure 4.7. All the TOAs=vegralysed by tempo2 using the
ELL1 (Lange et al. 2001) binary model for small eccentriditgary systems. In Table 4.3 all
the improved astrometric, spin and binary parameters mexdiby tempo?2 are presented. The
uncertainties of the TOAs are scaled by a factor of 1.9 an@B154 and 2.7 GHz respectively,
to achieve a uniform reduceg? ~ 1. As shown, we measure all the parameters with high
accuracy. When comparing our results with the previousllipbed ones we see that they

2http://www.mpifr-bonn.mpg.de/div/pulsar/data/browkam|
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are totally consistent with Hotan et al. (2006). This in@sdlso our proper motion in right
ascension and declination, which confirms that the diffeeen the declination to Toscano et al.
(1999b) is the results of their use of the DE200 solar systenemeris. Along with the other
binary parameters we derive a value for the eccentricity-ef(4.9 4-0.4) x 1075 which is also
consistent with Hotan et al. (2006), and it is one of the sesakéccentricities ever measured.
We did not derive a timing parallax but for the first time we édavsignificant measurement of
the change of the projected semi-major axis of the atbit (1.9 +0.3) x 10~ ss'. This
phenomenon can result from gravitational wave dampingshianks the orbit, or from proper
motion effects or other various effects mentioned in Chaptelf we could also measure the
change in the orbital periodX) we could check if the two values follow the third law of Keple
confirming that they emerge from loses of gravitationalatdn.

061302 (rms = 2.662 us) post—fit
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Postfit Residual (us)
0
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f—— =~
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Figure 4.7: The post-fit residuals in us versus time in years for PSR J06130200, as produced by tempo?2.
With green are the 1.4 GHz TOAs and with blue the 2.7 GHz.

With the Effelsberg data set we get only anrheasurement of thg,. This possibly means
that adding all the EPTA TOAs could result in @ 8nprovement, since thé&, uncertainty
scales with timex~ =25, (Lorimer & Kramer 2005).By knowing this value, using the telo
et al. (2006) mass and inclination estimations and by ta&th@ntage of the asymmetry of the
system, we could test GR and set stringent limits for altieredheories of gravity like in the
case of PSR J1012+5307 (Chapter 3). In addition, by invatstig all the contributions of the
2 we could measure orientation parameters like the positigheaof the ascending node. Last
but not least with all EPTA datasets combined we can possdalgh or even improve the rms
of Hotan et al. (2006). This means that we can have anothdiseabnd pulsar close to the
nanosecond regime, a perfect candidate for a gravitatisane detection with a PTA.

4.4 PSR J0621+1002

PSR J0621+1002 is a 28.9 ms pulsar in an 8.32 day orbit witbnédcity ~0.0025 around a
massive £0.97 M., Splaver et al. (2002)) white dwarf companion. It was disceden data
taken on 1994 (Camilo et al. 1996) by a survey using the Ae80B5m radio telescope at
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Table 4.3 The spin, astrometric and binary parameters of PSR J06130200.

Parameters Effelsberg

a (J2000) 06:13:43.974506(13)
9 (J2000) -02:00:47.1200(5)
v(s) 326.600562354928(3)
v (s7?) -1.02298%10~15(18)
PEPOCH (MJD) 51250.000125685
POSEPOCH (MJD) 51250.000125685
DMEPOCH (MJD) 51250

DM (cm~3 pc) 38.7708(12)

e, (Maslyr) 1.81(4)

s (maslyr) -10.29(10)

P, (d) 1.19851257501(6)

X (It-s) 1.0914428(3)
Tasc (MID) 51250.10930007(9)
n 0.0000037(5)

K 0.0000032(5)

No of TOAs 217

Post-fit rms [iS) 2.7

Figures in parentheses are the nomiralTEMPO2 uncertainties in the list-significant digits quoted

430MHz. It lies near the galactic plane and close to the anter direction (I=20Q b=-2").
Its distance estimation from its DM 36.6 cm—3pc with NE2001 (Cordes & Lazio 2002) is
d=1.35kpc.

PSR J0621+1002 is the prototype of the class of "intermedietss” binary, mildly spun-up
pulsars whose companions are C-O or O-Ne-Mg white dwarfs.fiBheffort for precise timing
was made by Splaver et al. (2002) with 6 years of data from tleeGBank,Jodrell Bank and
Arecibo radio telescopes, reaching an rms of/&2 Initially, they presented estimates of the
characteristic ager(= 1.1 x 10'° yr) and the surface magnetic field strength & 1.2 x 10° G)
by calculating the intrinsic period derivative of the pulsehey detected the relativistic advance
of the periastron which i = 0.0116 + 0.0008 yr—! which implies a total mass of.. + m,, =
2.81 £ 0.3M4. A Shapiro delay was not detected in this system, ruling ogt Inclination
angles. The estimate for the pulsar mass wgs= 1.70 + 0.6 M, (95% confidence).

The mass and precession of the periastron measurementainties were improved by
Nice et al. (2008), when they used in addition to the previoirse more consecutive days of
observations of the source with Arecibo. Thus, the latektesgacquired aree = 0.0105 +
0.0002yr=1, m, + m, = 2.37 + 0.12Mg andm,, = 1.77519 M.

PSR J0621+1002 has been observed regularly with Effelsiietgt GHz since 1997 and
in at least two frequencies from 1999 (first 800 MHz and fromd&@.7 GHz). Its profile is
consisted from narrow features (peaks) which makes it etstéme in high accuracy (Figure
4.8, taken from the EPN). After the usual calibration of tladadand the updated solar system
ephemeris we were still getting a somehow unexplained hogh+fit rms value at 1.4 GHz. This
was of course creating problems in the overall fit. Usuatlg,gost-fit is not good enough either
because of some specific points (if they are affected by rfif e S/N ratio of the specific
profile is too low) either because of some model parametershvdre not estimated correctly
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(or even not used at all). In the specific case though, the@neass neither of the previous.
When we "aligned” the individual scans the solution we weettigg at 1.4 GHz worsened
by an order of magnitude. This could only mean that there vegireer profile changes of
the pulsar (no evidence of that) or drifting behaviour (ghakifts) of the profile during the
observation session. After checking thoroughly, we detethat the latter was happening until
2002, confirming that possibly until that period we were gamot well defined parameter file
for observing the specific source. Specifically, that meauirift is ~ 0.08 ns from pulse to
pulse ¢ 10 us per minute). When fitting only the TOAs after 2002 the timswgution was
improving a lot. Thus, by using only these data sets we olatguast-fit rms of 6.&s from 94
TOAs.
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Figure 4.8. The integrated profile of PSR J0621+1002 at 1.4 GHz taken frorthe EPN.

By fitting those six years of TOAs, consisting of 3 frequescie get the post-fit residu-
als versus time presented in Figure 4.9. All the toas weré/s@d by tempo2 using the DD
(Damour & Deruelle 1985) theory-independent relativistiodel. In Table 4.4 all the improved
astrometric, spin and binary parameters produced by terapppresented. The uncertainties
of the TOAs are scaled by a factor of 1.6 at all frequencieshiexe a uniform reduceg? ~ 1.

As presented, we measure most of the parameters with higineayc When comparing them
with Splaver et al. (2002) everything develops smoothlgrethe periastron rate of change, in
some cases even at the same accuracy, apart from the propen mmodeclination. We get
also a 2 detection of the DM variation of PSR J0621+1002. We know fbaimost of the
pulsars the DM can be accurately characterised as a singiberthat holds steady over years
of observation. This however, is not true for PSR J0621+XSpkaver et al. 2002) and we get
a measurement of this variatio®(/ = 0.006 + 0.003 cm 3 pc yr1).

Relying only on the Effelsberg TOAs, especially when we ravg very few multi-frequency
observations, a big improvement in our timing solution a#rbe expected. By using the long-
term multi-frequency EPTA datasets we could immediatebk|for a precise value of the DM
variation. Keeping continuous track of DM will give us higrepision timing. In addition, com-
bination of all datasets it will make PSR J0621+1002 a caatdigdource for the EPTA effort
in detecting gravitational waves, since it will push ouritignaccuracy close to/1s. Splaver
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Figure 4.9. The post-fit residuals in ;s versus time in years for PSR J0621+1002, as produced by teoth
With green are the 1.4 GHz TOAs, with red the 800 MHz and with blue the 2.7 GHz.

Table 4.4: The spin, astrometric and binary parameters of PSR J0621+1@p.

Parameters Effelsberg

a (J2000) 06:21:22.11174(18)
4 (J2000) +10:02:38.721(12)
v(s) 34.657406641377(8)
v (s7?) -5.682<10717(3)

PEPOCH (MJD)
POSEPOCH (MJD)
DMEPOCH (MJD)
DM (cm—3pc)

DM (cm~3 pc yr )
e (Maslyr)

ps (mas/yr)

P, (d)

To (MJD)

X (It-s)

w (deq)

e

w (deglyr)

No of TOAs
Post-fit rms [iS)

50944.000120941
50944.000120941
50944
36.45(3)
0.006(3)
3.6(4)
2.0(17)
8.3186823(20)
50944.7567(6)
12.0320722(13)
188.81(3)
0.00245757(20)
0.013(4)
94
6.8

Figures in parentheses are the nomiraTEMPO2 uncertainties in the list-significant digits quoted

et al. (2002) obtained limits for the change of the orbitaiqutfor this pulsar. If we achieve
a significant detection aP, (possible if we improve our combined EPTA timing solutiord w
will have one of the few NS-WD binary systems with two posiplkgian parameters measured.
Thus, the opportunity arises in testing general relativityet another system.
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4.5 PSR J0751+1807

PSR J0751+1807 is a 3.48 ms pulsar in a circular 6.32 houtrwithi a light white dwarf com-
panion (Bassa et al. 2006) at a distance of 1.15kpc (Nice @08b) derived from DM using
the NE2001 galactic electron density model (Cordes & Lafi0o2). It was first detected in an
EGRET source error box, in September 1993 (Lundgren et 8bl)using the radio telescope
at Arecibo. Its mass function, small orbit, low eccentyi@hd large timing age implied that the
WD companion is most likel9.12 < m,. < 0.6 M. This WD companion was optically identi-
fied by Bassa et al. (2006) with the Keck telescope. It wasddhat it has the reddest colours
of all known millisecond pulsar companions and white dwafise colours indicate that it has
a very low (ultra-cool) temperature of Teff3500 — 4300 K. It has a pure helium atmosphere
with perhaps some hydrogen, something that is inconsistghtevolutionary models, from
which one would expect a pure hydrogen atmosphere.

It was also detected in X-rays with XMM-Newton and showedsptibns, in particular a
single pulse (Webb et al. 2004). From spectral analysis & fwand that its spectrum is fitted
best by a power law model.

Nice et al. (2005) did the most complete precision timingysia (rms of 7us) of the PSR
J0751+1807 binary system with Arecibo and Effelsberg dateraanaged to detect the decay of
its orbit due to emission of gravitational radiation. Thigsithe first detection of the relativistic
orbital decay of a low mass circular binary pulsar systerhai®, = (—6.4+0.9)x10 s s,
Combined with the measurement of a Shapiro delay they waslying a mass 02.1+0.2 M,
the largest ever measured for a pulsar. After measuringhtiee tPK parameters (s and P,)
they checked for violations of the SEP by obtaining tightiinof the coupling strength of the
pulsar to the scalar field, according to scalar-tensor taggbamour & Esposito-Farese 1996).
Nice et al. (2008) improved the previous measurements@idin= (—3.1+0.5) x 10" s s
andm, = 1.26 = 0.28 M, (95% confidence).

PSR J0751+1807 has been regularly observed with Effelstidrgt GHz since 1997 and in
at least two frequencies from 1999 (first 800 MHz and from 2R06GHZz). Its a very strong
pulsar with a profile consisting of 2 narrow components, mgki easy to time in high accuracy
(Figure 4.10, taken from the EPN). After the usual calilmmawf the data and the updated solar
system ephemeris which improved our post-fit rms by threegime "aligned” the individual
scans. Unfortunately, a small decrease in the accuracy bmges\ed, possibly because of small
phase shifts during observations, caused by a not-welidittider parameter file, however big
enough, to influence the "individual” TOAs (much smallerriiibe case of PSR J0621+1002).
This means that we used our in total 944 "individual” inteégdaprofiles £5 minutes each),
TOAs, to derive an rms of 4 4s, much better than that achieved from Nice et al. (2005).

By fitting all these 12 years of multi-frequency TOAs we get ffost-fit residuals versus
time presented in Figure 4.11. All the toas were analysecimpbd2 using the ELL1 (Lange
et al. 2001) binary model. In Table 4.5 all the improved asgtric, spin and binary parameters
produced by tempo2 are presented. The uncertainties of#es &re scaled by a factor of 1.8
at all frequencies to achieve a uniform redug€d~ 1. As presented, we measure with high
accuracy all the fitted parameters. Everything is consistéh the values of Nice et al. (2005)
and almost at the same uncertainty level. When checkinghioiShapiro delay, as described
in section 4.2, we detect for our measured mass functipn= (m.sini)?*/(m, + m.)* =
(96739.8299 + 0.1679) x 1078 and by settingn. = 0.19 M4, a minimum of they? when the
sini was getting the value 0.9, which implies an inclination angl ~ 65°, consistent with
the previously estimated value. In addition, we derive ai@dbr the orbital period variation
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Figure 4.10 The integrated profile of PSR J0751+1807 at 1.4 GHz taken frorthe EPN.

(P, = (—2.9+1.3) x 10" s s7!) consistent with Nice et al. (2008) but with higher uncertgi
Last but not least, we get a significant detection of the tianaof the projected semi-major
axis of = (—=1.3+0.3) x 107" ss!.
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Figure 4.11 The post-fit residuals in ;s versus time in years for PSR J0751+1807, as produced by teoth
With green are the 1.4 GHz TOAs, with red the 800 MHz and with bue the 2.7 GHz.

Starting from the latter, a combination of this value, withienproved future value of,
(by combination of the EPTA with the Arecibo and Effelsbeata) we could first constrain
the orientation of the binary system and secondly providesitact contribution of gravitational
radiation dumping ta. In addition, by better constraininga better mass estimation of the two
bodies could be achieved. This can provide important in&tiom about the evolution of this
extremely short orbital period system. Finally, as in mdgshe pulsars analysed in the current
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Table 4.5 The spin, astrometric and binary parameters of PSR JO751+1@®.

