
/
'
ー
y

EVidence　of　vHE　Gamm訓社y　Emission
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Abstract

Thegamma-ray　Pulsar　PSR　B1509-58　and　its　surrounding　nebula(?have　been　observed　by　using

the　3･8m　imaging　Cerenkov　teleseoPe　of　the　C4　jvG4　/?OO　collaboration･　The　observations

have　been　carried　out　during　t･he　years　1996　and　1997　in　xvoomera,　South　Australia　at　the

gamma‘ray　threshold　energies　of　4　Tev　and　L5　TevdesPcdively･very　high‘energy　gamma-

raysaredeteded　in　the　1997　data　with　4』･7　signi`ncance･　The　estimated　gamma{ay　nux　is

(3j±O.8)×10‾12　cm‾2s‾l　at　energies　al)ove　L5　TevA)n　the　other　handjt　was　possible　only

to　set　a　3r7　uPper　limit　of　2,0　×　10‾12cm‾2s‾l　above　4,0　Tev　from　the　ohservations　of　199(E

No　signihcant　Pulsationrnodulated　with　the　Pulsar　Period　has　been　found　in　either　the　l996　o｢

the　1997　data.

　　0ur　results　when　combined　with　x-rav　ohservations　lead　to　a　value　or　the　magnetic　neld

strength　2　10　μG,　eonsistent　with　the　equipartition　valuejn　the　x{ay　nebulasulTounding　the

Pulsar,　This　neld　strength　is　mudl　weaker　than　the　one　in　the　Crab　nebuh

　　This　is　the　f1rst　evidence　of　vHE　gamma-ray　emission　frorn　a　noIF£Gμ£Tpulsar,　lt　un-

derscores　the　Po'werofa　n.eMrcriterion　for　the　seaEh　for　vHE　gamma-ray　sources)t,X{ay

synchrotron　nebulae　driven　by　young　rotation-powered　pulsars.
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Chapter　l

lntroduction

　　　High‘energy　Phenomena　are　some　of　the　most　in{eresting　asl)edi[the　universe･　They　Pro-

Vide　us　wit･h　laboratories　in　extTeme　physical　conditions,　whidlxve　ca.nnot　artincialiy　achiev(N

Cosmic　rays,　Prod1Kts　of　such　high‘energy　Phenomenajndica↑(`the　existence　of　huge　accelely`E

tors　in　the　universe.　Howevel≒due　to　the　magndic　tield　in　the　Galaxy,　cosmic　rays　cannot　travel

diredlv　in　a　strakht　line　from　the　aecclerators　to　the　EarHL　Therefore{Os　dimcult　to　nnd

8
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vations　have　rePortedsonledetections　of　sporadic　gamma-ray　sourcesat　Tev　and　Pev　energies

(see[50]jor　a　review),　But　the　detedion　of　a　stead5　gamma{ay　emission　at　a　high　c･onndence

level　was　hrst　realized　by　the　lnφμ/c　Observatory　using　lmaging　Air　Cerenkov　TeiescoPe　in

1989　from　t,he　Crab　nebula　[801.

　　1n　1990's4amma{ay　astronomy　has　hrgely　develoPed　along　two　ways,　Firstμhesuccessof

the　CGμO　Provided　us　various　informations　of　high-energy　l)henomena　seen　through　gamnTla-

rays,EsPecially,　the　£GμFTexperimentヽwhich　observes　the　highest　energy　part　(30Mev-

30Gev)in　the　satellite,　has　found　157　gamma-ray　sources　in　this　encrgy　region　[71][72]･Fifty-

nve　of　the　157sources　areknowldo　be　adive　galadic　nuclei　(AGNs)outside　ofourGalaxy,nve

are　pulsars　and　nve　are　consid{red　to　be　suPernova　remnants　(SNRs)[1{Besides　1　57　sources,

two　nylore　pulsars　have　been　k)und[52]L5{　Approx4muJy　ajufJ4j　of　the　sources　are　sti!i

unidentined　with　any　oWj(fts　known　at　other　wavelengths･Many　of　these　unidenGhed　ganlnla-

ray　sources　are　distl`ibuted　along　the　galadic　plane　andarePossil)ly　associated　with　SNRs　or

l)ulsar　driven　nebulae,　However､　sinee　the　accuracy　of　thesourcelocalization　of　the　μ(T7/?7F7js

limited　to　an　order　of　a　degree　[691,　a　drastic　increase　of　the　number　of　identifi(lations　cannot

be　exPeded,　So　far　the　young　spinj)owered　Pulsars　and　the　AGNsarethe　tyPical　classe8　of

the　objeds　deteded　by　the　£Gβ£Tin　and　outside　ofourGalaxy､respedively,

　　The　other　way　of　the　development　of　gamma‘ray　astronomy　is　also　progressed　with　the

detedions　of　the　gamma-ray　emissions　from　Pulsars/nebulae　and　AGNs.　After　the　detedion　of

the　very　High-Energy　(VHE)(≫300　Gev)gamma-rays　from　the　Crab　ne})ula　by　the　H//zφβ/e

FouP,　as　mentioned　above,　several　ground　based　telescopes　have　succeeded　to　follow　it　uP　(see

[81],for　a　review).　0n　the　other　hand､　the　outbursts　from　the　AGNs,　Mrk421　and　Mrk501,

ha゛e　been　also　deteded　by　the　plural　vHE　gamma-ray　telescopes　together　with　instruments

operating　at　other　wavelengths　[38]and[49].ARer　these　results,　VHE　gammEray　observations

ha゛e　begun　to　play　an　important　role　in　astronomy　The　present　gamma-ray　sources　detected

ill　the　energy　ranges　of　satdlite　and　ground　based　telescopes　are　shown　in　Figure　L　L

　　The　CL4yVGjμOO　telescope,　being　operated　in　the　southern　hemisphere,　has　the　ability

to　investigate　vHE　gamma{aysources　in　the　galadic　discnear　the　galadic　center,　Besides
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f180

EGRET　Sources　and　TevSources

◆Active　Galactic　Nuclei

ounidentified　EGRET　Sources
●Pulsars

△LMC

(Positive　deteSaj71jBI　B170644'　vela‘
Preliminary　positive:　CANGAROO　〈SN1006)

10

Figure　1,1:　Gamma-ray　sources　detected　in　the　£G/?/FTand　vHE　energy　range･　Five　large　cirdes　show

the　po､sitive　detected　vHE　gamlna-ray　sources,　A　middle　size　cirle　shows　preliminary　source,　SN　1006,

The　nleshed　area,s　in　the　len　and　right]how　the　overages　of　the　W/'φμ/c　and　the　C4yVGjj?OO,
respectivelv,

the　Crab　nebula　[661,PSR　B1706-44･[34]and　the　vela　l)ulsar[84〕a.realso　found　to　be　vHE

gamma{ay　sources　by　the　CjyvG4μOO　group,These　vHE･　gammErays　are　understood　as

emissions　from　the　Pulsar　nd)ulae　and　not　from　the　Pulsar　magnetosphere　[↓9]･　ln　a　pulsar

nebulaμhe　nrst　order　Fermi　aeceleration　is　thought　to　occur　iD　a　shock　between　a　Pulsar　wind

and　suPemova　(jeda　or　interstellal　mattel≒Studies　of　emissions　from　pulsar　nebulae　should

give　us　good　examples　to　develoP　Partide　acceleration　models　in　a　shock,　Besides　the　positive

detedions,　an　upper　limit　to　the　vHE　gamma-ray　Hux　is　also　set　for　PSR　B1055‘52　by　the

CL4XG･4μOO　group,　well　below　the　extraPolation　of　the　£Gμ£7･　result　[63].0ther£G/?£T

pulsars　seen　in　the　northern　hemisPhere,　Geminga　and　PSR　B1951+32,wereobserved　by　the

WMβp/e　group　and　uPper　limits　are　obtained　[1][61]for　both　the　objeds,　Now　the　study　of

pulsars　and　theirsurrounding　nebulae　in　vHE　gamma-ray　rejon　conles　as　anext　step　after

the　studies　of　the　£Gμ£7≒)ulsalx

　　ltjs　not　necessary　that　a　vHE　gamma-ray　emitter　has　a　detedable　nux　in　the　£G/?£Ten‘

Ggy　region.　Most　of　the　vHE　gamma-rays　emitted　from　the　present　known　sources　arethought

to　be　result　of　inverse　ComPton　scattering　by　relativistic　eledrons　or　Positrons,　Such　Rlativis‘

tic　eledrons　(Positrons)are　expeded　to　emit　synchrotron　radiation　in　the　x‘ray　energy　range･
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(Details　dePend　on　thelnagnetic　held　strength　and　the　maximunl　energy　of　the　accelerated

Partides　in　the　elllissioll　regiollj　Obserations　of　x-r4y　synchrotJon　゛adiation　pro゛ide　us　゛ith

important･　information　in　t〕he　studies　of　vHE　gamma-rays･　FortunMely,　the　lamldles　of　the

two　advanced　x-ray　satellitesdhe　/tS(TTyl　and　the　βOS,4T,make　it　possible　to　provide　sPedral

and　nlorphological　informationsof　synchrotron　x-ray　sources　with　high　Precisions,　Xvith　a･　high

sensitivity　uP　to　higher　energy　(≫2　kev　)X{aysjhe　4SC4　satellite　has　found　synchrotron　x-

ray　emissions　from　many　Pulsar　nebulae　and　suPernova　rernna,nts[32][36]｡These　observations

encourage　us　(the(T4yvG4μOO　group)to　observe　them　in　vHE　energy　region･

　　PSR　B1509-58､the　objed　studied　in　this　thesis､　is　a　pulsar　deteded　in　ra(lio[82],X‘ray

[42]and　low　energy　gamma-rays　(≪1　Mev　)[3],Around　the　pulsar,　a　syndirotron　x{ay

nebula　is　found　by　Seward　d　�,[581,　Tanlurad�{65]and　Trussoni　d　&[76]･Althougha,n

excessof　the　gamma-ray　signals　from　the　diredion　of　this　pulsar　is　found{)y　the　μGμμ7iwith

low　signincance,　only　an　upper　limit　to　high-energy　gamma‘ray　nux　has　l)een　set　by　Brazier　c/

aΛ[5]and　Fierro　[13]ΛDetails　of　this　objed　are　deseribed　in　Sedion　3t)The　Hux　of　vHE

gamma-rays　from　this　objed　emitted　through　inverseCompton　scattering　has　been　predicted

by　du　Plessis　d　a/,[47]to　be　well　within　the　sensitivity　of　the　G4yVG/1μOO　telescope,　The

C4yvG4βOO　grouP　ha,ve　observed　this　objed　in　1996　and　1997　and　the　results　of　theanalysis

aredescribed　in　this　thesis,　This　is　the　first　evidence　of　vHE　gamma{ay　emission　from　the

Pulsar/nebula,　which　is　not　deteded　by　the　£Gμ£71

　　This　thesis　is　planned　as　follows.　ln　Chapter　2､　the　observational　concepts　and　tedlnique

of　vHE　gamma-ray　astrononyly　are　introduced,　ln　ChaPter　3d)hysical　Processes　taking　place

in　vHE　gamma-raysources　aredescribed,　l　will　concentrate　on　Pulsars　and　theirsurrou.nding

environrnents(nebulae　and　supernova　remnants)as　sources｡　Details　of　the　specmc　target　in　this

thesis,PSR　B1509-58/SNR　MSH15-52arealso　described　in　this　Chapter,　The　01yG/1μ00

EXPeriment　is　explained　in　ChaPter　4　and　observation　summary　is　also　given　in　this　ChaPter.　ln

Chapter　5,　the　method　and　the　results　of　analysisarepresented,　After　statistical　and　physical

discussions　in　ChaPter　6,　condusions　are　surnma,rized　in　ChaPter　7.　Finally,　potential　target

sources　for　future　vHE　gamma-ray　observations　arediscussed　in　Chapter　8,



Chapter　2

very　High　Energy　Gamma-Ray

Astronomy

　　　Since　the　energy　sPedrum　of　non-thermal　Photons　foHows　a　power　law,　photon　nux　rapidly

decreases　with　increasing　an　energy,　For　examPlejn　an　observation　of　a　gamma･ray　source

with　a　typical　nux　of　l　x　10‾12　cm‾2s‾l　above　1　Tev　using　a　satellite　detedor　having　a　l　m2

efFedive　area,　only　Oj　photons　can　be　deteded　duTing　an　yeal≒　Detedors　with　large　dTedive

areasjnstead　of　sMellite　detedors,　are　necessary　for　observations　in　the　very-High　Energy

(VHE)regiom　Extensive　Air　Shoxvers　rnake　it　possible　to　realize　such　observations　with　large

efedive　areas｡

2.1　Extensive　Air　Showers

　　　A　high-energy　Primary　Pa･rtide　such　as　a　Proton　or　a4amma‘ray　interacts　with　molecules

in　the　atmosphere　of　the　Earth,　Successive　cascade　of　interadions　produces　a　large　number

ofsecondary　partkles,This　phenomenon　is　called　an　£�os&etrS&mcn　The　cascade

de゛elops　until　the　energy　of　secondary　partides　becomes　insumcient　to　produce　next　generation

of　partides,　0nce　the　number　of　the　partides　reaches　the　maximum　at　some　altitude,　1t

eventually　decreases　with　further　penetration　in　the　atmosphere,　ln　thecaseof　an　EAS　initiated

by　a　vHE　(~Tev)Primary　Partide,　thesecondary　Particles　cannot　arrive　at　the　ground
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　¥

leveL　Therefore　it　is　adually　the　tertiary　Partides,　whichareCerenkov　photons　radiated　by

the　relativistic　charged　secondary　partidesμhat　are　deteded　in　vHE　gamma‘ray　observations･

12
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Details　onhis　l)rocess　are　desojly)ed　in　the　next　sectioIE　By　det(℃ting　only　a　small　fradion　of

thesesecondary(tertiary)particles　at　a　ground-based　observatoryヽweca.nobtain　information

about　the　primary　Particle.　lt　means　that　the　enTediveaTeaof　the　detedor　for　deteding　vHE

gamma-rays　becomes　enl“11ed　to　the　tl゛11s9｢se　si7e　of　an　EASD゛hich　is　of　the　order　of　se゛eral

104　m2.

　　Cha,raderistics　of　the　EAS　develoPment　aTe　difrerent　between　the　two　sorts　of　primaTypar-

tides,λG　eledromagn({ic　coml)onents(gamma-rays,eledTons　and　l)ositrons)and　hadrons･

An　EAS　originated　by　an　eledromagnetic　particle　devdol)s　following　pure　electronmgnetic　pro‘

cesses､whileanEAS　originated　by　a　hadron　isa,cornbination　of　eledrornagnetic　and　hadronic

interadion　s　.　DifFerencesof　these　two　developments　of　EASsareschematically　represented　in

Figure2yl　and　typical　features　simulated　using　Monte　Carlo　calculations　are　shown　in　Figure

22.An　obvious　difrerence　between　the　two　is　found　in　a　transverse　extension｡A　hadron　initE

ated　shower　involves　Processes　of　Pion　produdion,　which　producepions　having　largetransverse

nlornenta,　A　neutral　pion　immediatdy　decays　in　two　gamma-rays,　which　produceelcdromaF

netic　cascades,　A　charged　Pion　interacts　with　another　molecule　to　l)roduce　a　successive　hadronic

cascade,　unless　it　decays　into　a　muon　andaneutrino　beR)re　an　interadion.　0n　the　other　hand､

an　EAS　originated　by　an　eledromagnetic　partide　develoPs　in　the　atmosPhere　with　small　trans-

verse　rnornentum.Distribution　of　Cerenkov　photons　at　the　ground　level　naturally　releds　this

difference　in　the　developments　of　EASs.

