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ni funkci. Pouziti metod PDRS ukazuje na redlnych pfipadech vin v kosmickém
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Uvod

Tato prace se zabyva linedrni analyzou viln v kosmickém plazmatu. Hlavnim pied-
meétem jsou metody TeSeni disperzni relace horkého plazmatu. Vzhledem ke slo-
zitosti a komplexnosti rovnic pro vypocet tvaru dielektrického tenzoru v modelu
horkého plazmatu a disperzni funkce, kterda na ném zavisi, se jedna hlavné o
metody Tesici tento problém numericky za pouziti vypocetni techniky.

Kromé pokusu o zmapovani existujicich postupt tato prace predstavuje vlast-
ni metodu pro vypocet disperzni relace plazmatu. Tato nova metoda, resp. pro-
gram, nazvany PDRS (Plasma Dispersion Relation Solver), umoziuje hledat
disperzni relace, tj. Teseni disperzni funkce studeného, ale i horkého plazmatu
s obecnou distribuc¢ni funkei.

Prace je c¢lenéna nasledovné: zacina strué¢nym tvodem do teorie Sifeni vin v
plazmatu, jehoz hlavnim ucelem je shrnout vzorce pouzivané dale. Nasleduje ka-
pitola mapujici soucasny vyzkum vin v kosmickém plazmatu a stavajicich metod
pro jejich analyzu.

Po definici cild prace jsou popsany metody zminéného programu PDRS a
podrobné rozebrany pouzité algoritmy a numerické metody.

Dalsi kapitoly ukazuji pouziti PDRS, nejprve na prikladech nékterych zaklad-
nich typu vln v pfiblizeni studeného i horkého plazmatu, a poté na nékolika
realnych prikladech vin v kosmickém plazmatu.

Praci uzavira kapitola s dokumentaci programu PDRS a zavér, ve kterém jsou
diskutovany dosazené vysledky.



1. Teorie Sireni vln v plazmatu

1.1 Disperzni relace

Pti studiu vln v plazmatu je pfirozené vyjit z vinové rovnice

1 °E 0
VXV RB+ 5o s =

o 0, (L.1)

kterou lze snadno odvodit z Maxwellovych rovnic. Hustotu elektrického proudu j
v plazmatu vyjadiime pomoci intenzity elektrického pole E (viz [Stix, 1992, str.

4)):
i=>is=> 0.E=> —iweys.E. (1.2)

V této rovnici se s¢ita ptres vSechny druhy s ¢astic pritomnych v plazmatu a js je
prispévek ¢astic typu s k el. proudu, og(w, k) ptispévek ke konduktivité o(w, k)
a xs(w, k) je tenzor susceptibility s-té komponenty plazmatu.
Pouzijeme-li dale aproximaci rovinné viny s vlnovym vektorem k a tihlovou
frekvenci w, dostaneme rovnici
N2

ﬁkk-E—N2E+e~E:0, (1.3)

kde € je dielektricky tenzor

e(w, k) =1+ xs(w, k), (1.4)

I je jednotkovy tenzor a N = % je index lomu (viz nize).
7 podminky existence netrivialniho feseni pro E,

2

N
det(ﬁkk— N?I +¢) =0, (1.5)

obdrzime rovnici, jenz spolu svazuje (tthlovou) frekvenci w a vlnovy vektor k, tzv.
disperzni relaci

D(w,k) = 0. (1.6)

1.2 Zakladni vzorce

Z disperzni relace Ize odvodit mnoho dtilezitych parametri vin, zminim zde fazo-
vou rychlost

w
Vg = ﬁk’ (17)
grupovou rychlost
ow
Vg == 8_1( (18)
a vektor indexu lomu K
N = —. (1.9)
w



Dale uvedu definice dvou veli¢in, ktere budu v dal$im textu c¢asto pouzivat:
plazmovou frekvenci wy,

2
A (1.10)

s ’
€M
kde ng, g; a m, jsou hustota, elektricky naboj a hmotnost ¢astice typu s, a cyk-
lotronovou frekvenci ¢astic typu s

B
e = 2 0 (1.11)

Mg

By je velikost magnetické indukce.

1.3 Dielektricky tenzor

Abychom ziskali konkrétni tvar disperzni relace [LL6, je potfeba znat dielektric-
ky tenzor. Pro jeho vyjadfeni je potfeba studované plazma blize specifikovat,
tzn. pouzit né€jaky model plazmatu. V této praci pouzivam modely studeného a
horkého plazmatu.

1.3.1 Studené plazma

Nejjednodussim modelem je studené plazma, v nemz se berou v tvahu pouze
prvni dva momenty Boltzmanovy rovnice (rovnice kontinuity a zdkon zachovani
hybnosti). Pfedpokladé se nulova teplota (tedy i tepelna rychlost) a distribu¢ni
funkce je pak tmeérna Diracové delta-distribuci, centrované na hodnoté makro-
skopické rychlosti. Z toho také plyne pouzitelnost modelu: fazova rychlost musi
byt mnohem vétsi nez tepelna rychlost.

Tvar dielektrického tenzoru v ptibliZzeni studeného plazmatu uvadi napt. [Stix,
1992, str. 7] a [Swanson, 2003, str.21].

S —iD 0 Ki Ke 0
0 0 P 0 0 K

kde S, D a P jsou definovany takto:

IClES

;R+L) (1.13)

ZICQED

;R—L) (1.14)

w2

R = 1-— - P 1.15
zsjw(erwcs) ( )
2

w
L = 1-— - P 1.16
zs:w(w_ww) ( )
wQ
Kes=P = 1—2(;;. (1.17)

!Pismena S, D, P, L a R jsou zkratkami pro sum, difference, plasma, left a right.