Parameters Effelsberg

« (J2000) 07:51:09.15714(4)
0 (J2000) +18:07:38.609(3)
v (s 287.4578541850310(14)
v (s7?) -6.43485<10716(13)
PEPOCH (MJD) 51584.000130864
POSEPOCH (MJD) 51584.000130864
DMEPOCH (MJD) 51584

DM (cm~3 pc) 30.2439(7)

e (Maslyr) -2.56(15)

s (maslyr) -12.1(8)

P, (d) 0.263144270751(7)
X (It-s) 0.3966159(3)
Tasc (MID) 51584.17442202(4)
n 0.0000034(11)

K -6.1E-8(1200)

No of TOAs 944

Post-fit rms [iS) 4.4

Figures in parentheses are the nomiralTEMPO2 uncertainties in the list-significant digits quoted

work, PSR J0751+1807 is very close to the ns accuracy redpeneg a candidate for the EPTA
effort in direct detections of gravitational waves.

PSR J0751+1807 (for Mc=0.19)
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Figure 4.1Z The curve represents they? values for fixedm,.. = 0.19 M, where the most probable (minimum
x?) inclination value is for sini=0.9.
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4.6 PSR J1022+1001

PSR J1022+1001 is a 16.5ms pulsar in a 7.8 day orbit with é&dciyn 10~* with a heavy
WD (Hotan et al. 2006). It was discovered in data taken on 1@3&milo et al. 1996) by
a survey using the Arecibo radio telescope at 430 MHz. It¢ated in the ecliptic (longitude
A=153.17, latitude’=-0.06) but well away from the Galactic plane (I=238=+5X). Soon after
its discovery it also became part of the Effelsberg timinggpam. Kramer et al. (1999b) with
the use of Effelsberg, Arecibo, Jodrell Bank and Green Baatl,presented that the integrated
profile of PSR J1022+1001, specifically parts of it, is chagga phenomenon appearing mostly
in slow pulsars. They presented evidence that this profé@gas are not due to instrumental or
interstellar effects but intrinsic to the pulsar. In addlitj they showed that the profile changes
affect the timing precision and introduced a new method térmeining pulse times of arrival.
With the use of it they measured the proper motion in ecliptigitude to be -1F 2 mas/yr.

Hotan et al. (2004) managed to obtain a much more precisedisalution for PSR J1022+1001
with the Parkes radio telescope. From a mass function measunt they gave an estimation
of the companion mass (for a 1.35Mpulsar) and from their initial parallax measurement they
find a distance ofl = 300 pc to the object, much smaller than the 600 pc derived from the
model of Taylor & Cordes (1993). The change of the projecedisnajor axis, caused by
proper motion changes of our line of sight to the plane of thé.0i = 0.8 + 0.3us/yr was also
measured. The most precise (L and latest timing solution for this pulsar was presented
by Hotan et al. (2006), achieved from 3 years of Parkes obtiens. The value of the proper
motion in ecliptic longitude (Kramer et al. 1999b) is confednand a lower limit of 7 mas/yr is
calculated for the composite proper motion. The parallax rsogiven asr = 2.5 + 0.8 mas
resulting in a distance of 400 pc, which is consistent with RE2001 distance of 405 pc. Fi-
nally, from a Shapiro delay measurement they obtained amatt of the inclination angle of
the system (41< i <53).

PSR J1022+1001 has been observed regularly with Effelgtidrgt GHz since 1997 and in
at least two frequencies from 1999 (first 800 MHz and from 2DO8BGHz). Its a strong pulsar
with a profile consisting of double peaked narrow componeratking it easy to time in high
accuracy (Figure 4.13, taken from the EPN), however, asioreed before, it shows profile
changes that affect the timing accuracy. After the usudbiclon of the data and the updated
solar system ephemeris which improved our post-fit rms byerttwan three times we "aligned”
the individual scans of every session. Despite the modegthgeffect we had an improvement
from the procedure, giving evidence that the changes aremektreme on short-timescales.
We finally used a total of 166 "aligned” TOAS, to derive an rmi8® s.

By fitting nine years of multi-frequency TOAs we get the pbstesiduals versus time pre-
sented in Figure 4.14. All the toas were analysed by tempio@tise DD (Damour & Deruelle
1985) binary model. In Table 4.6 all the improved astronoespin and binary parameters pro-
duced by tempo2 are presented. The uncertainties of the B@Ascaled by a factor of 1.8 at
1.4 GHz and 3.4 at 800 and 2700 MHz to achieve a uniform redyéed 1. As presented, we
measure with high accuracy all the fitted parameters apant the proper motion in declina-
tion, because the pulsar lies close to the ecliptic planeemM@omparing our results with the
values from Hotan et al. (2006) everything is consistentamist at the same uncertainty level
or better. Apart from the rest of the astrometric parametarsore precise value of the timing
parallax was also obtained,= 2.3 + 0.5 mas providing a distance df= 442 + 109 pc, con-
sistent with the published value. In addition, a significaariation of the projected semi-major
axis ofi = (1.5 4 0.4) x 10~!*s s was detected with an improved uncertainty (almosta 3
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Figure 4.13 The integrated profile of PSR J1022+1001 at 1.4 GHz taken frorthe EPN.
detection). This variation is probably caused by the propetion of the system which alters
our line of sight as shown in equation (4.2),

T = xcot i(—fiesin Q + pscosQ)sst 4.2)

(Sandhu et al. 1997), whefeis the position angle of the ascending node.
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Figure 4.14 The post-fit residuals in us versus time in years for PSR J1022+1001, as produced by teoth
With green are the 1.4 GHz TOAs, with red the 800 MHz and with bue the 2.7 GHz.

In the latter equation, the proper motion in declination tred ) are unknown. In the future,
VLBI measurements of the; could lead to a calculation of the andbe constraining the three
dimensional orientation of the orbit on the sky. In addititimis measurement could lead to
further improvement of the parallax and the distance andrdenation of the intrinsic®. Al
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Table 4.6. The spin, astrometric and binary parameters of PSR J1022+1@1.

Parameters Effelsberg

a (J2000) 10:22:58.002(3)

9 (J2000) +10:01:52.55(11)
v(s) 60.7794479954291(3)
v (s7?) -1.60106<10716(4)
PEPOCH (MJD) 52200.000140415
POSEPOCH (MJD) 52200.000140415
DMEPOCH (MJD) 52200

DM (cm~3 pc) 10.2547(4)

e, (Maslyr) -17.05(7)

P, (d) 7.80513028257(15)
Ty (MJID) 52190.1964(5)

X (It-s) 16.7654138(4)

w (deg) 97.79(3)

e 0.00009708(5)

No of TOAs 166

Post-fit rms [iS) 3.6

Figures in parentheses are the nomiralTEMPO2 uncertainties in the list-significant digits quoted

the achieved measurements can of course be determined cour@tzly with the addition of
the rest of the EPTA TOAs, i.e.. Finally, although PSR J1022+1001 has a long spin period, we
time it accurately enough to include it in the EPTA sourcegfavitational wave detection. An
important step would be to model its profile variations inasrtb increase the timing accuracy,
which is actually work in progress within the EPTA (Purverktin prep).

4.7 PSR J1024-0719

PSR J10240719 is a solitary pulsar with a spin peridtl = 5.2 ms, characteristic age ~
4.4Gyr and rotational energy loss ~ 5.3 x 10%erg/s. It was discovered in the Parkes
436 MHz survey of the southern sky (Bailes et al. 1997). Hatiaal. (2006) measure a value
DM=6.49 cn13pc, which implies a distance df~ 390 pc from the Galactic distribution of free
electrons NE2001 (Cordes & Lazio 2003).

Zavlin (2006) presented an analysis of the XMM-Newton obstons of PSR J10240719
and the first firm detection of the pulsar X-ray emission. Heated strong evidence of the pres-
ence of a thermal component in its X-ray emission, integateis radiation emitted from heated
polar caps around magnetic poles on the neutron star sutfaaddition, X-ray pulsations were
identified and especially a single broad pulse per rotatipaaod.

The most precise (1/1s) and latest timing solution for this pulsar was presenieHdtan
et al. (2006), achieved from 3 yrs of Parkes observations.mbasured composite proper mo-
tion (59t masl/yr) differ from the same measurement of Toscano et @94) (8H-4 mas/yr),
but is also made with much more TOAs and better rms timingdtedi Finally the paral-
lax of 1.9-0.8 mas is measured for the first time which is consistent thighShklovskii limit
(Shklovskii 1970) and constrains the distance to the system

PSR J10240719 has been observed with Effelsberg from 1999. Howesgular monthly
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observations at 1.4 and 2.7 GHz have been performed only 2@06. This pulsars compli-
cated, multicomponent mean profile contains sharp0 s wide features (Figure 4.15, taken
from the EPN) that allow TOAs to be precisely determined. eAftalibrating the data and
updating the solar system ephemeris we had an improvemembia than two orders of mag-
nitude. This is mostly because in the previous solutionéwe™fumps” that were missing were
affecting the fit much more, since it was consisting of onlgw flata points. After aligning the
individual scan of the sessions we managed to reduce thdiposs by a factor of three, due
to the vast increase in TOAs from previous non-detectiomnsally the 37 "aligned” TOAs we
use are at two frequencies, producing an rms of 48.4t is worth noticing that using only the
1.4 GHz data, after fixing the DM value from the multi-frequaefit, we reach an rms of 2.
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Figure 4.15 The integrated profile of PSR J1024-0719 at 1.4 GHz taken from the EPN.

By fitting the ~3 years of multi-frequency TOAs we get the post-fit residwalsus time
presented in Figure 4.16. All the toas were analysed by t@mipoTable 4.7 all the improved
astrometric and spin parameters produced by tempo2 arenteels The uncertainties of the
TOAs are scaled by a factor of 2.5 at 1.4 GHz and 2 at 2.7 GHzh®ae the lowest possible
uniform reducedy?. As presented, even with the few points we have we manage@asume
parameters consistent with the ones from Hotan et al. (200 only value we do not obtain
from our fit is the parallax, which was taken from the aforetitared paper.

It is quite clear that we do not have enough data points yédt mitelsberg to reach accu-
racies in our measurements comparable with the publishesl. dfiowever, if we combine our
data set with the rest of the EPTA ones this situation cangdanamatically. Proper motions
and parallax, which need time coverage through the yedrpeibbtained easily and long-term
multi-frequency TOAs will help us acquire a better DM estiioa. As a result, the overall
timing accuracy of PSR J1020€719 can reach the;is or get even lower, making this source
a perfect candidate for the EPTA searches.
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Figure 4.16 The post-fit residuals inus versus time in years for PSR J10240719, as produced by tempo2.
With green are the 1.4 GHz TOAs and with blue the 2.7 GHz.

Table 4.7. The spin and astrometric parameters of PSR J10240719.

Parameters Effelsberg

a (J2000) 10:24:38.68816(4)
0 (J2000) -07:19:19.1664(10)
v(s™) 193.7156835687373(12)
v (s7?) -6.9509x 10716(4)
PEPOCH (MJD) 53000.000152819
POSEPOCH (MJD) 53000.000152819
DMEPOCH (MJD) 53000

DM (cm~3 pc) 6.425(17)

e, (Maslyr) -33.8(6)

s (maslyr) -51(1)

7w (mas) 1.9

No of TOAs 37

Post-fit rms [iS) 12.4

@: The value was taken from Hotan et al. (2006).
Figures in parentheses are the nomiraTEMPO2 uncertainties in the list-significant digits quoted

4.8 PSR J1518+4904

PSR J1518+4904 is a 40.9 ms pulsar in a 8.6 day moderatelyteicagrbit (Nice et al. 1996).

It was discovered in the Green Bank Northern Sky Survey (Setyal. 1997) and is the one of
the 9 double neutron star systems known. Nice et al. (1996skmg 1.4 yrs of measured pulse
arrival times derived high-precision parameters for thisgmuand the system. Among those
they report an upper limit for th® < 4 x 10-2°, which gives a lower limit for the characteristic
ager > 1.6 x 10'%yrs. Of significance is also the measurement of the preaessibe orbit of

w = 0.0111 £ 0.0002 yr—*, which provides a total system mass of 26207 M,,. Finally from
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the derived distance of 700 pc and an upper limit for the prapsion of 30 mas/yr they obtain
an upper limit for the space velocity of 100 km/s.

Janssen et al (2008) with 10 years of timing data by the Eampulsar Timing Array
network using Westerbork, Jodrell Bank, Effelsberg and ¢dsiradiotelescopes at 5 differ-
ent frequencies added to the original GBT data, presentstds accurate timing analysis for
the NS-NS system up to date (6 rms). They describe the techniques of using data from
multiple telescopes for pulsar timing and they clearly shibesadvantages (e.g. longer time
span and multiple frequencies). They report a significarasueement of the proper motion
of the system of.,=-0.67(4) andus=-8.53(4) mas/yr. This provides the total proper motion of
1=8.55(7) mas/yr which in combination with the DM distanceéa6 pc corresponds to a trans-
verse velocity of;=25(4) km/s. Equally important is the precise measuremigiiegperiastron
advance of the orbit @§=0.0113725(19) deg/yr which results in, when compared thighmass
function, the most precise value of the total mass of theesysif 2.7183(7) M. Finally by
also combining the absence of the Shapiro delay detechew,gdrovide an upper limit for the
inclination angle of 47 degrees.

The work of Janssen et al. (2008) is one of the first exampldbettapabilities of the
EPTA. Our main purpose is to improve the Effelsberg datasesSR J1518+4909 for future
uses, especially the new 2.7 GHz ones (that were not usechgsda et al. (2008)). In the
aforementioned work only a part of the 1.4 GHz dataset was (ike best which is after 2002),
to achieve better accuracy. This is another of the many ddgas of using multiple data-sets.

