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PerÐlhyh

H aktinobolÐa pou par�getai apì hlektrìnia sto pl�sma exaitÐac thc kÐnhshc pou
prokaleÐ se aut� magnhtikì pedÐo odhgeÐ se perÐplokec , mh analutikèc sqèseic kai
gia autì apoteleÐ kl�do o opoÐoc qrhsimopoieÐ idiaÐtera upologistikèc kai arijmhti-
kèc mejìdouc. Skopìc thc ergasÐac aut c eÐnai h melèth thc aktinobolÐac synchro-

tron kai gyrosynchrotron se di�forec peript¸seic kai efarmogèc. Arqik� melet�me
thn fasmatik  katanom  thc aktinobolÐac pou prokÔptei apì di�forec sunart seic
katanom c thc enèrgeiac twn hlektronÐwn kai pwc epidroÔn oi di�forec metablhtèc
thc k�je katanom c sthn prokÔptousa morf  tou f�smatoc. K�ti tètoio mporeÐ na
mac bohj sei na ermhneÔsoume ta parathroÔmena f�smata apì radiothleskìpia kai
na katal xoume sto mègejoc twn tim¸n diafìrwn fusik¸n megej¸n pou aforoÔn
ton  lio. EpÐshc gÐnetai prosp�jeia upologismoÔ thc aktinobolÐac apì trisdi�stath
perioq  kai optikopoÐhsh twn apotelesm�twn, qrhsimopoi¸ntac timèc magnhtikoÔ pe-
dÐou pou prokÔptoun apì epexergasÐa magnhtogramm�twn kai epomènwc perièqoun thn
poluplokìthta pou autì parousi�zei. KleÐnontac gÐnetai mètrhsh thc fraktalik c
di�stashc tou pedÐou aktinobolÐac pou prokÔptei.



Kef�laio 1

EISAGWGH

H paragìmenh aktinobolÐa sto pl�sma apì hlektrìnia pou kinoÔntai upì thn
epÐdrash magnhtikoÔ pedÐou apoteleÐ èna sun jh mhqanismì paragwg c aktinobolÐac
pou apasqoleÐ thn astrofusik  ,thn radioastronomÐa kai th jermopurhnik  fusik .
H aktinobolÐa gyrosynchrotron eÐnai h hlektromagnhtik  aktinobolÐa pou ekpèmpetai
apì mèshc enèrgeia sqetikistik� hlektrìnia pou kinoÔntai mèsa se magnhtikì pedÐo
en¸ o ìroc aktinobolÐa synchrotron qrhsimopoieÐtai gia na perigr�yei thn aktinobolÐ-
a pou ekpèmpoun uyhl c enèrgeiac sqetikistik� hlektrìnia. H jewrÐa thc ekpomp c
kai aporrìfhshc aktinobolÐac synchrotron tìso sto kenì ìso kai sto pl�sma èqei
melethjeÐ arket� kai apì polloÔc sugrafeÐc p.q Ginzburg kai Syrovatskii (1969) kai
pisteÔete pwc exhgeÐ ikanopoihtik� thn parathroÔmenh ekpomp  sthn perioq  twn ra-
diokum�twn apì mia poikilÐa kosmik¸n phg¸n. H jewrÐa thc aktinobolÐac synchrotron

ìmwc den eÐnai �mmesa efarmìsimh sthn perÐptwsh sqetikistik¸n hlektronÐwn mèshc
enèrgeiac se perioqèc ìpou up�rqoun isqurèc timèc magnhtikoÔ pedÐou kai se perioqèc
pou ta pl�sma eÐnai puknì. Se tètoiec perioqèc oi kuklotronikèc suqnìthtec pou
prokÔptoun gia ta hlektrìnia eÐnai meg�lec kai sugkrÐsimec se tim  megèjouc me tic
parathroÔmenec radiosuqnìthtec , h di�dosh twn hlektromagnhtik¸n kum�twn eÐnai
anisotropik  kai up�rqoun perissìteroi apì ènac trìpoi di�doshc thc aktinobolÐac.
AutoÔ tou eÐdouc h aktinobolÐa jewreÐtai upeÔjunh gia thn ekpomp  sthn perioq 
twn radiokum�twn apì meg�la solar flare ìpwc kai gia thn ekpomp  pou par�getai
apì thn atmìsfaira orismènwn asteri¸n kai planht¸n. Gia autoÔc touc lìgouc eÐnai
aparaÐthto na melet soume kai na katal�boume to f�sma thc aktinobolÐac gyrosy-

nchrotron kaj¸c kai th jewrÐa ekpomp c kai aporrìfhshc thc apì magnhtik� energì
pl�sma.

H jewrÐa thc ekpomp c aktinobolÐac gyrosynchrotron gia èna hlektrìnio se ku-
klik  troqi� sto kenì melet jhke gia pr¸th for� apì ton Schott (1912). Th jewrÐa
aut  melèthsan sth sunèqeia kai epèkteinan oi Schwinger (1949), Takakura (1960a)

kai oi Landau kai Lifshitz (1962) en¸ o Takakura (1960b) epèkteine th jewrÐa gia
elikoeid  troqi� tou hlektronÐou. To genikì prìblhma thc ekpomp c apì forti-
smèna swm�tia se pl�sma epÐshc melet jhke apì arketoÔc sugrafeÐc Twiss (1958),

Eidman (1958), Liemohn (1965), Mansfield (1967). Oi parap�nw melètec èdwsan

1



ekfr�seic gia thn fasmatik  kai gwniak  katanom  thc aktinobolÐac gia èna sug-
kekrimèno trìpo di�doshc gia hlektrìnio sugkekrimènhc enèrgeiac. Jewr¸ntac thn
eidik  perÐptwsh enìc omogenoÔc kai isìtropou mèsou di�doshc o Ramaty (1968)

upolìgise mia èkfrash gia ton upologismì tou sunolikoÔ f�smatoc thc aktinobo-
lÐac oloklhr¸nontac wc proc ìlec tic gwnÐec ekpomp c gia hlektrìnia se kuklik 
troqi�.

Me arijmhtik  melèth tou f�smatoc pou proèkuye èdeixe pwc o par�gontac Lo-

rentz gia to hlektrìnio pou aktinoboleÐ eÐnai mikrìteroc apì to phlÐko thc suqnìth-
tac pl�smatoc proc thn kuklotronik  suqnìthta me apotèlesma h aktinobolÐa stic
qamhlèc suqnìthtec na periorÐzetai èntona. To parap�nw fainìmeno eÐnai gnwstì
ìti emfanÐzetai kai sthn aktinobolÐa synchrotron kai anafèretai wc fainìmeno Razin.
Mia sunèpeia tou eÐnai pwc o deÐkthc di�jlashc tou pl�smatoc eÐnai mikrìteroc apì
th mon�da.

O sunolikìc formalismìc pou afor� thn ekpomp  aktinobolÐac gyrosynchrotron

apì omogeneÐc phgèc proerqìmenh apì hlektrìnia pou akoloujoÔn mia sugkekrimènh
energeiak  katanom  kai kinoÔntai se elikoeid  troqi� anaptÔqjhke apì ton Ramaty

(1969) basizìmenh sthn ergasÐa tou Liemohn (1965). O formalismìc autìc dia-
threÐtai wc kai s mera ìpwc ìmwc diorj¸jhke apì touc Trulsen kai Fejer (1970) oi
opoÐoi entìpisan l�joc stic sqèseic ekpomp c kai aporrìfhshc tou Liemohn kai
kat' epèktash kai stic sqèseic tic opoÐec ex gage o Ramaty.

Oi sqèseic stic opoÐec katèlhxe o Ramaty eÐnai idaÐtera polÔplokec kai o kalÔte-
roc trìpoc antimet¸pishc touc eÐnai arijmhtikìc kai kat� epèktash upologistikìc.
Proseggistikèc sqèseic gia ton parap�nw formalismì èqoun protajeÐ apì di�fo-
rouc sugrafeÐc ìpwc p.q oi Dulk kai Marsh (1982) kai o Vahe Petrosian (1981),
oi opoÐec ìmwc isqÔoun gia sugkekrimènh perioq  energei¸n twn hlektronÐwn , gia
sukekrimènec sunart seic katanom c kai den lamb�noun upìyh touc ìlec tic armo-
nikèc me apotèlesma pollèc forèc kai se di�forec fusikèc efarmogèc oi armonikèc
pou lamb�nontai upìyh na mhn èqoun shmantik  suneisfor� sto fainìmeno.

Kaj¸c oi parathr seic apì ton  lio gÐnontan oloèna kai me uyhlìterhc diakriti-
k c ikanìthtac ìrgana , nèa dedomèna proèkuptan. H basik  sun�rthsh katanom c
twn uyhl c sqetikistik� enèrgeiac hlektronÐwn pou par�goun thn aktinobolÐa sy-

nchrotron eÐnai h sun�rthsh nìmou dÔnamhc (power-law) h opoÐa melet jhke p�ra
polÔ. Parathr seic ìmwc apì radiothleskìpia ìpwc to OVRO - (Owens Valley

Radio Observatory), to WSRT - (Westbork Synthesis Radio Telescope)   to VLA

- (Very Large Array) èdeixan thn Ôparxh kai jermikoÔ mèrouc sthn katanom  twn
hlektronÐwn.

H katanom  Maxwell twn energei¸n twn hlektronÐwn eÐqe melethjeÐ apì tic pr¸-
tec kiìlac ergasÐec all� oi nèec parathr seic èdeiqnan pwc apaiteÐtai h qr sh miac
ubridik c sun�rthshc katanom c pou na apoteleÐtai tìso apì jermikì ìso kai apì mh
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jermikì mèroc. Ubridikèc sunart seic katanom c prot�jhkan kai melet jhkan apì
arketoÔc sugrafeÐc ìpwc Emslie kai Vlahos (1980), Mok (1983), Benka kai Holman

(1991).
'Alla jèmata ta opoÐa parousi�zoun plèon endiafèron sth melèth thc aktinobolÐ-

ac eÐnai h epÐdrash energeiakoÔ katwflÐou kaj¸c kai an¸tatou orÐou stic enèrgeiec
twn hlektronÐwn kai pwc autì epidr� sthn parathroÔmenh katagraf  thc aktinobo-
lÐac ìpwc Holman (2002). EpÐshc oi parathr seic èdeixan pwc h hliak  atmìsfaira
parousi�zei meg�lh anomoiogèneia kai se aut n emfanÐzontai magnhtik� pedÐa perÐ-
plokhc dom c. H èntash tou magnhtikoÔ pedÐou kai h puknìthta eÐnai metablhtèc
apì perioq  se perioq  kai gÐnontai arijmhtikoÐ upologismoÐ p�nw se tètoia upo-
logistik� montèla. En¸ tèloc gÐnetai prosp�jeia apì to sÔnolo twn ereunht¸n
na prosomoiwjeÐ h parathroÔmenh ekpomp  aktinobolÐac apì èna solar flare sthn
upologistik� metroÔmenh.

Sthn ergasÐa aut  ja melet soume ta paragìmena f�smata thc aktinobolÐac sy-

nchrotron gia di�forec sunart seic thc energeiak c katanom c twn hlektronÐwn .
Eidikìtera ja asqol joÔme kai ja melet soume to paragìmeno f�sma apì ubridik 
sun�rthsh katanom c kai ja k�noume efarmog  thc ston upologismì thc aktinoblÐac
pou par�getai apì trisdi�stath anakataskeu  magnhtikoÔ pedÐou apì magnhtogr�m-
mata pou paÐrnoume apì ton  lio kai kleÐnontac ja metr soume kai ja sugkrÐnoume
th fraktalik  di�stash tou magnhtikoÔ pedÐou kai tou pedÐou aktinobolÐac.
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Kef�laio 2

JEWRHTIKH EISAGWGH

2.1 Qamiltonian  Mèjodoc
Parak�tw antimetwpÐzete to prìblhma thc ekpomp c thc aktinobolÐac apì for-

tismèno s¸matio me th Qamiltonian  mèjodo. O trìpoc autìc anaptÔqjhke apì ton
Kolomenskii kai eÐnai mia genÐkeush thc mejìdou pou eis gage o Heitler. To ìnoma
thc mejìdou prokÔptei epeid  oi suntelestèc sto an�ptugma se idiokÔmata gia to
dianusmatikì dunamikì thc aktinobolÐac eÐnai oi kanonikèc metablhtèc thc Qamilto-
nian c tou sust matoc.

H Qamiltonian  mèjodoc gia ton upologismì thc enèrgeiac pou aktinoboleÐ èna
fortismèno swm�tio perigr�fetai parak�tw. K�je omogenèc mèso pou parousi�zei
diaspor� kai eÐnai anisìtropo ìson afor� thn hlektromagnhtik  sumperifor� tou
qarakthrÐzetai apì èna migadikì dihlektrikì tanust  ε(ω, θ, φ) , ìpou w h gwniak 
suqnìthta di�doshc kai θ kai φ eÐnai h polik  kai azimoujiak  gwnÐa metrhmènec wc
proc mia dieÔjunsh anafor�c. Gia thn an�lush pou ja akolouj sei eÐnai aparaÐthto
na jewr soume pwc o parap�nw tanust c eÐnai ermitianìc dhlad :

ε = ε∗ (2.1)

ìpou o asterÐskoc dhl¸nei ton migadikì suzug  kai an�strofo. EpÐshc ja jew-
r soume pwc h magnhtik  diaperatìthta tou mèsou m eÐnai Ðdia me aut  tou kenoÔ
q¸rou.

'Ena fortismèno swm�tio pou kineÐtai se èna tètoio mèso aktinoboleÐ enèrgeia
me morf  hlektromagnhtik c aktinobolÐac ìtan epitaqÔnetai   ìtan h taqÔthta me
thn opoi� kineÐtai eÐnai megalÔterh apì thn taqÔthta f�shc pou antistoiqeÐ sto
mèso di�doshc. To hlektrikì kai magnhtikì pedÐo pou par�gontai apì swm�tio me
hlektrikì fortÐo e, troqi� pou perigr�fetai me di�nusma jèshc ~re kai taqÔthta ~v

perigr�fontai apì tic exis¸seic tou Maxwell se mon�dec tou sust matoc c.g.s:

∇× ~H − ~̇D/c = 4π(e/c)~v · δ(~r − ~re) (2.2)

∇× ~E + ~̇B/c = 0 (2.3)
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∇ · ~D = 4πe · δ(~r − ~re) (2.4)

~D = ε ~E , ~B = ~H (2.5)

ìpou δ eÐnai h sun�rthsh dèlta tou Dirac kai h teleÐa sumbolÐzei thn par�gwgish wc
proc to qrìno ∂/∂t.

GnwrÐzoume pwc gia thn melèth tou probl matoc mporoÔme na eis�goume th qr sh
twn hlektromagnhtik¸n dunamik¸n , ~A kai Φ pou ikanopoioÔn tic sqèseic :

~E = −∇Φ− ~A/c (2.6)

~B = ∇× ~A (2.7)

Sundi�zontac tic parap�nw sqèseic autèc katal goun sthn morf :

∇× (∇× ~A) + ε∇Φ/c + ε ~̈A/c2 = 4π(e/c)~v · δ(~r − ~re) (2.8)

−∇ε∇Φ−∇ε ~̇A/c = 4πe · δ(~r − ~re) (2.9)

AfoÔ ta dunamik� aut� den eÐnai monos manta orismèna mporoÔme na efarmìsoume
mia bajmÐda Coulomb pou orÐzetai :

∇ε ~A = 0 (2.10)

sth bajmÐda aut  ,Φ eÐnai to statikì dunamikì tou fortÐou kai to statikì pedÐo
pou prokÔptei apì autì eÐnai ~Dst = ε∇Φ. MporeÐ na deqteÐ ìti to hlektrikì kai
magnhtikì pedÐo aktinobolÐac ~Eem kai ~Bem prokÔptoun apì to dianusmatikì dunamikì
kai mìno ~A.

Gia na ekfr�soume tic parap�nw exis¸seic se kanonik  morf  eÐnai aparaÐthto
na jewr soume mìno to mèroc tou pedÐou pou brÐsketai se mia arkoÔntwc meg�lh
all� peperasmènh perioq  ìgkou V = L3, ìpou L >> tou qarakthristikoÔ m kouc
kÔmatoc. Mèsa ston ìgko autì mporoÔme na gr�youme ta dunamik� san upèrjesh
twn idiosunart sewn ~Aλ kai Φλ.

~A =
∑

λ

qλ(t) ~Aλ(~r) (2.11)

Φ =
∑

λ

qoλ(t)Φλ(~r) (2.12)

ìpou qλ kai qoλ eÐnai oi suntelestèc twn anaptugm�twn. Oi idiosunart seic prèpei
na ikanopoioÔn tic sunoriakèc sunj kec ,

~Aλ,∇ ~Aλ, Φλ,∇Φλ (2.13)
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periodik� p�nw sthn epif�neia σ pou perikleÐei ton ìgko V , kai na isqÔoun oi omo-
geneÐc kumatikèc exis¸seic

∇× (∇× ~Aλ)− ω2
λε

~Aλ/c
2 = 0 (2.14)

∇2(∇Φλ) + ω2
oλε∇Φλ/c

2 = 0 (2.15)

ìpou ω2
λ kai ω2

oλ eÐnai pragmatikèc stajerèc. AfoÔ h apìklish tou strobilismoÔ
eÐnai p�nta mhdèn oi idiosunart seic ~Aλ pou ikanopoioÔn tic parap�nw exis¸seic
ikanopoioÔn kai th bajmÐda Coulomb.

Oi sunart seic ~Aλ prèpei na eÐnai orjog¸niec me sun�rthsh b�rouc ε. Qrhsimo-
poi¸ntac tic parap�nw omogeneÐc kumatikèc exis¸seic ,tic periodikèc sunj kec pou
orÐsame , to je¸rhma thc apìklishc kai to gegonìc ìti o tanust c ε eÐnai ermitianìc
èqoume:

(ω2
λ − ω2

µ)

∫
dV ~A∗

µε
~Aλ = c2

∫
dV [ ~Aλ∇×∇× ~A∗

µ − ~A∗
µ∇×∇× ~Aλ] =

c2

∫
dV ∇[ ~A∗

µ ×∇× ~Aλ − ~A∗
λ ×∇× ~Aµ] = 0 , (λ 6= µ) (2.16)

'Omoia ergazìmaste kai gia na deÐxoume pwc eÐnai orjog¸niec oi sunart seic ∇Φλ

me sun�rthsh b�rouc ε. Gia thn kanonikopoÐhsh twn idiosunart sewn epilègoume tic
sunj kec: ∫

dV ~A∗
µε ~Aλ = 4πc2δλµ

∫
dV ∇Φ∗

µε∇Φλ = 4πc2δλµ (2.17)

H orjogwniìthta twn sunart sewn ~Aλ kai ∇Φµ gia k�je l,m me sun�rthsh b�rouc
ε mporeÐ na apodeiqjeÐ me th bo jeia thc dianusmatik c tautìthtac

∫
dV [~b · ∇ × (∇× ~a)−∇×~b · ∇ × ~a] = −

∫
d~σ · (~b×∇× ~a). (2.18)

Jètwntac ~a = ~Aλ kai ~b = ∇Φ∗
λ to epifaneiakì olokl rwma mhdenÐzetai me th bo jeia

thc sunoriak c sunj khc kai o teleutaÐoc ìroc tou oloklhr¸matoc ìgkou mhdenÐze-
tai me th bo jeia thc kumatik c exÐswshc

∫
dV ~A∗

λε∇Φµ = [

∫
dV ~Aλε∇Φ∗

µ]∗ = 0. (2.19)

Ta anaptÔgmata twn ~A kai Φ epitrèpoun tic exis¸seic (2.9) kai (2.10) na katal -
xoun apl¸c se basikèc exis¸seic twn qλ kai qoλ. 'Ean h sqèsh (2.9) pollaplasiasteÐ
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me ~A∗
µ kai oloklhr¸nontac se ìlo ton ìgko V kai k�nontac qr sh twn sqèsewn orjo-

gwniìthtac pou apodeÐqthkan parap�nw katal goume se exis¸seic aploÔ armonikoÔ
talantwt  gia k�je qµ

q̈µ + ω2
µqµ = (e/c)~v ~A∗

µ(~re) (2.20)

To deÔtero mèroc thc parap�nw exÐswshc paÐzei to rìlo dÔnamh diègershc thc ta-
l�ntwshc kai exart�tai apì to dihlektrikì tanust  afoÔ to ~A∗

µ prèpei na ikanopoieÐ
th sqèsh (2.14) en¸ exart�tai kai apì to qrìno mèsa apì th qronik  ex�rthsh twn
~re kai ~v. 'Omoia pollaplasi�zoume thn (2.9) kai (2.10) me ∇Φ∗

µ kai oloklhr¸nontac
se ìlo ton ìgko V paÐrnoume

cq̇oµ = (e/c)~v · ∇Φ∗
µ(~re) (2.21′)

c2qoµ = eΦ∗
µ(~re) (2.21)

antÐstoiqa. Kaj¸c h ~re exart�tai apì to qrìno ∂Φ∗
µ(~re)/∂t = ~v∇Φ∗

µ(~re) kai gia
autì h (2.21') eÐnai peritt  kaj¸c prokÔptei apì thn parag¸gish thc (2.21). Epo-
mènwc thn pl rh lÔsh gia to statikì kai hlektromagnhtikì pedÐo mporoÔme na thn
p�roume lÔnwntac tic (2.20) kai (2.21) me to kat�llhlo sÔnolo ~Aµ kai Φµ gia to
mèso. Epeid  ta ~A kai Φ orÐzontai apì mh suzeugmèno sÔsthma exis¸sewn , to hle-
ktrikì kai magnhtikì pedÐo pou perigr�foun eÐnai epÐshc asÔzeukta. Sugkekrimèna
to hlektromagnhtikì pedÐo mporeÐ na lhfjeÐ apì to dianusmatikì dunamikì sÔmfwna
me tic sqèseic (2.7) kai (2.8),

~Eem = − ~̇A/c , ~Bem = ∇× ~A (2.22)

Gia thn efarmog  pou mac endiafèrei qreiazìmaste thn enèrgeia tou pedÐou akti-
nobolÐac pou dÐnetai apì th genik  sqèsh

W =
1

4π

∫
dt′

∫
dV ( ~E∗

em
~Dem + ~̇B∗

em
~Hem) (2.23)

O ìroc thc magnhtik c enèrgeiac aplopoieÐtai me th bo jeia thc (2.18). Jètwntac
~a = ~Aλ kai ~b = ~Aµ

λ kai jumÐzontac pwc to epifaneiakì olokl rwma mhdenÐzetai apì
tic sunoriakèc sunj kec , kai k�nontac qr sh thc (2.14) brÐskoume ìti

∫
dV∇× ~A∗

µ · ∇ × ~Aλ = (ω2
λ/c

2)

∫
dV ~A∗

µε ~Aλ (2.24)

Qrhsimopoi¸ntac th sqèsh kanonikopoÐhshc (2.17) h (2.23) gÐnetai

W (t) =

∫
dt′

∑
µ

q̇∗q̈ + ω2
µq̇
∗
µqµ =

1

2

∑
µ

q̇∗µq̇µ + ω2
µq
∗
µqµ =

∑
µ

wµ (2.25)
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H parap�nw èkfrash eÐnai ìmoia me th qamiltonian  sust matoc armonik¸n talan-
twt¸n.

H pìlwsh twn hlektromagnhtik¸n kum�twn mporeÐ na p�rei dÔo pijanèc dieujÔn-
seic pou antistoiqoÔn stic dÔo dunatèc dieujÔnseic di�doshc twn kum�twn sto mèso.
Stic pio p�nw exis¸seic oi dÔo autoÐ deÐktec mporoÔn na shmeiwjoÔn eÐte me λ   (µ).
Parak�tw ja asqolhjoÔme mìno me èna trìpo pìlwshc kai argìtera ja epilèxoume
èna sugkekrimèno trìpo sumbolismoÔ twn dÔo aut¸n trìpwn.