Dosazenim do rovnice [[.5l1ze odvodit disperzni relaci studeného plazmatu (viz
napf. [Stix, 1992, str. 8] a [Swanson, 2003, str. 21])

AN* — BN?* +C =0, (1.18)
kde
A= Ssin? 0 + P cos® (1.19)
B = RLsin*0+ PS(1+ cos?0) (1.20)
C= PRL (1.21)

a 0 je thel mezi vlnovym vektorem k a osou z, kterou jsme polozili ve sméru
neporusené slozky magnetického pole Byg.

Rovnice [LL1§ ma feSeni
B+E+F

N2 =
24

(1.22)

kde F? = B? — 4AC.
Pro analyzu vlastnosti vin v priblizeni studeného plazmatu tedy vystacime s
analytickym feSenim a neni nutné fesit disperzni relaci numericky.

1.3.2 Horké plazma

Model horkého plazmatu je obecnéjsi a pocita pfimo s distribu¢ni funkei. Rovnice
se ale stavaji slozitejsimi a vét§inou jiz neni mozné je Tesit analyticky.

Tvar dielektrického tenzoru pro obecnou distribu¢ni funkci fo(pi,py) H uvadi
napf. [Stix, 1992, str. 254]. Tento dielektricky tenzor je dan rovnici[I.4], kde tenzor
susceptibility mé, tvar

w2 Q

s — e 2 d / d Sn Sy 1.23

X Wies == oo/ PP p||(w = kyyy —nd ) 2
%iplU mJn p U %ipiw

Sp= | —mhliy U (VU —idud W | (1.24)

%p”U Z'JnJ;LPHU J2p||W

kde J, = Ju(2) je Besselova funkce argumentu z = kv, /Q, Q = Q(py,p|) =
wey/1 — Z—; je relativistickd cyklotronova frekvence a

o ki, Of  Of
U=g (o oo~ 1ap,) (1.25)
W= ( —@)%+M%. (1.26)

w ' Opy wpr Opy

Jak jsem jiz zminoval, disperzni relaci horkého plazmatu nelze obecné fesit
analyticky a je tedy potfeba pouzit néjakou aproximaci nebo ji feSit numericky.

Nékteré mozné pristupy k feseni disperzni relace horkého plazmatu jsou zmi-
nény v nasledujici kapitole.

2distribu¢ni funkce je normalizovana k jednicce [ fo(p)dp = [ >, fos(P)dp =1
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2. Neékteré vysledky vyzkumu vin
v kosmickém plazmatu

2.1 WHAMP

Jednou z nejznaméjsich numerickych procedur je WHAMP (Waves in Homogene-
ous Anisotropic Multi component Plasmas). Jak jsem jiz popsal v praci [Cerny,
2006, str. 19], WHAMP ”je pocitacovy kéd v jazyce FORTRAN, sestaveny v roce
1982 Ronnmarkem |[Rénnmark, [1982]. Umoziiuje numerické vypocty disperznich
relaci vin v homogennim anisotropnim plazmatu, nachézejicim se v magnetickém
poli. Model plazmatu se miize sklddat az ze Sesti slozek, kde kazda komponenta je
urcena svoji hustotou, teplotou, hmotou a elektrickym nabojem c¢astic, anisotropii
a driftovou rychlosti podél vnéjsiho magnetického pole.”

Ptesnéji, distribu¢ni funkce kazdé slozky plazmatu v programu WHAMP miize
nabyvat obecné tvaru (vynechdvam zde index s znacici slozku plazmatu)

2 2 2
1 _ﬂ_U2A—Ul 1—A U Y1
folpsrpn) = folvs, o) = e TG T gt T e ),
t

(2.1)
kde v; je tepelna rychlost prislusné slozky plazmatu o teploté T = %mvf. Parametr
vgq je normalizovand driftova rychlost ve sméru vnéjsiho magnetického pole, A je
hloubka ztratového kuzele, oy anisotropie ztratového kuzele a konecné oy teplotni
anizotropie.

Pro zjednodusseni notace pouziva program WHAMP bezrozmérné proménné
kv kv w T— 20— 1N

T=—=,8, =

Algoritmus procedury WHAMP popisuje autor v ptivodni praci [Ronnmark,
1982] a v [Ronnmark, [1983].
Vyuziva tzv. Padého aproximaci

Z(s)~ Y o —a (2.3)

plazmové disperzni funkce

w — nf 1 /00 e*(T)deH

)ET( w—nf) "’

Z( -
kv —o0 U — #E

(2.4)

Koeficienty Padého aproximace b, a ¢ lze spocitat predem a lze je najit (pro
L = 8) napf. v citované praci [Ronnmark;, 1982].
Aplikaci Padého aproximace a zavedenim funkci

n

E(x,2) = (as, + ;)Z(sn), (2.5)
A(N) = e ML (N, (2.6)
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kde A = 1(£42)2 a I, je modifikovand Besselova funkce fadu n, a dale

Y= (1+a= D) R(y,a)) (2.7)
2 zc
1/’1 = (1 + a?l)R (y7 O‘)‘)a (28)
kde © 2 ()
n
R(y,\) = ——= 2.9
py= 3 5o (29
a i
/ = A, (A
Ry, =9" > An(Y) ), (2.10)
n=—oo Y — N
dospiva Ronnmark k alternativnimu vyjadfeni slozek tenzoru susceptibility
X11 = a+a X, by (2.11)
X12 = —X21 = a1 bbby (2.12)
X13 = X31 = ap Y[ (e + vg)bity (2.13)
X22 = T =202 Y0 T (2.14)
X23 = —X32 = iap Yoy e+ va)d, (2.15)
X33 = a+2a(wi+r, b—y’(cl +va)* (T — 2vg + M), (2.16)

které tvori zaklad algoritmu programu WHAMP.

2.2 WDF

Dalsi numerickou proceduru pro reseni disperzni relace horkého plazmatu pred-
stavil Santolik ve své praci [Santolik, 1995] pod souhrnym oznacenim WDF (Wa-
ve distribution function). Jde o soubor nékolika programi v jazyce FORTRAN.
Konkrétné WDF sestdva z modulu WDFD (dispersion) fesiciho disperzni relaci
jednotlivych vlnovych média, WDFM (modes), WDFK (kernels), WDFI (inver-
sion) a WDF'S (simulation).

