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Abstract

PSRB1259-63is aradiopulsarin orbit aboutthe Be starSS2883.Theorbit is highly elliptical
with a periodof 3.4 years.Aroundthetime of closestapproach(“periastron”,denoted]") of the
two starsthe systembecomes radio, X-ray and~-ray transient.| have analysed sequencef
30independenbbsenationsat 4 radio frequenciesnadewith the AustraliaTelescopeCompact
Array (ATCA) duringthelate 2000periastrorpassag¢o monitortheradio continuumtransient.
Thelight curvesproducedrom the dataarethencompareavith the 1997periastrorandwith the
predictionsof a synchrotrorbubblemodel. Similaritiesanddifferencesarediscussedn detail.

| analysegolarizationdatafrom the pulsarto obtainrotationmeasureatanumberof epochs.
Thevalueof —16600 4 1700 radm~2 duringpartof the Septembet (7 — 46) obsenationis the
largestastrophysicaRM ever measured! discusshe implication of this for the magneticfield
in the Be starswind.
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Chapter 1

Intr oduction

1.1 Pulsars

1.1.1 History

Pulsarphysicsstartedwith Chineseastronomerswho sav a “guest star” (or supernea) in
1054AD, that was later associatedvith the Crab nelula. Neutronstarswere theorisedabout
in 1934 (Baade& Zwicky 1934a),andthe Crabnehula containeda faint blue starwhich was
thoughtto beaneutronstar(Baade& Zwicky 1934b):

With all resene we advancethe view thatsupernwaerepresenthetransitionsfrom
ordinary starsinto neutronstars,which in their final stagesconsistof extremely
closelypacledneutrons.

The first attemptsat modellingtheir propertiesbeganin 1939 (Oppenheimeg& Volkoff 1939).
A neutronstaris a starthatwasoncemoremassve thanabout8 M, (where; denoteghe Sun),
thatcameto the endof its hydrogenburning phase andhascollapsednto a superdenseobject
about20kmacrossandamassof ~ 1.4M,.

For 30years,t wasthoughtneutronstarswould bevery difficult to detect but thefirst pulsar
(CP1919)wasdiscoveredby JocelynBell in 1967in Cambridge Englandwhile shewastrying
to find quasarsusingthe scintillation of small sourcegHewish etal. 1968). In 1968, the star
at the centreof the Crabnelula was determinedo be a pulsar— PSRB0531+21 (Staelin&
Reifensteinl968;ReifensteinBrundage Staelin1969).

After the discovery of CP 1919, Gold (1968) proposeda modelof pulsars— a pulsaris a
neutronstar thathasa magnetiaipolethatis misalignedwith therotationalaxis,with abeamof
radiationatthe polebeingvisible asit sweepsvertheearth(e.g. Gold 1968;Gold 1969;Pacini
1968). With boththelinks betweernthe Crabnehula neutronstarandthe supernea explosion,
andbetweemeutronstarsandpulsars the processebehindsuperneaeexplosionsandpulsars
werewell explained.

Sincethefirst few discoveries,morethan1300pulsarshave beendiscoreredmainly atradio
wavelengthsandthey shav a wide variety of behaiours (Manchestef001). Pulsarsare most
often seenat radio wavelengths,but also occasionallyemit in other bandsincluding optical,
X-raysand~y-rays,with theemissionrmechanisnstill poorly understoodMelrose1996).

1.1.2 Characteristics

Immediatelyaftera supern@a explosion,the angularmomentunof a neutronstaris consered.
The CrabpulsarPSRB0531+21 (the bestexample,sinceit is the youngesknown pulsar)may
have rotatedhundredsf timespersecondat birth (Atoyan 1999). Similarly, the magneticfield,
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B, atthe surfaceof neutronstarsincreasefrom their stellarvaluesthroughthe conseration of
magnetidlux, andlie betweenl 0* and10° Tesla(Johnstor1995).

The periodof rotationis denotedP, andsincethe pulsarlosesrotationalenegy from rela-
tivistic particlesthat streamoutwardsalongthe magneticfield lines, it slows down, andhasa
periodderivative P. PSRB0531+21 now rotates30 timesa second so hasreceied significant
slowdown over the lastthousand/ears.The obsened periodsof pulsarsrangefrom about0.001
to 8.5 secondqYoung, Mancheste& Johnstonl999),and mostprobably pulsarsbegin their
livesspinningrapidly, thenslow down graduallyto rotatelessthanonceper second.The pul-
sarwill eventuallycrossthe deathline, wherethe voltage(V « B/P?) above the polar capis
below a critical value,andis not high enoughto sustaincascadegbair production,andthe emis-
sionstops(Bhattachary& vandenHeuwel 1991). A binary pulsarmaytheneventuallyaccrete
matterfrom its companion.and spin backup from the extra angularmomentumacquired(for
areview of evolution, seeBhattachary& vandenHeuwel 1991andreferencesherein). These
rejuvenatedpulsarstendto rotatewith periodsin the tensof millisecondrange,andare called
millisecondpulsars.

The agefor pulsarsessthan~ 10° yr old, thathave not beenspunup, canbe approximated

by the characteristiage
1 P

however, this breaksdown for olderpulsars (Lyne, Ritchings& Smith1975). The parameten
is 3 for amagnetiadipole braking,andmeasuredo be 2.4 for the Crabpulsar

The pulsessuffer a delaydependentiponthe radio frequeng, from dispersionin the inter-
stellarmedium(Lyne & Smith1968). The dispersiormeasuras definedby

DM = / ne dl (em™3pc) (1.2)
LOS

where n, is in cm=3, [ is in pc, and LOS denotesintegration over the line of sight from
obserer to pulsar Across the bandwidth of a recever, the DM can be measured,
and 7, can be obtained,since the time of arrival t = 4.15DMuy3;, s implies the time
delay At = 8.3 x 10*DM vy, ms/MHz, where vy, is the frequeny obsered in MHz
(Smith1977,p142).

Linearly polarizedradiationfrom thepulsarwill alsosuffer Faradayrotation,andtherotation
measures givenby

RM = 8.1 x 105/ neB- dl (rad m?) (1.3)
LOS

whereB is in Gauss.TheRM describesiow muchFaradayrotationwill beappliedto alinearly
polarizedsource.Sincepulsarsare polarized,they usuallyaregoodsourcedo probethe mean
magneticfield projectedradially towardsthe Earth (B cos 6, weightedasthe numberdensity),
oncethenumberdensityis known from the DM measuremengvertheline of sight,as

RM

(B =120 (4G) (L.4)

TheFaradayrotationangledepend®nwavelength suchthat

A¢ = RM A2 (1.5)

Lyne, Ritchings& Smith (1975)allow the magneticfield of the pulsarto decayexponentially in which case
thetrueager = %TD loge(% + 1), whererp, is thetime constanif the magneticfield ~ 10° yr. Usingthis, the
maximumageis morerealisticat ~ 107 yr, ratherthan~ 10° yr .
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whereg is the obsenedpositionangle(equation3.1),and\ is the wavelengthin meters.

Sincethereis a modulor ambiguityin the positionangle,caremustbe taken whenfinding
the RM, sincetheanglemayrotatemary timeswithin the observingoandwidth.The bandwidth
canbe split into mary sectionsandaslong asthereis enoughspectralresolution,the rotation
measureanbeuniquelydetermined.

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

1.1.3 Pulsar winds

A large portion of the spin down enegy of pulsarsarein the form of relatwistic electronand
positron,andpossiblyion winds.

Pulsarsespeciallythosewithin supernea remnantssuchasthe PSRB0531+21, canhave
fastflowing windswith severalshockfronts,suchasa MHD shockanda shockbetweerthe su-
pernovaremnan@andinterstellamedium(Kennel& Coroniti1984).Wind from pulsarsn binary
systemsnay collide with thewind from the companiongcausinga bow shockto be produced.

1.2 Bestars

Be starsare non-supegiant B type, or hot early type stars,with a circumstellarequatorialdisk
(Johnstoret al. 1994). The principle anduniquecharacteristiof Be stars,is that they show
emissionlines, originatingfrom the disk (for an explanationof the varying spectraof Be stars,
seeClingempeel001andBuil 2000). Thedisk mayberelatedto the factthatthesestarsrotate
very quickly, ~ 90% of their breakupspeedwherethe centrifugalforce is almostasstrongas
the gravitational force. Therearesignsthatthesestarsmay be unstable assomeof themsuffer
from outhursts,similar to solarflares. The starstypically rotatewith a velocity of 345km s,
andthedisk possesses Keplerianvelocity distribution of the sameorderasthe star’s velocity.

Be starsform only 15%of all non-supeagiantB stars,which arealreadyrelatively rare. They
form in binarieswhenlarge amountsof matterandangularmomentumaretransferedrom the
primary to the secondaryvan Kerkwijk 1993,pp139..171).Their radiusis ~ 6R; andmass
~ 10Mp.

The generalview (e.g. Underhill & Doazan1982; Waters1986; Waters,Cot & Lamers
1987andreferencesherein)is thatthereis a hot (~ 10°> — 10° K) tenuouglessthan10timesas
densethanthe disk) fastmoving (~ 1500 km s™1) wind which originatesfrom the poles. The
disk by comparisoris alot cooler(~ 10* K), denser(10~2 — 10~ g cm~3) andslower mostly
Keplerianrotationalmotion, with a small (5 km s~! atthe starsurface)radial outflow. Thedisk
canbemodelledsimply by a smallnumberof parameters— a half-openingangleof order~ 5 —
15°, andtwo separateadial power law densitydistributionsfor the disk andpolarwind:

ne(r) = no(r/Ry,) ™ (1.6)
Thedensitylaw impliesa similar power law for the outflow velocity

v(r) = vo(r/R,) T2 (1.7)
wheref ~ 2.75. Themassdensityp canbe substitutednsteadof electronnumberdensityn,..

3



1.3 Binary Pulsar Evolution

Thereareanumberof known systemavherea neutronstarorbitsanotheistar Thesesystemsare
usuallyeitherhigh massX-ray binaries(HMXB), or low massX-ray binaries(LMXB), although
only HMXB will bediscussedurtherhere. HMXB arebrightin X-raysbecausef theinflux of
matterontothe neutronstarfrom theaccretiondisk.

Initially, in a binary star system,whenthe first neutronstar forms, the systemcan take 2
paths. The mostlikely outcomeis the starsseparate— an explosionthat eitherejectsenough
of the starmass,or is suitablyasymmetricalill give the neutronstarmoreenegy thanbinds
it to the system. If the orbit of the two starsis circular, the masslossis sufficiently fast,and
the proportionof masdossfrom the exploding staris greaterthan0.5, thenthe systembecomes
unbound(Smith1977,pp214..217)Otherfactorssuchasa collision of the expandingshellwith
the companiorstarcanaffectthis result,but the exploding starhaving a massof lessthan0.2 of
the companionor ejectinglessthan0.2 of its own massguaranteeghe systemremainsbound
(McClusky & Kondo1971).

b) ©)

e) 1.4

n b if)
1.4 ¢ 1.4

1.4 »
V'

Figure 1.1: Evolutionof a neuton binary system. Outer surfaceis Roce-lobe dark shadingrepre-
sentsstellar material. The numbes shownare the massesn units of the solar mass, M. Seetext for
explanationof evolution.

A generabverview of binarypulsarevolutionis presented Bhattachary& vandenHeuwel
(1991), and we outline the path of interestto us below. Before either starin the systemhas
evolved (figure 1.1a, where all massesshovn are chosento reflectthoseappropriatein the
PSRB1259-63/SS2883ystemwhicharediscussedh section2.2),therewill beasmallamount
of massexchange Beforethe supern@a explosion,theinitially massve star(hereinreferredto
asthe primary— thelessmassve staris the companion)naylosemostof its masgfigure 1.1b)
to the lighter companionduring the red-giantphase or even earlier if the binary orbit is suffi-
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ciently small(Lewin & vandenHeuwel 1983,pp304-341)if it fills its Roche-lobé, andwill be
left with just a bright superhot helium core(figure 1.1¢c)— a Wolf-Rayetstar(van denHeu\el
& delLoore1973;deLoore,de Greve & Vanbereren1978). This staris light enoughnow, that
whenit explodesasa supernoait may not disruptthe system. If they staytogetheythe now
hearier companionwill very slowly losemassto the pulsar(figure 1.1d), but may quickly lose
massthrougha high radiationpressureThis phasdasts~ 107 yr (Tauris& Bailes1996)before
the companionstar evolves, whereit may thenbecomea red giant for ~ 10* yr (figure 1.1e)
overflowing its Roche-lobeandthenexploding asa supernea. The systemwill usuallysepa-
rate,with thetwo condensedbjects(neutronstars,white dwarfs or blackholes)separatingvith
their typical orbital velocity (figure 1.1f.i), or the companiomrmay have lost enoughof its mass
asared-giant,thatthey stayboundafterthe secondexplosion,asa condensedtarbinary sys-
tem (figure 1.1f.ii), suchasthe binary neutronstarsystem,PSRB1913+16 (Taylor, Fowler &
McCulloch1979,andreferencesherein).