Gia na upologÐsoume to �jroisma sth sqèsh (2.25) eÐnai aparaÐthto na upojè-
soume mia sugkekrimènh morf  twn idiodianusm�twn ~Aµ pou ikanopoioÔn tic sqèseic
(2.13)(2.14)kai (2.17). Ed¸ epilègontai na eÐnai thc morf c

~Aµ =
√

4πc(~aµ/nµL
3/2) exp [−i ~kµ~r] (2.26)

ìpou ~aµ eÐnai to di�nusma pìlwshc , nµ eÐnai o deÐkthc di�jlashc kai kµ to kumat�-
nusma. H orjogwniìthta twn ~Aµ ston ìgko V epib�llei kai thn orjogwniìthta twn
sunistws¸n tou ~kµ pou dÐnontai apì thn kµη = 2πµη/L ìpou µη eÐnai akèraioi kai
η = x, y, z. Oi sunist¸sec twn aµ kai ηµ kajorÐzontai apì tic (2.14) kai (2.17) pou
katal goun stic

(c2/ω2
µ)[k2

µ~aµ − ~kµ(~kµ~aµ)] = ε~aµ (2.27)

~a∗µ · ε · ~aµ = n2
µ (2.28)

AfoÔ to m koc kÔmatoc eÐnai mikrì se sqèsh me to L (L →∞) , o k-q¸roc eÐnai
proseggistik� suneq c kai o m-q¸roc mporeÐ na parastajeÐ me suneqeÐc sfairikèc
suntetagmènec µ, θ, φ qwrÐc ap¸leia thc genikìthtac. EpÐshc ex orismoÔ ωn/c =

k = 2πµ/L ètsi ¸ste h suqnìthta ω na mporeÐ na qrhsimopoihjeÐ san anex�rthth
metablht .

O arijmìc twn talantwt¸n ston ìgko V pou aktinoboloÔn se stere� gwnÐa
dΩ = sin θdθdφ kai sto di�sthma suqnot twn ω kai ω + dω gia èna sugkekrimèno
trìpo pìlwshc dÐnetai apì th sqèsh

V d3µ = µ2dµdΩV =
ω2n3L3

(2πc)3
dω dΩV = ρdω dΩV (2.29)

ìpou ρ(ω, θ, φ) eÐnai h sun�rthsh puknìthtac thc aktinobolÐac.
Me mia suneq  metablht  µ h diakrit  �jroish gÐnetai olokl rwsh se ìlo ton

ìgko wc proc th suneq  metablht  w. To apeirostì posì enèrgeiac tou pedÐou
aktinobolÐac dÐnetai apì th sqèsh

d3W = wρdωdΩ (2.30)

ìpou w(ω, θ, φ, t) eÐnai h enèrgeia exanagkasmènou talantwt  se dωdΩ.
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2.2 Ekpomp  aktinobolÐac
H jewrÐa pou paratÐjetai anaptÔqjhke apì ton Liemohn (1965) arqik� all�

perieÐqe èna l�joc pou diìrjwsan argìtera me ergasÐa touc oi Trulsen kai Fejer to
1970. Sthn ergasÐa touc ex gagan tic swstèc sqèseic qrhsimopoi¸ntac tanustik 
an�lush kai deÐqnontac pwc to l�joc tou Liemohn  tan ìti èlabe upìyh tou tic
parag¸gouc tou dihlektrikoÔ tanust  prokeimènou na melethjeÐ kai h diaspor� tou
mèsou. Me je¸rhma pou apodeiknÔoun sthn ergasÐa touc ìmwc oi Trulsen kai Fejer

èdeixan ìti k�ti tètoio den apaiteÐtai an kai sth dik  touc apìdeixh meletoÔn thn
diaspor� tou mèsou. Parak�tw ja qrhsimopoi soume thn prosèggish tou Liemohn

sÔmfwna ìmwc me thn diìrjwsh twn Trulsen kai Fejer gia na ft�soume sto telikì
swstì apotèlesma.

ja anaptÔxoume tic exis¸seic pou aforoÔn thn ekpomp  tou fortismènou swma-
tÐou mèsa se magnhto - ionismèno mèso pou apoteleÐtai apì èna stajerì qronik� kai
omogenèc magnhtikì pedÐo kai èna omogenèc hlektrik� oudètero pl�sma. 'Ena tètoio
mèso parousi�zei diaspor� kai anisotropÐa wc proc th dieÔjunsh tou magnhtikoÔ
pedÐou.

To sÔsthma suntetagmènwn eÐnai ètsi topojethmèno ¸ste o �xonac z na sumpÐ-
ptei me thn kateÔjunsh tou magnhtikoÔ pedÐou ~B. 'Ean oi sugkroÔseic paralhfjoÔn
h troqi� enìc relatibistikoÔ hlektronÐou mèsa sto statikì magnhtikì pedÐo apo-
teleÐtai apì mia kuklik  kÐnhsh gÔrw apì th dieÔjunsh tou magnhtikoÔ pedÐou kai
mia kÐnhsh kata m koc aut c thc dieÔjunshc ìpwc faÐnetai sto parak�tw sq ma.
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Epomènwc h jèsh ~re kai h taqÔthta ~v tou hlektronÐou wc proc touc �xonec x y z

antÐstoiqa tou sÔsthmatoc suntetagmènwn ja dÐnontai apì tic exis¸seic

γr1 cos γ−1ωBt γr1 sin γ−1ωBt u2t, (2.31)

−u1 sin γ−1ωBt u1 cos γ−1ωBt u2, (2.32)

ìpou oi deÐktec 1 kai 2 anafèrontai stic dÔo sunist¸sec stic opoÐec analÔetai h
taqÔthta dhlad  antÐstoiqa sthn k�jeth kai sthn par�llhlh me thn dieÔjunsh tou
magnhtikoÔ pedÐou en¸ èqoun lhfjeÐ upìyh kai oi sqetikistikèc diorj¸seic stouc
tÔpouc. EpÐshc emfanÐzetai h mh sqetikistik  kuklotronik  suqnìthta   gyrofre-

quency pou sqetÐzetai me to mètro thc èntashc tou magnhtikoÔ pedÐou me th sqèsh
ωB = eB/mc kaj¸c kai h mh sqetikistik  aktÐna r1 = u1/ωB. Tèloc o sqetikistikìc
par�gontac g orÐzetai apì tic sqèseic

γ = (1− β2)−1/2, β2 = (u2
1 + u2

2)/c
2 (2.33)

To di�nusma di�doshc tou kÔmatoc ~k sqhmatÐzei gwnÐa θ wc proc thn kateÔjunsh
pou èqei to di�nusma thc èntashc tou magnhtikoÔ pedÐou kai lìgw azimoujiak c
summetrÐac tÐjetai tuqaÐa sto yz epÐpedo.

Gia to di�nusma ~k isqÔei

~k = kk̂ = k sin θŷ + k cos θẑ (2.34)

ìpou k̂, ŷ, ẑ eÐnai monadiaÐa dianÔsmata. Oi sunist¸sec tou hlektromagnhtikoÔ pedÐou
lamb�nontai wc proc orjog¸niouc �xonec x̂, θ̂, k̂ ìpwc faÐnontai sto parap�nw sq ma.

O dihlektrikìc tanust c gia èna magnhtì-ionismèno mèso mporeÐ na èqei di�forec
morfèc an�loga me to poièc idiìthtec tou pl�smatoc eÐnai shmantikèc. H jermik 
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kÐnhsh ,oi sugkroÔseic, h iontik  kÐnhsh all�zoun th morf  tou dihlektrikoÔ tanu-
st . AxioshmeÐwto eÐnai pwc o telest c eÐnai ermitianìc gia jermik  kÐnhsh   iontik 
kÐnhsh all� den eÐnai ermitianìc ìtan oi sugkroÔseic lamb�nontai upìyh.

H pìlwsh tou hlektrikoÔ dianÔsmatoc tou pedÐou kai o deÐkthc di�jlashc tou
mèsou prokÔptoun apì tic sunist¸sec tou dihlektrikoÔ tanust . SÔmfwna me to
parap�nw sq ma oi suntelestèc pìlwshc dÐnontai apì tic sqèseic

Eθ/Ex = iαθ(ω, θ) Ek/Ex = iαk(ω, θ) (2.35)

en¸ o deÐkthc di�jlashc dhl¸netai apì th sun�rthsh n(ω, θ) ìpou oi suntelestèc
pìlwshc αθ kai αk mporoÔn na eÐnai migadikoÐ all� o deÐkthc di�jlashc prèpei na
eÐnai pragmatikìc sthn parak�tw lÔsh.

Oi suntelestèc tou ~α kai tou n sto mèso perigr�fontai apì tic sqèseic (2.27)
kai (2.28) gia mia sugkekrimènh morf  tou dihlektrikoÔ tanust  ε. AfoÔ to hle-
ktrikì pedÐo tou kÔmatoc prèpei na ikanopoieÐ thn kumatik  exÐswsh kai to mètro
tou dianÔsmatoc ~E prèpei na ikanopoieÐ th (2.27). AfoÔ h epÐlush twn tess�rwn
algebrik¸n exis¸sewn gÐnetai èmmesa me th je¸rhsh ~α = κ~E/Ex. H stajer� thc
analogÐac eÔkola mporeÐ na deiqteÐ ìti eÐnai

κ = (1 + |Eθ/Ex|2)−1/2 = (1 + α2
θ)
−1/2. (2.36)

Epomènwc oi suntelestèc tou ~α se kartesianèc suntetagmènec tou hlektronÐou dÐ-
nontai apì tic sqèseic

ax = κ ay = iκαy az = iκαz (2.37)

ìpou

αy = αθ cos θ + αk sin θ

αz = αk cos θ − αθ sin θ (2.38)

Me tic prohgoÔmenec ekfr�seic pou dìjhkan gia ta ~A, ~re, ~v, ~k kai ~a pou dìjh-
kan apì tic sqèseic (2.26) ,(2.31) ,(2.32) ,(2.34) ,(2.37) antÐstoiqa , h dÔnamh pou
exanagk�zei thn tal�ntwsh thc sqèshc (2.20) gÐnetai

(e/c)~v · ~A∗ = −
√

4πieκ

nL3/2
(−iu1 sin γ−1ωBt + αyu1 cos γ−1ωBt + αzu2)

exp(+ik sin θ γr1 sin γ−1ωBt + ik cos θ u2t) (2.39)
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H parap�nw èkfrash mporeÐ na aplopoihjeÐ me th bo jeia tou anaptÔgmatoc twn
sunart sewn Bessel

exp(+iX sin φ) =
+∞∑
−∞

Js(X) exp(+isφ) (2.40)

ètsi ¸ste
(αy cos φ− i sin φ) exp(+iX sin φ) =

1

2

+∞∑
−∞

(αyJs+1 + αyJs−1 + Js+1 − Js−1) exp(+isφ)

=
+∞∑
−∞

(−J ′s + αysJs/X) exp(+isφ) (2.41)

ìpou o tìnoc dhl¸nei parag¸gish wc proc Q. AfoÔ h sqèsh (2.20) gia exanagka-
smèno armonikì talantwt  èqei thn apl  morf 

q̈ + ω2q =
+∞∑
−∞

Cs exp(+ipst), (2.42)

ìpou
ps(ω, θ) = sωB/γ + u2k cos θ = sωB/γ + β2ωn(ω, θ) cos θ (2.43)

kai
Cs(ω, θ) = −

√
4πiecκ

nL3/2
[−β1J

′
s(X) + (αysβ1/X + αzβ2)Js(X)] , (2.44)

me
X(ω, θ) = γr1k sin θ = γβ1n(ω, θ)(ω/ωB) sin θ (2.45)

kai
β1 = u1/c β2 = u2/c (2.46)

Me arqikèc sunj kec q = q̇ = 0 th qronik  stigm  t = 0 h genik  lÔsh thc (2.42)
eÐnai

q =
+∞∑
−∞

qs =
+∞∑
−∞

Cs

[
exp(ipst)− exp(+iωt)

2ω(ω − ps)
+

exp(ipst)− exp(−iωt)

2ω(ω + ps)

]
(2.47)

To �jroisma twn energei¸n ìlwn twn trìpwn mhdenÐzetai th qronik  stigm  t = 0

kai dÐnetai apì th sqèsh

w =
+∞∑
−∞

1

2
(q̇∗s q̇s + ω2q∗sqs) + ìroi an¸terhc t�xhc =
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+∞∑
−∞

1

2
|Cs|2

[
1− cos(ω − psT )

(ω − ps)2
+

1− cos(ω + psT )

(ω + ps)2

]
+ an¸teroi talantoÔmenoi ìroi

(2.48)
th qronik  stigm  t = T . Sto ìrio T → ∞ h �jroish katal gei sth sun�rthsh
dèlta tou Dirac,

lim
T→∞

1− cos(ω ± psT )

π(ω ± ps)2T
= lim

T→∞
sin(ω ± psT )

π(ω ± ps)
= δ(ω ± ps) (2.49)

H mèsh enèrgeia pou aktinoboleÐtai mèsa se ìgko V apì to hlektrìnio (qwrÐc
suntelest  barÔthtac) dÐnetai apì th sqèsh

lim
T→∞

w/T =
π

2

+∞∑
−∞

|Cs|2 [δ(ω − ps) + δ(ω + ps)] , (2.50)

ìpou oi talantoÔmenoi ìroi fjÐnoun san 1/T . H parap�nw èkfrash mporeÐ na aplo-
poihjeÐ. Me b�sh th sqèsh αθ,k(ω, θ) = −αθ,k(ω, θ + π) pou isqÔei se magnhto
-ionismèno mèso kai qrhsimopoi¸ntac tic idiìthtec twn sunart sewn Bessel mporeÐ na
deiqteÐ ìti Cs(ω, θ) = −C−s(ω, θ + π). 'Etsi gia tic enèrgeiec pou endiafèroun ta
δ(ω− ps kai δ(ω + ps) eÐnai Ðdia kai h aktinobolÐa pou ekpèmpei to hlektrìnio mporeÐ
na dojeÐ

lim
T→∞

ws/T = π |Cs|2 δ(ω − ps), (2.51)

ìpou s = 0,±1,±2, ..... H suqnìthta ω kai h polik  gwnÐa θ thc ekpomp c sqetÐ-
zontai me thn exÐswsh anisìtropik c diaspor�c

β2 cos θs = (ω − sωB/γ)/ωn(ω, θs). (2.52)

H isqÔc thc ekpempìmenhc aktinobolÐac apì èna hlektrìnio se dωdΩ dÐnetai apì
th sqèsh

d3Ps = lim
T→∞

(ws/T )ρdωdΩ s = 0,±1,±2, . . . (2.53)

ìpou o orismìc thc mèshc isqÔoc kai h (2.30) qrhsimopoioÔntai. Gia na gÐnei h
olokl rwsh me th suqnìthta kai th stere� gwnÐa , h dèlta sun�rthsh prèpei na
p�rei th morf 

δ(f(x)) = δ[(x− xs)f
′(xs)] = |f ′(xs)|−1

δ(x− xs), (2.54)

ìpou x = θ   ω kai xs eÐnai ekeÐnh h tim  tou θ   ω gia thn opoÐa ω = ps. Epo-
mènwc me thn puknìthta kai thn Cs na dÐnontai apì tic sqèseic (2.29) kai (2.44), h
isqÔc pou aktinoboleÐtai sto monadiaÐo di�sthma suqnìthtac dν = dω/2π dÐnetai me
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olokl rwsh apì th sqèsh pou ja mac apasqol sei polÔ parak�tw

dPs/dν = (2πe2/cβ2)ω
{
κ2[−β1J

′
s(x) + (αysβ1/X + αzβ2)Js(X)]2

}
(2.55)

H parap�nw exÐswsh upologÐzei thn ekpomp  aktinobolÐac an� mon�da suqnìthtac
kai an� mon�da stere�c gwnÐac gia èna hlektrìnio.
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2.3 Upologismìc suntelest¸n ekpomp c kai aporrìfhshc
JewroÔme èna omogenèc sÔsthma energhtik¸n hlektronÐwn pou kinoÔntai se èna

ìpwc  dh èqoume anafèrei omogenèc , yuqrì kai qwrÐc sugkroÔseic pl�sma hlektro-
nÐwn sto opoÐo efarmìzetai stajerì kai omogenèc magnhtikì pedÐo. E�n h puknìthta
tou hlektronikoÔ pl�smatoc eÐnai polÔ megalÔterh apì aut  twn energhtik¸n hle-
ktronÐwn h di�dosh kum�twn sto sÔsthma autì exart�tai mìno apì th diaperatìthta
tou mèsou.

KÔmata dÔo tÔpwn mporoÔn na diadojoÔn se tètoio mèso . Ta sun jh tÔpou
kÔmata ordinary mode pou apì ed¸ kai sto ex c ta sqetik� me aut� megèjh ja
fèroun to deÐkth + kai mh sun jh tÔpou kÔmata pou apì ed¸ kai sto ta sqetik� me
aut� megèjh ja fèroun to deÐkth - extraordinary mode.

Oi sunist¸sec tou dihlektrikoÔ tanust  gia èna mèso ìpwc autì pou peri-
gr�foume sthn arq  upologÐzontai apì ton Ginzburg to 1964. OrÐzontac wc
F = ω/ωB = ν/νB kai P = ω/ωp = ν/νp èqoume

εxx = 1 + P 2/(1− F 2),

εθθ = 1− P 2(sin2 θ − F 2)/F 2(1− F 2),

εkk = 1− P 2(cos2 θ − F 2)/F 2(1− F 2), (2.56)

εxθ = −εθx = +iP 2 cos θ/F (1− F 2),

εxk = −εkx = +iP 2 sin θ/F (1− F 2),

εθk = −εkθ = +iP 2 cos θ sin θ/F 2(1− F 2),

Me b�sh tic parap�nw sunist¸sec o deÐkthc di�jlashc upologÐzetai apì th sqèsh

n2
± = 1 + 2P 2(P 2 − F 2)/D± (2.57)

me D± na dÐnetai apì th sqèsh

D± = ± [
F 4 sin4 θ + 4F 2(P 2 − F 2)2 cos2 θ

]1/2 − 2F 2(P 2 − F 2)− F 2 sin2 θ. (2.58)

kai gia touc deÐktec pìlwshc èqoume

αθ± = −F cos θ/[F 2 + P 2/(n2
± − 1)] (2.59)

αk± = −(n2
± − 1)F sin θ/(P 2 − F 2). (2.60)

K�nontac tic sqetikèc antikatast�seic kai qrhsimopoi¸ntac th basik  sqèsh
ω = 2πν se k�je perÐptwsh paÐrnoume gia touc deÐktec di�jlashc n± kai touc
suntelestèc pìlwshc aθ± kai ak± san sunart seic thc suqnìthtac n kai thc gwnÐac
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j an�mesa sto kumat�nusma kai to stajerì magnhtikì pedÐo B tic telikèc sqèseic
pou ja qrhsimopoi soume :

n2
±(θ) = 1+

2ν2
p(ν

2
p − ν2)

±[ν4ν4
B sin4 θ + 4ν2ν2

B(ν2
p − ν2)2 cos2 θ]1/2 − 2ν2(ν2

p − ν2)− ν2ν2
B sin2 θ

(2.61)

a2
θ±(ν, θ) = − 2ν(ν2

p − ν2) cos θ

−ν2νB sin2 θ ± [ν4ν4
B sin4 θ + 4ν2(ν2

p − ν2)2 cos2 θ]1/2
, (2.62)

a2
k±(ν, θ) = − ν2

pννB sin θ − aθ±ν2
pν

2
B cos θ sin θ

ν2
p(ν

2
B cos2 θ − ν2)− ν2(ν2

B − ν2)
, (2.63)

stic parap�nw sqèseic sumbolÐzoume me νp th suqnìthta pl�smatoc h opoÐa dÐne-
tai apì th sqèsh νp = e(ne/πm)1/2 ìpou e kai m to fortÐo kai h m�za tou hlektronÐou
en¸ ne eÐnai h puknìthta twn hlektronÐwn, en¸ sumbolÐzoume me νB th kuklotronik 
suqnìthta pou prokaleÐtai apì stajerì magnhtikì pedÐo èntashc B pou dÐnetai apì
th sqèsh νB = eB/2πmc. Oi suntelestèc pìlwshc se sqèsh me tic sunist¸sec tou
dianÔsmatoc tou hlektrikoÔ pedÐou dÐnontai apì tic sqèseic:

iαθ = Eθ/Ex (2.64)

iαk = Ek/Ex (2.65)

ìpou Ex kai Eθ eÐnai oi egk�rsiec sunist¸sec tou dianÔsmatoc thc èntashc tou
hlektrikoÔ pedÐou E thc aktinobolÐac , ìpou Eθ h sunist¸sa pou brÐsketai sto epÐpe-
do orÐzetai apì to di�nusma thc èntashc tou magnhtikoÔ pedÐou B kai to kumat�nusma
k kai Ek eÐnai h sunist¸sa tou E kat� m koc tou kumatanÔsmatoc.

Oi deÐktec di�jlashc èqoun tìso mhdenismoÔc ìso kai apeirismoÔc kai gia timèc
magnhtikoÔ pedÐou di�forec tou mhdenìc up�rqoun suqnìthtec k�tw apì th suqnìth-
ta pl�smatoc νp gia tic opoÐec o deÐkthc di�jlashc kai gia touc dÔo tÔpouc kum�twn
eÐnai pragmatikìc kai megalÔteroc apì th mon�da arijmìc. 'Eqei apodeiqteÐ ìmwc
(Pawsey-Bracewell 1955) ìti gia θ 6= 0 aktinobolÐa suqnìthtac n ja diafÔgei apì
thn phg  radiokum�twn mìno an gia ton ordinary mode ν > νp en¸ gia ton extraor-

dinary mode ja prèpei ν > νx ìpou νx = (ν2
p + 1

4
ν2

B)1/2 + 1
2
νB. Gia tic prohgoÔmenec

suqnìthtec o deÐkthc di�jlashc eÐnai pragmatikìc kai mikrìteroc apì th mon�da
arijmìc.

'Opwc faÐnetai apì tic parap�nw sqèseic pou aforoÔn to suntelest  αk , up�r-
qei mia mh mhdenik  diam kh sunist¸sa tou hlektrikoÔ pedÐou thc aktinobolÐac Ek

sto pl�sma. Ektìc kai an melet�me th sÔzeuxh metaxÔ diamhk¸n talant¸sewn kai
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ek�rsiwn hlektromagnhtik¸n kum�twn , se ìlec tic �llec peript¸seic h enèrgeia pou
afor� th sunist¸sa aut  den ja diafÔgei apì thn phg  radiokum�twn kai epomènwc
stouc upologismoÔc mac mporoÔme na jèsoume ton suntelest c pìlwshc ak± = 0.
Autì den apoteleÐ sobarì sf�lma stouc upologismoÔc mac afoÔ apì touc arij-
mhtikoÔc upologismoÔc pou perigr�fontai parak�tw brÐskoume pwc gia to eÔroc
suqnot twn pou melet�me (ν > νp) kai (ν > νx) h ekpomp  pou sqetÐzetai me thn
sunist¸sa Ek eÐnai amelhtèa se sqèsh me th sunolik  ekpempìmenh aktinobolÐa.

Melet�me t¸ra thn aktinobolÐa pou par�getai apì monoenerghtik� hlektrìnia.
Efìson jèsoume ton suntelest  ak± = 0 h ekpomp  aktinobolÐac apì èna hlektrìnio
tìso gia ton ordinary mode ìso kai gia ton extraordinary mode dÐnontai apì thn pio
p�nw an�lush pou ìpwc anafèrame anaptÔqjhke apì ton Liemohn kai diorj¸jhke
apì touc Trulsen kai Fejer.