Vystupy procedur WDF jsou v jazyce IDL, coz umoznuje jejich snadnou gra-
fickou vizualizaci pravé v programu IDL.

2.3 HOTRAY

Jiny pfistup k numerickému vysetfovani siteni vln v plazmatu pfedstavuje metoda
sledovani paprsku (ray-tracing).

Ptikladem mtize byt program HOTRAY vyvinuty Richardem Hornem [Horne,
1989] na sledovani paprsku v horkém bezsrazkovém zmagnetizovaném plazma-
tu. HOTRAY ”umoznuje sledovat buzeni ¢i atlum Siroké skaly vin béhem sifeni
plazmatem. Pfesnost vypo¢tl je omezena linearitou (malymi amplitudami vin),
WKH] aproximaci (tj. vlnova délka vlny musi byt malé vzhledem k prostorovym

"'Wentzel, Kramer a Brillouin



gradientim) a na nerelativistické efekty.” (Citace je z prace [Cerngl, 2006, str.
19-20].)

Kromé jiz zminéné préace [Horne, 1989], v niz byl program HOTRAY predsta-
ven pii studiu generovani zafeni TMR (terrestrial myriametric radiation), je jeho
pouziti demonstrovano napfiklad také v praci [Horne, 2003] pfi simulaci interakei
elektronti s hvizdovymi vlnovymi maédy.

V roce 2005 predstavila Sarah Glauert s Richardem Hornem v praci |Glauert, Horne,
2005] pod nazvem PADIE (Pitch angle and energy diffusion of ions and electrons)
relativistické rozsiteni, které jiz pracuje s plné relativistickou disperzni relaci a
1ze jej pouzit pro vSechny linearni vinové médy v plazmatu libovolné hustoty.

2.4 Dalsi

Spatnou konvergenci sum Besselovych funkei v klasickém vzorci pro vypodet ten-
zoru susceptibility v horkém plazmatu [1.23] se pokusili odstranit autofi ¢lanku
[Qin_a koll, 2007] pomoci Newbergerova vzorce

i ulz) _ T a(2)a(2). (2.17)

ne—oo @ —MN S Ta

Diky nému se jim podafilo nahradit nekonecné sumy soucinti Besselovych funkci
ve vzorci[L.23] jednim souc¢inem Besselovych funkci komplexniho fadu. Dospéli tak
k alternativnimu vzorci pro vypocet tenzoru susceptibility v horkém plazmatu
(opét vynechavam index s znacici slozku plazmatu)

ps Qpy, 0dfo dfo
X = ﬁ /QWpLdpide(e”eH__(p apl pna) +p,UT), (2.18)
Q-1 < Q- yn
T=| 20  @=l@L@+s  —50 |, (2.19)
Q-1 Q) 2Ly

kde Q = 7—J 4(2)Ja(2), Q@ = smmaz(‘]— (2)Ju(2)) aa = % Numericky
vypocet dielektrického tenzoru pomoci vzorce 2.I8 muze byt oproti vzorci [1.23]
efektivnéjsi. Dle slov autort mize vypocetni tspora v ptripadech, kdy argument
Besselovych funkci z > 1 a jejich suma tak konverguje pomalu, dosahovat az
nekolika Fad.




3. Cile prace

V zéavéru své prace [Cerny, 2006] se zamyslim nad moznosti upustit, vzhledem k
bouflivému rozvoji vypocetni techniky, od prilisné optimalizace stavajicich nume-
rickych metod na feSeni disperzni relace horkého plazmatu (napi. Padého aproxi-
mace v programu WHAMP) a dosdhnout tak presnéjsich vysledki za cenu zvySeni
vypocetni naroc¢nosti.

Hlavnim cilem této prace tak je ovérit tuto moznost a vyvinout alternativni
numerickou proceduru pro analyzu disperzni rovnice v horkém plazmatu, ktera
by pocitala integrand v rovnici pro vypocet tenzoru susceptibility primo bez
jeho aproximace vhodnymi funkcemi.

To s sebou pfinasi dvé vyznamné tezkosti: nutnost vypoctu nekonecné sumy;,
jejiz cleny obsahuji Besselovy funkce, a moznou divergenci integrandu u nékterych
z téchto ¢lent. Dilezitymi dilé¢imi cily je proto analyza zminénych problémt a
nalezeni vhodnych algoritmi, které je Tesi.

S vyvojem novych procedur souvisi jejich vyzkouseni. Cilem této prace je
tedy i aplikace vyvinutych metod na realné priklady vin v kosmickém plazmatu
a diskuse ziskanych vysledki.
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4. Nové metody PDRS pro
linearni analyzu vlastnosti vin v
horkém plazmatu

PDRS (Plasma Dispersion Relation Solver) je program, ktery, jak ndzev napovida,
umoziiuje numericky fesit disperzni relaci. To znamend, Ze pro zadané k (resp.
w)I_II hleda (obecné komlexni) w, (resp. k), pro které je splnéna rovnice [L.6l

Program umi pocitat disperzni relaci plazmatu skladajiciho se z vice slozek
a prispévek kazdé slozky k dielektrickému tenzoru lze pocitat dvéma zptisoby:
v pribliZzeni studeného plazmatu, tj. pouZitim rovnice a v modelu horkého
plazmatu s obecnou distribu¢ni funkei (rovnice [[L4] a [L23]). V nejobecnéjsim pii-
padé lze tedy ftesit disperzni rovnici viceslozkového homogenniho anizotropného
horkého plazmatu v magnetickém poli.

4.1 Popis algoritmu

vvvvvv

vané programem PDRS.

4.1.1 Reseni disperzni relace

Pro teseni disperzni relace [LL6l nebo ekvivalentné pro hledani kotfeni disperz-
ni funkce D(w,k) lze v programu PDRS pouzit tfi metody: metodu bisekce,
(jednorozmeérnou) Newtonovu metodu a globalné konvergentni (vicerozmérnou)
Newtonovu metodu.