2The surfacedefinedby the equipotentialurfacesof the two stars,that meetat the Lagrangepoint L, . If the
primary starfills the Roche-lobethenunbalancegressureat L; will causemasstransferfrom the primaryto the
secondaryTauris& Bailes1996).



Chapter 2

Binary pulsar/Be star system
(PSRB1259-63/552883)

PSRB1259-63is a pulsarthatorbitsa Be star SS2883.It wasdiscoveredin 1990,in a Parkes
radio pulsarsurwey (Johnstoret al. 1992). PSRB1259-63/SS2883wvas the first pulsarand
high massstarsystemandis still unique,in thatit is the only known systemwith aradiopulsar
orbitingaBe star althoughthereareotherbinarysystemsnvolving X-ray emissiorandaneutron
— Be starbinary, andone very similar system,PSRJ0045-7319, which involvesa normal ~

9M,, B star(without a disk) and pulsarwith aneccentricorbit with e = 0.8 (Kaspietal. 1994,
Kaspi, Tauris& Manchestefl996).PSRB1259-63fills amissinglink in theevolution of binary
neutronstarsystems.

This systemis quite young,andits stateis describedn figure 1.1d,with no accretion.lt is

thoughtto be a X-ray binary progenitor— it is expectedthatit will eventuallyevolve into the
moreoft seenrHMXB.

2.1 BasicProperties

PSRB1259-63is ayoungpulsar with a periodof ~ 48 ms. Johnstoretal. (1994)suggestt is
unlikely thatsignificantspinup hasoccurredthroughthe actionof accretionontothe pulsar In
fact,accretionontothe pulsaris probablynot possiblesincethe corotationvelocity at the alfvén
radius(theradiusatwhichtheradialcomponenof thealfvénvelocityis equalto the pulsarwind
outflow radialvelocity) is greaterthanthe Keplerianvelocity of in-streamingmatter(Wex et al.
1998).

The dispersion measureof the pulsaris 146.7 cm 3pc and the rotation measureis
+21 radm~2 away from periastronwhenthe pulsaris not affectedby the Be stars atmosphere.
Thesearepresumablyhevaluesthatthegalacticinterstellaimediumcontribute— section2.3.1
and2.3.2detailhow thesechangeover the orbit, andit is thedifferencefrom the galacticvalues
which we areinterestedn. The dispersionrmeasurewhencombinedwith a modelof galactic
electrondensity impliesadistanceof 4.6 kpc (Johnstoretal. 1994).

The pulseprofile (figure 2.1) hastwo almostequalintensity peaks(or components)which
probablyresultfrom beamsfrom the edgesof a cone-shape@émissionregion (Mancheste&
Johnstorl995). The characteristiageof PSRB1259-63 is 0.33 Myr, andthe magneticfield
atthe surfaceis 3.3 x 10! G (Johnstoret al. 1994). The pulsesare usually highly polarized
but becomedepolarizedvhenscatteredvithin the disk at periastron. The leadingpulseis not
circularly polarized but thetrailing pulseis.

Thepulsarorbitsthe Be starwith a periodof about3.4 years,andtheorbit is the mosthighly
eccentricof any known neutronstarsystemwith e = 0.87 (Wex etal. 1998). The pulsarwill
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Figure2.1: Meanpulseprofile froma March 30, 2001observatiorat Parkesat 1.4 GHz (Johnstor2001,
privatecommunication)Positionangle(equation3.1)for significantlypolarizedfluxis shownin top,and
the StolesT (blak), V' (green),andlinear polarizationL = 1/Q? + U? (red)are shownin bottomplot.
Pulsecomponent fluxdensities:7 = 2.14 mJy L = 86.5%, V = 12.5%

Pulsecomponeng fluxdensities:7 = 1.60 mJy L = 86.6%, V = 34.6%

spendnostof the3.4yearorbit farfrom Be stag but for 50 daysit travelsthroughandthenbehind
thedisk, which eclipsesandotherwiseaffects(alongwith the polarwind) the propagatiorof the
radiosignalsfrom the pulsar

Johnstoretal. (1994)andMelatosetal. (1995)dervedsomepropertiesof the Be starfrom
optical obsenations. Timing of the pulsargave a positionanderrorthatwasconsistentvith an
optical identificationof a Be star SS2883,0f magnitudel0.1, mass~ 10M andradius6R.
Its typeis probablyB2e,which putsits absolutevisualmagnitudearound-2.2to -4.3,andhence
its distanceat 600to 1600pc. The dispersiomrmeasurecombinedwith the distanceof 1600pc
givesa meanelectronnumberdensityin theline of sightof 0.1cm 3, 3 timeshigherthanwhat
is expectedfor this direction. The high DM may be dueto aninappropriategalacticspiralarm
model,or matterassociatedvith the Be star at a muchlarger scalethanthe pulsarorbit, since
thereis not muchvariationin the DM overtheorbital period.

Spectralanalysisof the Be starrevealit to be approachingis at about80 km s !, whichis
muchlargerthantypical B starvelocities,andthe 10km s ! expectedfrom differentialgalactic
rotation,andis possiblyinducedby the kick from the supernea explosion. Sincethe disk has
a Keplerianvelocity profile, the radiusof emissionof variousemissionlines can be deduced
from the Doppler splitting of the lines, sincethe velocity of the disk is large and of the order
of 150km s (Wex etal. 1998). H3 is emittedfrom 8.5R,, where1R, is the radiusof the
companionandthe radiusdecreasetor higherorderBalmerlines,down to 3.3R,. for H6. The
starrotateswith a projectedvelocity of vsinig. = 180 km s™!, implying a possibleinclination
angleig, of 40° with respecto the planeof the sky, sinceit is thoughtto rotateat 70% of the
breakupvelocity of 400km s~!. Thisis certainlynotinconsisten{Melatos,Johnstor& Melrose
1995)with the 36° obtainedfor theinclinationangle: of the binary orbit from spectralkypeand
stellarmassagumentsastheanglebetweerthe Be stars axisandthebinaryorbit, ip is thought
to belarge (figure 2.2) — thediskis almostperpendiculato the orbit (Johnstoretal. 1999).

The polar wind from the Be staris much faster(> 1000 km s™!) that the pulsar orbital
velocity (< 85 km s7!), sowe expecttheinterfacebetweerthewind from the pulsarandBe star
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Figure2.2: Model fromthe 1997 periaston data, of the PSRB1259-63/SS288%rbit. TheBe diskis
inclinedat someangleip to the orbit, and anotherangleig, to the observeron Earth. Theorbit in turn,
is inclined at an angles to the observer Thediskis orientedin sud a way asto eclipsethe pulsar and
a shodk front formsfrom the stellar wind — pulsar wind interaction. The dashedportion of the orbit is
behindthe planeof the sky with S (the Be star) asthe origin. P is the point of periastion, andthe pulsar
passeghroughthediskat pointsA andB.

to form a bow shockandbecomecometaryin shapegasin figure 2.2, andshockfrontsform on
both sidesof the interface(Johnstoret al. 1999). The sizeof this bubbleis determinedoy the
momentuntflux balancebetweerthe Be starwind andrelatiistic pulsarwind.

In equationsl.6 and1.7, 5 = 2 corresponds$o a constantvelocity and 5 = 4 corresponds
to constantam pressure.The polar wind velocity and densitycan be approximatedy setting
Buw = 2, andu, ~ 1000 km s, Forthedisk, 3; < 4 andvgy ~ 5 km s~*. Thenumberdensity
of thedisk wind atthe starsurfaceis nq ~ 4 x 10'® m=3, andthe surfacenumberdensityof the
polarwind is n,,0 ~ n4/1000 (Ball etal. 1999).

PSRB1259-63 shaws only a very low level of X-ray flux. Almostimmediatelyafter the
pulsarreachesapastronthe flux becomesneasurableandthenincreasesy a factorof ~ 10
towardsperiastron(Cominsky, Roberts& Johnstonl994; Hirayamaet al. 1996). Modelling
suggestshisis synchrotrorradiationfrom relatwvistic pulsarwind leptonsthatareaccelerateat
theshockbetweerthe pulsarandBe winds (Kaspietal. 1995; Tavani & Arons1997).

2.2 Evolution of the system,pastand futur e
If the supern@awassymmetricalthe obseredhigh eccentricityof theorbit, e = 0.87, requires
the massof the primary star (the oneto becomethe pulsar)to be about12M, (Johnstoret al.

1996)beforetheexplosion. Roche-lobeoverflov would have occurred sothe companiorgained
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afew solarmassesgnablingthesystento staytogethemaftertheexplosion.Beforethis evolution,
the systemwas perhapsa 25M, star being orbited by the 5M companionin a long period
circularorbit. Theheary starevolvedquicker, andthethenlighter staris now the Be star

Orbit shrinkageoccurredduring the Roche-lobeoverflon, and the orbital period became
about50 days. After the explosion,a recoil velocity of 80 km s ! wasimpartedon the system,
consistenwith the blueshiftobsered. The explosionalso disruptedthe orbit to whatis seen
today

The Be staris likely to evolve beforeary otherevolution in the system suchasthe pulsar
turningoff, or the orbit circularising(Johnstoretal. 1994).Roche-lobeoverflow will notoccug
unlesghe orbit spiralsin significantlyfrom tidal dragduringthered-giantphaself the overflon
occurs,a HMXB will result. The systemmay separateafter the secondsupernea, or it may
remain,resemblingPSRB1913+16 (Harrison& Tademarul975).

2.3 Previousobsewationsand models

2.3.1 1994periastron

At periastron(the closestapproachof the two stars— epochof periastronis denoted7), the
starsareseparatedby 25R, (Johnstoretal. 1994),assuminghe radiusof the companionstar
Is 6R,. This distancels comparabldo the radiusof the Be disk, so the pulsarpasseshrough
the disk, possiblydisturbingandwarpingit. During the 1994 passagdJohnstoret al. 1996),
theDM increasedy upto ~11cm~2 pcbeforethe eclipse.Theradial power law (equationi.6)
applieswith 3 = 4.2 andny = 4.5 x 10'® m=3. The DM first becameaffectedby the wind
atadistanceof ~ 150R, from the Be star With aradial outflow of stellarwind at~ 5 km s7!,
amassossof 5 x 1078M, yr! is expected.The disk electrontemperaturas around~ 10* K
(Melatos,Johnstor& Melrose1995),andits half-openingangles, wasthoughtto be~ 15°, but
hasbeenrevisedto lessthan10° (Johnstoretal. 1999)from the 1997 data,andpossiblyasiow
ash° (Ball etal. 1999).

The rotation measureof the pulsarwas measuredver the entire period, and varied by as
muchas—6650 radm~2, from the assumedjalacticcontribution. Whencombinedwith the DM
measurementhe magneticfield (projectedradially from the Earth),weightedasa function of
electronnumberdensityover the line of sightcanbe obtainedequationl.4). The pulsaractsas
a probeto the disk sincethatis wheremostof the matterin the line of sightis, andwhenthe
RM was6650radm~? from the galacticvalue the pulsarwas45 R, from thecompanionandthe
field strengthwas~ 40 mG — representinghefirst directmeasuremertf field strengthneara
Be star(Johnstoretal. 1996).

2.3.2 1997periastron

Johnstonet al. (1999) obsered the 1997 periastron(light curve in figure 2.3a)and Ball et
al. (1999)modelledthe unpulsedradiation(figure 2.3b). From 7 — 20 daysto 7 + 16 days,
eclipseof the pulsaroccurred— andthe eclipseis attributedto free-freeabsorptionin the Be
disk. Unpulsed(referredto ascontinuum)flux beginsat 7 — 22 daysandlastsuntil at least
T+100 days.Thespectraindex (equatior3.2) of thecontinuumflux duringthistime (figure2.4)
iIs mostly—0.5 to —0.7 — implying synchrotroremission Peaksat 7 — 10 daysand7 + 20 days
are from non-relatvistic Be disk or polar wind electronsthat are acceleratedn the shock(s)
betweerthe pulsarwind andthe Be disk, however someradio continuumemissionmay befrom
the pulsar— Be wind interaction. The X-ray synchrotronemissionis producedvia different
physics,andis thoughtto be causedby the interactionbetweenthe pulsarwind and Be star
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Figure2.3: a) Light curveat all observedrequenciesfor the 1997 periaston (Johnstonet al. 1999).
Fromtop to bottom,theflux densitiesare at 0.84,1.4,2.5,4.8and 8.7 GHz. The0.84data haslessdata
points(observationsasit wasobservedn a differenttelescopdMOST).

b) Model of the continuum(non-pulsedsyndirotron) flux at an arbitrary frequencyv (solid line) and
v/ = 1.44v (dashedine), demonstating the changingspectal index (Ball etal. 1999).

outflow (Tavani, Arons & Kaspi1994;Kaspietal. 1995; Tavani & Arons1997). The Be polar
polarwind velocityis 2000km s~!, andit is thiswind thatcausesnostof thedispersiormeasure

changegJohnstoretal. 2001).