An jewr soume pwc h taqÔthta tou hlektronÐou sqhmatÐzei gwnÐa φ me to di�-
nusma thc èntashc tou magnhtikoÔ pedÐou tìte oi par�metroi pou eis�game sthn
arqik  mac an�lush β1 pou èqei na k�nei me thn k�jeth sunist¸sa thc taqÔthtac
sto di�nusma thc èntashc kai β2 thn par�llhlh sunist¸sa paÐrnoun th morf 

β1 = u sin φ/c (2.66)

β2 = u cos φ/c (2.67)

ParathroÔme ìti sth sqèsh (2.45) qreiazìmaste to phlÐko γω/ωB. Qrhsimo-
poi¸ntac th (2.52) kai me antikat�stash twn β1 kai β2 èqoume

β2 cos θ = (ω − sωB/γ)/ωn =

γω

ωB

=
s

1− nβ cos φ cos θ
(2.68)

jètwntac to parap�nw apotèlesma sthn (2.45) kai lamb�nontac upìyh ìti èqoume
dÔo tÔpouc kum�twn paÐrnoume thn telik  sqèsh gia ta xs

xs =
sn±β sin φ sin θ

1− n±β cos φ cos θ
(2.69)

En¸ tèloc lamb�nontac th sqèsh (2.55) ,thn prohgoÔmenh sqèsh, to ìti αk± = 0

kai tic sqèseic (2.38) kai antikajist¸ntac tic parap�nw sqèseic paÐrnoume thn telik 
morf  tou suntelest  ekpomp c enìc hlektronÐou na eÐnai

η±(ν, θ, γ, φ) =
2πe2

c
ν2

∞∑
s=−∞

n±
1 + α2

θ±

×[αθ±(
cot θ

n±
− β

cos φ

sin θ
)Js(xs)− β sin φJ ′s(xs)]

2 (2.70)
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×δ(ν − sνB

γ
− n±νβ cos φ cos θ)

Stic parap�nw ekfr�seic sumbolÐzoume me β thn taqÔthta tou hlektronÐou se
mon�dec taqÔthtac fwtìc c dhlad  β = u/c, me γ sumbolÐzoume thn posìthta γ =

(1 − β2)−1/2, h gwnÐa f eÐnai h gwnÐa pou sqhmatÐzei h hlektronik  katanom  se
sqèsh me thn kateÔjunsh thc èntashc magnhtikoÔ pedÐou B kai tèloc Js kai J ′s h
sun�rthsh Bessel s t�xhc kai h antÐstoiqh par�gwgoc thc. H parap�nw exÐswsh
mporeÐ na qrhsimopoihjeÐ gia ìlec tic suqnìthtec gia tic opoÐec n2 > 0. Jetikèc
timèc tou deÐkth s antistoiqoÔn sto kanonikì fainìmeno Doppler, arnhtikèc timèc
tou deÐkth antistoiqoÔn sto an¸malo fainomèno Doppler kai tèloc gia s = 0 èqoume
to fainìmeno Cerenkov.

H ekpomp  η pou dÐnetai apì th sqèsh (4) afor� thn enèrgeia pou q�netai ekpem-
pìmenh wc aktinobolÐa apì èna hlektrìnio ana mon�da suqnìthtac kai ana mon�da
stere�c gwnÐac kai den antistoiqeÐ sthn parathroÔmenh aktinobolÐa apì parathrht .
'Eqei apodeiqteÐ ìmwc pwc h parap�nw sqèsh mporeÐ na qrhsimopoihjeÐ wc ekpomp 
ìgkou miac monoenergeiak c katanom c hlektronÐwn se mia gwnÐa parat rhshc kai
kanonikopoihmènh se mia tim  tou γ kai gwnÐac parat rhshc φ.

Oi suntelestèc aporrìfhshc kai ekpomp c j± kai K± gia mia katanom  hlektro-
nÐwn akoloujoÔn tic parak�tw genikèc sqèseic (Bekefi 1966, Melrose 1968):

j±(ν, θ) =

∫
η±(ν,θ, γ, φ)f(p′)d3p′ (2.71)

me mon�dec ergs (sec sterad Hz cm3)−1

K±(ν, θ) = (c2/nν2)

∫
η±(ν,θ, γ, φ)

1

hν
[f(p)− f(p′)]d3p′ (2.72)

me mon�dec cm−1

ìpou f(p)d3p eÐnai o arijmìc twn hlektronÐwn an� mon�da ìgkou me orm  pou
brÐsketai se mia sfaÐra gÔrw apì thn tim  p aktÐnac dp en¸ to prìshmo tou K ka-
jorÐzetai ètsi ¸ste h ekpomp  fwtonÐou enèrgeiac hν apì èna hlektrìnio metab�llei
thn orm  tou apì p′ se p. Efìson h enèrgeia tou fwtonÐou hν eÐnai polÔ mikrìterh
apì thn enèrgeia tou hlektronÐou γmc2 , mporoÔme na jewr soume pwc h posìthta
f(p)− f(p′) mporeÐ na upologisteÐ apì th sqèsh :

f(p)− f(p′) = −hν

pc
βγ

∂f

∂γ
+ tan ∆φ

∂f

∂φ
(2.73)

ìpou ∆φ eÐnai h metabol  thc pitch angle twn hlektronÐwn pou aktinoboloÔn pou
prokÔptei apì thn ekpomp  fwtonÐwn enèrgeiac hν se kateÔjunsh gwnÐac j kai
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upologÐzetai apì th sqèsh :

tan ∆φ =
hν

pc

nβ cos θ − cos φ

β sin γ
(2.74)

ìpwc mporeÐ na deÐ kaneÐc apì tic parap�nw exis¸seic gia mia isotropik  katanom 
h par�gwgoc wc proc thn pitch angle ja eÐnai ∂f/∂φ = 0 kai ètsi anagkaÐa sun-
j kh gia arnhtik  aporrìfhsh ja eÐnai ∂f/∂γ > 0 . Gia mh isotropik  katanom 
hlektronÐwn arnhtik  aporrìfhsh mporeÐ na sumbeÐ an ∂f/∂γ < 0. Eidikìtera gia
k�ti tètoio h aparaÐthth sunj kh ja eÐnai ∆φ∂f/∂γ > 0 to opoÐo shmaÐnei ìti mia
anisotropik  katanom  prosfèrei sthn paragwg  enìc fwtonÐou ìtan metabaÐnoume
apì mia pukn� katoikhmènh se mia ligìtera pukn� katoikhmènh kat�stash thc pitch

angle. Ta parap�nw aforoÔn thn emf�nish fainomènou maser gia anisotropik  ka-
tanom . MporoÔme epÐshc se sqèsh me ta prohgoÔmena na anafèroume pwc se k�je
perÐptwsh fainìmeno maser ja emfanÐzetai stic qamhlèc armonikèc thc ekpomp c thc
gyrosynchrotron.

JewroÔme t¸ra thn Ôparxh phg c radiokum�twn me sunolikì ìgko V kai perièqei
arijmì hlektronÐwn N me enèrgeiec megalÔterec apì mia el�qisth tim . JewroÔme pwc
h sun�rthsh katanom c f(p) mporeÐ na qwristeÐ se enregeiakì mèroc u(γ) kai gwniakì
mèroc g(φ) to ginìmeno twn dÔo mer¸n ja anagr�fetai sto ex c f(γ, φ) = u(γ)g(φ).
Epomènwc isqÔei ìti :

f(p) =
N

V

1

p2

dγ

dp
f(γ, φ) (2.75)

jètoume to phlÐko Nr = N/V kai orÐzontac to wc arijmhtik  puknìthta twn hle-
ktronÐwn pou aktinoboloÔn. H sun�rthsh me b�sh aut� pou anafèroume parap�nw
prèpei na eÐnai kanonikopoihmènh wc proc thn enèrgeia dhlad  th metablht  g kai wc
proc thn pitch angle gwnÐa f. IsqÔei dhlad  h sqèsh :

2π

∫ ∞

1

dγ

∫ 1

−1

d(cos φ)f(γ, φ) = 1 (2.76)

kai metafèroume thn parap�nw sun�rthsh katanom c sta oloklhr¸mata upologismoÔ
twn suntelest¸n ekpomp c kai aporrìfhshc j± kai K±. Ta oloklhr¸mata aut� me
th qr sh thc dèlta sun�rthshc aplopoioÔntai kai paÐrnoun thn telik  morf  pou ja
qrhsimopoi soume stouc arijmhtikoÔc upologismoÔc mac. 'Etsi gia gwnÐa θ 6= π/2

èqoume:

j±(ν, θ) =
4π2e2νNr

|cos θ| c
1

1 + α2
θ±

∫ ∞

1

dγ

×
smax∑
smin

f(γ, φs)β
−1

[
αθ±(

cot θ

n±
− β

cos φ

sin θ
)Js(xs)− β sin φJ ′s(xs)

]2

(2.77)
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K±(ν, θ) =
4π2e2Nr

m |cos θ| cν
1

(1 + α2
θ±)n±

∫ ∞

1

dγ

smax∑
smin

β−1

×
[
−βγ2 ∂

∂γ
(
f(γ, φ)

βγ2
) +

n±β cos θ − cos φ

β2γ sin φ

∂

∂φ
f(γ, φ)

]

φ=φs

(2.78)

×
[
αθ±(

cot θ

n±
− β

cos φ

sin θ
)Js(xs)− β sin φJ ′s(xs)

]2

ìpou ta xs dÐnontai apì th sqèsh (5) en¸ gia ta φs kai ta ìria thc �jroishc smin,
smax isqÔei ìti:

cos φs =
1− sνB

γν

n±β cos θ
(2.79)

smin = Integer

[
γν

νB

(1− n±β cos θ)

]
+ 1 (2.80)

smax = Integer

[
γν

νB

(1 + n±β cos θ)

]
(2.81)

Tèloc gia thn perÐptwsh pou h gwnÐa θ = π/2 h parap�nw sqèseic paÐrnoun th morf 
:

j±(ν, π/2) =
4π2e2νBNr

c
n±

∞∑
1

β2
s

∫ 1

−1

d cos φf(γs, φ)Υ±(φ) (2.82)

K±(ν, π/2) =
4π2e2νBNr

mcν2

∞∑
1

β2
s

∫ 1

−1

d cos φΥ±(φ)

×
[
−βγ2 ∂

∂γ
(
f(γ, φ)

βγ2
) +

n±β cos θ − cos φ

β2γ sin φ

∂

∂φ
f(γ, φ)

]

φ=φs,β=βs

(2.83)

ìpou èqoume jèsei:
Υ+(φ) = cos2 φ [Js(xs)]

2 (2.84)

Υ−(φ) = sin2 φ [J ′s(xs)]
2 (2.85)

γs =
sνB

ν
(2.86)

βs = (1− γ−2
s )1/2 (2.87)

xs = sβsn± sin φ (2.88)

Prokeimènou t¸ra na aplopoihjeÐ upologistik� h diadikasÐa mporoÔme na per�soume
thn �jroish èxw apì thn olokl rwsh .Oi ekfr�seic twn suntelest¸n den all�zoun
me exaÐresh fusik� to ìti t¸ra pr¸ta gÐnetai h olokl rwsh wc proc th g metablht 
apì γ1 wc γ2 ta opoÐa dÐnontai apì th sqèsh:

γ1,2 =
( sνB

ν
)2 + n2

± cos2 θ

( sνB

ν
)± n± |cos θ| [( sνB

ν
)2 + n2± cos2 θ − 1

]1/2
(2.89)
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kai sth sunèqeia akoloujeÐ h �jroish twn oloklhrwm�twn h opoÐa xekin� apì mia
el�qisth akèraia tim  smin wc jewrhtik� sto �peiro smax = ∞. H tim  ènarxhc thc
�jroishc kajorÐzetai apì thn akèraia tim  s gia thn opoÐa isqÔei:

s > (
ν

νB

)(1− n2
± cos2 θ)1/2 (2.90)
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2.4 Sunart seic katanom c hlektronÐwn
2.4.1 Sun�rthsh nìmou dÔnamhc (Power-Law)

H aktinobolÐa pou ekpèmpetai apì p�ra polÔ meg�lhc enèrgeiac hlektrìnia (ultra

relativistic) dhlad  ìtan h relatibistik  par�metroc γ >> 1 mporeÐ na perigrafeÐ
kal� apì mia isotropik  katanom  hlektronÐwn thc opoÐac to enregeiakì mèroc pe-
rigr�fetai apì mia sun�rthsh dÔnamhc. Sugkekrimèna to isotropikì mèroc to opoÐo
qarakthrÐsthke pio p�nw san g(φ) ja èqei th morf  g(φ) = 1/4π. To energeiakì
mèroc thc sun�rthshc ja èqei th morf  :

u(ε) = Kε−p (2.91)

ìpou K h stajer� kanonikopoÐhshc thc sun�rthshc, ε h kinhtik  enèrgeia twn hle-
ktronÐwn kai p o ekjèthc pou sun jwc h tim  tou kumaÐnetai apì 3 wc 8. Exet�zontac
tic sqèseic pou upologÐzoun touc suntelestèc ekpomp c kai aporrìfhshc faÐnetai
pwc eÐnai protimìtero na eis�goume thn sqetikistik  par�metro γ sthn sun�rthsh
katanom c twn hlektronÐwn autì ja gÐnei an jumhjoÔme pwc h sqetikistik  kinhtik 
enèrgeia dÐnetai apì th sqèsh:

ε = (γ − 1)mec
2 (2.92)

epomènwc to energeiakì mèroc thc sun�rthshc katanom c ja èqei th morf :

u(γ) = C(γ − 1)−p (2.93)

ìpou C h stajer� kanonikopoÐhshc thc nèac sun�rthshc. H stajer� aut  upo-
logÐzetai apì thn sqèsh 1.11 me thn olokl rwsh ìmwc wc proc thn enèrgeia se
realistikèc efarmogèc na gÐnetai apì mia el�qisth tim  pou qarakthrÐzetai wc γmin

wc mia mègisth tim  pou qarakthrÐzetai wc γmax sÔmfwna me to Holman (2002) kai
ìqi apì to 1 wc to �peiro. Oi timèc autèc tou γ antistoiqoun sthn el�qisth kai
mègisth tim  enèrgeiac twn hlektronÐwn kai metatrèpontai se timèc tou γ mèsa apì
thn sqèsh (1.27). Gia ton upologismì thc stajer�c èqoume :

2π

∫ γmax

γmin

dγ

∫ 1

−1

d(cos φ)f(γ, φ) = 1 (2.94)

to parap�nw olokl rwma qwrÐzetai se dÔo mèrh. Sto gwniakì mèroc :

2π

∫ 1

−1

d(cos φ)g(φ) = 1 (2.95)
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to opoÐo isqÔei gia thn isotropik  katanom  kai sto energeiakì mèroc :
∫ γmax

γmin

u(γ)dγ = 1 (2.96)

Me antikat�stash thc sun�rthshc dÔnamhc upologÐzw to suntelest  kanonikopoÐh-
shc pou prokÔptei Ðsoc me :

C =
p− 1

1
(γmin−1)p−1 − 1

(γmax−1)p−1

(2.97)

H sunolik  sun�rthsh f(γ, φ) gia γ > γmin ja dÐnetai apì thn sqèsh :

f(γ, φ) =
1

4π

(p− 1)
1

(γmin−1)p−1 − 1
(γmax−1)p−1

(γ − 1)−p (2.98)

h opoÐa lìgw thc isotropÐac pou jewr same sthn katanom  den exart�tai apì thn
pitch angle gwnÐa f en¸ f(γ, φ) = 0 gia γ < γmin.
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2.4.2 Maxwellian

Sthn perÐptwsh pou ta hlektrìnia brÐskontai se jermik  isorropÐa se jermo-
krasÐa T tìte h katanom  twn energei¸n eÐnai mia katanom  pou qarakthrÐzetai wc
Maxwellian. H ekpempìmenh aktinobolÐa qarakthrÐzetai wc jermik . Gia mia iso-
tropik  katanom  hlektronÐwn qrhsimopoioÔme th sqetikistik  morf  thc katanom c
pou dÐnetai apì thn :

f(γ) =

(
2

π

)1/2 (
mc2

kT

)3/2 (
1 +

15

8

kT

mc2

)−1

γ
(
γ2 − 1

)1/2
exp

[−mc2

kT
(γ − 1)

]

(2.99)
ìpou g o sqetikistikìc par�gontac Lorentz ,k h stajer� Boltzmann ,m h m�za tou
hlektronÐou kai c h taqÔthta tou fwtìc. H pio p�nw sun�rthsh eÐnai kanonikopoih-
mènh kai isqÔei me thn proupìjesh ìti kT < mc2   T < 6× 109.

2.4.3 Ubridik  sun�rthsh katanom c

Suqn� se fusik� fainìmena pou melet�me sunant�me hlektrìnia ta opoÐa èqoun
di�forec timèc enèrgeiac. Ektìc apì ta uyhl c enèrgeiac hlektrìnia up�rqoun kai
hlektrìnia me qamhlìterec enèrgeiec. H proèleush twn hlektronÐwn qamhl c enèr-
geiac eÐnai jermik  en¸ eÐnai mh jermik  sta uyhl c enèrgeiac hlektrìnia. Thn Ôparxh
tìso jermik¸n ìso kai mh jermik¸n hlekronÐwn thn epibebai¸noume apì thn kata-
graf  thc èntashc thc aktinobolÐac se sun�rthsh me th suqnìthta thc ekpempìmenhc
aktinobolÐac se di�fora fusik� fainìmena. Gia ta uyhl c enèrgeiac hlektrìnia h ka-
t�llhlh sun�rthsh katanom c eÐnai h sun�rthsh nìmou dÔnamhc all� gia ta jermik�
hlektrìnia h kat�llhlh sun�rthsh eÐnia mia sun�rthsh Maxwellian. Gia realistikèc
efarmogèc epomènwc ja  tan kalÔtero na protim soume mia meikt  ubridik  katanom 
pou ja emperièqei kai tic dÔo prohgoÔmenec katanomèc. H jewrÐa thc ubridik c ka-
tanom c sthn opoÐa ja anaferjoÔme prot�jhke apì touc Benka kai Holman(1992).
JewroÔme mia isotropik  katanom  hlektronÐwn pou perÐeqei tìso jermikì (th) ìso
kai mh jermikì mèroc (nt) kai èqei thn morf :

f(γ) =

(
1− Nnt

N

)
fth(γ) + R

Nnt

N
fnt(γ), (2.100)

ìpou N kai Nnt eÐnai antÐstoiqa oi arijmhtikèc puknìthtec twn hlektronÐwn se olì-
klhro to pl�sma kai mìno twn mh jermik¸n hlektronÐwn en¸ ja prèpei N = Nth+Nnt

me Nth thn puknìthta twn jermik¸n hlektronÐwn. En¸ oi sunart seic gia to jermikì
kai mh jermikì mèroc antÐstoiqa dÐnontai apì tic sqèseic :

fth(γ) =

(
2

π

)1/2 (
mc2

kT

)3/2 (
1 +

15

8

kT

mc2

)−1

γ
(
γ2 − 1

)1/2
exp

[−mc2

kT
(γ − 1)

]

(2.101)
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fnt(γ) = (4π)−1 (δ − 1)(γcr − 1)δ−1(γ − 1)−δ (2.102)

O arijmìc twn hlektronÐwn pou brÐskontai se k�je kat�stash exart�tai apì th
jermokrasÐa kai gia tic arijmhtikèc puknìthtec tou jermikoÔ kai mh jermikoÔ mèrouc
dÐnontai apì th sqèsh:

Nnt

Nth

= (32π)1/2

(
mc2

kT

)3/2 (
1 +

15

8

kT

mc2

)−1

×γcr(γcr − 1) (γ2
cr − 1)

1/2

δ − 1
exp

[−mc2

kT
(γcr − 1)

]
(2.103)

ìpou :

γcr = (
p2

cr

m2c2
+ 1)1/2 =

[
(pth

mc
)2

ε− (pth

mc
)2(1− ε)

+ 1

]1/2

(2.104)

ìpou h par�metroc e paÐrnei timèc sthn perioq  kT/mc2 < ε ≤ 0.15 kai orÐzetai
jewrhtik� wc to mètro thc isqÔoc tou hlektrikoÔ pedÐou E wc proc thn èntash tou
pedÐou Dreicer dhlad  isqÔei ε = E/ED.

Kai tèloc o suntelest c R pou kajorÐzei th summetoq  k�je ìrou sth sunolik 
sun�rthsh orÐzetai wc ex c:

R =





0 γ < γR = γ(pR)

me pR = pcr − pth

2

sin
[

(π/2)(γ−γR)2

(γcr−γR)2

]
γR < γ < γcr

1 γ > γcr

(2.105)

Stic parap�nw sqèseic me T sumbolÐzoume th jermokrasÐa, k h stajer� Boltzmann,
mc2 = 511keV gia to hlektrìnio. H jermik  exÐswsh isqÔei gia T < 3× 109K, en¸
γcr eÐnai h tim  tou g�mma pou sqetÐzetai me thn el�qisth enèrgeia pou mporeÐ na
èqoun ta hlektrìnia gia na an koun sto mh jermikoÔ mèroc. Sqetikistik� h jermik 
orm  mporeÐ na upologisteÐ apì th sqèsh:

pth

mc
=

(
mc2

kT
− 1

)−1/2

(2.106)

en¸ tèloc o suntelest c R k�nei suneq  th sun�rthsh kaj¸c metab�lletai h par�-
metroc g kai oi timèc tou kumaÐnontai omal� apì 0 wc 1.

2.5 Metr sima fusik� megèjh
Gia na melet soume thn ekpomp  thc aktinobolÐac qrhsimopoioÔme di�fora fusik�

megèjh kai mon�dec pou ja anafèroume parak�tw. Gia mia sugkekrimènh suqnìthta
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apì ton formalismì pou anaptÔqjhke parap�nw mporoÔme na upologÐsoume ton sun-
telest  ekpomp c gia k�je tÔpo j±(ν, θ) kai aporrìfhshc K±(ν, θ) thc aktinobolÐac.
H diaforik  exÐswsh di�doshc thc aktinobolÐac se mia tètoia perÐptwsh katal gei
sthn apl  morf  :

dI±(ν, θ)

dr
+ K±(ν, θ)I±(ν, θ) = j±(ν, θ) (2.107)

ìpou I±(ν, θ) h èntash thc aktinobolÐac. Gia mia omogen  phg  me optikì b�joc L h
genik  lÔsh thc pio panw exÐswshc ja dÐnetai apì th sqèsh :

I±(ν, θ) =
j±
K±

(1− exp−K±L) (2.108)

H sunolik  èntash thc aktinobolÐac I pou upologÐzetai sthn ubridik  katanom  eÐnai
Ðsh me to �jroisma twn ent�sewn pou prokÔptei apì k�je tÔpo :

I = I+ + I− (2.109)

H upologizìmenh èntash metatrèpetai se parathroÔmenh mèsw thc sqèshc :

F (ν, θ) =
I(ν, θ)A

R2
=

I(ν, θ)A

2.238× 107
SFU (2.110)

ìpou A to embadìn thc epif�neiac thc phg c h opoÐa an èqei ìgko V mporoÔme na
gr�youme gia aut  ìti V = AL en¸ R eÐnai h apìstash tou parathrht  apì thn phg 
thn opoÐa lamb�noume R = 1 A.U .H èntash metriètai se mon�dec SFU dhlad  Solar

Flux Units, mon�da gia thn opoÐa isqÔei ìti 1 SFU = 10−19erg cm−2 s−1 Hz−1.
Tèloc se k�poiec peript¸seic upologÐzoume to bajmì pìlwshc thc ekpempìmenhc
aktinobolÐac mèsa apì th sqèsh:

r =
I+ − I−
I+ + I−

(2.111)
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2.6 Fraktalik  di�stash
'Estw ìti èqoume èna epÐpedo antikeÐmeno S to opoÐo mporeÐ na embaptisjeÐ pl rwc

stic dÔo diast�seic. An L eÐnai h di�stash tetrag¸nou pou emperièqei to antikeÐ-
meno autì tìte to L apoteleÐ mia pr¸th ektÐmhsh tou m kouc tou antikeimènou S.
QwrÐzoume se plègma mikrìterwn tetragwnik¸n kouti¸n m kouc l < L kai orÐzoume
wc arijmì N(L, l) ton el�qisto arijmì kouti¸n pleur�c l pou kalÔptoun pl rwc to
antikeÐmeno S ton opoÐo kai katagr�foume.