Metoda bisekce je popsana v knize |[Press a kol., 2002, str. 353]. Lze ji pouzit
pri hledéni jedné skalarni proménné a v pripadé, Ze se podaii nalézt dvé ruzné
hodnoty hledané proménné, pro které ma hodnota disperzni funkce ruzné zna-
ménko. To se ale v praxi méalokdy podafi a tato metoda je tak pouzitelna spise
jen pro testovani progamu pii jednoduchém tvaru disperzni funkce.

Pouzitelnéjsi je jiz Newtonova metoda (viz. [Press a koll, 2002, str. 362], kde
ji uvadéji i pod nazvem Newton-Raphsonova metoda)E Prakticky ji lze pouzit
vzdy, kdyZ mame jen jednu (skaldrni) nezndmou, selhdva jen pri urcitych tva-
rech funkce, jejiz kofeny hleda. Podrobnéji k omezeni Newtonovy metody viz téz
[Press a koll, 2002, str. 363-364].

Nejobecnéjsi je globalné konvergentni Newtonova metoda, kterou lze pouzit
i v pfipadé vice proménnych, nebo jako v nasem piipadé jedné vektorové, ne-
bo komplexni proménné. Konverguje téméi vzdy, muze ale nastat pripad, kdy
“spadne” do lokalntho minima, kde D(w,k) > 0 a konvergence selze. Program
v takovém pripadé ohlasi chybu a je potieba hledat feseni s jinym pocatecnim
odhadem. Metoda je popsana stejné jako predchozi metody v knize [Press a koll,
2002, str. 383].

ITyto veli¢iny, které slouzi jako vstup vypoétt, budu dale nazjvat fidicimi proménnjmi.
2V této préci ji budu obé¢as oznacovat jako jednorozmérnou Newtonovu metodu pro odligeni
od (vicerozmérné) globalné konvergentni Newtonovy metody.
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7 vyse uvedeného je ziejmé, ze kromeé globalné konvergentni Newtonovy me-
tody, nelze vzdy pouzit libovolnou metodu. Ale pokud to povaha problému umoz-
niuje a hleddme jen jednu (skaldrni) proménnou, napfiklad hleddme jen redlnou
slozku frekvence pro dané k a imaginarni ¢ast povazujeme a priory za nulovou,
je vhodné kvuli zvysSeni presnosti vypoctu a snizeni vypocetni narocnosti pouzit
jednodussi metodu.

4.1.2 Diskretizace distribuc¢ni funkce

Pro vypocet dielektrického tenzoru v modelu horkého plazmatu je potieba znat
distribu¢ni funkci a provadét s ni ur¢ité matematické operace (derivace a in-
tegrace). Distribu¢ni funkce v nasem pfipadé zavisi na dvou proménnych fy =
fo(pL,py), v programu je tak reprezentovana svymi hodnotami na dvourozmérné
ekvidistancéni miiZce o Nyiq X Nyrig bodech. Hodnotu Ng,.4, se kterou mé program
narocnost, protoze diky dvourozmérnosti miizky roste pocet potiebnych vypocti
kvadraticky s velikosti Ngq.

4.1.3 Integrace

Integrace (je potieba pfi vypoctu tenzoru susceptibility [23) se v programu
PDRS provadi zejména pomoci Simpsonova slozeného pravidla (viz [Press a kol
2002, str. 134], kde je uvadéno jako “extended Simpson’s rule”):

TN
[ $ade = W h+ 3ot S s i+ Shxa+ gl + i) +O(5)
(4.1)
(h je vzdélenost dvou sousednich bodt miizky a f; hodnota funkce v i-tem bodé).
Pouzitelnost této metody je ale v pripadé vypoctu tenzoru susceptibility ome-
zend. Jak je vidét ze vzorce [L23], integrand pro hodnoty pj spliujici podminku

w — nf?

Ky

pp=m (4.2)
diverguje. Pokud tento pfipad nastane pro takové n, p; a p,, pro které jesté
nezanedbavame Besselovy funkce, ani distribu¢ni funkei (viz niZe), je integrace
nepresna.

Proto je v programu PDRS implementovan i nasledujici algoritmus pro vypo-
¢et integrace pfes pj. Spoc¢teme dopfedu vsechna celd cisla n, pro které je splnéna
podminka 4.2 pro p| z integrac¢niho intervalu (ten je v disledku konecnosti diskre-
tizacni mfizky také konecny). Integraci pak provadime zvlast pro kazdy interval

(P, Pns1) (oznadil jsem p, = m%) a pouzijeme k tomu néjakou otevienou

metodu (tj. metodu, kterd nevyuziva krajni body intervalu). Konkrétné program
PDRS vyuziva vzorce (viz [Press a koll, 2002, str. 135])

N 27 13 4
dx = h[— — = e 4.
[ Fa)de = ISR+ 0+ T fat 5 s+ (43)
4 13 27 1
+§fo4+EfN—3+0+EfN—1] +O(ﬁ)- (4.4)
(U vnitinich bodu se stfida koeficient 4/3 a 2/3.)
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Urcitou komplikaci je, ze je potieba znat hodnotu integrandu a tedy deri-
vaci distribuéni funkce i jinde nez v bodech mftizky. Ty metoda PDRS ziskava
interpolaci hodnot z nejblizsich bodt mfizky (viz nize).

Hlavni nevyhodou tohoto algoritmu oproti Simpsonové metodé je vétsi vipo-
¢etni narocnost.

