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Abstract

PSRB1259� 63 is a radiopulsarin orbit abouttheBe starSS2883.Theorbit is highly elliptical
with a periodof 3.4years.Aroundthetimeof closestapproach(“periastron”,denoted

�
) of the

two stars,thesystembecomesa radio,X-ray and � -ray transient.I have analyseda sequenceof
30 independentobservationsat 4 radiofrequenciesmadewith theAustraliaTelescopeCompact
Array (ATCA) duringthelate2000periastronpassageto monitortheradiocontinuumtransient.
Thelight curvesproducedfrom thedataarethencomparedwith the1997periastronandwith the
predictionsof asynchrotronbubblemodel.Similaritiesanddifferencesarediscussedin detail.

I analysedpolarizationdatafromthepulsarto obtainrotationmeasuresatanumberof epochs.
Thevalueof ��������	�	�
����	�	 radm ��� duringpartof theSeptember1 (

� ����� ) observationis the
largestastrophysicalRM ever measured.I discusstheimplicationof this for themagneticfield
in theBe star’swind.
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Chapter 1

Intr oduction
1.1 Pulsars

1.1.1 History

Pulsarphysicsstartedwith Chineseastronomers,who saw a “guest star” (or supernova) in
1054AD, that was later associatedwith the Crab nebula. Neutronstarswere theorisedabout
in 1934(Baade& Zwicky 1934a),andthe Crabnebula containeda faint blue starwhich was
thoughtto beaneutronstar(Baade& Zwicky 1934b):

With all reserve we advancetheview thatsupernovaerepresentthetransitionsfrom
ordinary starsinto neutronstars,which in their final stagesconsistof extremely
closelypackedneutrons.

The first attemptsat modellingtheir propertiesbeganin 1939(Oppenheimer& Volkoff 1939).
A neutronstaris a starthatwasoncemoremassive thanabout ����� (where � denotestheSun),
thatcameto theendof its hydrogenburningphase,andhascollapsedinto a superdenseobject
about20kmacross,andamassof � ����� ��� .

For 30years,it wasthoughtneutronstarswouldbeverydifficult to detect,but thefirst pulsar
(CP1919)wasdiscoveredby JocelynBell in 1967in Cambridge,England,while shewastrying
to find quasarsusingthe scintillation of small sources(Hewish et al. 1968). In 1968,the star
at the centreof the Crabnebula wasdeterminedto be a pulsar— PSRB0531� 21 (Staelin&
Reifenstein1968;Reifenstein,Brundage& Staelin1969).

After the discovery of CP 1919,Gold (1968)proposeda modelof pulsars— a pulsaris a
neutronstar, thathasamagneticdipolethatis misalignedwith therotationalaxis,with abeamof
radiationat thepolebeingvisibleasit sweepsover theearth(e.g.Gold1968;Gold1969;Pacini
1968). With both the links betweentheCrabnebula neutronstarandthesupernova explosion,
andbetweenneutronstarsandpulsars,theprocessesbehindsupernovaeexplosionsandpulsars
werewell explained.

Sincethefirst few discoveries,morethan1300pulsarshavebeendiscoveredmainly at radio
wavelengths,andthey show a wide varietyof behaviours (Manchester2001). Pulsarsaremost
often seenat radio wavelengths,but also occasionallyemit in other bandsincluding optical,
X-raysand � -rays,with theemissionmechanismstill poorlyunderstood(Melrose1996).

1.1.2 Characteristics

Immediatelyaftera supernovaexplosion,theangularmomentumof a neutronstaris conserved.
TheCrabpulsarPSRB0531� 21 (thebestexample,sinceit is theyoungestknown pulsar)may
have rotatedhundredsof timespersecondat birth (Atoyan1999).Similarly, themagneticfield,
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, at thesurfaceof neutronstarsincreasefrom their stellarvaluesthroughtheconservationof

magneticflux, andlie between�!	#" and ��	�$ Tesla(Johnston1995).
Theperiodof rotationis denoted% , andsincethepulsarlosesrotationalenergy from rela-

tivistic particlesthat streamoutwardsalongthe magneticfield lines, it slows down, andhasa
periodderivative &% . PSRB0531� 21 now rotates30 timesa second,sohasreceivedsignificant
slowdown over thelastthousandyears.Theobservedperiodsof pulsarsrangefrom about0.001
to 8.5 seconds(Young,Manchester& Johnston1999),andmostprobably, pulsarsbegin their
livesspinningrapidly, thenslow down graduallyto rotatelessthanonceper second.The pul-
sarwill eventuallycrossthedeathline, wherethe voltage( ')(  +* %,� ) above the polarcapis
below a critical value,andis nothigh enoughto sustaincascadedpair production,andtheemis-
sionstops(Bhattacharya& vandenHeuvel 1991).A binarypulsarmaytheneventuallyaccrete
matterfrom its companion,andspin backup from the extra angularmomentumacquired(for
a review of evolution, seeBhattacharya& vandenHeuvel 1991andreferencestherein).These
rejuvenatedpulsarstendto rotatewith periodsin the tensof millisecondrange,andarecalled
millisecondpulsars.

Theagefor pulsarslessthan � �!	�- yr old, thathave not beenspunup,canbeapproximated
by thecharacteristicage .0/21 �3 �4� 5 % &%76 (1.1)

however, this breaksdown for olderpulsars1 (Lyne,Ritchings& Smith1975).Theparameter3
is 3 for amagneticdipolebraking,andmeasuredto be2.4 for theCrabpulsar.

Thepulsessuffer a delaydependentuponthe radio frequency, from dispersionin the inter-
stellarmedium(Lyne& Smith1968).Thedispersionmeasureis definedby8,9 1;:=<�>@? 3BADC@E FHGJI ��KML G!N (1.2)

where 3BA is in cm��K , E is in pc, and LOS denotesintegration over the line of sight from
observer to pulsar. Across the bandwidth of a receiver, the DM can be measured,
and 3BA can be obtained,since the time of arrival O 1 �P�Q��R 8,9TS ���U2V�W s implies the time
delay XYO 1 � �[Z]\^��	 K 8,9_S ��KU2V=W ms/MHz, where

S U2V�W is the frequency observed in MHz
(Smith1977,p142).

Linearlypolarizedradiationfrom thepulsarwill alsosuffer Faradayrotation,andtherotation
measureis givenby ` 9 1 � �Q�a\��!	�b : <�>@? 3cAedgf!CDh Fjiek�ClI � N (1.3)

whered is in Gauss.TheRM describeshow muchFaradayrotationwill beappliedto a linearly
polarizedsource.Sincepulsarsarepolarized,they usuallyaregoodsourcesto probethemean
magneticfield projectedradially towardsthe Earth(

 G0m�nco , weightedasthe numberdensity),
oncethenumberdensityis known from theDM measurement,over theline of sight,asp  �qsr 1 ���[t ` 98,9 FHuwvaN (1.4)

TheFaradayrotationangledependsonwavelength,suchthatXyx 1 ` 9_z � (1.5)
1Lyne,Ritchings& Smith (1975)allow the magneticfield of the pulsarto decayexponentially, in which case

thetrueage {,|~}� {����[���0��� ���H����7���e� , where {�� is thetime constantof themagneticfield � �e��� yr. Usingthis, the
maximumageis morerealisticat � �s�0� yr, ratherthan � �s�0� yr .
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where x is theobservedpositionangle(equation3.1),and
z

is thewavelengthin meters.
Sincethereis a modulo � ambiguityin thepositionangle,caremustbetakenwhenfinding

theRM, sincetheanglemayrotatemany timeswithin theobservingbandwidth.Thebandwidth
canbesplit into many sections,andaslong asthereis enoughspectralresolution,the rotation
measurecanbeuniquelydetermined.

Generally, the DM and RM do not vary with time for pulsars,but as discussedin sec-
tions2.3.1and2.3.2,they do for PSRB1259� 63, andtogetherform an excellentprobeto the
wind of thetheBe star.

1.1.3 Pulsar winds

A large portion of the spin down energy of pulsarsarein the form of relativistic electronand
positron,andpossiblyion winds.

Pulsars,especiallythosewithin supernova remnantssuchasthe PSRB0531� 21, canhave
fastflowing windswith severalshockfronts,suchasa MHD shockandashockbetweenthesu-
pernovaremnantandinterstellarmedium(Kennel& Coroniti1984).Wind from pulsarsin binary
systemsmaycollidewith thewind from thecompanion,causingabow shockto beproduced.

1.2 Bestars

Be starsarenon-supergiantB type,or hot early typestars,with a circumstellarequatorialdisk
(Johnstonet al. 1994). The principle anduniquecharacteristicof Be stars,is that they show
emissionlines,originatingfrom thedisk (for anexplanationof thevaryingspectraof Be stars,
seeClingempeel2001andBuil 2000).Thedisk mayberelatedto thefactthatthesestarsrotate
very quickly, ��� 	 % of their breakupspeed,wherethecentrifugalforce is almostasstrongas
thegravitational force. Therearesignsthat thesestarsmaybeunstable,assomeof themsuffer
from outbursts,similar to solarflares.Thestarstypically rotatewith a velocity of 345km s�@� ,
andthediskpossessesaKeplerianvelocitydistributionof thesameorderasthestar’svelocity.

Bestarsform only 15%of all non-supergiantB stars,whicharealreadyrelatively rare.They
form in binarieswhenlarge amountsof matterandangularmomentumaretransferedfrom the
primary to the secondary(van Kerkwijk 1993,pp139..171).Their radiusis � ��� � andmass� �!	 ��� .

The generalview (e.g. Underhill & Doazan1982; Waters1986; Waters,Cot́e & Lamers
1987andreferencestherein)is thatthereis a hot ( � ��	 b – �!	 - K) tenuous(lessthan10 timesas
densethanthe disk) fastmoving ( � ��R�	�	 km s�@� ) wind which originatesfrom the poles. The
disk by comparisonis a lot cooler( � �!	#" K), denser( �!	 �@�j� – �!	 �@��� g cm��K ) andslowermostly
Keplerianrotationalmotion,with a small (5 km s�@� at thestarsurface)radialoutflow. Thedisk
canbemodelledsimplyby asmallnumberof parameters— ahalf-openingangleof order � R –��R�� , andtwo separateradialpower law densitydistributionsfor thediskandpolarwind:3cAJFj��N 1 3¡ �FH� * �£¢ N �¥¤ (1.6)

Thedensitylaw impliesasimilar power law for theoutflow velocity¦BFj��N 1 ¦§ �Fj� * �£¢ N©¨ ¤#��� (1.7)

whereª«� t��¬�R . Themassdensity  canbesubstitutedinsteadof electronnumberdensity3BA .
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1.3 Binary Pulsar Evolution

Thereareanumberof known systemswhereaneutronstarorbitsanotherstar. Thesesystemsare
usuallyeitherhighmassX-ray binaries(HMXB), or low massX-ray binaries(LMXB), although
only HMXB will bediscussedfurtherhere.HMXB arebright in X-raysbecauseof theinflux of
matterontotheneutronstarfrom theaccretiondisk.

Initially, in a binary starsystem,when the first neutronstar forms, the systemcantake 2
paths. The most likely outcomeis the starsseparate— an explosionthat eitherejectsenough
of the starmass,or is suitablyasymmetricalwill give the neutronstarmoreenergy thanbinds
it to the system. If the orbit of the two starsis circular, the massloss is sufficiently fast,and
theproportionof masslossfrom theexplodingstaris greaterthan0.5,thenthesystembecomes
unbound(Smith1977,pp214..217).Otherfactorssuchasacollisionof theexpandingshellwith
thecompanionstarcanaffect this result,but theexplodingstarhaving amassof lessthan0.2of
thecompanion,or ejectinglessthan0.2 of its own massguaranteesthesystemremainsbound
(McClusky & Kondo1971).

Figure1.1: Evolutionof a neutron binary system.Outer surfaceis Roche-lobe, dark shadingrepre-
sentsstellar material. Thenumbers shownare the massesin units of the solar mass,® � . Seetext for
explanationof evolution.

A generaloverview of binarypulsarevolutionis presentedin Bhattacharya& vandenHeuvel
(1991), andwe outline the path of interestto us below. Beforeeither star in the systemhas
evolved (figure 1.1a, whereall massesshown are chosento reflect thoseappropriatein the
PSRB1259� 63/SS2883system,whicharediscussedin section2.2),therewill beasmallamount
of massexchange.Beforethesupernova explosion,theinitially massive star(hereinreferredto
astheprimary— thelessmassivestaris thecompanion)maylosemostof its mass(figure1.1b)
to the lighter companionduring the red-giantphase,or evenearlier, if thebinaryorbit is suffi-
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ciently small(Lewin & vandenHeuvel 1983,pp304–341),if it fills its Roche-lobe2, andwill be
left with just a bright super-hot heliumcore(figure1.1c)— a Wolf-Rayetstar(vandenHeuvel
& deLoore1973;deLoore,deGreve & Vanbeveren1978). This staris light enoughnow, that
whenit explodesasa supernova it may not disruptthe system. If they staytogether, the now
heavier companionwill very slowly losemassto thepulsar(figure1.1d),but mayquickly lose
massthroughahigh radiationpressure.This phaselasts � ��	�¯ yr (Tauris& Bailes1996)before
the companionstarevolves,whereit may thenbecomea red giant for � ��	 " yr (figure 1.1e)
overflowing its Roche-lobe,andthenexploding asa supernova. The systemwill usuallysepa-
rate,with thetwo condensedobjects(neutronstars,whitedwarfsor blackholes)separatingwith
their typical orbital velocity (figure1.1f.i), or thecompanionmayhave lost enoughof its mass
asa red-giant,that they stayboundafter thesecondexplosion,asa condensedstarbinarysys-
tem (figure 1.1f.ii), suchasthe binaryneutronstarsystem,PSRB1913� 16 (Taylor, Fowler &
McCulloch1979,andreferencestherein).

2The surfacedefinedby the equipotentialsurfacesof the two stars,thatmeetat the Lagrangepoint ° } . If the
primarystarfills theRoche-lobe,thenunbalancedpressureat ° } will causemasstransferfrom theprimary to the
secondary(Tauris& Bailes1996).
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Chapter 2

Binary pulsar/Bestar system
(PSRB1259± 63/SS2883)

PSRB1259� 63 is a pulsarthatorbitsa Be star, SS2883.It wasdiscoveredin 1990,in a Parkes
radio pulsarsurvey (Johnstonet al. 1992). PSRB1259� 63/SS2883was the first pulsarand
high massstarsystem,andis still unique,in thatit is theonly known systemwith a radiopulsar
orbitingaBestar, althoughthereareotherbinarysystemsinvolvingX-ray emissionandaneutron
– Be starbinary, andonevery similar system,PSRJ0045� 7319,which involvesa normal ������ B star(without a disk) andpulsarwith aneccentricorbit with ² 1 	D� � (Kaspiet al. 1994;
Kaspi,Tauris& Manchester1996).PSRB1259� 63fills amissinglink in theevolutionof binary
neutronstarsystems.

This systemis quiteyoung,andits stateis describedin figure1.1d,with no accretion.It is
thoughtto be a X-ray binary progenitor— it is expectedthat it will eventuallyevolve into the
moreoft seenHMXB.

2.1 BasicProperties

PSRB1259� 63 is a youngpulsar, with aperiodof � � � ms.Johnstonet al. (1994)suggestit is
unlikely thatsignificantspinup hasoccurred,throughtheactionof accretionontothepulsar. In
fact,accretionontothepulsaris probablynot possiblesincethecorotationvelocityat thealfvén
radius(theradiusatwhichtheradialcomponentof thealfvénvelocity is equalto thepulsarwind
outflow radialvelocity) is greaterthantheKeplerianvelocity of in-streamingmatter(Wex et al.
1998).

The dispersion measureof the pulsar is 146.7 cm��K pc and the rotation measureis� t�� radm ��� away from periastron,whenthepulsaris not affectedby theBe star’satmosphere.
Thesearepresumablythevaluesthatthegalacticinterstellarmediumcontribute— sections2.3.1
and2.3.2detailhow thesechangeover theorbit, andit is thedifferencefrom thegalacticvalues
which we areinterestedin. The dispersionmeasure,whencombinedwith a modelof galactic
electrondensity, impliesadistanceof 4.6kpc (Johnstonet al. 1994).