'Opwc eÐnai fusikì ìtan to l eÐnai sqetik� meg�lo h wc �nw k�luyh den eÐnai dunatì
na l�bei upìyh thc kai na apod¸sei swst� opèc sto eswterikì tou antikeimènou ,
  esoqèc sto sÔnoro tou megèjouc mikrìterou apì l. Prèpei loipìn an jèloume na
perigr�youme swst� th gewmetrik  dom  tou antikeimènou na epilèxoume mikrìtero
l kai na epanal�boume th diadikasÐa. An suneqÐsoume th diadikasÐa kaj¸c o arijmìc
twn epanal yewn aux�nei kai to l → 0 mporeÐ na apodeiqteÐ majhmatik� ìti an�mesa
sta megèjh up�rqei h sqèsh

N(ε) = Cε−D (2.112)

ìpou
ε =

l

L
(2.113)

ìpou D h gewmetrik  di�stash tou antikeimènou kai C �gnwsth stajer�. Logarij-
mÐzontac kai ta dÔo mèlh thc parap�nw sqèshc kai k�nontac lÐgec pr�xeic èqoume
telik�

ln N = A−D ln l (2.114)

ìpou A stajer�. Epomènwc mporoÔme k�nontac th grafik  par�stash thc parap�nw
sqèshc kai na upologÐsoume th fraktalik  di�stash tou antikeimènou. O orismìc
isqÔei gia k�je antikeÐmeno osond pote diast�sewn.
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Kef�laio 3

UPOLOGISTIKES EFARMOGES

3.1 Upologismìc èntashc thc aktinobolÐac gia di�forec sunart seic
katanom c

Se pr¸th f�sh melet�me to jèma tou upologismoÔ thc èntashc gia k�je tÔ-
po kum�twn pou par�gontai tìso gia sun�rthsh tÔpou power-law pou perigr�fei
uyhl c enèrgeiac hlektrìnia ìso kai gia sun�rthsh tÔpou Maxwellian gia jermik�
hlektrìnia. O k¸dikac anaptÔqjhke se gl¸ssa programmatismoÔ C++. O k¸dikac
upologÐzei thn èntash thc aktinobolÐac se èna eÔroc suqnot twn pou xekin� apì
ν = 4× 108 Hz wc ν = 2× 1010 Hz.

Ston k¸dika qrhsimopoieÐtai mia teqnik  pou proteÐnetai apì ton Holman. To
�jroisma mporeÐ na bgeÐ èxw apì to olokl rwma kai na upologÐsoume èna �jroisma
oloklhrwm�twn apì mia tim  enèrgeiac pou antistoiqeÐ se relatibistikì par�gonta
γ1 wc mia tim  γ2 diaforetik� gia k�je t�xh s twn sunart sewn Bessel kai sth
sunèqeia akoloujeÐ h �jroish twn oloklhrwm�twn h opoÐa xekin� apì mia el�qisth
akèraia tim  smin wc jewrhtik� sto �peiro smax = ∞. H tim  ènarxhc thc �jroishc
kajorÐzetai apì thn akèraia tim  s gia thn opoÐa isqÔei:

s > (
ν

νB

)(1− n2
± cos2 θ)1/2 (3.1)

en¸ ta ìria enèrgeiac gia k�je olokl rwma dÐnontai:

γ1,2 =
( sνB

ν
)2 + n2

± cos2 θ

( sνB

ν
)± n± |cos θ| [( sνB

ν
)2 + n2± cos2 θ − 1

]1/2
(3.2)

SunoyÐzontac ergazìmaste wc ex c :
OrÐzw to eÔroc twn energei¸n twn hlektronÐwn pou ja l�bw upìyh mou apì mia

tim  γmin wc mia tim  γmax.
Gia mia sugkekrimènh suqnìthta upologÐzoume to deÐkth di�jlashc kai ton sun-

telest  αθ. Gia th sugkekrimènh suqnìthta upologÐzw thn t�xh thc sun�rthshc
Bessel apì thn opoÐa ja xekin sw me b�sh th sqèsh (2.1).

UpologÐzw to pl joc twn sunart sewn pou ja l�bw upìyh mou wc ex c :
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BrÐskw ta ìria olokl rwshc γ1 kai γ2 ìpwc aut� dÐnontai apì thn (2.2) gia k�je
t�xh s xekin¸ntac apì thn mikrìterh mèqri k�poia mègisth tim . Ja krat sw ìsec
sunart seic dÐnoun ìria olokl rwshc pou brÐskontai sto di�sthma γmin wc γmax.

AfoÔ br¸ to pl joc twn sunart sewn pou ja qrhsimopoi sw upologÐzw gia
k�je mia to olokl rwma thc qrhsimopoi¸ntac th mèjodo Gauss kai ajroÐzw ìla ta
oloklhr¸mata gia na p�rw thn ekpomp  kai thn aporrìfhsh me thn bo jeia twn
opoÐwn upologÐzw telik� thn èntash thc aktinobolÐac.

Oi par�metroi pou eis�gontai apì to qr sth eÐnai : H gwnÐa parat rhshc θ

, o deÐkthc thc sun�rthshc power-law p, h el�qisth kai h mègisth enèrgeia pou
parousi�zoun ta hlektrìnia se KeV pou metatrèpontai se γmin kai γmax, h èntash
tou magnhtikoÔ pedÐou B, to optikì b�joc thc phg c L kai h puknìthta N twn
hlektronÐwn pou aktinoboloÔn. Oi qrhsimopoioÔmenec mon�dec eÐnai tou sust matoc
c.g.s.

Ta megèjh pou upologÐzontai apì ton k¸dika eÐnai h èntash tou ordinary mode

, h èntash tou extraordinary mode kai o deÐkthc pìlwshc thc aktinobolÐac.
O k¸dikac upologÐzei thn èntash gia sun�rthsh katanom c power-law , gia su-

n�rthsh tÔpou Maxwellian kaj¸c kai gia thn ubridik  sun�rthsh katanom c. Oi
timèc pou upologÐzontai katagr�fontai se arqeÐo kaj¸c kai h suqnìthta sthn opoÐ-
a antistoiqoÔn kai par�gontai grafikèc parast�seic me th bo jeia progr�mmatoc
grafik¸n (IDL).

3.2 Apotelèsmata apì katanom  Power Law

Oi timèc pou eis�gontai gia thn katanom  Power Law eÐnai:
H gwnÐa parat rhshc θ = 45.
O deÐkthc thc sun�rthshc power-law p = 3.
H el�qisth Emin = 10 KeV kai h mègisth enèrgeia pou parousi�zoun ta hle-

ktrìnia Emax = 25600 KeV .
H èntash tou magnhtikoÔ pedÐou B = 300 gauss.
H di�stash thc phg c L = 1× 109 cm.
H puknìthta N = 1× 107 cm−3 twn hlektronÐwn pou aktinoboloÔn.
To embadìn thc phg c pou qrei�zetai kat� ton metatrop  thc èntashc apì upo-

logizìmenh se parathroÔmenh dÐnetai apì th sqèsh A = L × L. Oi parap�nw timèc
eÐnai timèc pou eÐnai dunatìn na parathrhjoÔn kat� th di�rkeia enìc solar flare. Oi
grafikèc parast�seic pou prokÔptoun gia touc dÔo tÔpouc pìlwshc , th sunolik 
aktinobolÐa kai thn pìlwsh thc ìpwc aut  orÐsthke gia tic parap�nw timèc eisìdou
dÐnontai parak�tw.
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To sunolikì f�sma pou katagr�foume diakrÐnetai se dÔo perioqèc. Tic perioqèc
autèc kajorÐzei to mègisto thc katanom c to opoÐo parathroÔme sthn perioq  pe-
rÐpou twn 7 GHz. H perioq  suqnot twn met� to mègisto onom�zetai optik� arai 
(optically thin) perioq  kai se aut  thn perioq  h aporrìfhsh aktinobolÐac den eÐnai
shmantik . H perioq  k�tw apì to mègisto onom�zetai optik� pukn  (optically thick)
kai s� aut  h aporrìfhsh eÐnai shmantik . H optik� arai  perioq  perigr�fetai apì
mia power law sqèsh pou èqei brejeÐ pwc upakoÔei sth sqèsh I ≈ ν−(d−1)/2 pou
deÐqnei pwc o ekjèthc thc perioq c aut c a sundèetai me ton ekjèth thc power law d
me th sqèsh a=-(d-1)/2.H optik� pukn  perioq  perigr�fetai apì th sqèsh I ≈ ν2.5

dhlad  me stajerì ekjèth anex�rthtoc tou ekjèth thc power - law. H aktinobolÐa
eÐnai polwmènh ston o mode sthn optik� pukn  perioq  kai ston x mode sthn
optik� arai  perioq . To mègisto tou x mode eÐnai megalÔtero apì to antÐstoiqo
mègisto tou o mode. Eidikìtera lìgw thc suqnìthtac apokop c h aktinobolÐa eÐnai
polwmènh ekatì toic ekatì ston o mode k�tw apì th suqnìthta apokop c νx.
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3.3 Apotelèsmata apì katanom  Maxwellian

Gia thn katanom  Maxwellian pou orÐsthke parap�nw eis�goume tic parak�tw
timèc :

Th jermokrasÐa T = 2× 108 K

Thn arijmhtik  puknìthta twn jermik¸n hlektronÐwn Nth = 109 cm−3

H di�stash thc phg c L = 1 × 108 cm h opoÐa sto prìgramma uy¸nete sto
tetr�gwno gia na upologisteÐ kai to embadìn pou qrei�zetai ston upologismì thc
èntashc.

H èntash magnhtikoÔ pedÐou B = 200 gauss.
Oi grafikèc parast�seic pou paÐrnoume gia touc dÔo tÔpuc pìlwshc , th suno-

lik  ekpomp  kai thn pìlwsh thc aktinobolÐac kai mac deÐqnoun th suneisfor� twn
jermik¸n hlektronÐwn sthn aktinobolÐa kat� th di�rkeia enìc solar flare dÐnetai sta
parak�tw diagr�mmata
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ParathroÔme pwc oi morfèc tou f�smatoc pou prokÔptei eÐnai parìmoiec gia tic
sugkekrimènec timèc pou melet�me. ParathroÔme mègisto tou opoÐou h tim  eÐnai
mikr  sqetik� me thn antÐstoiqh tim  pou br kame gia thn katanom  power law. Oi
klÐseic deÐqnoun stajerèc . O suntelest c pìlwshc deÐqnei ìti se meg�lo eÔroc
suqnot twn h dèsmh eÐnai ston Ðdio bajmì polwmènh tìso ston o-mode ìso kai ston
x-mode. En¸ o x-mode ekpèmpetai pio èntona sthn arai  perioq  tou f�smatoc
kai o o-mode lìgw kai thc suqnìthtac apokop c kuriarqeÐ sthn pukn  perioq  tou
f�smatoc.
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3.4 Apotelèsmata apì thn Ubridik  katanom 
Sthn perÐptwsh thc ubridik c katanom c upologÐzetai h sunolik  èntash dhlad 

to �jroisma thc èntashc pou prokÔptei apì k�je tÔpo kum�twn thc aktinobolÐac.
Epeid  h ubridik  katanom  ja mac apasqol sei kai se �llec peript¸seic pou ja
exet�soume. H basik  kat�stash ja èqei timèc eisìdou:

Th jermokrasÐa T = 7× 107 K

Thn arijmhtik  puknìthta twn jermik¸n hlektronÐwn kai mèsw aut¸n upologÐze-
tai kai o arijmìc twn mh jermik¸n hlektronÐwn apì ton k¸dika me b�sh to formalismì
pou  dh d¸same Nth = 109 cm−3

Ton ekjèth thc power law δ = 4

Thn par�metro ε = 0.06 pou ja kajorÐsei me b�sh tic pio p�nw sqèseic to γcrit

pou antistoiqeÐ sthn krÐsimh enèrgeia sthn opoÐa metabaÐnoume apì thn Maxwellian

sthn Power - Law

H di�stash thc phg c L = 1 × 108 cm h opoÐa sto prìgramma uy¸nete sto
tetr�gwno gia na upologisteÐ kai to embadìn pou qrei�zetai ston upologismì thc
èntashc.

H èntash magnhtikoÔ pedÐou B = 400 gauss. Oi grafikèc parast�seic pou paÐr-
noume gia touc dÔo tÔpuc pìlwshc , th sunolik  ekpomp  kai thn pìlwsh thc akti-
nobolÐac dÐnetai sta parak�tw diagr�mmata

1.·109 1.·1010

Frequency Hz

0.01

0.1

1

10

F
l
u
x
S
F
U

1.·109 1.·1010

0.001

0.01

0.1

1

Xmode

1.·109 1.·1010

Frequency Hz

0.01

0.1

1

10

F
l
u
x
S
F
U

1.·109 1.·1010

0.001

0.01

0.1

1

Omode

34



1.·109 1.·1010

Frequency Hz

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

P
o
l
a
r
i
z
a
t
i
o
n

i
n
d
e
x

1.·109 1.·1010
Polarization

To parak�tw di�gramma pou parist�nei thn sunolik  ekpomp  se sun�rthsh me th
suqnìthta apoteleÐ kai th basik  katanom  me thn opoÐa ja asqolhjoÔme. Parath-
roÔme sthn arq  thc optik� pukn c perioq c to jermikì mèroc na emfanÐzetai en¸
sth sunèqeia kuriarqeÐ to mh jermikì mèroc (power-law) to opoÐo dÐnei kai to mègi-
sto en¸ sth sunèqeia èqoume kai p�li thn qarakthristik  k�jodo pou parathroÔme
sthn arai  perioq  gia sun�rthsh power law. Sthn arq  thc optik� pukn c perioq c
kuriarqeÐ o o-mode en¸ sthn arai  perioq  o x-mode kai se meg�lo mèroc thc optik�
pukn c up�rqei èntonh diakÔmansh thc pìlwshc.

Sth sunèqeia ja metab�lloume k�poiec timèc eisìdou gia na exet�soume th meta-
bol  thc parak�tw katanom c thc èntashc prokeimènou na exet�soume tic idiìthtec
thc sun�rthshc.
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3.4.1 Metabol  me th jermokrasÐa

Gia tic timèc eisìdou pou èqw metab�llw thn tim  thc jermokrasÐac. Oi timèc
pou qrhsimopoi¸ eÐnai 0.5× 107 K , 2× 107 K, 4× 107 K. Oi grafikèc parast�seic
pou prokÔptoun paratÐjentai mazÐ me th basik  kat�stash tim¸n prokeimènou na
sugkrijoÔn kai apodÐdontai me diaforetikì qr¸ma. Sugkekrimèna me maÔro h basik 
, me kìkkino ,kÐtrino kai gal�zio oi upìloipec antÐstoiqa. H koin  touc grafik 
par�stash apodÐdetai parak�tw.
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ParathroÔme pwc me thn aÔxhsh thc jermokrasÐac to embadìn pou perièqei h kampÔlh
aux�netai kaj¸c oi upologizìmenec timèc thc ro c SFU aux�nontai. EpÐshc èqoume
allag  thc jèshc tou megÐstou thc kampÔlhc kai proèktash thc kampÔlhc epÐshc se
megalÔterec suqnìthtec.
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3.4.2 Metabol  me thn puknìthta twn Jermik¸n hlektronÐwn

Gia tic timèc eisìdou pou èqw metab�llw thn tim  thc puknìthtac twn jermik¸n
hlektronÐwn. Oi timèc pou qrhsimopoi¸ eÐnai N = 1× 107 cm−3, N = 1× 108 cm−3,
N = 1×1010 cm−3. Kai p�li oi grafikèc parast�seic paratÐjentai mazÐ me th basik .
Me maÔro qr¸ma h basik  kai oi upìloipec antÐstoiqa me kìkkino, kÐtrino, gal�zio.
ProkÔptei h parak�tw grafik  par�stash.
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ParathroÔme pwc me thn aÔxhsh thc puknìthtac twn hlektronÐwn aux�netai kai h tim 
thc SFU , epÐshc h kampÔlh metakineÐtai proc ta dexi� dhlad  proc megalÔterec su-
qnìthtec kai mazÐ touc all�zei jèsh kai h suqnìthta thc mègisthc ekpomp c.EpÐshc
endiafèron parousi�zei h suqnìthta ènarxhc aktinobolÐac lìgw kurÐwc thc sunj khc
tou ordinary mode ν > νp ìpou νp h suqnìthta pl�smatoc. Sthn perÐptwsh pou h
arijmhtik  puknìthta paÐrnei thn tim  N = 1010 cm−3 to fainìmeno xekin� apì su-
qnìthta kont� sto 1 GHz kai sthn perioq  aut  èqoume polÔ mikr  aktinoboloÔmenh
ro .
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3.4.3 Metabol  me ton ekjèth thc power-law

UpologÐzw thn katanom  gia ekjètec p = 3, 5, 6 kai tic parajètw me th basik 
. Kai p�li h basik  kat�stash parist�netai me maÔro qr¸ma kai oi upìloipec me
kìkkino, kÐtrino kai gal�zio antÐstoiqa. ProkÔptei h parak�tw grafik  par�stash.
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ParathroÔme pwc me thn aÔxhsh tou ekjèth thc sun�rthshc dÔnamhc mei¸netai dra-
matik� h ekpempìmenh aktinobolÐa.

3.4.4 Metabol  me thn èntash tou magnhtikoÔ pedÐou

UpologÐzw thn katanom  se timèc magnhtikoÔ pedioÔ B = 50, 150, 300, gauss. Oi
katanomèc paratÐjontai me kìkkino ,kÐtrino kai gal�zio qr¸ma antÐstoiqa. ProkÔptei
to parak�tw di�gramma.
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ParathroÔme thn èntonh ex�rthsh tou fainomènou apì thn èntash tou magnhtikoÔ
pedÐou. Gia mikrèc timèc magnhtikoÔ pedÐou h èntash eÐnai mikr  , afor� mikr  perioq 
suqnot twn kai èqei to mègisto thc se qamhlèc sqetik� suqnìthtec. H kampÔlh twn
50gauss ekpèmpei mèqri lÐgo k�tw apì ta 10GHz. Kaj¸c aux�netai h èntash tou
magnhtikoÔ pedÐou h ro  aux�netai se ìlec tic suqnìthtec kai metatopÐzetai proc ta
dexi� . MazÐ metatopÐzetai kai h suqnìthta mègisthc ekpomp c.
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3.4.5 Metabol  me thn par�metro e

H par�metroc e ìpwc èqoume anafèrei deÐqnei pìso isqurìtero eÐnai to hlektrikì
pedÐo wc proc thn tim  tou pedÐou Dreicer. 'Oso aux�netai h par�metroc e ,mei¸netai
h tim  thc enèrgeiac apì thn opoÐa kai met� ta hlektrìnia akoloujoÔn thn katanom 
power-law. Autì perimènoume na èqei san apotèlesma thn aÔxhsh thc ro c me thn
aÔxhsh thc paramètrou. Oi timèc pou qrhsimopoi same eÐnai e = 0.04 , 0.08 , 0.1

me qr¸mata antÐstoiqa kìkkino , kÐtrino , gal�zio. ProkÔptei h parak�tw grafik 
par�stash pou epibebai¸nei ìsa anafèroume.

1.·109 1.·1010

Frequency Hz

0.01

0.1

1

10

F
l
u
x
S
F
U

1.·109 1.·1010

0.001

0.01

0.1

1

10

Variation with epsilon

39



Kef�laio 4

UPOLOGISMOS ROHS APO TRISDIASTATH PHGH
AKTINOBOLIAS

4.1 Perigraf  thc mejìdou
Skìpoc mac eÐnai o upologismìc kai h katagraf  se eikìna thc èntashc thc akti-

nobolÐac pou ekpèmpetai apì mia perioq  sunolikoÔ ìgkou V se mia sugkekrimènh
suqnìthta parat rhshc pou ja kajorÐzetai apì to qr sth. To magnhtikì pedÐo sthn
perioq  aut  upologÐzetai apì thn anakataskeu  tou trisdiast�tou magnhtikoÔ pe-
dÐou pou gÐnetai apì magnhtogr�mmata ta opoÐa lamb�noume apì ton  lio. H mèjodoc
pou èqei protajeÐ apì di�forouc epist monec (metaxÔ �llwn Allisandrakis ) kai kw-
dikopoi jhke me th bo jeia tou majhmatikoÔ pakètou IDL apì thn ereunhtik  om�da
tou kurÐou Bl�qou Louk� . Oi timèc tou magnhtikoÔ pedÐou lamb�nontai ètoimec apì
arqeÐo pou perièqei tic timèc tou magnhtikoÔ pedÐou se k�je jèsh tou ìgkou. To
magnhtikì pedÐo to opoÐo anakataskeu�sthke faÐnetai parak�tw.
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Sugkekrimèna jewroÔme kubik  phg  diast�sewn L×L×L. H pareqìmenh an�-
lush tou ìgkou gÐnetai se diast�seic 256× 256× 256. Oi timèc twn suntetagmènwn
ekeinoÔn apì thn tim  mhdèn wc thn tim  255 gia k�je �xona dhlad  256 sunolik�
timèc. Epomènwc k�je �xonac upodiaireÐtai se 255 mèrh me apotèlesma na èqoume
sunolik� 255× 255× 255 mikrìterouc ìgkouc (voxels). K�je mikrìc ìgkoc èqei thn
k�je di�stash tou Ðsh me L/255 kai epomènwc èqei embadì epif�neiac A = L2/2552.
Ta megèjh aut� qrei�zontai kat� thn metatrop  thc upologizìmenhc ro c se para-
throÔmenh.

O k¸dikac diab�zei apì to arqeÐo thn tim  thc èntashc tou magnhtikoÔ pedÐou
se k�je voxel kai upologÐzei sth sunèqeia jewr¸ntac wc sun�rthsh katanom c twn
hlektronÐwn thn ubridik  sun�rthsh katanom c thn èntash thc aktinobolÐac se mia
sugkekrimènh suqnìthta pou plèon dÐnetai wc eiserqìmenh tim  .