@
o
|
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Spectral Index
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Figure2.4: Thespectal indices(Johnstonetal. 1999)for both 1994 and 1997 periastia (dashedand
solidlines, respectively).

Themodelaguesthattheradiatingelectronsareaccelerateih atime lastinglongerthanthe
two disk crossingswhich are~ 3 dayslong (implying a disk openingangleof o, ~ 5°). The
electronpopulationevolvesthroughsynchrotronlosses. A fit of 10 dayswasobtainedfor the
electronacceleratiortime, andthis is the period of the initial rise time beforeperiastron.The
time constanpf the gradualdecayfrom the pre-periastrompeak,which continuesafterthe post-
periastrorpeak,is dependeniponthestrengthof themagnetidield, andsincethemagnetidield
is higherfor the secondpeak,becausehe pulsaris closerto the Be star it decaydaster Therise
time of the post-periastropeakis definedby thesynchrotrodosstime, andis the sameasits fall
time, but is alsofitted to be approximatelythe sameastherise time of the pre-periastrorpeak.
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We areleft with justthe electrondrom thefirst disk crossing after7 + 35 days. Thereis aflat
spectrunspike atthestartthatis possiblydueto the pulsarwind splashingnto thedisk, but more
importantly the modelmakesa predictionthatsincethe high enegy electronsevolve quickerin
time, ahighfrequeny cutoff in the synchrotrorspectrumMelrose& McPhedrarnl991)moves
graduallyto lower frequenciesand the light curve suddenlydropsto zero with a frequeng
dependeny; just afterthelastfull spectrumdatawasobtainedduring 1997. Verificationof this
late-timebehaiour for the 2000periastrons oneof the key aimsof the project.

2.4 This Project

PSRB1259-63/SS2883vasobsened usingAustraliaTelescopegCompactArray (ATCA, near
Narrabri)overtheperiodfrom 7 — 46 to 7 + 113 (7 + « denotegime sinceperiastronn days,
whereperiastrorwas17 October2000).

In 2000,PSRB1259-63 underwentts last periastronand preliminary analysissuggested
thecontinuum(unpulsedflux from the pulsarwasdifferentfrom the 1997periastron Therewas
alsosomehint of a very high rotationmeasuresuggesting high magneticfield in the vicinity
of the Be star

A new MIRIAD routinenot availablein previousyears,andthe new correlatoratthe ATCA
thatcanobsenein pulsarbinningmodewith 16 time binsinsteadof 8 (for the 19970bsenation)
or no bins (1994) have beenutilised in this project,to separatehe effect of the continuumand
pulsedfluxes,andin combinationwith more detailedobservingwe shouldbe ableto improve
uponmodelspresentedn formerperiastra.

In this project,our objectvesare:

e To producealight curve for boththe continuumandunpulsedlux densitiesatall frequen-
ciesandall observingimes,andcomparewith theobsenationsandmodelfrom 1997,and
in particular comparewith the predictedatetime behaiour (= T + 60).

e To obtainspectralindicesfor continuumflux for asmary daysaspossible,andcompare
with theBall et. al. (1999)model.

e Toobtainthe RM of the pulsarat differentepochdo probethemagnetidieldsnearthe Be
stat

e To checktherise, sustainandfall timesof the continuumflux from the systemandcom-
parewith theBall et. al. (1999)model(figure2.3b).

e To explainthephysicsbehindary differencegrom themodel,suchasdisk warpagesdisk
orientationchangesgdensitystructurevariationsin the variouswinds, or growth or decay
of thedisk.
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Chapter 3

Obsering, data reduction and analysis

3.1 Obserations

Obsenationswere madeat the Australia TelescopeCompactArray (ATCA) in Narrabri. It is
possibleto obsene at two frequenciesimultaneouslywith full polarizationinformation,with a
nominalbandwidthof 128 MHz, andnominalspectralresolutionof 4 MHz (i.e. 32 channels).
However, adjacenfrequeny channelsarenot completelyindependentandafterremoval of the
bandedgeswe areleft with 13 channelsanda resolutionof 8 MHz. The ATCA is capableof
splitting eachcorrelatorcycle into bins correspondingo differentphasef a pulsars period,
andthe pulseprofile canbesplitinto 8, 16 or 32 bins.

Our obsenationswere madeat 1384and 2496 MHz simultaneouslyalternatingwith 4800
and8640MHz, andtheobsenationswerefoldedsynchronouslwvith thepulsarperiodof 47.8ms,
dividing the pulseprofile into 16 time bins. An examplepulseprofile appearsn figure 3.2. Full
Stokesparametergseetable3.1) wererecorded.

Stokes Definition for linear
parameter | receverfeeds
I (EZ) + (E3)
Q (E7) — (Ey)
U 2(E;)(Ey) cosé
V 2(E,E,)siné

Table 3.1: Definitionsof the 4 Stolkes parametes in termsof the orthagonal electric fields (Turlo et al.
1985).

One of the ATCA primary flux calibrators,0823-500 or 1934-638, was obsened once
duringeachsessiorfor ~ 5 minsto fix theflux densitiesof the pulsar Eachpair of bandswere
switchedevery ~ 20 mins, with an obsenation of the secondaryphasecalibrator(1251-713)
for ~ 3 minsleadingeachintegration,wherethe phasecalibratorcompensatefor the changing
propagatiorwithin the Earthsionosphere.

Thirty obsenationsbetween] — 46 and7 + 113 weremadeusingvariousATCA config-
urations. The observingtimeswere from 2 to 8 hourslong, with mostbeing4 hours,andthe
obsenationsaredetailedin table3.2.

Theobsenationswith “*” next to themin table3.2 wereeithertoo shortto be of any use,or
didn’t have propertime-bin observingduring all of or partof the obsenation. Sincethe pulsar
is a single point source(althoughit hasto be resoled from a nearbysource),ary telescope
array size was useful, althougha 6km array was preferred,to minimise noisefrom local and
solarinterferencesincetheseaffect the shorterbaselines.The shortestarrayusedwasa 750m
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Obsenation Length| Array Obsenation Length | Array
starttime (UT) config || starttime (UT) config
Sep 01.00 4h 6A Oct 26.97 4h 6C
Sep 08.99 1h 6A Oct 30.71 4h 6C
Sep 15.05 4h 6A Nov 04.67 4h 6C
Sep 23.05 4h 6A Nov 04.85 8h 6C
Sep 25.05 4h 6A Nov 07.79 2h 6C
Sep 27.06 4h 6A Nov 10.84 4h 6C
Sep 29.00 4h 6A Nov 15.93 4h 1.5B
Sep 30.88 4h 6A Nov 20.72 4h 1.5B
Oct 02.74 4h 6A Nov 26.72 4h 1.5B
Oct 05.22 4h 6A Dec 08.84 4h 1.5B
Oct 06.88 4h 6A Dec 11.72 4h 1.5B
Oct 11.05 4h 6A Dec 19.86 4h 1.5C
Oct 14.79 4h 6A Dec 26.79 5h 750C
Oct 18.89 4h 6C Jan 08.49 5.5h | 750C
Oct 23.01 4h 6C Feb 07.72 4h 6C

Table 3.2: Date length of observationin hours, and array configuation for all observationsof
PSRB1259-63/SS2888uringthe2000periaston. Entrieswith“ *” next to themhavenotbeenanalysed
yetbecausef difficulties. Thelongestbaselinein the 750Carray is usually 750 metes,and 1.5 kmsfor
thel.5Band1.5Carrays,and6 kmsfor the6Aand6C arrays,but wealwaysmale useof the6thantennae
thatis betweer8 and 6 kmsawayfromthe othess.

array (with the 6km antennastill includedto bring the array back up to a 3—6 km array) on
two occasiondowardsthe end of the observingperiod. The shorterbaselinesn thesearrays
typically were completelyflaggedout (or rejected)at the two lower frequencies pecauseof
excessveinterference.

3.2 Datareduction

3.2.1 Overview

All datareductionwasperformedusingthe MIRIAD datareductionpackageA large numberof

scripts(programghatranandtheninterpretedheresultsfrom the MIRIAD tasks)wereproduced
to semi-automat¢he large taskof reducingthirty differentobsenations.A descriptionof these
scriptscanbe found in appendixA, anda flowchartin figure 3.1. The first thing we did that
differedfrom previous analysesvasto subtractthe continuumflux densityfrom eachtime bin

equally allowing usto separateéhetotal flux into continuumflux andon-pulseflux.

We form imagesfrom the pulsaron-pulseflux (which containsno othersourcesn thefield,
sincenothingelsefluctuatesat the samefrequeny PSRB1259-63 does).We alsoform atotal
flux image(animageof the systemwith nothingsubtracted)anddeducehe continuumflux by
subtractinghe pulsedflux from thetotal flux.

A rotation measurewas obtainedfor eachfrequeny thatit could be measuredandthese
wereaveraged.The RM variedon a time-scaleof smallerthananhour, soin several sessions,
the obsenationsweresplit into blocksof abouthalf anhour. Total flux density(Stokes’) and
circularly polarizedflux density(StokesV’) wereobtainedwith alight curve andspectraindex
beingderived from thetotal flux. In the following sectionswe discussthe reductionin more
detail.
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3.2.2 Calibration

The UV data(raw datain the Fourier plane)is

automaticallyflaggedto remove baddata,and cal- @
ibratedby the Do_cAL script, which makes use of — Faos

Plot UV data
and pulse
profile

TvCLIP to flag all datapointsmorethan6 timesthe -
averageabsolutedeviation from the meanflux den- Ed
sity (Sault& Killeen 1998). The script then cali-
brateghedatausingthe standardnethoddetailedin
Sault& Killeen (1998).

The flux densitiesof the primary calibrator
0823-500 are fixed at 5.5, 5.6, 3.1 and 1.4 Jy

Data clean
enough?

Which bins
in baseline;
which are
on-pulse?

Y

Image .
(wherea Jansk is a unit of flux densitydefinedby awer | ||| el
1 Jy=10"26 Wm~2Hz"'), andthoseof 1934-638 RESTOR) “’SEBL)
are14.9,11.6,5.8 and 2.8 Jy, for the 4 observing Fit flux Fit flux
frequenciesespectiely (Johnstoretal. 1999). The all OVF%)

flux densityof 1251-713is ~ 1 Jy at all frequen- M
cies.

Produce

We calibratethe antennagains, bandpassunc- P 11| pcira e Procuce

tion anddelaysusingMFCAL, andleakagedetween indices trends measures
the polarizationsusing GPCAL, for the primary cal-

ibrator, assumingno linear polarization. We then

calipratethe secondary_:alibratoriq the_: sameway, Figure3.1: Outlineofthedatareductionand
solving for a non-zerolinear polarization,and ad-
ditionally settingthe calibrators absoluteflux scale
from theprimarycalibratorusingGPBOOT. Oncethegains,phasesndleakagesor theantennae
arefully calibratedfor the secondaryalibrator we propagatehe gaintablesto the sourceusing
GPCOPY.

3.2.3 Imaging

analysisprocess.

Althoughit is possibleto directly measurehe flux densityof the pulsarusinguvFLuX, another
sourceis nearbythatwill contribute flux to the measurementhroughits sidelobesandsoit is

usuallydesirableto imagethe pulsar(with INVERT), andremove the sidelobedrom theimage
(or “clean” theimageusingCLEAN andRESTOR). Thesetasksarehandledautomaticallyby the
DO_IMAGE script, which choosesappropriateéimage sizesand resolutionsfor eachfrequeng,

and specifiesthat the inversionis performedusing a robust weighting schemeand taking into

accounthe systemtemperaturavhenweightingvisibilities?.

To speedup the imaging processwe first averagethe bin-modedatausing the bo_AVER
script,whichdirectsuvAVER to averagesachbin from the pulseprofile together INVERT images
justthe Stokes I data,by performinga FastFourier Transformon the UV data,andgenerates
dirty image.CLEAN removesthe sidelobesiteratively by generatingleltafunctionscorrespond-
ing to point sourcegqcleancomponents)andremoving themfrom the UV data,until thereis
just a “residualmap” left. The cleancomponentareaddedto generatea “clean map” andthe
RESTOR programaddsthe residualmapbackto the cleanmap, convolving it with the primary
beamof thedirty imageto producethe final image. Thefinal imagehasall sidelobesemoved,
if thedatais well flagged,andtheflux densityis in unitsof Jy perbeam,sothe pulsarsflux can
bedirectly measuredrom it.