2.2　Cerenkov　radiation　from　Extensive　Air　Shower

　　Since　the　refradive　index　in　the　atmosphere　is　slightly　larger　than　unity､　n=L00029(

at　l　atm,　0°C　),a]4elativist･ic　charged　partide,　whose　speed　exceeds　the　speed　onight　in　the

medium,　emits　(T〕?erenkov　Photons　at　a　small　angle　from　its　moving　diredion,　The　emission

angle　of　the　Cerenkov　Photons,　a,　is　obtained　from,

cθsβ=A
　　　O

(2j)

Here,　n　is　the　refradive　index　of　the　air　and　βis　the　velocity　of　the　partide　in　units　of　the
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Figure　2.1:　Schematic　views　of　developments　of　EASs,　a)Development　of　a　gamma･ray　shoxver.　b)
Development　of　a　proton　shoxver｡
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hght､`゛elocityヽcjn　゛ao"ln･The　mlmber　of　Photons(£V)emit{ed　in　a　unit　wa゛elength(JA)

Per　unit　length　alo“g　the　Path(JJO　of　the　relativistic　chalged　particle　is　represented　as､

jjx
-

― 27a

/
1
-
ー
y

　　　↓
|　-　---
　　n2j2

N
ー
ー
ー
/

1
-

A2
(2.2)

jAJjヽ

Here､a≡μ/4c=1/137　1s　the　hnestructure　constantand　y　the　wavelength　of　a　Cerenkov
　　　　　　　　　　　　　　　　　　　　　　W

Photon･　The　main　Process　to　scatter　Cerenkov　Photons　in　the　atmosphere　is　Rayleigh　scattering･

The　cross　sedion　(J)of　Rayleigh　seattering　has　a　strong　wavelength　dependence　as　J　(x

A‾4,Although　the　emissivity　of　photons　at　shorter　wavelength　is　highdhe　attenuation　in　the

almosPhere　is　alsosevere｡　After　all　these　considera↓ions　are　taken　into　aecount,　the　spedrum

　　w　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　y

of　Cerenkov　Photons　observed　at　the　ground　has　a　Peak　around　λ=300　nm･SO　Ccrenk)V

telescoPesaTeoPtimized　to　deted{)hotons　in　these　wavelengths,

　　　　　　　　　　　　　　　y

　　The　distributions　of　Cerenkov　l)hotons　on　the　ground　were　simulated　using　Monte　Carlo

calculations　and　shown　in　Figure　2j　foF　a　gamma-ray　and　a　Proton　primary　EAS･Th('se

results　show　the　dlarad･eristics　of　the　shower　developments　very　welL　A　gamma-ray　initiated

shoxver　nlakes　a　uniform　distribution　of　Cerenkov　photons,while　a　Proton　initiated　shower

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　V

makes　an　irregular　distribution,The　la{eral　extension　of　Cerenkov　l)hotons　of　a　gamma-ray

shower　reaches　~↓50　m,　which　results　a　very　large　efTediveareaof⌒゛7xi04　m2･　ComParing

with　theareaof　a　tyPical　satellite　detedor　of　l　m2,　we　can　immediately　recognize　th,e　great

viability　of　the　EAS　experiments　with　efFedive　areas　as　large　as　7　×104　m2　in　observing　therare

vHE　gamma-rays,　Since　Cerenkov　Phot.ons　emitted　from　an　EAS　aITive　straight　at　the　ground,

theangular　distribution　of　Phot･ons　should　represent　the　jm9e　of　the　shovver｡　Developments

of　the　tedmique　to　resolve　the　fmaμs　of　EASs　have　raised　vHE　gamma-ray　astronomy　to　the

Present　status,

2.3　1maging　Air　eerenkov　Telescopes　(IACT)

　　　ln　the　observations　of　vHE　gamma{ays,　a　discrimination　of　gamma{ay　signals　from　the

enormous　number　of　background　hadron　events　is　the　most　important　problem,　Searches　for

vHE　gamma-ray　sources　in　the　early　days　were　carried　out,　based　on　nnding　a　difrerenceof　the
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counts　of　the　EASs　between　the　directions　of　the　candidate　(ON　source)andacontrol　region

(OFF　sourceE　However､　a　muchnTlorePowerful　technique　to　r(jed　the　background　is　needed　for

more　sensitive　gamma-ral　observations｡　As　nylentioned　in　the　previous　sedion,　t･he　difrerence

in　the　chaTaderistics　of　the　developments　of　EASscanbe　used　to　identiO　the　Primary　particle,

Such　a　powerfuhnethod,　the　jmaφMμec/l･W9G　was　proposed　by　Hm　and　Porter　[24]and　nrst

realized　by　xveekes　[79].　The　images　of　EASs　are　obtained　by　deteding　Cerenkov　photons

using　a　reUeding　mirror　as　mustlated　in　Figure　y1･　As　an　imaging　d.evice　to　be　nylounted

at　the　focaI　Plane,　an　array　of　small　size　Photomultiplier　tubes　(PMTs)is　used,Detedors

using　such　a　techniquearecalled　hz9j9　trGyrc4o　7y/oc9oμ4　C7y　Typical　images

of　a　gamma‘ray　a･nd　a　Proton　initiated　shoxvers　at　the　focal　plane　obtained　by　Monte　Carlo

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　y`

calculations　are　shoxvn　in　Figure2λ　The　intensities　of　Cerenkov　photons　in　eaeh　PMT　are

eledronically　recorded,The　tedlnique　to　pararneterize　images　and　to　distinguish　gamma]ray

initiated　showers　from　hadron　initiated　showers　is　described　in　the　k)llowing　sedi()iL　Several

IACTsarein　oPeration　in　the　world　[81j　as　weH　as　ma,ny　others　under　construdion√runded

and　proposed.

2.4　1maging　Technique

　　ACerenko･v　image　of　an　EAS　is　regardedas　anellipse　and　charaderized　by　some　paran4leters｡

ln　Figure　2,6,　the　conventional　sA9c　pammdG3　and　or&��jθ7zμammdc5　introduced　by

Hillas[25]are　rePresented,　Distributions　of　thes(OmaF　Fmmdc5　calculated　using　Monte

CM`1o　method　for　both　a　gamma-ray　and　a　Proton　Primary　showers　are　shown　in　Figure　2･7･　The

asymmdrl/Parameteris　newly　introduced　by　Punch　[48],which　represents　the　asymmetry　of　the

intensity　of　Oerenkov　Photon=s　along　the　imag･e　axk　A　Positive　61/mmdrx/　value　is　expeded　for

an　EAS　de゛eloPed　towards　the　outgoing　diredion　with　resPed　to　the　origin,　which　is　thecaseof

gamma‘ray　shower　if　the　sou　rce　is　located　at　the　origin,　lncaseof　isotropic　hadron　background,

the　asymmdry　Parameter　distributes　evenly　in　Positive　and　negative　values.　The　clearest

difFerence　between　the　parameter　distributions　of　gamma-ray　and　proton　is　found　in△the　a/ρ&a

pammeter･　ln　the　Procedure　to　discover　gamma-ray　signals　amidst　a　dominant　background
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Fjgure　2j:　Schematic　view　of　the　vHE　gamma{ay　observation.
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Figure　2,5:　Typicj　(jerenkov　images　of　a　gamma-ray　(a)and　proton　(b)initiated　sholwerat　the　local
plane･　Each　dot　represents　a　eerenkov　photon,　Small　squares　show　the　array　of　PMTs　in　case　of　the
C4jvG4μO0　3,8m　telescope,
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(Proton　sig“41s)so･　the　Pa9metelJ11ts　are　apPlied　to　rejed　hackground　and　enhance　gamma-

ray　signak　Criteria　for　the　cuts　depend　on　ea{h　detedor　and　on　the　observational　conditions

(for　examPle,　zenith　angle,　night　sky　background　and　so　on)so　that　they　are　optimized　for

the　individual　case.　Usually,　after　aH　the　cuts　exccpt　a/μa　and　asl/mヽmcO/areapplieddhe

distributions　of　the　a//J/u7　a･nd　asμ'n'mdrμparameters　areexamined,　lf　a　gamma{ay　source

is　located　at　the　origin,whichcanbe　arbitrarily　denned　in　the　calculation　of　parameters,　the

a/μ&z　distribution　of　events　hasa,n　excessat　a/μ/la~O°　and　the　asx/mmt}y　parameter　has　an

excess　in　the　positive　value･　The　vHE　gamma-ray　sources　deted･ed　by　thc　various　lACTsare

a1ready　shown　in　Figure　L　L
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Figure　2.7:　Distributions　of　the　fmaF　μzMmdca(Monte　Carlo　cjculatjom)･SOlid　lines　show　the
distributions　of　gamma-ray　initiated　shoxvers｡　Dashed　lines　show　those　of　proton　initiated　shoxyers｡



Chapter　3

High　Energy　Phenomena　around

Pulsars

　　　Pulsars　and　their　surrounding　nebulae　arc　so,lTleof　the　most　Plausihle　acceleration　sites

of　cosmic　rays･　High-energy　phenomena　occurring　in　the　near　and　far　regions　rrom　a　pul-

sar　are　described　seParately　in　the　loHowing　sedions,　The　aPProxinmte　l)ou】idaly})etween

these　two　regions　is　the　radius　onight　cylinder,　where　the　co-rotan()na]speed　or　the　pulsar

magnetosPhere　equals　the　sPeed　onight‥High-energy　Partkles　a,reProduc.ed　in　both　the　re-

gions　throu,gh　diferent　Processes　of　acceleration.　ln　successive　interadions　betxveenParticles

and　fields,　gamma-rays　are　expeded　to　be　produced　and　emitted　from　environments　around

Pulsars,

3.1　Pulsar　Kinematics

　　Pulsarsare　consideredas　nlagnetized　rotating　neutron　stars　ldt　after　supernovaexplosions.

They　are　identined　by　Periodic　radiations　modulated　at　the　rotational　period　of　the　pulsars･

A　pulsar　gradually　loses　its　rotational　energy　and　the　rotation　sPeed　decreases･　lt　results

ill　the　observable　ProPerties,　the　period　derivatives　F　(μalso)as　well　as　the　period　P.

Combining　these　two　observables　and　l)asic　formulae,　some　important　parameters　of　a　pulsar

can　be　estimated.　The　charaderistic　age,　7'js　dehned　as　T=μ/2R　This　gives　an　approximate

time　since　the　birth　of　the　pulsar　until　now･

　　The　energy　loss　rate,　£r｡,js　derived　from,

23
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-μ｡,=-j(En2)=(2027y

24

(3j)

n(=27/7))is　the　angular　velocity　of　the　pulsar,　7　is　the　moment　of　inertia　of　the　pulsar,

which　is　tyPically　7　`104‰cm2　and　the　variation　of　the　7　va.lue　among　pulsars　is　exp(fted　to

be　sma1L　AdoPting　the　values　onhe　Crab　pulsar)J･,/)=33　ms　and　7)=421×10‾15　ss‾1,

0necanobtain　R･,゜t6×1　038　ergs　F　E　lf　this　energy　is　emitted　isotropicaly,　the　expeded

energy　nux　a･t　the　Earth　becomes　£/47Γμ2=9･6　x　lO‾7　ergs　cm‾2s‾1,　which　is　the　largest

value　among　the　knoxvnPulsars,(,R　is　the　distance　from　the　pulsar　to　the　Earth∠ln　thecase

of　the　Crab　pulsar,　μ=2,0　kPc)

　　An　estimation　of　the　surface　magnetic　neld　of　the　puls4r,　β｡1s　given　by　Ostriker　and　Gunn

[46]as､

R2

Here,　a　is　the　radius　of　the　Pulsar　itself　a･nd　is　thought　to　have　a　value,　a

Equations(3j)and(32)､
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2〕106　cm,From

(3,3)

is　resulted.

　ProPerties　of　some　of　the　Pulsars　are　listed　in　Table　3,L　The　pulsarsare　ranked　according

10　the　value　of　the　energy　nux　(j/47Γμ2)introduced　above･

3.2　Pulsar　Mlagnetosphere

　　Magnetic　neld　lines　around　a　Pulsarareco-rotating　at　an　ayllgular　velocity,　n(=27r/?),

of　the　Pulsar　rotation,The　di4ance　μ£from　the　rotation　axis　of　the　pulsar　is　dehned　as

μ£n=c,where　the　co-rotational　sPeed　equajs　the　sPeed　of　light.　This　boundary,　namely　the

/φ/μ9/4&n　charaderizes　the　inner　region　as　the　μ�sar　m9ndosμ/zcm･　The　schematic　view

of　a　pulsar　magnetosphere　is　rePresented　in　Figure　3yl･
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Figure　3･1:　Schematic　view　of　a　pulsar　magnetosphere,Two　indined　dashed　line8　show　the　nu11

surfaces,where　the　Goldreich-Julian　density　of　charged　paticles　beconleszero.[10]
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Figure　3.2:　Locations　of　the　outer　gaps　in　a　pulsar　m4netosphere.　[10]
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Table　3j:　Properties　6r　various　pulsalE　They　are　ranked　according　to　E･　Entries　in　the　colulnns
xneb･　EG　and　vHE　signify　if　t　he　objed　isde･tected　asa　synchrotron　x{ay　nebula･,　by　t41e　FG7?£T
and　in　vll　E　gamma-rays,　resl)edively･

Period

(nlsec)

log(Age)

log(yeao

　log(E)

log(erg　s‾|)

　d

(kpc) log(erg　cm‾2s‾1)

xneh　EG　VHEPulsar

Name
ー

B0531+21

(Crab)
B0833-45

(vela)
J0633+17

(Geminga)
B1706-44

B1509-58

J0437-47

Bi951+32

B1046-58

B1823-13

B1800-21

89

237

102

150

5.8

40

124

102

134

t05

¥53

t24

3j9

9jo

y03

4.31

t33

t20

36.8

3t5

36j

37j

34j

36.6

36j

36j

36.3

Ojo

Oj5

1.8

t4

0.H

2.5

3.0

4j

3j)

-6.64
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　　The　pulsar　magnetosPhere　is　hned　by　charged　particles　with　the　Goldreich‘Julian　density
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27rc(1　-　ln　xr/φ)
(3.4)

lf　all　the　pulsar　magnetosphere　iscornpletely　sustained　by　charged　partides､　any　comPonent

of　eledrostatic　Ueld　Parallel　to　the　magndic　neld　immediately　vanishes　due　to　the　now　of　the

charges,　ln　such　a　condition(£･β=O)partide　a･cceleration　along　the　magnetic　neld　ljnes

cannot　be　exPeded.Howeverμhe　existence　of　a　9β,where　stable　dePldion　of　ch゛rges　occllrs,

arepredicted　in　two　waysjt､　thepo/G`rap[55]and　the　θ�c074μ[10]･ln　these　gaps,　along　the

eledrostatic　neld　which　satisnes　thecondition､£･β･≠0,ch　arged　particles　are　ac(21erated,

3.2.1　POlar　Cap　Mlodel

　　Magnetic　neld　lines､　which　intersed　the　light　cylinder,　do　not　R)rm　dosed　looPs,　so　they　are

calledθμn　jdj　/4c&These　lines　originate　in　the　polar　regions　of　the　pulsar　surface　(theβθ/a｢

c“μs).0n　the　other　hand,　magnetic　neld　lines　that　originate　in　the　low　latitude　regionsof　the



C#APTER　I　H7G#R 27

Pulsar91{ace　alje　named　c/θs�jc/j　/Mo/This　situation　is　shown　in　Figure　3,L　Since　dlarged

particlesaTenlojng　along　the　magneti(l　held　lines,　diarges　on　the　open　neld　hnesa,reoutgoing

through　the　light　eylinder･lf　there　is　no　or　insumcient　suPply　of　charges,　a　charge　dePletion

occursalong　the　open　held　hnesヽRuderman　and　Sutherhnd　[55]have　shown　that　a　gap　appears

near　the　pulsar　surface,　so　their　acceleration　model　is　called　the　μo/『caμOaμmodeL　Xvith　the

outnow　of　the　charges　through　the　light　cylindel≒the　size　of　the　gap　eventually　growsk　However,

because　the　accelerated　partides　in　the　gap　produce　cascade　showersjμ≒,curvature　radiations

of　gamma-rays　by　eledrons　and　positrons　and　pair　creations　of　eledrons　and　Positrons　by

gamma-raysμhe　depletion　of　the　chargeca,nbe　resolved｡　Rudermanand　Suthelhnd[55]have

conclud,ed　that　a　balance　between　the　growth　of　the　gap　and　the　cascade　is　achieved　when　the

altitude　of　the　gap　from　the　Pulsar　surface,　/E　hecomes　/?　2　104　crn.　The　maximum　potential

difrerence　in　this　gaP　is　estimated　to　be　2　1　01　2　V,

3.2.2　0uter　Gap　MTodel

　　From　the　Equation　(3j)､wecandeduce　acharge　dePletion､　μ=O,　on　the　surfaces　where

n　'　jEj　=O,　The　locations　of　such　surfaces　are　shown　in　Figure　3↓Around　these　surfaces､　it　is

possible　that　eledrostatic　helds　satisfying　£･B≠O　are　realized,　Analogous　with　thecaseof

the　F/ar　e9　mode1,　particles　accelerated　along　the　eledrostatic　nelds､　£､produce　successive

dedromagneticcascades　and　only　limited　regions　can　be　left　to　be　ylμ&　Cheng,Ho　and

Ruderman[10]havestudied　these　Processes　and　obtained　the　places　of　the　gaps･　The　resultant

places　of　the　gaps　are　also　indicated　in　Figure　3t　Beca,usethe　gaP　is　located　relatively　farther

from　the　Pulsar　than　the　μo/ar　caμjt　is　named　the　θ�c07aμ･hl　thecaseof　the　βo/ar　c9　mode1､

the　strong　magnetic　neld　near　the　pulsar　surface　attenuates　the　escaPe　of　the　produced　gamma“

rays　by　pjr　production,Howeverjn　the　o�er9μΓegion,　themagnetic　held　strength,　whieh

decreases　as　(xlr‾3js　relatively　weak　as　a　result　of　which　severe　attenuation　of　gamma{ays　is

avoided｡

　　The　two　models　introduced　above　areused　to　exPlain　the　pulsed　component　of　gamma{ays

detected　by　the　£Gμ£7･[131,　Howeverμo　investigate　models　of　vHE　gammEray　productions,

intera£tions　beyond　the　light　cylinder　must　be　considered,
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Figure3j:　Sd･emalic　view　of　a　Pu】sar　nebula,　according　to　lhrding　L19]

3.3　Pulsar　Nebulae

28

　　Relativistic　charged　Particles　Passing　through　the　light　cylin(]er　now　away　f]rom　the　pulsar

magnetosPhere,　This　now　of　the　charged　Pal{icles　is　called　the　μM/sam�M/.The　energy　density

in　the　pulsar　wind,far　fronl　the　pulsar　magnetospherejs　dominated　by　that　of　the　particles.

ln　thecaseof　the　Crab　Pulsar/nebula{he　ratio　(O　ofthelnagnetic　neld　to　the　partide　energy

densitv　in　the　wind　is　estimated　to　be　ry　2　0　j03.　This　particle　dominant　wind　terminates　when

the　wind　collides　with　the　suPemo9　ejecta,　which　is　expa“ding　゛ith　a　speed　of　‰rp≪c　in　the

downstream　of　this　shock　surface,　the　motion　of　the　Partides　are　randomized　and　the　energy

densities　of　the　Partides　and　the　magnetic　neld　l)ecome　equiPartition.　The　situation　described

゛bove　is　schematically　represented　in　Figure　3　j　(Harding[11)･　ln　the　shock　region,　a　nrst

order　Fermi　acceleration　l)rocess　is　exPeded　to　occur,　The　existence　of　such　a　non4hermal

process　isconnrmed　by　the　synchrotron　emissions　observed　in　the　radio　to　x‘ray　wavelengths

from　the　extended　region　around　the　Pulsar,　namely　the　μ�sar　nch/a　[32]･The　basic　ideas　of

the　pulsar　neb･ula　about　the　Crab　were　studied　by　Rees　and　Gunn　[53]･

　　As　mentioned　above,　a　pulsar　nebula　is　found　in　theradio　to　xヽray　Onsorne　casesgamma-

ray)wavelengths　through　synchrotron　radiation　from　relativistic　eledrons　or　positrons,The
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existence　of　relativistic　elect　rons　(hereafter　it　means　bot↑1　eledrons　and　positrons)means　a

possibility　o'f　a　vHE　gamma･ray　emission　through　inverse　Compton　scattering　of　eledrons　�

a　Photon　neld･　ln　order　to　Gnit]t　deted･able　Hux　of　vHE　gamma-rays,　certaina,nTlount　of　soft

energy　Photons　(besides　the　relativistic　partides)must　exist　as　a　target　for　inverse　Compton

process　to　take　Place･　The　undoubtedly　existing　candidate　for　this　soft　photon　is　the　2･7