Z pouzitych metody integrace vyplyva urcité omezeni programu PDRS, resp.
podminky, které je potteba klast na distribuc¢ni funkci. Ve vzorci [[.23] vystupuji
nevlastni integraly, které ale dle uvedeného vzorce nahrazujeme (vlastnimi) urdi-
tymi integraly. Je tedy nutné, aby integrand v bodech mimo uvazovanou mrizku
byl doste¢né maly, aby jeho pfispévky k integraci bylo mozné zanedbat. To bude
splnéno, pokud tam budou dostatecné malé piislusné derivace distribuc¢ni funkce.
Vyse uvedené je napiiklad dobie splnéno pro Maxwellovské rozlozeni distribuc-
ni funkce, samoziejmé za predpokladu vhodné normalizace, tj. velikosti rozdilu
hybnosti v sousednich bodech mtizky Ap = p; — p;_1.

Dale je vhodné, jak je vidét ze vzorce 4.1}, aby pocet bodi mfizky N4 byl
lichy. Nicméné, vhledem k pravidlim kladenym na distribuc¢ni funkci, 1ze chybu
zpltsobenou piipadnou sudosti Ny,;q zanedbat.

4.1.4 Derivace

Pro vypocet tenzoru susceptibility v modelu horkého plazmatu je rovnéz potieba

znat (parcialni) derivace distribuéni funkce a%.% a %p%".

Pro jejich vypocet se pouziva symetrickd dvou nebo 5-ti bodova metoda (viz
vzorce [0 resp. [A.6)) - lze mezi nimi volit.

, Jinn— Jia
fi = o (4.5)
, Jica = 8fia +8fii1 — fire
Ji= 12h (4.6)

Vihodou je, ze tyto derivace nezavisi na frekvenci ani vlnovém vektoru, a lze
je tedy spocitat jednorazové dopiedu pred vlastnim fesenim disperzni relace.

4.1.5 Interpolace

Pro vypocet integrandu ve vzorci dle vyse popsaného algoritmu vyuzivajici-
ho otevienou motodu je potfeba znat hodnoty derivaci distribuc¢ni funkce i mimo
body mfizky. Ty lze odhadnout pomoci interpolace hodnot v okolnich bodech
miizky. Konkrétné je pro tento ucel v programu PDRS implementovan Nevilltv
algoritmus pro polynomialni interpolaci, ktery je popsan napt. v [Press a kol,
2002, str. 108]. R4d pouzitého interpola¢niho polynomu lze zadat v ¥idicich pa-
rametrech programu, jako vychozi je nastaven rad 1, tj. linedrni interpolace.

4.1.6 Suma Besselovych funkci

Zasadni otazkou pii vypoctu dielektrického tenzoru (resp. tenzoru susceptibility)
horkého plazmatu pomoci vzorce [1.23] je vypocet nekonecné sumy Besselovych
funkci.
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Situace je jesté pomérné jednoducha v ptipadé, ze velikost argumentu Besse-
lovych funkei z = kv, /Q je rovna nule (v ramci vypocetni pfesnosti). V sumé
pak zlstava nenulovymi konecné mnozstvi ¢lentt a neni potfeba zadné zanedba-
vat. Vzorec mé v limité pro z — 0 tvar (vynechavam zde index s znadici
slozku plazmatu)

w2 0 9] 00 0
lim y = lim —2 / omp.d / d S, 47
zl—I>I(1)X zl—I>I(1) Weg n:Z_OO 0 TPLAPL —00 p”w - ]C”U” — nf) ( )
wz 00 00
limy = —2 / 27p dp / Oodpy, (4.8)
z—0 Weg J0O —o00
i(wfkulvnfﬂ _'_ wfkulvu*l*ﬂ)pJ—U i(wfknlvnfﬂ o wfk”lv”%»ﬂ )pJ_U O
1 1 1 1 1 1
IO = Z(UJ—]C“’U“-FQ B w—k“UH—Q pJ‘ Z(w—k‘HUH—Q _'_ w—k‘HUH+Q pJ— O
0 0 s
w=k|v)

(4.9)
V opacném pfipadéﬁ mé suma nekonecné clend a je potfeba néjaké aproxi-
mace. Program PDRS pocita sumu primo, pfi¢emz pouziva dvé moznosti, jak
urcit, kde sumu ukoncit, tj. kdy uz mtze vyssi ¢leny zanedbat. Prvni zptsob je,
ze zanedbava cleny obsahujici Besselovy funkce vyssiho, nez urcitého, doptedu
zadaného, fadu (v absolutni hodnoté). Zaroveti pfi vypoc¢tu sleduje velikost ¢lent
kazdého tadu a vypocet ukonc¢ime, klesne-li pod ur¢itou mez. Oba parametry, tj.
maximalni fad ¢lena sumy a jeho minimalni velikost lze zadat na vstupu progra-
mu.
Algoritmus pro vypocet sumy Besselovych funkci pouzity v programu PDRS
vychézi z algoritmu pro vypocet Besselovy funkce n-tého radu, popsaného v
[Press a koll, 2002, str. 235]. Vyuziva zndmého rekurentniho vzorce

Tooa(x) = %”Jn(:c) (@), (4.10)

diky némuz lze spocitat n-ty ¢len sumy pomoci dvou pifedchozich. Pro vypocet
derivaci Besselovych funkci se vyuziva vztahu

ni1(@) = %(Jn—l(x) — Jny1(x)). (4.11)

3tj. pro z > 0, nebot, jak je zfejmé z definice, z nemiZe byt zaporné
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5. Testovani metody PDRS

5.1 Mod volného prostoru
Nejednodussim pfipadem Sifeni je svételna vlna s disperzni relaci
w? = w]% + k*c? (5.1)

(c je rychlost svétla ve vakuu), z které je vidét, ze se vlna §ifi nezavisle na sméru
a velikosti magnetického pole.