PSR J1518+4904 has been observed with Effelsberg from 198#, 1999 only at 1.4 GHz,
until 2006 at 1.4 GHz and 800 MHz and from 2005 at 1.4 and 2.7.GHe profile of this pulsar
is presented in Figure 4.17 (taken from the EPN). After catibg the data and updating the
solar system ephemeris we had an improvemenjsfaver the previous timing solution. The
"alignment” of the TOAs decreased the accuracy by a factawof This results from phase
drifting in many of the old data (until 2002), caused by arcmaate parameter file. Specifi-
cally, the measured drift is- 0.043 ns from pulse to pulse~ 3.8 us per minute). This is the
reason why Janssen et al. (2008) did not use the older Effgjsiatasets. Here we try to use ev-
erything, without the alignment. We use 809 "individual” A®at three frequencies producing
an rms of 19:s.

By fitting the ~10 years of multi-frequency TOAs form Effelsberg we get tbetgit resid-
uals versus time presented in Figure 4.18. All the toas weaiyaed by tempo2 with the binary
DD model. In Table 4.8 all the improved astrometric, spin hirgary parameters produced by
tempo2 are presented. The uncertainties of the TOAs aredsbsl a factor of 4.5 at all fre-
quencies (very high caused by the profile drifting) to achiawniform reduceg?=1. Most of
the parameters can be derived with the Effelsberg datasetgjuite good accuracy. However,
when comparing to the EPTA values (Janssen et al. 2008) ttezeatices are significant. All
the EPTA measurements have at least one order of magnittige becertainties. In, addition
PK values such as variation of the projected semi-majoraxi@nnot be obtained without the
full use of the EPTA TOAs.

PSR J1518+4904 is not an ideal case for use in the EPTA foitgtianal wave detections
because of its long rotational period. Nevertheless, bemgof the few NS-NS system ob-
served with such a high accuracy it is giving us the oppotyuioi measure and constrain PK
parameters, as done in Janssen et al. (2008). Furtheradaitlf OAs, new or old re-calibrated
ones and an increase of the S/N ratio, will improve our tindoguracy and lead to better results
and new measurements (i.e. of the orbital period deé¢yThis will enable us to test General
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Figure 4.17. The integrated profile of PSR J1518+4904 at 1.4 GHz taken frorthe EPN.
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Figure 4.18 The post-fit residuals in ;s versus time in years for PSR J1518+4904, as produced by teoth
With green are the 1.4 GHz TOAs, with red the 800 MHz and with bue the 2.7 GHz.

Relativity and constrain even more the masses of the twaoestars, getting one step closer
to the truth about the history of evolution of this system.

49 PSR J1623-2631

PSR J16232631 (B1620-26) is an 11 ms pulsar in a 191 day low eccentramibit with a
~0.3 M., white dwarf companion (Lyne et al. 1988; McKenna & Lyne 1988)vas discovered
(Lyne et al. 1988) with Lovell radio telescope in a searchpiaisars in globular clusters and the
first distance estimation was 2:R.8 kpc, using the observed value of DM=63tipc and the
Lyne et al. (1985) electron density distribution modelsithe second millisecond pulsar found
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Table 4.8 The spin and astrometric parameters of PSR J1518+4904.

Parameters Effelsberg

a (J2000) 15:18:16.79930(11)
0 (J2000) +49:04:34.2664(17)
v(s) 24.4289793825394(14)
v (s7?) -1.6251x10717(7)
PEPOCH (MJD) 50850.000119483
POSEPOCH (MJD) 50850.000119483
DMEPOCH (MJD) 50850

DM (cm~3 pc) 11.6208(11)

e (Maslyr) -1.82(19)

s (maslyr) -8.4(3)

P, (d) 8.634005094(7)
Ty (MJID) 50845.9876518(16)
x (It-s) 20.043954(4)

w (deg) 342.49169(7)

e 0.24948268(16)

w (deglyr) 0.011358(13)

No of TOAs 809

Post-fit rms [iS) 19

Figures in parentheses are the nomiralTEMPO2 uncertainties in the list-significant digits quoted

in a globular cluster, M4, and the first in a low-mass binarstesn. From the early timing it was
found that the data could not be well described by a simpldd€gm model (Thorsett 1991b).
It is now confirmed that there is a second companion (Backal €993) in a low eccentricity,
wide circumbinary orbit{35 AU) around the pulsar WD system, with a mass of 1;3Manet
or sub-stellar object) (Rasio 1994; Sigurdsson 1995; Amzanian et al. 1996; Joshi & Rasio
1997) and orbital period of the order of 100 yr (Thorsett e18P9).

The most precise timing analysis was presented by Thottsaitt@999) (postfit rms 34s)
where for the first time a significant measurement of the pysaper motion has been made
(1o=-11.6 mas/yr angis=-15.7 mas/yr) but is not in agreement with the cluster propetion
measured from optical observations,£-1.8+1.2 mas/yr andis;=-9.3+5 mas/yr) (Cudworth
& Hanson 1993). Another important measurement is a secuknge in the projected semi-
major axis of the inner binary, which actually confirms thipl& nature of the systemi(=
—6.7 x 10713),

Optical observations with HST and photometry on the Carfadace-Hawaii Telescope
(CFHT) of M4 by Richer et al. (2003), determined the positidthe WD to be coincident to the
pulsar within 0”.12-07.13 and revealed that the proper motion of the white dwarhpanion
of PSR J1623-2631 with respect to the cluster is about8191 mas/yr, value that is physically
acceptable.

PSR J1623 2631 has been observed at irregular intervals with Effe¢shel.4 GHz since
1999 and sometimes at 800 MHz (which were not used becausesgfmificant detection of the
pulse) and 2.7 GHz. Its not a very strong pulsar with a profileststing of three components
(Figure 4.19, taken from the EPN). After the usual calilmmatf the data and the updated solar
system ephemeris we "aligned” the individual scans of egession. Although the S/N ratio
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of all the profiles was improving as expected, the fit was f&illfrom optimal. The problem
was that apparently after a point the TOAs for the specificcwere being produced with a
different template. This fact was introducing inconsisies between the two datasets, resulting
in huge postfit rms values. Thus, we reproduced all the TOAs thie latest created template
finally using a total of 47 "aligned” TOAs (46 at 1.4 and 1 at @Hz), deriving an rms of
3.9us.
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Figure 4.19 The integrated profile of PSR J1623-2631 at 1.4 GHz taken from the EPN.

By fitting the ~8 years of Effelsberg TOAs we get the post-fit residuals \&etsue pre-
sented in Figure 4.20. All the toas were analysed by tempo®yuke DD binary model. In
Table 4.9 all the improved astrometric, spin and binary matars produced by tempo2 are pre-
sented. The uncertainties of the TOAs are scaled by a fatior at all frequencies to achieve a
uniform reduced(® ~ 1. By keeping the DM value fixed we measure all the parametetsng
values consistent with the ones from Thorsett et al. (198Bhough the frequency derivatives
are not measured in such a high accuracy (caused by the lankmf TOAS), all the orbital
parameters are. In addition, we manage for the first time t@ gegnificant (3) measurement
of the change in the orbital period of the system. Finallymwest mention that the post-fit rms
is reduced almost by an order of magnitude.

PSR J1623 2631 is the only triple system with a pulsar ever discoverHuls, complete
determination of its properties offers a unique opporguimtunderstanding creation and evolu-
tion of such systems. Currently, Effelsberg cannot proeiffieient timing data for a complete
accurate timing analysis. However, combination with tret of the EPTA ones would expand
our dataset, resulting in better estimations of the frequelerivatives and would also provide
multi-frequency data for proper DM corrections. Finallygiow rms of 3.9 could be improved
even more making the pulsar a part of the gravity wave deteetifort of the EPTA.

4.10 PSR J1640+2224

PSR J1640+2224 is a 3.2 ms pulsar (Foster et al. 1995) in egleigntricity 175 day orbit e
0.0008 Wolszczan et al. (2000)) with a low mass helium WD ¢dgren et al. 1996). It was
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Figure 4.20 The post-fit residuals in s versus time in years for PSR J16232631, as produced by tempo2.
With green are the 1.4 GHz TOAs and with blue the 2.7 GHz.

discovered by (Foster et al. 1995) in a high Galactic lagtedrvey conducted at 430 MHz with
the Arecibo radio telescope from 1990-1995.

The WD companion was observed in optical with the Palomambtdlescope by Lundgren
et al. (1996). From the inferred luminosity, the tempemfli=3703:300 K and the estimated
distance d=1.2 kpc from the dispersion measure and the T&y@ordes (1993) electron dis-
tribution model, the object was identified agat-1) x 10° yr old helium white dwarf. The age
is much smaller from the spin-down age of the pulsar. Fronsémee photometric analysis the
median mass of the HWD is estimated torhg=0.3 M,,.

Wolszczan et al. (2000) presented a timing analysis of coathArecibo and Effelsberg
data at 430 and 1400 MHz of PSR J1640+2224 reaching a bestsfitasidual of 8.@xs. The
proper motion was measured,£0.1, 15=13.3) for the first time. Since the kinematic effects
cause variable Doppler shifts of the pulsar period (Shikoi970) the kinematic correction
to the observed® was calculated to infer the intrinsic spin down rate of thispu Especially
in this case, that the spin down rate is exceptionally low,ittrinsic spin down rate should be
much lower than the observed one. The initial period estonaif P, >2.7 ms indicated very
little period evolution.

The most precise timing analysis of PSR J1640+2224 to dateate by Lohmer et al.
(2005) (rms 2:s). Using long period timing gap-less data of Arecibo an@&Efferg they show
that a Shapiro delay is detected to their TOAs. By estimadtieg and s of the Shapiro delay
they manage to restrict the companion mass t80.15 M., which is consistent with the optical
observations of Lundgren et al. (1996), and the orbitaliation of the system to 8¢ <88.

PSR J1640+2224 has been observed regularly with Effelstidrgt GHz since 1997 and in
at least two frequencies from 1999 (irregularly at 800 MHd &nom 2006 regular at 2.7 GHz).
Its a very strong pulsar with a profile consisting of 1 narramponent, making it easy to
time in high accuracy (Figure 4.21, taken from the EPN). Afite usual calibration of the data
and the updated solar system ephemeris which improved aitfipoms almost an order of
magnitude, we "aligned” the individual scans. In total wedi459 aligned” TOAs to derive an
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Table 4.9 The spin and astrometric parameters of PSR J16232631.

Parameters Effelsberg

« (J2000) 16:23:38.21502(10)
9 (J2000) -26:31:53.747(7)
v(s) 90.28733054(3)

v (s7?) -4.8x1071°(4)

v (s73) 1.7x10723(5)

v (s7) -3.3x107%2(34)

v (s79) 3.7x107%9(19)

) (s79) -1.5x1078(6)

PEPOCH (MJD)
POSEPOCH (MJD)
DMEPOCH (MJD)
DM (cm~3 pc)

e (Maslyr)

ps (Masyr)

P, (d)

To (MJD)

X (It-s)

w (deg)

e

B,

T

No of TOAs
Post-fit rms [iS)

48725.000086535
48725.000086535
48725
553.31882573795
-12.1(8)
-20(5)
191.442836(3)
48728.26204(5)
64.809452(12)
117.12840(9)
0.02531546(4)
-2.0x107°(6)
-5.8x10-13(4)
47
3.9

Figures in parentheses are the nomiralTEMPO2 uncertainties in the list-significant digits quoted

rms of 1.7us, a somewhat better than that one achieved by Lohmer 0815§.

By fitting all these 10 years of multi-frequency TOAs we ged fiost-fit residuals versus
time presented in Figure 4.22. All the toas were analysedimypb?2 using the DD binary model.
In Table 4.10 all the improved astrometric, spin and binasameters produced by tempo2 are
presented. The uncertainties of the TOAs are scaled by arfattl.55 at all frequencies to
achieve a uniform reduceg? ~ 1. As presented, we measure all the fitted parameters with
high accuracy. Everything is consistent with the valuestdfroer et al. (2005) and almost at the
same uncertainty level. When checking for the Shapiro dedpgrted previously, as described
in section 4.2, we detect for our measured mass functipn= (m,siné)?/(m, + m.)? =
(797479.4312 + 0.4484) x 1078 and by settingn. = 0.15 M4, a minimum of they? when the
sin 7 was getting the value 0.85 (Figure 4.23), which implies atimation angle ot 60°, a bit
lower the previously estimated lower limit.

The combination of the EPTA with the Arecibo and Effelsbeejadcould immediately
provide better estimation errors of the companion masslanadtlination angle of the system.
This would provide more information about the evolution loé tow and intermediate mass
binary systems. In addition, a possible measurement ohan®K parameter (apart from the
range and shape of the Shapiro delay) would set the grourestagéneral relativity. Finally,
PSR J1640+2224 is also likely to become a valuable membdreoEPTA sample to detect
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Figure 4.21 The integrated profile of PSR J1640+2224 at 1.4 GHz taken frorthe EPN.
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Figure 4.2Z The post-fit residuals in us versus time in years for PSR J1640+2224, as produced by teoth
With green are the 1.4 GHz TOAs, with red the 800 MHz and with bue the 2.7 GHz.

the low-frequency background of gravitational radiatisimce it is one of the most accurately
timed pulsars.

4.11 PSR J1643-1224

PSR J1643 1224 is the second most luminous millisecond pulsar afté& B$937+21, with
4.622 ms period in aroughly circular orbit with period of Xd&¥s around a low mass.0.13 M.)
companion (possibly white dwarf). It was discovered in 1804 survey of the Southern Hemi-
sphere with the Parkes radio telescope by Lorimer et al.54p8at Galactic longitude b=5.67
and latitude 1=21.22 degrees. The DM=62.4 pcéniLorimer et al. 1995b) together with
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Table 4.1Q The spin and astrometric parameters of PSR J1640+2224.

Parameters Effelsberg

a (J2000) 16:40:16.743547(11)
9 (J2000) +22:24:08.9454(3)
v(s) 316.1239794121206(16)
v (s72) -2.81521x10-16(14)
PEPOCH (MJD) 51700.000132662
POSEPOCH (MJD) 51700.000132662
DMEPOCH (MJD) 51700

DM (cm~3 pc) 18.4292(8)

e, (Maslyr) 2.01(4)

s (maslyr) -11.47(6)

P, (d) 175.46066457(3)
Ty (MJID) 51626.1804(3)

x (It-s) 55.3297238(3)

w (deg) 50.7343(6)

e 0.000797258(11)
No of TOAs 159

Post-fit rms [iS) 1.7

Figures in parentheses are the nomiralTEMPO2 uncertainties in the list-significant digits quoted

PSR J1640+2224 (for Mc=0.1496)
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Figure 4.23 The curve represents they? values for fixedm.. = 0.15 M, where the most probable (minimum
x?) inclination value is for sini=0.85.

the Taylor & Cordes (1993) electron density model resulta gistance estimate of 0.49 kpc
(Toscano et al. 1999b). Bell et al. (1997) using Jodrell Bdatia observed variations of the DM
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of PSR J1643 1224 equal td)1/=0.0010.