Kmicroxvavebackground　radiation　(MBR(Adually,　as　shown　in　Sedion　3yL4,　the　energy

density　of　the　2,7　K　M　BR　is　sometimes　sumcient　to　result　in　detedable　nux　of　vHE　garnllla-

rays.　Another　candidate　for　the　soft　Photon　neld　is　synchrotron　emission　by　the　relativistie

eledrons　themselves,　This　mode1､　caHed　the　Sμ4c/F�a)LSWComμo4(SSC)modeljs　apPlied

to　the　emission　from　the　Crab　nebula　and　explains　well　its　spedrum　all　the　way　from　the　radio

t･o　vHE　gamma-ray　wavelengths　(about　1　8　orders　of　magnitude　!　!　)[331[30L

　　Here　l　consider　some　important　relationshiPs　among　the　relativisty　eledronsjnverse　Conlp゛

ton　Photons､　synchrotron　photons　and　soft　Photons,　lf　a　relativistic　eledron,　having　a　Lorentz

hdor　?　emits　a　synchrotron　photon　in　the　magnetic　neld　Bdhe　charact('ristic　energy　of　the

photond4ncjs　given　by,

C 4nc=5XI05

GCΞ
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(3.6)

μ1
-

1μG

1
-

1010

Hereβ11s　the　PerPendicular　comPonent　of　the　magnetic　neld　with　resPed　to　the　momentum

vedor　of　the　eledron.Thesarneeledron　also　imPorts　its　energy　to　a　soft　photon　with　an

energy　G･μand　boosts　the　Photon　energy　up　to　Gc　thro"gh　in゛erse　Compton　scattering･　The

possible　maximum　value　of　Gc,　{y≒is　realized　when　the　eledron　and　the　soR　photon　collide

head-on.Lr　we　denne　the　charaderistic　energy　of　the　scattered　photon,　Go　to　be　c2y/4μhat

is　expressed　as,

-

1+4Goμ1
Goμ

{μ
-

Using　two　Equations　(3,5)and(3㈲,and　the　observed　synchrotron　spedrum,　wecanestimate

the　nux　of　inverse　ComPton　photons,　whichare£und　in　the　vHE　region･　ln　the　process　of

these　cjculations,　the　nature　of　the　soft　Photon　neld　and　the　magnetic　neld　strength　are　free
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Parameters･　lt　means　that　with　a　ProPerassurnption　about　the　sonj　Photon,　a　vHE　gamma-ray

observation　gives　us　a　good　estimation　of　the　nlagnetic　neld　strength　in　the　nebult

　　Finally　in　this　sedion,　we　can　hnd　a　simPle　nylethod　to　estimate　themagnetic　Ueld　strength

without　any　detailed　calculation　of　the　sPedrum　as　descril)ed　above｡　From　basic　arguments

of　the　emission　processes　of　synchrotron　radiation　and　inverse　Con4pton　scattering,　emission

powers,μync　and　μo　are　described,

and

μ9.
―

ー

4

y7G
2j{‰ (3,7)

　　　　　　　　　　　　　　　　　　　μc=jμ{j2R･m　　　　　　　　　　　　　　　(3x)
Here　･77　is　the　Thomson　crosssedion,(yT=6,7×10‾25　cm2､　and　/j　is　the　speed　of　the　eledron

in　the　llnits　of　c.　UzE?　and　£‰μale　the　e"ergy　densities　of　the　m“,gnetic　heid　and　the　soR

PhotonsdesPedive¥Combining　these　equations,　we　can　obtain　an　imPortant　equation,

η
-

ー

μc
‐

μ9.

Goμ
-

‰

3.4　PSR　B1509-58　and　Supernova　Remnant　MSH15-52

3.4.1　0verview

(3,9)

　　　Pulsed　emissions　from　PSR　B1509-58　havebeen　deteded　in　radio,　X-ray､　soft　gamma-ray

lnd　Tev　gamma-ray　(transient),Unpulsed　emissions　from　MSHly52,　induding　the　pulsar

nebula,are　seenin　the　radio　to　hard　x,-ray　wavelengths,　Neither　the　Pulsed　nor　the　unPulsed

emission　is　deteded　by　the　£G/?£Tdetedor[70],although　low　value　unPulsed　emissions　are

reported　by　Brazier　d�d5]and　Fierro　[13]at　signmcant　levels　of　2.7　･7　and　3,9　a,　resPedively･

3･4.2　Age　Discrepancy　between　the　Pulsar　and　the　SNR

　　PSR　B1509-58　was　discoveredas　anx-ray　Pulsar　in　the　year　1982　by　Seward　and　Harnden

[57]using　the　£Vnsze4　observatorynearthe　center　of　the　suPernova　remnant　MSH15-52,　Soon､
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after　this　disco゛ely√the　Pulsation　a･t　radio　wavelength　xvasfound　by　Manchester,Tuohy　and

D`Amico[39]･From　the　observed　pulsar　period　and　t,he　nrst　derivative,　?t　150nTls　and

Z)゜1･5　×　10‾12　ss‾l　jtjs　concluded　tha{the　characteristic　age　of　this　pulsar,　7　2　1600　years･

This　makes　it　thesecond　youngest　among　the　known　pulsars,　However{here　has　apPeared　a

discrepancy　between　the　ages　of　the　Pulsar　and　its　embedding　supernova　remnant　beca.use　the

age　of　MSH15-52　was　estimated　to　be　2　104　years　[11],Some　explanations　are　olTered　to　solve

this　discrepancy,　Three　natural　arguments　are　int･roduced　below　(see[58]for　the　hrst　two　and

[4]for　the　last　one)｡

　　First,　an　overestimation　of　the　SNR　age,　Assuming　that　the　supemova　explosion　was

unusually　energetic,£o　=　i052　ergs,　and　occurred　in　the　space　with　a･　low　density　of　the

interstellar　matter　(ISM)､n20jcm‾3,Seward　d　a/･[58]ol)tained　the　age　of　the　SNR　to

be　2　2100　years,　which　agrees　with　the　pulsar　age,　They　discussedjurthermoredhe　ditn(mlty

of　the　rather　large　£o　and　proposed　a　lowe[n　2　0･01　cm‾3　with　a　normal　£o　°　1051　ergs･

However,this　pulsar　and　SNR　system　are　located　in　the　Galadic　plane,　where　n　may　even

exceed　l　cm‾3､so　that　an　additional　assumPtion　is　re(1uired　to　achieve　the　environment　with　a

very　low　density,　The　hyPotheses　given　by　Seward　d　a/∩581　are,　an　j�e3/c//a7U7mnc/　arising

from　a　Previous　suPernovaexplosion　and　a　hM/c　formed　by　a　strong　wind　of　the　precursor

star｡

　　Second,　a　possibility　that　both　the　Pulsar　and　the　SNRareold　was　discussed,　ln　this　case,

we　must　doubt　the　charaderistic　age　of　the　Pulsar･　The　validity　of　the　charaderistic　age､

7=?/2?js　tested　only　in　thecaseof　the　Crab　Pulsar　(7　2　1300　years　with　resped　to　the

adual　age　of　2　950　years),But　Seward　d　4/･　[58]themselves　Prefer　the　nrst　possihilityover

thesecondone｡　Besides　the　Problem　of　the　charaderistic　age　of　the　pulsar,　they　insist　that

there　is　a　dimcu】ty　in　exPlaining　the　existence　of　the　bright　x-ray　knots　in　RCW89　(described

in　Sedion　3.4,3)with　a　small　energy　supPly　from　the　oldrernnanL　Thorsett[74]suggests　that

an　ancient　guest　star　occurred　in　AD185　recorded　in　China　would　correspond　to　the　suPernova

exPlosion　at　the　birth　of　PSR　B1　509-58･　lf　this　suggestion　is　trueμhe　charaderistic　age　of　the

pulsar　w111　be　strongly　confirmed,
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　　At､1i�possibihty　Pointed　o4t　by　Bergh　and　KamPer　[4]is　a　chance　suPerposition　of　the

Pulsar　and　the　SNR　on　the　same　line　of　sigh{.They　have　observed　the　speed　of　the　exPansion　of

t･he　SNR　and　coneluded　that　the　young　SNR　ages　are　exduded　for　both　free　and　Sedov　expansion

models･　After　this　condusion,　they　ha゛e　calculated　the　dlance　probabihties　of　the　superPosition

of　a　pulsar　and　an　SNR,　Using　the　accumulatedareaoHhe　SNRs　(6l　deg2jt　covers　L7%of

the　area　concerned　here)and　the　number　of　the　radio　Pulsars　(31　k)Γμ≪1/3　s　and　12　for

P<1/5　s)at　the　Galactic　latitude　㈲≪5°dhe　chanee　probabilitiesxvereobtained　to　be　Oj3

4nd　020　for　the　two　hmits　of　R　These　results　mean　that　the　relation　between　the　pulsar　and

the　SNRcanbe　only　a　dmnce　suPerposition　on　the　same　line　of　sight･However,　concerning　the

fad　that　the　pulsar　is　located　at　the　center　of　therenlnant,these　prohabihties　may　be　redueed

to　smaller　values｡　Furthermore､arecent　x-ray　observation　indicates　a　connedion　between　the

pulsar　nebula　and　a　part　of　the　SNR､　RCW89[65],

　　This　unsolved　age　problem　is　also　discussed　in　thc　following　sedions･

3.4.3　Morphology

　　The　radiocontour　maP　ofthe　suPernova　remnant　MSHly52　(G320･4ヽL2)ls　shown　in　Figure

34[43J･　The　brightest　region　enclosed　by　a　redangle　in　Figure　3,4　has　an　extension　with　a

diameter　of　2　30≒Two　bright　arcs,　noted　the　NW　and　SE　arcs,　are　regarded　as　parts　of　the

shell　of　the　SN　R｡　ln　the　radio　observations,　MSH15-52　is　da,ssmedasaJdOpcsupernova

renlnant,The　location　of　the　pulsar　PSR　B1509-58jndicated　in　Figure　3.4js　nearly　at　the

center　of　the　arc　structure.　lt　suPPorts　the　true　association　of　the　Pulsar　and　the　SNR･　However,

no　strong　comPad　souree　is　found　at　the　pulsar　position･　The　strongest　emission　in　the　N∬z

arc　coincides　with　the　H｡nebula　RCW89.

　　1ncontrast　to　the　ra,dio　feature,　a　bright　x‘ray　source　is　found　at　the　pulsar　position.Two

x-ray　nebulaexvereknown　since　the　observation　of　the　F44c&satellite[58]｡Recent　result　of

theμOS.4Tis　shown　in　Figure　3･5　[76L　Two　comPad　nebulaedhe　North　Nebula　(NN)and

the　South　Nebula　(SN),are　coincident　with　RCW89　and　PSR　B1509-58､　respedively,　The　NN

is　known　to　have　athermal　x-ray　sPedrum　while　the　emission　from　the　SN　is　well　ntted　by

a　non-thermal　spedrum,　The　emission　of　the　SN　in　Figure　3･5　looks　like　havinganelongated
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Figure　3.4:　Radiocontour　maP　of　the　SNR　MSHi5-52.　The　position　of　the　pulsaJ　i8　indicated　by　an

arrow.Two　bright　strudures,　the　NW　and　SW　arcs,aredeally　seen,　[41]
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Figure　3.5:　X-ray　contour　maps　obtjned　by　the　μ○£4T8atellite{721.　Figure(a)show8　the　whole

SNR.　Figure　(b)shows　the　brightest　two　nebulae.　0ne　18　the　non-thermal　South　Nebula　around　the
pulsar　and　the　other　is　the　therma1　North　Nebula　coipcident　with　the　optical　filament　RC`W89.
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Figure　3･6:　The　jSC4　observation　of　MSH15-52[65].Figure(a)is　constructed　only　using　thermj
photons(MgKαline),　0n　the　other　hand,　ngure(b)represents　the　image　made　by　non4hermal

photons(≫2.2kev).ln　ngure　(b),a　non-thermj　jet　from　the　pulsar　to　the　center　of　the　thermj
nebula　is　dearly　seen.

8tructure　in　the　north　and　south　deredions.　Same　structure　is　also　resolved　by　the　/1SC4

satemte[651.1n　this　observation､　Tarnurad�d65]have　reported　a　striking　result,　The　image

reconstruded　from　only　the　non-thermal　photons　(>2.2　kev)is　shown　in　Figure　3,6.　The

jet　elongating　to　the　north　diredion　terminates　at　the　center　of　the　NN.　Tarnurad�,[65]

estimate　the　energy　supplied　from　the　Pulsar　through　the　jet　isenough　to　thermalize　the　NN

to　the　Present　luminosity,This　fad　becolTnes　astrong　proof　of　the　association　of　the　Pu18a｢

with　the　SNR｡　At　thesarnetime､they　pointed　out　that　pureeledron　nowcould　not　be　8toPped

emciently　by　the　plasma　in　the　NN　and　hadronic　now　might　exist　in　the　jet.

　　Coming　back　to　Figure　3.5　again,vve　cannndsorneextended　structure,　namely　the　Central

Difruse　Nebula　(CDN),the　Tailed　structure　(T)and　the　SE　dongated　Nebula　(SEN)､and　8ome

associations　with　the　radio　strudure　in　Figure　3.4,　The　extension　of　the　CDN　i8　8imilar　to

that　of　the　radio　bright　region　and　the　tailed　strudure　is　located　on　the　SE　bright　radio　sheH.
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The　SEN　aPPears　toconnect　tothexveaker　extended　radio　source　G320,6-　L6､　seen　in　the　left

Part　of　FigJe　3λTmssolli　d　a/･[76]suggested　the　SEN　could　be　a　result　of　the　collnteOet

with　resPed　to　the　jet　nowing　to　t･he　NN.　Sudl　asymmetrical　strudures　callsed　by　two　jets　can

be　explained　by　the　difrerenceof　tlle　ISM　density{4≒the　NN　is　doser　to　the　galattic　pla･ne,

where　the　ISM　density　is　high,　while　the　SEN　is　extending　to　the　diredion　with　high　galadjc

latitude｡

3.4.4　The　South　NebulaasaCandidate　of　a　vHE　Gamma-ray　Source

　　Thesouth　nebula(SN)surrounding　the　pulsar　is　seen　only　in　the　x-ray　energy　range.

Becausethe　spedrunl　from　this　nebula　is　well　nued　to　power　lawμhe　emission　is　thought　to

be　synchrotron　radiation　from　relativistic　eledrons　accelerated　in　the　shoek　bdween　the　l)ulsar

wind　and　the　supemova　ej(xta,lt　inlplies,　then,　that　the　SN　can　be　a　good　candidate　for　a

vHE　gamma-ray　source,　du　Plessis　d　a/,　L47]have　studied　the　x{ay　spedrum　obtained　by

three　di‰rent　experiments　in　a　wide　energy　range,　and　predided　spedrum　of　vHE　ganln4a-

ray　emission　a,s　a　function　of　the　magnetic　neld　strength　in　the　nebula　(Figure　3,7)･　They

assurned　the　2･7K　MBR　as　target　photons　for　inverse　ComPton　radiation.　Although　the　/μ/1S

sourceIRAS　15099-5856　is　known　to　be　at　the　pulsar　Position　[2],association　with　the　Pulsar

is　not　ciear,Therefore､　the　contribution　of　infra-red　photons　is　not　taken　into　account　in

their　calculations｡　Their　Predid｣onsarewell　withinor　nea,rthe　sensitivity　of　the　C/t　/VG/1　μOO

telescope･　Howeverμhe　seleded　ra･nge　of　the　Parameter　β(4μG　to　10μG)is　very　】owcornparing

that　in　the　Crab　nebula,　βcn6　2　300μG[29],The　validity　of　this　small　value　of　the　magnetic

held　strength　is　observationally　supPorted.　The　volume　of　the　SN　is　estimated　to　be　≫103

1arger　than　that　of　the　Crab　nebula　and　the　energy　loss　rate,　7≒of　the　pulsa･r　is　2　£of　that

of　the　Crab,　lf　the　energy　released　from　the　Pulsar　is　divided　equally　into　the　partides　and　the

magnetic　held,　wecanestimate　the　equipartition　magnetic　field　strength･　The　observationa1

results　mentioned　above　deduce　the　small　value　of　the　magnetic　neld　strength　from　equφartition

(Seward　d　�,[59]estimate　j　2　7μG),

　　Another　Problem　is　the　extremely　large　difrerence　in　the　volume　of　the　nebulae　between　PSR

B1509-58　and　the　Crab　nebulajn　sPite　of　their　similar　charaderistic　ages･　lt　can　be　explained
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by　the　assumPtion　mentioned　in　Sedion　3y4･2･　lf　the　suPernova,　remnant　has　occurred　in　the

ISM゛jith　“　゛ery　lo゛'　density　and　the　speed　onhe　expansion　was　extremely　high,　the　resultant

size　of　the　nebula　becomes　large　in　spite　of　the　young　eharaderist1(!　age　of　the　pulsar･　Because

the　Predided　nuxesofvHE　gamma{ays　dePend　on　the　magnetic　neld　strength,　a　vHE　gamma-

ray　ohservationcangWe　a･　good　estimation　of　the　magnetic　neld　strength･　lt　is　an　inlPortant

Paramder　in　studying　the　scenarios　of　the　supernova･e　and　the　pulsar　nebula(y

3.4.5　Pulsed　Emission　from　the　Pulsar

　　The　light　curves　from　PSR　B1509-58　with　a　singlej)road　l)eak　observedover　awide　range

of　wavelengthsareshoxvnin　Figure　3,8　[77L　As　mentioned　in　Sedion　3λ1,　the　μGμ£T[5]

has　not　deteded　gamma-ray　signal　with　high　statistics　in　the　energy　range　from　30　Mev　to　30

Gev.　The　upper　hmit　of　the　nux　isanorder　of　magnitude　l)elow　the　extrapolated　llard　x‘ray

sPedrum　recently　obtained　by　Marsden　d　a/∩40]using　the　/?X7W　satellite/Fhis　observational

break　of　the　spedrum　is　also　reported　l)y　CaTamiflana4nd　BenneU　[8]at　about　↓Mev　from

the　COA々/?T£7j　data,　Harding,　Baring　and　Gonthier　[20]gave　a　theoretical　explanation　of

the　sPedrum　break　by　including　l　→11　attenuation　process　into　the　μo/a7)?aμnlodeL　This

process　only　takes　Place　in　regions　where　the　magnetic　neld　is　extremely　stron&For　the　critica1

magnetic　neld　strength　of　β｡=4.41×1　013　G　jf　the　neld　concerned　satisnes　β≧O,3j｡

the　auenuation　beconl.es　considerable,　lndeed,the　surface　magnetic　neld　of　PSR　B1509-58　is

estimated　to　beβ=L5×1013　G　=O,34βcr､which　isoneof　the　strongest　among　the　known

pulsars,

　　However,　although　the　pulsed　emission　at　energies　al)ove　Mev　is　not　exPededμhe　detedions

of　the　pulsed　gamma-rays　with　energies　aboveabout　L5　Tev　are　rePorted　by　Nel　d　�,[45]

using　the　Λ‰�4�adMelescoPe,　The　vHE　emissions　xveredeteded　only　in　the　Period　l)etween

1985　and　1988､　and　no　emission　M7as　seenin　the　period　between　1989　and　199L　ln　addition

to　the　transient　nature　with　a　time　scale　of　a∧few　years､another　transient　with　a　time　scale　of

2　10　days　is　rePorted　in　thesanlePaper･
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Figure　3.8:　Light　curves　of　the　pulsed　emision　from　the　pulsar　PSR　B　1509‘58　in　various　wavelength8

[73].