Vypocet jsem provedl pro plazma skladajiciho se z elektroni s plazmovou
frekvenci fp. = 52=1500Hz a v pfiblizeni horkého plazmatu. Vypoctena disperzni

relace je spolecné s teoretickou zobrazena v grafu 5.1l

Obrazek 5.1: Disperzni relace svételné viny pro plazma skladajici se z elektro-
ni s f,=1500Hz. Teckami jsou vyneSeny hodnoty vypoctené programem PDRS
v priblizeni horkého plazmatu. Plnou ¢arou je znazornéna teoretickd disperzni
relace.
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5.2 Podélné sireni

Podélnym $itenim se mysli to, Ze vlnovy vektor zistava rovnobézny se silo¢arami
magnetického pole, tj. k || B. V programu jsem proto drzel tihel 6 nulovy a hle-
dal tak zavislost jediné proménné - velikosti vlnového vektoru k - na frekvenci.
Vypocty v tomto testu jsem provadél jen pro realnou frekvenci, tedy s nulovou
imaginarni slozku. Diky tomu jsem mohl pro hledani kofenu disperzni funkce
pouzit (jednorozmérnou) Newtonovu metodu.

Plazma jsem uvazoval dvouslozkové, slozené z iontu (protontd) a elektroni.
Cyklotronovou frekvenci elektronti jsem nastavil na f.. = 4==100Hz a plazmovou
frekvenci na f,. = 52=200Hz.

Dielektricky tenzor jsem pocital obéma zpiisoby, tedy jak v priblizeni studené-
ho plazmatu, tak horkého plazmatu. Pro horké plazma jsem pocital s distribucni
funkei s maxwellovskym rozdélenim odpovidajicim teploté T=240K (u obou slo-
zek plazmatu).

V obou pifpadech vysledky v rdmci zadané presnosti (107°) odpovidaly teo-
retickym disperznim relacim levotocivého a pravotocivého médu v priblizeni stu-
deného plazmatu (viz napf. [Swanson, 2003, str. 23]) Vypoctané disperzni relace
jsou vyneSeny v grafech aBb.3dl

Velka presnost programu PDRS v pripadé paralelniho sifeni je dana tim, ze
neni potieba zadné aproximace pro vypocet sumy Besselovych funkci. Jejich ar-
gument je totiz roven nule a suma pak ma kone¢né (a malé) mnozstvi nenulovych
¢lend.

5.3 Sifeni ve sméru kolmém na smér magnetic-
kého pole

pribliZzeni studeného plazmatu odvodit dvé disperzni relace (|Swanson, 2003, str.
24]). Disperzni relaci fadné viny

2 2
2 _ Wi Wpe
N_l_ﬁ_uﬂ' (5.2)

a mimotradné viny.

(W + wei) (W — Wee) — w;] [(W = wes) (W + Wee) — w;]

(W? — w2)(w? —w2) + W2 (Weewei — W)

ci

N?=1-

kde w? = w?, + w2

Vypocet jsem provadél podobné jako v pfedchozi kapitole pro dvouslozkové
plazma. Cyklotronovou frekvenci elektront jsem nastavil na f..=80Hz a plazmo-
vou frekvenci na f,.=100Hz. Distribucni funkce obou slozek plazmatu odpovidala
maxwellovskému rozdéleni s teplotou T=240000K.

Hodnoty vypoctené v priblizeni studeného plazmatu opét v ramci zadané
presnosti odpovidaly teorii.

Vysledky pocitané v modelu horkého plazmatu jsou vyneseny v grafech [(.4]
a Povedlo se nalézt fadny i mimotradny vlnovy mod. Z vypoctené disperzni
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Obrazek 5.2: Disperzni relace levotocivé viny pro plazma skladajici se z iontd
a elektront s f..=100Hz a f,.=200Hz. V grafu je vynesena normalizovana frek-
vence [ = w/27f. v zévislosti na vlnovém vektoru k. Teckami jsou vyneSeny
hodnoty vypoctené programem PDRS v pfiblizeni horkého plazmatu s teplotou
T=240000K. Plnou ¢arou je znazornéna teoretickd disperzni relace.
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relace mimoradného moédu Ize i odecist hodnotu horni hybridni rezonance wyy =
128 H z, ktera dobfe odpovida teoretické hodnoté

Wiy = Whe + Wi (5.4)

5.4 Lamgmuirovy viny

Prikladem vln typickych pro horké plazma mtzou byt Langmuirovy viny. Jejich
disperzni relaci pro w, < w, uvadi napf. [Willes, Cairns, 2000).

wi (k,0) = w? + w?sin® 0 + 3k*v°. (5.5)

Vypocty jsem provadeél pro jednoslozkové plazma skladajici se z elektroni s
fee=450Hz a f,.=1500Hz a teplotou 500eV.
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Obrazek 5.3: Disperzni relace pravotocivé viny pro plazma skladajici se z ionti
a elektront s f..=100Hz a f,.=200Hz. V grafu je vynesena normalizovana frek-
vence [ = w/27f. v zévislosti na vlnovém vektoru k. Teckami jsou vyneSeny
hodnoty vypoctené programem PDRS v pfiblizeni horkého plazmatu s teplotou
T=240000K. Plnou ¢arou je znazornéna teoretickd disperzni relace.
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Vysledky jsou shrnuty v grafu [6.6] kde je vyneSena normalizovana frekvence
f = w/27 f.e v zavislosti na vlnovém vektoru k pii paralelnim $iteni a grafu [5.7]
se zavislosti normalizované frekvence na sméru sifeni 6 pti konstantni velikosti
vlnového vektoru k& = 0.001m 1.

Na téchto vysledcich, zejména na druhém z grafi (5.7) je jiz vidét urcité od-
chylka vypoctenych hodnot od teoretickych. To je dano zejména nutnosti pouzit
slozitéjsi integracni algoritmus, jak je zminéno v kapitole 4.1.3, protoze Simpso-
nova integrace zde jiz neni, na rozdil od predchozich prikladi, vhodna.

I proto vypocty programu PDRS jiz v tomto pfipadé podstatné zavisi na
pouzitych fidicich parametrech. Jejich hodnoty uvadim v tabulce (5.1

Ptesnost vysledkli spolu s dalsimi je podrobnéji diskutovana v zavéru prace.
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Obréazek 5.4: Disperzni relace fadné viny pro plazma sklddajici se z ionti a
elektront s f..=80Hz a f,,=100Hz. V grafu je vyneSena normalizovana frek-
vence [ = w/27f. v zévislosti na vlnovém vektoru k. Teckami jsou vyneSeny
hodnoty vypoctené programem PDRS v pfiblizeni horkého plazmatu s teplotou
T=240000K. Plnou ¢arou je znazornéna teoretickd disperzni relace.