The pulseprofile (figure 2.1) hastwo almostequalintensitypeaks(or components),which
probablyresult from beamsfrom the edgesof a cone-shapedemissionregion (Manchester&
Johnston1995). Thecharacteristicageof PSRB1259� 63 is 0.33Myr, andthe magneticfield
at the surfaceis Z=�[Z³\´�!	 ��� G (Johnstonet al. 1994). The pulsesareusuallyhighly polarized
but becomedepolarizedwhenscatteredwithin the disk at periastron.The leadingpulseis not
circularly polarized,but thetrailing pulseis.

ThepulsarorbitstheBestarwith aperiodof about3.4years,andtheorbit is themosthighly
eccentricof any known neutronstarsystem,with ² 1 	D� �  (Wex et al. 1998). Thepulsarwill
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Figure2.1: Meanpulseprofile froma March 30,2001observationat Parkesat 1.4GHz(Johnston2001,
privatecommunication).Positionangle(equation3.1)for significantlypolarizedflux is shownin top,and
theStokes µ (black), ¶ (green),andlinear polarization ·«¸4¹ º �¼»�½¾� (red)are shownin bottomplot.
Pulsecomponent1 fluxdensities:µ£¸]¿�ÀÂÁMÃ mJy, ·«¸]Ä!Å�ÀÇÆ�È , ¶´¸´ÁÉ¿�ÀÇÆ�È
Pulsecomponent2 fluxdensities:µ£¸´Á�ÀÇÅ�Ê mJy, ·«¸]Ä!Å�ÀÇÅ�È , ¶´¸]ËJÃ�ÀÇÅ�È
spendmostof the3.4yearorbit farfrom Bestar, but for 50daysit travelsthroughandthenbehind
thedisk,whicheclipsesandotherwiseaffects(alongwith thepolarwind) thepropagationof the
radiosignalsfrom thepulsar.

Johnstonet al. (1994)andMelatoset al. (1995)derivedsomepropertiesof theBe starfrom
opticalobservations.Timing of thepulsargave a positionanderror thatwasconsistentwith an
optical identificationof a Be starSS2883,of magnitude10.1,mass� �!	 ��� andradius ��� � .
Its typeis probablyB2e,whichputsits absolutevisualmagnitudearound-2.2to -4.3,andhence
its distanceat 600 to 1600pc. Thedispersionmeasurecombinedwith thedistanceof 1600pc
givesa meanelectronnumberdensityin theline of sightof 0.1cm��K , 3 timeshigherthanwhat
is expectedfor this direction. Thehigh DM maybedueto an inappropriategalacticspiralarm
model,or matterassociatedwith theBe star, at a muchlargerscalethanthepulsarorbit, since
thereis not muchvariationin theDM over theorbital period.

Spectralanalysisof theBe starreveal it to beapproachingusat about80 km s�@� , which is
muchlargerthantypical B starvelocities,andthe10 km s�@� expectedfrom differentialgalactic
rotation,andis possiblyinducedby thekick from thesupernova explosion. Sincethedisk has
a Keplerianvelocity profile, the radiusof emissionof variousemissionlines canbe deduced
from the Dopplersplitting of the lines, sincethe velocity of the disk is large andof the order
of 150 km s�@� (Wex et al. 1998). H ª is emittedfrom � �¬R��ÍÌ , where �!�ÎÌ is the radiusof the
companion,andtheradiusdecreasesfor higherorderBalmerlines,down to ZD�[Z��ÎÌ for H Ï . The
starrotateswith a projectedvelocity of ¦ÐneÑÓÒÕÔ�Ö�A 1 � � 	 km s�@� , implying a possibleinclination
angle Ô�Ö�A of 40� with respectto the planeof the sky, sinceit is thoughtto rotateat 70%of the
breakupvelocityof 400km s�@� . This is certainlynot inconsistent(Melatos,Johnston& Melrose
1995)with the36� obtainedfor theinclinationangleÔ of thebinaryorbit from spectraltypeand
stellarmassarguments,astheanglebetweentheBestar’saxisandthebinaryorbit, ÔØ× is thought
to belarge(figure2.2)— thedisk is almostperpendicularto theorbit (Johnstonet al. 1999).

The polar wind from the Be star is much faster( Ù ��	�	�	 km s�@� ) that the pulsarorbital
velocity ( Ú_� R km s�@� ), soweexpecttheinterfacebetweenthewind from thepulsarandBestar
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Figure2.2: Model from the1997periastron data,of the PSRB1259Û 63/SS2883orbit. TheBe disk is
inclinedat someangle Ü × to theorbit, andanotherangle Ü Ö�A to theobserveron Earth. Theorbit in turn,
is inclinedat an angle Ü to theobserver. Thedisk is orientedin such a wayas to eclipsethepulsar, and
a shock front formsfrom the stellar wind – pulsar wind interaction. Thedashedportion of the orbit is
behindtheplaneof thesky with S(theBestar) astheorigin. P is thepoint of periastron, andthepulsar
passesthroughthediskat pointsA andB.

to form a bow shockandbecomecometaryin shape,asin figure2.2,andshockfronts form on
bothsidesof the interface(Johnstonet al. 1999). Thesizeof this bubbleis determinedby the
momentumflux balancebetweentheBe starwind andrelativistic pulsarwind.

In equations1.6 and1.7, ª 1 t correspondsto a constantvelocity and ª 1 � corresponds
to constantram pressure.Thepolar wind velocity anddensitycanbe approximatedby settingªPÝ 1 t , and ¦ Ý   � �!	�	�	 km s�@� . For thedisk, ª@ÞßÚ � and ¦ Þ   � R km s�@� . Thenumberdensity
of thediskwind at thestarsurfaceis 3 Þ   � �+\à�!	 �já m ��K , andthesurfacenumberdensityof the
polarwind is 3 Ý   � 3 Þ * ��	�	�	 (Ball etal. 1999).

PSRB1259� 63 shows only a very low level of X-ray flux. Almost immediatelyafter the
pulsarreachesapastron,the flux becomesmeasurable,andthenincreasesby a factorof � �!	
towardsperiastron(Cominsky, Roberts& Johnston1994; Hirayamaet al. 1996). Modelling
suggeststhis is synchrotronradiationfrom relativistic pulsarwind leptonsthatareacceleratedat
theshockbetweenthepulsarandBewinds(Kaspietal. 1995;Tavani& Arons1997).

2.2 Evolution of the system,pastand futur e

If thesupernovawassymmetrical,theobservedhigheccentricityof theorbit, ² 1 	D� �  , requires
the massof theprimary star(theoneto becomethepulsar)to be about ��t ��� (Johnstonet al.
1996)beforetheexplosion.Roche-lobeoverflow wouldhaveoccurred,sothecompaniongained
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afew solarmasses,enablingthesystemto staytogetheraftertheexplosion.Beforethisevolution,
the systemwas perhapsa t�R ��� star being orbited by the R ��� companionin a long period
circularorbit. Theheavy starevolvedquicker, andthethenlighter staris now theBe star.

Orbit shrinkageoccurredduring the Roche-lobeoverflow, and the orbital period became
about50 days.After theexplosion,a recoil velocity of 80 km s�@� wasimpartedon thesystem,
consistentwith the blueshiftobserved. The explosionalsodisruptedthe orbit to what is seen
today.

The Be staris likely to evolve beforeany otherevolution in the system,suchasthe pulsar
turningoff, or theorbit circularising(Johnstonet al. 1994).Roche-lobeoverflow will notoccur,
unlesstheorbit spiralsin significantlyfrom tidal dragduringthered-giantphase.If theoverflow
occurs,a HMXB will result. The systemmay separateafter the secondsupernova, or it may
remain,resemblingPSRB1913� 16(Harrison& Tademaru1975).

2.3 Previousobservationsand models

2.3.1 1994periastron

At periastron(the closestapproachof the two stars— epochof periastronis denoted
�

), the
starsareseparatedby t�R��ÎÌ (Johnstonet al. 1994),assumingthe radiusof the companionstar
is ��� � . This distanceis comparableto the radiusof the Be disk, so the pulsarpassesthrough
the disk, possiblydisturbingandwarpingit. During the 1994passage(Johnstonet al. 1996),
theDM increasedby up to � 11cm��K pcbeforetheeclipse.Theradialpower law (equation1.6)
applieswith ª 1 �P�[t and 3B  1 �P�[Râ\ ��	 �já m ��K . TheDM first becameaffectedby thewind
at a distanceof � ��R�	��ÎÌ from theBe star. With a radialoutflow of stellarwind at � R km s�@� ,
a masslossof Rã\��!	 ��áÉ��� yr �@� is expected.Thedisk electrontemperatureis around� �!	 " K
(Melatos,Johnston& Melrose1995),andits half-openingangleä@Þ wasthoughtto be � ��R�� , but
hasbeenrevisedto lessthan �!	�� (Johnstonet al. 1999)from the1997data,andpossiblyaslow
as R�� (Ball et al. 1999).

The rotationmeasureof the pulsarwasmeasuredover the entireperiod,andvariedby as
muchas �Í����R�	 radm ��� , from theassumedgalacticcontribution. Whencombinedwith theDM
measurement,themagneticfield (projectedradially from the Earth),weightedasa function of
electronnumberdensityover theline of sightcanbeobtained(equation1.4). Thepulsaractsas
a probeto the disk sincethat is wheremostof the matterin the line of sight is, andwhenthe
RM was6650radm ��� from thegalacticvalue,thepulsarwas �¥R��ÍÌ from thecompanion,andthe
field strengthwas � ��	 mG — representingthefirst directmeasurementof field strengthneara
Bestar(Johnstonetal. 1996).

2.3.2 1997periastron

Johnstonet al. (1999) observed the 1997 periastron(light curve in figure 2.3a) and Ball et
al. (1999)modelledthe unpulsedradiation(figure 2.3b). From

� �åt�	 daysto
� � �!� days,

eclipseof the pulsaroccurred— andthe eclipseis attributedto free-freeabsorptionin the Be
disk. Unpulsed(referredto ascontinuum)flux begins at

� �~t�t daysand lastsuntil at least� � �!	�	 days.Thespectralindex (equation3.2)of thecontinuumflux duringthistime(figure2.4)
is mostly �Î	D�[R to �Í	D�¬ — implying synchrotronemission.Peaksat

� �7�!	 daysand
� � t�	 days

are from non-relativistic Be disk or polar wind electronsthat are acceleratedin the shock(s)
betweenthepulsarwind andtheBedisk,howeversomeradiocontinuumemissionmaybefrom
the pulsar– Be wind interaction. The X-ray synchrotronemissionis producedvia different
physics,and is thoughtto be causedby the interactionbetweenthe pulsarwind and Be star
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a) b)

Figure2.3: a) Light curveat all observedfrequencies,for the1997periastron (Johnstonet al. 1999).
Fromtop to bottom,theflux densitiesare at 0.84,1.4,2.5,4.8and8.7GHz. The0.84datahaslessdata
points(observations)asit wasobservedona differenttelescope(MOST).
b) Model of the continuum(non-pulsedsynchrotron) flux at an arbitrary frequencyæ (solid line) andæ�ç�¸´Á�ÀèÃ!Ã§æ (dashedline), demonstrating thechangingspectral index (Ball etal. 1999).

outflow (Tavani, Arons& Kaspi1994;Kaspiet al. 1995;Tavani & Arons1997). TheBe polar
polarwind velocity is 2000km s�@� , andit is thiswind thatcausesmostof thedispersionmeasure
changes(Johnstonet al. 2001).

Figure2.4: Thespectral indices(Johnstonet al. 1999)for both 1994and1997periastra (dashedand
solid lines,respectively).

Themodelarguesthattheradiatingelectronsareacceleratedin atime lastinglongerthanthe
two disk crossings,which are � Z dayslong (implying a disk openingangleof ä@ÞY� R#� ). The
electronpopulationevolvesthroughsynchrotronlosses.A fit of 10 dayswasobtainedfor the
electronaccelerationtime, andthis is the periodof the initial rise time beforeperiastron.The
time constantof thegradualdecayfrom thepre-periastronpeak,which continuesafterthepost-
periastronpeak,is dependentuponthestrengthof themagneticfield,andsincethemagneticfield
is higherfor thesecondpeak,becausethepulsaris closerto theBestar, it decaysfaster. Therise
timeof thepost-periastronpeakis definedby thesynchrotronlosstime,andis thesameasits fall
time, but is alsofitted to beapproximatelythesameastherise time of thepre-periastronpeak.

10



We areleft with just theelectronsfrom thefirst disk crossing,after
� � Z�R days.Thereis a flat

spectrumspikeatthestartthatis possiblydueto thepulsarwind splashinginto thedisk,but more
importantly, themodelmakesapredictionthatsincethehigh energy electronsevolvequicker in
time,a high frequency cutoff in thesynchrotronspectrum(Melrose& McPhedran1991)moves
gradually to lower frequencies,and the light curve suddenlydropsto zero with a frequency
dependency, just after the last full spectrumdatawasobtainedduring1997. Verificationof this
late-timebehaviour for the2000periastronis oneof thekey aimsof theproject.

2.4 This Project

PSRB1259� 63/SS2883wasobservedusingAustraliaTelescopeCompactArray (ATCA, near
Narrabri)over theperiodfrom

� ����� to
� � ���!Z (

� ��é denotestimesinceperiastronin days,
whereperiastronwas17 October2000).

In 2000,PSRB1259� 63 underwentits last periastron,andpreliminaryanalysissuggested
thecontinuum(unpulsed)flux from thepulsarwasdifferentfrom the1997periastron.Therewas
alsosomehint of a very high rotationmeasure,suggestinga high magneticfield in thevicinity
of theBe star.

A new M IRIAD routinenot availablein previousyears,andthenew correlatorat theATCA
thatcanobservein pulsarbinningmodewith 16timebinsinsteadof 8 (for the1997observation)
or no bins (1994)have beenutilised in this project,to separatetheeffect of thecontinuumand
pulsedfluxes,andin combinationwith moredetailedobserving,we shouldbeableto improve
uponmodelspresentedin formerperiastra.

In this project,our objectivesare:ê To producea light curvefor boththecontinuumandunpulsedflux densitiesatall frequen-
ciesandall observingtimes,andcomparewith theobservationsandmodelfrom 1997,and
in particular, comparewith thepredictedlatetimebehaviour ( Ù � � ��	 ).ê To obtainspectralindicesfor continuumflux for asmany daysaspossible,andcompare
with theBall et. al. (1999)model.ê To obtaintheRM of thepulsaratdifferentepochsto probethemagneticfieldsneartheBe
star.ê To checktherise,sustainandfall timesof thecontinuumflux from thesystem,andcom-
parewith theBall et. al. (1999)model(figure2.3b).ê To explain thephysicsbehindany differencesfrom themodel,suchasdiskwarpages,disk
orientationchanges,densitystructurevariationsin thevariouswinds,or growth or decay
of thedisk.
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Chapter 3

Observing, data reductionand analysis

3.1 Observations

Observationsweremadeat the AustraliaTelescopeCompactArray (ATCA) in Narrabri. It is
possibleto observe at two frequenciessimultaneouslywith full polarizationinformation,with a
nominalbandwidthof 128MHz, andnominalspectralresolutionof 4 MHz (i.e. 32 channels).
However, adjacentfrequency channelsarenot completelyindependent,andafterremoval of the
bandedges,we areleft with 13 channelsanda resolutionof 8 MHz. TheATCA is capableof
splitting eachcorrelatorcycle into bins correspondingto differentphasesof a pulsar’s period,
andthepulseprofilecanbesplit into 8, 16or 32 bins.

Our observationsweremadeat 1384and2496MHz simultaneously, alternatingwith 4800
and8640MHz, andtheobservationswerefoldedsynchronouslywith thepulsarperiodof 47.8ms,
dividing thepulseprofile into 16 time bins.An examplepulseprofile appearsin figure3.2. Full
Stokesparameters(seetable3.1)wererecorded.