Chapter　4

The　CANGAROO　Tdescope　and

Observations

　　TheOtΛW,4ROO(Collaboration　between　Australia]nd　NiPpon(JapaO　for　a　GArnrna-

Ray　Observatory　in　the　Outback)is　the　collaboration　experiment　between　Jal)an　and　Austral'ia

since　the　year　1992･　Tu　o　inlaging　air　(jerenkov　telescopes　are　being　operated　in　Woonlera　(

136°47E,31°6S,　160m　axL),South　Australia,　0ne　is　the　3,8　m　telescope　[17J　and　the　othel≒

theβ/Gμ4T(Blcentennia,IGa.nTHTna-RAy　TelescoPe).　The　distance　between　two　telescopes　is

100　m　and　stereo　observations　are　carried　out　when　some　conditions　are　satisned　[T3][63]｡

However　the　observations　treated　in　this　thesis　have　been　rnade　only　using　the　3,8m　telescoPe･

Details　of　3,8　m　telescope　are　described　below.　A　PhotograPh　of　the　3･8　m　telescope　is　shown

in　Figure　4j.

4.1　The　3.8　m　Telescope

　　The　3,8　m　telescope　consists　of　a　reneding　mirror　with　3･8　m　diameter　and　an　imaging

camera　located　at　the　focal　plane　of　the　mirror,　The　focal　length　of　the　oPtics　is　also　3.8　m　and

the　y　value　is　y　=1.The　mirrorxvasoriginally　used　as　a　part　of　the　receiver　of　the　lunar　laser　at

Dodaira,Japan,　For　this　reason､　the　Predsion　of　the　mirror　surface　is　mudl　more　accurate　than

those　of　the　rdedors　usuaHy　used　in　observations　of　alr　Cerenkov　images.　At　the　focal　plane,

the　size　of　an　image　formed　by　Parallel　rays　from　point　objed　at　infinity　is　estimated　to　be　a

few　arcmin,　This　is　much　smaller　than　the　pixel　size　ofour　carnera｡　The　mlrror　is　comPosed　of

39
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one　inner　mirror　“nd　six　outer　mirrors･　The　coml)ined　mirror　forms　a　Parabolic　surface,　The

reHediv4y　of　the　mirror　is　estimated　to　he　about　2　45(x　in　{he　ohservations　of　1996.　However,

in　October　1996,　゛e　re-coated　the　outer　mirrors　bv　vacuunyl　exaPoration　of　aluminium　at　the

Anglo　Australian　Observatory　(AAO),This　work　succeeded　in　imProving　the　renedivity　of　the

mirror　to　a　value　≫90%｡lt　means　that　the　threshold　eneroies　of　obser､7ations　are　difFerent,

between　1996　and　1997.　Using　Monte　Carlo　Glculationsdhe　g4mma-ray　detection　threshold

energiesareestimated　to　be　4,0　Tev　and　L5　Tev　for　1996　and　1997､　respedively　Details　of

these　estimations　a,redescrihed　in　Chal)ter　6,　where　the　observatiolml　results　are　compi1({

　　The　imagingcarneraconsists　of　256slnall　squaTe　shape　photomultφ11ers(PMTs,　HAMA-

MATSU　R2248　)arrayed　in　16　×16･　A　Photograph　of　the　imagingcanTlerais　shown　in　Figure

42.The　size　of　eadl　tube　is　10　mm　({inch　E　The　PMTs　are　installed　at　an　interval　of　12

mm.The　t,otal　held　of　view　of　thecal'nerais　ahout　3゜　×:P　and　the　angular　seParation　o‘f　each

tube　from　its　neighhour　(12　mm)corresPonds　to　Oo,|&　PMT　R2248　has　a　sensitivity　inuhe

wavelengths　from　320　nm　to　450　nm　with　an　average　quantum　emcieney　above　20　%∠Fhe　rise

time　ofanoutPut　Pulse　is　Oj　ns.

　　The　3,8　m　telescoPe　is　oPerated　using　an　jt-azimuth　mount･　The　target　Position　calculated

by　thecontrol　comPuter　(NEC　PC9801)and　the　actual　diredion　of　the　telescope　axis　measured

byencoders　with　a　Precision　of　O°,01　are　comPared　throughout　the　observation･A　computer

calculates　the　diference　between　them　and　sends　con-lmands　to　the　motor　drivers　to　corred

it･　The　accuracy　of　the　tracking　is　measured　to　be　within　the　Precision　of　theencoders{,c,

0°.01.1n　January　1996､　the　control　system　has　l)een　changed　from　a　l)ulse　motor　system　to　an

AC-servo　motor　system　[35],Before　this　change,　the　telescopecould　not　follow　a　target　at　a

zenith　angle　about　≦5o,where　the　azimuthal　sPeed　becomes　high,　But　now,　the　telescope　can

track　a　target　at　a　zenith　angle　2゜　with　an　accuracy　of　Oo･02･

4.2　Electronics　and　Data　Acquisition　Systems

　　Signals　from　PMTsa,rePre-amPlined　in　the　eledronics　boxes　located　behind　the　camera,

and　are　sent　t･o　the　eledronics　hut　through　30　m　long　cal)】es/]｢he　PMT　signalsareprocessed
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　　　　　　　　　　　　Figure　4.3:　Block　diagram　of　the　functions　of　a　CCM･

in　the　CCMs　(Cerenkov　Circuit　Module　)installed　in　the　hut,　Each　CCM　processes　16　input

signals,so　that　16　CCMs　are　installed,　A　block　diagram　of　the　fundions　in　the　CCMs　is　given

in　Figure　4.3.　The　following　outPuts　are　produced　from　the　CCMs.　ADC　and　TDC　values

and　counts　of　hits　in　l　ms　of　each　PMT　are　recorded　whenamaster　trigger　signa1　(explained

below)is　generated･The　width　of　a　gate　pulse　to　obtain　an　ADC　value　is　set　to　be　60　ns･

TDC　value　rePre8ents　a　relative　time　interval　of　each　PMT　signal　and　a　trigger　pu18e　with

a　Precision　of　O･25　ns.　Two　kinds　of　analog　Pulses　are　also　output8　of　the　CCM8.　0ne　18　a

sulnlnation　of　the　amplined　linear　signals　(namely　/4car　s7zm)and　the　other　repre8ents　the

number　of　PMTs　whose　individual　signals　exceed　a　threshold　level　determined　in　advance　(/lμ

st£m).£4ear　st£m　and　/zil　stzm　signals　coming　out　of　the　CCM8areagain　summed　in　the　NIM

modules.　These　resultant　14ear　st£m　and　Ml　sl£m　signalsarediscriminated　and　a　coincidence

of　the　two　pulses　generates　a　master　trigger　to　record　an　event　(Figure　4.4)･The　threshold

le゛els　to　discriminate　each　PMT　signal,　/4ear　st£m　and　/�sum　are　adju8ted　to　be　about　3

photoelectrons,10　Photoeledr6ns　and　5　PMTs,　re8pedively･

　　Event　arrival　times　measured　by　a　crystal　clock　are　recorded　as　well　as　the　informationon
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PMT　signals,　ln　order　to　obtain　absolute　timesμhe　dihrence　of　the　crystal　clock　time　and

a　GPS　clock　time　is　also　recorded,　The　Precision　of　the　cry8tal　clock　and　the　GPS　dockare
　　　　　　j

100μsec　and　200　nsec,　respedively{During　the　installation　work　of　the　new　data　acquisition

system､the　GPS　data　were　not　available　in　the　1997　observations.　However,the　drift　rate　of　the

crystal　clock　has　been　tested　using　data　with　the　GPS　informationand　is　observed　to　be　very

stable,△zμ210‾7.　Although　we　did　not　have　the　absolute　times,　we　could　deduce　relative

times　betweentheevents｡ln　theanalysis　of　the　periodicity　in　the　1997　data､　weconsider　this

problem　furtheo

　　unti10ctober　1996,the　data　acquisition　ProgramMlasoperated　on　the　on　board　micro-

processor,　M68020jn　which　a　real　time　operating　system,　0S9､was　u8ed.　ln　November　1996,

a　nelwracquisition　system　using　a　Sun　SPARC　station　with　Sun　OS4.L3　has　been　in8talled　[411.

The　online　program　operates　the　CAMAC　crate　controller　via　the　vME　bus,　0utPut　of　the

CCMs,event　times　and　some　nags　are　led　to　the　CAMAC　modules　and　read　by　the　online

program,The　data　obtjned　werediredly　recordedon　an　8　mm　taPe　u8ing　an　EXABYTE

device　in　the　old　system.　ln　the　new　system,　data　are　nrst　recorded　on　the　hard　disc　and
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coPied　to　the　8　mm　taPe　aRer　each　observation,The　schematic　view　of　the　Present　data

acquisition　system　is　given　in　Figure　4　j,

4.3　Present　Results　of　the　CANGAROO

　　As　mentioned　in　Chapter　1,　the　C4yG4μOO　group　has　already　established　vHE　garniTla-

ray　emissions　from　three　pulsar　nebulae,　n4mely　the　Crab　[66],the　vela　[84]and　PSR　B170644

[34].　Another£Gβ£7　pulsar　PSR　B1055-52　has　also　been　observed｡　Since　there　xvas　no

detedable　signal　from　this　ohjed,anupper　limit　of　the　gamma-ray　nux　is　obtained･　This　limit

is　well　below　the　extraPolation　of　the　£GW£Tenergy　sPedrum　[63],

　　A　marginal　detedion　of　vHE　gamma-rays　from　the　binary　Pulsar　PSR　B1259-63　is　reported
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4　months　after　the　Periastron　in　1994　[561,　Many　observations　ha,ve　been　carried　outaround

the　latest　periastron　in　Nhy　1997･Analysis　to　connrm　this　earlier　result　is　in　Progress･

　　After　the　4SC4　discovery　of　the　synchrotron　emission　from　the　shell　of　SN1006　[36]､the

C4XG4μOO　have　carried　out　observations　on　this　supemova　remnant.　VHE　gamnla-ray

emission　is　deteded　from　the　x-ray　bright　NE　rim　[22]E67],NO　Positive　resultjs　obtained　from

another　suPernova　renlnant　NV2&

　　ln　sPite　of　the　several　detedions　and　evidences　of　vHE　gamma{ay　emission　from　the　Galac-

tic　sources,　only　uPper　limits　are　obtained　so　far　for　gamma-ray　emission　from　some　of　the　AGNs

[54],However､observations　are　being　continued　on　sonle　of　these　AGNs　to　deted　any　outbursts,

whichare　cornrnon　to　AGNs　which　have　been　deteded　bv　other　Cerenkov　t(?lescoPes　to　emit
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　¥Z

VHE　gamma-rays,

　　Many　o･ther　Possible　vHE　gamma-ray　candidates　were　ol)served　and　analyses　of　these　data

are　now　ln　Progress.

4.4 Observations

4.4.1　GeneraI　Observations

　　xveareobserving　not　only　the　candidMe　obμd　of　a　vHE　gamma-raysource(ONsource

run)but　alsoacontro1　region　to　obtain　background　noises　(OFFsou.rce　run),The　OFFsource

has　the　same　declination　as　the　ON　source､　but　a　di‰･rent　right　aseension,The　observation

times　andt,he　trajedories　of　ON　and　OFFsources　areadjusted　to　match　in　each　night　within

the　alloxvance　of　observation　conditions,　By　the　word“conditions'≒wenlean　the　weather

conditions,　existence　of　bright　stars　in　the　neld,　time　of　the　Tnoon　rise　or　moon　set　and　so

on･At　the　beginning　of　eachrun　(ONsource　run　and　OFFsourcerun)and　the　end　of　each

observation､two　kinds　of　calibration　run　areperformed,　0ne　is　to　obtain　the　Pedestal　value

of　ADC　(Pedesta1　run).　ln　thisrun,using　artmcially　generated　trigger　Pulse8　fronlapulse

generator/`no-1mage"　data　are　recorded･　The　other　run　is　made　to　examine　the　uniformity　of

the　gain　of　PMTs.　Lights　Pulses　with　widths　of　20nsec　from　a　blue　LED,　set　at　the　center　of　the

mirrorjlluminate　the　camera　uniformly　and　the　“unilorm-images"　are　recorded.　Both　kinds
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of　calibration　data　are　ol)tained　for　about　2000　trigers　in　eadl　run　and　used　to　normalize　the

ADC　values　obtained　in　the　actual　shower　obser､･ations.

4.4.2　0･bservations　of　PSR　B1509-58

　　ln　the　ON　source　run,　the　axis　of　the　telescoPe　is　pointed　to　(right　ascension,　dedination　;

both　J2000　coordinates)=(15≒3゛55y62,………59o　Oy　08″j　)､which　is　the　pulsar　position　listed

by　Taylor,　Manchester　and　Lyne　[68](latest　ink)rmation　is　available　by　the　anonymous　Rp

service　described　in　this　reference)｡The　observa,tion　times　of　PSR　BI509,58are　sutnlnarized

in　Table　t　L　For　theraxvdata､some　data　reductionsaTeapphed　in　the　pre‘analysis,which　is

described　in　Sedion　5･The　times　after　this　procedure　are　alsosun11Tnarized　in　Table　t　L

Table　4j:　Total　observation　times　of　PSR　B1509-58.　The　totj　tinles　selected　for　the　ana,lysis　in　this

thesisarejso　presented,

　　　　　　　　　　　　　0bservation　　　　ON　Source　　　　　　OFF　Source

　　　　　　　　　　　　　　Period　　　　　R.a,w　　Seleded　　Ra,w　　Seleded

↓997(Tota1) 42£447“

1997(March)6≒O゛
1997(APr11)]yoP
1997(May)　23&304

32&08"l

　y　454

　φ587“

1φ 25゛

414　09“l

6/110゛

11&19″1

23&40゛

324　087“

φ4,5゛
9/158゛

16&25゛

　　Some　comments　are　needed　for　these　Particular　observations,　As　already　mentioned､　the

rdedivity　of　the　3　.8　m　mirror　is　dilrerent　between　the　ob･servations　of　1　996　and　1　997.　1t　means

that　the　threshold　energies　of　two　years'　observations　are　different･　ln　the　observations　of　l9961

therexvas　a,severeeledrical　noise　Problem.　Moreover､　weather　conditions,　whichxvere　xvorse

than　theusua1,made　it　dimcult　to　match　the　observation　times　of　ON　and　OFF　sources　each

night.　Although　the　total　ol)servation　and　seleded　times　of　the　1　996　data　are　similar,　the

trajedories　of　ON　and　OFFsource　runs　xvere　not　matched,Finallyjn　the　1997　observations,

when　the　GPS　clock　data　were　notrecorded,the　absolute　arrival　times　of　the　events　were　not

available.　However､since　the　crystal　dock　is　l)roved　to　be　very　stableμhe　relative　times　of　the

eventscanbe　used　for　the　periodicity　analysis　in　each　�)servation　period　On　this　case,　March,

APril　and　May),



Chapter　5

Analysis　and　Results

　　　ln　this　ChaPter,　the　analysis　methods　and　their　results　are　presented　for　hoth　the　l996

and　1997　data,Detailed　discussions　of　these　results,　esPeciaHy　the　statistical　discussions,are

presented　in　C?hapter　6,

5.1　Pre-Analysis(hnage　Reconstruction)

5.1.1　CalibrationsofPM〕T　Properties.

　　　Before　the　jm9c　Fmmde5　a･re　calculated､　some　Properties　of　each　PMT　are　derived

using　the　dala　from　calibrationruns.　First,　4　Z〕)Cμ&sM/　values　are　deduced　as　the　averaged

ADC　values　obtained　in,　the　Pedestal　runs.　　An　4£)Csφna/　is　deUned　as　an　excess　ADC

countoverthe　4pC　F&saz/　value,　Standard　deviations　of　the　4pC　μ�cμα/valuearealso

calculated/ryPical　value　of　the　standard　deviation　is　210　ADCcounts､which　corresponds　to

21　photoeledron,　Next,　the　averaged　ADC　values obtained　in　the　LED　runs　are　calculated

and　theexcess　counts　above　the　λ/〕)CF&sM/　values､　y�ns,arededuced　for　ea£h　PMT,　Here､

because　xve　are　assurning　that　the　LED　uniformly　illunlinates　the　whole　cameraμhe　17a&values

ideaily　should　be　identical.　Actual　variationsofthe　9&valuesareused　to　normalize　the　/1pC