Therelevantoptionssuppliedto 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
smeaoutfor thelowerfrequenciessincethetime delayacrosshefrequeng bandis asignificant
fraction of the pulseperiod. We assumea constantDM of 146.7 cm 3pc, which is accurate
enoughto de-disperséhe profile completely

We wish to be ableto modelthe continuumemissionfrom the pulsarseparatelyfrom the
pulsedemission sincethe changexomefrom differentphysics.In the lastanalysegperformed
(Johnstoretal. 1999),this wasnot donefor all days,asthe pulseprofileswereonly splitinto 8
time bins,ratherthan16, andtherewasno MIRIAD taskthatwascapableof doingthe splitting.

We have to first look at the pulseprofile usingPSRPLT to seewhich time-binsarepartof the
baselinethengive thesebinsto theDO_PSRBL script. Thenew PSRBL taskin MIRIAD is utilised
by DO_PSRBL, andtakescareof subtractinghe averageof the baselingoff-pulse)binsfrom the
UV data,for all Stokesparametergor eachintegration,andfor eachfrequeng channel. The
only flux left in the UV datais the pulsarflux — all sourceghatarenot synchronisedvith the
pulsarperiodaresubtractedsincethey will contrituteequallyto all the binsin the UV data.

We thenlook atthe new pulseprofile usingPsrRPLT, anddecidewhich binsoughtto beused
in the RM calculationsandwhich bins areincludedin the variouson-pulseflux measurements
(themorebinsincluded,the higherthe signalfor flux measurementdut the lower the accurag
of RM measurementsincethe positionanglechangesacrossthe pulseprofile). An example
pulseprofile andbin selectionsappeain figure 3.2.
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a) b)

Figure 3.2: A pulseprofile (Nov20 2000, 4800MHz,all time and channels)demonstating the Stoles
parametes, and howthe baselineis selected.

a) Thebinsinsidethevertical bluelinesare thebinscountedasbeingon-pulsgfor thepercentage circular
polarizationmeasuements— the RM measuementdypically usedjust the highestbins from ead pulse
component).

b) Thebins associatedwith the horizontal red lines are the bins selectedas part of the baseling and
are subtiactedto give the secondfigure. By definition, all the Stoles parametes in thesebinsin the
baselinesubtiacted profile average to 0. It is clear that the secondcomponenhasa lot motre circular
polarizationthanthefirst, andthelinear polarizationis botha high percentaye of thetotal flux,andshow
9C differencebetweerthe components.
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3.2.5 Flux density measurement
DO_IMFIT

DO_IMFIT is usedto fit a point sourceflux distribution to the pulsar(eitheron-pulseor the com-
binedcontinuumandpulsartotal fluxes),in the cleanimage.This scriptutilisesIMFIT to fit to a
point sourcefixedat a certainpositionrelative to the observingcentre.

Thefitting is donewith care,makingsurethevaluesaresane by checkingtheimageusinga
visualizationpackagesuchasKVIEw.

DO_UVFLUX

The DO_UVFLUX script (andvariants)measureshe flux densityof a point sourcewith a given
positionrelative to the observingcentre,directly from the UV data. In normalobserving,this
flux may be biasedfrom othersourcessincethe sidelobesf thosesourceswill notberemoved
from thedata,howeverthebaselinesubtractedJV datacontainsonly the pulsar— all otherflux
hasbeensubtractedrom the UV plane,sinceno otherflux will be synchronousvith the pulsar
period. This meanstherewill not be ary side-lobeoverflow onto the pulsar andwe canuse
UVFLUX with high accurag.

UVFLUX is moresusceptiblgéo incompleteflagging,or noisein generalandunderestimates
theflux if therearephaseproblems.However, IMFIT cannot be usedfor low flux data(for on-
pulsedata,whenthe pulsaris partially eclipsed)at all, becaus®f cleaningproblems.Whenthe
pulsaris completelyeclipsed we do not worry aboutbaselinesubtractioranduvFLUX, soless
careneeddo betakenwith flagging.

ThevariousDO_UVFLUX scriptsareusedfor theon-pulse(base-linesubtractedylatato mea-
suretheflux densityfor the4 Stokesparameterasappropriate For RM measurementshey may
be givenchannekangedo work on. They mayalsobe givenbin numbersf it is desiredto mea-
surethefluxesin the two pulsecomponentsndividually. The flux canbe measuredor the full
continuumandpulseddata,but this is only usedto checkagainsthe fluxesgivenby Do_IMAGE
andDO_IMFIT. If the errorsarevery high comparedo the theoreticallyexpectednoise,or the
resultsfrom bo_UVFLUX andDO_IMFIT differ too much,flaggingis reperformedmanually and
theentireprocessestarted Fortunately mostof thework in gettingto this stagewasin flagging
andchoosingbins (which remainconstantjndependenof flagging),sothe scriptscanbererun
mary timeswith ease.

By subtractingheon-pulseflux obtainedusingbo_uvFLUX from thecombinedlux obtained
using DO_IMFIT, we can deducethe flux contributed purely from the continuumsynchrotron
radiation.

Oncemary observingsession$iave beenreduced we canthenform separatdight curves
from the 3 setsof fluxes— continuum,pulsar andthe full flux. The full flux datais directly
comparabldo thelight curve producedor 1997shown in figure2.3a.

3.3 Analysis

3.3.1 Obtaining alight curve

Oneof thekey predictionsfrom the 19970obsenationsof PSRB1259-63/SS2883is the model
light curve in figure 2.3h We aimto verify the behaiour, andseewhetherthe new datafollows
themodel. We usea combinationof bo_uvFLUX (for on-pulseflux) andpo_IMFIT (for contin-
uum andpulsedflux) in the GENERATEFLUXERRTABLE.PL script(who’s mainjob is to handle
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the parsingof the fitting output), which then outputsto GNUPLOT routinesSLIGHTCURVES-
CONT.GNUPLOT, LIGHTCURVESCONT+PSR.GNUPLOT andLIGHTCURVESPSR.GNUPLOT. These
GNUPLOT routinesoutputthelight curve for all frequenciespf the on-pulseflux, the purecon-
tinuumflux, andtotal flux.

Thelight curvefor the1997total flux datais showvn usingthe LIGHTCURVES1997.GNUPLOT
script,andthe correspondin@000datais shovn usingLIGHTCURVES1997.GNUPL OT.

3.3.2 Circular polarization

Circularly polarizedflux shouldnotbe depolarizedy the plasmaaroundthe staror theinterstel-
lar medium,andsowe canverify linearpolarizationmeasurementsy makingsurethecircular
polarization(Stokes V') asa fraction of the total flux density(Stokes I) is constantwithin the
error barsover the full observingtime periods. If not, the reliability of our RM measurements
latermaybe castin doubt.

We USeGENERATECIRCERRORTABLE.PL tolook atthecircularpolarizationn thepulsecom-
ponentsseparatelyandthenover the completepulseprofile. 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 andcCIRC2.GNUPLOT (for first and secondcomponentstespectrely) scripts
to plot thecircularpolarizations.

It is known from previousobsenationsthatthefirst pulsecomponenhasavery smallcircular
polarization,whereaghe secondcomponenthasa polarizationin the tensof percentageange
(figure2.1),andwe canverify this behaiour again.

3.3.3 Obtaining the RM

TheRM measuremeni@reobtainedor the on-pulsedata,by dividing eachrecever’s bandwidth
into ~ 6 setsof channelsandmeasuringhepositionanglein eachandseeinghow it varies.This

taskis handledby the PLOTRM.PL script, which usesDO_UVFLUXRM to getthe flux densities,
errors,andnumberof visibilities for eachtime, bin andfrequeng selectiorrelevant. Theposition

angleis givenby (Turlo etal. 1985):

#, = 0.5 x tan" " (U, /Q,) (3.1)

andcanberelatedto the RM by equationl.5.

The RM is obtainedby measuring? andU, andhenceg,,, for eachpulsecomponentep-
arately The positionanglesare plottedagainsty—2 in the ATCARM program,which thenuses
theNumericalRecipegoutine“linfit” andfits for asimplestraightline with errors,to obtainthe
RM. The RM’s for the two componentg&re computedasa consisteng check. Whenthe signal
to noiseis sufficiently high, we canseparatéhe obsenationinto multiple time intervals,andre-
solve RM changesvith smalltime scales However, whenit is too low (whenever the pulsesare
beingpartially scattered}he entire obseration mustbe usedto getenoughsignal,andwe can
notresole changesn RM with time. During mostof the periastronthe pulsesarecompletely
eclipsedjn which casewe cant obtainmeasurement®r the RM.

Lossesin sensitvity of @ andU leadto increasesn the error of ¢. The positionangleis
known to sweepover a smallrangeover the pulseprofile (figure 2.1), andis occasionallyquite
obviousjustby lookingatthe@ andU valueswithin apulsecomponentThesweepingvill cause
adepolarizationwhich decreasethe ( andU flux densitiesandhenceincreaseshe errorsin
¢. Sometimeshe errorscanbe improved by taking a singletime-bin insteadof multiple bins,
despitetherebeinglessUV datapresent.Anotherlosscanbe causedy ¢ rotatingtoo quickly
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acrossa singlefrequeng channel.This canoccurin the caseof extremelyhigh RM’s, but can
be worked aroundby moving to the next higherfrequeng band. At the lowestfrequenciesfor

timeswhentheRM is high, the pulsesappearcompletelydepolarizedvenwithin onefrequengy

channel,with @ and U both being O within the errors,and hence¢ is meaninglessn these
situations.

3.3.4 Spectralindices

Theflux densityof the continuumor pulsedflux ata givenfrequeng v, is givenapproximately
by a powerlaw, with
F,=Cvt™ (3.2)

wherea denoteghespectraindex. We obtainthespectraindicesfor eachsessiorfor thepulsed
dataonly, the continuumdataonly, andthe full data,andcomparethe trendover the 160 days
with thatin the 1997data(Johnstoretal. 1999).

We usethe caLcsI.PL scriptto calculatea for eachobservingsessionpy doing a simple
linear fit in log-log spacefor the fluxes as a function of frequeng. The GNUPLOT scripts
CONTSIS.GNUPLOT andPSRSIS.GNUPLOT thengive « asafunctionof epoch.

3.3.5 Error analysis
Light curve

The full PSRB1259-63/SS2883lux densityis obtainedusing IMFIT, and IMFIT returnsthe
residualRMS noisein theimage. Sinceour sourceis a point source this RMS noiseshouldbe
the sameasthe expectederror of the source. Hencewe usethis errorin thelight curve.
Whenlooking at the pulsaronly, we expectthe error (aswell asthe flux) to go down, since
thereis nothingelsein thefield who's sidelobesvould interferewith the pulsars flux. However,
decidingwhich bins containpulsarflux is sometimedifficult, especiallywhenthereis some
scatterbroadeninglight raystake differentpathsthroughthe dispersie medium,andsoincur
differentdelays).In thesecasesthe splitting of pulsarandcontinuumfluxeswill be erroneous,
andthe pulsarflux will be underestimatedincesomepulsarflux will spill over evenly into the
baselinéins,andhencehecontinuumflux overestimatedT hiserrorseemgo beunquantifiable.
Sincewe useUVFLUX to obtainthe flux density we useuvFLUX’s “RMS scatter”value,
which measureshe scatteraroundthe meanflux, andis the sameasthe theoreticalRMS only
for well calibrateddata(Sault& Killeen 1998),in the calculationof ourerror TheRMS s given
pervisibility, sowe divide by the squareroot of the numberof correlationgo give theerror.

Circular polarization

Thefractionalcircularpolarizationis givenin termsof I andV, which have equalerrorsassoci-
atedwith them.Hencetheerroris
1% 2
1+ (=
(7)

AV? L (AL 2
V I
whereA is theRMS in bothV and/. The samecalculationis madewhenusingDO_UVFLUX-
INDIVPULSES for the pulsecomponents— wherethe scriptis givena bin selectionto work on,
andGENERATECIRCTABLE.PL calculategheerrorfor bothV and! in the normalway with the

reducechumberof visibilities. Becausehereis moreflux availableon averagen the pulseshan
over the entiretime period,the fractionalerrorin flux whenincluding only the on-pulsebinsis

AW/ =

_AA

=<7 (3.3)
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smaller andgoesin first orderas/n/w for n > w wheren is the numberof binscountedand
w is how wide the pulsecomponents. Hencetheerrorin /I canbe seenfrom equation3.3to
goapproximatelyasn /w.