Stokes
parameter

Definition for linear
receiver feedsë p�ì �í r � p�ì �î rï p�ì �í r � p�ì �î rð t pØì í r p�ì î r GJm�n Ï' t p�ì í ì î r neÑñÒ Ï

Table3.1: Definitionsof the4 Stokesparameters in termsof theorthogonal electricfields(Turlo et al.
1985).

One of the ATCA primary flux calibrators,0823� 500 or 1934� 638, was observed once
duringeachsessionfor � R minsto fix theflux densitiesof thepulsar. Eachpair of bandswere
switchedevery � t#	 mins, with an observation of the secondaryphasecalibrator(1251� 713)
for � Z minsleadingeachintegration,wherethephasecalibratorcompensatesfor thechanging
propagationwithin theEarth’s ionosphere.

Thirty observationsbetween
� �´��� and

� � ���!Z weremadeusingvariousATCA config-
urations. The observingtimeswerefrom 2 to 8 hourslong, with mostbeing4 hours,andthe
observationsaredetailedin table3.2.

Theobservationswith “
¢
” next to themin table3.2wereeithertoo shortto beof any use,or

didn’t have propertime-binobservingduringall of or partof theobservation. Sincethepulsar
is a single point source(althoughit hasto be resolved from a nearbysource),any telescope
arraysizewasuseful,althougha 6km arraywaspreferred,to minimisenoisefrom local and
solarinterference,sincetheseaffect theshorterbaselines.Theshortestarrayusedwasa 750m
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Observation
starttime (UT)

Length Array
config

Sep 01.00 4h 6A
Sep 08.99

¢
1h 6A

Sep 15.05 4h 6A
Sep 23.05 4h 6A
Sep 25.05 4h 6A
Sep 27.06 4h 6A
Sep 29.00 4h 6A
Sep 30.88 4h 6A
Oct 02.74 4h 6A
Oct 05.22 4h 6A
Oct 06.88 4h 6A
Oct 11.05 4h 6A
Oct 14.79 4h 6A
Oct 18.89 4h 6C
Oct 23.01 4h 6C

Observation
starttime (UT)

Length Array
config

Oct 26.97 4h 6C
Oct 30.71 4h 6C
Nov 04.67

¢
4h 6C

Nov 04.85 8h 6C
Nov 07.79 2h 6C
Nov 10.84 4h 6C
Nov 15.93 4h 1.5B
Nov 20.72 4h 1.5B
Nov 26.72 4h 1.5B
Dec 08.84

¢
4h 1.5B

Dec 11.72 4h 1.5B
Dec 19.86 4h 1.5C
Dec 26.79 5h 750C
Jan 08.49 5.5h 750C
Feb 07.72 4h 6C

Table 3.2: Date, length of observationin hours, and array configuration for all observationsof
PSRB1259Û 63/SS2883duringthe2000periastron. Entrieswith “

¢
” next to themhavenotbeenanalysed

yetbecauseof difficulties. Thelongestbaselinein the750Carray is usually750metres,and1.5kmsfor
the1.5Band1.5Carrays,and6 kmsfor the6Aand6Carrays,but wealwaysmakeuseof the6thantennae
that is between3 and6 kmsawayfromtheothers.

array (with the 6km antennastill includedto bring the array back up to a 3–6 km array) on
two occasionstowardsthe endof the observingperiod. The shorterbaselinesin thesearrays
typically were completelyflaggedout (or rejected)at the two lower frequencies,becauseof
excessive interference.

3.2 Data reduction

3.2.1 Overview

All datareductionwasperformedusingtheM IRIAD datareductionpackage.A largenumberof
scripts(programsthatranandtheninterpretedtheresultsfrom theM IRIAD tasks)wereproduced
to semi-automatethelargetaskof reducingthirty differentobservations.A descriptionof these
scriptscanbe found in appendixA, anda flowchart in figure 3.1. The first thing we did that
differedfrom previousanalyseswasto subtractthecontinuumflux densityfrom eachtime bin
equally, allowing usto separatethetotal flux into continuumflux andon-pulseflux.

We form imagesfrom thepulsaron-pulseflux (which containsno othersourcesin thefield,
sincenothingelsefluctuatesat thesamefrequency PSRB1259� 63 does).We alsoform a total
flux image(animageof thesystemwith nothingsubtracted),anddeducethecontinuumflux by
subtractingthepulsedflux from thetotal flux.

A rotationmeasurewasobtainedfor eachfrequency that it could be measured,and these
wereaveraged.The RM variedon a time-scaleof smallerthananhour, so in severalsessions,
theobservationsweresplit into blocksof abouthalf anhour. Total flux density(Stokes

ë
) and

circularly polarizedflux density(Stokes ' ) wereobtained,with a light curveandspectralindex
beingderived from the total flux. In the following sections,we discussthe reductionin more
detail.
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3.2.2ò Calibration

The UV data(raw datain the Fourier plane)is
Data

Data clean
enough?

Plot UV data
and pulse

profile

N

Y

Flag /
Calibrate

Image
(INVERT /
CLEAN /
RESTOR)

Baseline
subtract
(PSRBL)
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which are
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trends

Arithmetic ops

Manual
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Figure3.1: Outlineof thedatareductionand
analysisprocess.

automaticallyflaggedto remove baddata,andcal-
ibratedby the DO CAL script, which makesuseof
TVCLIP to flag all datapointsmorethan6 timesthe
averageabsolutedeviation from themeanflux den-
sity (Sault & Killeen 1998). The script then cali-
bratesthedatausingthestandardmethoddetailedin
Sault& Killeen (1998).

The flux densities of the primary calibrator
0823� 500 are fixed at 5.5, 5.6, 3.1 and 1.4 Jy
(wherea Jansky is a unit of flux densitydefinedby� Jy 1 ��	 ��� - Wm ��� Hz�@� ), andthoseof 1934� 638
are 14.9, 11.6, 5.8 and2.8 Jy, for the 4 observing
frequenciesrespectively (Johnstonet al. 1999).The
flux densityof 1251� 713 is � � Jy at all frequen-
cies.

We calibratethe antennagains,bandpassfunc-
tion anddelaysusingMFCAL, andleakagesbetween
thepolarizationsusingGPCAL, for theprimarycal-
ibrator, assumingno linear polarization. We then
calibratethe secondarycalibratorin the sameway,
solving for a non-zerolinear polarization,and ad-
ditionally settingthecalibrator’s absoluteflux scale
from theprimarycalibratorusingGPBOOT. Oncethegains,phasesandleakagesfor theantennae
arefully calibratedfor thesecondarycalibrator, wepropagatethegaintablesto thesourceusing
GPCOPY.

3.2.3 Imaging

Althoughit is possibleto directly measuretheflux densityof thepulsarusingUVFLUX, another
sourceis nearbythatwill contributeflux to themeasurementthroughits sidelobes,andso it is
usuallydesirableto imagethepulsar(with INVERT), andremove thesidelobesfrom the image
(or “clean” theimageusingCLEAN andRESTOR). Thesetasksarehandledautomaticallyby the
DO IMAGE script, which choosesappropriateimagesizesandresolutionsfor eachfrequency,
andspecifiesthat the inversionis performedusinga robust weightingschemeandtaking into
accountthesystemtemperaturewhenweightingvisibilities1.

To speedup the imaging process,we first averagethe bin-modedatausing the DO AVER

script,whichdirectsUVAVER to averageeachbin from thepulseprofiletogether. INVERT images
just theStokes

ë
data,by performinga FastFourierTransformon theUV data,andgeneratesa

dirty image.CLEAN removesthesidelobesiteratively by generatingdeltafunctionscorrespond-
ing to point sources(cleancomponents),andremoving themfrom the UV data,until thereis
just a “residualmap” left. Thecleancomponentsareaddedto generatea “cleanmap” andthe
RESTOR programaddsthe residualmapbackto thecleanmap,convolving it with theprimary
beamof thedirty imageto producethefinal image.Thefinal imagehasall sidelobesremoved,
if thedatais well flagged,andtheflux densityis in unitsof Jy perbeam,sothepulsar’sflux can
bedirectlymeasuredfrom it.

1Therelevantoptionssuppliedto INVERT are“options=.. . ,systemp”and“robust=0.5”
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3.2.4 Pulsar data

The UV time binneddatais first correctedfor dispersionusing DO FIX, otherwisethe pulses
smearoutfor thelowerfrequencies,sincethetimedelayacrossthefrequency bandis asignificant
fraction of the pulseperiod. We assumea constantDM of 146.7cm��K pc, which is accurate
enoughto de-dispersetheprofilecompletely.

We wish to be able to model the continuumemissionfrom the pulsarseparatelyfrom the
pulsedemission,sincethechangescomefrom differentphysics.In the lastanalysesperformed
(Johnstonet al. 1999),this wasnot donefor all days,asthepulseprofileswereonly split into 8
timebins,ratherthan16,andtherewasno M IRIAD taskthatwascapableof doingthesplitting.

We have to first look at thepulseprofile usingPSRPLT to seewhich time-binsarepartof the
baseline,thengivethesebinsto theDO PSRBL script.Thenew PSRBL taskin M IRIAD is utilised
by DO PSRBL, andtakescareof subtractingtheaverageof thebaseline(off-pulse)binsfrom the
UV data,for all Stokesparametersfor eachintegration,andfor eachfrequency channel. The
only flux left in theUV datais thepulsarflux — all sourcesthatarenot synchronisedwith the
pulsarperiodaresubtracted,sincethey will contributeequallyto all thebinsin theUV data.

We thenlook at thenew pulseprofileusingPSRPLT, anddecidewhich binsoughtto beused
in theRM calculationsandwhich binsareincludedin thevariouson-pulseflux measurements
(themorebinsincluded,thehigherthesignalfor flux measurements,but thelower theaccuracy
of RM measurements,sincethe positionanglechangesacrossthe pulseprofile). An example
pulseprofileandbin selectionsappearin figure3.2.

a) b)

Figure3.2: A pulseprofile (Nov20 2000,4800MHz,all time and channels)demonstrating the Stokes
parameters,andhowthebaselineis selected.
a) Thebinsinsidetheverticalbluelinesarethebinscountedasbeingon-pulse(for thepercentagecircular
polarizationmeasurements— theRM measurementstypically usedjust thehighestbinsfromeach pulse
component).
b) Thebins associatedwith the horizontal red lines are the bins selectedas part of the baseline, and
are subtractedto give the secondfigure. By definition, all the Stokes parameters in thesebins in the
baselinesubtractedprofile average to 0. It is clear that the secondcomponenthasa lot more circular
polarizationthanthefirst,andthelinear polarizationis botha highpercentage of thetotal flux,andshow
90� differencebetweenthecomponents.
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3.2.5ò Flux densitymeasurement

DO I M FI T

DO IMFIT is usedto fit a point sourceflux distribution to thepulsar(eitheron-pulseor thecom-
binedcontinuumandpulsartotal fluxes),in thecleanimage.ThisscriptutilisesIMFIT to fit to a
point sourcefixedat acertainpositionrelative to theobservingcentre.

Thefitting is donewith care,makingsurethevaluesaresane,by checkingtheimageusinga
visualizationpackagesuchasKVIEW.

DO UVFL UX

The DO UVFLUX script (andvariants)measurestheflux densityof a point sourcewith a given
positionrelative to the observingcentre,directly from the UV data. In normalobserving,this
flux maybebiasedfrom othersources,sincethesidelobesof thosesourceswill not beremoved
from thedata,however thebaselinesubtractedUV datacontainsonly thepulsar— all otherflux
hasbeensubtractedfrom theUV plane,sinceno otherflux will besynchronouswith thepulsar
period. This meanstherewill not be any side-lobeoverflow onto the pulsar, andwe canuse
UVFLUX with highaccuracy.

UVFLUX is moresusceptibleto incompleteflagging,or noisein general,andunderestimates
theflux if therearephaseproblems.However, IMFIT cannot beusedfor low flux data(for on-
pulsedata,whenthepulsaris partially eclipsed)at all, becauseof cleaningproblems.Whenthe
pulsaris completelyeclipsed,we do not worry aboutbaselinesubtractionandUVFLUX, so less
careneedsto betakenwith flagging.

ThevariousDO UVFLUX scriptsareusedfor theon-pulse(base-linesubtracted)datato mea-
suretheflux densityfor the4 Stokesparametersasappropriate.For RM measurements,they may
begivenchannelrangesto work on. They mayalsobegivenbin numbersif it is desiredto mea-
surethefluxesin thetwo pulsecomponentsindividually. Theflux canbemeasuredfor thefull
continuumandpulseddata,but this is only usedto checkagainstthefluxesgivenby DO IMAGE

andDO IMFIT. If the errorsarevery high comparedto the theoreticallyexpectednoise,or the
resultsfrom DO UVFLUX andDO IMFIT differ too much,flaggingis reperformedmanually, and
theentireprocessrestarted.Fortunately, mostof thework in gettingto thisstagewasin flagging
andchoosingbins(which remainconstant,independentof flagging),sothescriptscanbererun
many timeswith ease.

By subtractingtheon-pulseflux obtainedusingDO UVFLUX from thecombinedflux obtained
using DO IMFIT, we can deducethe flux contributed purely from the continuumsynchrotron
radiation.

Oncemany observingsessionshave beenreduced,we canthenform separatelight curves
from the 3 setsof fluxes— continuum,pulsar, andthe full flux. The full flux datais directly
comparableto thelight curveproducedfor 1997shown in figure2.3a.

3.3 Analysis

3.3.1 Obtaining a light curve

Oneof thekey predictionsfrom the1997observationsof PSRB1259� 63/SS2883,is themodel
light curve in figure2.3b. We aim to verify thebehaviour, andseewhetherthenew datafollows
themodel.We usea combinationof DO UVFLUX (for on-pulseflux) andDO IMFIT (for contin-
uumandpulsedflux) in the GENERATEFLUXERRTABLE.PL script (who’s main job is to handle
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the parsingof the fitting output), which then outputsto GNUPLOT routinesLIGHTCURVES-
CONT.GNUPLOT, LIGHTCURVESCONT+PSR.GNUPLOT andLIGHTCURVESPSR.GNUPLOT. These
GNUPLOT routinesoutputthelight curve for all frequencies,of theon-pulseflux, thepurecon-
tinuumflux, andtotal flux.

Thelight curvefor the1997totalflux datais shown usingtheLIGHTCURVES1997.GNUPLOT

script,andthecorresponding2000datais shown usingLIGHTCURVES1997.GNUPLOT.

3.3.2 Cir cular polarization

Circularlypolarizedflux shouldnotbedepolarizedby theplasmaaroundthestaror theinterstel-
lar medium,andsowe canverify linear-polarizationmeasurementsby makingsurethecircular
polarization(Stokes ' ) asa fraction of the total flux density(Stokes

ë
) is constantwithin the

errorbarsover the full observingtime periods. If not, the reliability of our RM measurements
latermaybecastin doubt.

WeuseGENERATECIRCERRORTABLE.PL to lookatthecircularpolarizationin thepulsecom-
ponentsseparately, andthenover thecompletepulseprofile. GENERATECIRCERRORTABLE.PL

makesuseof the DO UVFLUX andDO UVFLUXINDIVPULSES scripts(usingUV data,sincewe
areonly dealingwith pulsarflux). We usethe CIRC0.GNUPLOT (for the whole pulseprofile),
CIRC1.GNUPLOT andCIRC2.GNUPLOT (for first andsecondcomponents,respectively) scripts
to plot thecircularpolarizations.

It is known frompreviousobservationsthatthefirst pulsecomponenthasaverysmallcircular
polarization,whereasthe secondcomponenthasa polarizationin the tensof percentagerange
(figure2.1),andwecanverify this behaviour again.