H upologizìmenh èntash susqetÐzetai me touc deÐktec tou (i,j,k) tou voxel sto
opoÐo upologÐzetai. H èntash pou upologÐzetai sta voxel thc b�shc tou magnhto-
gr�mmatoc (epÐpedo mhdèn) dÐnetai apì th sqèsh:

Iνs(ν, θ) =
jνs

Kνs

(1− exp−KνsL)

ìpou L h di�stash thc phg c , en¸ s eÐnai h jèsh tou voxel mèsa ston ìgko wc prìc
thn eujeÐa thn opoÐa to blèpoume kai jewroÔme ìti to s aux�netai kaj¸c metakinoÔ-
maste apì th b�sh thc phg c proc thn plhsièsterh ston parathrht  epif�neia tou
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ìgkou. Autì gÐnetai kai gia touc dÔo tÔpouc pìlwshc ordinary kai extraordinary

kai ta apotelèsmata prostÐjentai gia na br¸ th sunolik  èntash thc aktinobolÐac.
Gia to epìmeno ìmwc voxel jewroÔme thn pl rh morf  thc exÐswshc di�doshc thc

aktinobolÐac dhlad  :

Iνs+1(ν, θ) = Iνs exp−Kνs+1 l +
jνs+1

Kνs+1

(1− exp−Kνs+1d)

ìpou l = L/255 h di�stash tou voxel kai d to b�joc sto opoÐo brÐsketai to sug-
kekrimèno voxel dhlad  d = L − s ∗ l me arq  mètrhshc ìpwc  dh anafèrame thn
plhsièsterh ston parathrht  epif�neia thc phg c. Me thn exÐswsh aut  lamb�nou-
me upìyh mac pèra apì thn aktinobolÐa pou par�getai se èna sugkekrimèno voxel kai
aut  pou diadÐdetai apì to kat¸tero sta an¸tero.

Oi timèc pou upologÐzoume sto k�je ogkÐdio metatrèpontai se parathr simec
se mon�dec SFU mèsw thc sqèshc (1.47) me apìstash R thn apìstash k�je for�
apì ton parathrht  me thn plhsièsterh epif�neia thc phg c ston parathrht  na
apèqei mia astronomik  mon�da apì ton parathrht  dhlad  R = 1A.U +d ìpwc autì
orÐsthke pio p�nw.

H eikìna pou paÐrnoume apì to teleutaÐo epÐpedo eÐnai h eikìna pou ja èprepe na
prokÔptei apì thn katagraf  enìc radiothleskopÐou.

Epeid  to magnhtìgramma pou qrhsimopoioÔme eÐnai me ton  lio na brÐsketai se
hremÐa qrhsimopoioÔme antÐstoiqec timèc. Oi timèc pou eis�gontai ston k¸dika gia
thn ubridik  sun�rthsh t¸ra eÐnai :

Th jermokrasÐa T = 5× 106 K

Thn arijmhtik  puknìthta twn jermik¸n hlektronÐwn kai mèsw aut¸n upologÐze-
tai kai o arijmìc twn mh jermik¸n hlektronÐwn apì ton k¸dika me b�sh to formalismì
pou  dh d¸same Nth = 109 cm−3

Ton ekjèth thc power law δ = 3

Thn par�metro ε = 0.01.
H di�stash thc phg c L = 1× 108 cm.
H suqnìthta parat rhshc 1 GHz.
EpÐshc eis�goume to ìnoma tou arqeÐou apì to opoÐo ja gÐnei h an�gnwsh. Oi

timèc twn γmin kai γmax èqoun kajorisjeÐ se 1.002 kai 10.
O upologismìc thc èntashc epeid  gia tic timèc pou melet�me dhlad  me ton  lio

se hremÐa dÐnei shmantik� apotelèsmata gia magnhtik� pedÐa megalÔtera apì 20 gauss

gÐnetai mìno gia ent�seic megalÔterec apì thn parap�nw tim . Gia kalÔterh anapa-
r�stash twn apotelesm�twn den qrhsimopoi¸ thn tim  thc SFU all� ton dekadikì
log�rijmo thc. Ta apotelèsmata katagr�fontai se arqeÐo to opoÐo anaparist�tai
grafik� me th bo jeia progr�mmatoc grafik¸n (IDL) se ìgko en¸ up�rqei h duna-
tìthta na lhfjoÔn kai di�forec tomèc tou ìgkou autoÔ se diaforetik� epÐpeda.
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4.2 Apotelèsmata
Apì touc upologismoÔc mac prokÔptei arqeÐo pou parist�noume me th bo jeia

tou progr�mmatoc grafik¸n :

Parap�nw blèpoume pwc katanèmete ston Ðdio ìgko h sunolik  parathroÔmenh èn-
tash. Lamb�nw apì autì ton ìgko to an¸tero kai to kat¸tero epÐpedo tou. Ta
epÐpeda aut� emfanÐzontai mazÐ prokeimènou na sugkrijoÔn.
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To epÐpedo b�shc mac dÐnei mia katanom  pou faÐnetai parak�tw kaj¸c kai to
teleutaÐo epÐpedo pou eÐnai autì pou ja parathr soume apì èna radiothleskìpio.
Parak�tw dÐnontai diadoqik� epÐpeda tou ìgkou autoÔ
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EpÐpedo 4
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EpÐpedo 8
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ParathroÔme pwc h katanom  thc aktinobolÐac kaj¸c aut  diadÐdetai mèsa ston
ìgko oloklhr¸netai apì ta pr¸ta kiìlac epÐpeda kai sth sunèqeia mènei amet�blhth
mèqri to teleutaÐo epÐpedo. Prokeimènou na doÔme thn ekpomp  k�je epipèdou xe-
qwrist� kai ti autì prosfèrei sthn sunolik  ekpomp  upologÐzoume thn èntash thc
aktinobolÐac gia deÔterh for� qwrÐc ìmwc na l�boume upìyh mac th di�dosh apì tou
kat¸terou ìgkou proc ton amèswc an¸tero. ProkÔptei h katanom  pou blèpoume
parak�tw.
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ParathroÔme ìti prwtogen c aktinobolÐa parèqetai apì ta lÐga pr¸ta epÐpeda kai
an jèloume autì na to doÔme analutikìtera parajètoume ìla ta epÐpeda me mhdenik 
ekpomp .
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EpÐpedo 12

ParathroÔme pwc ta pr¸ta epÐpeda èqoun idaÐtera meg�lec suneisforèc kai oi para-
p�nw suneisforèc eÐnai amelhtèec se sqèsh me autèc. Gi' autì h eikìna pou dhmiour-
geÐtai apì ta pr¸ta epÐpeda den metab�lletai an kai sunolik� èqoume ekpomp  apì
13 epÐpeda.

To an èna stoiqeÐo ìgkou ja ekpèmpei aktinobolÐa   oqi kajorÐzetai apì tic pa-
ramètrouc pou melet same arqik� kai ephre�zoun thn ubridik  sun�rthsh. Gia pio
mikrèc suqnìthtec apì aut  pou melet�me ìpou kuriarqeÐ to jermikì mèroc thc akti-
nobolÐac mporoÔn na lhfjoÔn upìyh kai mikrìterec timèc magnhtikoÔ pedÐou . Stic
pio meg�lec suqnìthtec ìpou kuriarqeÐ to mh jermikì mèroc thc sun�rthshc akìma
kai shmantikèc timèc magnhtikoÔ pedÐou den suneisfèroun shmantik� sthn èntash.
En¸ shmantik  aÔxhsh thc jermokrasÐac k�nei ìlec tic perioqèc na ekpèmpoun meg�-
lec timèc. Shmantikì rìlo paÐzei kai h puknìthta twn swmatÐwn h opoÐa metab�llei
èntona thn eikìna aut . Sthn paroÔsa melèth h puknìthta jewreÐtai stajer  se
ìlo ton ìgko.
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4.3 Fraktalik  Di�stash
Sto teleutaÐo mèroc thc melèthc mac ja upologÐsoume th fraktalik  di�stash

tou pedÐou aktinobolÐac kai an parousi�zei diafor� se sqèsh me aut  pou parou-
si�zei to arqikì magnhtikì pedÐo. Gia ton upologismì thc fraktalik c di�stashc
qrhsimopoioÔme th mèjodo box counting h opoÐa akouloujeÐ thn ex c poreÐa.

Jewr¸ pwc o upì exètash ìgkoc apoteleÐ èna eniaÐo kÔbo. Elègqw an up�rqei
èstw kai mia tim  pou na perièqetai ston kÔbo kai na eÐnai megalÔterh apì mia tim 
katwflÐou pou dÐnoume aujaÐreta. An up�rqei èstw kai mia shmei¸noume mia epituqÐa
kai upodiairoÔme thn k�je di�stash tou kÔbou sqhmatÐzontac 8 mikrìterouc kai Ðswn
diast�sewn kÔbouc. Metr�me ton arijmì twn kÔbwn pou shmatÐsthkan kai perièqoun
èstw kai mia tim  èntashc megalÔterh apì thn tim  katwflÐou. UpodiairoÔme thn
di�stash twn nèwn kÔbwn kai epanalamb�noume thn prohgoÔmenh diadikasÐa. Se
k�je b ma katagr�foume ton arijmì twn voxels pou perièqoun èstw kai mia tim 
èntashc megalÔterh apì thn tim  katwflÐou (arijmìc N) kai se sqèsh me thn akm 
tou k�je voxel l. GnwrÐzoume pwc ìtan akoloujoÔme th mèjodo aut  h di�stash tou
pedÐou upologÐzetai apì th sqèsh (2.114). O suntelest c aut c thc eujeÐac eÐnai
h fraktalik  di�stash tou pedÐou . Epanalamb�nw th diadikasÐa aut  gia di�forec
timèc katwflÐou prokeimènou na br¸ thn kalÔterh prossèggish twn shmeÐwn pou
prokÔptoun upologistik� se eujeÐa gramm .

O k¸dikac pou ekteleÐ thn parap�nw diadikasÐa anaptÔqjhke se gl¸ssa pro-
grammatismoÔ C++ kai ta grafik� èginan me th bo jeia thc IDL. Pr¸ta par�goume
istìgramma me katagraf  twn diafìrwn tim¸n èntashc pou emfanÐzontai kai se su-
n�rthsh me thn suqnìthta emf�nishc touc. Oi timèc pou emfanÐzontai mèsa ston
ìgko pou melet�me èqoun logarÐjmouc pou paÐrnoun timèc apì -32 wc kai -7.8 perÐ-
pou. To istìgramma pou prokÔptei perièqei dÔo perioqèc pou faÐnontai parak�tw.
H mia perioq  eÐnai apì tim  logarÐjmou apì -32 wc -12.63 perÐpou kai h epìmenh
ft�nei mèqri to -7.8. H pleionìthta twn tim¸n brÐsketai sthn pr¸th perioq  kai
timèc katwflÐou sthn perioq  aut  den dÐnoun kal� apotelèsmata. H perioq  sthn
opoÐa ja y�xoume thn frakatalik  di�stash eÐnai h deÔterh.
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Dokim�zoume gia di�forec timèc katwflÐou kai paÐrnoume ta parak�tw apotelèsmata
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Gia tim  katwflÐou Ðsh me -12.63 èqoume
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H fraktalik  di�stash gia th sugkekrimènh tim  katwflÐou prokÔptei Ðsh me d =
2.07926.

Gia tim  katwflÐou Ðsh me -11 èqoume
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H fraktalik  di�stash gia th sugkekrimènh tim  katwflÐou prokÔptei Ðsh me d =
1.99639.
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Gia tim  katwflÐou Ðsh me -10 èqoume
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H fraktalik  di�stash gia th sugkekrimènh tim  katwflÐou prokÔptei Ðsh me d =
1.97095.

Gia tim  katwflÐou Ðsh me -9 èqoume
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H fraktalik  di�stash gia th sugkekrimènh tim  katwflÐou prokÔptei Ðsh me d =
1.88814.
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Gia tim  katwflÐou Ðsh me -8.8 èqoume
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H fraktalik  di�stash gia th sugkekrimènh tim  katwflÐou prokÔptei Ðsh me d =
1.88459.

Gia tim  katwflÐou Ðsh me -8.3 èqoume
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H fraktalik  di�stash gia th sugkekrimènh tim  katwflÐou prokÔptei Ðsh me d =
1.84323. Aut  eÐnai kai h kalÔterh sumfwnÐa pou paÐrnoume me eujeÐa. SuneqÐzon-
tac ta shmeÐa den brÐskontai plèon se eujeÐa. H frakatalik  di�stash deÐqnei na
brÐsketai kont� se sugkekrimènh tim  kai na mhn exart�tai apì thn tim  katwflÐou.

Thn parap�nw diadikasÐa thn epanalamb�noume kai gia thn perÐptwsh tou pedÐou
pou p rame gia thn prwtogen  ekpomp  qwrÐc na l�boume upìyh mac th di�dosh thc
aktinobolÐac.
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Gia tim  katwflÐou -12.63 èqoume
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H fraktalik  di�stash gia th parap�nw tim  katwflÐou prokÔptei Ðsh me d =
1.07419. 'Omwc h prosarmog  twn shmeÐwn sthn eujeÐa den eÐnai kal .

Gia tim  katwflÐou -10 èqoume
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H fraktalik  di�stash gia th parap�nw tim  katwflÐou prokÔptei Ðsh me d =
0.912705. H prosarmog  twn shmeÐwn sthn eujeÐa exakoloujeÐ na mhn eÐnai kal .
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Gia tim  katwflÐou -8.8 èqoume
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H fraktalik  di�stash gia th parap�nw tim  katwflÐou prokÔptei Ðsh me d =
0.821682. H prosarmog  twn shmeÐwn sthn eujeÐa an kai belti¸jhke den eÐnai kal .

Gia tim  katwflÐou -8.3 èqoume
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H fraktalik  di�stash gia th parap�nw tim  katwflÐou prokÔptei Ðsh me d = 0.8114.
H prosarmog  twn shmeÐwn sthn eujeÐa eÐnai h kalÔterh pou emfanÐzetai. Parath-
roÔme pwc kai me th di�dosh all� kai qwrÐc aut  gia thn Ðdia tim  katwflÐou èqoume
ton kalÔtero upologismì thc fraktalik c di�stashc h opoÐa ìmwc eÐnai teleÐwc dia-
foretik  stic dÔo peript¸seic.
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KleÐnontac upologÐzw thn fraktalik  di�stash tou magnhtikoÔ pedÐou qrhsimo-
poi¸ntac thn èntash tou magnhtikoÔ pedÐou. Xekin�w me tim  katwflÐou B = 5 gauss

gia to magnhtikì pedÐo.
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H fraktalik  di�stash gia th parap�nw tim  katwflÐou prokÔptei Ðsh me d =
2.25425.

Gia tim  katwflÐou B=8 gauss paÐrnoume
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H fraktalik  di�stash gia th parap�nw tim  katwflÐou prokÔptei Ðsh me d =
2.10857. H sumfwnÐa twn shmeÐwn me thn eujeÐa eÐnai polÔ kal  kai epomènwc prèpei
aut  na eÐnai kai h fraktalik  di�stash tou pedÐou.
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Gia tim  katwflÐou B=10 gauss paÐrnoume
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H fraktalik  di�stash gia th parap�nw tim  katwflÐou prokÔptei Ðsh me d =
2.01456. H sumfwnÐa eÐnai kai p�li exairetik  all� h all�g  thc fraktalik c di�-
stashc me thn tim  katwflÐou eÐnai meg�lh.

Gia tim  katwflÐou B=11 gauss paÐrnoume
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H fraktalik  di�stash gia th parap�nw tim  katwflÐou prokÔptei Ðsh me d =
1.96592. Kai p�li h sumf¸nÐa eÐnai kal  all� all�zei èntona h tim  thc frakta-
lik c di�stashc
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Gia tim  katwflÐou B=12 gauss paÐrnoume
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H fraktalik  di�stash gia th parap�nw tim  katwflÐou prokÔptei Ðsh me d =
1.91799.

Gia tim  katwflÐou B=20 gauss paÐrnoume
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H fraktalik  di�stash gia th parap�nw tim  katwflÐou prokÔptei Ðsh me d =
1.65783. H sumfwnÐa me thn eujeÐa twn elaqÐstwn tetrag¸nwn plèon den eÐnai
kal . SuneqÐzontac gia megalÔterec timèc tou pedÐou paÐrnoume oloèna megalÔterh
apìklish apì thn eujeÐa elaqÐstwn tetrag¸nwn.

ParathroÔme pwc to magnhtikì pedÐo parousi�zei piì xek�jara fraktalik  dom 
,h opoÐa deÐqnei na metab�lletai me thn tim  katwflÐou kai na eÐnai kont� sthn tim 
pou upologÐsame gia to pedÐo aktinobolÐac sto opoÐo lamb�noume upìyh mac. thc
di�dosh thc, qwrÐc ìmwc na eÐnai h Ðdia.
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////////////////////////////////////////////////////////////////////

// This code calculates the intensity of gyrosynchrotron (in SFU) //

//from a volume space considering a hybrid distribution function //

// for electrons (power law and maxwellian) and creates a file //

// containing these values in every voxel of this space. //

// Input values of the magnetic field are taken from a file //

// wich is produced from extrapolation from real magnetograms. //

////////////////////////////////////////////////////////////////////

#include <iostream>

#include <cmath>

#include <fstream>

using namespace std;

//error in the calculation of the integrals using gaussian quadrate

#define EPS 1.0e-12

//value of pi

#define PI 3.1415926535897932

//value of the electron charge (in CGS)

#define echarg 4.80298e-10

//value of the electron mass (in CGS)

#define emass 9.1091e-28

//value of the speed of light(in CGS)

#define clight 2.9979256e+10

//maxim order of the bessel functions

#define nsdim 10000

//value of infinity in case index of refraction is infinite

#define Inf 1.0e+40

//constant for changing intensity to SolarFluxUnits

#define Rs 2.238e+07

// Boltzmann’s constant (in CGS)

#define Kboltz 1.3807e-16

// declaration of functions used in the code

/*{----------------------------------}*/

int nsminimum(int smin,double rindx,double ctheta,double rnu,

double rnub,double gammamin);

/*{----------------------------------}*/

int nsmaximum(int smin,double rindx, double ctheta,double rnu,
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double rnub,double gammamax);

/*{----------------------------------}*/

double gammacritical( double epsilon ,double temp);

/*{----------------------------------}*/

double Nnthermal(double temp,double Ntherm,double epsilon,int p);

/*{----------------------------------}*/

double thermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

double nonthermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

double derthermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

double dernonthermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

double qgauss(double a,double b, int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,

double gmax,double rnub,double rnup, int mode,

double temp,double Ntherm,double epsilon,

double(*func)(double,int ,double, double ,double,double,int,double,double,

double ,double,int,double,double,double ));

/*{----------------------------------}*/

double getindex(double rnu,double stheta,double ctheta,double rnub,
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double rnup,int mode);

/*{----------------------------------}*/

double atheta(double rnu,double stheta,double ctheta,double rnub,

double rnup,int mode);

/*{----------------------------------}*/

int sminimum(double rindx, double ctheta,double rnu,double rnub);

/*{----------------------------------}*/

double g1(double rindx,double ctheta,int ns,double rnu ,double rnub);

/*{----------------------------------}*/

double g2(double rindx,double ctheta,int ns,double rnu ,double rnub);

/*{----------------------------------}*/

double cphis(int ns ,double rnu,double rindx,double g,double ctheta,

double rnub);

/*{----------------------------------}*/

double sphis(int ns ,double rnu,double rindx,double gamma,double ctheta,

double rnub);

/*{----------------------------------}*/

double dbessel(int l,double x);

/*{----------------------------------}*/

double dphipowlaw();

/*{----------------------------------}*/

double getxs(int ns ,double rnu,double gamma,double rindx,

double stheta,double ctheta,double rnub);
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/*{----------------------------------}*/

double conemis(double rnu,double stheta,double ctheta,double rnub,

double rnup,int mode);

/*{----------------------------------}*/

double conabsor(double rnu,double stheta,double ctheta,double rindx,

double rnub,double rnup,int mode);

/*{----------------------------------}*/

double emissionthermal(double gamma,int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,

double gmax,double rnub,double rnup, int mode,

double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

double absortionthermal(double gamma,int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,

double gmax,double rnub,double rnup, int mode,

double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

double emissionnonthermal(double gamma,int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,

double gmax,double rnub,double rnup, int mode,double temp,

double Ntherm,double epsilon);

/*{----------------------------------}*/

double absortionnonthermal(double gamma,int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,

double gmax,double rnub,double rnup, int mode,

double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

void mainfunction(double *pabsortion,double *pemission , double rnu,double rnub,

double rnup,int mode,double stheta,double ctheta,double gammamin,

73



double gammamax,double temp,int p,double Ntherm,double epsilon,

double rnux,double depth);

/*{----------------------------------}*/

//main program

void main()

{

static float a[256][256][256];

int i,p,j,l,modeO,modeX;

double stheta,temp,ctheta,rnux,rnub,rnup,rnu,gammamin,gammamax;

double sumemissionO,sumabsortionO;

double sumemissionX,sumabsortionX;

double intensitytotal,Ntherm,Nntherm,Ntotal,epsilon;

double intensityO,intensityX,area;

double *pemissionO,*pabsortionO,*pemissionX,*pabsortionX;

double L,gcrit,thetd,theta,step;

float bfield,B,Bminimum,lflux;

double depth,flux;

double intensityXlast,intensityOlast;

cout<<" *****************************************************"<<endl;

cout<<endl;

cout<<" SYNCHROTRON VOLUME INTENSITY CALCULATION"<<endl;

cout<<endl;

cout<<" *****************************************************"<<endl;

cout<<endl;

cout<<"Give the angle theta in degrees (0-180)= "<<endl;

cin>>thetd;

cout<<"Give a power-law power p= "<<endl;

cin>>p;

cout<<"Give the for the distance from source L (cm) "<<endl;

cin>>L;

cout<<"Give the densty of thermal electrons (cm-3)= "<<endl;

cin>>Ntherm;

cout<<"give the Temperature of electrons (K) ="<<endl;

cin>>temp;

cout<<"Give the epsilon parameter "<<endl;

cin>>epsilon;

cout<<"Give the rnu (frequency) that you want "<<endl;
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cin>>rnu;

cout<<"Give the minimum magnetic field of interest = "<<endl;

cin>>Bminimum;

cout<<"Give the depth of calculation"<<endl;

cin>>depth;

//file of input values of the magnetic field

ifstream datafile ("amplitude.dat", ios::in|ios::binary );

//file for gyrosynchrotron values

ofstream myfile ("volume.dat",ios::binary);

//file for log gyrosynchrotron values

ofstream myfile1 ("logvolume.dat",ios::binary);

if (!datafile)

{ cerr<<"file could not be opened"<<endl;

exit(1);}

step = L/255; //voxel’s linear size

area=pow(step,2); //voxel’s side area

for( i=0;i<256;i++)

for( j=0;j<256;j++)

for( l=0;l<256;l++)

{

datafile.read(reinterpret_cast < char * > (&B),sizeof(B));

a[i][j][l]=B;

}

for( i=0;i<256;i++)

for( j=0;j<256;j++)

{

intensityXlast =0.0;

intensityOlast =0.0;

for( l=0;l<256;l++)

{

bfield=a[i][j][l];

cout<<"value of B = "<<bfield<<endl;

if (bfield >= Bminimum)

{

//minimum energy for electrons (gamma relativistic parameter)

gammamin=1.002;

//maximum energy for electrons

gammamax=10;
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//Numerical density of non thermal electrons of hybridic function

Nntherm=Nnthermal(temp,Ntherm,epsilon,p);

//Total numerical density of electrons used for calculating plasma frequancy

Ntotal=Ntherm+Nntherm;

//Function call for calculating critical value of energy

gcrit=gammacritical( epsilon , temp);

//Gyro Frequency

rnub = echarg * bfield/(2*PI*emass*clight);

//Plasma Frequency

rnup = echarg*sqrt(Ntotal/(PI*emass));

//Cut-off frequency for the X-mode

rnux= (rnub/2)+sqrt(pow(rnup,2)+pow(rnub,2)/4);

//calculation of sine and cosine of theta angle

if (thetd==90)

{theta=PI/2;

stheta=1;

ctheta=0;}

else if(thetd==180)

{theta=PI;

stheta=0;

ctheta=-1;}

else

{theta=thetd*PI/180;

stheta=sin(theta);

ctheta=cos(theta);}

pemissionO=&sumemissionO;

pabsortionO=&sumabsortionO;

pemissionX=&sumemissionX;

pabsortionX=&sumabsortionX;