8@wμobtained　in　the　shower　observations,　When　/1£)G､4£)Cj)�,G/17yvi　are　denned　as　the

ADC　value　including　shower　(T〕7erenkov　light,　the　/1£)CF&μ�and　the　lμz4　value　obtained

above　for　a　PMT　number　E

sμ7y゛゛≡(j£)G-Å£)crd)×
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(5j)
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Figure　5j:　Distrjbution　of　TDC　values　of　a･　PMT　in　a　show'er　run　aswell　as　that　in　an　LED　run｡

is　used　to　calculate　the　normalized　4　pC　≒M�､S7Gy9≒ln　the　above　formula,　<GA7y≫

means　the　averaged　G47Λ≒over　aH　the　PMTs,

　　TDC　value　is　useful　to　remove　noises　(see　below)caused　by　t･he　night　sky　background,　stars

or　eledrical　nuctuations､　whicharedistributed　with　random　timing･　A　distribution　of　TDC

value　for　a　PMT　obtained　in　a　shoxver　run　is　shown　in　Figure　5･1,Riding　ahove　a　uniform

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　W

distribution､xve　canhnd　a　dear　peak,　which　corresPonds　to　the　signals　caused　by　Cerenkov

lights　emitted　from　air　showers.As　shown　in　Figure　5{the　timing　of　the　LED　pulse　is　adjusted

to　have　thesan“l.eTDC　peak　with　shower　peak　The　averaged　TDC　values　obtained　in　the　LED

run　are　used　as　the　77Z)Cμ&sZa/,

5.1.2　Criteria　to　Deduce　lmage　Paran71eters

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ゝf

　　　To　select　the　PMT　pixels,　which　include　Cerenkov　light　signals　(/�μm/),the　criterion

belowareapphed,

4pG-4£)cyd≧RMyd (5.2)
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5.2:　Positions　of　PMTsjlavingsonleProblems､whkh　were　masked　in　the　analysis　of　the　1996

|T/〕)G-7T/〕〕μ〕T≒≦120　co�s ㈲3)

μX/≒y�,TZ〕)G　and　TpCy�are　the　standaTd　deviat,ion　of　the　/1/〕)Cμc&sM/,　observed　TDC

value　and　the77〕)Cμ�cμ�,respEtively　for　the　μh　PMT,　The　half　width　of　the　TDC　window,

120,　corresponds　to　30nsec｡　The　Pixels,　whyh　do　not　satisfy　both　the　abovetwo　criteria,are

thought　to　be　‰o　signal"　pixels　and　S/Gy9　are　set　to　bezerofor　those　pixels,

　　ln　additjon　to　the　“no　signaF　criteria　above,　a　cut　which　we　describe　as　the　‰;olat♂cut

is　aPplied,lf　a　/lμμn/has　n.o/'μμJe/　in　its　8　neighborhoodsdhe　“isolated"　/�μm/is　also

regarded　as　a“no　signaF　PixeL

　　Some　PMTs　became　inemcient　or　noisy　during　later　times　under　the　harsb　climate　condi-

tions｡　Such　tubes　found　in　the　calibrationruns　areregarded　as　“dead　tubes'≒and　S7Gy7゛　are

also　set　to　bezero.　ln　t,he　observations　of　l996､therexvere　severeeledric　noise　problems.　ln

the　analysis　of　the　1996　data,　54　Pixels　are　masked　as　“dead　tubes"　to　avoid　sudl　a　noise.　As

shown　in　Figure　5･2,　a　largen　urnber　of　“dead　tuhes"　are　concentrated　in　the　lower　part　of　the

canlera｡　lt　mostly　afrects　to　reduce　the　efedivearea｡

　　Using　thenornlalized　signal,　S7Gy9≒of/�μjeμμhe　image　Parametersarecalculated｡
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Figure　5j:　variation　of　the　trigger　rate　in　a　night･　At　the　beginning　of　the　ONsource　run､a　patdl

of　doud　passed　in　front　of　the　target　and　the　trigger　rate　decreased･　The　data　during　the　doudy　time

are　removed　from　the　analysis,　The　corresponding　OFF　source　data,　whidl　have　the　same　trajectory
as　that　of　the　removed　ONsourcedata､are　alsorelnoved　from　t･he　analysk　Both　the　removed　times

areindicated　by　shaded　areas,

5.1.3　Event　Reduction

　　After　reconstructing　the　image　l)arameters,　thecounting　rates　are　examined･　Observations

are　usually　carried　out　under　the　hne　conditions,　but　sometimes　unavoidable　changes　of　the

(londition(Passing　of　doud　in　the　held　of　view,　eledrical　no･ise　andsoon)happen,　AnexarnPie

of　the　variation　of　thecounting　rate　in　a]eμain　night　is　shown　in　Figure　5j･　A　signmcant

decrease　of　thecounting　rate　is　seen　at　the　beginning　of　the　ONsource　run.lt　is　consistent　with

the　record　in　the　logbook,　where　a　passing　of　a　patch　of　doud　is　recorded･　Like　in　this　case,

when　a　sudden　change　of　the　counting　rate　is　lound　with　a･　eertain　reason,　the　events　during

that　timeare　ren゛loved　from　theanalysk　At　the　same　timeμhe　events､　having　same　trajedory

as　the　removed　period　in　the　corresponding　run　(OFF(ON)source　runagainst　ON(OFF)source

run),are　alsorenloved.This　Procedure　is　also　shown　in　Figure　5λ　ln　the　observations　of　1996,

therexvere　so　rna,ny　sudden　changes　of　theconditions,　That　made　it　impossible　to　maah　the

trajedory　between　the　ON　and　OFFsource　runsnight　by　night.

　　The　tota,1　observation　tinles　a.fter　these　data　redudion　are　summarized　in　Table　4↓These

data　are　used　in　the　successive　sed,ions｡
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5.2　Conventiona1　Analysis　at　the　Pulsar　Position

51

　　　To　dedlce　the　oje��/o″μ“m'ndGx　the　a/μ/'α,£μ('『G　αsμmmdzl/,the　origin　of　the

coordin2Lte　system　should　be　dehned　hrsL　Hereafter,　the　orijn　is　called　the　αsMzm�sθ&rrc

μojho゛　ln　this　osejt　is　the　Pulsar　Position　in　the　held　of　view･　Although　the　trackingerror

of　the　telescoPe　is　less　than　O≒01,　there　could　be　an　erroljn　adjusting　the　camera　center　on　the

tracking　axis∠Fhis　eIToljs　found　to　he　about　Oo｣,0a↓the　maximulm　The　position　of　the　real

tracking　center　on　the　camera　is　calculated　by　a　calil)ratjon　program〔83]using　the　rotation　of

the　bright　stars　in　the　neld,　The　accuracy　depends　on　the　eondition　of　the　held(the　number,

the　track　lengths　and　the　nlagnitudes　of　the　stars),butjn　thecaseof　PSR　B150938､　the　error

could　he　we11　1ess　than　O゜.02,　The　trackingcenters　arededuced　for　each　night　using　the　ON

sourcedata　and　the　∂r41��jθnμa･mmjG゛s　are　calculated　with　resl)ed　to　the　tracking　centers･

　　The　J9c　and　o7je��joμμammc/c5　ca]culated　with　reference　to　the　pulsar　l)osition　ar('

shown　in　Figures　y4　and　55　for　the　ON　and　OFFsourcesfor　the　1996　and　l997　data,　respe(y

tively,　The　1996　0FFsourceda,ta　were　multiPlied　by　a　fador　Oj61　to　take　the　dinTerenceof　the

ONsource　and　OFFsourceobservation　times　i�oaccount｡　The　distributions　of　the　parameters

well　agree　with　the　simulatedones　shoxvn　in　Figure　2t　Two　Parameters,　the　&μa4cc7　and

&sMncd､are　denned　as　the　distances　from　the　center　of　the　camera　and　theassunled　source

Position,　respedively.　The　images　located　near　the　edge　of　thecarnerawlll　not　show　the　colヽred

values　of　the　parameters　because　Part　of　such　an　image　is　outside　of　thecarnera｡　Torernove

those　events,　the&sMncd　is　used,　lt　owes　to　the　property　of　the　detedor,　0n　the　other　hand,

the&μancd　represents　the　nature　of　the　EASs　and　the　distribution　depends　on　the　diredions

and　thecoredistances　of　the　EASs,　The　distribution　of　&shzncd　of　Monte　Carlo　gamma-ray

images　without　an　efFed　of　the　finite　size　of　the　camera　is　shown　in　Figure　5･6･　lt　is　important

whenan　assurned　source　Posit4on　onTset　by　a　large　value　from　thecarneracenter　is　examined.

　　To　reduce　the　nunlber　of　events　caused　by　hadron　background　and　enhance　the　weak　gamma-

ray　signals,　the　seledion　criteria　below　are　adoPted　for　th(Om9cμaMmdcn.
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Figure　5･4:　Distributions　of　the　fm97c　pMmndcM　of　the　1996　data,　So】id　lines　show　the　distributions

of　the　ON　source　data.Dashed　lines　show　those　of　the　OFF　source　data｡A　factor　O｡961　is　used　to

mukiply　the　OFFsource　counts　to　take　the　difn?renceof　the　observation　times　of　the　ON　aynd　OFF

sourc･e　runs　into　account.
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Figure5j:　Distribution　of　the　&s/a･lct2　parameter,　which　is　deHned　to　avoid　the　ened･　of　the　edge　of

thecanlera,｡　ActuaHy,　an　angular　size　of　lOo　x　10°　camera　is　assumed　to　obtain　this　distri})ution.

xum&ro/{μ4&≫5

7?θ&/μ/zθ/∂c/cdm4≫20
　　　　　　　　　　　-

&μ,mcd<1(≒05
　　　　　　-

O0.60<jμMncc2≪1°jo
　　　-　　　　　　-

O≒04<w�M≪O°｡09
　　　-　　　　-

O°jO≪/cnμ/z<Oojo　　　-　　　　　-

O｡35≪conccnlraμon≪0.70
　　　-　　　　　　　　　- (5.4)

　　The　number　of　events　at　ead}stage　of　the　cuts　are　listed　in　Table　5j,　5,2　for　the　1996　and

1997　data､　resPedively,　ln　order　to　show　the　poxverof　the　image　cuts,　the　ratio　of　the　number

of　the　OFF　source　counts　after　the　cuts　to　the　number　before　any　cuts　are　made　is　given.　The

ratio　isnornTlalized　for　thecounts　before　the　£μancd　cut.　The　statistieal　signmcances　of　the

excess　in　the　ON　counts　are　also　calculated　lor　the　total　counts　after　each　cut　and　counts　at

a4)/za≪10o.　　　　-

　　The　distributions　of　the　a//J/Mz　parameter　after　all　the　cuts　are　shown　in　Figure　5･7.　1n　the

1997　result､　anexcessofcounts　is　found　in　the　ON　sourcedata　at　�μ/za　2　0°.　Thisnleans
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Tj)le　5j:　The　number　of　events　at　each　stage　of　the　cuts　for　the　1996　datt　No　clealex.cessof　the

ON　source　counts　is　found｡

Cut

　Λ≒μanJ

　Tohz/　Fc

　JμMncd

　&μancc2

　　　u7�M,

　　　/cnμ/?･
concc�rahon

　　　a/β/za

　　ON　Source

Total　a/μ/m≪100
　　　　　　　　-

16447

9073

6083

2783

2367

2078

　248

15 74

{
9
　
r
J

{
ー
　
9
a
{
9
　
ρ
0

315

281

248

　　OFF　Source

Total　a/β/la<100
　　　　　　　　-

17624

9550

6388

2895

2460

2170

246

1702

1080

697

321

279

246

　　Slgmncance

Total　aμ/za≪100　　　　　　　-

-2jo

-Oj8

-Ojl

O｡01

0.04

~Oj1

0.53

-L09

ー1.32

-O｡97

0,26

0j5

0.53

NOFF

ratio

L00

0j41

0j62

0』64

0.139

0』.23

0.013

Table　5.2:　Thenunlber　of　events　al　each　stage　of　the　cuts　for　the　l997　data･　Wecan　seetheexcess

ofthe　ONsource　counts　a.ta/μ7a≦10o　becomes　progressiveiy　more　signinca,nt　with　each　additiollal
cut･　After　jl　the　cutsdhe　backgroud　events　are　reduced　to　be　l%of　the　d　ata　before　&Mam?c　cut.

Cut

　ym　and

　T��μ,c

　&Mancd

　&μancc2

　　　t�d4

　　　/cnμ/z
cθnccnZraμon

　　　a/p&a

　　ON　Source

Total　4/μa≪10°　　　　　　　-

107495

48511

33510

14564

12H5

10644

1388

1㈲64

5650

4005

1806

1586

1388

　　OFF　Source

Total　　a/μ/m≪10°
　　　　　　　　　―

107574

48052

33249

14528

12113

10696

H80

10H1

5401

3712

1606

1369

1180

　　Slgmtlcance

Total　a/μ&≪100

-Oj7

L47

LOI

0.21

0.20

-Oj5

4jo

2

2

3

3

3

4

46

37

34

42

99

io

NOF/z

ratio

L00

0j46

0j09

0』｡35

0j12

0.099

0J)10

a･n　evidence　for　the　detedion　of　vHE　gamnla-ray　signals　from　thesource｡　The　enhancenlent

ofthe　gamma-ray　like　signals　is　alsoseenin　Table　5.2　with　each　additional　cut.　0n　the　other

handjn　the　1996　result　no　signincant　excess　is　found　at　a/μ/za　2　0y

　　The　signihcance　of　ex(less　is　dehned　as　[371,

sφ�μcancc
　　Λ‰v-£yvoFF
-

　　Λ‰v+μyvoFE
(5,5)

jVoy　and　yvc)FF　are　thesulnrnedcounts　ofthe　ON　and　OFFsourcedata　at　�7)h≦10°　,　0s　the

normalization　fador　to　multiPly　Λy)FF　to　take　into　account　of　the　difFerenceof　the　observation

times　between　the　ON　source　and　tlle　OFFsource.　ln　our　cases､　yVoy=248/VOFF=246　and

£=O,961　for　the　1996　data　and　yvoy=↓388､yoFF=1180　and　£is　unity　for　the　1997　data.



C#APTER5.AXA£YSIS　AXD　RESULTS

140

120

100

　80

　60

0
　
　
0

4
　
　
{
Z

0

800

700

600

500

400

300

200

100

　　0

0

0

60 80

80

20

20

40

Alpho(de9ree)

40 60

｣
m
O
-
Z
O

-

-

―

30

20

　
(
D
)
　
　
　
(
‥
)

』
』
○
-
Z
O

-10

-20

-30

]50

125

100

R
)
　
(
U
　
r
D

｢
/
　
『
)
　
{
2

　D

25

50

75

0

0

2D　　　　40　　　　60

　　Alpho(de9rees)

20 40 60

BO

80

56

　　　　　　　　　　　　　　　AIPhc(de9ree)　　　　　　　　　　　　　　　　　　　　　　　　Alpho(de9rees)

Figure　5,7:　Distributions　of　the　a/μ/?aparanleter　after　jl　the　image　cuts･　hl　the　l997　data　(c､d),an
excessat　a/μ/za　2　0o　is　dearly　lound･　lt　indicates　a　possible　detedion　of　gamma{ay　signak　On　the

other　hand,　there　is　no　excess　seen　in　the　l996　data　(a､b),
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Figure　5･8:　Distributions　of　the　asynmk/9　parameter　of　the　1997　data　after　jl　the　image　cuts　and

aφh≦10o,Excessof　the　ON　source　counts　in　the　positive　values　shows　a　tendency　of　gamma-ray
signj.

The　resultant　signmcances　areOj3ry　and　4･jO　･7　foluhe　1996　and　1997　resultsdespedively･

　　TFo　connrm　the　Positive　result　of　the　1997　data,　the　asμnmldn/pararneter　is　examined.

The　as!/mmdrH)arameter　reneds　the　diredion　of　the　shower　development　with　resped　to　the

assurnedsourcePosition.　As　shoxvnin　Figure　2j,　the　asμmmdn/parameter　of　Monte　Carlo

gamma-ray　images　has　an　excess　in　the　Positive　value　because　the　shovvers　develop　outward

from　thesourceposition,　0n　the　other　hand,　for　the　isotroPic　hadron　showers,　the　asμmmd9/

valueobtained　from　Monte　Carlo　calculations　distributes　evenly　in　the　Positive　and　negative

values｡　The　distributions　of　the　asl/mmdrμvalues　are　shovvn　in　Figure5･8　using　the　events

having�μ&≦10゜.ln　the　right-hand　side　Panel　of　Figure　5.8､　whieh　shows　ON　-OFF　counts,

an　excess　of　events　in　the　Positive　va]ue　of　the　asPm�Γμparameter　isseen.　Although　the

excess　is　not　strong　like　theoneobtained　from　a　Monte　Carlo　calculation,　this　result　represents

the　tendency　of　vHE　gamma{ay　signal･　A　st“tistiej　argmnent　for　this　l'esult　is　presented　in

Sedion　6.L1.