3.3.3 Obtaining the RM

TheRM measurementsareobtainedfor theon-pulsedata,by dividing eachreceiver’sbandwidth
into � � setsof channels,andmeasuringthepositionanglein each,andseeinghow it varies.This
taskis handledby the PLOTRM .PL script,which usesDO UVFLUXRM to get the flux densities,
errors,andnumberof visibilities for eachtime,binandfrequency selectionrelevant.Theposition
angleis givenby (Turlo et al. 1985):xcó 1 	D�¬R+\�ô k�Ò �@� F ð ó * ï ó N (3.1)

andcanberelatedto theRM by equation1.5.
The RM is obtainedby measuring

ï
and

ð
, andhencexcó , for eachpulsecomponentsep-

arately. The positionanglesareplottedagainst
S ��� in the ATCARM program,which thenuses

theNumericalRecipesroutine“linfit” andfits for asimplestraightline with errors,to obtainthe
RM. TheRM’s for thetwo componentsarecomputedasa consistency check.Whenthesignal
to noiseis sufficiently high,wecanseparatetheobservationinto multiple time intervals,andre-
solveRM changeswith smalltime scales.However, whenit is too low (whenever thepulsesare
beingpartially scattered)theentireobservationmustbeusedto getenoughsignal,andwe can
not resolve changesin RM with time. During mostof theperiastron,thepulsesarecompletely
eclipsed,in whichcasewecan’t obtainmeasurementsfor theRM.

Lossesin sensitivity of
ï

and
ð

leadto increasesin the error of x . The positionangleis
known to sweepover a small rangeover thepulseprofile (figure2.1),andis occasionallyquite
obviousjustby lookingatthe

ï
and

ð
valueswithin apulsecomponent.Thesweepingwill cause

a depolarization,which decreasesthe
ï

and
ð

flux densities,andhenceincreasestheerrorsinx . Sometimestheerrorscanbe improvedby taking a singletime-bin insteadof multiple bins,
despitetherebeinglessUV datapresent.Anotherlosscanbecausedby x rotatingtoo quickly
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acrossõ a singlefrequency channel.This canoccurin thecaseof extremelyhigh RM’s, but can
beworkedaroundby moving to thenext higherfrequency band.At the lowestfrequencies,for
timeswhentheRM is high,thepulsesappearcompletelydepolarizedevenwithin onefrequency
channel,with

ï
and

ð
both being 0 within the errors,and hence x is meaninglessin these

situations.

3.3.4 Spectral indices

Theflux densityof thecontinuumor pulsedflux at a givenfrequency
S
, is givenapproximately

by a power law, with ö ó 1å÷ S ¨Pø (3.2)

whereù denotesthespectralindex. Weobtainthespectralindicesfor eachsessionfor thepulsed
dataonly, the continuumdataonly, andthe full data,andcomparethe trendover the160days
with thatin the1997data(Johnstonet al. 1999).

We usethe CALCSI .PL script to calculateù for eachobservingsession,by doing a simple
linear fit in log-log spacefor the fluxes as a function of frequency. The GNUPLOT scripts
CONTSIS.GNUPLOT andPSRSIS.GNUPLOT thengive ù asa functionof epoch.

3.3.5 Err or analysis

Light curve

The full PSRB1259� 63/SS2883flux densityis obtainedusing IMFIT, and IMFIT returnsthe
residualRMS noisein the image.Sinceour sourceis a point source,this RMS noiseshouldbe
thesameastheexpectederrorof thesource.Henceweusethis errorin thelight curve.

Whenlooking at thepulsaronly, we expecttheerror (aswell astheflux) to go down, since
thereis nothingelsein thefield who’ssidelobeswould interferewith thepulsar’sflux. However,
decidingwhich bins containpulsarflux is sometimesdifficult, especiallywhen thereis some
scatterbroadening(light raystake differentpathsthroughthe dispersive medium,andso incur
differentdelays).In thesecases,thesplitting of pulsarandcontinuumfluxeswill beerroneous,
andthepulsarflux will beunderestimatedsincesomepulsarflux will spill over evenly into the
baselinebins,andhencethecontinuumflux overestimated.Thiserrorseemsto beunquantifiable.

Sincewe useUVFLUX to obtain the flux density, we useUVFLUX ’s “RMS scatter”value,
which measuresthescatteraroundthemeanflux, andis thesameasthe theoreticalRMS only
for well calibrateddata(Sault& Killeen 1998),in thecalculationof ourerror. TheRMSis given
pervisibility, sowedivideby thesquarerootof thenumberof correlationsto give theerror.

Cir cular polarization

Thefractionalcircularpolarizationis givenin termsof
ë

and ' , whichhaveequalerrorsassoci-
atedwith them.HencetheerrorisX F ' *#ë N 1 ' ëûú 5 Xü'' 6 � � 5 X ëë 6 �eý 1 X ë X ' ú � � 5 ' ë 6 �eý (3.3)

where X is theRMS in both ' and
ë
. Thesamecalculationis madewhenusingDO UVFLUX-

INDIVPULSES for thepulsecomponents— wherethescript is givena bin selectionto work on,
andGENERATECIRCTABLE.PL calculatestheerrorfor both ' and

ë
in thenormalway with the

reducednumberof visibilities. Becausethereis moreflux availableonaveragein thepulsesthan
over theentiretime period,thefractionalerror in flux whenincludingonly theon-pulsebins is

18



smaller, andgoesin first orderas þ 3 *§ÿ for 3�� ÿ
where 3 is thenumberof binscounted,andÿ

is how wide thepulsecomponentis. Hencetheerrorin ' *#ë canbeseenfrom equation3.3 to
goapproximatelyas 3 *#ÿ .

RM

TheRM errorcalculationsproceedby gatheringthenumberof visibilities andRMSscatterfrom
DO UVFLUXRM for eachblock of datawe are interestedin. The error for the block is then
calculatedasin theaboveparagraphs.Theerrorin x is givenby (Turlo et al. 1985):Xyx 1 	D�[Rï � � ð � � F ï X ð N � � F ð X ï N ��� ��� �1 	=�¬R XF ï � � ð � N ��� � 1 	D�¬R X� Fjk�nen	�PIüÑÓÒ�
 X ð 1 X ï 1 X N (3.4)

where
�

is the linear polarization,with a small modificationfor practicalcalculations— sub-
tractinga bias

 1 	D� � t�t X from thequantityin thedenominatorin equation3.4andtakingthe
absolutevalueof theresultto giveequationC.2,otherwise

ï �D� ð � arebiasedpositivelyby their
errors(seeappendixC).

The anglesandtheir errorsfor eachpulsecomponentare fed througha “linfit” numerical
recipesroutinethatcalculatestheRM anderror, from a simplelinearfit.

Spectral Indices

It would be ideal to fit the datafor equation3.2 using the “Marquardt-Levenberg” algorithm
which takesinto accounttheerrorson thefluxesproperly, eventhoughthey aren’t symmetrical
in log-space.However, sincethereareonly 4 frequenciesto fit for, this algorithmbreaksdown,
andwe have to resortto a simplelinearfit thattakesinto accounttheerrorsonly approximately,
by treatingthemassymmetricalin log space.We thenusenormal � � fitting to obtainerrorsfor
thespectralindex for eachsession.
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Chapter 4

Results— Light Curve

In this chapter, I will describetheflux densitiesof thecombinedpulsarandcontinuumsource,
andseparatedpulsarandcontinuumflux densitiesfor eachof the 30 observationsat the four
frequencies,includinga full treatmentof theerrors.Chapter5 detailsthepolarizationmeasure-
mentsanderrors.

a) Dirty mapof full data. b) Cleanedimageof full data.

c) Dirty mapof pulsardata. d) Cleanedimageof pulsardata.

Figure4.1: Imagesfrom theDecember19, 2000dataat 2496MHz. Stokes µ , range 0 to 4 mJy(Total
flux densityfor this daywas10.3mJy, andthepulsarflux densitywas3.6 mJy). Beamsizesfor cleaned
mapsareshownin bottomright cornerof images.
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Typical cleananddirty imagesat 2496MHz areshown in figure4.1, for datafrom theDe-
cember19, 2000observation. Thetop row shows imagesmadeusingtheoriginal data,andthe
bottomrow shows imagesusingthebaselinesubtracteddata,containingonly thepulsarflux (a
demonstrationof thebaselinesubtractionprocessis in figure3.2). Theleft imagesarethedirty
maps,andtheright imagesarecleaned.Thesourcein themiddleof thefield is thepulsarsystem,
andto thewestis aresolvedextragalacticsourcewith peakflux density� ZD�¬R mJyandintegrated
flux density � R mJyat this frequency.

Figure4.1ademonstratestheimportanceof imagingandcleaningthenonbaselinesubtracted
data— it is obviousthattheflux measurementsof thenon-baselinesubtractedsourcein thedirty
map(effectively whatUVFLUX samples)aregoingto bebiasedfrom thesidelobesof thenearby
resolved extragalacticsource,andthe bias is only removed in figure 4.1buponcleaning. The
baselinesubtracteddatain figure4.1cdoesnot have this problem,andit seenthat thereareno
othersourcesleft in thefield in thecleanedimagein figure4.1d,asexpected.

The flux densitiesfrom the observationslisted in table 3.2 appearin table 4.1. The first
column shows the dateof the observation, as well as the time from periastronin days. The
secondcolumn shows the frequency — most observationswere at all 4 frequencies,but one
wasallocatedon a “targetof opportunity”basis,andonly usedthe lower frequencies.Theflux
densityof thepulsar, ascalculatedby UVFLUX, is givenin column3, for whensignificantpulsed
flux is detected.Thepulsarerror in column4 is nominally the error calculatedfrom the RMS
scatter, asdescribedin section3.3.5.However, whentheimaginarycomponentof theflux density
calculatedin UVFLUX is morethan4 timesthis,theatmosphericphasestabilitywasverybadand
thequality of thedatais questionable,andthenew error is shown in brackets. Column5 gives
thecombinedpulsarandcontinuumflux density, asmeasuredby IMFIT, andtheerrorin column
6 is takenfrom theimageRMS residualin IMFIT.

Light curvesareproducedfrom the datain table4.1, andthe light curve of the combined
pulsarandcontinuumflux densitiesappearin fig 4.2a,pulsarflux in figure4.2c,andcontinuum
flux (the pulsarflux subtractedfrom the combinedflux) in figure 4.2b. A comparisonof the
full light curvesof 1997and2000appearin figure 4.3. In all cases,colour differentiatesthe
frequencies.The continuumandcombinedlight curvesareinterpolatedbetweenobservations,
becausethey areassumednot to vary significantlyon time-scalesof a day, but thepulsarflux is
assumedto behighly variableonthetime-scaleof hoursbecauseof scintillation,soareplottedas
discretepoints.Error barsareplottedasappropriatefor thetypeof flux measurements— errors
from UVFLUX for thepulsardata,andIMFIT for thecombinedpulsarandcontinuumdata.

The plots in the comparisonof the 1997and2000dataareplottedon the samescale,con-
centratingonasubsetof all the2000datato highlight theinterestingevents,andlinesat

� 
 t�	
aredrawn to easecomparisons,sincethis is roughly wherethe pulsarabruptlybecomesboth
non-detectableandthendetectable,andthecontinuumflux startsto riseor peak.A line is also
drawn at thepointof periastronto enableeasycomparisons.

4.1 Pulsar

4.1.1 Eclipsemechanisms

Materialfrom theBestarsurroundsthepulsar, andcontributesto scatteringof thelight raysfrom
the pulsar. A ray that is emittedfrom the pulsarandarrivesat the observer unscattered,hasa
shorterpath-lengththanaraythatscattersoff thematerial.Theprobabilityof acertainscattering
angleandhencedelayis approximatedexponentially, andsothetimeof arrival of light raysfrom
a fixedphaseof thepulseprofile will have anexponentialtail with a time constant.� which is
stronglyfrequency dependent,.� ( S � "�� " (Cordes,Weisberg & Boriakoff 1985).In thisway, the
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Day
(+ � )

Freq Flux densitiesand errors (mJy)
(MHz) Psr Psr+ Cont

Flux Error Flux Error

sep01� ������� ��� 1384 5.36 0.12 8.00 0.73
2496 4.77 0.19 4.61 0.20
4800 2.75 0.10 2.76 0.18
8640 1.76 0.08 1.81 0.16

sep15� ������� ��� 1384 — — 3.93 0.65
2496 2.47 0.21 5.00 0.43
4800 2.27 0.08(1.28) 2.22 0.48
8640 0.61 0.08(0.61) 0.78 0.32

sep23� ������� ��� 1384 — — 1.64 0.37
2496 — — 3.34 0.33
4800 2.15 0.17 2.28 0.39
8640 0.61 0.09 0.64 0.19

sep25� ������� ��� 1384 — — 3.78 0.56
2496 1.38 0.20 4.29 0.43
4800 1.70 0.10(0.61) 1.70 0.30
8640 1.10 0.06(0.67) 1.13 0.31

sep27� ���� �� ��� 1384 — — 2.03 0.29
2496 — — 1.62 0.25
4800 0.60 0.10 1.43 0.34
8640 0.44 0.09 0.65 0.25

sep29� �"!$#�� ��� 1384 0.29 0.13 4.73 0.64
2496 — — 5.36 0.34
4800 0.57 0.14 3.26 0.40
8640 0.22 0.09 1.58 0.40

sep30� �"!$��� % � 1384 — — 6.44 1.06
2496 — — 6.86 0.31
4800 — — 4.62 0.38
8640 — — 2.86 0.42

oct02� �"!$��� & � 1384 — — 17.60 1.91
2496 — — 13.28 1.29
4800 — — 9.17 2.41
8640 — — 3.18 1.85

oct05� �"!'��� � � 1384 — — 27.39 2.62
2496 — — 23.27 1.57
4800 — — 12.06 3.71
8640 — — 3.09 2.20

oct06� �"!$ �� % � 1384 0.51 0.16 33.37 1.68
2496 — — 29.61 0.78
4800 — — 21.95 1.16
8640 — — 13.68 1.11

oct11� ����� ��� 1384 — — 39.64 2.91
2496 — — 29.83 2.01
4800 — — 13.93 3.33
8640 0.22 0.09 3.27 2.05

oct14� ����� ��� 1384 — — 29.16 1.70
2496 — — 23.70 0.84
4800 — — 16.17 1.97
8640 — — 9.18 1.98

oct18� !�� % � 1384 0.18 0.06 21.50 1.59
2496 — — 17.36 0.54
4800 — — 11.75 0.99
8640 — — 7.85 0.99

oct23� %�� ��� 1384 — — 21.72 1.24
2496 — — 16.93 1.07
4800 — — 10.15 2.52
8640 — — 3.70 2.21

Day
(+ � )

Freq Flux densitiesand errors (mJy)
(MHz) Psr Psr+ Cont

Flux Error Flux Error

oct26� (�� ��� 1384 0.35 0.13 22.57 1.62
2496 — — 15.88 1.19
4800 0.22 0.08 6.79 1.54
8640 0.18 0.08 1.22 0.50

oct30� !$��� ��� 1384 — — 22.55 2.17
2496 — — 17.50 1.07
4800 — — 12.35 1.39
8640 — — 6.13 1.59

nov04� !$#�� % � 1384 0.12 0.05 29.88 1.46
2496 0.29 0.08 23.22 0.92
4800 0.39 0.06 11.02 1.42
8640 0.36 0.05 2.46 0.76

nov07� ��!�� ��� 1384 1.64 0.12 35.66 2.54
2496 3.31 0.21 34.65 1.32

nov10� ����� ��� 1384 2.97 0.17 36.95 2.27
2496 5.12 0.18(1.03) 34.60 1.46
4800 4.33 0.18 22.95 2.01
8640 1.59 0.10(0.58) 13.40 1.55

nov15� ��(�� % � 1384 3.75 0.18 32.04 3.15
2496 3.08 0.12 24.62 1.15
4800 1.89 0.06(0.27) 13.81 1.86
8640 1.48 0.13 7.06 1.72

nov20� ����� ��� 1384 3.33 0.13 26.69 2.70
2496 3.61 0.17 23.61 0.80
4800 2.94 0.09 17.27 1.06
8640 0.86 0.08 9.62 0.99

nov26� �� �� ��� 1384 3.69 0.11 20.73 1.73
2496 3.83 0.17 18.92 0.64
4800 1.63 0.08 11.06 0.77
8640 1.60 0.08(0.45) 6.88 0.85

dec11� %�%�� ��� 1384 4.05 0.15 15.47 1.72
2496 3.56 0.19 11.70 0.38
4800 1.11 0.12 5.43 0.32
8640 1.65 0.10 3.80 0.33

dec19� ����� ��� 1384 4.41 0.20 15.58 1.62
2496 3.64 0.20 10.30 0.71
4800 2.38 0.06(0.49) 5.07 1.35
8640 0.57 0.06(0.27) 1.39 0.61

dec26� &� �� ��� 1384 5.09 0.18 10.25 1.84
2496 4.11 0.12 7.47 0.55
4800 1.92 0.08 5.19 0.55
8640 1.07 0.06 0.75 0.41

jan08� #���� ! � 1384 5.28 0.20(1.14) 13.52 3.46
2496 4.76 0.16(0.84) 10.38 0.60
4800 1.85 0.09 5.09 0.41
8640 0.48 0.06 2.56 0.38

feb07� !�!$��� ��� 1384 3.60 0.15(0.99) 10.85 0.86
2496 3.39 0.13(1.24) 7.97 0.63
4800 3.87 0.09(2.94) 6.46 2.08
8640 0.74 0.11(1.35) 2.19 1.31

Table4.1: Flux densitiesfor bothpulsaronly, andcontinuumandpulsar. Pulsarflux densitiesare omittedwhen
no significantpulsedflux wasdetected.Flux densitiesanderrors for continuumandpulsarare from IMFIT. Flux
densitiesanderrors for pulsaronly are fromUVFLUX.

pulsesbecomescatterbroadened.Thecloserthepulsaris to theBe star, thehigherthedensity
of material(see,for example,thedensityof theBe disk, equation1.6) andthemorelikely rays
aregoing to bescattered,lengtheningthe tail. If .� at a certainfrequency is muchgreaterthan
thetimebetweenthetwo pulsecomponents,wecannotexpectto beableto detectthepulses.