Toscano et al. (1999b) present the most accurate timingsieaf PSR J16431224 using
TOAs from Parkes, managing to measure its proper motiont&@as/yr and the velocity of
159 km/s. They also deduced a magnetic field strength2o2x10° G and a characteristic age
of ~7.5Gyr.

Maitia et al. (2003) report the detection of an extreme scay) event (ESE) in the direction
of PSR J1643 1224 with the use of the Nancay radiotelescope. Its duratias 3 years, from
1996 to 1999, and it is the longest ESE ever recorded. Oneaxplanations, from the models
they applied for the scattering screen to their radio lighitze, is a fully ionised cloud crossing
the line of sight. Its transverse size is 56 AU (much bigget the typical ones-1 AU) and it
has extremely short lifetime (29 yr).

PSR J1643 1224 has been observed with Effelsberg regularly from 19974GHz and
from 2007 also at 2.7 GHz and irregularly at 800 MHz from 19@®a very strong pulsar with
a profile consisting of 1 narrow component, making it easyirtetin high accuracy (Figure
4.24, taken from the EPN). After the usual calibration of dla¢éa and the updated solar system
ephemeris which improved our post-fit rms by almost 7 times, aligned” the individual
scans. In total we used 95 aligned” TOAs from 1999 to derivenaof 4.s, ~2 us better than
the one achieved by Toscano et al. (1999b).
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Figure 4.24 The integrated profile of PSR J1643-1224 at 1.4 GHz taken from the EPN.

By fitting our 10 years of TOAs we get the post-fit residualsusrtime presented in Figure
4.25. All the toas were analysed by tempo2 using the DD bimaogel. In Table 4.11 all
the improved astrometric, spin and binary parameters mexdiby tempo?2 are presented. The
uncertainties of the TOAs are scaled by a factor of 1.9 at H4 éd 1.6 at 800 and 2700 MHz
to achieve a uniform reduced =~ 1. As shown, we measure all the fitted parameters with high
accuracy. Everything is consistent with the values of Tonecat al. (1999b) and in addition all
the uncertainties are now by an order of magnitude bettexdtfition we managed for the first
time to get a measurement of the timing paraltax= 2.4 + 1.0 mas, which although is not
yet significant enough it provides a distance estimation- of16 pc, consistent with the DM
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distance. Finally, for the first time we obtain a value for thange of the projected semi-major
axis ofi = (=5.2 £ 0.5) x 1071,

1643-12 (rms = 4.010 ps) post—fit
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Figure 4.25 The post-fit residuals inus versus time in years for PSR J16431224, as produced by tempo2.
With green are the 1.4 GHz TOAs, with red the 800 MHz and with bue the 2.7 GHz.

Table 4.11 The spin and astrometric parameters of PSR J16431224.

Parameters Effelsberg

a (J2000) 16:43:38.15637(6)
0 (J2000) -12:24:58.717(4)
v(s) 216.373337494510(6)
v (s7?) -8.6424x10716(3)
PEPOCH (MJD) 50288.000110769
POSEPOCH (MJD) 50288.000110769
DMEPOCH (MJD) 50288

DM (cm~3 pc) 62.4175(14)

e (Maslyr) 5.90(11)

s (maslyr) 3.6(6)

P, (d) 147.01739768(7)
Ty (MJID) 50313.0597(19)

x (It-s) 25.0726009(6)

w (deg) 321.859(5)

e 0.00050572(5)

T -5.2(5)x 1014

No of TOAs 95

Post-fit rms [iS) 4.0

Figures in parentheses are the nomiraTEMPO2 uncertainties in the list-significant digits quoted

In the case of PSR J1643224, combination of the multi-frequency EPTA TOAs is ofajre
importance, in order to be able to constantly monitor andehtite DM and its variations. Just
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to remind that DM monitoring has to be done for all the PTA sesrto avoid extra noise
factors in our data. In addition, we might be able to get aifant value for the parallax
and the distance to the pulsar. Finally, the measuremei(aifter identifying the contribution

from the proper motion and from the actual shrinkage of th®tpm combination with the

proper motion in right ascension and declination can leambtwstrains of the inclination angle
(equation (4.2)) of the system and hence the mass of the coarpa

4.12 PSR J1744-1134

PSR J17441134 is a solitary pulsar with a spin period of 4 ms, charéastierage>7 Gyr and
magnetic field strengtk:1.9x 10° Gauss (Bailes et al. 1997). It was discovered in the Parkes
436 MHz survey of the southern sky (Bailes et al. 1997) andatsow pulse profile make it an
ideal source for precision timing.

Toscano et al. (1999a,b) reach an rms of 300 ns and measym®tiex motion and a parallax
of 2.8+0.34 mas for the pulsar. The distance of 357 pc derived frenp#nallax measurement is
much bigger than the 166 pc from the DM=3.14cnand the Taylor & Cordes (1993) Galactic
electron density model. The improved distance measureieldas a mean electron density
in the path to the pulsar of. = (8.8 + 0.9) x 1073 cm~3 and a pulsar X-ray luminosity of
Ly <1x10¥d?ergs.

The most recent timing solution for PSR J1744134 was presented by Hotan et al. (2006),
achieved from 3 yrs of Parkes observations. This measumuepmotions 4,=19.6 andus=-

7 maslyr) differ from those of Toscano et al. (19990)%18.72 and.s;=-9.5 mas/yr) (about3

in both coordinates). Also their parallax measurement #0.4 mas is smaller than the one
published by Toscano et al. (1999b) (withim)2and effectively the derived distance of 470 pc
is larger. Important to notice is the detection of an appaiary period timing noise with an
amplitude of~ 2us, which may deteriorate the extremely high timing precibthe pulsar.

PSR J1744 1134 has been observed regularly with Effelsberg from 19984GHz and
from 2007 also at 2.7 GHz and irregularly at 800 MHz from 199& a strong pulsar with
a profile consisting of 1 very narrow component, making itid® time with high precision
(Figure 4.26, taken from the EPN). After the usual calilmatf the data and the updated solar
system ephemeris which doubled our timing accuracy, wefiakl” the individual scans. In
total we used 85 aligned” TOAs from 1999 to derive an rms of itd,8almost twice the value
of Hotan et al. (2006), but with three times longer time span.

By fitting our 10 years of TOAs we get the post-fit residualsusrtime presented in Figure
4.27. All the TOAs were analysed by tempo2. In Table 4.11halimproved astrometric and
spin parameters produced by tempo2 are presented. Theainties of the TOAs are scaled
by a factor of 1.8 at 1.4 GHz and 800 MHz and 1.4 at 2.7 GHz toesgha uniform reduced
x? ~ 1. As shown, we measure all the fitted parameters with highracguWhen we compare
our values, such as the proper motion and parallax, with teequsly published ones we are
more consistent with the ones from Toscano et al. (1999a)hanavith Hotan et al. (2006).
In addition, our error uncertainties are better by an ordamagnitude from the previously
published ones. Since, we are also using much longer tinte spaOAs, we are confident
that our measurements are the best at the moment. We finailye detotal proper motion of
iy = 21.02 £ 0.03 mas/yr and a parallax distancedf 373 + 63 pc.

It is clear that this extremely close millisecond pulsar bantimed with nanosecond ac-
curacy. It is an ideal candidate already for the EPTA gr&waiteal wave search and in the top
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Figure 4.26 The integrated profile of PSR J1744-1134 at 1.4 GHz taken from the EPN.
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Figure 4.27. The post-fit residuals inus versus time in years for PSR J17441134, as produced by tempo2.
With green are the 1.4 GHz TOAs, with red the 800 MHz and with bue the 2.7 GHz.

five pulsars we regularly time. At the moment the EPTA is wogkin improving its timing
solution even further by combining the data from all thesetgpes (Desvignes et al. in prep.).
It is important to mention that in the current analysis weedttd for the first time traces of
DM variations of the order of14 + 8) x 1075cm™ pc yr-!'. Use of all the telescopes multi-
frequency data will allow us to monitor this variations munbre efficiently and enable us to
model and correct them in our timing solution.
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Table 4.12 The spin and astrometric parameters of PSR J17441134.

Parameters Effelsberg

a (J2000) 17:44:29.391592(6)
0 (J2000) -11:34:54.5762(5)
v(s1) 245.4261199021225(10)
v (s 2) -5.38180<10715(5)
PEPOCH (MJD) 50434.000113033
POSEPOCH (MJD) 50434.000113033
DMEPOCH (MJD) 50434

DM (cm~3 pc) 3.1364(3)

e, (Maslyr) 18.842(13)

s (maslyr) -9.33(7)

7 (mas) 2.68(17)

No of TOAs 85

Post-fit rms [iS) 0.62

Figures in parentheses are the nomiralTEMPO2 uncertainties in the list-significant digits quoted

4.13 PSR J2051-0827

PSR J2051 0827 is an eclipsing millisecond pulsar system discoveBeapers et al. 1996) as
part of Parkes survey of the southern sky for low-luminaoaitgl millisecond pulsars. The pulsar
has a period of 4.5 ms and is in a very compact circular orlit@3 R, and period of =2.38 h,
with a companion of mass 0.03 M. From the low frequency part of the observations Stappers
et al. (1996) showed that the eclipse duration is 10% of tihé&adrperiod, while at the high
frequencies{1.4 GHz) there were no visible eclipses. The small dispardeerived distance
(Taylor & Cordes 1993) to the pulsat,= 1.3kpc, indicates that there might be a significant
contribution to the measured value Bffrom the Shklovskii effect (Shklovskii 1970). Thus,
their estimates of the magnetic field strength x 10® G and the characteristic agex 10° yr
may not be very accurate.

Stappers et al. (1998) perform the first high precision tgranalysis of PSR J20510827
with 3.3 years of Parkes TOAs at 5 frequencies. They measdeer@ase in the orbital period
at a rate ofP, = (—11 + 1) x 10~'2 which implies a decay time of the orbit of only 25 Myr,
much shorter than the expected timescale for the ablatidreafompanion. Another significant
measurement is that of the proper motion5ot 3 mas/yr which implies a slow transverse
velocity v, = 30 4= 20 km/s and a negligible contribution to the period deriva(i¥e x 10~22)
of just 3% of the measured one.

Optical detection of the companion to PSR J2068827 showed that a significant fraction
of the spin-down energy flux of the pulsar is heating the sarfaf the companion (Stappers
et al. 1996; Stappers et al. 1999). This, in combination wighobservation of eclipse material
well beyond the Roche lobe, suggests that PSR J208B27 is in the process of ablating its
companion.

Doroshenko et al. (2001) presented the most precise timatysis of PSR J20510827
using 6.5yr of radio timing measurements with the Effelgh®0m radio telescope and the
Lovell 76m dish at Jodrell Bank. Among the most important sugaments is the variation of
the projected semi-major axis of the pulsar at a rate ef d(a, sini)/dt = (—0.23 + 0.03) x
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1012, probably caused by the Newtonian spin-orbit coupling is Hinary system leading to
a precession of the orbital plane. They also confirmed theique value of the decrease of
the orbital period and they measured in addition second hind orbital period derivatives
dPZ/dt* = (2.1 4+0.3) x 1072°s7, dP?/dt* = (3.6 £ 0.6) x 10~ 52, Finally they give a
value for the radius of the companion Bf,,... ~ 0.06 R® which is about half the size of its
Roche lobe (*0.13 R,, its under-filling its Roche lobe by 50%)

PSR J2051-0827 has been observed with Effelsberg regdtarty1997 at 1.4 GHz, from
2006 also at 2.7 GHz and irregularly at 800 MHz from 1999 u2i06. After performing the
usual calibration of the data and updating the solar sysp@mrnaeris considerable drifting was
detected in the data. For that reason we did not carry outshal profile "alignment”. Instead,
for this source we finally used 528 "individual” Effelsber@As, but still a peculiar behaviour
was detected in the post-fit residuals. By fitting those 143/6ATOAs and analysing the toas
with tempo using the ELL1 binary model there was no improvetmethe rms (overall 49s)
which is inexplicable high for this pulsar. After closer @stigation we detected that this was
caused by extreme and strange periodical variations ofesiduals for most of our time-span
as shown in Figure 4.28 (the unexplained increase and deroédhe residuals). It was unclear
if this effect is caused by systematics in Effelsberg dataisrintrinsic to the source.

residual (us)
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\ \
i !
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—200
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Figure 4.28 The post-fit residuals inus versus number of TOA for PSR J2051-0827, as produced by tempo.
Clear big residual variations are present after TOA ~120.

Here the access to EPTA data becomes important. PSR 3282Y¥ has been observed
at Jodrell Bank from 1994 at 400, 600 and 1400 MHz. In addjtairWesterbork at 300 and
1400 MHz from 2007 and finally at Nancay from 2004 at 1400 Mi&linical information
about these observations can be found in Chapters 2 and B.i8\&till in progress (Lazaridis
et al. in prep.) to complete the analysis of all the EPTA datacOmbination also with old
Parkes data) and in the current section we will present dmdypreliminary analysis of the
1400 MHz ones. When plotting all the EPTA TOAs together we @pavith 4147 high quality
TOAs, 80% of which provided from Nancay radiotelescopevestigation of the the other
telescopes data revealed the same strange variations kdsideals, excluding the possibility
of systematic measurement errors in Effelsberg. The negt\wts to try to fit these variations
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with tempo properly. The model used so far, was fitting fortiimary parameters of (projected
semi-major axis) P, (orbital period) and their first derivatives without howeuaproving the
post-fit. After suspecting non-linear variation of thesegpaeters we had to turn to higher order
derivatives. For that reason we used the binary model BTXopdatfor non-linear frequency
variation which allows fitting of higher order orbital fregiucy, andx derivatives. Before start
fitting for the high-order derivatives we constructed, iderto inspect the variation of and

v, through time, a plot of them versus the MJD (as describeddtiae3.3.4). In Figure 4.29
the clearly non-linear variation of theandwv, is shown. Just by comparing the left and right
part of this picture we see that both can be described bettpobsibly 3rd order polynomial
fits (although the left is too noisy we can still distinguisiat it could be described better by a
polynomial fit). The second important fact is that the twoypamials would have an opposite
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Figure 4.29 (Left) The non-linear variation of x versus time. The early error bars are bigger due to the less
TOAs used. (Right) The non-linear variation of v, versus time.

sign. The reason we consider this, is because if those warsatvere arising just from the
emission of gravitational waves from the system we wouldeekfrom Keplers 3rd law to
have: )

x 2B 21

X N 3Pb N 31/1)' (43)
Although the opposite sign agrees with this prediction,dfiger of the polynomial does not.
Thus, we immediately have the first proof that the variatiarsthave more contributions, as
already discussed in Doroshenko et al. (2001).