　　The　consistency　between　the　1996　and　1997　results　are　discussed　in　Sedion　6･2･2･

5.3　Source　Position　Studies　(Standard{Mlethod)

　　ln　the　Previous　sedion,　xve　assurned　that　thesourceposition　was　thesanl.e　asthe　pulsar

Position,　However､since　theenvironment4round　the　Pulsar　is　comPlicatedjt　is　Possible　that
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the　vHE　gamma‘ray　emission　is　not　from　the　Pulsar　Position.　Toexanline　this　Possibility,a

search　for　the　emission　Position　has　been　carried　outヽThe　2°　x　2°　Ueld　centered　on　the　Pulsar　is

divided　into　4　1　×4l　nylatrix.　Every　mesh　point　is　considered　to　bean　assumedsourcePosition　to

calculate　the　or4�ahon　Parameters(a/7)/za,£μa･lce2　and　asl/mmdrμ),For　each　mesh　poil(

a　distribution　of　the　aφ/m　parameter　is　obtained　like　theonein　Figure　5･7.　The　crit･eria　for

the　J9c　Pa,rarneter　cuts　are　thesarne　as　those　adopted　in　the　previous　sed〕ion,StJjstical

signincance　is　calc�ated　for　eadl　l)oint　and　the　maps　of　the　signincance　afe　shown　in　Figure

5j　for　the　1996　and　1997　data｡

　　ln　the　signincance　maP　of　the　l996　data,　no　signihcant　excess　is　found　not　only　at　the　pulsar

position　but　at　any　other　posm()n　in　the　whole　held　of　the　maP,hl　the　l997　res�t,　wecan

nnd　a･　clear　excess　of　the　signincance　around　the　l)ulsal　Position∠Γhe　position　of　the　maximum

excess　is　found　at　Oo.10　west　and　Oo.05　south　from　the　pulsar　positioll･　The　distanc('between

the　pulsar　and　the　maximum　excess　position　is　OoJL　A　tyl)i(tal　predsion　to　determine　the

source　position　using　an　imaging　air　Cerenkov　telescoPe　is　thought　to　be　2　0°･L　Howev(?r､

because　it　depends　on　the　individual　case､　a　detailed　estimaGon　of　the　Precisioldo　determine

thesourceposition　is　postponed　to　Sedion　6,L2･The　statistical　signmcance　at　tbis　Position

is　calculated　to　be　4.90　･7　using　Equation　(5j)･(./voy=1393yvojy=1　146　are　adual　counts

at�μ&≦10°　and　1=1･)ArnoreProPer　value　of　the　signincance　taking　into　account　of　the

degrees　of　freedom　in　thesourcesearch　is　also　estimated　in　Sedion　6.L3.

5.4　Source　Probability　Density　Function

　　Toexanline　thesourcePosition　of　the　1997　data　more　Predsely,　analyses　using　the　Sθ7zrcc

/)m&&/φ/7〕)os≒/F･zzzdjθ7zμ/)7〕)n　method　ProPosed　by　YoshikoshH83]and　the　extended

S/)pF　method　ProPosed　in　this　thesisareaPPlied　in　this　sedion,

5.4.1　0riginaI　SPDF

　　ln　the　method　used　in　the　Previous　sedion,　thecandidate　Position　of　thesourcefor　each

shower　is　located　uniformly　in　theareaof　O°　<�μh≦10°　and　O°,60　≪&M,mce2≦1°.30,

However,　the　probability　for　the　existence　of　thesourceshould　be　a　fundion　of　the　position
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Figure　5.9:　Statistiej　signincanee　maps　of　the　1996　data　(a)and　the　1997　data(b),The　held　of　view

is　2o　x　2o　centered　at　the　Pulsar　Posjtjo】l(indicated　by　the　cross　lB　the　ngures)･

The　darker　the　shade､　thernoresignincant　is　the　signal.　The　inner-rnost　contour　in　(b)has　a
statistical　signmcanceof　4j,7　and　thecontour　level　separation　is　LOJ.
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a)Standard　Method

Showerlma9e

CD

　　　SoUrce　Candidate　Area

b)Probability　Density

　　　　　　　　Shower　lma9e

60

　　　　　　　　　　　　　　　　　　Source　Probability　Density　Function

　　　Figure　5jO:　Difference　of　the　s/a･M/a�nMMlmd　al�the　S/)Z)F　method　for　a　source　s('ardL

with　resped{o　the　shower　image･　This　fundion　is　named　the　S/)/〕)F　and　it　is　determined　using

Monte　Carlo　images　of　gamma{ays,　The　difFerencehetween　these　two　methods　is　schenlatically

drawn　in　Figure　5jO,　The　S/)7〕)FxvasdeUned　in　the　coordinate　system､whidl　has　the　x-axis

along　the　major　axis　of　the　shoxver　image　and　the　y‘axis　perPendicular　to　the　x-axis,　The

centroid　of　the　Monte　Carlo　shower　imagesareset　to　be　the　origin　of　thecoordinate　system

and　t･he　distribution　of　the　corresponding　sou　rce　Positions　is　ntted　to　a　two　dimensional　Gauss

function,　Since　the　nature　of　the　gamma-ray　shower　is　asymmetric　with　resped　to　the　y-axis,

the　SμpF　has　asymmetrical　featurc　The　Positive　diredion　of　the　x-axis　is　denned　as　a　region

having　larger　probability　density.　The　S/)£)F　is　synlmetric　with　resPed　to　the　x‘axis･The

adual　form　of　the　Sμ£)F　proPosed　by　Yoshikosh083Ds,
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y　is　the　fradion　of　the　events､　which　has　positive　a9mmdry　value.　dl　and　J2　are　the　mean

distances　from　the　center　of　the　image　to　thesou､rcealong　the　x-axis　in　positive　and　negative
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Figure　5j　1　:　Delnitions　of　the　palameters　used　in　the　S7)£)Fanjysis,　These　vjues　are　obtjned　using

Monte　Carlo　gamma-ray　im4es･

m1"es,1゛esPedWey　J=rh　゛r2,%l　and　‰2　are　the　standard　de゛iations　along　the　x‘axis　ilnd

y-axis(Figure　5jl)･These　SμpFβzMmdc9　are　determined　using　Monte　Carlo　calculations

to　be.

=
　
　
=

y
　
{

Oj29

0oj315(yr1=Oo2481　51　=O°･083

　　　　　　　　　　　　　(/2　°　O(≒981,　Q2　°　O°j66,　52　°　O°jOE　　　　　　　　　　　㈲7)

　　To　deduce　a　signihcance　maP　using　the　SPZ〕)μthe　pl`ol)abihty　density　μ(Jd/)is　caleulated

for　each　mesh　Pointfor　each　event｡　When　the　summations　of　theμ(J､μ)and　7)2(J,μ)over　an

the　seleded　events　(£=1､…,n)are　deUned　as､

s((j)゜Σμ0(○μd/㈲μ)
　　　　　λ;=1

�(Gj)゜Σμ20(○μJ(○μ)
　　　　　£=I

The　signincance　at　the　(Gj)M　mesh　point　is　exPressed　as､

sφ�/μancc
-

-

‰y(O)-‰J(O)

㈲8)

(5.9)

(5.10)

(5,H)
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Figure　5j2:　Statistical　signincance　map　for　the　1997　data　obtained　using　the　･9μ/L)F　method･The

Position　of　the　pulsar　is　also　indicated　by　a　cross∠[he　inner-most　contour　hasasignificance　of　3･5　(7≒

　　The　signmcance　maP　ohtained　using　the　£μpμis　shown　in　Figure　5j　2.　No　signmcant

diference　in　the　source　Position　can　be　fou,nd　comPared　with　the　sM7zJa�method　analysis

(see　Figure　5,9)described　in　the　Previous　sediom　unfortunately,　as　mentioned　in　Sedion　5.2,

the　distribution　of　the　ox/mmdG/did　not　�9//μΓePresent　the　exPedation　of　the　Monte　Carlo

calculations｡　lt､therefore､results　in　a　decrease　of　the　signmcance　becausethe　asymmetrica1

feature　is　induded　in　the　Sμ7〕)E　Since　the　Problem　of　the　asμmmdrz/　parameter　will　be　discussed

in　Sedion　6y1,1､a　step-up　ofthe　･9)£)Fis　ProPosed　here　for　a　more　improved　source　localization･

5.4.2　Extended　SPDF

　　Asanatural　extension　of　the　orφ4�S/)pμan　jm9c　μammder　dependenceof　the　SP£)F

βmmde5is　examined.　(ln　the　orφ&a/SμDμthe　SZ)/〕)Fμammdcrsaretreated　as　constants.)

As　illustrated　in　Figure　5j3jt　can　be　inugined　that　the　Sμp/?μamm&J3　wiil　depend　on　the

/cnμ/z　parameter,A　gammFray　shoxver　having　a　small　core　distance　makes　an　image　near

the　source　position　on　t･he　focaI　Plan･c　Such　an　image　tends　to　have　a　srnal1　/Gzμ&value,　it
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the　cJc��S/)7〕)/;I　Correlation　between　the　&slanrc　and　the　/c㈲|/1

means　the　j　and　'7J　Parameters　in　t･he　SP7〕)F　become　smaller　than　the　averaged　values　over　a

wide　range　of　the　Possi})lecoredistance　of　EASs｡For　an　EA　S　with　a　large　core　distance,　a11

the　arguments　ahove　become　opPosite･　The　J　and　‘7r　Parameters　as　゛ell　as　the　%parameter

are　determined　as　“functionsof　the　/oy/o)arameter'≒　ln　the　procedure　to　determine　these

functionsμhe　Monte　Carlo　images　of　gamma{ay　initiated　shoxvers　aredivided　every　O(≒04･　of

the　/oμ/z　Parameter,　ExamPles　of　the　distributions　of　thesourcedistance　projeded　on　to　the

x-axis(£)1　and　£)2)and　y-axis(61　and　‰2)areshown　in　Figure　5j4　for　a　range　of　the　/mμ/l

parameter､O°,14</oμ/･≦Ooj&As　mentioned　in　Sedion　5,2､　a　sumdently　largecarnerai8

assumed　in　these　calculations　to　avoid　the　emxt　of　the　edge　of　thecarnera｡　AIl　the　distributions

are　ntted　to　Gaussia,n　and　the　resultant　mean　values　and　standard　deviations　are　listed　in　Table

5.3.These　valuesaswell　as　the　y　value　are　ntted　again　to　the　nlndions　of　the　/c4μ&parameter

(Figure　5j5),The　nnaily　obutined　fundions　are,

j1 ―

― -Oj47+5.95×/cnμ&-5,27　x　/enμμ
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Figure　5.14:　Distributions　of　the　source　distances　Projeded　on　the　x-&xjs　and　y-axjs　for　the　Monte

carlo　gamma-ray　events　with　oo.14　≪&nμ/l≦O゜j8(as　an　exampleE
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Table　y3:　Parameters　of　the　cjl��S/)7〕)F　as　functions　of　the　/cn91/l　palameter｡　vjues　in　parentheses

are　not　used　to　obtain　the　nt　curves　5･12　because　the　precisions　in　fitting　were　not　good･

　　　　　　　Range　of

length

㈲12)

O°jO~Ooj4

Ooj4~O0,18

0°｡18~O°22

0°.22~O°26

0o26~Oo｡30

0o｡30~Ooj4

0°j4~Ooj8

O0.466　0°j90

0(≒710　00.809

0y840　00.976

0°j53　　1°j31

1(≒087　　1°j98

Pj34　　1°j45

1≒311(|゜282)

d2

(7£I

(7£2

(7y1

(7!/2

y

-

-

-

-

-

-

-

-

―

-

―

―

Ooj17

0o｡218

0°.216

0y217

0o｡230

00.239

0°.248

Oo｡241

0°｡238

0°｡256

0°.238

0oj89

0o224

(O°.304)

O°j26

0°j06

0°｡101

00.0906

0(≒0796

(O°｣12)

O°,0806(O°.0602)

-O･0609+5j8　x　/cnμ/z　-　4.02　x　/cnyμ

0240　-　O.292　×/cnμμ+0.885　x　/cnμ/μ

o.232　-　0204･　×/cnμ/?　-O.871×/cnμμ

OJj5　-　O,797　×/cnμ/z+1.31×/cnμ/12

0j75　-　O,496　×/cnμ/z+O,563×/cnμ/μ

Oj52+2.08×/cnμ/z　-　L97　×/cnμ/λ

O｡683

0j11

0.790

0.852

0.884

0.896

0.950

The　functionsof　the　SPZ〕)Fμmmdcrs　a･re　substituted　for　the　co4μa�SμpF　Fmmdcrs　in

Equation(5.6),

　　The　signincance　maP　calculated　using　the　G/9j�　･SμpFis　shown　in　Figure　5j6,　As　in　the

caseof　me　θΓ4&�S/)pμt･he　signincance　decreases　(:ompared　with　the　result　obtained　frony1

the　sMnJa�method　analysk　Howeverμhe　Peak　position　has　shifted　from　those　ohtained　in

the　previous　two　analysis　methods　towards　the　Pulsar　positioli･

5.5　Periodicity　Analysis

　　For　the　events　seleded　with　Criteria　(5,4)and　a/μ&≦10o､a　Periodieity　of　the　event　times

modulated　with　the　Pulsar　period　is　examined･Th･e　recolded　ar6゛al　time　of　each　event　was

correded　to　the　Solar　System　Barycenter　(SSBC)゛rrWal　time　sing　the　solar　system　ePhemeris

based　on　epoch　2000　(DE200)[62]･This　time　゛as　thell　used　to　calc�ate　the　Pulsar　Phase　using
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Figure　5j6:　Statistical　signincance　mal)of　the　1997　data　obtained　fronTl　the　cMfjnt/�S/)/L)F　method

The　inner-nlost　coutour　has　a　signmcance　of　3.0･7･　At　the　l)uisar　position,　the　signihcance　is　3･7‘7,

which　is　the　maxjmum　signmcance　in　the　maP･

the　standard　formula､

　　　　　　　　　　　　φ(0=φo+4)(7→o)+Eo(f→o)2+yo(1→o)y　　　　(5j3)
Hereyojo　and　po　are　the　Pulsar　frequency　and　its　nrst　andsecond　deriva,tives　denned　at　the

ePoch　?o　and　f　is　the　SSBC　arrival　time　of　the　event　xve　used　for　?o,　μo,βo　and　6　the　value8

obtained　from　the　Princeton　university　data　base　on]adio　pulsar　timing　solutions　[31],The

゛alues　used　in　the　Present　analysis　are　listed　in　Table　5λ　As　mentioned　in　Sedion　4,4,2､

during　the　observations　or1997jnformation　from　the　GPS　ijme　was　not　available･　Although

the　absolute　times　were　not　obtained　in　thes･e　eriods､the　relative　time　between　events　is　　　　　　　　　　　　　　　　　　　　　　　　　　P

accurate　enough　to　carry　out　Periodicity　anaiysis　fol゛　e゛ch　obser゛ation　period　(March,APril

and　May　in　this　case),Thereforeμhe　results　of　1997　are　divided　into　3　seParate　observational

periods.　The　resultant　Phase　histograms　areshownjn　Figure　5･17･　No　aPparent　periodicity　is

found　in　any　of　these　histograms･　Statisticj　arguments　゛e　Presented　in　Sedion　6.2･3.
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Figure　5j7:　Phas･ehistograms　of　the　event　arrival　timesヽ　The　1997　data　are　divided　into　3　observa-

tionj　periods　because　of　the　dock　problem　(see　the　text　for　details)･
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Table　5,4:　Parameters　used　in　the　period　analvsis,
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Chapter　6

Dlscusslon

　　Results　obtained　in　ChaPter　5　are　discussed　in　greater　dda,ihn　this　ChaPter,　First,　some

statistical　arguments　tou{hed　upon　in　ChaPter　5aredescribed,Because　the　positjve　results　are

obtained　in　th,e　data　taken　in　a　relatively　short　observation　time　(32/i),a　cardul　cons1(lel‘ation

of　stMistics　is　imPortant　for　assessing　the　signi‰ance　of　th(Oimited　informatiolt　Fono゛ing

those　statistical　tests,　physical　values　of　the　results　from　the　source　are　deduc(μL

6.1　Statistica1　Arguments

6.1.1　Result　of　the　Asymmetry　Parameter

　　ln　the　1997　data,　an　excess　of　the　asμmdrμparameter　was　lound　in　the　positive　value.

Although　it　indicates　a　tendency　of　vHE　gamma-raysμheexcess　was　notas　strong　as　exPeded

fyom　a　Monte　Carlo　calculation,The　ON　-OFF　distribution　of　the　asl/mmdn/parameter

is　comPared　with　the　distribution　obtained　for　t･he　Monte　Carlo　gamma{ay　images､　which

are　se1(rted　with　Criteria(5,4)and　a/μa≦10゜.　This　MOTlte　Carlo　distribution　is　noted

jamma-ray　hypothesis≒At　the　same　time,　a　comParison　゛ith　the　Monte　Carlo　Proton　images

should　be　carried　out,　However,　to　obtain　enough　amount　of　the　Monte　Carlo　proton　images,

゛hkh　survive　all　the　image　cut･s､　one　has　to　sPend　a　large　computation　time.　Therefore､　the

observational　distribution　of　the　OFF　source　run　is　assunled　as　a　distribution　of　“no　source

hypothesis'≒

　　The　total　number　of　events　in　the　distributions　of　the　two　hyPotheses　are　normalized　to

the　observed　total　number　of　events　in　the　ON-OFF　distribution･　X2　for　the　two　hypotheses

70
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Figure　6.1:　?　tests　for　the　as!/mmdrμdistribution　obtjned　fronl　the　l997　data･　Two　hypotheses､
!7amma-my≒/μ)1&?js　and　nosourcc≒/μ�&?μs,are　exarnined.

are　calculated　to　be,　X2=10.8(for　the　“gamma-ray　hypothesis")and　x2=IL8(lor　the　“no

sourcehyPothesis")with　14　degrees　of　freedom･　This　x2　testμhen,admits　both　the　hyPotheses

(Figure　6.1).