The materialalongthe line of sight canalsoattenuatethe pulsarflux throughfree-freeab-
sorption.Theopticaldepthcanbeapproximatedby. 1 � �[t+\��!	 ���	),�@� � K b S ��� � � :=<!>@? 3 �* C@E (4.1)

wherethe integral over LOS denotesthe line of sight to thepulsarand ) is the temperaturein
Kelvin,

S
theobservingfrequency in GHz, and 3 * FØEjN the freeelectrondensityalongthe line of

sight.Theelectrontemperaturein thewind is � �!	 " K (Waters1986),andwhenthepulsarenters
the disk, the extremelyhigh 3 * implies an optical depth Ù �!	 b andwe concludethat free-free
absorptionis a very importanteclipsemechanismbetween� � � t�	 and � � � t�	 (Johnston
et al. 1996;Johnstonet al. 1999).
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c) Thepulsarflux densities

Figure4.2: Light curvesfrom2000data

4.1.2 Eclipse: fr equencyand time behaviour

Whenthe scatterbroadeningis strong,flux from the unscatteredon-pulsebins will spill over
ontobaselinebins,andwe will not beableto seewhich binsarepartof thebaseline.Thepulse
profilesshowedanexponentialtail for thetwo componentsbetween-/.1032 and -547698 , andin
thesesituations,thebaselinewaschosento only includethebinsthathadtheleastspill-overfrom
thecomponents.Whenthe tail wasnot too long, we canstill expectto be ableto separatethe
pulsarflux from thecontinuumflux accurately, but oncethe tail increasestoo much,thepulsar
flux will becomeunderestimated,andthecontinuumflux overestimated(theerrorsinvolvedare
unquantifiable,so arenot correctedfor). Becauseof the very strongfrequency dependence,a
slight scatteringat onefrequency almostcertainlymeansthecomponentswill notbedetectedin
thelower frequencies.

Beforeperiastron,thepulsarwasdetectedat all frequenciesat -:.<;3= , scatteredat 2.5GHz
andnot detectedat 1.4 GHz at ->.5032 , scatteredat 4.8 GHz andnot detectedat 2.5 GHz at-:.?2@; , not detectedat 1.4GHzat -/.?2A2 , not detectedat 2.5GHzat -/.?2"B and -:.C6�D , and
thennot detectedat any frequency until -E4F6�B . Additionally, thepulsarwasobservedonceat
theParkes64m telescopeat 1.4GHz,andwasdetectedat -E.?2"8 .

After periastron,the pulsarwasfirst detectedat the ATCA, highly scattered,at 4.8 GHz at-C4G6�B , notdetectedatParkesat -H4G6A6 or theATCA at -H4H6�0 . Thepulsarwasnotdetectedat
2.5GHzbut detectedat 4.8GHzat -I4C698 , however it wasdetectedat Parkesat 1.3GHzon the
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Figure4.3: Light curvesfromboth1997and2000dataonsamescale. Thevertical linesat KMLON9P areto
enableeasycomparisonbetweenthedata,andareapproximatelywhenthepulsarbecomeseclipsedin the
2000data. Theline at K is alsoto aid comparison.Thecombinedflux density, ratherthanthecontinuum
only, is plottedin the2000data,to easecomparisonwith the1997data.

sameday, anddetectableat all frequenciesfrom -F4C2Q6 onwards.Thereforescatteringwasthe
mainmechanismof eclipseuntil -C.R69= , andthenthelargeopticaldepthdominateduntil -S4T= ,
andthenscatteringagainafterthis time.

Thepulsarflux at1.4GHzrisesslowly aftercomingoutof eclipse(asimilareffect is perhaps
seenfor 2.5GHz)whereastheotherfrequenciesriseimmediatelyafterfirst detectionto theirpre-
periastronlevel andstayfairly constant.This implies the optical depthis still significantuntil
40 daysafter the eclipsehasfinished,andis enoughto affect 1.4 GHz and2.5 GHz, whereas
the other frequenciessuffer negligible effects, in accordancewith equation4.1. Someof the
variability well away from theeclipsemaybe from long-termrefractive scintillation (Johnston
et al. 1996).

In 1997thepulsarwasdetectedwith theATCA until -/.<2Q6 at all frequenciesandat Parkes
until -U.V6�D , thenafter periastron,detectedfrom -W4:6�= onwards. Beforethe periastron,the
pulsarbecamescatteredand then eclipsedearlier in 2000 than in 1997, and after periastron,
emergedlaterthanin 1997,suggestingthediskbecameeitherthickeror denser.

4.1.3 Continuum light curve

Description of light curve

In figure4.2b,thecontinuumflux densitiesareshown. Thecontinuumdropsfrom beinghighly
significantat -X.H;A= (8 mJy at 1.4 GHz) to very low (2 mJyat 1.4 GHz) at -Y.C2"B . Theflux

24



densityrapidly increases(to 40 mJyat 1.4GHz) towardsthefirst peakat Z[-[.?= . A decrease
with asimilarslopefollows,betweenZF-<.\= and -]4^2 . Theflux densityplateaus(at ZE2Q6 mJy
at 1.4 GHz) at all frequenciesbetween-_4X6 and -_4X6�0 , and then risesagainto a peakatZ`-:452A2 . The rise to thesecondpeakis slower thanthefirst, andthesubsequentfall is very
slow (seetable4.2 for slopes).It takesapproximately40 daysfor theflux densityat 1.4GHz to
significantlydecrease,andit appearsnot to admit to a simplelinearfit, needinginsteadperhaps
2 linearsections(table4.2),or a decayof theform acb�de.<dgfihkj (sincesynchrotrontheoryimplies
thattheflux evolvesasapower law with time). Theflux seemsto recoverafterfalling steeplyat-/45lmB at all frequencies.Thecontinuumradiationclearlysurviveswell afterexpected— the
Ball et. al. (1999)modelpredictedno continuumemissionat 1 GHz after Z[-V4G=3n . In future,
thesystemwill haveto bestudiedwell after -o4R6�2"B to understandthelatetimebehaviour, since
theflux at theendof ourobservationsis still well abovepre-periastronlevels.

Frequency
(MHz)

Linearfits (mJy/day) pAqsrutvr�wyx{z
First peak Secondpeak Fit for |

Rise Fall Rise Fall Latetime Latetime
1384 }�~ �����@~ � t���~������@~ } �i~ ��������~ ��� te�i~ �i��������~ �i��� t���~ �������@~ �i� t���~��9������~����
2496 ��~ �����@~ � te�i~��������@~ ��� �i~�������~�� t��@~���������~��	} t���~ �i�����@~ �i� te��~ ������~��

Table4.2: Fits to rise and fall of peaksin the continuumflux emission. Seefigure 4.4 for the fit for
2496MHz.
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Figure4.4: Fits for therise andfall timesfor 2496MHz. Therise timesare shownin red,andthelinear
fall timesin green. Theplateauresultingfrom the addition of the fall of the first peakand rise of the
secondis shownin purple. The“secondpeakfall” is thestraight line between�oK1��N9P and �<K<���9P ,
andthe“late-time fall” is thesectionfrom �HK1�]�9P onwards. Finally, thepowerlaw fit (excludingthe
attenuatedfluxat K<�T��P ) detailedin table4.2for late-timeis shownin blue.

Usingthelate-timefit for theintensitypower law, we cangetanaveragevalueof � from the
two frequencies,anduseappendixD.1 (specifically, equationD.6) to obtaina spectralindex,
andcomparewith the SI’s in figure 4.5a. The averageof � , taking into accountthe errors,is.�BQ��lAn�� BQ�'6�= , andimplies ¡T¢W.�BQ��Du6 . Thisagreesverywell with thecontinuumSI in thefigure,
andservesasaconsistency check.
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We fit thefall time of thefirst peak,andrisetime of thesecondlinearly, andaddtheslopes,
and find the result is not inconsistentwith the plateaubetweenthe peaks. Thus we can say
theplateauis a resultof just theflux from thetwo excitedpopulations,without needingto find
anotherphysicalprocessfor accelerationor decay, andto fit anothermagneticfield.

Reconciliationwith model

Thepulsarfirst enteredthedisk at Z£-Y.I2mB , wherea combinationof scatteringandfree-free
absorptioneclipsedthepulsar. Soonafter, around-/.G6�n , non-relativistic electronsfrom theBe
diskwereacceleratedin thenewly createdshockbetweentherelativistic pulsarwind andtheBe
disk(seefigure2.2).Theelectronswereacceleratedoveraperiodof approximately10days.The
synchrotronbubblewasleft behindasthepulsarmovedbehindthedisk, andthebubbleslowly
evolvedin thedisk throughsynchrotronlosses.Themagneticfield at thefirst disk crossingsite
is expectedto be lower thanthe second,becausethe pulsaris further from the Be starat this
point,yet theshortdecaytime indicatestheelectronpopulationevolvedquicker dueto a higher
magneticfield.

Thelight curveplateausbecausetheresultantflux is from additionof flux from boththefirst
andseconddisk crossings(seefigure4.4 for anexample),andthepulsarhasalreadyreentered
thediskandcausesanothersynchrotronbubbleto form, beforethefirst hascompletelydecayed.
The approximateequalityof the fall andrise slopesof the first andsecondpeaksrespectively
leadsto theflatnessof theplateau.

Oncethe excited electronsfrom the first disk crossinghave completelydecayed,the flux
from thesecondpeakcontinuesto rise for anotherZ¤8 daysuntil the peakat Z£-W472A2 . The
slow decayfrom thesecondpeakindicatesa low magneticfield, contraryto expectation,since
thepulsaris closerto theBe starat this time.

The modelmakesa predictionthat thereis a suddencutoff of the continuationof the first
peakover Z¥6�B daysnear Z>-/45n"n just after theendof theobservationsmadein 1997. This
cutoff wasto show a frequency dependence.Eventhoughthemodelcannot bedirectly applied
to this situationbecausethefirst peakdiedoff quickly, in figure4.2b,we canseeall frequencies
decreasesharply(from Z¦69B to Z§n mJy for 1384MHz) at Z¥-W45l"B , but thenrecover. The
datain this periodis not sampledvery well, so it is unclearasto what is happening,but we can
seethatat -E4F6A6�0 thecontinuumflux densityat 1384MHz is still Z¤6�B"¨ , andwell above the
level it waspre-periastron.Sincethiswasthelastobservationmade,it is unknown how long this
excessive emissionlastedfor. However, the significantdrop in flux at -[4Vl"B is possiblydue
to extra absorptionat that time, ratherthanthe predicteddropbetweenZ`-:47n"B and -:4I=3n
followedby anunexplainedrecovery.

Theexpectedcutoff length(the time betweenthestartof decayof thesecondpeakandthe
cutoff) asa functionof frequency is givenin appendixD.2 (specifically, equationD.10),which
resultsin the1.4 GHz cutoff lengthbeing Z¤2Q��n timeslongerthanat 8.6 GHz. Looking at the
continuumlight curveanddata(figure4.2bandtable4.1),weseethe8.6GHzgoesto zerowithin
the error barsfrom Z¥-[47=A0 onwards,implying a possiblecutoff at 1.4 GHz at Z©-:4/6�2"D .
Beforethecutoff time,the1.4GHzflux will beapproximatelyconstant(asevidencedby thelate-
timeslopesin table4.2),thenwithin aperiodof Z[6�B days,theflux will dropto B . Additionally,
thecutoff lengthbeing43 daysat 8640MHz impliesanapproximatemagneticfield of ZU6A�ªD G
in thediskat thesiteof thebubble(thecrossingtimeof ZE-74G2mB impliesadistanceof ZEn"BA« j
from theBe star),aslong astheassumptionsin appendixD.2 arevalid. This is consistentwith
Ball et al. (1999),whoclaim thefield strengthis Z[6 G in amoreelaboratemodel.
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Comparison with 1997

In figure4.3,a comparisonof the1997and2000dataappear. It is apparentthatthefirst peakis
shiftedearlierin time,andthesecondpeakis later, similar to thebehaviour of thepulsarduring
eclipse,asshown in section4.1.2.

It wasclaimedin Ball et al. (1999),thattheinitial flat spectrumspikeat -:.?2"B in the1997
datawasa resultof the pulsarsplashinginto the Be stardisk. No suchfeatureis apparentin
the2000data,eventhoughobservationsat this time weremadeevery ZX2 daysexplicitly to try
to understandthe spike. This suggeststhe spike wasa transientevent, ratherthansomething
associatedwith thegeneralbuild-up of flux, aspredictedin themodel.

It wasalsoclaimedthe first peakwassmallerthan the second,becausethe flux from the
secondpeakwassuperimposedon thestill-decayingfirst peak. The rise time of the two peaks
(andfall time of thesecondpeak)arealmostequalin the1997data,andsomewhatgreaterthan
the orbital crossingtime ( Z¬0 daysfor ¨®¯¢¦n"° ), sincethe pulsarwind continuesto interact
with theBe diskeithersideof theencounter. Thesecondpeakdecayeda lot fasterthanthefirst,
becausethe magneticfield washigherat the interactionsite, andso the synchrotronlosstime
wassmaller.

With this periastron,the first peakhasdecayedcompletelybeforethe secondhasreached
its maximum,andso thefluxesarenot superimposedon eachotherandhencethepeaksareof
similar height. Therise timesandhenceelectronaccelerationtimesof the two peaksareagainZU6�B days,althoughtherisetime of thesecondpeakis a little longerthanthefirst implying the
diskmaybethickerat thesiteof thesecondcrossing,but this is contraryto ourview thatthedisk
shouldbe angledout with an openingangleof Z§n ° , andso the disk would be thicker further
from theBe star. Theextra thicknessmaybetheresultof clumpinessor a warpagein thedisk.
Thefirst peakdecaysquickerthanthesecond,alsocontraryto ourexpectations.Accordingto the
model,thedecaytimewill alwayshaveaminimumlengththatis thesameasits risetime,which
appearsto be thecasefor thefirst peakin the2000observations.Theheightof bothpeaksare
of theorderof theheightof thefirst peakof the1997periastron,andthefirst peakhasa similar
risetime (althoughhasa smootherrise). Theflux in thesecondpeakof bothsetsof datashows
attenuationat 1.4GHz relative to the2.5GHz data,possiblyimplying free-freeabsorption,and
so the peakis Z 6"��n timesthe measuredflux density(assumingthe other frequenciesarenot
attenuated,andtheflux follows thepower law, equation3.2)beforeabsorption.This impliesan
opticaldepthof ZFBu�±; in theearlierpartsof thesecondpeak(at ZE-o4�6�= in 1997,and ZF-R4¯2A2
in 2000),andshows that thebubblehasformedon thefar sideof thedisk andtheflux is being
absorbedon its passageto Earth.Thefirst peakin bothsetsof datais notattenuatedat thelower
frequenciesby optical depth,asthe synchrotronbubbleforms on the sideof the disk closerto
Earth,andsodoesnothaveahighabsorption.