We then ran tempo using the BTX model and fitted for higher iodeéeivatives of the afore-
mentioned parameters. We only achieved a reduced- 1 and make the TOA variations
disappear almost completely, after fitting for 4th and 5thitat frequency derivative and pro-
jected semi-major axis respectively. The pre and post-féllofhe 1.4 GHz EPTA TOAs are
shown in Figure 4.30, where we achieved an improved posnftof 11.1us.

As mentioned before, work and analysis is still in progrésseéridis et al. in prep.). The
fact that such high order of derivatives should be fitted carfre easily explained through
physical processes. Thus, deeper investigation has to de mabe certain about the exact
origin of the observed variations. The next step will be toigt PSR J20520827 performing
high precision timing with all the available EPTA (+old Pasi data.
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Figure 4.30 (Left) The pre-fit residuals versus time of PSR 20530827. From top to bottom are Nancay,
Effelsberg, Jodrell Bank and WSRT residuals. (Right) The pat-fit of the EPTA 1.4 GHz residuals versus
time.

4.14 PSR J2145-0750

PSR J21450750 is a binary millisecond pulsar with a period of 16.05 msircular orbit of
6.8 days with a low mass companion close to the ecliptic plattean ecliptic latitude of only
(£=5.3. It was discovered by Bailes et al. (1994) in a survey of thelsern sky with the Parkes
radio telescope. They also reported that the companionlégteua white dwarf with mass
me > 0.43Mg.

Lohmer et al. (2004) present the results from high prenisieasurements of PSR J2145/50
with the Effelsberg and Lovell radio telescopes. They refier measurement for the first time
of the parallax ofr=2.0(6) mas which gives a distance of 500 pc to the pulsars Value is
consistent with both the distance estimations from the DMlzined with the Taylor & Cordes
(1993) model (500 pc) and the NE2001 model (Cordes & Lazidl2(®70 pc). They also de-
rived a transverse velocity @f,=33 km/s, which is also consistent with scintillation vetms
of 31+25 km/s, obtained by Nicastro & Johnston (1995). The seceng important detection
was the secular change of the projected semi-major axigafrthiti=1.8(6)x 10~ Its/s which
is caused by the proper motion of the system. Using that meamant they give an upper limit
for the inclination anglé <61°. In addition the non-detection of a Shapiro delay is indga@n
limit for the companion mass of 0<7m,. <1.0 M. Finally by applying their measurement to
white dwarf cooling models they calculated an effectivegenature ofl. ;,/=5750:600 and a
cooling age ofr.,,=3.6(2) Gyr for the companion, values very close to the ormewed from
optical observations by Lundgren et al. (1996).

The latest high precision timing analysis for PSR J21@350 was made by Hotan et al.
(2006) with 3 years of data from the Parkes radio telescopethdir analysis they question
the previous parallax antlmeasurements. For the former they give an upper limit of @9 m
which implies a distance above 1.1 kpc and for the latter lmp#adg it and fitting for parallax
they get a result below zero, which is clearly false.

PSR J21450750 has been observed with Effelsberg regularly from 198%1(1997 with
EPOS) at 1.4 GHz, from 2006 also at 2.7 GHz and irregularlpatNdHz from 1999 until 2006.
Its a millisecond pulsar with a broad multi-component peofibnsisting of narrow features,
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making it easier to time in high accuracy (Figure 4.31, talkem the EPN). After performing
the usual calibration of the data and updating the solaesysphemeris, which almost doubled
our timing accuracy, we "aligned” the individual scans. tmdinately, we observed a decrease
in the accuracy, because of possible changes of features pfafile, since there was no drifting
detected in any of the data. We finally used 508 "individudDAs from 1997 to derive an rms
of 2.6s, two times worse than the value of Hotan et al. (2006), btit feur times longer time
span.
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Figure 4.31 The integrated profile of PSR J2145-0750 at 1.5 GHz taken from the EPN.

By fitting those 14 years of TOAs we get the post-fit residuassus time presented in
Figure 4.32. All the toas were analysed by tempo using thelBhibary model. At the time
of the analysis, a tempo2 software bug would not allow to fihe®f the needed parameters
in combination with the used binary model. In Table 4.13 lafl improved astrometric, spin
and binary parameters produced by tempo are presented. nbegtainties of the TOAs are
scaled by a factor of 1.8 at 1.4 GHz and 800 MHz and 1.5 at 2.7 (8Hxchieve a uniform
reducedy? ~ 1. As shown, we measure with high accuracy all the fitted pararseWhen we
compare our values with the previously published ones byhiet al. (2006) we are consistent
in most of them. In addition almost all our errors are smaltdeast by an order of magnitude.
Thus, we are confident about the quality of our data. Sindggstbeen a matter of debate, our
first concern was to check the measurements of the parall@ofathe secular change of the
projected semi-major axig:) of Lohmer et al. (2004). We acquire values for both of thémur
parallax measurement = 1.1 + 0.4 mas is significantly smaller (half) than the reported one
(Lohmer et al. 2004) and consistent within the error wité tlpper limit provided by Hotan
et al. (2006). From the parallax we derive a distance estimiat = 909 + 364 pc. Our results
for i = (1.540.3) x 10~'* is a bit smaller than the one from Lohmer et al. (2004), buststent
within the errors. Thus, we confirm the previous measuremardddition, we get a2 value
for DM variations. Finally, we manage for the first time to raege a change in the eccentricity
of the system oé = (—0.0019 £ 0.0006) x 10712, value that is following the upper limit given
by Lohmer et al. (2004).
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Figure 4.32 The post-fit residuals in us versus time in years for PSR J21450750, as produced by tempo.
With green are the 1.4 GHz TOAs, with red the 800 MHz and with blue the 2.7 GHz.

Table 4.13 The spin and astrometric parameters of PSR J21450750.

Parameters Effelsberg

A (degrees) 326.02465894(6)
[ (degrees) 5.3130746(6)
v(s1) 62.2958888452464(6)
v (s 2) -1.1558210715(2)
PEPOCH (MJD) 50800

DM (cm~3 pc) 8.984(1)

DM (cm~3 pclyr) 0.0002(1)

1y (Maslyr) -11.81(4)

ws (Maslyr) -6.5(3)

7w (mas) 1.1(4)

P, (d) 6.8389025094(2)
x (It-s) 10.1641043(6)
Tasc (MID) 50802.29811056(5)
n -0.00000691(5)

K -0.00001815(5)

i (ss) 1.5x10714(3)

No of TOAs 508

Post-fit rms [iS) 2.6

Figures in parentheses are the nomiraTEMPO2 uncertainties in the list-significant digits quoted

Since we think that the is arising from a change in the observed inclinaticsf the or-
bit (the relativistic and Doppler corrections are much derahan the measured value), better
constrains of this measurement and of the proper motionsdymovide tighter constrains to
the inclination angle. Thus, combination of the EPTA datald@asily provide such desirable
improvements. Furthermore, a tighter limit for the compannass can be derived providing
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more information about the nature of the WD companion. Bmak in most of the discussed
sources in this chapter, improvement of the timing accupassibly at the is level could be
achieved with EPTA data and constant monitoring of the DMatams.

4.15 Conclusions

We have presented preliminary results from the precisromty analysis of 14 millisecond pul-
sars using the re-calibrated Effelsberg datasets. We havasthat the application of these new
calibration techniques have improved significantly tharigraccuracy for almost all the cases.
For most of the pulsars we obtained a post-fit rms comparaldbghtly worse than the previ-
ously published values, while for six sources we achievetirgamovement (PSR J0218+4232,
PSR J0751+1807, PSR J1623631, PSR J1640+2224, PSR J164224, PSR J20510827).

In addition, we measured all the spin, astrometric and iparameters for these systems, to
be consistent with the published results and in many caspsoirad. Finally, for some cases
a PK parameter has been measured to be either consisterheplublished value or even for
the first time (e.g. PSR J061®200, PSR J0751+1807and PSR J162831).

We have shown that at least 11 of the analysed ms pulsars cgooldecandidates for the
EPTA efforts in detecting the stochastic background of ig@éienal radiation. With the new
calibration procedures we achieved a post-fit rms belous10r all these sources and below
5us for eight of them. Work is in progress for combination of tsasets from all the EPTA
telescopes for all of these sources, which will improve theent measurements and takes us
closer to the desired detection limit.
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5. Bursting Neutron Stars

What is now proved was once only imagined.
William Blake

In this chapter the work done on slowly rotating neutronssteitl be described. The major
part of the work, about the Anomalous X-ray Pulsar (AXP) 13897, will be presented in the
first section and can also be found in Lazaridis et al. (2008)he second section a summary
of Serylak et al. (2009) will be given, on the analysis of itegée pulse properties.

5.1 Radio spectrum of the AXP J1810-197 and of its profile com-
ponents

As part of a European Pulsar Network (EPN) multi-telescopgeoving campaign, we per-
formed simultaneous multi-frequency observations at 4.4,and 8.4 GHz during July 2006
and quasi-simultaneous multi-frequency observation® filecember 2006 until July 2007 at
2.7,4.9, 8.4, 14.6, 32 and 43 GHz, in order to obtain flux dgmaeasurements and spectral
features of the 5.5-sec radio-emitting magnetar AXP J388Y . We monitored the spectral
evolution of its pulse shape which consists of a main pulsB)(®hd an interpulse (IP). We
present the flux density spectrum of the average profile anldeo$eparate pulse components
of this first-known radio-emitting transient anomalous&pulsar. We observe a decrease of
the flux density by a factor of 10 within 8 months and follow tlisappearance of one of the
two main components. Although the spectrum is generallylatobserve large fluctuations of
the spectral index with time. For that reason we have made sneasurements of modulation
indices for individual pulses in order to also investigdie origin of these fluctuations.

5.1.1 Introduction

The AXP XTE J1816-197 was discovered by Ibrahim et al. (2004) in Rossi X-ray ifign
Explorer (RXTE) data of the source SGR 1808, taken in January 2003. With a period of
5.54 seconds and a period derivative .15 x 10! ss™!, a magnetic field of- 2.6 x 10'* Gauss
is implied. Although the previous observations clearlyniifged it as an AXP, the extreme
variation in the X-ray flux also classified it as the first trians AXP.

The detection of a radio source coincident with the positbAXP J1810-197 by Halpern
et al. (2005) raised the possibility that this was the firsligaemitting magnetar. This was
confirmed with the detection of strong, narrow and highlyialale radio pulses, with the same
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pulse period as determined at high-energies, by Camila é€@06). For a dispersion measure
of DM=178 + 5cm~3pc a distance of & 3.3kpc was also derived, using a model for the
Galactic free electron distribution Cordes & Lazio (200Rurthermore, timing measurements
of period andP and mass estimations excluded the possibility of a compatoidhe source.
Further observations have shown that the emissiovBi3-95 per cent polarised, mostly linear,
but with a significant degree of circular polarisation ataddserved frequencies (Kramer et al.
2007; Camilo et al. 2007c). One of the most remarkable featof the radio emission from
this source is its flat radio spectrum. Radio pulsars are albyroharacterised by the steepness
of their spectrum{ »~'®) (Kramer et al. 1999a; Maron et al. 2000; Lohmer et al. 2008)
which makes their detection at frequencies above 30 GHz diffigult. However, soon after
the discovery of its radio emission, it became clear that AX®10-197 had a surprisingly flat
radio spectrumS o %5 (Camilo et al. 2006, 2007b) and for a time became the brightes
neutron star at frequencies greater than about 40 GHz. gstammations in the pulsed intensity
and the profile phase were visible in the initial observai@amilo et al. 2007a), although it
also became evident that the average pulsed flux density @zasaking with time.

5.1.2 Observations

The simultaneous observations were made using the Effglsheiotelescope of the Max-
Planck Institute for Radioastronomy (MPIfR), Germany, tlovell radiotelescope at Jodrell
Bank observatory of the University of Manchester, UK and Westerbork Synthesis Ra-
dio Telescope (WSRT) in the Netherlands. The quasi-simatias observations were made
with the Effelsberg radiotelescope. In total there weremBuianeous multi-telescope multi-
frequency sessions during July 2006 and 10 quasi-simuteneulti-frequency between De-
cember 2006 and July 2007. For the latter sessions the nemefiabtor of the Effelsberg
telescope was used. The integration time for every sessperiled on the observing fre-
guency and the observational circumstances. In genegtjritte needed for 1.42, 2.64, 4.85
and 4.90 GHz was around 5-15min, for 8.35 GHz around 20 minfand4.6 and 32 GHz
around 25-40 min. Details of the observing sessions are suised in Tables 5.1 and 5.2.
The observing and calibration procedures for all the telpes were described in section 2.1.