6.1.2　Source　Localization　Error

　　The　Precision　of　thesourcelocalization　in　the　sM7�a�method　analysis　aPplied　in　Sedion

5･3　depends　on　the　individual　casej,cμhe　number　of　the　events　of　the　ONsource　and　the　OFF

source.　To　estimate　this　error,　a　large　amount　of　the　imaginary　somce　search　should　be　carried

out　using　Monte　Carlo　calculations･　ln　order　to　sa゛e　the　time　of　the　Monte　Carlo　calculations､
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some　simplined　assunTlptionsa,reapplied,

　　For　the　backgro1111d　e゛(mtsjmaginary　im“ges　al‘e　assumed　to　have　only　two　charaderistics,

the　Position　a.nd　the　diredLion　of　the　axiE　Because　they　rePresent　uniform　and　isotropic　hadronic

b゛ckgromldμhe　positjolls　4“d　the　diledions　of　the　imaginary　iniages　are　randomly　distributed

in　the　nmges　of&μancd≦1oj5　and　Oo　≦�μ/za≪90o　with　resp(xt　to　the　camera　center,

Themlmber　of　backgro1111d　e`'ents　distril)uted　for　both　the　imaginary　ON　and　OFF　source

data　is　15925,This　nunlber　is　the　adual　count　of　the　OFFsourcedata　after　s&zμc　cuts　a･nd

&4,mcd　cut｡　These　euts　do　not　alTed　the　determina,tion　of　thesourceposition｡hl　the　adual

calculations,thenumber　of　the　background　events　was　nuduated　according　to　a　Gaussian

distribution　out　to　±3a　with　resP《xt　to　thenlean　nulTlber｡

　　The　imaginary　gamma-ray　events　also　have　thesarnecharaderistics｡Howeverμhe　distrilyMF

tion　of　these　two　Paramders　are　not　uniform　and　isotropE　Assurning　a　gamnm{ay　source　is

at　the　Pulsar　Position･､　a　density　fundionxvasdetermined　using　Monte　Carlo　images　of　gammE

rays,　This　function　shovvs　an　event　density　as　a　function　of　the　&s/ancd　and　the　�μ&z,

lmaginary　gammEray　images　are　distributed　foHowing　this　function　to　make　208　excess　counts

ataφh≦1　0o　at　the　Pulsar　position｡　Theexcesscount　208　is　also　the　observed　numher　of

ON　-　OFF　events　at　the　pulsar　Position,　An　imaginary　ONsourcedata　is　obtained　by　adding

these　gamma-ray　images　on　the　Pre゛iously　obtained　background　events･

　　For　each　pair　of　the　imaginary　ON　and　OFF　source　data､the　sM71&�source　search　is

carried　out.A　total　number　of　100　source　searches　were　carried　out　with　these　dala.ln　each

trial,　the　position　having　the　maximurnsignihcanee　is　recorded･　Naturally,　the　Pulsar　position,

which　is　thegamma-ray　source　in　this　test､　has　the　maximum　signmcance　most　often,　The

two　dimensional　histogram　of　the　maxim"m　sigllmcance　Positions　is　shown　in　Figure　6t　TO

examine　the　lateral　extension　in　Figure　6･2,　the　totj　mlmber　of　the　tlials　induded　in　a　ladius　7゛

from　the　Pulsar　Position　is　calculated-　The　res�t　is　hsted　inTable6.L　lf　the　source　localization

error　is　denned　as　a　1　(7　cirde､　whieh　indudes　68　%of　the　trials　within　the　areajt　becomes

2　0°,10.　The　observational　signihcance　m4p　obtained　in　Sedion　5･3　is　agjn　shown　i“　Figure

6.3　along　with　the　source　locjiz゛tion　erlor　cirdes　obtained　here‘
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　　　　　　　　　　　　　　　　　　　　　　　　　ceyces

Figure　6･2:　Test　of　the　source　localization　error.　ln　the　Monte　Carlo　cjculjons､gamma{ay　source

is　located　at　the　center　of　the　held　of　゛iew･　Histogram　shows　the　number　of　the　trijs､　which　have

the　maximum　excess　at　the　position･　Our　result　obtjned　from　the　l997　data　is　indicated　by　the　star

malk｡

　　As　a　result　of　this　studyμhe　gamma-ray　sour(`e　Position　obtained　in　this　thesis　is　consistent

with　the　Pulsar　Positjon,　Becausesignmcant･　Pulsations　were　nodoun(l　in　our　data,　the　emission

is　Probably　from　the　comPad　synchrotron　nebula　around　the　pulsar,

6.1.3　Correct　Signincancein　the　SourceSearch

　　ln　the　signmcance　map　shown　in　Figure　6,3　the　nmximum　signincance,　t9　a,　is　lound　at

the　positionconsistent　with　the　Pulsar　nebula,　Howeverjn　this　signmcanc･e　value､　the　degrees

of　freedom　for　the　source　seaKh　are　not　(lonsidered,To　indude　this　efred　and　obtain　a　more

corred　signincance　va,1ue,　Monte　Carlo　c･alculations　are　again　used･　ln　this　caseμhe　nuduation

of　the　signincance　value　is　examined　with　no　gamm4-“1y　soll゛ce　4s9mPtion･　The　obser゛ational

4.9　･7　should　be　comPared　with　this　nuduation･

　　Following　the　same　method　described　in　t･he　l)re゛iolls　sedion,　many　pairs　of　im゛gin･1ry　data

are　made,　Here,　both　the　imaginary　data　correspond　to　OFFsourcedata.　For　each　Pair　of

the　OFF　sources､　a　signihcance　map　is　cjc"1゛ted･　The　maxinmm　signincance　in　the　2o　x2°

held　is　again　recorded　for　each　tr4L　A　total　number　of　1088sourcesearchesvverecarried　out

with　these　data｡　The　distribution　of　the　maximulnsignmcance　゛alues　is　shown　in　Figure　6λ

This　result　gives　the　probability　of　a　t9　J　ex(yss　aPI)e･ring　by　chance　in　the　held･　Because　the
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Table　6』.:　Sourceloeahzation　eITor.N(≦r)is　the　number　of　trijs､　whkh　resulted　the　ma,ximum
signincance　within　a　radhlsdrom　the　pulsar･　A　totj　number　on00　trials　are　examined･

　　　　　　　　　　　　　　　　　　　　　　　　r　　　　N(≦r)
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rneanand　standard　de゛i“･tio"　of　the　distribution　in　Figure　6j　are　2,96　and　Oj9,　respedively,

4･90　″　can　be　colwerted　into　(t90　-　2･96)/oy19　°=3j)6'7　as　a　m4ximum　signincance　in　the　field,

This　is　the　stridest　(pessimisti(j)estimate　of　the　maximum　signineance,

　　The　fad　that　the　maximum　signincance　is　found　neaTthe　error　circle　of　thesource　can-

didJte　mlst　be　considered　in　the　estimatiorl.　The　probability　that　the　maximum　signmcanee

accidentally　apPears　within　Oo,50　from　the　l)ulsar　Position　is　O　j　7,　(For　muchnarroxver　region,

the　number　of　Monte　Carlo　trial　is　not　sumcientj　ln　thisnarroxvregion,the　distribution　of　the

maximum≒§nificance　va]ue　has　thenleanof　2･96　a･nd　the　standard　deviation　of　Oj9(Figure

6j),Becausethese　valuesa,re　sarnewith　the　Previous　case､　the　t9J　excessis　d.ecreased　into

3.96(7･　Combining　the　Probability　of　Oj　7　and　3･96　Q　the　result゛t“t　signmcance　is　obtained　to

beJj　J.　For　a　much　narrower　region,　the　signmca･nce　should　become　a　larger　゛alue･

　　Finally,　con,sidering　all　the　resuks　described　abo゛ejt　is　corluded　that　an　excess　of　the　vHE

gamma-ray　signa･l　is　obtained　from　the　position　consistent　with　the　P111sar　nel)�a　Position　with

a　signincance　of　more　than　t3　(7≒

6.1.4　The　Precision　of　the　SPDF

　　Two　kinds　of　the　S?£)F　are　introduced　in　ChaPter　5　for　precise　loca]izationsof　thesource｡

Since　t.hese　fundions　reUed　the　nature　of　the　EASs　more　than　the　μ,m&�method,the

precisions　of　the　source　loca｡lization　will　be　better　than　O°jO　in　this　case｡　Fo,r　the　detailed
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Figure　6,3:　Statistical　signincanee　map　of　the　1997　data　with　the　source　locanzation　elTor　cirdes　(66%

and　91%),
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Figure　6,4:　Distribution　of　the　maximum　signincance　in　the　2°　x　2°　neld　of　view　with　“no　source

assumPtionj
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Figure　6･5:　Distribution　of　the　maximum　signilcance　at　the　(/μM/･lrc≪0°jO　with　“nosource　as･

sumptionj'

estimationjul1　Monte　Carlo　calculations　or　nyludl　sophistica{ed　modeling　are　needed,　Due　to

the　limited　computation　Poxverand　time､　sudl　estimations　cannot　be　carried　out　here　at　the

present　time,

　　Another　way　for　estimating　the　localization　eITor　is　to　use　an　ob゛ious　Point　source　like

AGNs.　Unfortunately,　the　C4　yGj　μOO　has　not　found　any　AGN　as　yet･

6.2　PhysicaI　Arguments　relating　to　the　Source

　　According　to　the　arguments　in　the　Pre゛lotls　sedion,　we　Proceed,　hereafter,　taking　the

position　that　the　gamma-ray　emission　μfrom　the　synchrotron　nehula　around　the　Pulsar,

6.2.1　Flux　and　upper　Limit

　　　ln　order　to　calculate　the　nux　of　vHE　gamma゛rays　from　the　1997　result　and　the　upPer

limit　to　the　nux　from　the　i996　result,　the　efFedi゛e　coHedion　are“s　are　deduced　using　Monte

Carlo　calculations｡　The　efrediveareasfor　the　two　years　8　functions　of　the　Primary　gamma-ray

energy　are　shown　in　Figure　6･6･　The　efFeds　of　the　e゛ent　seledions　in　the　゛nalysis　are　induded
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Figure6.6:　EHectiveareasof　the　observations　in　1996　and　1997･　A11　the　cuts　are　adopted　to　Monte

Carlo　events　to　obtjn　these　functions.

in　calculating　these　areas｡　lf　the　differential　sPedrum　of　the　gamma-ray　is　rePresentcd　as

JF(£)μ£､the　expededexcess　counts(ON　-　OFF),△Λ≒is　expressed　as､

∠xy=T
　･･dF(£)
yy ,S(£)Jy (6｣)

Here,Tis　the　observation　time　and　S(E)is　the　efredive　area　as　afundion　of　the　primary

energy　shown　in　Figure　6･(E　For　the　1997　data,　△/V　°　208,　T°H5680″　4nd　a　sinμe　Power

law　with　a,　difrerential　spedral　index　of　-2j　are　used.　Theexcess　nurnber　of　counts　is　that

obtained　at　the　Pulsar　position･　The　integral　nux　F(£≫£M44)is　ejcul4ted　to　be,

F(£≫£t4re4)=(3j､±O.8)×10‾12cm‾2FI f
ー
f £t/ires&

-

- (L5±0,5)hF (6,2)

The　estimation　of　the　threshold　energy　(RGeλ)is　described　below･　The　error　is　↓･7　of　the

excess　counts　obtained　from　the　raw　counts　of　the　ON　and　OFF　source　data､　yvo/vzl388　and

jvOFF=1　180.
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　　ln　the　1996　data､　Λy)y=248､xoFF=246　and　the　normalization　fador　is　£=Oj6L　The

ohservation　time　of　the　ON　source　is　T°H5920y　Supposing　there　is　a　deted･able　gamnla4ay

signal,　which　causes　a.n　excess△v　abo゛e　t･he　normalized　background　EvoFF,　but　due　to　the

nuduation　it　decreased　to　the　observedcounts　xoy　lf　this　is　a　3　cr　nuctuation､　thefollowing

equation　is　obtained.

Here､

(&ΛjFF+△Λ)-xoy

j(EvoEE+∠yv-Λjy)

‐

‐ 3

μΛ‰FF+△X+jVON

(6,3)

(6j)d(£xo/7F+△jv　-　XOy)=

From　the　equationsabove,△y=82　and　the　corresponding　nux,　wh　kh　is　regarded　as　the　3　(7

uPper　limit,　becolnesi

　　　　　　　R,(£≫μGes)<2,0×10‾1%mT‰‾1　　;.μG｡d=(4,0±L3)7･d≒　　(6j)

　　The　threshold　energy　is　denned　as　the　energy　at　which　the　jdcd�(or　potentially　ddm4μφj)

photon　nux　beconles　rnaximum,　To　ol)tain　the　spedrum　of　the　&/ed�(&Mj&/O　photons､

the　efrediveareaS(£)is　multiplied　the　difFerential　nux　jF(£)/J£,The　resultant　sPedra　are

shown　in　Figure　6･7　for　the　1996　and　1997　ol)servations･　The　peaksarefound　at　the　energies

of　4･O　Tev　and　1,5　Tevdesl)edively,　These　values　of　the　threshold　energy　are　sensitive　to　the

assurned　value　of　the　spedral　index　of　the　primary　gamma“ray･　A　range　of　indices,　-2･5　±1･0

are　examined　(see　Figure　6.8　for　the　1　997　obser゛atio"s)and　the　corresponding　vari4tions　are

regarded　as　errors　in　the　threshold　energies･　These　゛ariations　correspond　to　2　±30%of　the

threshold　energy　obtjned　with　the　index　of　-2･5･

6.2.2　Consistency　between　the　1996　and　the　1997　Data

　　The　excess　counts　of　the　1997　data　are　plotted　in　Figure　6j　as　a　fundion　of　the　minimal

threshold　of　the　photoeledron　counts　for　an　e゛ent　to　be　acceptable･　At　thesarrletime,　the
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Figure　6･7:　Threshold　energies　of　tヽhe　observations　in　1996　and　1997･　Djfrerentij　jlld('x　ofー2j　is

assumed　as　a　spectrum　of　the　Primary　gamlTm-rays･
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Figure　6･9:　Excess　counts　of　the　1997　data,　induding　large　number　or　Photoeledrons･　Ilorizonta}

axis　shows　the　lower　threshold　of　the　nurnber　of　photoeledrons.　Arrow　shows　the　position　where

the　threshold　energy　of　the　1997　data　becomes　4Tev,　which　is　the　threshold　energy　of　the　1996

observa,tions.

threshold　energiesa｡recjculated　for　some　values　of　this　lower　threshold　(Figure　6jOy　As　seen

in　Figure　6j0,　the　threshold　energy　of　the　l997　datajnduding　more　thln　l00　photoeledJons,

is　2　4　Tev､　same　as　the　threshold　energy　of　the　1　996　observations･　Although　the　excess　with

t,his　Photoeledron　threshold　in　the　↓997　data　is　only　3.0　6r　(yvoy=77　and　yvon=U)dhe

corresPonding　Hux　canbe　calculated　to　be､

F(£>£tG｡λ)= (L6±Oj)×10‾1%nF‰‾1 ;　£1/ao&
―

- ㈲O±L3)7yU ㈲6)

This　゛ahle　is　lower　than　the　uPPer　limit　obtjned　from　the　19916　d゛t`Moreover,　as　imagined

from　Figure　6,9､　theexcess　countsat　tヽhis　photoeledron　threshold　in　the　1997　data　may　be　an

owrestinylate　of　the　exPededexcess　counts.

　　From　the　arguments　abovedwo　indePendent　mea9｢ements　of　the　ntlx　from　the　1997　data

at£>4.0　Tev　and　the　uPper　limit　from　the　1996　data　at　thesalTneenergy　are　consistent　with

each　ot､her｡
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Figure6,10:　Threshold　energies　of　the　1997　data　as　a　fundion　of　the　lower　nnnt　of　photoeledron

counts･　The　data,　having　nTlore　than　l00　Photoeledrons,　have　a　threshoid　energy　of　4Tev,　whidl　is

the　threshold　energy　of　the　1996　data.

6.2.3　Limits　for　the　Pulsed　Flux

　　To　the　aPParently　uniform　distributions　of　the　}ight　curves　shown　in　Figure　5j　7､　statistica1

tests　are　aPPhed　and　the　upPer　limits　are　calculated,　The　y2　test,　the　Zj　tes06]and　the　H4est

[26]areapplied　to　the　phase　distribution　of　events　to　calculate　the　chance　probabilities　for　a

uniform　distribut･ion　(○≒null　hyPothesis),The　results　are　summarized　in　Tabie　6.2･

Table　6,2:　Results　of　period　anjysis,　X2areobtjned　lor　the　histograms　with　20　bins

Observation

　Period
―

　i996

March　1997

APri11997

May　1997

　,2

AL
17.0

3L4

14.1

16.2

Z

18

65

43

90

zj　test
　P(≫Z
0.53

0j6

0.83

0j2

　H-test

H　P(≫H)
3j8　　0､28

6.28　　0･｡08

0.65　　0.77

0.71　　0.75

nux　uPper　limit(30
×10→%m‾‰-|

　　　　L6

　　　　6.4

　　　　3.3

　　　　2.6

3

6

1

0

　　Again,no　evidence　R)r　the　Periodicity　is　found　either　in　the　1996　data　or　any　of　the　3seasons

of　the　1997　data,　as　ean　be　seen　in　Table　62/〕Fo　calohte　the　nux　upper　limit　lor　the　pulsation,
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a　forJula　gi゛ell　by　de　J“gel{28Ds　used.　hl　the　calculation,　the　duty　cyde　of　the　pulse　(O　was

assurned　t･o　be　OjJsing　the　x-ray　observation　by　Ulmer　c/　a/,　[77](Figure　3j),The　3･7　upPer

limits　for　the　Pulsed　vHE　gamma-ray　emissionarealso　shown　in　Ta,ble　6J

6.2･4　N/lagnetic　Field　Strength　in　the　Nebula

　　The　nux　from　the　1997　data　and　the　upPer　limit　from　the　1996　data　are　shown　in　Figure

6j.　1　along　with　the　prediction　of　du　Plessis　d　d[47],From　a　coml)arison　of　our　results　with　the

predided　nuxesμhe　magndic　neld　strength　in　the　Pu14r　nebula　is　constrained　to　be　5　⌒`‘6μC

This　predidion　is　based　on　the　simple　estimation　argued　in　Sedion　3λ

　　ln　the　equation,

　　　　　　　　　　　　　　　　　　　　　AL=≒≠,　　　　　　　　　　y)
　　　　　　　　　　　　　　　　　　　　　Roc　　£/β

μc/R9c　can　be　equated　to　/ic/£o.jf　the　emissiolls　are　isotrol)ic,　here　/　1s　en('rgy　n　u　x　received

at　the　Earth　in　units　of　ergs　cm‾2s‾EAc=O,72×10‾H　ergs　cm‾2s‾l　is　obtained　from　our　1997

1'esult　assuming　an　the　deteded　gamma-rays　in　the　present　result　have　the　same　energy　of　↓,5

Tev.WhelltheμOSylTresult　is　taken　to　obtjn　the　49c　val"ejm,.゜7･2×10‾11　ergs　cm‾2s‾1

[76].lf,　on　the　other　hand,　one　assumes　that　t･he　target　photons　for　inverse　ComPton　scattering

are　only　the2.7K　MicrowaveBa･ckground　R゛diation(MBR)μhen‰oμ゜μ2.7K　°　3･8　×10‾13

ergs　cm‾3･　Using　this　value　in　Equation　((E7),the　magnetic　neld　strength　is　deduced　to　be

β210μG,Becausethis　argument　based　on　energy　nuxes　ineident　on　the　Earth　could　involve

an　uncertainty　about　ajador　of　2　2{he　detailed　calculation　of　du　Piessis　d　a/･　[47]and　the

simple　estimation　made　hereare　consistent　with　each　other.