0 1e-06 2606 306
k / (1/m)

Tabulka 5.1: Hodnoty fidicich parametri pouzitych pii vypoctu disperzni relace
Langmuirovych vin.

parametr hodnota
grid size 127
integration method open
root searching method | global newton
accuracy 1.0e-4
max iter. loops 20
max bessel order 100
bessel sum accuracy 1.0e-5
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Obréazek 5.5: Disperzni relace fadné vlny pro plazma sklddajici se z iontd a
elektrontt s f..=80Hz a f,,=100Hz. V grafu je vyneSena normalizovana frek-
vence [ = w/27f. v zévislosti na vlnovém vektoru k. Teckami jsou vyneSeny
hodnoty vypoctené programem PDRS v pfiblizeni horkého plazmatu s teplotou
T'=240000K. Plnou ¢arou je znazornéna teoretickd disperzni relace.
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Obrézek 5.6: Disperzni relace Langmuirovy viny pro plazma skladajici se z elek-
tront s f,.=450Hz a f,.=1500Hz a teplotou 500eV. V grafu je vynesena normali-
zovand frekvence f = w/27 f.. v zavislosti na vlnovém vektoru k pfi sméru siFeni
6 = 0. Teckami jsou vyneseny hodnoty vypoctené programem PDRS v ptiblizeni
horkého plazmatu. Plnou ¢arou je znazornéna teoreticka disperzni relace.
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Obrézek 5.7: Disperzni relace Langmuirovy viny pro plazma skladajici se z elek-
tront s f,.=450Hz a f,.=1500Hz a teplotou 500eV. V grafu je vyneSena norma-
lizovand frekvence f = w/27 f.. v zavislosti na sméru siteni 6 pii velikosti vino-
vého vektoru k = 0.001m . Teckami jsou vyneseny hodnoty vypocétené progra-
mem PDRS v ptiblizeni horkého plazmatu. Plnou ¢arou je znazornéna teoreticka
disperzni relace.

3.6

f 3.55

35

3.45 | | | | | |
theta/ rad '

22



6. Harmonické emise pozorované
druzicemi Cluster v blizkosti
plazmapauzy

V této kapitole se pokusim o reprodukci nékterych vysledki, k nimz dosli autori
v praci [Grimald, Santolik, 2010].

Zminéna prace se zabyva elektromagnetickym zafenim netepelného kontinua
(NTC - nonthermal continuum) v oblasti plasmapauz Zemé. Konkrétné stu-
duje zareni odpovidajici emisnim ¢aram ve spektrogramu naméfrenym druzicemi
Cluster v oblasti, kde lokalni horni hybridni frekvence plazmatu je blizka nasob-
kim elektronové cyklotronové frekvence a zejména pak emisi odpovidajici osmé
harmonické frekvenci.

6.1 Popis modelu plazmatu

Model plazmatu zde budu uvazovat stejny, jako je pouzit v praci |Grimald, Santolik,
2010]. Jeji autoti vychazeji z rozdéleni elektrontt naméfeného pristrojem PEA-
CE/HEEA@ mezi ¢asy 0956:57 a 0957:18 UT v energetickém rozmezi 40eV-26keV
a z celkové hustoty elektronii naméfené pristrojem WHISPERS.

Plasma charakterizovali ¢tyimi slozkami - tfi elektronové komponenty s bi-
Maxwellovskym rozdélenim a studené ionty (H ). Parametry distribu¢nich funkci
slozek plazmatu ziskali interpolaci metodou nejmensich ¢tvercti naméfené hustoty
fazového prostoru.

Parametry jednotlivych slozek plazmatu uvadim v tabulce (n je hustota,
T teplota a znaceni ostatnich parametri je stejné jako v rovnici 2.1]).

Tabulka 6.1: Parametry distribu¢nich funkci jednotlivych slozek plazmatu mode-
lujicich rozdéleni ¢astic naméfeného pristrojem PEACE/HEEA mezi 0956:57 a
0957:18 UT v energetickém rozmezi 40eV-26keV (znaceni viz text).

komponenta | ¢astice | nlem ™3| [ T[eV] |vg | A| o Qg
1 elektrony 47.24 10 0] 110.08 0
2 elektrony 0.82 1180 | 0 | 1 ] 0.98 0
3 elektrony 0.41 1890 | 0 | O | 1.16 | 0.232
4 ionty (HT) | 48.47 0 0[1] 1 0

6.2 Vysledky

Podobné jako v praci |Grimald, Santolik, 2010] jsem se zaméFil na hledani vino-
vych médi v okoli osmé harmonické frekvence f ~ 8f...

1Oblast na hranici plasmasféry, kde prudce (fadové) kles4 hustota plasmatu.

2PEACE - Plasma Electron And Current Experiment

SWHISPER - Waves of High frequency and Sounder for Probing of Electron density by
Relaxation
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Vysledky numerického feSeni disperzni relace pro paralelni siteni jsou uvedeny
v grafu [6.1], kde je zfetelny Langmuiriv vlnovy mad.

Vypoctené disperni relace pro sifeni ve sméru kolmém na smér magnetického
pole jsou vyneseny v grafu [6.2l Podafilo se nalézt Bernsteinovy vlnové maédy
kolem osmé a devaté harmonické frekvence.

Zminované vysledky ziskané programem PDRS odpovidaji vysledktim, k nimz
dosli autori v praci [Grimald, Santolik, [2010], jsou ale méné piesné. Divody jsou
stejné, jako v predchozi kapitole a jsou diskutovany v zavéru prace.