5.1.3 Data analysis & results

Until August 2006, the integrated pulse profile of AXP J18197 consisted of two major fea-
tures with a separation ef 4 seconds 260°), as described in Kramer et al. (2007). Following
the same convention, we refer to them asrtten pulse(MP, right feature in Figure 5.3a) and
interpulse(IP, left feature in Figure 5.3a). The MP is the more compled wider of the two,
with a varying width of about 0.7 seconds (or 45 deg in pulsgiimde) while the IP is much
narrower with a width of typically 0.2 seconds (or 12 deg litende). In some cases, three or
more distinct sub-components were visible in the MP. ThekmP was not always visible and
was only strongly detected during parts of our observatiassndicated in Figure 5.2 where
we present the daily average flux densities of the two commisrees measured at 8.4 GHz as a
function of time. Timing analysis only with the Effelsbergservations, as described in section
2.2.2, to identify the remaining visible pulse feature (seg Figure 5.3b) is not capable of
producing any proper results. The reported parametef3, @?, position and DM were used
while during the fitting only the period and its derivativer@allowed to vary while the rest
held fixed. The failure of this timing effort is caused by theense phase changes of the source,
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Table 5.1 Summary of simultaneous observing sessions in July 2006.
Date Session Telescope Frequency BW
(GHz) (MH2z)

31/05/06 1 Lovell 1.42 32
WSRT 4.90 160
Effelsberg 8.35 1000
10/07/06 2 Lovell 1.42 32
Effelsberg 8.35 1000
17/07/06 3 Lovell 1.42 32
WSRT 4.90 160
Effelsberg 8.35 1000
21/07/06 4 Lovell 1.42 32
WSRT 4.90 160
22/07/06 5 Lovell 1.42 32
WSRT 4.90 160

Effelsberg 8.35 1000
Effelsberg 14.60 2000

23/07/06 6 Lovell 1.42 32
WSRT 4.90 160
26/07/06 7 Lovell 1.42 32
Effelsberg 4.85 500
WSRT 4.90 160

Effelsberg 8.35 1000
Effelsberg 14.60 2000

28/07/06 8 Lovell 1.42 32
Effelsberg 4.85 500
WSRT 4.90 160

Effelsberg 8.35 1000
Effelsberg 14.60 2000

as can be seen in the post-fit in Figure 5.1. All the points ifoyeare at 8.35GHz and all
the ones in green are at 14.6 GHz. In the July sessions bothpbiRt$ at zero phase) and IP
(points at 0.3 phase) are visible, but we cannot say wittacwgyt if the features appearing later
are the MP or the IP. Finally, the identification of the renagnvisible pulse feature with the
MP is possible due to timing information obtained from reguhonitoring observations with
the Lovell telescope at the Jodrell Bank observatory (Lytred.@n preparation). It is important
to mention that phase changes of 20 per cent in the timestalday are not possible to emerge
from effects intrinsic to the source. The difference of thenslown luminosity between the two
days, if a spin up (or down) of the magnetar was happeningldleAE = 2.8 x 10*3 erg s,
whereF = 3.93 x 10*'ergsec! (P/107'9)(P/sed~* and we assumed a change of 1.14 sec
in the period of the magnetar (0.2 of the phase). This is angtlont that the variations are
emerging from magnetospheric effects (twisted magnetrgpthook at the discussion). After
the disappearance of the IP in summer 2006, both MP and IPvigbde again simultaneously
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Table 5.2 Summary of quasi-simultaneous observing sessions from Dember 2006 to July 2007.
Date Session Telescope Frequency BW
(GH2z) (MHz)

09/12/06 1 Effelsberg 2.64 100
4.85 500
8.35 1000
14.60 2000
26/12/06 2 Effelsberg 2.64 100
4.85 500
8.35 1000
14.60 2000
04/02/07 3 Effelsberg 2.64 100
4.85 500
8.35 1000
14.60 2000
06/02/07 4 Effelsberg 4.85 500
32.00 2000
12/02/07 5 Effelsberg 4.85 500
14.60 2000
17/02/07 6 Effelsberg 4.85 500
8.35 1000
14.60 2000
32.00 2000
18/02/07 7 Effelsberg 4.85 500
8.35 1000
14.60 2000
32.00 2000
26/03/07 8 Effelsberg 4.85 500
14.60 2000
32.00 2000
05/05/07 9 Effelsberg 4.85 500
8.35 1000
32.00 2000
06/07/07 10 Effelsberg 4.85 500
8.35 1000
14.60 2000

only during one short session in May 2007. The IP remains tectid since.

Overall, the flux density of the source has significantly dased since its first detection
at radio frequencies (see Figure 5.2), which is consistétht thve earlier findings by Camilo
et al. (2007a). It was also not detected in an combined effdrt Effelsberg and Nancay ra-
diotelescope in March 2009. Due to differences in the fragueange of the simultaneous and
guasi-simultaneous observations we discuss furthertseisam these campaigns separately.
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Figure 5.1: The extreme phase changes of AXP J181A97from the Effelsberg timing solution. The red
points are at 8.35 GHz and the green at 14.6 GHz.
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Figure 5.2 The average flux density for each observing session as measdrat 8.35 GHz for the main pulse
and the interpulse (when detected).

Simultaneous observations

The flux densities measured during the simultaneous olisemgaand the spectral indices de-
rived from power law fits,§ o« v“) to these data, are listed in Table 5.3 and are shown in FSgure
5.4 and 5.5. For each observation we summed all individuaksuo obtain an integrated total
power profile that was flux calibrated. The Jodrell and WSR& deere average profiles in EPN
format without explicit error information. In these casess icustomary to use an error of 10%
as a conservative estimate (Kramer private communicatiéor) Effelsberg measurements we
used the normal calibration errors caused by the systers.nioisddition to our flux densities,
we also utilise published flux densities measured at 1.424a8&Hz with the VLA (Camilo

et al. 2007b) and at 1.4 and 4.8 GHz at the Mount Pleasant\aisey (Hotan et al. 2007) (see
Fig. 5.4). Our flux densities observed for the MP at similanays for these frequencies are
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Figure 5.3. Phase aligned integrated profiles of AXP J1816197in 2006 July (left), 2006 December (middle)
and 2007 May (right). The source becomes significantly weakevhile the IP eventually disappears. Only

in 2007 May, both the MP and the IP are visible again. Note thatach shown profile contains the signal of
the calibrating noise diode which was switched on synchrongly with the pulse period for the first 50 phase

bins.

in good agreement with these values. This indicates thagffieet of interstellar scintillation
may be small for the large observing bandwidths employetiweuwill discuss the possible
impact of the interstellar medium on our results in more ititer. Overall, a large decrease
in the signal strength with time is observed. At the same tithe spectrum is generally flat
with an average spectral index @f= —0.31 + 0.06 for the MP andv = —0.41 + 0.21 for the
IP (see Figure 5.4 and 5.5), consistent with results by Gaatill. (2006, 2007b). However,
around MJD 53938 (2007 July 22) we observe a strong timehifitiawith the spectrum being
initially steep and then flattening day by day for both MP aRd |

Quasi-Simultaneous observations

All quasi-simultaneous observations were performed witflel&erg alone. The short time
needed to switch between the different receivers {t.80 — 60s between secondary focus re-
ceivers, and- 2 — 4min between secondary and primary receivers) made it pedsilobserve
at a wide range of frequencies in a single observing sessitre. longest multi-wavelength
observing session (without counting the calibration scah&XP J1810-197 was about four
hours, during which frequency bands were repeatedly cyioledder to detect any short-term
variability. Using these data, we not only studied the lagrgt variability of AXP J1816-197,
but also the medium-term intra-day flux density fluctuatiaasvell as the modulation of indi-
vidual pulses during the sessions. An example of such measants is shown in Figure 5.6
where we present the flux density as measured repeatedI$aG#z over two consecutive
days. The observed variation is consistent with a constartdénsity over this period. The
results of all our quasi-simultaneous observations arensansed in Table 5.5.

The average flux density values were then used to determengpibctra and their indices.
This was done for each session and the results are showrurefg/. The results are consistent
with and extend those of the simultaneous measurements. nd/adiain that the spectrum is
generally flat with a mean spectral indexof= 0.004+0.09 but it is also variable on a day-to-day
basis with significant variations around its mean valuesTéreflected also by the variation of
the flux densities measured at 8.35 GHz and above which afpsametimes follow a common
pattern that is anti-correlated with changes seen belowfithquency. There is an indication
of a general increase of over the 210 days covered by our observations, starting iwiial
values aroundr ~ —0.2 and reachingv ~ 1.2 near the end of the observing period.
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Table 5.3 Summary of flux densities and spectral indices for the main plse.
Date Frequency S Q@
(GH2z2) (mJy)

31/05/06 142 823+082 +0.01+0.11
4.90 9.73+£0.97
8.35 8.03 £ 0.01

10/07/06 142  6.90+0.69 —0.27+0.06
8.35 4.28 £0.03

17/07/06 142 6.06£0.61 —0.64+0.14
4.90 2.27+£0.23
8.35 2.05£0.03

21/07/06 142 214+£0.21 —-0.3340.11
4.90 1.424+0.14

22/07/06 142 259+0.26 —0.79+0.30
8.35 1.04 £0.03
14.60  0.33+£0.03

23/07/06 142 324+£032 —-0.55+0.11
4.90 1.61 +£0.16

26/07/06 142 0.99£0.10 —0.03+£0.11
4.85 1.40 £0.03
4.90 0.86 = 0.09
8.35 1.15£0.03
14.60 1.06 £0.04

28/07/06 142 1.32+0.13 +0.15+0.28
4.85 1.66 £ 0.03
4.90 0.65 = 0.06
8.35 1.92 £ 0.07
14.60 1.70 £ 0.04

Modulation indices

In order to characterise the observed flux density variataord to obtain reliable estimates for
the measurement uncertainties, we also studied the maxtutstthesingle pulsdlux densities
(see e.g. Kramer et al. (2003)). We can use these resultd@bsstimate the impact of the
interstellar medium on our measurements, following sinstadies such as that conducted for
pulsars by Malofeev et al. (1996) at very similar frequesgcie. 4.75 GHz and 10.55 GHz.

We concentrate on the flux densities measured at 4.85 GHzAa6&Hz during our quasi-
simultaneous sessions. The flux densities at these fremsanere measured in every session,
often at the beginning and the end of a session, providinghaadg sampled data set that gives
a good representation of the behaviour between widely sifaequencies.

In Figure 5.8 the variability of the normalised flux densifysongle pulses of AXP J1810-
197 is presented for one day at 4.85 and 14.6 GHz, where we @higwalues with S/N above
4 0. As a comparison, we also studied data for our referenceced®@®R B1929+10 to rule
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Table 5.4 Summary of flux densities and spectral indices for the interplse.
Date Frequency Sm @
(GH2z2) (mJy)

10/07/06 8.35 0.86£0.02 -

17/07/06 142 0.13+£0.01 +1.12+£0.33
4.90 0.83 £ 0.08
8.35 0.86 = 0.02

21/07/06 490 0.44+0.04 -

22/07/06 490 0.58+0.06 —1.61+0.08
8.35 0.27 +0.02
14.60  0.10+£0.04

23/07/06 490 0.58 +£0.06 -

26/07/06 485 0814+0.02 —-1.29+0.26
8.35 0.51 £0.02
14.60 0.19£0.03

28/07/06 1.42 0.49+0.05 +0.15+£0.28
4.85 0.42 £0.02
4.90 0.28 +0.03
8.35 0.85 4+ 0.04
14.60  0.58£0.03

out systematic effects, impact of weather, or instabdiiie the receivers chain. We find, as
expected, only minor variations in the flux density of thidhkeown pulsar at high frequencies,
in line with the findings of Malofeev et al. (1996).

For each session, we calculated the pulse-to-pulse mamtuiatiexmn according ton? =
“522755)% = 0%/ < S >?% (e.g. Kramer et al. 2003), whefeis the measured flux densit{s)
its mean value andyg its standard deviation. We present the results in Figure AsQalready
expected from the discussion in Kramer et al. (2007) andistarg with early observations of
AXP J181G-197 by Camilo et al. (2006), the pulses are very highly maedland variable
for both frequencies. For the densely covered period of @moeind epoch MJD 54150 (04
February-26 March 2007) the data occasionally suggest avimlr that is anti-correlated be-
tween 4.85 GHz and 14.6 GHz. Overall, the higher frequenoyshyreater modulation, but
it is possible that weaker single pulses are more difficull¢tect at these frequencies. De-
spite the large modulation of the single pulses, averagugy sufficient time as done for all
our observations essentially removes the variation forvargmeasurement, leading to rela-
tive uncertainties irt' of the orderm/+/n wheren is the number of averaged pulses. This is
consistent with our estimated flux density errors and comiittoy the repeatability of our flux
density measurements over consecutive days (see FigyreV8ettherefore expect the impact
of slow-varying effects caused by refractive scintillatio be more important, as will be shown
in the discussion below.
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Figure 5.4: (Top) Flux density and its variability as measured at variows frequencies as a function of time.
We also added data measured by Hotan et al. (2007) at 1.4 and845Hz (shown as crosses and stars, re-
spectively) and Camilo et al. (2007c) at 1.42 and 4.8 GHz (sha as bars and exes, respectively). (Bottom)
(Left) Flux density spectrum of the MP as determined during aur simultaneous observations. For plotting
purposes the flux densities of each day were multiplied by a fferent factor to distinguish the dates more
clearly. (Right) Derived spectral indices of the MP as a funtion of time. The average value is determined
a = —0.31 4+ 0.06. In comparison, we show spectral indices derived by Camiloteal. (2007c) from VLA

measurements as triangles.

5.1.4 Discussion

Our monitoring observations of AXP J181Q97 and its flux density spectrum over the course
of more than one year appears to confirm the earlier concluthat AXP J1816-197 behaves
unlike any known radio pulsar. Several observed propestigport this fact. In our range of
studied frequencies, the source exhibits a generally flatd&nsity spectrum, with values of
spectral index consistent with those measured by Camilo @Q06, 2007b). These flat spectra
allowed us to observe the source up to very high frequengiegxample is our detection of the
magnetar at 43 GHz in May 2007 with the Effelsberg radiotzps (Figure 5.10). This is only
the fifth neutron star detected)émm (Kramer et al. 1997) and the only one where single pulses
could be observed. Our result is also consistent with olasiens at the IRAM 30m telescope
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Figure 5.5. (Top) Flux density and its variability as measured at variots frequencies as a function of time.
(Bottom) (Left) Flux density spectrum of the IP as determinel during our simultaneous observations. For
plotting purposes the flux densities of each day were multipéd by a different factor to distinguish the
dates more clearly. (Right) Derived spectral indices of théP as a function oft time. The average value is
determined @ = —0.41 + 0.21.

at 88 and 144 GHz by Camilo et al. (2007b), representing thledsit radio frequency at which
a neutron star has been detected. For normal pulsars, wesgtebreaks in their power law
spectra at high frequencies (Maron et al. 2000; Kijak et@D.7) or even occasionally a turn-up
at mm-wavelengths (Kramer et al. 1997). However, in our eapigfrequencies, the spectrum
of AXP J1810-197 is well described by just a single, flat power law, of thef®, « v~ with
a=0.0=+£0.5.