// the ordinary mode is set 1 and the extraordinary mode to -1

// in order to be called with these two values

modeO = 1;

modeX = -1;

//mainfunction calculates emission and absotion for a voxel
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//it is called for the ordinary mode and then for the extraordinarymode

mainfunction(pabsortionO, pemissionO ,rnu, rnub, rnup,modeO, stheta,

ctheta, gammamin, gammamax, temp, p, Ntherm, epsilon,rnux,depth);

mainfunction(pabsortionX, pemissionX ,rnu, rnub, rnup,modeX, stheta,

ctheta, gammamin, gammamax,temp, p, Ntherm, epsilon,rnux,depth);

//calculation of intensity of a voxel for the O mode

// as mentioned in paragraph 2.5 equation used 2.108

intensityO =intensityOlast*exp(-step*sumabsortionO);

intensityO =

intensityO+sumemissionO*(1-exp(-(L-l*step)*sumabsortionO))/sumabsortionO;

intensityOlast= intensityO;

//calculation of intensity of a voxel for the X mode

// as mentioned in paragraph 2.5

//also calculation of the total intensity equation 2.109 paragraph 2.5

if (sumemissionX!=0 && sumabsortionX!=0 )

{

intensityX =intensityXlast*exp(-sumabsortionX*step);

intensityX=

intensityX+(sumemissionX) *(1-exp(-(L-l*step)*sumabsortionX))/sumabsortionX;

intensityXlast=intensityX;

intensitytotal=intensityX+intensityO;} else {intensitytotal =intensityO;}

flux = intensitytotal*area/Rs ;

}

//if zero values are calculated use the following values

else {

sumabsortionX=0.0;

sumemissionX=0.0;

sumemissionO=0.0;

sumabsortionO=0.0;

intensityX=intensityXlast*exp(-sumabsortionX*step);

intensityO =intensityOlast*exp(-step*sumabsortionO);

intensityXlast=intensityX;

intensityOlast= intensityO;
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intensitytotal=intensityX+intensityO;

flux = intensitytotal*area/Rs ;

}

//writing the calculated values in an data file

myfile.write(reinterpret_cast < char * > (&flux),sizeof(flux));

myfile.seekp(0,ios::end);

if (flux==0.0) lflux=-200.0; else lflux = (float) log10(flux);

myfile1.write(reinterpret_cast < char * > (&lflux),sizeof(lflux));

myfile1.seekp(0,ios::end);

cout<<i<<" "<<j<<" "<<l<<" "<<flux<<endl;

cout<<lflux<<endl;

}}

}

//finding the number of bessel functions to include

//inside the limits of integration gammamim & gammamax

//initial value smin (lower bessel)

//function for calculating the lowest bessel

//paragraph 3.1 equation 3.1

int sminimum(double rindx, double ctheta,double rnu,double rnub)

{double aterm,bterm;

int nsfix;

bterm=1-pow((rindx*ctheta),2);

if (bterm<0) {nsfix=1;} else {

aterm=(rnu/rnub)*sqrt(bterm);

nsfix = (int) ceil(aterm);}

return nsfix;

}

/*{----------------------------------}*/

//lowest bessel upper limit greater than gammamin

int nsminimum(int smin,double rindx, double ctheta,double rnu,

double rnub,double gammamin)

{int j,nsmin;

for(j=smin;j<=nsdim;j++)

{nsmin=j;

if (g2(rindx,ctheta,j,rnu,rnub)< gammamin) continue;

else break;

}
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return nsmin;}

/*{----------------------------------}*/

//max bessel lower limit lower than gammamax

int nsmaximum(int smin,double rindx, double ctheta,double rnu,

double rnub,double gammamax)

{int l,nsmax;

for(l=smin;l<=nsdim;l++)

{nsmax=l-1;

if (g1(rindx, ctheta,l, rnu,rnub)< gammamax ) continue;

else break ;}

return nsmax;}

/*{----------------------------------}*/

//function for the calculation of gcritical for hybrid function

//paragraph 2.4.3 equation 2.104

double gammacritical( double epsilon ,double temp)

{double pthermal,aterm,bterm,gvalue;

aterm=emass*pow(clight,2)/(Kboltz*temp);

pthermal = emass*clight/sqrt(aterm-1);

bterm=pow((pthermal/(emass*clight)),2);

gvalue = sqrt(1+(bterm/(epsilon-bterm*(1-epsilon))));

return gvalue;}

/*{----------------------------------}*/

/*computation of a(th)*/

//paragraphs theory 2.2 evaluation 2.3 equation 2.62

double atheta(double rnu,double stheta,double ctheta,double rnub,

double rnup,int mode)

{double aterm,bterm,denom,deter,athet;

aterm=-pow((rnu/rnub)*stheta,2);

bterm=2*(rnu/rnub)*ctheta*(pow((rnup/rnub),2)-pow((rnu/rnub),2));

deter=sqrt(pow(aterm,2)+pow(bterm,2));

if (mode==1) denom=aterm+deter; else denom=aterm-deter;

athet=-bterm/denom;

return athet;}

/*{----------------------------------}*/

/*computation of index of refraction n(th)*/

//paragraphs theory 2.2 evaluation 2.3 equation 2.61

double getindex(double rnu,double stheta,double ctheta,double rnub,

double rnup,int mode)

{

double aterm,bterm,cterm,denom,deter,index,rindex;
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aterm=pow((rnu/rnub),2)*pow(stheta,2);

bterm=2*(pow((rnup/rnub),2)-pow((rnu/rnub),2));

cterm=bterm*(rnu/rnub)*ctheta;

deter=pow(aterm,2)+pow(cterm,2);

if (mode==1)

denom=(-aterm)-((pow((rnu/rnub),2)*bterm))+sqrt(deter);

else denom=(-aterm)-((pow((rnu/rnub),2)*bterm))-sqrt(deter);

if (denom == 0) index=Inf;else

index=1+(bterm*pow((rnup/rnub),2)/denom);

if (index<0) rindex=Inf; else

rindex=sqrt(index);

return rindex;}

/*{----------------------------------}*/

/*evaluating gamma1 and gamma2 of the integral*/

//paragraph 3.1 equation 3.2

double g1(double rindx,double ctheta,int ns,double rnu ,double rnub)

{double x,y,z,deton,denom,g1;

x=ns*(rnub/rnu);

y=rindx*fabs(ctheta);

z=x*x+y*y;

deton=y*sqrt(z-1);

denom=x+deton;

g1=z/denom;

return g1;

}

/*{----------------------------------}*/

double g2(double rindx,double ctheta,int ns,double rnu, double rnub)

{double x,y,z,deton,denom,g2;

x=ns*(rnub/rnu);

y=rindx*fabs(ctheta);

z=x*x+y*y;

deton=y*sqrt(z-1);

denom=x-deton;

g2=z/denom;

return g2;

}

/*{----------------------------------}*/

/*{evaluation cos and sin of phi’s}*/

//paragraph 2.3 equation for cos 2.79

double cphis(int ns ,double rnu,double rindx,double gamma,

double ctheta,double rnub)
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{double aterm,bterm,cphis,beta;

beta=sqrt(1-(1/pow(gamma,2)));

aterm=ns*(rnub/rnu)/gamma;

aterm=1.0-aterm;

bterm=rindx*beta*ctheta;

cphis=aterm/bterm;

return cphis;}

//sin is calculated uisng the identity sin2phi=1-cos2phi

double sphis(int ns ,double rnu,double rindx,double gamma,

double ctheta,double rnub)

{double sphis;

sphis=sqrt(1-pow(cphis(ns,rnu,rindx,gamma,ctheta,rnub),2));

return sphis;

}

/*{----------------------------------}*/

/*calling derivative of Bessel */

double dbessel(int l,double x)

{double bprime;

if (l==0)

bprime=-_jn(1,x);

else

bprime=0.5*(_jn(l-1,x)-_jn(l+1,x));

return bprime;

}

/*{----------------------------------}*/

// calculation of the density of nonthermal electrons

//for the hybrid function paragraph 2.4.3 equation 2.103

double Nnthermal(double temp,double Ntherm,double epsilon,int p)

{double aterm,bterm ,Nntherm,gcrit;

aterm = emass*pow(clight,2)/(Kboltz*temp);

bterm=pow((sqrt(aterm)),3)/(1+(15/(8*aterm)));

gcrit=gammacritical(epsilon,temp);

Nntherm= Ntherm*sqrt(32*PI)*bterm;

Nntherm =

Nntherm*gcrit*(gcrit-1)*sqrt(pow(gcrit,2)-1)*exp(-aterm*(gcrit-1))/(p-1);

return Nntherm ;

}/*{----------------------------------}*/

/*thermal-nonthermal (TNT) distribution function*/

/*thermal-part of distribution function*/

//as described in paragraph 2.4.3 equation 2.101

double thermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon)
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{

double aterm,bterm,fthermalpart,ftotal,gcrit,pthermal;

double pcritical,pRsmooth,gRsmooth,Rsmooth;

aterm = emass*pow(clight,2)/(Kboltz*temp);

bterm=1/(1+(15/(8*aterm)));

gcrit=gammacritical(epsilon,temp);

fthermalpart =

sqrt(2/PI)*pow((sqrt(aterm)),3)*gamma*sqrt(pow(gamma,2)-1);

fthermalpart =fthermalpart *exp(-aterm*(gamma-1))*bterm;

fthermalpart =Ntherm*fthermalpart;

pthermal =emass*clight/sqrt(aterm-1);

pcritical=

pthermal/sqrt(epsilon-(1-epsilon)*pow((pthermal/(emass*clight)),2));

pRsmooth=pcritical-pthermal/2;

gRsmooth=sqrt(1+pow((pRsmooth/(emass*clight)),2));

if (gamma <= gRsmooth) Rsmooth=0;

else {if (gRsmooth <=gamma && gamma<gcrit)

Rsmooth=sin(PI*pow((gamma-gRsmooth),2)/(2* pow((gcrit-gRsmooth),2)));

else

if (gamma>=gcrit)Rsmooth=1;}

if (gamma >=gmin) ftotal=fthermalpart;

else ftotal=0;

return ftotal;}

/* nonthermal part of distribution function */

//as described in paragraph 2.4.3 equation 2.102

double nonthermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon)

{

double aterm,bterm,fnonthermalpart,ftotal,gcrit,pthermal;

double pcritical,pRsmooth,gRsmooth,Rsmooth;

aterm = emass*pow(clight,2)/(Kboltz*temp);

bterm=1/(1+(15/(8*aterm)));

gcrit=gammacritical(epsilon,temp);

pthermal =emass*clight/sqrt(aterm-1);

pcritical=

pthermal/sqrt(epsilon-(1-epsilon)*pow((pthermal/(emass*clight)),2));

pRsmooth=pcritical-pthermal/2;

gRsmooth=sqrt(1+pow((pRsmooth/(emass*clight)),2));

fnonthermalpart=

pow((gamma-1),-p)*(p-1)/((pow((gcrit-1),1-p)-pow((gmax-1),1-p))*(4*PI));

if (gamma <= gRsmooth) Rsmooth=0;

else {if (gRsmooth <=gamma && gamma<gcrit)
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Rsmooth=sin(PI*pow((gamma-gRsmooth),2)/(2* pow((gcrit-gRsmooth),2)));

else

if (gamma>=gcrit)Rsmooth=1;}

fnonthermalpart=

Rsmooth*Nnthermal(temp, Ntherm, epsilon, p)*fnonthermalpart;

if (gamma >=gmin) ftotal=fnonthermalpart;

else ftotal=0;

return ftotal;}

//derivative of power law to phi

// for isotropic distributions

double dphipowlaw()

{

return 0;

}

//derivative of thermal-nonthermalpart of distribution function

// thermal part derivative with respect to gamma

//needed for equations 2.78 paragraph 2.3

double derthermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon)

{double aterm,bterm ,derfthermal,derftotal;

double gcrit,pthermal,pcritical,pRsmooth,gRsmooth,Rsmooth;

aterm = emass*pow(clight,2)/(Kboltz*temp);

bterm=1/(1+(15/(8*aterm)));

gcrit=gammacritical(epsilon,temp);

derfthermal =

sqrt(2/PI)*pow((sqrt(aterm)),3)*bterm*pow(gamma,2)*pow((pow(gamma,2)-1),(-1/2));

derfthermal =

derfthermal +sqrt(2/PI)*pow((sqrt(aterm)),3)*bterm*pow((pow(gamma,2)-1),(1/2));

derfthermal =

derfthermal-aterm*sqrt(2/PI)*pow((sqrt(aterm)),3)*bterm*gamma*sqrt(pow(gamma,2)-1);

derfthermal =derfthermal *exp(-aterm*(gamma-1));

derfthermal =derfthermal*Ntherm;

pthermal =emass*clight/sqrt(aterm-1);

pcritical=pthermal/sqrt(epsilon-(1-epsilon)*pow((pthermal/(emass*clight)),2));

pRsmooth=pcritical-pthermal/2;

gRsmooth=sqrt(1+pow((pRsmooth/(emass*clight)),2));

if (gamma <= gRsmooth) Rsmooth=0;

else {if (gRsmooth <=gamma && gamma< gcrit)

Rsmooth=

PI*(gamma-gRsmooth)*cos(PI*pow((gamma-gRsmooth),2)/

(2* pow((gcrit-gRsmooth),2)))/ pow((gcrit-gRsmooth),2);
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else Rsmooth=1;}

if (gamma >=gmin) derftotal=derfthermal;

else derftotal=0;

return derftotal;

}

// derivative of nonthermal part distribution with respect to gamma

//needed for equations 2.78 paragraph 2.3

double dernonthermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon)

{double aterm,bterm ,derfnonthermal,derftotal;

double gcrit,pthermal,pcritical,pRsmooth,gRsmooth,Rsmooth;

aterm = emass*pow(clight,2)/(Kboltz*temp);

bterm=1/(1+(15/(8*aterm)));

gcrit=gammacritical(epsilon,temp);

pthermal =emass*clight/sqrt(aterm-1);

pcritical=

pthermal/sqrt(epsilon-(1-epsilon)*pow((pthermal/(emass*clight)),2));

pRsmooth=pcritical-pthermal/2;

gRsmooth=sqrt(1+pow((pRsmooth/(emass*clight)),2));

derfnonthermal=

(-p)*pow((gamma-1),(-p-1))*(p-1)/((pow((gcrit-1),1-p)-pow((gmax-1),1-p))*(4*PI));

if (gamma <= gRsmooth) Rsmooth=0;

else {if (gRsmooth <=gamma && gamma< gcrit)

Rsmooth=sin(PI*pow((gamma-gRsmooth),2)/(2* pow((gcrit-gRsmooth),2)));

else Rsmooth=1;}

derfnonthermal=Rsmooth*Nnthermal(temp, Ntherm, epsilon, p)*derfnonthermal;

if (gamma >=gmin) derftotal=derfnonthermal;

else derftotal=0;

return derftotal;

}

//Get x’s for the bessel functions

// calculated in paragraph 2.3 equation 2.69

double getxs(int ns ,double rnu,double gamma,double rindx,

double stheta,double ctheta,double rnub)

{double aterm,bterm,beta,xs;

beta=sqrt(1-(1/pow(gamma,2)));

aterm = rindx*ns*beta*stheta*sphis( ns , rnu,rindx, gamma, ctheta,rnub);

bterm=1.0-(rindx*beta*ctheta*cphis(ns,rnu,rindx,gamma,ctheta,rnub));

xs=aterm/bterm;

return xs;}

//Evalute the constant values of the integrales

//emission constant paragraph 2.3 equation 2.77
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double conemis(double rnu,double stheta,double ctheta,double rnub,

double rnup,int mode)

{

double cona;

cona = 4*pow(PI,2)*pow(echarg,2)/clight;

cona=cona*rnu/ctheta;

cona=cona/(1+pow(atheta( rnu, stheta, ctheta, rnub, rnup, mode),2));

return cona;

}

//absortion constant paragraph 2.3 equation 2.78

double conabsor(double rnu,double stheta,double ctheta,double rindx,

double rnub,double rnup,int mode)

{

double cona,conb,conabsor;

cona = 4*pow(PI,2)*pow(echarg,2)/clight;

conb=cona/emass;

conabsor=conb/(rnu*rindx*abs(ctheta));

conabsor=conabsor/(1+pow(atheta( rnu, stheta, ctheta, rnub, rnup, mode),2));

return conabsor;

}

//"numerical recipes in c++" Gaussian quadrature method

//for integration of function f using 256 points

//for the calculation of integrals in paragraph 2.3

//used in equations 2.77 and 2.78

double qgauss(double a,double b, int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,double gmax,

double rnub,double rnup, int mode,double temp,double Ntherm,double epsilon,

double(*func)(double,int ,double, double ,double,double ,int ,double,

double ,double ,double , int ,double,double,double ))

{

int m,i,j,n;

double z1,z,pp,p3,p2,p1,xr,xm,dx,s,x[257],w[257];

n=256;

m=(n+1)/2;

xm=0.5*(b+a);

xr=0.5*(b-a);

for(i=1;i<=m;i++)

{

z=cos(3.141592654*(i-0.25)/(n+0.5));

do {

p1=1.0;

p2=0.0;
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for(j=1;j<=n;j++){

p3=p2;

p2=p1;

p1=((2.0*j-1.0)*z*p2-(j-1.0)*p3)/j;

}

pp=n*(z*p1-p2)/(z*z-1.0);

z1=z;

z=z1-p1/pp;

}while(fabs(z-z1)>EPS);

x[i]=xm-xr*z;

x[n+1-i]=xm+xr*z;

w[i]=2.0*xr/((1.0-z*z)*pp*pp);

w[n+1-i]=w[i];}

s=0;

for(j=1;j<=256;j++)

{

dx=xr*x[j];

s += w[j]*((*func)( x[j],ns,rnu, rindx, ctheta, stheta, p,gmin,gmax,

rnub, rnup, mode,temp,Ntherm,epsilon));

}

return s ;

}

//thermalemission integrand paragraph 2.3 equation 2.77

//with call to thermal part of hybrid function

double emissionthermal(double gamma,int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,double gmax,

double rnub,double rnup, int mode,double temp,double Ntherm,double epsilon)

{

double aterm,bterm,beta,integr,xs,emissionthermal;

beta=sqrt(1-(1/pow(gamma,2)));

aterm=ctheta/(rindx*stheta)-beta*cphis( ns, rnu, rindx, gamma, ctheta,rnub)/ctheta;

bterm=beta*sphis(ns , rnu, rindx, gamma, ctheta,rnub);

xs=getxs(ns , rnu,gamma, rindx, stheta, ctheta,rnub);

integr=

atheta(rnu,stheta,ctheta,rnub,rnup,mode)*aterm*_jn(ns,xs)-bterm*dbessel(ns,xs);

emissionthermal=

thermal(p, gmin,gmax, gamma,temp,Ntherm,epsilon)*pow(integr,2)/beta;

return emissionthermal;

}

//thermalabsortion integrand paragraph 2.3 equation 2.78
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//with call to thermal part of hybrid function

double absortionthermal(double gamma,int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,double gmax,double rnub,

double rnup, int mode, double temp,double Ntherm,double epsilon)

{

double aterm,bterm,beta,integr,xs,absortionthermal,a1term,b1term;

beta=sqrt(1-(1/pow(gamma,2)));

aterm=ctheta/(rindx*stheta)-beta*cphis( ns, rnu, rindx, gamma, ctheta,rnub)/ctheta;

bterm=beta*sphis(ns , rnu, rindx, gamma, ctheta,rnub);

xs=getxs(ns , rnu,gamma, rindx, stheta, ctheta,rnub);

integr=

atheta(rnu,stheta,ctheta,rnub,rnup,mode)*aterm*_jn(ns,xs)-bterm*dbessel(ns,xs);

a1term=((rindx*beta*ctheta)-cphis(ns,rnu,rindx,gamma,ctheta,rnub));

a1term=a1term/(pow(beta,2)*gamma*sphis( ns, rnu, rindx, gamma, ctheta,rnub));

b1term=(1+(1/pow(beta,2)))/gamma;

absortionthermal=

(b1term*thermal(p, gmin,gmax, gamma,temp,Ntherm,epsilon)

-derthermal(p, gmin,gmax, gamma,temp,Ntherm,epsilon))+(a1term*dphipowlaw());

absortionthermal=absortionthermal*pow(integr,2)/beta;

return absortionthermal;

}

//nonthermalemission integrand paragraph 2.3 equation 2.77

//with call to nonthermal part of hybrid function

double emissionnonthermal(double gamma,int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,double gmax,double rnub,

double rnup, int mode,double temp,double Ntherm,double epsilon)

{

double aterm,bterm,beta,integr,xs,emissionnonthermal;

beta=sqrt(1-(1/pow(gamma,2)));

aterm=

ctheta/(rindx*stheta)-beta*cphis(ns,rnu,rindx,gamma,ctheta,rnub)/ctheta;

bterm=beta*sphis(ns , rnu, rindx, gamma, ctheta,rnub);

xs=getxs(ns,rnu,gamma,rindx,stheta,ctheta,rnub);

integr=

atheta(rnu,stheta,ctheta,rnub,rnup,mode)*aterm*_jn(ns,xs)-bterm*dbessel(ns,xs);

emissionnonthermal=

nonthermal(p, gmin,gmax, gamma,temp,Ntherm,epsilon)*pow(integr,2)/beta;

return emissionnonthermal;

}

//nonthermalabsortion integrand paragraph 2.3 equation 2.77
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//with call to nonthermal part of hybrid function

double absortionnonthermal(double gamma,int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,double gmax,double rnub,

double rnup, int mode, double temp,double Ntherm,double epsilon)

{

double aterm,bterm,beta,integr,xs,absortionnonthermal,a1term,b1term;

beta=sqrt(1-(1/pow(gamma,2)));

aterm=ctheta/(rindx*stheta)-beta*cphis( ns, rnu, rindx, gamma, ctheta,rnub)/ctheta;

bterm=beta*sphis(ns , rnu, rindx, gamma, ctheta,rnub);

xs=getxs(ns , rnu,gamma, rindx, stheta, ctheta,rnub);

integr=

atheta(rnu,stheta,ctheta,rnub,rnup,mode)*aterm*_jn(ns,xs)-bterm*dbessel(ns,xs);

a1term=((rindx*beta*ctheta)-cphis( ns, rnu, rindx, gamma, ctheta,rnub));

a1term=a1term/(pow(beta,2)*gamma*sphis( ns, rnu, rindx, gamma, ctheta,rnub));

b1term=(1+(1/pow(beta,2)))/gamma;

absortionnonthermal=

(b1term*nonthermal(p, gmin,gmax, gamma,temp,Ntherm,epsilon)

-dernonthermal(p, gmin,gmax, gamma,temp,Ntherm,epsilon))+(a1term*dphipowlaw());

absortionnonthermal=absortionnonthermal*pow(integr,2)/beta;

return absortionnonthermal;

}

// calculation of the inensity for a given frequency for a single voxel

// and for a given mode. this function calculates the sum of integrals

//for a given B value its return is the result calculated

//for equations 2.77 and 2.78

void mainfunction(double *pabsortion,double *pemission , double rnu,double rnub,

double rnup,int mode,double stheta,double ctheta,double gammamin,double gammamax,

double temp,int p,double Ntherm,double epsilon,double rnux,double depth)

{double rindx,gmin,gmax,endpointlow,endpointhigh;

double emissiontherm,absortiontherm;

double emissionnontherm,sumemission,sumabsortion,absortionnontherm;

int ns,nsmax,nsmin,smin;

gmin=gammamin;

gmax=gammamax;

rindx = getindex(rnu,stheta,ctheta,rnub,rnup,mode);

smin= sminimum( rindx, ctheta, rnu,rnub);

nsmin= nsminimum( smin, rindx, ctheta, rnu, rnub, gammamin);

nsmax=nsmaximum(smin, rindx, ctheta, rnu, rnub, gammamax);

sumabsortion=0;

sumemission=0;
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for(ns = nsmin;ns<=nsmax;ns++)

{

if (mode == 1)

{if (rnup > rnu )

{sumemission=0;

sumabsortion=0;

continue;}

} else

{if (rnux > rnu)

{

sumemission=0;

sumabsortion=0;

continue;}}

endpointlow= max(g1(rindx, ctheta,ns, rnu,rnub),gammamin);

endpointhigh= min(g2(rindx, ctheta,ns, rnu,rnub),gammamax);

if (endpointlow >=endpointhigh)

{emissiontherm=0;

absortiontherm=0;

emissionnontherm=0;

absortionnontherm=0;}

else

{emissiontherm = conemis( rnu, stheta, ctheta,rnub,rnup,mode)*

qgauss(endpointlow,endpointhigh, ns, rnu, rindx, ctheta, stheta,

p,gmin,gmax, rnub, rnup, mode ,temp,Ntherm,epsilon,emissionthermal);

absortiontherm=conabsor( rnu, stheta, ctheta,rindx,rnub,rnup,mode)*

qgauss(endpointlow,endpointhigh, ns, rnu, rindx, ctheta, stheta,

p,gmin,gmax,rnub, rnup, mode,temp,Ntherm,epsilon, absortionthermal);

emissionnontherm = conemis( rnu, stheta, ctheta,rnub,rnup,mode)*

qgauss(endpointlow,endpointhigh, ns, rnu, rindx, ctheta, stheta,

p,gmin,gmax, rnub, rnup, mode ,temp,Ntherm,epsilon,emissionnonthermal);

absortionnontherm=conabsor( rnu, stheta, ctheta,rindx,rnub,rnup,mode)*

qgauss(endpointlow,endpointhigh, ns, rnu, rindx, ctheta, stheta,

p,gmin,gmax,rnub, rnup, mode,temp,Ntherm,epsilon, absortionnonthermal);

if ( emissiontherm >=depth && absortiontherm >=depth &&
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emissionnontherm >=depth && absortionnontherm >=depth)

{

sumemission=emissiontherm+emissionnontherm+sumemission;

sumabsortion=sumabsortion+absortiontherm+absortionnontherm;

}

else

{break;}

}

}

*pemission=sumemission;

*pabsortion=sumabsortion;

}
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//////////////////////////////////////////////////////////////////

// This code calculates the intensity of gyrosynchrotron (in SFU)

// from a volume space for a range of frequencies.