The spreadingof the light curve to earlier and later times for the first and secondpeaks
respectively (alongwith thelengtheningof thepulsareclipsetime),possiblyimpliesthediskhas
becomethicker sincethesystemwasobserved3 yearsago,whentheopeninganglewas Z`n ° ,
which is consistentwith the expectationthat Be starshave variablewinds andaccretionrates
(Waters1986).

4.1.4 Spectral indices

Ball et al. (1999)showed that the broadfeaturesof the spectralindex of the 1997datawere
in accordwith their model. The spectralindex of the continuumwaspredictedto be Z².�BQ��l
between-S.T6�D and -o4�2"B , to steepento Z[.³6A�'6 duringthesecondpeak,andthento dropback
to Z[.´Bu��l at -V4?0AB , thereaftercontinuingto smoothlydecline.
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Figure4.5: Spectral indicesfromthe2000data

Thespectralindicesareshown in figure4.5afor thecontinuumflux andfigure4.5bfor the
pulsarflux, for the2000periastron.Thespectralindex of thecontinuumis Z>.�BQ��l mostof the
time,andsteepensto Z[.�Bu�ª8 at ZF-74?0"B , althoughthis is not significantcomparedto thelarge
errorbars.Thereis perhapsa generaltrendto steepenfrom earliertimes( -/.?2"B ) to latertimes
( -54G2"B ).

Theerrorbarsarelarger thanthedatain 1997,andmorerealistic,becausethefitting algo-
rithm triesto takeinto accounttheerrorsassociatedwith eachflux (althoughonly approximately,
asdiscussedin section3.3.5),ratherthanjust relyingon thefitting to obtaintheerror.

Therewasnopredictionmadefor thepulsarspectralindex, but it hasadefinitemonotonically
increasingtrendat latertimes,dueto theeffectof theopticaldepthon the1.4GHzand2.5GHz
dataaftereclipse.
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Chapter 5

Results— Polarization

Polarizationmeasurementsenableusto obtaintherotationmeasureatvariousepochsaroundpe-
riastron,allowing usto determinethemagneticfieldsassociatedwith theBe star. To understand
thereliability of thelinearpolarizationmeasurements,we needto first verify thecircularpolar-
ization behavesaswe expectit to, thenwe candeterminewhetherthe polarizationcalibration
wascorrectlyperformedat theGPCAL stage.

Weknow from previousobservations,aswell asfrom thepulseprofilesin figure2.1,thatthe
percentagecircularpolarizationof thefirst pulsecomponentis alot lessthanthesecond.Wealso
know thatthefractionalcircularpolarizationis notaffectedby propagationaslinearpolarization
is. Wehencecheckthatall observationshave thesamefractionalcircularpolarizationwithin the
errors,for thefirst andsecondpulsecomponents.

Additionally, sincethe linear polarizationflux densitieswere obtainedusing the baseline
subtracteddataandUVFLUX, wecandeterminethereliability of all pulsarflux densitymeasure-
mentsby verifying thatthefractionalcircularpolarizationmeasurementsareconsistent,sinceall
Stokesparametersaretreatedequallyby thebaselinesubtractionprocess.

5.1 Cir cular polarization

Thefractionalcircularly polarizedfluxesarepresentedin figures5.1aand5.1b,for thefirst and
secondcomponents,respectively.

At the lower frequencies,theerrorbarsarevery small,of theorderof ZYnA¶ , andtheerrors
in the higherfrequenciesarehigherat Z·6�B3¶ , sincethe flux densityat 1.4 GHz is Z£; times
the flux densityat 8.6 GHz, assuminga spectralindex of .�BQ��D . All pointsareconsistentwith
themean,andthemeanis in therange .´=3¶ to .³6�B3¶ for thefirst componentat all frequencies,
andbetween.¸2mD3¶ and .�0"B3¶ for thesecondcomponentat all frequencies,consistentwith the
valuesquotedin figure2.1.

Theagreementbetweenthepolarizationobtainedat Parkes(figure2.1) andtheentiresetof
observationshereimply our UVFLUX measurementsarereliable,giving usfaith in our polariza-
tion calibrationtechnique.

5.2 Rotation measure

Therotationmeasureswereobtainedfor dayswhenthepulsarflux wassufficiently strong(not
eclipsed),andwhenthe RM wasnot so high that the rotationangleacrossa small numberof
frequency channels(determinedby the signal to noiseratio) was sufficient to depolarizethe

29



-40

-20

0

20

40

-60 -40 -20 0 20 40 60 80 100 120

V
/I 

(P
er

ce
nt

)¹

Time from periastron (days)

1384

-80

-60

-40

-20

0

20

40

-60 -40 -20 0 20 40 60 80 100 120

V
/I 

(P
er

ce
nt

)¹

Time from periastron (days)

1384

-40

-20

0

20

40

-60 -40 -20 0 20 40 60 80 100 120

V
/I 

(P
er

ce
nt

)¹

Time from periastron (days)

2496

-80

-60

-40

-20

0

20

40

-60 -40 -20 0 20 40 60 80 100 120

V
/I 

(P
er

ce
nt

)¹

Time from periastron (days)

2496

-40

-20

0

20

40

-60 -40 -20 0 20 40 60 80 100 120

V
/I 

(P
er

ce
nt

)¹

Time from periastron (days)

4800

-80

-60

-40

-20

0

20

40

-60 -40 -20 0 20 40 60 80 100 120

V
/I 

(P
er

ce
nt

)¹

Time from periastron (days)

4800

-40

-20

0

20

40

-60 -40 -20 0 20 40 60 80 100 120

V
/I 

(P
er

ce
nt

)¹

Time from periastron (days)

8640

-80

-60

-40

-20

0

20

40

-60 -40 -20 0 20 40 60 80 100 120

V
/I 

(P
er

ce
nt

)¹

Time from periastron (days)

8640

a) Firstpulsecomponent. b) Secondpulsecomponent.Notethe
differentscaleto thefirst component.

Figure5.1: Percentage circular polarizationsof pulsar for each frequencyand time. Error bars are at
the ºy» level,andthemeanfor each frequencyandcomponentis shownin blue.

component.Therotationmeasurewasobtainedby combiningasmany channelsaswereneces-
saryto obtaina sufficiently largeS/N, andobtainingthepolarizationpositionanglefor eachof
thesechannelgroupings.

All rotationmeasuresarepresentedin table5.1, androtationmeasurefits for varioustimes
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Date (+ ¼ )
Time(limits)

(UT)

Rotationmeasures(radm ½�¾ )
Frequency (GHz)

1.4 2.5 4.8 8.6 Average
Sep01 (-46.4) 00:30– 01:30 ¿®À{ÁÃÂ fÃfuÄÆÅÇfÃf ¿®À{È ÅÇfÃfQÄÊÉ À fÃf ¿®À{ÁÃË fÃfuÄÊÅÇfÃf

02:00– 03:00 ¿®À ÉÃfÃfÃfuÄ Â fÃf ¿®À{ÁÃÌ fÃfQÄ È ÉÃfÃf ¿®À ÉÇÍgfÃfuÄ À fÃfÃf
00:30– 02:00 ¿®À{ËÃÂ fÃfuÄ È�À fÃf ¿®À{ÁÃÁ fÃfQÄ Â fÃf ¿®À{ËÃË fÃfuÄ À ÅÇfÃf
02:00– 04:00 ¿®À ÉgÅÇfÃfuÄ Á fÃf ¿®À{ÂÃË fÃfQÄ Â ÅÇfÃf ¿®À{È ÅÇfÃfuÄÎÉ Á fÃf
00:30– 04:00 ¿®À Í Ë fÃfuÄ À ÉÃfÃf ¿®À{ÁÃÌ fÃfQÄÊÉ Á fÃf ¿®À Í Ì fÃfuÄ Â fÃf

Dec11 (55.3) 17:30– 21:00 ¿®À fgÅ	Ï Ë Ä È Ï f Å È Ä À{Ë ÍkÅÇfuÄÊÉ È f ¿®À f Á Ä À f
Dec19Ð (63.4) 20:30– 01:00 ¿ÑË Å�ÍgfuÄ ËÃË f ¿ÑË Å�ÍgfQÄ ËÃË f
Dec26 (70.4) 19:00– 23:50 ¿ÑÈ�À Ï Ë Ä È Ï É È ÉQÄÎÍ È ÍgfÃfuÄÊÉ Ì f ¿®À{Â Ä À{Ì
Jan08 (83.1) 12:00– 17:30 ¿ ÍkÅ	Ï Â ÄÆÅ	Ï Í ¿ÑÈ Ï Ì Ä È Ï Å À{ÂÃË Ä À ÅÇf ¿ ÍgÉ�Ï Â ÄÊÅ	Ï Å
Feb07 (113.3) 17:00– 21:00 À{Ë Ä À{Â ¿®À fÃfuÄ À{Ë ¿®À É Â Ä À{Á À ÉQÄ À{È

Table5.1: Rotationmeasure for varioustimesanddays(averaged over thetwo components,with each
RM weightedas Ò ¿ É , where Ò is theerror associatedwith theRM of that component).TheRM obtained
for each frequenciesare first shown,thentheaveraged result(each frequencyweightedin samewayas
above)is shownin the“Average” column.Theentrieswith Ó next to themdid notappearcleanfits,despite
thequotederrors, sooughtto bediscardedin further analysis.

a) 4800MHz,first timesection b) 4800MHz,third timesection

c) 8640MHz,first timesection d) 8640MHz,third timesection

Figure5.2: RM’s for different timesandfrequencieson September1, whenthe polarizationmeasure-
mentsweresignificant.Theredandblue linesarefor thefirst andsecondpulsecomponentrespectively.
Thevaluesquotedarein k radm ¿ É , andaredirectly importedinto table5.1. Thelargertheerrorfor each
individual point, the lessweightingit getsin thefit. Thepositionangleseparationbetweenthefirst and
secondcomponentsis near90° in thesefits, asexpected.

duringtheSeptember1, 2000observation( -E.<;3= ) arepresentedin figure5.2.
We useequation3.1 to get thepositionangleof thelinearpolarizationacrossthefrequency

bands,andthenplot the positionangle ÔÖÕ against× É anduseequation1.5 to obtain the RM,
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butØ only for someof theobservingbands.For high RM’s, Ô rotatestoo quickly, andthepulses
appeardepolarizedwithin evenjustasinglechannel(width of 8MHz atourobservingresolution)
allows, at the lower frequency bands(1384 and 2496 MHz). For small RM’s, Ô rotatestoo
little for Ù�Ô to besignificantabove theerrorsinvolvedin measuringthe linearly polarizedflux
densities,if toohigha frequency is used(at8640MHz). Frequenciesthatdepolarizedthepulsar
or gave anerror in RM largecomparedto theactualRM calculated(becausethefrequency was
toohigh for thatRM) werenot includedin table5.1or theaverage.

TheSeptember1 observationhadparticularlyhigh S/N,andwe expectedtheRM to behigh
andvariablethen,andsoit wasbrokenup into sectionsof abouthalf anhourlengtheach— the
time observedat the4.8 and8.6 GHz receiversbeforeswitchingto thenext two. We measured
theRM for eachsectionthatshowedhighenoughS/N (thefirst andthird sections),sothenature
of the variability on time-scalesof ZÚ0"B minutescould be obtained,andthe resultsappearin
entryoneandtwo in theSep01block in table5.1. We alsousetheothertwo sectionsto look at
thebehaviour overtime-scalesof ZE2 hours(with thehalf hourgapswhile thereceiverwasat the
otherfrequencies),andtheresultsappearin thethird andforth entriesin thetable.Theaverage
RM from theentireobservationis shown finally in thefifth entry, but if theRM is truly variable,
thiswill notbephysicallymeaningful.All otherdayshave just theonetimesection,becausethe
RM’sshowedlessvariability.

A further consistency checkof both the polarizationcalibrationand RM calculationscan
be madeusing the linear polarizations,by checkingthe changein positionanglebetweenthe
two componentsin the RM fits are Z 8"B ° apart,sincewe know from previous datathat the
linear polarizationsfrom the two componentsare orthogonal. Only datathat had a constant
separationof ZF8ABA° betweenthetwo pulsecomponentsacrossthefrequency band(suchasthose
in figure5.2)areincludedin table5.1.

TheextremelyhighRM of .³6�=A=AB"BÆ�56�l"BAB radm ¿ É between00:30and02:00on September
1 is supportedby theextensiveerroranalysisandconsistency checks,andrepresentsthehighest
evermeasuredastrophysicalRM.

5.3 Implications for Û field

Usingequation1.4,we canestimatethemeanmagneticfield weightedasa functionof density
over theline of sight.SincetheBewind is themaincontributerto thenumberdensityÜ , wecan
obtainagoodestimateof themeanmagneticfield just in this wind. At -E.<;3=u�±; , thepulsarwasD3lQ��n"« j from the Be star (where 6�« j is the stellar radius),andassuminga dispersionmeasure
change(relative to thegalacticvalueof 146.7cm¿ÑÈ pc)of Z/BQ��2 cm¿ÑÈ pc (we don’t havea direct
measurementof the DM for this time, andthis is probablyan upperlimit) a magneticfield of6�BABÆ�V6�B mG is obtainedfor at leasthalf anhourduringthe4 hourobservingperiod.

Thehighmagneticfield resultingfrom theextremeRM, is possiblycausedby asingleclump
of materialcontributing a highly organisedmagneticfield, ratherthanall of thewind in our line
of sightto thepulsarcontributingasemi-randomisedmagneticfield. Thewind is fastflowing, so
weexpectrandomhigh densityclumpsthatmayleadto this situation.Theclumpinessmayalso
bethecauseof theextra absorptionof thecontinuumflux at ZF-54Gl"B .
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Chapter 6

Conclusion

6.1 Light Curvesand Model

Many observationsof the2000periastronof thePSRB1259. 63/SS2883systemweremadeat
theATCA, andthepulsarandcontinuumflux densitiesof thesystemwereseparatedandanalysed
to give light curvesfor thepulsarandcontinuumemissionsindependently. Themainfeaturesin
thecontinuumlight curve thatdifferedfrom previousperiastrawerethat thepeakfrom thefirst
disk-crossingdecayedfasterthan the second,indicating a magneticfield anomalouslyhigher
in the first crossing,despitethe pulsarbeingfurther from the Be star. The disk at the second
crossingseemsto be thicker thanat the first crossing,becausethe rise time is longer, with the
extra thicknesspossiblybeingtheresultof clumpinessor a warpagein thedisk.

Thepulsareclipsestartedearlier, andfinishedlaterin 2000thanin 1997,andthecontinuum
emissionwassimilarly spreadout, sowe expectthedisk openinganglehadincreasedfrom its
formervalueof ZEn ° .

Opticaldepthwasanimportantfeaturenot only for thepulsaremissionduringdeepeclipse,
but for the continuumemissionafter the pulsarstartedemerging from the disk, indicatingthe
synchrotronbubbleformedon the far sideof the disk, andwas“peekingthrough”. Scattering
broadenedthepulsesneartheedgesof eclipse,andthehighly variablepulsarflux at othertimes
(in thehigherfrequencies)wascausedby long termrefractivescintillation.

Additionally, analysisof thesynchrotroncutoff lengthat 8.6 GHz reveal themagneticfield
in thediskat ZEnmBA« j from theBestar, asbeingapproximately1.8G.