In those cases where both the MP and IP were detected, thesitrabindices were found
to be differing slightly, with the IP showing a significantiyreater variation. Even though
the spectra appear to change in the same manner from day,tbetayming steeper or flatter
together, the IP exhibited many more extreme positive arghtne steepness values. This
is somewhat surprising since the MP spectral index reflacisston from a wider range of
emission components, in comparison to an IP that is alwagsrebd as a rather simple emission
feature. The variation of the spectrum is roughly consisteith the model by Thompson
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Figure 5.6. Flux density measured at 4.85 GHz during an observing sessidor two consecutive days (square
and up triangle points). The first two measurements for each dy correspond to a 5 minutes integration time
while the third measurement corresponds to 15 minutes.

(2008a) where timescales of 0.1 day may be explained by current-driven instabilities on the
closed magnetic field lines. The observation that it afféoesIP and MP in a different way is
interesting and may support the idea of a rather twisted etagphere. Although the spectrum
is generally flat, the spectral index shows significant vemm with a slight trend of becoming
more positive with time.

While we have shown that the effect of the significant puts@tlse modulation can be
removed by averaging a sufficient number of pulses, anotledirkmown cause for flux den-
sity variations, and hence possible spectral index vanatiis interstellar scintillations (ISS).
Based on studies of the ISS at 4.75 GHz and 10.55 GHz by Malaeal. (1996), the rel-
atively large dispersion measure of DM = 178 pc¢énand the estimated distance of 3.3 kpc,
suggests a critical scintillation frequengy of ~14 GHz, well within our observing band at
14.6 GHz. At this frequency, we may therefore expect a lagg@ation of the measured flux
density, whereas above the critical frequency we expectllondensity variations as a result of
weak scintillation. Belowf.. strong scintillation will occur, with a branch caused byfrdittive
scintillation and one caused by refractive scintillatibnrimer & Kramer (2005) use a different
functional dependence for the transition frequency whietdg anf. ~ 60 GHz which agrees
with the estimates by Camilo et al. (2007b) but is also sméflen f. ~ 140 GHz as derived
from the NE2001 electron density model (Cordes & Lazio 200@spite these differences, the
usage of large integration times and observing bandwiditheffectively average a number of
scintils, resulting in reliable flux density measuremehtsandwidth and integration time are
sufficiently large. Following Lorimer & Kramer (2005), at G3Hz we estimate a diffractive
scintillation bandwidthAr,; = 320 MHz and a diffractive scintillation timescale 6f = 600s
which is in good agreement with the characteristics of fiestiseen in the dynamic spectrum
at the same frequency by Ransom et al. (2007). Our obsemngatiavays average over several
diffractive scintles in frequency and in time, but will bdeadted by refractive scintillations at
high frequencies. Around 15 GHz, the modulation index finacive scintillations is estimated
asm, = 0.6 and the timescale for refractive modulations turns out t¢.be 12.8 hours. Our
observatories could not track the source for such a long, sm¢hat we account for these pos-
sible variations with an increased quoted flux density erfeor typical integration times of
t:ne = 40 min, our observing set-up should result in typical errorswfindividual flux density
measurements due to refractive and diffractive scinititeg of about 20 per cent at 1.4 GHz,
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Table 5.5 Summary of flux densities and spectral indices for the MP meased during our quasi-
simultaneous observing sessions.
Date Frequency Sm Q@
(GHz) (mJy)

09/12/06 264 039+£0.060 —0.35£0.11
4.85 0.40 £ 0.03
8.35 0.27£0.01
14.60  0.23+£0.03

26/12/06 264 0.56+£0.09 —0.67=£0.17
4.85 0.25 4+ 0.05
8.35 0.24 £0.05
14.60 0.16£0.01

04/02/07 264 055+£0.08 —0.24£0.49
4.85 0.15 4+ 0.05
8.35 0.15+0.01
14.60  0.36 £0.03

06/02/07 485 0.20+£0.06 —-0.18£0.25
32.00 0.1440.06

12/02/07 485 0.20+0.03 +0.11+0.15
14.60  0.22+0.02

17/02/07 485 0.24+0.02 +0.06+0.13
8.35 0.18 = 0.03
14.60 0.23+£0.01
32.00 0.25+0.05

18/02/07 485 0.24+0.03 +0.03+0.08
8.35 0.20 +0.03
14.60  0.21+£0.02
32.00 0.25+0.06

26/03/07 485 0.33+0.03 —-0.80=£0.17
14.60  0.10+£0.02
32.00 0.08£0.04

05/05/07 485 0.09+0.03 +0.86=+0.27
14.60  0.09+£0.05
32.00 0.4240.08

06/07/07 485 0.15+£0.04 +1.20+0.44
8.35 0.19 £ 0.03
14.60  0.55+£0.02

rising to a maximum of 77 per cent at 14.6 GHz and levellingabtibout 62 per cent at 33 GHz
and above. Similar estimates for the low-DM reference solER B1929+10 are in good
agreement with the observations. We therefore concludethieadSS plays a significant role
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Figure 5.7. (Top) Flux density and its variability as measured at variows frequencies as a function of time.
(Bottom) (Left) Flux density spectrum of the MP as determinal during our quasi-simultaneous observations.
For plotting purposes the flux densities for each day were mtiplied by a different factor to distinguish the
dates more clearly. (Right) Derived spectral indices of thé/P as a function oft time. The nominal average
value is determined asc = —0.003 == 0.089.

in the individual flux density measurements, although ithecdrbe responsible for the pulse-to-
pulse modulation index, and the described variations o$geetral index for different features
of the profile between individual sessions.

Considering the overall flux density of AXP J181097 , we divide our observations, span-
ning more than a year, into four intervals. The first lastsl oty 2006 when the average flux
density from the source was above 6 mJy. The second lastedlfity to September 2006 when
the average flux density was above 1 mJy. The third epochdldisien October 2006 to July
2007 when the flux density was below 0.5 mJy and, finally the tafter July 2007 when the
source became too weak for regular detection. At the sanme tira observe a trend that the
flux density variations become larger in the low-flux stadgésturally the flux density spectrum
computations are less certain.

Due to the variability of the flux densities, it is difficult @mpmpute an average spectrum.
Especially when we inspect the flux density measurements fne third epoch, we see many
cases in which the high and the low frequencies vary in a cetelyl different manner for the
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Figure 5.8 The intra-day variability of the normalised flux density of individual pulses for 09/12/06, at
4.85 GHz (left) and 14.6 GHz (right).
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Figure 5.9 Variation of the pulse-to-pulse modulation index of AXP J180-197 at 4.85 GHz (squares) and
14.6 GHz (triangle). At 14.6 GHz the indices were computed fotime series covering 25-30 min while the
4.85 GHz data cover 10-30 mins.

same day. As we have seen, some anti-correlation in flux tyeregiiations between high and
low frequencies appears present, and given our discusbmreawe consider these variations
to be intrinsic to the source and not due to ISS. They can inggeexplained by the assumption
that we observe different components of the MP on differagsdHowever, a similar variation
is also observed for the IP, where always the same emissiopa@aeent is visible. Therefore,
we conclude that in contrast to pulsars, the radio emissfamagnetars is not intrinsically
stable. That is consistent with the overall decay of the flemgity in recent months and may
indicate that the radio emission is a transient phenomematnwias preceded the high-energy
outburst. As the conditions for radio emission may revedkb@® the pre-outburst stage, it
will be interesting to monitor the source during and aftex tiext outburst. As part of this
monitoring programme, Effelsberg and Nancay observed anclil 2009 at two frequencies
(8.35 and 1.4 GHz respectively) the magnetar, simultarigaith the XMM-Newton satellite,
however no detection was achieved in radio.
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Figure 5.10 Sequence of single pulses in May 2007 of AXP J182097. For the first time single pulses are
observed at 43 GHz with Effelsberg. The detected single puds are pointed with arrows. For the first 50
bins the calibration signal from the noise diode is on.

5.2 Single pulse properties of AXP J1810-197

This section summarises the work of Serylak et al. (2009ndBthe continuation of the polar-
isation and spectral properties of AXP J181®7 (Kramer et al. 2007; Lazaridis et al. 2008) it
is presented here for completeness.

We have used the Lovell, WSRT and Effelsberg radio telesctpavestigate the simulta-
neous single-pulse properties of the radio emitting magn&XP XTE J1810-197 at frequen-
cies of 1.4, 4.8 and 8.35 GHz during May and July 2006. We stineéynagnetar’s pulse-energy
distributions which are found to be very peculiar as theychenging on time-scales of days and
cannot be fit by a single statistical model. The magnetarashiery strong spiky sub-pulses,
but they do not fit the definition of the giant pulse or giant moipulse phenomena. Measure-
ments of the longitude-resolved modulation index reveatja degree of intensity fluctuations
on day-to-day time-scales and dramatic changes across phdse. We find that the frequency
evolution of the modulation index values differs signifitgrirom what is observed in normal
radio pulsars. We do not identify any regular drifting sullsge phenomenon at any of the ob-
served frequencies at any observing epoch. However, wewdis@ quasi-periodicity of the
sub-pulses in the majority of the observing sessions. Aetation analysis indicates a relation-
ship between components from different frequencies. Weudssthe results of our analysis in
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light of the emission properties of normal radio pulsars andcently proposed model which
takes radio emission from magnetars into consideration.

5.2.1 Data analysis

Observations of individual pulses from AXP J181197 allowed us to perform a variety of anal-
ysis techniques which are summarised below and are deddrilfall in Serylak et al. (2009).
The analysis was conducted at the frequencies of 1.4, 4.8.88d5Hz (Lovell, WSRT and Ef-
felsberg respectively) during 3 observing sessions in MalyJaly 2006. Before performing the
analysis, all data sets have been corrected for any RFltrasd in the case of the Lovell and
WSRT observations re-binning was applied to increase tNer&io and to match the 5.4 ms
time resolution of the Effelsberg data set. For the curreatysis the component classification
used is presented in Figure 5.11, following the one from Kaagt al. (2007). In Table 5.6 all
the observing sessions and the visible components on eadhawn.
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Figure 5.11 The average pulse profile of AXP J1816197 from the observation made with Effelsberg during
session 3, showing component designations from Kramer et.g2007).

Table 5.6 Summary of observing sessions.

Session Date Telescope Frequency Total number Component

MJID/dd.mm.yy (GHz) of pulses presence

1 53886/31/05/06  Lovell 1.42 2101 M1M2 - -
WSRT 4.90 2151 M1 M2 M3 —

Effelsberg 8.35 972 M1 M2 M3 —

2 53926/10/07/06  Lovell 1.42 1947 M1M2 - -
Effelsberg 8.35 2583 M1 M2 M3 IP

3 53933/17/07/06  Lovell 1.42 2275 M1 M2 M3 IP
WSRT 4.90 3855 M1M2 — IP

Effelsberg 8.35 2454 M1 M2 M3 IP

The initial part of the current analysis is on the shape aablilgly of the pulse profile. This
procedure demands the inspection of the sequences ofdndivoulses of all data sets. While
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performing this we easily noticed that the sub-pulses arelnmarrower than the width of the

average profile and appear at the longitude ranges whicksgmrnd to different components.
Also, it is worth noticing, that the sub-pulses associatéti W1 are stronger than the rest of
the MP components, at all the frequencies and epochs, etkeepffelsberg data set in session
3 where M2 becomes the strongest component. The strong @ndssjb-pulses tend to be

separated by 4 deg (~ 61 ms) throughout the data.

The second part of our investigation is the fluctuation asialpf the sub-pulses in order
to identify the phenomenon of "drifting” (Drake & Craft 1958nd measure their modulation.
The techniques used to investigate the sub-pulse driftiagkaown as the longitude-resolved
fluctuation spectrum (LRFS; Backer (1970)) and two-dimenal fluctuation spectrum (2DFS;
Edwards & Stappers (2002)). All the details of the aforenoer@d techniques and analysis can
be found in Weltevrede et al. (2007). Briefly, in the fluctoatanalysis an average profile from
a pulse stack is being formed by vertically integrating eplohse bin within the same longi-
tude along consecutive pulses. In addition, the longited®lved modulation index (LRMI)
is calculated as an indicator of the sub-pulse modulatidre Modulation index is the LRMI
m,; at the pulse longitude bihwherem; has its minimum value (Weltevrede et al. 2007). In
order to investigate whether this modulation is systentaBc2DFS has to be calculated. This
is actually done by dividing the pulse stack into blocks o2 pllses and applying the discrete
Fourier Transformation along lines with different slopeghe pulse stack. As mentioned in
the next subsection, we do not identify sub-pulse driftimgmny of the sessions, however the
values of the LRMI are quite high and the intensity fluctuasidnappen over short periods of
time, even within the same session.

In the third part of the single pulse analysis we study thegamplitude characteristics of
AXP J181G-197. In order to accomplish that we have made pulse-eneggghditions for all
frequencies and epochs for both MP and IP. Then, for eacleafdmponents of the MP and for
the IP we fit their pulse-energy distributions with two welldevn models. For the spiky giant-
like sub-pulses we used power law statistics to model thimbieur (Lundgren et al. 1995a)
and for the "normal” pulses the lognormal statistic as déseud by Cairns et al. (2001):

Ppowerlaw(E> X Epu (51)

<E> (In—£- — p)?
Po normal — ——=<B>_ - 5.2
log l \/ﬂaE exp[ 952 ] (5.2)

In general it is not possible to fit the distributions well lvés single model. An example is
shown in Figure 5.12 where the components of the MP regiorc@rgared for session 1. In
this session, only the M1 from the Lovell and WSRT data sebe# fit by lognormal pulse-
energy distributions (equation (5.2)). The remaining congnts and the 8.35 GHz Effelsberg
data sets follow power-law-like statistics (equation Jp.1

The last part of our analysis is the single pulse correlatiefore the analysis all the pulse
arrival times have been corrected to a common referencesframdescribed in section 2.3.2.
Then the times of the pulses were transferred to the SSB andvérlapping data sets at the
different frequency pairs were taken for alignment, by canmg the TOAs of the pulses. Each
data set was aligned in time with a one phase bin accuracyabbrfeequency pair. With the time
resolution of 5.4 ms, the data sets were sufficiently aligaedlall the telescope-specific delays
were negligible. We used two techniques of single pulseetation, the longitude-resolved
linear correlation (LRLC) and the longitude-resolved srasrrelation (LRCC), for checking
the linear dependency of intensity variations of individpalses at different frequencies and
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Figure 5.12 Pulse energy distributions of the MP for the first session. Fom top to bottom, 8.35GHz
Effelsberg, 4.9 GHz WSRT and 1.4 GHz Lovell. Comparison of tb components of the MP. From left to right,
M1, M2 and M3. The horizontal axis denote energies normalisg and scaled to the average pulse energy of
the component. With dashed-lines the off-pulse-energy digbutions of the components are shown.

for getting information on the shape and the non-linear ddpacies, respectively, as described
in Serylak et al. (2009). We found that the linear correlatid M1 is always strong between
all frequency pairs in contrast with M2. In addition the IRWgI$ strong linear correlation. The
cross-correlation is also strong in M1 while M2 and M3 arelwelrelated only between the
4.9 and 8.35 GHz data sets.