RM

TheRM errorcalculationgproceedy gatheringhe numberof visibilities andRMS scatteifrom
DO_UVFLUXRM for eachblock of datawe are interestedin. The error for the block is then
calculatedasin theabove paragraphsTheerrorin ¢ is givenby (Turlo etal. 1985):

_ 0.5 9 971/2
8¢ = g LQAU) + (UAQY]
0.5A 0.5A

= G+ =7 (assuming AU = AQ = A) (3.4)

where L is the linear polarization,with a small modificationfor practicalcalculations— sub-
tractingabias B = 0.822A from the quantityin the denominatoin equation3.4 andtakingthe
absolutevalueof theresultto give equationC.2,otherwise? + U? arebiasedpositively by their
errors(seeappendixC).

The anglesandtheir errorsfor eachpulsecomponenitare fed througha “linfit” numerical
recipesroutinethatcalculateshe RM anderror, from a simplelinearfit.

Spectral Indices

It would be ideal to fit the datafor equation3.2 using the “Marquardt-Levenbeg” algorithm
which takesinto accountthe errorson the fluxesproperly eventhoughthey arent symmetrical
in log-space However, sincethereareonly 4 frequenciedo fit for, this algorithmbreaksdown,

andwe have to resortto a simplelinearfit thattakesinto accounthe errorsonly approximately
by treatingthemassymmetricalin log space We thenusenormaly? fitting to obtainerrorsfor

the spectraindex for eachsession.
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Chapter 4

Results— Light Curve

In this chapter | will describethe flux densitiesof the combinedpulsarandcontinuumsource,
and separategulsarand continuumflux densitiesfor eachof the 30 obsenationsat the four
frequenciesincludinga full treatmenbf theerrors.Chapter5 detailsthe polarizationmeasure-
mentsanderrors.
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a) Dirty mapof full data. b) Cleanedmage of full data.
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c) Dirty mapof pulsardata. d) Cleanedmage of pulsardata.

Figure4.1: Imagesfromthe Decemberl9, 2000dataat 2496 MHz. Stoles 1, range 0 to 4 mJy(Total
flux densityfor this daywas10.3mJy andthe pulsarflux densitywas 3.6 mJy). Beamsizesfor cleaned
mapsare shownin bottomright cornerof images.
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Typical cleananddirty imagesat 2496 MHz areshawn in figure 4.1, for datafrom the De-
cemberl9, 2000obsenation. Thetop row shavs imagesmadeusingthe original data,andthe
bottomrow showvs imagesusingthe baselinesubtractediata,containingonly the pulsarflux (a
demonstratiorof the baselinesubtractiorprocesss in figure 3.2). Theleft imagesarethe dirty
mapsandtherightimagesarecleaned.Thesourcen themiddleof thefield is thepulsarsystem,
andto thewestis aresolhedextragalacticsourcewith peakflux density~ 3.5 mJyandintegrated
flux density~ 5 mJyatthisfrequeng.

Figure4.1lademonstratetheimportanceof imagingandcleaningthenonbaselinesubtracted
data— it is obviousthattheflux measurementsf thenon-baselinsubtractedourcen thedirty
map(effectively whatuvFLUX samplesparegoingto be biasedirom the sidelobef the nearby
resoled extragalacticsource,andthe biasis only removedin figure 4.1b uponcleaning. The
baselinesubtractedlatain figure 4.1cdoesnot have this problem,andit seenthatthereareno
othersourcedeft in thefield in the cleanedmagein figure4.1d,asexpected.

The flux densitiesfrom the obsenationslisted in table 3.2 appearin table4.1. The first
column shaws the date of the obsenation, aswell asthe time from periastronin days. The
secondcolumn shaws the frequeny — most obsenationswere at all 4 frequenciesput one
wasallocatedon a “target of opportunity” basis,andonly usedthe lower frequencies.The flux
densityof thepulsar ascalculatedy UVFLUX, is givenin column3, for whensignificantpulsed
flux is detected.The pulsarerrorin column4 is nominally the error calculatedfrom the RMS
scatterasdescribedn section3.3.5.However, whentheimaginarycomponenof theflux density
calculatedn uvFLUX is morethan4 timesthis, theatmospheriphasestability wasvery badand
the quality of the datais questionableandthe new erroris shovn in braclets. Column5 gives
the combinedpulsarandcontinuumflux density asmeasuredby IMFIT, andtheerrorin column
6 is takenfrom theimageRMS residualin IMFIT.

Light curvesare producedfrom the datain table4.1, andthe light curve of the combined
pulsarandcontinuumflux densitiesappeaiin fig 4.2a,pulsarflux in figure4.2c,andcontinuum
flux (the pulsarflux subtractedrom the combinedflux) in figure 4.2h A comparisonof the
full light curvesof 1997 and 2000 appearin figure 4.3. In all casescolour differentiateshe
frequencies.The continuumandcombinedlight curvesareinterpolatedoetweenobsenations,
becausehey areassumeahotto vary significantlyon time-scaleof a day, but the pulsarflux is
assumedo behighly variableonthetime-scaleof hoursbecausef scintillation,soareplottedas
discretepoints. Error barsareplottedasappropriatdor thetype of flux measurements- errors
from uvFLUX for thepulsardata,andiMFIT for the combinedpulsarandcontinuumdata.

The plotsin the comparisorof the 1997 and 2000 dataare plotted on the samescale,con-
centratingon a subsebf all the2000datato highlighttheinterestingevents,andlinesat 7 + 20
aredrawn to easecomparisonssincethis is roughly wherethe pulsarabruptly becomesoth
non-detectableandthendetectableandthe continuumflux startsto rise or peak. A line is also
drawvn atthe point of periastrorto enableeasycomparisons.

4.1 Pulsar

4.1.1 Eclipsemechanisms

Materialfrom the Be starsurroundghepulsar andcontributesto scatteringof thelight raysfrom
the pulsar A ray thatis emittedfrom the pulsarandarrivesat the obsenrer unscatteredhasa
shortempath-lengtithanaray thatscatteroff thematerial. The probability of a certainscattering
angleandhencedelayis approximateaxponentially andsothetime of arrival of light raysfrom
a fixed phaseof the pulseprofile will have an exponentialtail with a time constantr, which is
stronglyfrequeny dependents, < v~** (CordesWeisbeg & Boriakoff 1985).In thisway, the

21



Day Freq Flux densitiesand errors (mJy) Day Freq Flux densiti d errors (mJy)
+T) (MHz) Psr Psr+ Cont +T) (MHz) Psr Psr+ Cont
Flux | Error Flux | Error Flux | Error Flux | Error
1384 5.36 0.12 8.00 0.73 1384 0.35 0.13 2257 [ 1.62
sep01 2496 4.77 0.19 4.61 0.20 oct26 2496 — — 15.88 1.19
(—46.4)|| 4800 2.75 0.10 2.76 0.18 9.6 4800 0.22 0.08 6.79 154
8640 1.76 0.08 1.81 0.16 8640 0.18 0.08 1.22 0.50
1384 — — 3.93 0.65 1384 — — 22.55 2.17
sepl5 2496 2.47 0.21 5.00 0.43 oct30 2496 — — 17.50 1.07
(—32.4)|| 4800 227 | 0.08(1.28) | 222 | 048 (3.3 4800 — — 1235 | 1.39
8640 0.61 | 0.08(0.61) 0.78 0.32 8640 — — 6.13 1.59
1384 — — 1.64 0.37 1384 0.12 0.05 29.88 1.46
sep23 2496 — — 3.34 0.33 nov04 2496 0.29 0.08 23.22 0.92
(—24.9) 4800 2.15 0.17 2.28 0.39 (18.5) 4800 0.39 0.06 11.02 1.42
8640 0.61 0.09 0.64 0.19 8640 0.36 0.05 2.46 0.76
1384 — — 3.78 0.56 1384 1.64 0.12 35.66 2.54
sep25 2496 1.38 0.20 4.29 0.43 nov07 2496 3.31 0.21 3465 | 1.32
(—22.4)|| 4800 1.70 | 0.10(0.61) | 1.70 | 0.30 1.3
8640 1.10 | 0.06(0.67) 1.13 0.31
1384 — — 2.03 0.29 1384 2.97 0.17 36.95 | 227
sep27 2496 — — 1.62 0.25 nov10 2496 512 | 0.18(1.03) | 34.60 | 1.46
(—20.4)|| 4800 0.60 0.10 1.43 0.34 (24.4) 4800 4.33 0.18 2295 | 201
8640 0.44 0.09 0.65 0.25 8640 1.59 0.10(0.58) 13.40 1.55
1384 0.29 0.13 4.73 0.64 1384 3.75 0.18 32.04 3.15
sep29 2496 — — 5.36 0.34 novls 2496 3.08 0.12 24.62 1.15
(—18.4)|| 4800 0.57 0.14 326 | 0.40 29.5) 4800 1.89 | 0.06(0.27) | 13.81 | 1.86
8640 0.22 0.09 1.58 0.40 8640 1.48 0.13 7.06 1.72
1384 — — 6.44 1.06 1384 3.33 0.13 26.69 2.70
sep30 2496 — — 6.86 0.31 nov20 2496 3.61 0.17 23.61 | 0.80
(—16.5)|| 4800 — — 462 | 038 (34.3 4800 2.94 0.09 17.27 | 1.06
8640 — — 2.86 0.42 8640 0.86 0.08 9.62 0.99
1384 — — 17.60 1.91 1384 3.69 0.11 20.73 1.73
oct02 2496 — — 13.28 1.29 nov26 2496 3.83 0.17 18.92 0.64
(—14.7|| 4800 — — 917 | 241 40.3) 4800 1.63 0.08 11.06 | 0.77
8640 — — 3.18 1.85 8640 1.60 | 0.08(0.45) 6.88 0.85
1384 — — 27.39 2.62 1384 4.05 0.15 15.47 1.72
oct05 2496 — — 23.27 1.57 decll 2496 3.56 0.19 11.70 0.38
(—12.2 4800 — — 12.06 3.71 (65.3) 4800 111 0.12 5.43 0.32
8640 — — 3.09 2.20 8640 1.65 0.10 3.80 0.33
1384 0.51 0.16 3337 [ 1.68 1384 4.41 0.20 1558 | 1.62
oct06 2496 — — 29.61 0.78 dec19 2496 3.64 0.20 10.30 0.71
(—10.5)|| 4800 — — 2195 | 1.16 63.9 4800 2.38 | 0.06(0.49) 5.07 1.35
8640 — — 1368 | 1.11 8640 0.57 | 0.06(0.27) 1.39 0.61
1384 — — 39.64 291 1384 5.09 0.18 10.25 1.84
octll 2496 — — 29.83 2.01 dec26 2496 4.11 0.12 7.47 0.55
—6.9 4800 — — 1393 | 3.33 (70.4) 4800 1.92 0.08 5.19 0.55
8640 0.22 0.09 3.27 2.05 8640 1.07 0.06 0.75 0.41
1384 — — 29.16 1.70 1384 5.28 0.20(1.14) 13.52 3.46
octl4 2496 — — 23.70 0.84 jan08 2496 4.76 0.16(0.84) 10.38 0.60
—2.6) 4800 — — 16.17 | 1.97 @®3.1) 4800 1.85 0.09 5.09 0.41
8640 — — 9.18 1.98 8640 0.48 0.06 2.56 0.38
1384 0.18 0.06 21.50 1.59 1384 3.60 0.15(0.99) 10.85 0.86
octl8 2496 — — 17.36 0.54 feb07 2496 3.39 0.13(1.24) 7.97 0.63
1.5 4800 — — 11.75 | 0.99 113.3 4800 3.87 | 0.09(2.94) 6.46 2.08
8640 — — 7.85 0.99 8640 0.74 | 0.11(1.35) 2.19 1.31
1384 — — 21.72 1.24
oct23 2496 — — 16.93 1.07
5.6 4800 — — 10.15 | 2.52
8640 — — 3.70 2.21

Table4.1: Flux densitiesfor both pulsaronly, and continuumand pulsat Pulsarflux densitiesare omittedwhen
no significantpulsedflux wasdetected.Flux densitiesand errors for continuumand pulsar are from IMFIT. Flux
densitiesanderrors for pulsaronly are from uvFLUX.

pulsesbecomescatterbroadenedThe closerthe pulsaris to the Be star, the higherthe density
of material(see,for example,the densityof the Be disk, equationl.6) andthe morelikely rays
aregoingto be scatteredlengtheninghetail. If 7, ata certainfrequeng is muchgreaterthan
thetime betweerthetwo pulsecomponentsywe cannot expectto be ableto detectthe pulses.