　　These　value　agree　well　with　the　equiPartition　`4lue　of　the　llmg"etie　Ueld　β27μG,　estimated

by　Seward　d　�j591,
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Figure　6.11:　Results　obtjned　in　this　thesisareplotted　on　the　predicted　spectrum　of　du　Ple8si8　d　�,

[47]･



Chapter　7

Conclusions

　　　ARer　nurnerousstudies　of　vLIE　gamma‘ray　emission　from　the　/μT7/?F/j)ulsarsjt　is　now

recognized　that　vHE　gamma-rays　are　emitted　not　from　the　Pulsar　nmgnetosPhere　but　the

pulsar　nebulasurrounding　the　P�sal≒lt　led　us　(the　C4　AyGj　μOO　collaboration　)to　obscrve　a

syn,chrotron　nebula　driven　by　a　young　sPin{)owered　puisal≒　PSR　B1509‘58　and　its　sulTounding

nebula　aPPeared　to　be　the　best　candidates　to　examine　this　new　critGion　f()r　vHE　gMnma4ay

source　search.

　　Evidence　of　vHE　gammErav　emission　from　the　diredion　of　the　PSR　B1509‘58　is　found　at

4jO　･7　from　the　observations　of　!997,　The　integra1　Photon　nux　is　obtained　to　be,

　　　　F(£≫μh4)=(3j±O,8)×10‾l‰F2E1　　;μE4=O,5±O,5)Td/　　　(7,1)

with　an　assurnption　of　the　Power　law　index　of　-　2λ　Theerror　of　the　threshold　energy　is

based　on　the　possible　range　of　the　power　law　index　of　-1.5　to　-3λAlthough　the　asμmmdry

parameter　analysis　supPorts　the　tendency　of　the　gamma{ay　signal,　the　x2　tests　permit　both

the　hypotheses　of　gamma-ray　signal　and　ha{11`on　backFound･

　　Since　the　threshold　energy　in　the　l996　observations　was　higher　than　that　in　1997,　0nly　an

upper　limit　(30　is　obtained　from　the　l996　data･　This　uPPer　limit　is,

　　　　　　　R｡(£≫£μJ｡μ)≪2,0×10‾1%m‾‰‾|　　;μGo&=μ,0±L3)TCE

　　A　subset　of　the　1997　data,　with　a　larger　threshold　of　number　of　Photoelectrons､　are　seleded.

Xvhen　the　subset　is　chosento　have　the　same　threshold　energy　as　that　of　the　19`96　observations

　　　　　　　　　　　　　　　　　　　　　　　　　　　84
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(≫100　photoeledrons)μhe　nux　corresl)onding　to　the　smaH　excess　in　the　1997　datajs　found　to

be　lowel゛　th゛“　the　uPper　hmit　(from　the　1996　d4t゛y　lt　proves　the　consistency　between　the　two

indePendent　observations　in　the　vears　1996　and　l99E

　　Asource　Position　sealch　is　c“ITied　out　in　the　2°×2°held　of　view　around　the　pulsar,

The　resulting　Position　of　the　maximum　signincance　is　O°j　l　shiRed　towards　soutIFwest　from

the　Pulsar　Position,Hoxvever､using　Monte　Carlo　calculations　thesourcelocalization　error　is

est･imated　for　this　particular　ca･se　to　be　O°　j　O　at　1　(7≒　The　emission　position　is　conduded　to

be　co“sistellt　゛'ith　the　pulsar　position･　The　maximum　signmcance　of　4,9　･7　is　obtained　using

a　conventiona,1　formula.lf　the　de　Tees　of　freedom　in　the　source　seamh　are　considered､　t,his　　　　　　　　　　　　　　　　　　　　　g

mhle　is　reduced　to　be　4･O　J　with　a　pessimistic　estimation.　Taking　thc　fad･　that　the　maximum

signmcance　is　found　near　theerrorcirc】e　of　the　candidate　into　a(Jcountμhe　signincance　is　raised

to　a　value　of　more　than　4,j　『

　　The　Sθ7z7T£　μm&a&/φ/po7j/μ/77z77djo4　and　it･s　extended　form　areexamined　fora　lnore

precisesourcelocalization･　Although　the　o'jjna/　Sμ/〕)F　showed　almost　sa.nTleresult　with　the

shm･ya�method,　the　e�m&ESμ7〕)F　resulted　in　the　maximum　signiUcance　at　the　pulsar　posF

tion･　Howeverμhe　Pre(jsion　of　thisnexvmethod　is　not　estimated　due　to　lack　of　hugecoITnputing

power　and　time,　The　precision　should　beexamined　for　a　dennite　Point　souree　like　AGNs　in

future　studies.

　　No　signmcant･pulsation　modu14ted　with　the　Pulsar　period　(F°150　ms)was　Rll“d　in　both

the　1996　and　1997　data｡　This　fad　and　the　result　that　the　emission　Position　is　consistent　with

the　pulsar　(○≒the　south　nebula)position　lead　to　the　conc1"sion　th゛t　the　vHE　g゛mma-rays

are　Probably　emitted　from　the　synchrotron　neb"la　aro"nd　theP�sar･

　　From　a　comparison　of　the　Present　results　゛ith　the　Predktiolyls　of　d･　Plessis　et　aL　[47]･the

magnetic　neld　strength　in　the　synchrotron　“ebul“･　β゜5`6μGjs　res"lted･　This　゛ahle　agrees

well　with　that　obtained　from　the　equipartition　between　the　enelgy　of　PaJticles　and　the　magnetic

field,　This　indePendentnleasure】Tnentof　the　magnetic　held　strength　wili　provide　a　key　for　the

studies　of　the　pulsar　wind　and　the　e゛olutioll　problem　of　the　PSR　B1509-58/MSH15“52　comPlex･

　　The　work　Presented　in　this　thesis　is　the　hrst　e゛idence　of　vHE　gamma゛ray　emission　from
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the　diredion　ofa,non-£GRETPulsar,This　result　has　proved　the　importance　of　hard　x-

rav　information　for　the　future　vHE　gammErav　seacheE　The　jS(T〕{1　satelnte　has　revealed　1　1

sync･hrotron　nebulae　associated　with　the　Pulsars　using　it･s　high　sensitivity　in　the　energy　range

at2-10kevy　Recentlv,　the　↓SCj　has　also　discovered　two　new　pulsars　in　the　non4hermal

nebulae[75],These　newly　discovered　non-therma4　X-ray　sources　are　possihle　candidates　of　vHE

gamma-ray　source　as　wastheca.sewith　PSR　B1509-58.At　thesanletime,　VHE　gamma-ray

observations　are　indisPensable　to　understand　the　nature　of　pulsar　nebulae,　which　are　certainly

a　class　ofφant　accelerators　operating　in　t.he　unWerse･



Chapter　8

Future　Observations

　　　Now　it　has　becolnedear　that　synchrotron　radiation　and　inverse　ComPton　s(Mtteringarc

important　mechanisms　when　non4hermal　emission　from　a　pulsar　nebula　is　considered.　Lumi‘

nosities　emitted　through　the　two　mechnisimsareralated　hy　a　simPI(dormula(3j))･

η

　　　Pulsar

　　　Name

　　　Crab

　　　vela

　　Geminga

PSR　Bi70644

PSR　B1509-58

PSR　B1951+32

PSR　B1055-52

PSR　B1046-58

PSR　B1929+10

PSR　B0656+H

PSR　B1853+OI

PSR　B,1610,50

-

―

|

-

―

μsoμ
-

US

log(Age)
log(year
3jo

4.05

5.53

4.24

3j9

5j3

5.72

4jl

6.49

5.04

4.30

3.87

(3㈲

2.0

0.50

0j5

L8

t2

2j

L5

2.9

0j7

0.76

3.3

7.2

y
-

μy｡

Theηvalue　in　formula{3,9)signines　not　only　the　ratio　of　the　luminosities　but　also　the　ratio

of　the　energy　densities　of　low　energy　photon　and　magnetic　nel(ls.　lt　isoneof　the　important

parameters　to　understand　a　nebula　environnlent,　The　xヽray　luminosities　of　the　various　pulsar

nebulae　observed　in　the　Asc4js　energy　band　are　summarized　in　Table　8.1　[60H14L

　　　　Table　8j:　X-ray　lumjnosities　of　PulsaJ　nebulae　nleasured　in　the　4SOPs　energy　band･

log(LX)　d

erg　s-1)(kPc
　37j8

≫33j3

30.63

32.82

35.35

33.81

32.56

32.90

30j5

30.64

33.52

3441

87
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　　The　luminosit,ies　measured　in　the　x-ray　energy　band　and　theobserved　vHE　gamnla{ay

luminosities　or　theuPPer　limits　“re　Plot{ed　in　Fiμ1re　8↓The　values　for　gamma-ray　luminosities

or　upper　limits　from　obser`'ations　ha`jng　tle　threshold　enerφes　at　a　few　Tev　jJ≒vela[84｣､PSR

B1706-44[341･　PSR　B1509-58　and　PSR　B1055-52[631,　are　taken　frondhe　respedive　rdjrences,

ln　thecasesof　Cr゛b･　Gemingg　lnd　PSR　B1951+32,　which　were　observed　with　conditions　having

the　threshold　ellergies　difFerent　from　a　tew　Tev{he　gamma-ray　luminosities　are　eonverted　to

correspond　to　the　energy　above　L5　Tev･　For　Geminga　[1]and　PSR　BI95i+32[6‰the　Photon

index　isassurned　to　be-2･5　in　the　converjorl,　For　the　Crab　nebuh,　the　sped,rum　(index=-2,53)

given　by　Tanimori　d　�{67Ds　used.

　　The　four　nux　values　and　the　three　uPper　limits　shown　in　Figure　8j　indicate　that　z/　lies

in　the　ra･nge　1　0‾2　to　10,　Difrerence　in　theηvalues　is　laTgeeven　among　th(,four　ddeded

vHEsources｡　lt　means　that　the　Pulsar　nehula.has　a　valietv　of　cnvironments　in　individual
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　tj

sources,　At　thesarnetime､the　number　of　the　sources　is　ol)Viously　too　smail　to　make　a　g(meral

discussionon　nebula　environnylent,　Figure　8　j　already　compares　the　x‘ray　luminosities　with

the　observed　vHE　gamma-ray　luminosities　(or　upper　limits)in　the　case　of　the　top　7　X-ray

pulsar　nebulae　listed　in　Table　8yL　What　about･　therenlaining(bottom　5)X-ray　pulsar　nebulae

listed　in　Table　8j?　Can　the　future　vHE　g4mma-ray　ol)servations　of　these　objeds　thro゛　any

hght　on　those　x-ray　Pulsar　nebulae?　Two　゛aluesa,re　assurned　to　consider　this　l)roblem,　0ne

is　that　the　sPedral　index　in　the　vHEgamma{ay　energyrange　is　-2,5,The　other　is　that　the

sensitivity　of　an　lmaging　Air　(?erenko゛　Telescope　is　LO　XIO‾12　cm‾2s‾1　4bo9　L5　Tev･　Using

the　known　parameters､　LX(X-ray　luminosity　measured　in　the　/iSC4's　energy　band)and　l

(distance　between　the　assosia,ted　radio　pulsar　and　the　Earth)jhe　lowest　value　of　the　detedable

gamma-ray　lunlinosity　above　l,5　Tev　can　be　obtailled･　The　entire　set　of　the　x°ray　nd)ulae

listed　in　Table　8,1　are　shown　in　Figure　&2･　The　n`7e　new　Points　(shown　by　mled　cirdes)be　in

the　range　77=1　to　10,　Th≒then,　means　that　the　htme　vHE　obsG9tio“s　of　these　x‘my　sources

can　give　us　meaningful　information　4bout　the　general　conditions　in　the　nd)�arenvironment

evenif　the　vHE　luminositiesareonly　uPper　limits･　And　if　the　env1ronments　of　these　objeds

aresimilar　to　that　of　PSR　B1706-44,　λGη~10､fourof　the　nve　candidates　can　be　easily
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deteded　in　vHE　gamma-rays/There　is　a　good　case　for　making　vHE　gamma‘ray　obser゛ations

on　all　the　remaining　nve　x-ray　pulsar　nebulae,
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Figure　8,1:　Luminosities　of　syllchrotron　and　inverse　Compton　radiations　of　the　pulsar　nebulae,　which

area1ready　observed　in　vHE　gamma-ray･
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Figure　8,2:　Luminosities　of　synchrotron　and　inverse　Compton　radiations　of　the　pulsar　nebu�e.　For　the

objects　as　yet　unexPlored　in　vHE　gamma-rays,　minimum　detectable　luminosities　are　ploued　(mled
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Appendix　A

Dennitionsof　the　lmage　Parameters

　　The　dennitionsof　the　m9r　Fmmdr5　are　Presented　hem

　　First,　we　dehne　the　Posiljon　and　the　intensity　of　signal　for　the　dh　PMT　to　be　(μ,X/i)and

si(Figure　AJja)y　Here,　sjssaTnewith　Sμ{゜9　in　Chaptcr　5.　When　the　long　axis　of　thc

enipse　of　the　shower　image　is　expressed　l)yμ=af+&,using　the　Lcast　Square　Mdhod,　a　and

&are　obtained　as､

a
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<μ≫-a<J≫

The　R)11owing　dennitionsareused　in　the　formulae　here.

<J≫

Σyj

-

-

―

<JI/>Ξ
Σs/

<J2μ≫Ξ

≫‾<J≫≒ary

Σs�μ,
　Σsi　･

≡<Jμ≫-

≫-3<y><J≫+2<J≫3･%3

Σs/

<♂≫Ξ

<J≫<μ≫､%/2Ξ≪μ
2

≫-<y≫‘,

3>-3<μ2≫<μ≫+2<!/≫3,(A,8)

<J2μ≫-2<J!/≫<J≫+2<J≫2<μ≫-<£2≫<y≫,
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(AjO)

(Aj1)

(<J≫,<μ>)shows　the　center　of　the　image.

　　The/oμ/'and�&&parameters　are　denned　as　the　second　moments　along　the　long　axis　and

the　short　axis　of　the　e111psedespedjvey

/o4μ

Ojμ

-

―

-

-

VVhen　the　distance　vedor､　Z)js　dehned　as､

D -

-

the&μancq)arameter　is　explessed　as,

&μancc

‘7y+Jy+J

　　　2

(7J2+(7/‾
-

4ゞ

4､y

(4-<j>,‰-<μ≫)

=｢DI=

(Aj2)

(Aj3)

(Aj4)

(Aj5)(4-<j≫)2+‰-<μ≫)2

Hered4,μs)is　the　Position　of　theassunledsourcein　the　held　of　view　(Figure　A↓(b)).

　　Using　the　m4s　parameter,　which　is　the　distance　from　theassurned　sourde　position　to　the

long　axisμhe　a/μ4a　Parameter　can　be　denned　(Figure　Ay1-(b))･

nMss
-

-

la4+&-x/sl

　JTT
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　･-1　　　･?UZSS

　　　　　　　　　　　　　　　　　　　　　a/μ/la　tz　sln　G---)
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　JMMncc

A　unit　vedor,　u,　along　the　long　axiscandehned　as　(Figure　Aj'(c))､

u=(√⊇〕{sign(m)V≒({)

(Aj6)

(Aj7)

(Aj8)
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Using　the　u　vedorμhe　asymmetry　vector,　Ajs　denned　(Figure　Ay㈲))

4
-

- -J41£

94

(Aj9)

Here(7A　is　the　third　moment　along　the　long　axis　(y　axis　in　FigureAj,(c)y　xvhen　the　posmon

of　the　dh　PMT　in　the　y　coordinate　is　expressed　as　O(y),cy{Ds　denned　as,

{≡
ΣyO‰<J4≫')3

　　　Σy
(A,20)

lf　the　angle　between　the　J-axis　and　the　jAaxis　is　denned　as　4(Figure　A↓(c))､{can　be

rewritten　to　be､

{　=　Q3　cos3　(β+3G4cos‰)sin　4+My　cos　Oi112　j　+%3　sin3　0　　　(A.21)

After　aH,　the　asymmdrμparameter　is　defined　as､

aOmmdrμ　=　sign(Å‘D)
‰|

-

/cnμ/1
(A.22)

Using　the　largest　and　second　largest　x　(Sl　and　S2),the　o″d″/゛μ゜″P“･1゛setel　is　dehned

concc�r�φn. -

-

SI+S2
-

Σy
(A.23)
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Figure　Aj:　Parameters　used　in　obtajning　the　imaF　μammdcM.　a)The　major　ax-is　of　the　8hoM/e｢
image　is　expressed　as　y　=a･+&｡The　position　and　the　intensity　of　the　signal　in　the　dh　P　MT　are

delned　as　(4､yi,y),b)The　dennitions　of　the　distance　vector,　the　a/μ/za　parameter　and　the　m4s
parameter,　These　orknla/jon　pammdcrs　dePend　on　the　position　of　the　assumed　source　in　the　held　of

view,(4,μs).c)The　definitio･ns　of　the　y　axis　and　the　unit　vedor　along　the　axis,　d)The　dehnjtion
of　the　asymmetry　vector,　lt　shows　the　3rd　moment　of　the　intensity　jong　the　y　axis　and　direds　to

the　true　source.
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