5.2.2 Discussion

All the phenomena revealed by the current analysis indittzdé the radio emission of the
AXP J1810G-197is clearly different to the known radio pulsar properti€’revious work, as
presented also in the previous section, has shown many giethdiarities of the radio emis-
sion from this magnetar (e.g flat spectral index, high degf@elarisation, long-term evolution
of the polarisation angle swing with time; (Camilo et al. ZBpLazaridis et al. 2008; Camilo
et al. 2007c; Kramer et al. 2007)). The results on singlegausesented in this work confirm
that the mechanism responsible for the magnetar radio Emisppears to have a different
origin or perhaps even multiple origins, compared to thenadradio pulsars.
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The modulation index changes dramatically from one compbteeanother even within a
single observing frequency and the magnitude of the vakiebse to the values reported for
the Crab Pulsar (m = 5). This agrees with the conclusion tiatrtfrequent occurrence of the
strong sub-pulses with narrow widths and broad distrilbuibthe sub-pulse intensities, results
in the modulation index being on average significantly laigeAXP J1810-197. We must
note, however, that in few cases, frequent occurrence ofyratrong and narrow sub-pulses
with similar intensities at certain pulse phases of MP itssallower LRMI values. The lowest
values of the modulation indices occur during session 1leben in this session they increase
with increasing frequency. Such behaviour is in contragh®normal radio pulsars where
the LRMI values from lower frequencies are on average higfien that at higher frequencies
(Weltevrede et al. 2007). As we move in to session 2, the sifluctuations grow stronger
with minimum modulation indices at values of around 4 for i GHz Lovell data sets. For
the 8.35 GHz Effelsberg data, we calculate the minimum matdhr indices to be one in the MP
and two in the IP region. It is remarkable, that for both d&ts & this session the modulation
indices in the MP peak at values of 7.5 and 10 for the Lovell &fieisberg data, respectively.
These values are extremely high and except for the Crab iPulsprecedented in the results
from modulation analysis from normal radio pulsars (Weakeke et al. 2007). In session 3, for
the 4.9 GHz WSRT data sets due to the low S/N ratio, the LRMieskre not sampled densely
throughout the whole pulse profile range, but availableeslare comparable with session 1.
The Lovell and Effelsberg LRMI values are similar to that eésion 1. The longitude-resolved
modulation analysis results presented above show thetieariaf the LRMI values on day-to-
day time-scales and dramatic changes with pulse phasel dassions, we find the frequency
evolution of the LRMI values in contradiction with prop@giof normal radio pulsars.

The following steps of our analysis, the 2DFS, do not showragylar drifting behaviour
in any sessions or any frequencies. However, we find othergzhena manifesting which we
interpret as the tendency of the sub-pulses to be equallgraea in the consecutive pulses
profiles throughout observation. Also in some cases (at H4 Govell, 4.9 GHz WSRT from
session 1 and 8.35 GHz Effelsberg from session 3) the daaseinfluenced by the baseline
variations, which are obvious when checking the verticatifapsed 2DFS. The lack of regular
drift from the magnetar might be associated with its rapahgnging emission properties and
young agef < 10 kyr). In their work, Weltevrede et al. (2007) have shown thatfthetion
of young pulsars showing regular drifting is very low. Altigh, one could also argue that the
strong radio variability might mask any regular structuvethe physics of the magnetars radio
emission is different from radio pulsars.

The high variability of the magnetar emission is also refidan its pulse-energy distribu-
tions. For all sessions at all observed frequencies, we mmage pulse-energy distributions for
each of the MP component as well as for the IP (whenever preséfe fit each of the pulse-
energy distribution with models based on a power law or lograd statistics for comparison
between our observations and existing pulsar emission Isiofle justified later in this section,
propagation effects in the interstellar medium are nelglegior our data analysis and are there-
fore ignored. The significance of the best-fit models is low thuthe oversimplified models,
but mostly peculiar are the changes in the best-fit modeleetbomponents in different ses-
sions. We interpret that as indicating the possible presefheonultiple emission mechanisms
with different statistical behaviour embedded in the samegphases.

In the case of AXPJ1810197, we see strong spiky sub-pulses which could be associ-
ated with the giant pulse phenomenon, but their widths agetahan that of giant pulses of
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normal radio pulsars. Also, their occurrence, which covikeeswhole longitude range of that
component, stands in contradiction to this definition. Thestprominent example illustrating
the above phenomenon in our observations is the first conmpoespecially in the Effelsberg
data sets from sessions 2 and 3. This component has mang sindrspiky sub-pulses appear-
ing within its whole longitude range, which dominates thghaenergy tail in its pulse-energy
distributions. This makes fitting the pulse-energy disttidns with only one of the two con-
sidered laws impossible. A similar case occurs for PSR B&é&8g\Weltevrede et al. 2007),
where weak emission is coupled with a component responiibleigh energy bursts. In the
case of AXP J18108197, there may be more than two mechanisms contributingeapbase in
the observed distributions. The magnetars very dynamicetagphere may be an explanation
for such multicomponent pulse-energy distributions. Thtpuires that the emission is in gen-
eral broad-band, but the degree of variability can be vefferdint. The components average
together in pulse-energy distributions, which makes théfitalt to fit properly using known
statistical models.

Despite the changes in the pulse profile and pulse-amplithdeacteristics on short time-
scales, the correlation analysis gave results which cdiatréhe overall picture of unstable
emission from AXP J1810197. The LRLC analysis shows significant correlation resualthe
majority of the frequency pairs used. The narrow and highetation regions denote significant
dependence between the intensities of the sub-pulses dhtsme and spatial scales. The
correlation always occurs between the first componentd of #he analysed frequency pairs,
with sporadic correlation between the third componentscdntrast, the second component,
which was found to be a stable emission region with lower nrttchn indices, was very weakly
correlated. To examine the non-linear dependency betwegidncies we used the LRCC
method. The correlation is weaker when compared to the LRe@ad, but correlated regions
are also very narrow, showing that there are similaritigb@phase and shape of the sub-pulses
at different observed frequencies.

As presented in section 5.1.4, interstellar scintillagannot be responsible for the variabil-
ity over short time scales, which points that the origin ahiist be intrinsic to the source. The
lack of a regular drift, broad pulses, the presence of susegwith quasi-periodic modulation,
difficulties with fitting the data with single lognormal or wer-law models allow us to draw
a conclusion of non-stable emission due to the possiblaikemb magnetar magnetosphere.
As in the previous section the model better explaining timaission is the one by Thompson
(2008a,b). In this work Thompson gives an extensive expiamaf the pair creation processes
in ultra strong magnetic field and particle heating in a dyicamagnetosphere. He considers
the details of the QED processes that create electronrpogairs in high magnetic fields of
the order of10* G. He discusses the possibility of a strong enhancementegpdir creation
rate in the open-field circuit and outer magnetosphere lgligies near the light cylinder. He
also refers to the flat radio spectra as a possible resulteohitih plasma density in the open
magnetic field lines. One of the model explanations of thematay’s broad pulse profile, is its
beam geometry. In normal radio pulsars, wide pulse profilesuaually caused by the align-
ment between rotation and magnetic pole axis. The line dit sifjthe observer stays within the
emission beam for a large fraction of the pulse period regulh the long duty cycle. In the
case of AXP J1810197, the solution of fitting the position angle swing with Retating Vec-
tor Model (Radhakrishnan & Cooke 1969) results in non-adjgeometryd = 44°, 5 = 39°),
but the beam radius inferred from the MP has a width of alpotit 44° as shown by Kramer
et al. (2007). This result excludes viewing geometry as aaedor a wide pulse profile in
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AXPJ1810-197. The model of the dynamic outer magnetosphere has a sirgrapplica-
tion in explaining the radio emission from the magnetarsiarabnsistent with the magnetars
emission features such as flat radio spectra, broad puldesyial variability.

Another suggestion for the AXP J182Q97is the relation with RRATs. The detection
of the periodic X-ray pulsations from RRAT J1819-1458 afigrwith the radio bursts by
McLaughlin et al. (2007) was the first time there was a congpardf its X-ray emission proper-
ties with AXP J1816-197 and excluded a close relationship with this specific RRAwever,

a link between magnetars and RRATSs is still under investigat
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A. Appendix

A.1 Effelsberg observing system

In here a brief description and some useful technical in&drom are provided about the basic
pulsar observing systems at the Effelsberg radiotelesgigssner 2007).

A.l.1 EPOS

The Effelsberg Pulsar Observation System (EPOS) is usetietskerg since 1988. In its syn-
chronous observing mode we use four Voltage-to-frequevidy ihputs of the Pulsar backend
connected to a patchboard to acquire data from the,

1) broadband polarimeters built into the receivers in thestope with Bandwidth (BW) 0.2-
2GHz

2) narrow-band polarimeter with BW 200 MHz

3) pulsar de-disperser,» 40 MHz BW in 60 channels of 0.666 MHz

4) polarisations< 8 x 60 = 480 MHz filter-bank

5) polarisationsx 8 x 4 = 32 MHz filter-bank

as shown in Figure A.1. The unit named PUBS8G6 is a fast dataisitiqn device with 4 input

Broad band Wif signals from telescope

Polarimeters
. T PUE 86 L6 Bit
Adding WA
150 MHz IF Folatim eter EDB
LHC, FHC 4 W/ Inputs
7SOMHzZ IF Marrow band e ] ‘
100n Telescope |y e Rec [ | Polasimeter op
CANAC N .e
4 out of & (16) W/ outpul Tirning Generator Station clock
LiH-Tvigcery |

Figure A.1: The Effelsberg Pulsar Observing System (EPOS) where all thimput signals to the PUB 86 are
shown.

channels. Its timing is controlled by a signal synchronoits ¥he pulsar period that defines
the beginning of the measurement window. Pulsar periods ft®24 ms to about 10000s are
possible and sampling intervals (phase bins) range fraset to 4096isec. 1024 samples can
be stored per pulsar period and synchronously integrated bvo 65535 periods, before the
data are transferred to the main computer system.
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Most of Effelsberg receivers have two or more channels andoeaused for polarisation
measurements. By supplying the Intermediate Frequengyp@farimeters with the 2 initial
circularly polarised channels (LHC and RHC) we can finallicakate (after calibration in the
EPOS) the Stokes parameters (A.2).

Square Low Dsfector
> BB

o
Divider

—= MBtsin(<AB)

from
Receiver Control Correlator
'/ —== A'Btcas(<AB)
W 18
5
=g ~N
= {4 MA
AB = Voltages Square Law Detector

2 Channel Polarimeter

Figure A.2: The IF-polarimeters where the LHC and RHC polarisation signals enter from the receiver, they
are being correlated and polarisation measurements are beg acquired.

One of the most important parts of EPOS is the PSE, the ineaohde-disperser. In general,
initially the incoming frequency band is split into a largenmber of independent frequency
channels. Then, we apply to each channel appropriate titagsiat the same time and finally
we add the frequency channels together to get the de-despsignal. The PSE is presented in
Figure A.3. Following the numbers on this figure we have irhg, F LHC and RHC signals

BP: 667 kHz  Detektor {0- L0 MHz)
Kara) L —d % - L || v | Teiler 12-Bit Zihler }
- = f Lin Zwischenspeicher
| UL
i el % | L | v Te.nﬂ (2-Bit Zihler } einstelbares
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(150 MHz2) % ] -L B £ ]t :]“ Zwischenspeicher }— smus;mg
cana sobd 2= | x __y__ Teller 12-Bit Zihlec }_
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T WL
2 3 Kontro]:r:?inzeige 12| Ausgaberegister | 12 D M e
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4

Figure A.3: The steps of pulsar incoherent de-dispersion in PSE.



A.1. Effelsberg observing system 133

passed through an adding polarimeter to the PSE. In 2, theHOtgtal bandwidth is being
split into 60 channels of 666 KHz each. In 3, the signals aiegodetected and in 4 they are
digitally delayed and converted to a V/f signal.

A.1l.2 EBPP

The Effelsberg-Berkeley Pulsar Processor (EBPP) (Badkal €997) is the Effelsberg coher-
ent de-dispersion machine as presented in Figure A.4. Woitpthe letters on this figure we

EBPP Coherent De-dispersing Backend

Analog Crate with 4 LO

a

ar. port
e ——3INIE——
RHC
150 MHz IF
EDT-BUS
8 IF Bands
rE
b A 4
Digital filters H HH ”H H H””D PC (WIN95)
2 x 32 channels
[ VME
Backplane
¢ Y YY P
il 1[N
2x 32 all pass
digital filters gl
q L
detection: digftal pmduc:ydm/p table)
e
readout via VME/EDT interface
WPIfR Radio-observatory
@ Effelsherg
18-September -2003, 4. Jessner

Figure A.4: The steps of pulsar coherent de-dispersion in EBPP.

can follow the procedure of coherent de-dispersion in ERP&®, splitting of the bandwidth into
8 sub-bands by analog splitters and filters is performed., Babh sub-band is being digitally
split and filtered again into 8 narrow band channels. In cAH@p lateral all-pass filters are
being used for dispersion removal of individual narrow bahdnnels. In d, the digital signal
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is square law detected using a programmable lookup tablenaedwe transfer the data via
VME-PC interface for storage and processing.
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