The materialalongthe line of sight canalsoattenuatehe pulsarflux throughfree-freeab-
sorption.The opticaldepthcanbe approximatedy

T=28.2X 10_2T_1'351/_2‘1/ n2dl (4.2)

LOS

wherethe integral over LOS denoteghe line of sightto the pulsarandT is the temperaturen
Kelvin, v the observingfrequeng in GHz, andn.(!) the free electrondensityalongthe line of
sight. Theelectrontemperaturén thewind is ~ 10* K (Waters1986),andwhenthe pulsarenters
the disk, the extremely high n, implies an optical depth> 10° andwe concludethat free-free
absorptions a very importanteclipsemechanisnbetween~ 7 — 20 and~ 7 + 20 (Johnston
etal. 1996;Johnstoretal. 1999).
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Light curve for total flux Light curve for continuum data
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Figure4.2: Light curvesfrom2000data

4.1.2 Eclipse: frequencyand time behaviour

Whenthe scatterbroadenings strong,flux from the unscatteredn-pulsebins will spill over
onto baselinebins,andwe will notbeableto seewhich binsarepartof thebaseline.Thepulse
profilesshovedanexponentialtail for thetwo componentbetween] — 32 and7 + 19, andin
thesesituationsthebaselinevaschoserto only includethebinsthathadtheleastspill-overfrom
the components Whenthe tail wasnot too long, we canstill expectto be ableto separatehe
pulsarflux from the continuumflux accuratelybut oncethetail increasesoo much,the pulsar
flux will becomeunderestimatedandthe continuumflux overestimatedthe errorsinvolvedare
unguantifiable so are not correctedfor). Becauseof the very strongfrequeny dependencea
slight scatteringat onefrequeng almostcertainlymeanghe componentsvill notbe detectedn
thelowerfrequencies.

Beforeperiastronthe pulsarwasdetectedht all frequenciest 7 — 46, scatterecat 2.5 GHz
andnot detectedat 1.4 GHz at 7 — 32, scatteredcat 4.8 GHz and not detectedat 2.5 GHz at
T — 24, notdetectedat 1.4 GHz at 7 — 22, notdetectechat2.5GHzat7 — 20 and7 — 18, and
thennot detectedat any frequeny until 7 + 10. Additionally, the pulsarwasobsered onceat
the Parkes64 m telescopet 1.4 GHz, andwasdetectecat 7 — 29.

After periastronthe pulsarwasfirst detectedat the ATCA, highly scatteredat 4.8 GHz at
T + 10, notdetectecht Parkesat 7 + 11 orthe ATCA at7 + 13. Thepulsarwasnot detectecht
2.5GHzbut detectecht 4.8 GHz at 7 + 19, howeverit wasdetectedat Parkesat 1.3GHz onthe
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Light curves for total flux
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Figure4.3: Light curvesfromboth1997and2000dataon samescale Theverticallinesat 7 + 20 areto
enableeasycomparisorbetweenhedata,andare approximatelywhenthe pulsarbecomesgclipsedn the
2000data. Theline at T'is alsoto aid comparison.Thecombinedlux density ratherthanthe continuum
only, is plottedin the 2000data, to easecomparisorwith the 1997data.

sameday, anddetectablet all frequenciesrom 7 + 21 onwards. Thereforescatteringvasthe
mainmechanisnof eclipseuntil 7 — 16, andthenthelarge opticaldepthdominateduntil 7+ 6,
andthenscatteringagainafterthistime.

Thepulsarflux at1.4 GHzrisesslowly aftercomingoutof eclipse(asimilar effectis perhaps
seerfor 2.5GHz)whereagheotherfrequenciesiseimmediatelyafterfirst detectiorto 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 accordancevith equation4.1. Someof the
variability well away from the eclipsemay be from long-termrefractve scintillation (Johnston
etal. 1996).

In 1997the pulsarwasdetectedvith the ATCA until 7 — 21 atall frequenciesandat Parkes
until 7 — 18, thenafter periastrondetectedrom 7 + 16 onwards. Beforethe periastronthe
pulsarbecamescatteredand then eclipsedearlierin 2000thanin 1997, and after periastron,
emepedlaterthanin 1997,suggestinghe disk becameeitherthicker or denser

4.1.3 Continuum light curve
Description of light curve

In figure 4.2b,the continuumflux densitiesareshovn. The continuumdropsfrom beinghighly
significantat 7 — 46 (8 mJyat 1.4 GHz) to verylow (2 mJyat 1.4 GHz) at 7 — 20. Theflux
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densityrapidly increasegto 40 mJy at 1.4 GHz) towardsthefirst peakat~ 7 — 6. A decrease
with asimilar slopefollows, between~ 7 — 6 and7 + 2. Theflux densityplateaugat~ 21 mJy
at 1.4 GHz) at all frequenciesetween7 + 1 and7 + 13, andthenrisesagainto a peakat
~ T 4+ 22. Theriseto the secondpeakis slower thanthe first, andthe subsequentall is very
slow (seetable4.2for slopes).It takesapproximatelyd0 daysfor theflux densityat1.4 GHz to
significantlydecreaseandit appearsotto admitto a simplelinearfit, needinginsteadperhaps
2 linearsectiongtable4.2), or a decayof theform a(t — t,)¢ (sincesynchrotrortheoryimplies
thattheflux evolvesasa powerlaw with time). Theflux seemdo recover afterfalling steeplyat
T + 70 atall frequencies.The continuumradiationclearly surviveswell after expected— the
Ball et. al. (1999)modelpredictedno continuumemissionat 1 GHz after~ 7 + 65. In future,
thesystemwill haveto bestudiedwell after7 4 120 to understandhelatetime behaiour, since
theflux atthe endof our obsenationsis still well above pre-periastrorevels.

Linearfits (mJy/day) a(t —tg)°
I(Zl\r/lek?zu)eny Firstpeak Secondpeak Fit for ¢
Rise Fall Rise Fall Latetime Latetime
1384 36+£05| —22+03 |142+0.04 | —1.062+0.009 | —0.05+0.04 | —0.71+0.12
2496 29+06 | —1.56+0.02 | 1.5+£0.5 —-0.79+0.13 | —0.06£0.04 | —1.4+0.5

Table 4.2: Fits to rise and fall of peaksin the continuumflux emission. Seefigure 4.4 for the fit for
2496MHz.

Light curve at 2496 MHz with fits
40 T T T T T T T T

35 —

25
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Figure4.4: Fits for therise andfall timesfor 2496MHz. Therise timesare shownin red,andthelinear
fall timesin green. The plateauresultingfrom the addition of the fall of the first peakand rise of the
seconds shownin purple The“secondpeakfall” is thestraightline between~ 7 + 20 and~ T + 50,
andthe“late-time fall” is the sectionfrom~ 7 + 50 onwads. Finally, the powerlaw fit (excludingthe
attenuatedlux at 7 + 70) detailedin table4.2for late-timeis shownin blue

Usingthe late-timefit for theintensitypower law, we cangetanaveragevalueof ¢ from the
two frequenciesand useappendixD.1 (specifically equationD.6) to obtaina spectralindex,
and comparewith the SI's in figure 4.5a. The averageof ¢, taking into accountthe errors,is
—0.75+0.16, andimpliesa. = —0.81. Thisagreeverywell with the continuumSl in thefigure,
andsenesasa consisteng check.

25



We fit thefall time of thefirst peak,andrisetime of the secondinearly, andaddthe slopes,
and find the resultis not inconsistentwith the plateaubetweenthe peaks. Thus we can say
the plateauis aresultof just the flux from the two excited populationswithout needingto find
anotherphysicalprocesdor acceleratioror decay andto fit anothemagnetidield.

Reconciliation with model

The pulsarfirst enteredthe disk at ~ 7 — 20, wherea combinationof scatteringandfree-free
absorptioreclipsedhe pulsar Soonafter, around7 — 15, non-relatvistic electrongrom the Be
diskwereaccelerateth thenewly createdshockbetweertherelatvistic pulsarwind andthe Be
disk (seefigure2.2). Theelectronsvereacceleratedveraperiodof approximatelylOdays.The
synchrotrorbubblewasleft behindasthe pulsarmovedbehindthe disk, andthe bubbleslowly

evolvedin thedisk throughsynchrotronosses.The magneticfield at the first disk crossingsite
is expectedto be lower thanthe second becausehe pulsaris further from the Be star at this
point, yetthe shortdecaytime indicatesthe electronpopulationevolved quicker dueto a higher
magnetidield.

Thelight curve plateausecauseheresultantlux is from additionof flux from boththefirst
andseconddisk crossinggseefigure 4.4 for an example),andthe pulsarhasalreadyreentered
thedisk andcausesnothersynchrotrorbubbleto form, beforethefirst hascompletelydecayed.
The approximateequality of the fall andrise slopesof the first and secondpeaksrespectiely
leadsto theflatnes=of the plateau.

Oncethe excited electronsfrom the first disk crossinghave completelydecayed the flux
from the secondpeakcontinuesto rise for another~ 9 daysuntil the peakat ~ T + 22. The
slow decayfrom the secondpeakindicatesa low magneticfield, contraryto expectation since
the pulsaris closerto the Be staratthistime.

The modelmakesa predictionthat thereis a suddencutoff of the continuationof the first
peakover ~ 10 daysnear~ T + 55 just afterthe endof the obserationsmadein 1997. This
cutoff wasto shav a frequeng dependenceEventhoughthe modelcannot bedirectly applied
to this situationbecausehefirst peakdied off quickly, in figure 4.2b,we canseeall frequencies
decreaseharply(from ~ 10 to ~ 5 mJyfor 1384MHz) at~ T + 70, but thenrecover. The
datain this periodis not sampledvery well, soit is unclearasto whatis happeningpbut we can
seethatat7 + 113 the continuumflux densityat 1384MHz is still ~ 100, andwell above the
level it waspre-periastronSincethis wasthelastobsenationmade,t is unknovn how long this
excessve emissionlastedfor. However, the significantdropin flux at 7 + 70 is possiblydue
to extra absorptionat thattime, ratherthanthe predicteddrop between~ 7 + 50 andT + 65
followedby anunexplainedrecorvery.

The expectedcutoff length(the time betweenthe startof decayof the secondpeakandthe
cutoff) asa function of frequeng is givenin appendixD.2 (specifically equationD.10), which
resultsin the 1.4 GHz cutoff lengthbeing~ 2.5 timeslongerthanat 8.6 GHz. Looking at the
continuumlight curve anddata(figure4.2bandtable4.1),we seethe8.6 GHz goesto zerowithin
the errorbarsfrom ~ 7 + 63 onwards,implying a possiblecutoff at 1.4 GHz at~ T + 128.
Beforethecutoff time,the1.4GHzflux will beapproximatelyconstan{asevidencedoy thelate-
time slopesn table4.2),thenwithin a periodof ~ 10 days,theflux will dropto 0. Additionally,
the cutoff lengthbeing43 daysat 8640MHz impliesanapproximatenagneticfield of ~ 1.8 G
in thedisk at the site of the bubble(the crossingtime of ~ 7 + 20 impliesadistanceof ~ 50 R,
from the Be star),aslong asthe assumptiongn appendixD.2 arevalid. This is consistenwvith
Ball etal. (1999),who claimthefield strengthis ~ 1 G in amoreelaboratenodel.
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Comparisonwith 1997

In figure4.3,acomparisorof the 1997and2000dataappear |t is apparenthatthefirst peakis
shiftedearlierin time, andthe secondpeakis later, similar to the behaiour of the pulsarduring
eclipse,asshowvn in section4.1.2.

It wasclaimedin Ball etal. (1999),thattheinitial flat spectrunspike at7” — 20 in the 1997
datawas a resultof the pulsarsplashinginto the Be stardisk. No suchfeatureis apparenin
the 2000data,eventhoughobsenationsat this time weremadeevery ~ 2 daysexplicitly to try
to understandhe spike. This suggestghe spike was a transientevent, ratherthan something
associatedavith the generabuild-up of flux, aspredictedn the model.