6.2 Rotation Measuresand Magnetic Field

Far from theBestar(after -I41nAn , whenthepulsarwas ÝF69BABA« j from theBestar),theRM was
low — of theorderof .³6�BAB rad m ¿ É . Closerto the Be star(time -X.H;3=u�±; , distanceD3lQ��n"« j ),
the pulsarattainedthe highestmeasuredastrophysicalRM of .³6�=A=AB"Bv�:6�l"BAB rad m ¿ É during
partof theSeptember1 observation, implying a magneticfield of at least 6�B"BÞ�W6�B mG at this
distance,in theBe wind. Thehighaveragemagneticfield couldbetheresultof clumpingin the
highvelocitywind, reducingthewashoutof themagneticfield over theline of sight.

6.3 Futur eProspects

Therearemany thingsthat could follow on from this project. The 1997data,while usingthe
older correlator, still was observed in a pulsarbinning mode,with 8 time bins (4 on, 4 off-
pulse). An attemptcould be madeto separatethe pulsarfrom the continuumemission,using
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theß programsdevelopedhere.Thiscouldbeharder, andwould resultin anoverestimationof the
continuumemissionandunderestimationof thepulsarflux (Johnstonet al. 1999),althoughfor
differentreasonsthanthatquotedin section4.1.2for our analysis.We couldthenproducelight
curvesfor thepulsarandcontinuumemissionseparately, but moreimportantly, obtainRM’s for
varioustimesduringthe1997periastron.

Thedistanceof Z>6A��n kpc impliesanangulardiameterof theorbit ZW; mas(Johnstonet al.
1999).ObservingthesystemusingVery LongBaselineInterferometry(VLBI), wecouldobtain
thesizeof, andhenceanaccuratedistancemeasurementto thesystem.Preliminaryobservations
arealreadyunderway. We could alsoobtainpropermotionsof the system,andverify that the
systemis relatively slowly moving. Although we expect the systemgot a large momentum
kick at the supernova stage,the Be staris very heavy, sowould slow the systemdown to onlyZ[6�BAB km s¿®À .

Thenext periastronis in April 2004.It seemswe mayhave to observeuntil at least-V4I69;3B
to seethe cutoff at 1.4 GHz. The upgradeof the ATCA to 12 and24 GHz alsoprovidesus
with anopportunityto monitortheeclipseat thesehigherfrequencies.Althoughtheflux density
is likely to be low, theseobservationsmay be able to constrainthe synchrotronspectrumby
showing evidencefor thehigh frequency cut-off not presentin thecurrentdata.Observationsof
thepulsarat12GHzwhereopticaldepthandscatteringaremuchreducedmayenableusto track
it deeperinto theeclipse.

Finally, we have beenableto fit the rateof accelerationanddecayto thepeaksin the con-
tinuumlight curve, but moremodellingof this systemremainsto bedone.We have only done
a small amountof the analysisnecessaryto obtainmagneticfields in the disk, which is of a
differentform to themagneticfield in theBe wind, andourcutoff timesareonly approximate.
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Appendix A

Data analysisTasks
Command Ar guments/Example Description/Notes
DO LOAD1 fmt: <day> <input-files ....>

do load sep01
/cdrom/DATA/2000-09-01 *.C326

Loadsall thefilesprovidedonthecom-
mandline, namingthem accordingto
the “day” provided. This provides a
consistentnamingschemethat should
give unique file namesfor each ob-
servingsession.The flagsprovided to
M IRIAD’s ATLOD arecorrectasof the
time of publication,and take into ac-
counta bug thatwasdiscoveredin the
correlatorsetuparoundthe observing
time.

DO CAL2 fmt: <day> <reference-antenna>

do cal sep01 3

This tries to automaticallyflag every-
thing above á9» , but quiteoften,all the
datafor a baselinewasvery noisy, and
so manual flagging (using M IRIAD’s
TVFLAG or BLFLAG) andrerunningthis
script was necessary. After flagging,
it recalculatesthecalibrationtablesfor
secondarycalibratorandsource.

DO FIX3 fmt: <day> <DM>

do fix sep01 146.7

Removestheeffectof dispersionacross
the receiver frequency band. Provide
the DM either by guessingand then
subsequentlyimproving the values,or
making use of an observation at an-
other telescopethat candeterminethe
DM.

1Doesnot deletetheoutputfilesbeforecreatingthem.Deletethembeforererunning.
2Properlydeletesthecalibrationtablesfirst, thenflagsandrecalibrates.
3Checksdependencies,andif filesneedupdating,updatesthem,otherwiseleavesthem.Reliesonfile timestamps

(hence,makesuresystemtime is correct).
4Automatically run as part of the GENERATEFLUXERRTABLE.PL, GENERATECIRCERRTABLE.PL or GENER-

ATERMTABLE.PL scriptsasappropriate.
5Needsto know theoffsetof thepulsarfrom thepointingcentre,by providing an“offsets.txt”file (sectionB.2)
6Thisprogramdoessomelengthycalculations,socachestheresultin afile in the“cached”directoryunderneath

the currentdirectory, and reusesit if the sourcefile hasn’t changedfor next time. It makessureno script gets
confusedby giving the script a differentargumentsfrom the last time it was run (suchaswhich channelswere
selected),by storingthatinformationin thecachedfile name.It mayalsostorea lot of postscriptfilesusedin fitting
in the“ps” directory.

7Theargumentsin squarebracketsareoptional. Any optionalargumentbeforeanoptionalargumentyou want
to supplyalsohasto besupplied.



C
om

m
an

d
A

rg
um

en
ts

/E
xa

m
pl

e
D

es
cr

ip
tio

n/
N

ot
es

D
O

P
S

R
B

L
3

â 4
fm

t:
d
o
p
s
r
b
l

S
ub

tr
ac

ts
th

e
av

er
ag

eo
f

th
e

ba
se

lin
eb

in
s

pr
ov

id
ed

in
th

e
bi

ns
l.t

xt
fil

e
(s

ee
se

ct
io

nB
.1

),
to

se
pa

ra
tec

on
tin

uu
m

fr
om

pu
ls

ed
flu

x.
D

O
A

V
E

R
3

ã 4
fm

t:
<
d
a
y
>

d
o
a
v
e
r
s
e
p
0
1

A
ve

ra
ge

sth
e

pu
ls

ar
bi

n
da

ta
bi

ns
to

ge
th

er.
T

he
us

eo
ft

hi
s

si
gn

ifi
ca

nt
ly

sp
ee

ds
up

an
y

pr
oc

es
se

sth
at

do
n’

t
ne

ed
th

e
bi

n
da

ta
la

te
ro

n.
It

do
es

th
e

av
er

ag
in

g
fo

r
bo

th
th

e
ba

se
lin

es
ub

tr
ac

te
dd

at
a

(in
w

hi
ch

ca
se

th
e

av
er

ag
eb

ec
om

es
th

e
pu

ls
ar

flu
x)

,o
rt

he
co

m
bi

ne
dd

at
a.

D
O

IM
A

G
E

3

ã 4ã 5
fm

t:
<
d
a
y
>

<
a
l
l
|

p
s
r
|
a
l
l
i
m
g
>

d
o
i
m
a
g
e
s
e
p
0
1
a
l
l
i
m
g

Im
ag

es
th

e
gi

ve
n

fil
e

or
fil

es
,m

ak
in

g
ap

pr
op

ria
te

de
ci

si
on

sa
bo

ut
ce

ll
si

ze
et

c,
fo

r
th

e
P

S
R

B
12

59

ä 63s
ou

rc
e.

Im
ag

es
th

e
fu

ll
flu

x
w

he
n

“a
ll”

se
le

ct
ed

,p
ul

sa
rfl

ux
w

he
n

“p
sr

”
se

le
ct

ed
,a

nd
bo

th
w

he
n

“a
lli

m
g”

se
-

le
ct

ed
.

D
O

IM
F

IT
3

ã 4ã 5
fm

t:
<
d
a
y
>

<
a
l
l
|

p
s
r
|
a
l
l
i
m
g
>

d
o
i
m
f
i
t
s
e
p
0
1
a
l
l
i
m
g

F
its

th
e

flu
x

of
a

po
in

ts
ou

rc
e,

lo
ok

in
g

at
on

ly
th

e
pu

ls
ar

or
fu

ll
flu

x.
F

its
th

e
fu

ll
flu

x
w

he
n

“a
ll”

se
le

ct
ed

,p
ul

sa
rfl

ux
w

he
n

“p
sr

”
se

le
ct

ed
,

an
d

bo
th

w
he

n
“a

lli
m

g”
se

le
ct

ed
.

D
O

U
V

F
L

U
X

3

ã 4ã 5ã 6

ã 7
fm

t:
<
d
a
y
>

[
<
f
o
r
m
a
t
>
]
[
<
t
i
m
e
>
]

[
<
c
h
a
n
n
e
l
s
>
]

[
<
f
r
e
q
>
]

d
o
u
v
f
l
u
x
s
e
p
0
1

F
its

a
po

in
ts

ou
rc

ei
n

th
e

U
V

da
ta

,l
oo

ki
ng

at
on

ly
th

e
pu

ls
ar

or
fu

ll
flu

x.
If

th
e

ar
gu

m
en

t“
fo

rm
at

”
is

su
pp

lie
d,

th
en

if
it

is
“2

”
th

en
th

e
fit

is
do

ne
fo

r
bo

th
S

to
ke

s

å an
d

æ ,
ot

he
rw

is
ei

t
ju

st
fit

s

æ .
If

th
e

“t
im

e”
ar

gu
m

en
tis

gi
ve

n
an

d
is

“h
h1

:m
m

1,
hh

2:
m

m
2”

,th
en

th
e

fit
is

do
ne

fo
r

tim
es

hh
1:

m
m

1t
o

hh
2:

m
m

2U
T.

If
th

e
“c

ha
nn

el
”a

rg
um

en
tis

gi
ve

n
an

d
is

“
ç ,è ”,

th
e

fit
is

do
ne

fo
rj

us
tt

he
ch

an
ne

ls

ç to

çéè
äê .I

f
th

e
ar

gu
m

en
t

“f
re

q”
is

gi
ve

n,
th

e
fit

is
ju

st
do

ne
fo

r
th

e
si

ng
le

fr
eq

ue
nc

y
gi

ve
n.

D
O

U
V

F
L

U
X

R
M

3

ã 4ã 5ã

6

ã 7
fm

t:
<
d
a
y
>

[
<
t
i
m
e
>
]

[
<
c
h
a
n
n
e
l
s
>
]
[
<
b
i
n
s
>
]

[
<
f
r
e
q
>
]

d
o
u
v
f
l
u
x
r
m

s
e
p
0
1
1
2
:
0
0
,
1
3
:
0
0
1
1
,
2

1
6
,
1
6
,
1
,
2
1
3
8
4

F
its

a
po

in
t

so
ur

ce
in

th
e

U
V

da
ta

,l
oo

ki
ng

at
on

ly
th

e
pu

ls
ar

lin
-

ea
rly

po
la

riz
ed

flu
xe

s
(

ë an
d

ì )
in

a
lim

ite
d

ra
ng

e
of

ch
an

ne
ls

,p
ul

-
sa

rb
in

s,
tim

e
an

d
fr

eq
ue

nc
ie

s.
If

th
e

“t
im

e”
ar

gu
m

en
ti

s
gi

ve
n

an
d

is
“h

h1
:m

m
1,

hh
2:

m
m

2”
,th

en
th

e
fit

is
do

ne
fo

r
tim

es
hh

1:
m

m
1

to
hh

2:
m

m
2

U
T.

If
th

e
“c

ha
nn

el
”a

rg
um

en
tis

gi
ve

n
an

d
is

“

ç ,è ”,
th

e
fit

is
do

ne
fo

r
ju

st
th

e
ch

an
ne

ls

ç to

çé
è ä
ê .

If
th

e
ar

gu
m

en
t“

fr
eq

”
is

gi
ve

n,
th

e
fit

is
ju

st
do

ne
fo

rt
he

si
ng

le
fr

eq
ue

nc
y

gi
ve

n.
A

nd
if

th
e

“b
in

”
ar

gu
m

en
tis

gi
ve

n
an

d
is

“

ç í ,è í

,[

ç î ,è î

]..
.”,

th
en

th
e

bi
ns

ar
e

se
le

ct
ed

in
pa

irs

ç í to

è í ,

ç î to

è î et
c.

D
O

U
V

F
L

U
X

IN
D

IV
P

U
L

S
E

3

ã 4ã 5ã 6

ã 7
fm

t:
<
d
a
y
>
[
<
f
o
r
m
a
t
>
[
<
p
u
l
s
e
>
]
]

d
o
u
v
f
l
u
x
i
n
d
i
v
p
u
l
s
e
s
e
p
0
1
2
1

F
its

a
po

in
ts

ou
rc

ei
n

th
e

U
V

da
ta

,lo
ok

in
g

at
on

ly
th

e
pu

ls
ar

æ an
d

å

flu
xe

s.
If

th
e

“f
or

m
at

”
ar

gu
m

en
tis

gi
ve

n
an

d
is

“2
”,

th
en

th
e

fit
is

do
ne

fo
r

bo
th

æ an
d

å ,o
th

er
w

is
ei

t
is

ju
st

do
ne

fo
r

æ .I
f

th
e

“p
ul

se
”a

rg
um

en
t

is
gi

ve
n,

th
en

w
e

on
ly

fit
fo

r
th

at
pu

ls
e

nu
m

be
r,
us

in
g

th
e

bi
ns

l.t
xt

fil
e

(s
ee

se
ct

io
nB

.1
),

ot
he

rw
is

ew
e

fit
fo

r
th

e
w

ho
le

pu
ls

ep
ro

fil
e.



C
om

m
an

d
A

rg
um

en
ts

/E
xa

m
pl

e
D

es
cr

ip
tio

n/
N

ot
es

G
E

N
E

R
A

T
E

F
L

U
X

E
R

R
TA

B
L

E
.P

L
fm

t:

g
e
n
e
r
a
t
e
f
l
u
x
e
r
r
t
a
b
l
e
.
p
l

R
un

fr
om

th
e

ro
ot

di
re

ct
or

y,
an

d
gi

ve
sa

ta
bl

e
of

al
l

of
th

e
flu

xe
s

in
th

e
di

re
ct

or
ie

sb
el

ow
of

th
e

fo
rm

yy
yy

-m
m

-d
d

th
at

ha
ve

a
bi

ns
l.t

xt
fil

e
pr

es
en

t,s
ig

ni
-

fy
in

g
th

at
th

e
da

ta
in

th
at

di
re

ct
or

yh
as

be
en

re
du

ce
d.

T
hi

s
al

so
ge

ne
ra

te
st

he
co

nt
+

ps
rfl

ux
es

?.
tx

t,
co

nt
-

flu
xe

s?
.tx

ta
nd

ps
rfl

ux
es

?.
tx

tfi
le

s,
w

hi
ch

ar
e

us
ed

in
th

e
ge

ne
ra

tio
no

ft
he

lig
ht

cu
rv

e
pl

ot
s.

G
E

N
E

R
A

T
E

C
IR

C
T

A
B

L
E
.P

L
fm

t:

g
e
n
e
r
a
t
e
c
i
r
c
t
a
b
l
e
.
p
l

R
un

fr
om

th
e

ro
ot

di
re

ct
or

y,
an

d
gi

ve
sa

ta
bl

e
of

al
l

of
th

e
fr

ac
tio

na
lc

irc
ul

ar
ly

po
la

riz
ed

flu
xe

s
fo

r
th

e
pu

ls
ar,

fo
r

th
e

w
ho

le
pr

ofi
le

,
th

e
fir

st
co

m
po

ne
nt

,
an

d
th

e
se

co
nd

co
m

po
ne

nt
.G

oe
s

th
ro

ug
h

th
e

di
-

re
ct

or
ie

sb
el

ow
of

th
e

fo
rm

yy
yy

-m
m

-d
d

th
at

ha
ve

a
bi

ns
l.t

xt
fil

e
pr

es
en

t,s
ig

ni
fy

in
g

th
at

th
e

da
ta

in
th

at
di

re
ct

or
y

ha
sb

ee
nr

ed
uc

ed
.T

hi
s

al
so

ge
ne

ra
te

sth
e

ps
r-V

flu
xe

s?
.?