// The distribution of electrons is selected between

// a power-law, a maxwellian or a hybrid of both.

/////////////////////////////////////////////////////////////////

#include <iostream>

#include <cmath>

#include <fstream>

using namespace std;

// error in the calculation of the integrals using gaussian quadrate

#define EPS 1.0e-12

// value of pi

#define PI 3.14159265358979323

// value of the electron charge (in CGS)

#define echarg 4.80298e-10

// value of the electron mass (in CGS)

#define emass 9.1091e-28

// value of the speed of light(in CGS)

#define clight 2.9979256e+10

// maxim order of the bessel functions

#define nsdim 10000

// value of infinity in case index of refraction is infinite

#define Inf 1.0e+40

// constant for changing intensity to SolarFluxUnits

#define Rs 2.238e+07

// Boltzmann’s constant (in CGS)

#define Kboltz 1.3807e-16

//function declaration

/*{----------------------------------}*/

double turntogamma(double energy);

/*{----------------------------------}*/

int nsminimum(double smin,double rindx, double ctheta,double rnu,

double rnub,double gammamin);

/*{----------------------------------}*/

int nsmaximum(double smin,double rindx, double ctheta,double rnu,

double rnub,double gammamax);
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/*{----------------------------------}*/

double gammacritical( double epsilon ,double temp);

/*{----------------------------------}*/

double Nnthermal(double temp,double Ntherm,double epsilon,int p);

/*{----------------------------------}*/

double thermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

double nonthermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

double derthermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

double dernonthermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

double powlaw(int p,double gmin,double gmax,double gamma);

/*{----------------------------------}*/

double dphipowlaw();

/*{----------------------------------}*/

double derpowlaw(int p,double gmin,double gmax,double gamma);

/*{----------------------------------}*/

double qgauss(double a,double b, int ns,double rnu,

double rindx, double ctheta,double stheta,int p,

double gmin,double gmax,double rnub,double rnup, int mode,

double temp,double Ntherm,double epsilon,

double(*func)(double,int ,double, double ,double,double ,

int ,double,double ,double ,double , int ,double,double,double ));

/*{----------------------------------}*/

double gausspowerlaw(double a,double b, int ns,double rnu,

double rindx, double ctheta,double stheta,int p,double gmin,

double gmax,double rnub,double rnup, int mode,

double(*func)(double,int ,double, double ,double,double ,

int ,double,double ,double ,double , int ));

/*{----------------------------------}*/

double getindex(double rnu,double stheta,double ctheta,

double rnub,double rnup,int mode);

/*{----------------------------------}*/

double atheta(double rnu,double stheta,double ctheta,

double rnub,double rnup,int mode);

/*{----------------------------------}*/
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int sminimum(double rindx, double ctheta,

double rnu,double rnub);

/*{----------------------------------}*/

double g1(double rindx,double ctheta,int ns,

double rnu ,double rnub);

/*{----------------------------------}*/

double g2(double rindx,double ctheta,int ns,

double rnu ,double rnub);

/*{----------------------------------}*/

double cphis(int ns ,double rnu,double rindx,double g,

double ctheta,double rnub);

/*{----------------------------------}*/

double sphis(int ns ,double rnu,double rindx,double gamma,

double ctheta,double rnub);

/*{----------------------------------}*/

double dbessel(int l,double x);

/*{----------------------------------}*/

double getxs(int ns ,double rnu,double gamma,double rindx,

double stheta,double ctheta,double rnub);

/*{----------------------------------}*/

double conemis(double rnu,double stheta,double ctheta,

double rnub,double rnup,int mode);

/*{----------------------------------}*/

double conemispow(double rnu,double stheta,double ctheta,

double rnub,double rnup,int mode,double Nntherm);

/*{----------------------------------}*/

double conabsor(double rnu,double stheta,double ctheta,

double rindx,double rnub,double rnup,int mode);

/*{----------------------------------}*/

double conabsorpow(double rnu,double stheta,double ctheta,

double rindx,double rnub,double rnup,int mode,double Nntherm);

/*{----------------------------------}*/

double emissionthermal(double gamma,int ns,double rnu,

double rindx, double ctheta,double stheta,int p,

double gmin,double gmax,double rnub,double rnup,

int mode,double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

double absortionthermal(double gamma,int ns,double rnu,

double rindx, double ctheta,double stheta,int p,

double gmin,double gmax,double rnub,double rnup,

int mode, double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/
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double emissionnonthermal(double gamma,int ns,double rnu,

double rindx, double ctheta,double stheta,int p,

double gmin,double gmax,double rnub,double rnup,

int mode,double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

double absortionnonthermal(double gamma,int ns,double rnu,

double rindx, double ctheta,double stheta,int p,

double gmin,double gmax,double rnub,double rnup,

int mode, double temp,double Ntherm,double epsilon);

/*{----------------------------------}*/

double emissionpowerlaw(double gamma,int ns,double rnu,

double rindx, double ctheta,double stheta,int p,

double gmin,double gmax,double rnub,double rnup, int mode);

/*{----------------------------------}*/

double absortionpowerlaw(double gamma,int ns,double rnu,

double rindx, double ctheta,double stheta,int p,

double gmin,double gmax,double rnub,double rnup, int mode);

/*{----------------------------------}*/

void mainfunction(double *pabsortion,double *pemission , double rnu,

double rnub,double rnup,int mode,double stheta,double ctheta,

double gammamin,double gammamax,double temp,int p,double Ntherm,

double epsilon,double rnux,int pr);

/*{----------------------------------}*/

void mainpowerlaw(double *pabsortion,double *pemission , double rnu,

double rnub,double rnup,int mode,double stheta,double ctheta,

double gammamin,double gammamax,int p,double rnux,double Nntherm);

/*{----------------------------------}*/

//main program

void main()

{

//file for the values of totalflux

ofstream myfile1("fluxtotal.txt",ios::out);

//file for the values of flux for the O mode

ofstream myfile2("fluxO.txt",ios::out);

//file for the values of flux for the X mode

ofstream myfile3("fluxX.txt",ios::out);

//file for the values of polarization

ofstream myfile4("polarization.txt",ios::out);

int i,p,modeO,modeX,pr;

double stheta,temp,ctheta,bfield,rnux,rnub,rnup,rnu,gammamin,gammamax;

double sumemissionO,sumabsortionO;
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double sumemissionX,sumabsortionX;

double intensitytotal,Ntherm,Nntherm,Ntotal,epsilon;

double intensityO,intensityX,area;

double *pemissionO,*pabsortionO,*pemissionX,*pabsortionX;

double flux,L, gcrit,thetd,theta;

double Emax,Emin,fluxX,fluxO,polarization;

cout<<"***********************************************"<<endl;

cout<<endl;

cout<<"CALCULATION OF GYROSYNCHROTRON RADIATION INTENSITY"<<endl;

cout<<" FOR VARIOUS DISTRIBUTION FUNCTIONS "<<endl;

cout<<"***********************************************"<<endl;

cout<<endl;

cout<<"SELECT A DISTRIBUTION FUNCTION"<<endl;

cout<<"FOR A POWER LAW DISTRIBUTION GIVE 1"<<endl;

cout<<"FOR A MAXWELLIAN DISTRIBUTION GIVE 2"<<endl;

cout<<"FOR A HYBRID DISTRIBUTION GIVE 3"<<endl;

cin>>pr;

cout<<"give the angle theta in degrees (0-180)= "<<endl;

cin>>thetd;

cout<<"give the intensity of the magnetic field (Gauss units)"<<endl;

cin>>bfield;

cout<<"give the for the distance from source L (cm) "<<endl;

cin>>L;

switch(pr)

{ //input data for the power-law function

case 1 :

cout<<"give a power-law power p= "<<endl;

cin>>p;

//input of index of power-law eq. 2.91 par. 2.4.1

cout<<"give the thermal electron density"<<endl;

cin>>Ntherm;

//density of thermal electrons

cout<<"give the densty of nonthermal electrons"<<endl;

cin>>Nntherm;

//denstity of nonthermal electrons

cout<<"give the lower energy Emin in KeV"<<endl;

cin>>Emin;

//lowest energy

cout<<"give the maximum energy Emax in KeV"<<endl;

cin>>Emax;
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//maximum energy (energy cutoffs)

//eq. 2.98 par.2.4.1

break;

//input data for maxwellian function

case 2 :

cout<<"give the densty of thermal electrons (cm-3)= "<<endl;

cin>>Ntherm;

// density of thermal electrons

//eq.2.99 par. 2.4.2

cout<<"give the Temperature of electrons (K) ="<<endl;

cin>>temp;

//Temperature of electrons

break;

//input for the hybrid function

case 3 :

cout<<"give a power-law power p= "<<endl;

cin>>p;

//index for power-law function

//nonthermal part eq.2.102 par.2.4.3

cout<<"give the epsilon parameter "<<endl;

cin>>epsilon;

//epsilon=E/E(Dreicer) eq.2.104 par.2.4.3

cout<<"give the densty of thermal electrons (cm-3)= "<<endl;

cin>>Ntherm;

//density of thermal electrons

//eq.2.103 par.2.4.3

cout<<"give the Temperature of electrons (K) ="<<endl;

cin>>temp;

//temperature for the maxwellian function

break;

}

area=L*L;

//area of study

//calculation of sine and cosine of theta angle

if (thetd==90)

{theta=PI/2;

stheta=1;

ctheta=0;}

else if(thetd==180)

{theta=PI;

stheta=0;

ctheta=-1;}
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else

{theta=thetd*PI/180;

stheta=sin(theta);

ctheta=cos(theta);}

switch(pr)

{

//parameters for power-law function

case 1:

Ntotal = Ntherm + Nntherm;

//total density of electrons

gammamin=turntogamma(Emin);

gammamax=turntogamma(Emax);

//Emin and Emax from eV turned

//to gamma relativistic parameter

break;

//parameters for maxwellian function

case 2:

Ntotal = Ntherm;

//minimum energy for electrons (gamma relativistic parameter)

gammamin=1.02;

//maximum energy for electrons

gammamax=10;

break;

//parameters for hybrid function

case 3:

Nntherm=Nnthermal(temp,Ntherm,epsilon,p);

//nonthermal electrons density

// eq.2.103 par2.4.3

Ntotal=Ntherm+Nntherm;

//total electrons density

//minimum energy for electrons (gamma relativistic parameter)

gammamin=1.02;

//maximum energy for electrons

gammamax=10;

//gamma critical eq.2.104 par 2.4.3

gcrit=gammacritical( epsilon , temp);

break;

}

//Gyro Frequency

rnub = echarg * bfield/(2*PI*emass*clight);
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//Plasma Frequency

rnup = echarg*sqrt(Ntotal/(PI*emass));

//Cut-off frequency for the X-mode

rnux= (rnub/2)+sqrt(pow(rnup,2)+pow(rnub,2)/4);

for(i=1;i<=460;i++)

{if (i<=90)

rnu=i*0.1*1e8+1e8;

else if (i>90&& i<=390) rnu=(i-90)*0.01*1e9+1e9;

else if (i>390&& i<=450) rnu=(i-390)*0.1*1e9+4e9;

else if (i>450&& i<=460) rnu=(i-450)*0.1*1e10+1e10;

//frequency range for calculating intensity

if (rnup > rnu ) continue;

pemissionO=&sumemissionO;

pabsortionO=&sumabsortionO;

pemissionX=&sumemissionX;

pabsortionX=&sumabsortionX;

// the ordinary mode is set 1 and the extraordinary mode to -1

// in order to be called with these two values

modeO = 1;

modeX = -1;

switch(pr)

{case 1:

mainpowerlaw(pabsortionO, pemissionO , rnu, rnub, rnup,

modeO, stheta,ctheta, gammamin, gammamax, p,rnux,Nntherm);

mainpowerlaw(pabsortionX, pemissionX , rnu, rnub, rnup,

modeX, stheta,ctheta, gammamin, gammamax, p,rnux,Nntherm);

//mainfunction calculates emission and absotion for power-law

//it is called for the ordinary mode and then for the extraordinarymode

break;

case 2:

epsilon=0.0;

p=0;

mainfunction(pabsortionO, pemissionO , rnu, rnub, rnup,

modeO, stheta, ctheta, gammamin, gammamax,temp, p, Ntherm, epsilon,rnux,pr);

mainfunction(pabsortionX, pemissionX , rnu, rnub, rnup,

modeX, stheta, ctheta, gammamin, gammamax,temp, p, Ntherm, epsilon,rnux,pr);

//mainfunction calculates emission and absotion for maxwellian

//it is called for the ordinary mode and then for the extraordinarymode

break;
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case 3:

mainfunction(pabsortionO, pemissionO , rnu, rnub,

rnup,modeO, stheta, ctheta, gammamin, gammamax,temp, p, Ntherm, epsilon,rnux,pr);

mainfunction(pabsortionX, pemissionX , rnu, rnub,

rnup,modeX, stheta, ctheta, gammamin, gammamax,temp, p, Ntherm, epsilon,rnux,pr);

//mainfunction calculates emission and absotion for hybrid function

//it is called for the ordinary mode and then for the extraordinarymode

break;

}

//calculation of intensity of a voxel for the O mode

// as mentioned in paragraph 2.5 equation used 2.108

intensityO =sumemissionO *(1-exp(-L*sumabsortionO))/sumabsortionO;

fluxO = intensityO * area /Rs ;

if (sumemissionX!=0 && sumabsortionX!=0 )

{

//calculation of intensity of a voxel for the X mode

// as mentioned in paragraph 2.5 equation used 2.108

intensityX =

(sumemissionX) *(1-exp(-L*sumabsortionX))/sumabsortionX;

fluxX = intensityX * area /Rs ;

myfile3<<rnu<<" "<<fluxX<<endl;

cout<<rnu<<" "<<"fluxX = "<<fluxX<<endl;

//total intensity

intensitytotal=intensityX+intensityO;

}

else

{intensitytotal =intensityO; }

//intensity turned to flux in SFU

flux = intensitytotal * area /Rs ;

myfile1<<rnu<<" "<<flux<<endl;

myfile2<<rnu<<" "<<fluxO<<endl;

if (sumemissionX==0)polarization = 1.0;

else

polarization=

(intensityO-intensityX)/(intensityO+intensityX);

//calculation of polarization

//eq.2.111 par.2.5

myfile4<<rnu<<" "<<polarization<<endl;

cout<<"rnu "<<rnu<<"fluxO = "<<fluxO<<endl;
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cout<<"rnu "<<rnu<<"polarization= "<<polarization<<endl;

cout<<" "<<rnu<<" fluxtotal = "<<flux<<endl;

}

}

//turn energy values to relativistic factor gamma values

double turntogamma(double energy)

{double gvalue;

gvalue=(energy/511)+1;

return gvalue;}

//finding the number of bessel functions to include

//inside the limits of integration gammamim & gammamax

//initial value smin (lower bessel)

//function for calculating the lowest bessel

int sminimum(double rindx, double ctheta,double rnu,double rnub)

{double aterm,bterm;

int nsfix;

bterm=1-pow((rindx*ctheta),2);

if (bterm<0) {nsfix=1;} else {

aterm=(rnu/rnub)*sqrt(bterm);

nsfix = (int) ceil(aterm);}

return nsfix;

}

/*{----------------------------------}*/

//lowest bessel upper limit greater than gammamin

int nsminimum(int smin,double rindx, double ctheta,

double rnu,double rnub,double gammamin)

{int j,nsmin;

for(j=smin;j<=nsdim;j++)

{nsmin=j;

if (g2(rindx,ctheta,j,rnu,rnub)< gammamin) continue;

else break;

}

return nsmin;}

//max bessel lower limit lower than gammamax

int nsmaximum(int smin,double rindx, double ctheta,

double rnu,double rnub,double gammamax)

{int l,nsmax;

for(l=smin;l<=nsdim;l++)

{nsmax=l-1;
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if (g1(rindx, ctheta,l, rnu,rnub)< gammamax ) continue;

else break ;}

return nsmax;}

//function for the calculation of gcritical

double gammacritical( double epsilon ,double temp)

{double pthermal,aterm,bterm,gvalue;

aterm=emass*pow(clight,2)/(Kboltz*temp);

pthermal = emass*clight/sqrt(aterm-1);

bterm=pow((pthermal/(emass*clight)),2);

gvalue = sqrt(1+(bterm/(epsilon-bterm*(1-epsilon))));

return gvalue;}

/*computation of a(th)*/

/*{----------------------------------}*/

double atheta(double rnu,double stheta,double ctheta,

double rnub,double rnup,int mode)

{double aterm,bterm,denom,deter,athet;

aterm=-pow((rnu/rnub)*stheta,2);

bterm=

2*(rnu/rnub)*ctheta*(pow((rnup/rnub),2)-pow((rnu/rnub),2));

deter=sqrt(pow(aterm,2)+pow(bterm,2));

if (mode==1) denom=aterm+deter; else denom=aterm-deter;

athet=-bterm/denom;

return athet;}

/*{----------------------------------}*/

/*computation of index of refraction n(th)*/

double getindex(double rnu,double stheta,double ctheta,

double rnub,double rnup,int mode)

{

double aterm,bterm,cterm,denom,deter,index,rindex;

aterm=pow((rnu/rnub),2)*pow(stheta,2);

bterm=2*(pow((rnup/rnub),2)-pow((rnu/rnub),2));

cterm=bterm*(rnu/rnub)*ctheta;

deter=pow(aterm,2)+pow(cterm,2);

if (mode==1)

denom=(-aterm)-((pow((rnu/rnub),2)*bterm))+sqrt(deter);

else

denom=(-aterm)-((pow((rnu/rnub),2)*bterm))-sqrt(deter);

if (denom == 0) index=Inf;else

index=1+(bterm*pow((rnup/rnub),2)/denom);

if (index<0) rindex=Inf; else
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rindex=sqrt(index);

return rindex;}

/*{----------------------------------}*/

/*evaluating gamma1 and gamma2 of the integral*/

double g1(double rindx,double ctheta,int ns,double rnu ,double rnub)

{double x,y,z,deton,denom,g1;

x=ns*(rnub/rnu);

y=rindx*fabs(ctheta);

z=x*x+y*y;

deton=y*sqrt(z-1);

denom=x+deton;

g1=z/denom;

return g1;

}

/*{----------------------------------}*/

double g2(double rindx,double ctheta,int ns,double rnu, double rnub)

{double x,y,z,deton,denom,g2;

x=ns*(rnub/rnu);

y=rindx*fabs(ctheta);

z=x*x+y*y;

deton=y*sqrt(z-1);

denom=x-deton;

g2=z/denom;

return g2;

}

/*{----------------------------------}*/

/*{evaluation cos and sin of phi’s}*/

double cphis(int ns ,double rnu,double rindx,

double gamma,double ctheta,double rnub)

{double aterm,bterm,cphis,beta;

beta=sqrt(1-(1/pow(gamma,2)));

aterm=ns*(rnub/rnu)/gamma;

aterm=1.0-aterm;

bterm=rindx*beta*ctheta;

cphis=aterm/bterm;

return cphis;}

double sphis(int ns ,double rnu,double rindx,

double gamma,double ctheta,double rnub)

{double sphis;

sphis=sqrt(1-pow(cphis(ns,rnu,rindx,gamma,ctheta,rnub),2));

return sphis;
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}

/*{----------------------------------}*/

/*calling derivative of Bessel */

double dbessel(int l,double x)

{double bprime;

if (l==0)

bprime=-_jn(1,x);

else

bprime=0.5*(_jn(l-1,x)-_jn(l+1,x));

return bprime;

}

/*{----------------------------------}*/

// calculation of the density of nonthermal electrons

double Nnthermal(double temp,double Ntherm,double epsilon,int p)

{double aterm,bterm ,Nntherm,gcrit;

aterm = emass*pow(clight,2)/(Kboltz*temp);

bterm=pow((sqrt(aterm)),3)/(1+(15/(8*aterm)));

gcrit=gammacritical(epsilon,temp);

Nntherm= Ntherm*sqrt(32*PI)*bterm;

Nntherm =Nntherm*

gcrit*(gcrit-1)*sqrt(pow(gcrit,2)-1)*exp(-aterm*(gcrit-1))/(p-1);

return Nntherm ;

}/*{----------------------------------}*/

/*thermal-nonthermal (TNT) distribution function*/

/*thermal-part of distribution function*/

double thermal(int p,double gmin,double gmax,

double gamma,double temp,double Ntherm,double epsilon)

{

double aterm,bterm,fthermalpart,ftotal,gcrit,pthermal;

double pcritical,pRsmooth,gRsmooth,Rsmooth;

aterm = emass*pow(clight,2)/(Kboltz*temp);

bterm=1/(1+(15/(8*aterm)));

gcrit=gammacritical(epsilon,temp);

fthermalpart =

sqrt(2/PI)*pow((sqrt(aterm)),3)*gamma*sqrt(pow(gamma,2)-1);

fthermalpart =

fthermalpart *exp(-aterm*(gamma-1))*bterm;

fthermalpart =Ntherm*fthermalpart;

pthermal =emass*clight/sqrt(aterm-1);

pcritical=

pthermal/sqrt(epsilon-(1-epsilon)*
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pow((pthermal/(emass*clight)),2));

pRsmooth=pcritical-pthermal/2;

gRsmooth=sqrt(1+pow((pRsmooth/(emass*clight)),2));

if (gamma <= gRsmooth) Rsmooth=0;

else {if (gRsmooth <=gamma && gamma<gcrit)