It was also claimedthe first peakwas smallerthanthe second,becausehe flux from the
secondpeakwas superimposedn the still-decayingdfirst peak. Therise time of the two peaks
(andfall time of the secondpeak)arealmostequalin the 1997 data,andsomevhatgreaterthan
the orbital crossingtime (~ 3 daysfor o; = 5°), sincethe pulsarwind continuesto interact
with the Be disk eithersideof the encounterThe secondoeakdecayed lot fasterthanthefirst,
becausdhe magneticfield was higher at the interactionsite, and so the synchrotronlosstime
wassmaller

With this periastron the first peakhasdecayedcompletelybeforethe secondhasreached
its maximum,andso the fluxesarenot superimposedn eachotherandhencethe peaksare of
similar height. Therise timesandhenceelectronacceleratiortimesof the two peaksareagain
~ 10 days,althoughtherisetime of the secondpeakis alittle longerthanthefirst implying the
diskmaybethickeratthesite of thesecondcrossingut thisis contraryto our view thatthedisk
shouldbe angledout with an openingangleof ~ 5°, andso the disk would be thicker further
from the Be star The extra thicknessmay be the resultof clumpinessor awarpagen the disk.
Thefirst peakdecaysjuickerthanthesecondalsocontraryto our expectationsAccordingto the
model,thedecaytimewill alwayshave aminimumlengththatis the sameasits risetime, which
appeargo bethe casefor the first peakin the 20000bsenations. The heightof both peaksare
of the orderof the heightof thefirst peakof the 1997 periastronandthefirst peakhasa similar
risetime (althoughhasa smootherise). Theflux in the secondoeakof both setsof datashavs
attenuatiorat 1.4 GHz relative to the 2.5 GHz data,possiblyimplying free-freeabsorptionand
sothe peakis ~ 1.5 timesthe measuredlux density(assuminghe otherfrequenciesare not
attenuatedandtheflux follows the power law, equation3.2) beforeabsorption.Thisimpliesan
opticaldepthof ~ 0.4 in theearlierpartsof theseconcpeak(at~ 7 + 16 in 1997,and~ 7T + 22
in 2000),andshaws thatthe bubblehasformedon the far sideof the disk andtheflux is being
absorbedn its passageo Earth. Thefirst peakin bothsetsof datais notattenuateét the lower
frequenciedy optical depth,asthe synchrotronbubbleforms on the side of the disk closerto
Earth,andsodoesnot have a high absorption.

The spreadingof the light curve to earlier and later times for the first and secondpeaks
respectrely (alongwith thelengtheningf the pulsareclipsetime), possiblyimpliesthedisk has
becomethicker sincethe systemwasobsened 3 yearsago,whenthe openinganglewas~ 5°,
which is consistentwith the expectationthat Be starshave variablewinds and accretionrates
(Waters1986).

4.1.4 Spectralindices

Ball etal. (1999)shaved thatthe broadfeaturesof the spectralindex of the 1997 datawere
in accordwith their model. The spectralindex of the continuumwas predictedto be ~ —0.7
betweer] — 18 and7 + 20, to steepero ~ —1.1 duringthesecondoeak,andthento dropback
to~ —0.7 atT + 30, thereaftercontinuingto smoothlydecline.
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Figure4.5: Spectal indicesfromthe 2000data

The spectralindicesareshown in figure 4.5afor the continuumflux andfigure 4.5bfor the
pulsarflux, for the 2000periastron.The spectralindex of the continuumis ~ —0.7 mostof the
time, andsteepenso ~ —0.9 at~ T + 30, althoughthisis not significantcomparedo thelarge
errorbars.Thereis perhapsa generakrendto steeperirom earliertimes(7 — 20) to latertimes
(T + 20).

Theerror barsarelargerthanthe datain 1997,andmorerealistic, becausehe fitting algo-
rithm triesto take into accountheerrorsassociateavith eachflux (althoughonly approximately
asdiscussedhn section3.3.5),ratherthanjustrelying on thefitting to obtaintheerror.

Therewasno predictionmadefor the pulsarspectraindex, butit hasadefinitemonotonically
increasingrendat latertimes,dueto the effect of the opticaldepthonthe 1.4 GHz and2.5 GHz
dataaftereclipse.
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Chapter 5

Results— Polarization

Polarizatiormeasuremensnableusto obtaintherotationmeasurat variousepochsaroundpe-
riastron,allowing usto determinghe magnetidields associateavith the Be star To understand
thereliability of the linear polarizationmeasurementsye needto first verify the circular polar
ization behaesaswe expectit to, thenwe candeterminewhetherthe polarizationcalibration
wascorrectlyperformedatthe GPCAL stage.

We know from previousobsenations,aswell asfrom the pulseprofilesin figure2.1,thatthe
percentageircularpolarizationof thefirst pulsecomponents alot lessthanthesecondWe also
know thatthefractionalcircularpolarizationis not affectedby propagatioraslinearpolarization
is. We hencecheckthatall obsenationshave the samefractionalcircular polarizationwithin the
errors,for thefirstandsecondoulsecomponents.

Additionally, sincethe linear polarizationflux densitieswere obtainedusing the baseline
subtractedlataanduvFLUX, we candeterminehereliability of all pulsarflux densitymeasure-
mentsby verifying thatthefractionalcircularpolarizationmeasuremenreconsistentsinceall
Stokesparametergaretreatedequallyby the baselinesubtractiorprocess.

5.1 Circular polarization

Thefractionalcircularly polarizedfluxesarepresentedn figures5.1aand5.1b,for thefirst and
seconccomponentsiespectiely.

At thelower frequenciesthe errorbarsarevery small, of the orderof ~ 5%, andtheerrors
in the higherfrequenciesarehigherat ~ 10%, sincethe flux densityat 1.4 GHz is ~ 4 times
the flux densityat 8.6 GHz, assuminga spectralindex of —0.8. All pointsare consistentwvith
themean,andthe meanis in therange—6% to —10% for thefirst componenatall frequencies,
andbetween—28% and—30% for the secondcomponenat all frequenciesconsistentvith the
valuesquotedin figure 2.1.

The agreemenbetweenthe polarizationobtainedat Parkes (figure 2.1) andthe entire setof
obsenationshereimply our UvFLUX measurementarereliable,giving usfaithin our polariza-
tion calibrationtechnique.

5.2 Rotation measure
The rotationmeasuresvereobtainedfor dayswhenthe pulsarflux wassufficiently strong(not
eclipsed),andwhenthe RM was not so high that the rotation angleacrossa small numberof

frequeny channels(determinedby the signalto noiseratio) was sufficient to depolarizethe
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Figure5.1: Percentaye circular polarizationsof pulsarfor eact frequencyandtime Error bars are at
thelo level, andthe meanfor ead frequencyand components shownin blue

component.Therotationmeasuravasobtainedoy combiningasmary channelsaswereneces-
saryto obtaina sufficiently large S/N, andobtainingthe polarizationpositionanglefor eachof
thesechannelgroupings.

All rotationmeasuresre presentedn table5.1, androtationmeasurdits for varioustimes
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Time (limits) Rotationmeasuregradm—72)

Date =+7) T Frequeng (GHz)
1.4 2.5 4.8 8.6 Average

Sep01 (-46.4) | 00:30-01:30 —15900 4 700 —13700 & 2100 —15600 + 700

02:00-03:00 —12000 £ 900 —15800 £ 3200 —12400 % 1000

00:30—-02:00 —16900 £ 3100 —15500 £ 900 —16600 % 1700

02:00-04:00 —12700 £ 500 —19600 £ 9700 —13700 £ 2500

00:30-04:00 —14600 4 1200 —15800 £ 2500 —14800 %+ 900
Decll (55.3) 17:30-21:00 | —107.6 £3.0 | 73 £ 16 470 £ 230 —105 £ 10
Decl% (63.4) 20:30-01:00 —6740 £ 660 —6740 £ 660
Dec26 (70.4) 19:00-23:50 | —31.6 3.2 32143 400 £ 280 —-19+18
Jan08 (83.1) 12:00-17:30 | —4794+7.4 —3.8+3.7 196 + 170 —42.947.7
Feb07 (113.3) | 17:00—21:00 | 16 £ 19 —100 £ 16 —129 £ 15 12+ 13

Table5.1: Rotationmeasue for varioustimesand days(averaged over the two componentsyith eah

RM weightedas s 2, whee s is the error associatedvith the RM of that component) TheRM obtained
for eadh frequenciesre first shown,thenthe aveiaged result(ead frequencyweightedin sameway as
above)is shownin the“Average” column.Theentrieswith * nextto themdid notappearcleanfits, despite
the quotederrors, sooughtto bediscadedin further analysis.
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Figure5.2: RM's for differenttimesandfrequencieson Septembef, whenthe polarizationmeasure-
mentsweresignificant. Thered andblue lines arefor thefirst andsecondoulsecomponentespecirely.
Thevaluesquotedarein k radm~2, andaredirectly importedinto table5.1. Thelargerthe errorfor each
individual point, the lessweightingit getsin thefit. The positionangleseparatiorbetweenrthe first and
seconccomponentss near90° in thesefits, asexpected.

duringthe Septembelf, 20000bsenation (7 — 46) arepresentedn figure5.2.
We useequation3.1to getthe positionangleof thelinear polarizationacrosshe frequeng
bands,andthen plot the positionangle ¢, against\? anduseequationl.5 to obtainthe RM,
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but only for someof the observingbands.For high RM’s, ¢ rotatestoo quickly, andthe pulses
appeadepolarizedvithin evenjustasinglechanne(width of 8 MHz atourobservingesolution)
allows, at the lower frequeng bands(1384 and 2496 MHz). For small RM’s, ¢ rotatestoo

little for A¢ to be significantabove the errorsinvolvedin measuringhe linearly polarizedflux

densitiesjf too highafrequeng is used(at8640MHz). Frequenciethatdepolarizedhe pulsar
or gave anerrorin RM large comparedo the actualRM calculated becausé¢he frequeng was
too high for thatRM) werenotincludedin table5.1 or theaverage.

The Septembell obsenationhadparticularlyhigh S/N, andwe expectedthe RM to be high
andvariablethen,andsoit wasbrokenup into sectionsof abouthalf anhourlengtheach— the
time obsenedatthe 4.8 and8.6 GHz receversbeforeswitchingto the next two. We measured
theRM for eachsectionthatshavedhigh enoughS/N (thefirst andthird sections)sothenature
of the variability on time-scalef ~ 30 minutescould be obtained,andthe resultsappearin
entryoneandtwo in the SepOlblockin table5.1. We alsousethe othertwo sectiongo look at
thebehaiour overtime-scale®f ~ 2 hours(with thehalf hourgapswhile thereceverwasatthe
otherfrequencies)andtheresultsappeain thethird andforth entriesin thetable. The average
RM from theentireobsenationis shown finally in thefifth entry, but if the RM is truly variable,
thiswill notbephysicallymeaningful. All otherdayshave justthe onetime sectionbecausehe
RM'’s shavedlessvariability.

A further consisteng checkof both the polarizationcalibrationand RM calculationscan
be madeusingthe linear polarizations,by checkingthe changein position anglebetweenthe
two componentsn the RM fits are ~ 90° apart, sincewe know from previous datathat the
linear polarizationsfrom the two componentsare orthogonal. Only datathat had a constant
separatiorof ~ 90° betweerthetwo pulsecomponentsicrosghefrequeny band(suchasthose
in figure5.2)areincludedin table5.1.

Theextremelyhigh RM of —16600 4= 1700 rad m~—2 betweerD0:30and02:000n September
1 is supportedby the extensie erroranalysisandconsisteng checksandrepresentghe highest
ever measuredstrophysicaRM.

5.3 Implications for B field

Using equationl.4, we canestimatethe meanmagneticfield weightedasa function of density
overtheline of sight. Sincethe Be wind is the main contributerto the numberdensityn, we can
obtainagoodestimateof the meanmagnetidield justin thiswind. At 7 — 46.4, the pulsarwas
87.5R. from the Be star (wherelR, is the stellarradius),and assuminga dispersionmeasure
changdrelative to the galacticvalueof 146.7cm—3pc) of ~ 0.2 cm~32pc (we don't have adirect
measuremenf the DM for this time, andthis is probablyan upperlimit) a magneticfield of
100 £+ 10 mG s obtainedfor atleasthalf anhourduringthe4 hourobservingperiod.

Thehigh magnetidield resultingfrom theextremeRM, is possiblycausedy asingleclump
of materialcontributing a highly organisedmagneticfield, ratherthanall of thewind in ourline
of sightto the pulsarcontributing a semi-randomisethagnetidield. Thewind is fastflowing, so
we expectrandomhigh densityclumpsthatmayleadto this situation. The clumpinessnayalso
bethe causeof the extra absorptiorof the continuumflux at~ 7 + 70.
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Chapter 6

Conclusion

6.1 Light Curvesand Model

Many obsenationsof the 2000 periastronof the PSRB1259-63/SS2883ystemwere madeat
theATCA, andthepulsarandcontinuumflux densitieof thesystemwereseparatedndanalysed
to give light curvesfor the pulsarandcontinuumemissionsndependentlyThe mainfeaturesn
the continuumlight curve thatdifferedfrom previous periastraverethatthe peakfrom the first
disk-crossingdecayedfasterthanthe second,indicating a magneticfield anomalouslyhigher
in the first crossing,despitethe pulsarbeing further from the Be star The disk at the second
crossingseemdo be thicker thanat the first crossing becauseherise time is longer, with the
extrathicknesgpossiblybeingtheresultof clumpinessor a warpagen thedisk.