.tx
tfil

es
,w

hi
ch

ar
e

us
ed

in
th

e
ge

ne
r-

at
io

n
of

th
e

fr
ac

tio
na

lc
irc

ul
ar

ly
po

la
riz

ed
pl

ot
s.

G
A

T
H

E
R

R
M

S
.P

L
fm

t:
-
d

<
d
a
t
e
>

[
-
n
o
p
r
o
g
r
u
n
1
]

[
-
f
q
<
l
i
s
t
f
r
e
q
s
:
1
.
.
n
>

-
t

<
t
i
m
e
l
i
s
t
>
-
b
1

<
b
i
n
s
,
c
o
m
p
o
n
e
n
t
1
-
f
1
,
f
2
,
.
.
.
,
f
n
>
-
b
2

<
b
i
n
s
,
c
o
m
p
o
n
e
n
t
2
-
f
1
,
f
2
,
.
.
.
,
f
n
>
]
[
-
d
i
v
s

<
d
i
v
s
1
.
.
.
d
i
v
n
s
>
]

g
a
t
h
e
r
r
m
s
.
p
l
-
d

s
e
p
0
1
-
b
1

1
2
,
1
2
6
,
6
-
b
2
1
,
1
1
1
,
1
1

-
f
q

4
8
0
0

8
6
4
0

-
t
0
0
:
3
0
,
0
1
:
3
0

0
2
:
0
0
,
0
3
:
0
0

0
0
:
3
0
,
0
2
:
0
0

0
2
:
0
0
,
0
4
:
0
0

0
0
:
3
0
,
0
4
:
0
0
-
d
i
v
s

6

G
oe

st
hr

ou
gh

ea
ch

fr
eq

ue
nc

y
pr

ov
id

ed
,a

nd
ge

ts
th

e
R

M
fr

om
bo

th
pu

ls
e

co
m

po
ne

nt
s.

Fo
r

ea
ch

fr
e-

qu
en

cy
w

ith
in

th
e

tim
e

di
vi

si
on

,t
he

R
M

’s
ar

e
av

-
er

ag
ed

,o
nc

et
he

us
er

is
as

ke
d

w
he

th
er

th
ey

w
an

tt
o

in
cl

ud
e

th
e

cu
rr

en
tfi

t
(m

ay
no

tw
an

tt
o

if
it

lo
ok

s
ho

pe
le

ss
).T

he
pr

og
ra

m
st

or
es

a
hi

st
or

y
fil

e
(r

m
hi

s-
to

ry
.tx

t)
,

so
th

at
ol

d
pa

ra
m

et
er

sa
re

ea
si

ly
re

st
or

ed
,

an
do

ut
pu

ts
a

LA
T E

X
fil

e
an

dp
os

ts
cr

ip
tim

ag
es

so
th

at
th

e
fit

s
ca

n
be

vi
ew

ed
an

d
sa

ve
d.

It
al

so
ou

tp
ut

st
he

fit
s

to
“r

m
fit

.d
at

”
fo

r
la

te
ru

se
.Y

ou
ca

n
ha

ve
an

ex
-

cl
ud

ep
lo

tr
m

.tx
tfi

le
to

ea
si

ly
ex

cl
ud

e
ba

d
pl

ot
se

ve
ry

tim
e

th
e

pr
og

ra
m

is
ru

n.
T

he
fo

rm
at

is
gi

ve
n

in
se

c-
tio

n
B

.3
.T

ur
n

th
e

-n
op

ro
gr

un
sw

itc
h

on
,i

f
yo

u
do

n’
t

w
an

tt
o

ge
ne

ra
te

th
e

fit
s

an
d

pl
ot

s
—

yo
u

ju
st

w
an

t
to

re
ge

ne
ra

tet
he

LA
T E

X
fil

e.



C
om

m
an

d
A

rg
um

en
ts

/E
xa

m
pl

e
D

es
cr

ip
tio

n/
N

ot
es

C
A

L
C

S
I.

P
L

fm
t:
<
a
l
l
|
c
o
n
t
|
p
s
r
>

c
a
l
c
s
i
.
p
l

p
s
r

P
lo

ts
an

d
th

en
fit

s
th

e
sp

ec
tr

al
in

di
ce

s
fo

r
th

e
co

m
bi

ne
dfl

ux
,

co
nt

in
uu

m
or

pu
ls

ar,
fo

r
al

l
da

ys
in

di
vi

du
al

ly
,

m
ak

in
g

us
e

of
th

e
C

A
L

C
S

I.
G

N
U

P
L

O
T

sc
rip

ti
n

G
N

U
P

L
O

T
to

do
th

e
fit

tin
g,

us
in

g
th

e
G

N
U

P
L

O
T

“fi
t”

ro
ut

in
e

to
fit

a
st

ra
ig

ht
lin

e
in

lo
g-

lo
g

sp
ac

e.
G

N
U

P
L

O
T

*S
IS

.G
N

U
P

L
O

T
fm

t:
<
c
o
n
t
+
p
s
r
s
i
s
.
g
n
u
p
l
o
t
|
c
o
n
t
s
i
s
.
g
n
u
p
l
o
t
|

p
s
r
s
i
s
.
g
n
u
p
l
o
t
>

g
n
u
p
l
o
t

s
c
r
i
p
t
s
/
c
o
n
t
+
p
s
r
s
i
s
.
g
n
u
p
l
o
t

P
lo

ts
th

e
sp

ec
tr

al
in

di
ce

sf
or

al
ld

ay
s,

fo
r

ei
-

th
er

th
e

co
m

bi
ne

dfl
ux

,t
he

co
nt

in
uu

m
,o

rj
us

t
th

e
pu

ls
ar.

M
ak

es
us

e
of

th
e

ou
tp

ut
of

th
e

C
A

L
C

S
I.

P
L

sc
rip

ts
.

G
N

U
P

L
O

T
C

IR
C

?.
G

N
U

P
L

O
T

fm
t:
<
c
i
r
c
0
.
g
n
u
p
l
o
t
|

c
i
r
c
1
.
g
n
u
p
l
o
t
|

c
i
r
c
2
.
g
n
u
p
l
o
t
>

g
n
u
p
l
o
t

s
c
r
i
p
t
s
/
c
i
r
c
2
.
g
n
u
p
l
o
t

P
lo

ts
th

e
fr

ac
tio

na
lc

irc
ul

ar
po

la
ris

at
io

no
ft

he
pu

ls
ar

flu
x.

If
us

in
g

ci
rc

0.
gn

up
lo

t,t
he

w
ho

le
pu

ls
ep

ro
fil

e
is

us
ed

,e
ls

et
he

fir
st

an
d

se
co

nd
pu

ls
e

co
m

po
ne

nt
sa

re
us

ed
fo

r
ci

rc
1.

gn
up

lo
t

an
d

ci
rc

2.
gn

up
lo

tre
sp

ec
tive

ly
.

G
N

U
P

L
O

T
L

IG
H

T
C

U
R

V
E

S
*.

G
N

U
P

L
O

T
fm

t:
<
l
i
g
h
t
c
u
r
v
e
s
c
o
n
t
+
p
s
r
.
g
n
u
p
l
o
t
|

l
i
g
h
t
c
u
r
v
e
s
c
o
n
t
.
g
n
u
p
l
o
t
|
l
i
g
h
t
c
u
r
v
e
s
p
s
r
.
g
n
u
p
l
o
t
>

g
n
u
p
l
o
t

s
c
r
i
p
t
s
/
l
i
g
h
t
c
u
r
v
e
s
c
o
n
t
+
p
s
r
.
g
n
u
p
l
o
t

P
lo

ts
th

e
lig

ht
cu

rv
e

fo
r

al
ld

ay
s,

fo
r

th
e

pu
l-

sa
r,

co
nt

in
uu

m
or

co
m

bi
ne

dfl
ux

es
.

TableA.1: Tableof scriptsproducedto analysedatafor 2000periastron. Thesearerun in order,
interspersedwith manualtasksthat needto be performedusingM IRIAD tasks. Someof these
programsusefilesthataredocumentedin appendixB.



Appendix B

Input file formats

B.1 BI NSL .TXT format

Theformatof thebinsl.txtfile followsalongwith anexample:

#Commentsbegin with hash
obsdate(yyyy-mm-dd) 2000-09-01
arrayname 6A

# Usererroris redundantnow, but muststill
# beincluded(just setto 0)
freq1: usererror 1384:0
freq2: usererror 2496:0
freq3: usererror 4800:0
freq4: usererror 8640:0

# If thepulsaris clearlyvisible,wewantto
# includeit in theoutputtablesandlightcurve,
# soset1. Elseset0. If setto zero,
# following paramatersareignored.Hencejust
# setthebaselineto “0,0”, andthepulsesto
# “0,0 - 0,0”
freq1psrvisible? 1
freq2psrvisible? 1
freq3psrvisible? 1
freq4psrvisible? 1

freq1baselines 2,3,9,12
freq2baselines 1,1,7,8,14,15
freq3baselines 4,8,14,16
freq4baselines 1,3,7,10,14,16

# onpulsebins(for circ polarizationonly.
# RM calculationsaredoneby entering
# into scriptmanually).
freq1first pulseon bins– secondpulseon bins 13,16,1,1- 4,8
freq2first pulseon bins– secondpulseon bins 2,6- 9,12
freq3first pulseon bins– secondpulseon bins 11,13- 1,3
freq4first pulseon bins– secondpulseon bins 4,6- 11,13
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B.2 OFFSETS.TXT format

Theoffsets.txtfile just containsthepositionoffsetof thepulsarrelative to theobservingcentre.
Most of the time, the file will not be necessary(it will be setto a default of “0.0,-30.0” if not
present,but if it is present,and containsa line suchas “0.0,-60.0”, then this will definethe
new positionof the pulsar, relative to the observingcentre,in arcsec,andwith the samesign
conventionasusedby M IRIAD taskssuchasINVERT.

B.3 EXCL UDEPL OTRM .TXT format

If youknow thatacertaincombinationof frequencies,pulsenumber, numberof channeldivisions
andtimegivesauselessfit of theRM, youcanexcludeit everytimeyouusetheGATHERRMS.PL

script,by includingafile with thenameof “excludeplotrm.txt”with linesof theformat:ï freqð ï numberchanneldivisionsð ï 1stbin selectionð ï 2ndbin selectionð ï timeð
An examplebelow:
48006 12,121,100:30,01:30
48006 12,121,102:30,03:30
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Appendix C

Polarization angleerror: Bias calculation

Thequantityin thedenominatorof equation3.4 involvestwo squaredquantitieswith associated
errors. The quantitieshencecannever be lessthan0, andso the expectationvaluesof the de-
nominatoris not 0 whenQ andU areboth 0 in reality. So we subtractthe expectationvalue

of ñ ò�óCô?õ�ó÷ögøùô5òÃúSô?õ\ú¸ögøüûûûþý"ÿ��� ÿ�� from thedenominatorto geta betterapproximationfor the

errorin
�

whenthepolarizedfluxesinvolvedarelow.
Theexpectationvalueof ò�õ�óvö ø , assumingGaussianerrorsin Q is:

� ò{õ�ó÷ö ø��	�

�� ò�õ�óvö ø������ � ý� ý�������������� � ò�õ�óvö
�� ����� � ý� ý����!���!����� � ò{õ�ó÷ö� ò{õ�ó#"%$'&("%)�ö ø#* ò!+-,�.üö. * ò!/-,�.üö0 132 +-+-4�ò�õ�ó5"6$6&("6)�ö ø (C.1)

where õ�ó#"%$'&("%) is the error calculatedfrom UVFLUX. Combinedwith an identicalcalculation

for ò{õ úÞö ø , theexpectationvalueof ñ ò{óCôSõ�óvö ø ôVòÇúSôSõ ú¸ö ø ûûû ýmÿ��� ÿ�� is ñ 798 1:2 +-+;4Aõ ø"%$6& "%) �132 4<7-7"õ="%$'&("%) , assumingequalerrorsof Q andU in UVFLUX. We subtractthis valuefrom the
denominatorin equation3.4to give

õ � � ûûûû
132 /"õ>@? 132 4-7-7"õ ûûûû (C.2)
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Appendix D

Synchrotron Bubble Evolution

D.1 Sourceintensity asa function of fr equencyand time

Thesynchrotronbubblemodelhasa sourceexpandingisotropically. In this case,theenergy of
theparticlesare A=B > �DC whereL is thescalelengthof thesource.If thesourceexpandsat a
constantspeed,then A � A  òFE  ,�E	ö , wheretheenergy is A  at time E  . If thereis not a continuing
supplyof radiatingelectrons,thetotal numberof electronsremainconstant,andtheevolutionof
thenumberdensityata givenenergy andtime is (Melrose& Ball 1996):

G ò!A�H%E	ö �JI òKE	ö'A �ML �NI #O EE <P �DQRL%S ø�T A �ML (D.1)

Wecansubstitutethis form of I òKE	ö into

�!U ò!V�ö �W�NX ò!YÑö > I ò�Z\[ ø ö(C]�ML A ø V�^.;_`A  [ O 7-V+-V�^ P �DQRL��DC TbaÇø
(D.2)

where V�^ is thecyclotronfrequency, andis givenby:

V�^ �Nced ,;7�_ � 7 2 4f8hg 1;i Okjg�l Pnmpo (D.3)

and X ò!YÑö is a dependentonly on a, andfor a spectralindex q (where q is definedoppositelyto
equation3.2) of 1.5, X ò!YÑö � 132r1<s + , and V�^tB j B > � ø BuE � ø . Ignoringall constants,we get,
from equationD.2: �!U ò�Vuö � BvV �DQwL(�DC TbaÇø E � ø QRL6SxC T (D.4)

We can approximatethe Y in the electronenergy spectrumpower law
G ò!Ayö �yI A �ML by the

spectralindex q in theobservedspectralpower law by

Y � 7;qMôzg (D.5)

Thisfinally givesustheevolutionof thesynchrotronbubblebeforecutoff:U ò�Vuö{BvV �M| E �~} Qw|�SxC T (D.6)

whereE is really thedifferencein timebetweenthetimeof accelerationE����K�K�K� andthecurrenttimeE . i.e. E�� òKE ? E����K���K�'ö .
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D.2 Synchrotron cutoff times

Thereis a breakin the synchrotronemissionspectrum,andat lower energies than the break,G ò�A�H%E	öWB�A �ML , andabove thecutoff,
G ò!A�H6E	ö{B�A �DQwL6SxC T .

Now, theelectronhalf lifetime is givenby (Melrose& Ball 1996):

E C aÇø � g� A � /f8�g 1;� g�6��� ø q O jg�l P � ø�� AZ\[iø~� �DC �6�����;� � � (D.7)

whereq is thehalf angleof theconeof emission.Wecannotknow q , soweapproximate�6��� ø q
by its expectationvalue2/3. The energy at which the spectralbreakoccursis when the half
lifetime is equalto thetime elapsed.After this time, theemissionat therelevantfrequency will
dropto zeroveryquickly — andsowecall this thecutoff time.

Weapproximatetheenergy of theparticlesA by:

A 0 Z\[ ø O 7�_�Z�V1:2 . s � j �%����� P C aÇø
(D.8)

where � is the angleto the observer, andnow we approximate�%����� � g to get a calculation
hopefullycorrectto anorderof magnitude— theimportantfeaturebeingthe � V dependency.

Hence,we canfinally say

E]��� �R�F������� 0 /98hg 1�� 8�+<,-798 j � ø 8 O 132 . s 8hg 2r  8¡g 1 �DC�¢7�_�8n£ 2 g;g58hg 1 �M¤%C j ,:g 1 }V P C aÇø �6�����-� � � (D.9)

wherethemagneticfield B is in Gauss.i.e,

E]�K"%��¥�¦ ? E����K���K� 0 +3g�/� j ¤ V �D§©¨ � (D.10)

whereB is in Gauss,and V is in GHz.
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