Rsmooth=sin(PI*pow((gamma-gRsmooth),2)/

(2* pow((gcrit-gRsmooth),2)));

else

if (gamma>=gcrit)Rsmooth=1;}

if (gamma >=gmin) ftotal=fthermalpart;

else ftotal=0;

return ftotal;}

/* nonthermal part of distribution function */

double nonthermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon)

{

double aterm,bterm,fnonthermalpart,ftotal,gcrit,pthermal;

double pcritical,pRsmooth,gRsmooth,Rsmooth;

aterm = emass*pow(clight,2)/(Kboltz*temp);

bterm=1/(1+(15/(8*aterm)));

gcrit=gammacritical(epsilon,temp);

pthermal =emass*clight/sqrt(aterm-1);

pcritical=

pthermal/

sqrt(epsilon-(1-epsilon)*pow((pthermal/(emass*clight)),2));

pRsmooth=pcritical-pthermal/2;

gRsmooth=sqrt(1+pow((pRsmooth/(emass*clight)),2));

fnonthermalpart=

pow((gamma-1),-p)*(p-1)/

((pow((gcrit-1),1-p)-pow((gmax-1),1-p))*(4*PI));

if (gamma <= gRsmooth) Rsmooth=0;

else {if (gRsmooth <=gamma && gamma<gcrit)

Rsmooth=sin(PI*pow((gamma-gRsmooth),2)/

(2* pow((gcrit-gRsmooth),2)));

else

if (gamma>=gcrit)Rsmooth=1;}

fnonthermalpart=

Rsmooth*Nnthermal(temp, Ntherm, epsilon, p)*fnonthermalpart;

if (gamma >=gmin) ftotal=fnonthermalpart;

else ftotal=0;

return ftotal;}
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//derivative of power law to phi

double dphipowlaw()

{

return 0;

}

//derivative of thermal-nonthermalpart of distribution function

// thermal part derivative

double derthermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon)

{double aterm,bterm ,derfthermal,derftotal;

double gcrit,pthermal,pcritical,pRsmooth,gRsmooth,Rsmooth;

aterm = emass*pow(clight,2)/(Kboltz*temp);

bterm=1/(1+(15/(8*aterm)));

gcrit=gammacritical(epsilon,temp);

derfthermal =

sqrt(2/PI)*pow((sqrt(aterm)),3)*

bterm*pow(gamma,2)*pow((pow(gamma,2)-1),(-1/2));

derfthermal =derfthermal

+ sqrt(2/PI)*pow((sqrt(aterm)),3)*

bterm*pow((pow(gamma,2)-1),(1/2));

derfthermal = derfthermal

-aterm*sqrt(2/PI)*pow((sqrt(aterm)),3)*

bterm*gamma*sqrt(pow(gamma,2)-1);

derfthermal =derfthermal *exp(-aterm*(gamma-1));

derfthermal =derfthermal*Ntherm;

pthermal =emass*clight/sqrt(aterm-1);

pcritical=pthermal/sqrt(epsilon-(1-epsilon)*

pow((pthermal/(emass*clight)),2));

pRsmooth=pcritical-pthermal/2;

gRsmooth=sqrt(1+pow((pRsmooth/(emass*clight)),2));

if (gamma <= gRsmooth) Rsmooth=0;

else {if (gRsmooth <=gamma && gamma< gcrit)

Rsmooth=

PI*(gamma-gRsmooth)*cos(PI*pow((gamma-gRsmooth),2)/(

2* pow((gcrit-gRsmooth),2)))/ pow((gcrit-gRsmooth),2);

else Rsmooth=1;}

if (gamma >=gmin) derftotal=derfthermal;

else derftotal=0;

return derftotal;

}

// derivative of nonthermal part distribution
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double dernonthermal(int p,double gmin,double gmax,double gamma,

double temp,double Ntherm,double epsilon)

{double aterm,bterm ,derfnonthermal,derftotal;

double gcrit,pthermal,pcritical,pRsmooth,gRsmooth,Rsmooth;

aterm = emass*pow(clight,2)/(Kboltz*temp);

bterm=1/(1+(15/(8*aterm)));

gcrit=gammacritical(epsilon,temp);

pthermal =emass*clight/sqrt(aterm-1);

pcritical=

pthermal/sqrt(epsilon-(1-epsilon)*

pow((pthermal/(emass*clight)),2));

pRsmooth=pcritical-pthermal/2;

gRsmooth=sqrt(1+pow((pRsmooth/(emass*clight)),2));

derfnonthermal=(-p)*pow((gamma-1),(-p-1))*(p-1)/

((pow((gcrit-1),1-p)-pow((gmax-1),1-p))*(4*PI));

if (gamma <= gRsmooth) Rsmooth=0;

else {if (gRsmooth <=gamma && gamma< gcrit)

Rsmooth=sin(PI*pow((gamma-gRsmooth),2)/

(2* pow((gcrit-gRsmooth),2)));

else Rsmooth=1;}

derfnonthermal=Rsmooth*

Nnthermal(temp, Ntherm, epsilon, p)*derfnonthermal;

if (gamma >=gmin) derftotal=derfnonthermal;

else derftotal=0;

return derftotal;

}

/*{----------------------------------}*/

/*power law distribution function*/

double powlaw(int p,double gmin,double gmax,double gamma)

{double f;

if (gamma >=gmin)

f=pow((gamma-1),-p)*(p-1)/

((pow((gmin-1),1-p)-pow((gmax-1),1-p))*(4*PI));

else f=0;

return f;}

//derivative of power law to gamma

double derpowlaw(int p,double gmin,double gmax,double gamma)

{double df;

if (gamma >=gmin)

df=(-p)*powlaw(p,gmin,gmax,gamma)/(gamma-1);

else df=0;
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return df;}

//Get x’s for the bessel functions

double getxs(int ns ,double rnu,double gamma,double rindx,

double stheta,double ctheta,double rnub)

{double aterm,bterm,beta,xs;

beta=sqrt(1-(1/pow(gamma,2)));

aterm = rindx*ns*beta*stheta*sphis( ns , rnu,rindx, gamma, ctheta,rnub);

bterm=1.0-(rindx*beta*ctheta*cphis(ns,rnu,rindx,gamma,ctheta,rnub));

xs=aterm/bterm;

return xs;}

//Get x’s for the bessel functions

double conemis(double rnu,double stheta,double ctheta,

double rnub,double rnup,int mode)

{

double cona;

cona = 4*pow(PI,2)*pow(echarg,2)/clight;

cona=cona*rnu/ctheta;

cona=cona/(1+pow(atheta( rnu, stheta, ctheta, rnub, rnup, mode),2));

return cona;

}

double conabsor(double rnu,double stheta,double ctheta,

double rindx,double rnub,double rnup,int mode)

{

double cona,conb,conabsor;

cona = 4*pow(PI,2)*pow(echarg,2)/clight;

conb=cona/emass;

conabsor=conb/(rnu*rindx*abs(ctheta));

conabsor=conabsor/(1+pow(atheta( rnu, stheta, ctheta, rnub, rnup, mode),2));

return conabsor;

}

double conemispow(double rnu,double stheta,double ctheta,

double rnub,double rnup,int mode,double Nntherm)

{

double cona;

cona = 4*pow(PI,2)*pow(echarg,2)*Nntherm/clight;

cona=cona*rnu/ctheta;

cona=cona/(1+pow(atheta( rnu, stheta, ctheta, rnub, rnup, mode),2));

return cona;

}
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double conabsorpow(double rnu,double stheta,double ctheta,

double rindx,double rnub,double rnup,int mode,double Nntherm)

{

double cona,conb,conabsor;

cona = 4*pow(PI,2)*pow(echarg,2)*Nntherm/clight;

conb=cona/emass;

conabsor=conb/(rnu*rindx*abs(ctheta));

conabsor=conabsor/(1+pow(atheta( rnu, stheta, ctheta, rnub, rnup, mode),2));

return conabsor;

}

//"numerical recipes in c++" Gaussian quadrature

//method for integration of function f

double qgauss(double a,double b, int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,double gmax,

double rnub,double rnup, int mode,double temp,double Ntherm,double epsilon,

double(*func)(double,int ,double, double ,double,double ,int ,double,double ,

double ,double , int ,double,double,double ))

{

int m,i,j,n;

double z1,z,pp,p3,p2,p1,xr,xm,dx,s,x[257],w[257];

n=256;

m=(n+1)/2;

xm=0.5*(b+a);

xr=0.5*(b-a);

for(i=1;i<=m;i++)

{

z=cos(3.141592654*(i-0.25)/(n+0.5));

do {

p1=1.0;

p2=0.0;

for(j=1;j<=n;j++){

p3=p2;

p2=p1;

p1=((2.0*j-1.0)*z*p2-(j-1.0)*p3)/j;

}

pp=n*(z*p1-p2)/(z*z-1.0);

z1=z;

z=z1-p1/pp;

}while(fabs(z-z1)>EPS);

x[i]=xm-xr*z;

x[n+1-i]=xm+xr*z;

108



w[i]=2.0*xr/((1.0-z*z)*pp*pp);

w[n+1-i]=w[i];}

s=0;

for(j=1;j<=256;j++)

{

dx=xr*x[j];

s += w[j]*((*func)( x[j],ns,rnu, rindx, ctheta, stheta, p,gmin,

gmax, rnub, rnup, mode,temp,Ntherm,epsilon));

}

return s ;

}

double gausspowerlaw(double a,double b, int ns,double rnu,

double rindx, double ctheta,double stheta,int p,double gmin,

double gmax,double rnub,double rnup, int mode,

double(*func)(double,int ,double, double ,double,double ,int ,

double,double ,double ,double , int ))

{

int m,i,j,n;

double z1,z,pp,p3,p2,p1,xr,xm,dx,s,x[501],w[501];

n=500;

m=(n+1)/2;

xm=0.5*(b+a);

xr=0.5*(b-a);

for(i=1;i<=m;i++)

{

z=cos(3.141592654*(i-0.25)/(n+0.5));

do {

p1=1.0;

p2=0.0;

for(j=1;j<=n;j++){

p3=p2;

p2=p1;

p1=((2.0*j-1.0)*z*p2-(j-1.0)*p3)/j;

}

pp=n*(z*p1-p2)/(z*z-1.0);

z1=z;

z=z1-p1/pp;

}while(fabs(z-z1)>EPS);

x[i]=xm-xr*z;
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x[n+1-i]=xm+xr*z;

w[i]=2.0*xr/((1.0-z*z)*pp*pp);

w[n+1-i]=w[i];}

s=0;

for(j=1;j<=500;j++)

{

dx=xr*x[j];

s += w[j]*((*func)( x[j],ns,rnu, rindx, ctheta, stheta, p,

gmin,gmax, rnub, rnup, mode));

}

return s ;

}

//common term on the integrand

double emissionthermal(double gamma,int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,double gmax,double rnub,

double rnup, int mode,double temp,double Ntherm,double epsilon)

{

double aterm,bterm,beta,integr,xs,emissionthermal;

beta=sqrt(1-(1/pow(gamma,2)));

aterm=ctheta/(rindx*stheta)-

beta*cphis( ns, rnu, rindx, gamma, ctheta,rnub)/ctheta;

bterm=beta*sphis(ns , rnu, rindx, gamma, ctheta,rnub);

xs=getxs(ns , rnu,gamma, rindx, stheta, ctheta,rnub);

integr=atheta( rnu, stheta, ctheta, rnub, rnup, mode)*

aterm*_jn(ns,xs)-bterm*dbessel(ns,xs);

emissionthermal=thermal(p, gmin,gmax, gamma,temp,Ntherm,epsilon)*

pow(integr,2)/beta;

return emissionthermal;

}

double absortionthermal(double gamma,int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,double gmax,double rnub,

double rnup, int mode, double temp,double Ntherm,double epsilon)

{

double aterm,bterm,beta,integr,xs,absortionthermal,a1term,b1term;

beta=sqrt(1-(1/pow(gamma,2)));

aterm=ctheta/(rindx*stheta)

-beta*cphis( ns, rnu, rindx, gamma, ctheta,rnub)/ctheta;

bterm=beta*sphis(ns , rnu, rindx, gamma, ctheta,rnub);

xs=getxs(ns , rnu,gamma, rindx, stheta, ctheta,rnub);

integr=

atheta( rnu, stheta, ctheta, rnub, rnup, mode)*
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aterm*_jn(ns,xs)-bterm*dbessel(ns,xs);

a1term=((rindx*beta*ctheta)-cphis( ns, rnu, rindx, gamma, ctheta,rnub));

a1term=a1term/(pow(beta,2)*gamma*

sphis( ns, rnu, rindx, gamma, ctheta,rnub));

b1term=(1+(1/pow(beta,2)))/gamma;

absortionthermal=

(b1term*thermal(p, gmin,gmax, gamma,temp,Ntherm,epsilon)

-derthermal(p, gmin,gmax, gamma,temp,Ntherm,epsilon))+

(a1term*dphipowlaw());

absortionthermal=absortionthermal*pow(integr,2)/beta;

return absortionthermal;

}

double emissionnonthermal(double gamma,int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,double gmax,double rnub,

double rnup, int mode,double temp,double Ntherm,double epsilon)

{

double aterm,bterm,beta,integr,xs,emissionnonthermal;

beta=sqrt(1-(1/pow(gamma,2)));

aterm=ctheta/(rindx*stheta)

-beta*cphis( ns, rnu, rindx, gamma, ctheta,rnub)/ctheta;

bterm=beta*sphis(ns , rnu, rindx, gamma, ctheta,rnub);

xs=getxs(ns , rnu,gamma, rindx, stheta, ctheta,rnub);

integr=

atheta( rnu, stheta, ctheta, rnub, rnup, mode)*

aterm*_jn(ns,xs)-bterm*dbessel(ns,xs);

emissionnonthermal=nonthermal(p, gmin,gmax, gamma,temp,Ntherm,epsilon)

*pow(integr,2)/beta;

return emissionnonthermal;

}

double absortionnonthermal(double gamma,int ns,double rnu,

double rindx, double ctheta,double stheta,int p,double gmin,double gmax,

double rnub,double rnup, int mode, double temp,double Ntherm,double epsilon)

{

double aterm,bterm,beta,integr,xs,absortionnonthermal,a1term,b1term;

beta=sqrt(1-(1/pow(gamma,2)));

aterm=ctheta/(rindx*stheta)-beta*cphis( ns, rnu, rindx, gamma, ctheta,rnub)

/ctheta;

bterm=beta*sphis(ns , rnu, rindx, gamma, ctheta,rnub);

xs=getxs(ns , rnu,gamma, rindx, stheta, ctheta,rnub);

integr=atheta( rnu, stheta, ctheta, rnub, rnup, mode)*

aterm*_jn(ns,xs)-bterm*dbessel(ns,xs);

a1term=((rindx*beta*ctheta)-cphis( ns, rnu, rindx, gamma, ctheta,rnub));
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a1term=a1term/(pow(beta,2)*gamma*sphis( ns, rnu, rindx, gamma, ctheta,rnub));

b1term=(1+(1/pow(beta,2)))/gamma;

absortionnonthermal=

(b1term*nonthermal(p, gmin,gmax, gamma,temp,Ntherm,epsilon)

-dernonthermal(p, gmin,gmax, gamma,temp,Ntherm,epsilon))

+(a1term*dphipowlaw());

absortionnonthermal=absortionnonthermal*pow(integr,2)/beta;

return absortionnonthermal;

}

double emissionpowerlaw(double gamma,int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,double gmax,

double rnub,double rnup, int mode)

{

double aterm,bterm,beta,integr,xs,emission;

beta=sqrt(1-(1/pow(gamma,2)));

aterm=ctheta/(rindx*stheta)-beta*cphis( ns, rnu, rindx, gamma, ctheta,rnub)

/ctheta;

bterm=beta*sphis(ns , rnu, rindx, gamma, ctheta,rnub);

xs=getxs(ns , rnu,gamma, rindx, stheta, ctheta,rnub);

integr=atheta( rnu, stheta, ctheta, rnub, rnup, mode)*

aterm*_jn(ns,xs)-bterm*dbessel(ns,xs);

emission=powlaw(p, gmin,gmax, gamma)*pow(integr,2)/beta;

return emission;

}

double absortionpowerlaw(double gamma,int ns,double rnu,double rindx,

double ctheta,double stheta,int p,double gmin,double gmax,

double rnub,double rnup, int mode)

{

double aterm,bterm,beta,integr,xs,absortion,a1term,b1term;

beta=sqrt(1-(1/pow(gamma,2)));

aterm=ctheta/(rindx*stheta)-beta*cphis( ns, rnu, rindx, gamma, ctheta,rnub)

/ctheta;

bterm=beta*sphis(ns , rnu, rindx, gamma, ctheta,rnub);

xs=getxs(ns , rnu,gamma, rindx, stheta, ctheta,rnub);

integr=

atheta( rnu, stheta, ctheta, rnub, rnup, mode)*

aterm*_jn(ns,xs)-bterm*dbessel(ns,xs);

a1term=((rindx*beta*ctheta)-cphis( ns, rnu, rindx, gamma, ctheta,rnub));

a1term=a1term/(pow(beta,2)*gamma*sphis( ns, rnu, rindx, gamma, ctheta,rnub));

b1term=(1+(1/pow(beta,2)))/gamma;

absortion=

(b1term*powlaw(p, gmin,gmax, gamma)-derpowlaw( p, gmin,gmax, gamma))
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+(a1term*dphipowlaw());

absortion=absortion*pow(integr,2)/beta;

return absortion;

}

void mainfunction(double *pabsortion,double *pemission , double rnu,

double rnub,double rnup,int mode,double stheta,double ctheta,

double gammamin,double gammamax,double temp,int p,double Ntherm,

double epsilon,double rnux,int pr)

{double rindx,gmin,gmax,endpointlow,endpointhigh;

double emissiontherm,absortiontherm;

double emissionnontherm,sumemission,sumabsortion,absortionnontherm;

int ns,smin,nsmin,nsmax;

gmin=gammamin;

gmax=gammamax;

rindx = getindex(rnu,stheta,ctheta,rnub,rnup,mode);

smin= sminimum( rindx, ctheta, rnu,rnub);

nsmin= nsminimum( smin, rindx, ctheta, rnu, rnub, gammamin);

nsmax=nsmaximum(smin, rindx, ctheta, rnu, rnub, gammamax);

sumabsortion=0;

sumemission=0;

for(ns = nsmin;ns<=nsmax;ns++)

{

if (mode == 1)

{if (rnup > rnu )

{sumemission=0;

sumabsortion=0;

continue;}

} else

{if (rnux > rnu)

{

sumemission=0;

sumabsortion=0;

continue;}}

endpointlow= max(g1(rindx, ctheta,ns, rnu,rnub),gammamin);
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endpointhigh= min(g2(rindx, ctheta,ns, rnu,rnub),gammamax);

if (endpointlow >=endpointhigh)

{switch(pr)

{

case 2: emissiontherm=0;

absortiontherm=0;

break;

case 3:emissiontherm=0;

absortiontherm=0;

emissionnontherm=0;

absortionnontherm=0;

break;

}}

else

{switch(pr)

{

case 2:

emissiontherm = conemis( rnu, stheta, ctheta,rnub,rnup,mode)*

qgauss(endpointlow,endpointhigh, ns, rnu, rindx, ctheta, stheta,

p,gmin,gmax, rnub, rnup, mode ,temp,Ntherm,epsilon,emissionthermal);

absortiontherm=conabsor( rnu, stheta, ctheta,rindx,rnub,rnup,mode)*

qgauss(endpointlow,endpointhigh, ns, rnu, rindx, ctheta, stheta,

p,gmin,gmax,rnub, rnup, mode,temp,Ntherm,epsilon, absortionthermal);

if ( emissiontherm >= 1e-500 && absortiontherm >= 1e-500)

{

sumemission=emissiontherm+sumemission;

sumabsortion=absortiontherm+sumabsortion;

}

else

{break;}

break;

case 3:

emissiontherm = conemis( rnu, stheta, ctheta,rnub,rnup,mode)*

qgauss(endpointlow,endpointhigh, ns, rnu, rindx, ctheta, stheta,

p,gmin,gmax, rnub, rnup, mode ,temp,Ntherm,epsilon,emissionthermal);

absortiontherm=conabsor( rnu, stheta, ctheta,rindx,rnub,rnup,mode)*

qgauss(endpointlow,endpointhigh, ns, rnu, rindx, ctheta, stheta,

p,gmin,gmax,rnub, rnup, mode,temp,Ntherm,epsilon, absortionthermal);

emissionnontherm = conemis( rnu, stheta, ctheta,rnub,rnup,mode)*

qgauss(endpointlow,endpointhigh, ns, rnu, rindx, ctheta, stheta,
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p,gmin,gmax, rnub, rnup, mode ,temp,Ntherm,epsilon,emissionnonthermal);

absortionnontherm=conabsor( rnu, stheta, ctheta,rindx,rnub,rnup,mode)*

qgauss(endpointlow,endpointhigh, ns, rnu, rindx, ctheta, stheta,

p,gmin,gmax,rnub, rnup, mode,temp,Ntherm,epsilon, absortionnonthermal);

if ( emissiontherm >= 1e-500 && absortiontherm >= 1e-500

&& emissionnontherm >= 1e-500 && absortionnontherm >= 1e-500 )

{

sumemission=emissiontherm+emissionnontherm+sumemission;

sumabsortion=sumabsortion+absortiontherm+absortionnontherm;

}

else

{break;}

break;

}

}

}

*pemission=sumemission;

*pabsortion=sumabsortion;

}

void mainpowerlaw(double *pabsortion,double *pemission , double rnu,

double rnub,double rnup,int mode,double stheta,double ctheta,

double gammamin,double gammamax,int p,double rnux,double Nntherm)

{

double rindx,gmin,gmax,endpointlow,endpointhigh;

double emission,absortion;

double sumemission,sumabsortion;

int ns,nsmin,nsmax,smin;

gmin=gammamin;

gmax=gammamax;

rindx = getindex(rnu,stheta,ctheta,rnub,rnup,mode);

smin= sminimum( rindx, ctheta, rnu,rnub);

nsmin= nsminimum( smin, rindx, ctheta, rnu, rnub, gammamin);

nsmax=nsmaximum(smin, rindx, ctheta, rnu, rnub, gammamax);

sumabsortion=0;

sumemission=0;

for(ns = nsmin;ns<=nsmax;ns++)

{
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if (mode == 1)

{if (rnup > rnu )

{sumemission=0;

sumabsortion=0;

continue;}

} else

{if (rnux > rnu)

{

sumemission=0;

sumabsortion=0;

continue;}}

endpointlow= max(g1(rindx, ctheta,ns, rnu,rnub),gammamin);

endpointhigh= min(g2(rindx, ctheta,ns, rnu,rnub),gammamax);

if (endpointlow >=endpointhigh)

{emission=0;

absortion=0;

}

else

{emission = conemispow( rnu, stheta, ctheta,rnub,rnup,mode,Nntherm)*

gausspowerlaw(endpointlow,endpointhigh, ns, rnu, rindx, ctheta, stheta,

p,gmin,gmax, rnub, rnup, mode ,emissionpowerlaw);

absortion= conabsorpow( rnu, stheta, ctheta,rindx,rnub,rnup,mode,Nntherm)*

gausspowerlaw(endpointlow,endpointhigh, ns, rnu, rindx, ctheta, stheta,

p,gmin,gmax,rnub, rnup, mode, absortionpowerlaw);

if ( emission >= 1e-80 && absortion >= 1e-80)

{

sumemission=emission+sumemission;

sumabsortion=sumabsortion+absortion;

}

else

{break;}

}

}

*pemission=sumemission;
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*pabsortion=sumabsortion;

}
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