The pulsareclipsestartedearlier andfinishedlaterin 2000thanin 1997,andthe continuum
emissionwassimilarly spreadout, sowe expectthe disk openinganglehadincreasedrom its
formervalueof ~ 5°.

Opticaldepthwasanimportantfeaturenot only for the pulsaremissionduring deepeclipse,
but for the continuumemissionafter the pulsarstartedemeging from the disk, indicatingthe
synchrotronbubble formedon the far side of the disk, andwas “peekingthrough”. Scattering
broadenedhe pulsesnearthe edgef eclipse,andthe highly variablepulsarflux at othertimes
(in the higherfrequenciesyvascausedy long termrefractive scintillation.

Additionally, analysisof the synchrotroncutoff lengthat 8.6 GHz reveal the magneticfield
in thediskat ~ 50 R, from the Be star asbeingapproximatelyl.8 G.

6.2 Rotation Measuresand Magnetic Field

Farfrom the Be star(after 7 + 55, whenthe pulsarwas> 100 R, from the Be star),the RM was
low — of the orderof —100 rad m~2. Closerto the Be star(time 7 — 46.4, distance87.5R,),
the pulsarattainedthe highestmeasuredstrophysicaRM of —16600 & 1700 rad m~—2 during
partof the Septembefd obsenration,implying a magneticfield of atleast100 + 10 mG at this
distancejn the Be wind. The high averagemagneticfield could betheresultof clumpingin the
high velocity wind, reducingthe washouif the magnetidield overtheline of sight.

6.3 FutureProspects

Thereare mary thingsthat could follow on from this project. The 1997 data,while usingthe
older correlator still was obsered in a pulsarbinning mode, with 8 time bins (4 on, 4 off-
pulse). An attemptcould be madeto separatehe pulsarfrom the continuumemission,using
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the programsdevelopedhere.This couldbe harder andwould resultin anoverestimatiorof the
continuumemissionandunderestimatiomf the pulsarflux (Johnstoretal. 1999),althoughfor
differentreasonghanthatquotedin section4.1.2for our analysis.We couldthenproducelight
curvesfor the pulsarandcontinuumemissionseparatelybut moreimportantly obtainRM’s for
varioustimesduringthe 1997periastron.

Thedistanceof ~ 1.5 kpcimpliesanangulardiameterof the orbit ~ 4 mas(Johnstoretal.
1999).Observingthe systemusingVery Long Baselinelnterferometry(VLBI), we couldobtain
thesizeof, andhenceanaccuratalistancemeasuremertb the system.Preliminaryobsenations
arealreadyundervay. We could alsoobtainpropermotionsof the system,andverify thatthe
systemis relatively slowly moving. Although we expectthe systemgot a large momentum
kick at the supernea stage the Be staris very heary, sowould slow the systemdown to only
~ 100 kms1.

Thenext periastrons in April 2004.1t seemsve mayhave to obsene until atleast7 + 140
to seethe cutoff at 1.4 GHz. The upgradeof the ATCA to 12 and 24 GHz also providesus
with anopportunityto monitorthe eclipseat thesehigherfrequenciesAlthoughtheflux density
is likely to be low, theseobsenationsmay be able to constrainthe synchrotronspectrumby
shawing evidencefor the high frequeng cut-off not presenin the currentdata. Obsenationsof
thepulsarat12 GHz whereopticaldepthandscatteringaremuchreducednayenableusto track
it deepeiinto theeclipse.

Finally, we have beenableto fit the rateof acceleratioranddecayto the peaksin the con-
tinuum light curve, but moremodellingof this systemremainsto be done. We have only done
a small amountof the analysisnecessaryo obtain magneticfields in the disk, which is of a
differentform to the magnetidield in the Be wind, andour cutoff timesareonly approximate.
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Appendix A

Data analysisTasks

Command | Arguments/Example Description/Notes
po_Loap! | Imt: <day> <input-files ....> Loadsall thefiles providedonthecom-
mandline, namingthem accordingto
do.l oad sep01 the “day” provided. This provides a

/ cdrom/ DATA/ 2000- 09- 01 *. C326 | consistennamingschemethat should

give unique file namesfor each ob-
servingsession.The flags provided to
MIRIAD'S ATLOD arecorrectasof the
time of publication,and take into ac-
counta bug thatwasdiscoveredin the
correlatorsetuparoundthe observing

time.
DO_CAL? | fmt: <day> <ref erence- ant enna> This tries to automaticallyflag every-
thing above 60, but quite often, all the
do_cal sepOl1l 3 datafor a baselinevasvery noisy and

so manualflagging (using MIRIAD’S
TVFLAG Or BLFLAG) andrerunningthis
script was necessaty After flagging,
it recalculateshe calibrationtablesfor
secondaryalibratorandsource.

DO_FIX® fmt: <day> <Dw> Remorestheeffectof dispersioracross
the recever frequeny band. Provide
dofix sep0l1 146.7 the DM either by guessingand then

subsequentlymproving the values,or
making use of an obseration at an-
othertelescopehat can determinethe
DM.

'Doesnot deletethe outputfiles beforecreatingthem. Deletethembeforererunning.

2Properlydeleteshe calibrationtablesfirst, thenflagsandrecalibrates.

3Checkslependenciesindif files needupdating updateshem,otherwisdeavesthem.Reliesonfile timestamps
(hencemalke suresystentime is correct).

4Automatically run as part of the GENERATEFLUXERRTABLE.PL, GENERATECIRCERRTABLE.PL Of GENER-
ATERMTABLE.PL scriptsasappropriate.

SNeedsto know the offsetof the pulsarfrom the pointing centre by providing an“offsets.txt"file (sectionB.2)

5This programdoessomelengthycalculationsso cachegheresultin afile in the“cached”directoryunderneath
the currentdirectory andreusesit if the sourcefile hasnt changedfor next time. It makes sureno script gets
confusedby giving the script a differentargumentsfrom the last time it was run (suchaswhich channelswere
selected)by storingthatinformationin the cachedile name.It mayalsostorealot of postscripfiles usedin fitting
in the“ps” directory

"Theargumentsn squarebracketsare optional. Any optionalargumentbeforean optionalargumentyou want
to supplyalsohasto be supplied.
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TableA.1: Tableof scriptsproducedo analysedatafor 2000periastion. Thesearerunin order,

interspesedwith manualtasksthat needto be performedusing MIRIAD tasks. Someof these

programsusefilesthat are documentedh appendixB.



Appendix B

Input file formats

B.1 BINSL.TXT format

Theformatof the binsl.txtfile follows alongwith anexample:

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

# Usererroris redundannow, but muststill
# beincluded(just setto 0)

freql: usererror 1384:0
freq2: usererror 2496:0
freq3: usererror 4800:0
freq4: usererror 8640:0

# If the pulsaris clearlyvisible, we wantto
#includeit in theoutputtablesandlightcurve,
# sosetl. ElsesetO. If setto zero,

# following paramatersreignored.Hencejust
# setthebaselingo “0,0”, andthe pulsesto
#0,0-0,0”

freqlpsrvisible? 1
freq2psrvisible? 1
freq3psrvisible? 1

freq4 psrvisible? 1
freqlbaselines 2,3,9,12
freq2baselines 1,1,7,8,14,15
freq3baselines 4,8,14,16
freg4baselines 1,3,7,10,14,16
# onpulsebins (for circ polarizationonly.

# RM calculationsaredoneby entering

# into scriptmanually).

freqlfirst pulseon bins—secondoulseon bins 13,16,1,1- 4,8
freq2first pulseon bins— secondoulseon bins 2,6-9,12
freg3first pulseon bins— secondpulseon bins 11,13-1,3
freg4first pulseon bins— secondpulseon bins 4,6-11,13
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B.2 OFFSETS.TXT format

The offsets.txtfile just containsthe positionoffsetof the pulsarrelative to the observingcentre.
Most of the time, the file will not be necessaryit 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”, thenthis will definethe
new positionof the pulsar relative to the observingcentre,in arcsec,andwith the samesign
conventionasusedby MIRIAD taskssuchasINVERT.

B.3 EXCLUDEPLOTRM.TXT format

If youknow thatacertaincombinatiorof frequenciespulsenumbernumberof channebivisions
andtime givesauselessit of theRM, you canexcludeit everytime you usethe GATHERRMS.PL
script,by includingafile with the nameof “excludeplotrm.txt”with linesof theformat:

<freg> <numberchannelivisions> <1stbin selection- <2ndbin selection> <time>
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 the denominatoof equation3.4 involvestwo squaredjuantitieswith associated
errors. The quantitieshencecannever be lessthan0, and so the expectationvaluesof the de-
nominatoris not 0 whenQ andU areboth O in reality. Sowe subtractthe expectationvalue

of /(Q+AQ)?2+ (U + AU)Q‘Q:O from the denominatoto geta betterapproximatiorfor the

- U=0-
errorin ¢ whenthe polarizedfluxesinvolvedarelow.
Theexpectationvalueof (AQ)?, assumingsaussiarerrorsin Q is:

/ " (agye (et aa)
(aQp = b
/ ¢ (30mis) d(AQ)

2 I'(3/4)
(Aquﬂux) 4F(5/4)

~ 0.338(AQuyfiux)? (C.1)

where AQ.,vaux IS the error calculatedfrom uvFLUX. Combinedwith anidentical calculation
for (AU)?, the expectationvalueof /(Q + AQ)? + (U + AU)?|,_, is /2 x 0.338A2% ¢ = =

0.822Auvaux, @assumingequalerrorsof Q andU in uvFLUX. We subtractthls value from the
denominatoin equation3.4to give

HA
A(bZ‘ 0.5 ‘

L —0.822A (C.2)
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Appendix D

Synchrotron Bubble Evolution

D.1 Sourceintensity asa function of frequencyand time

The synchrotrorbubblemodelhasa sourceexpandingisotropically In this case the enegy of
the particlesaree o« L~ whereL is the scalelengthof the source.If the sourceexpandsat a
constanspeedthene = ¢y(t/t), wheretheenepy is ¢, attime ty. If thereis nota continuing
supplyof radiatingelectronsthetotal numberof electrongemainconstantandthe evolution of
thenumberdensityata givenenegy andtime is (Melrose& Ball 1996):

t —(a+2)
N(et) = K(t)e * = Ky <%> e’ (D.1)
We cansubstitutethis form of K (¢) into
2 —(a—1)/2
o1_q € VB 2v

_ - D.2
(10)) = A@LE(me) 22 (2 0.2

wherevp is the cyclotronfrequeng, andis givenby:

¢ B

vp = Qe /21 = 2.8 X 10 G Hz (D.3)

and A(a) is adependenbnly on a, andfor a spectralindex o (wherea is definedoppositelyto
equation3.2) of 1.5, A(a) = 0.073, andvp o< B o< L2 o< t~2. Ignoringall constantsye get,
from equationD.2:

(I(v)) oc v~ (@ 1/2g-2atl) (D.4)

We can approximatethe a in the electronenegy spectrumpower law N(e) = Ke ® by the
spectraindex a in theobsenedspectrapowerlaw by

a=2xa+1 (D.5)
Thisfinally givesustheevolution of the synchrotrorbubblebeforecutof:
I(v) x yog4atl) (D.6)

wheret is really thedifferencen time betweerthetime of acceleration, .., andthecurrenttime
t.i.e.t = (t — tacce)-
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D.2 Synchrotron cutoff times

Thereis a breakin the synchrotronemissionspectrum,and at lower enepgiesthanthe break,
N(e,t) ox e, andabove thecutoff, N (e, t) oc (@),
Now, theelectronhalf lifetime is givenby (Melrose& Ball 1996):

1 1 B\ -1
tiy = b =5 x 108— 5 ( ) (L) seconds (D.7)

€ sin“a \ 1G mc?

whereq is the half angleof the coneof emission We cannotknow o, sowe approximatesin? o
by its expectationvalue 2/3. The enegy at which the spectralbreakoccursis whenthe half
lifetime is equalto thetime elapsed After thistime, the emissionat the relevantfrequeny will
dropto zerovery quickly — andsowe call this the cutoff time.

We approximatehe enegy of the particlese by:

e 2mmuy 1/2 (D.8)
€~ _— .
0.47eBsinf

whered is the angleto the obsener, and now we approximatesinf = 1 to geta calculation
hopefully correctto anorderof magnitude— theimportantfeaturebeingthe /v dependeng
Hence we canfinally say

0.47 x 1.6 x 1071 B/10*
2 x 9.11 x 10731 p

1/2
Hitetime =~ 5 X 108 x 3/2 x B2 x ( ) seconds (D.9)

wherethe magnetidield B is in Gaussi.e,

315
tcutoﬁ - taccel ~ \/BT
14

whereB isin Gaussandv isin GHz.

days (D.10)
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