Ridici parametry programu, pouzité pro simulace v této kapitole, jsou uvedeny
v tabulce

Obrézek 6.1: Vysledky numerického feSeni disperzni relace pro paralelni sifeni pro
frekvence blizké 8f... V grafu je vyneSena normalizovand frekvence f = w/2m f.
v zavislosti na velikosti vlnového vektoru k.
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Obréazek 6.2: Vysledky numerického feseni disperzni relace pro sifeni ve sméru
kolmém na smér magnetického pole pro frekvence blizké 8f.. a 9f... V grafu je
vyneSena normalizovana frekvence f = w/27 f.. v zavislosti na velikosti vlnového
vektoru k.
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Tabulka 6.2: Hodnoty fidicich parametri pouzitych pii vypoctu disperznich relaci
v kapitole 6.

parametr hodnota

grid size 63

integration method open
root searching method | global newton

accuracy 1.0e-4

max iter. loops 20

max bessel order 50
bessel sum accuracy 1.0e-4
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7. Emise typu chorus

7.1 Popis modelu plazmatu

V této kapitole pouzivim model plazmatu, s nimz pracuji autofi prace [Santolik,
2010] a ktery vytvofili na zékladé méfeni pfistroje PEACE na palubé sondy Clus-
ter. Méfeni zachycuje emisi typu chorus v rovnikové oblasti zemské magnetosféry.

Parametry jednotlivych slozek plazmatu uvadim v tabulce [T.Il Elektronova
cyklotronova frekvence je f.. = 9.2kHz.

Tabulka 7.1: Parametry distribuc¢nich funkci jednotlivych slozek plazmatu mode-
lujicich rozdéleni ¢astic naméreného pristrojem PEACE béhem ¢tyt sekund kolem
0122:54.

komponenta | ¢astice | n[em ™3] | T[eV] | o
1 elektrony 31.25 3.5 1.0
2 elektrony 1.96 156 | 2.1
3 elektrony 0.31 35.3 | 13.5
4 elektrony 0.03 7000 | 4.0
5 ionty (H') | 33.54 1 1.0

7.2 Vysledky

Vysledky numerického Feseni disperzni relace jsou shrnuty v grafu[Z.1l Jde o graf
zévislosti normalizované frekvence f = w/27 f.. na podélné slozce vinového vekto-
ru k| pro rizné hodnoty slozky vinového vektoru £, kolmé ke sméru magnetického
pole.

Bohuzel se nepodarilo v tomto piipadé najit souvislejsi mnoziny feseni ptislu-
sejicich konkrétnim vinovym moédiam. Divodem je, kromé nepiesnosti zminénych
v predchozich kapitolach, velka citlivost nalezeného feseni na pocatecnim odhadu.
Tj. problém urcit takovy pocatecni odhad pro reseni disperzni relace, aby algorit-
mus hledajici kofeny disperzni funkce nalezl pravé kofen odpovidajici vinovému
modu, jenz nas pravé zajima.

Prislusné tidici parametry programu jsou uvedeny v tabulce

Tabulka 7.2: Hodnoty fidicich parametri pouzitych pii vypoctu disperznich relaci
v kapitole 7.

parametr hodnota

grid size 63

integration method open
root searching method | global newton

accuracy 1.0e-4

max iter. loops 40

max bessel order 50
bessel sum accuracy 1.0e-4
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Obréazek 7.1: Vysledky numerického feseni disperzni relace - graf zavislosti nor-
malizované frekvence f = w/27 f.. v zavislosti na podélné slozce vlnového vektoru
k) pro rtzné hodnoty slozky vlnového vektoru k; kolmé ke sméru magnetické-
ho pole. Plusem jsou oznaceny hodnoty s k; = 0, kiizkem pak hodnoty pro
k. = 0.0001m~! a koleckem pro pro k; = 0.0005m 1.
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8. Dokumentace programu PDRS

8.1 Vstupy programu PDRS

Program v pracovnim adresaii ocekava dva soubory: plasma_data.csva control_data.csv.
Z prvniho souboru nacitd parametry modelu plazmatu, z druhého pak parametry
ovliviiujici béh programu (rozsah Fidicich proménnych, zvolené metody vypoctu
apod.).

U obou zminénych soubori plati, ze zac¢ina-li néjaky radek znakem #, program
jej ignoruje a lze jej tak pouzit jako komentar. Ostatni fadky by mély mit format
parametr:hodnota, jinak program ohlasi chybu.

8.1.1 Definice modelu plazmatu

Jak jiz bylo zminéno, ze souboru plasma_data.csv program nacitd parametry ty-
kajici se modelu plazmatu. Seznam parametri, ktere je mozno/nutno zadat a
jejich moznych hodnot je v tabulce Rl U nepovinnych parametri je uvedena i
jejich vychozi hodnota.

V priloze ¢islo 1 déle je vypsan obsah téchto soubort definujicich modely
plazmatu pouzitych v této praci.

8.1.2 Rizeni béhu programu

Parametry potiebné pro fizeni béhu programu se nacitaji ze souboru control_data.csv.
Jejich seznam je v tabulce

8.1.3 Distribuéni funkce

Distru¢ni funkci plazmatu dokaze program PDRS ziskat dvojim zpiisobem - mtize
si ji sam spocitat ze zadanych parametri, nebo ji nacist ze soubort.

Je-li pro néjakou (feknéme i-tou) slozku plazmatuﬁ definovana hodnota pa-
rametru distr. func. file for comp i v definiénim souboru control_data.csv (viz
vyse), nacte se distribu¢ni funkce i-té komponenty ze zadaného souboru. Poza-
dovany format soubort s distribu¢ni funkci je dan velikosti NNy,q diskretizac¢ni
miizky. Musi obsahovat N4 Tadkt a kazdy z nich N4 hodnot (redlnych ¢isel)
oddélenych strednikem.

V opacném piipadé, tj. pokud neni zminény parametr definovan, program
disperzni relaci dané slozky plazmatu spoéitéﬁ pomoci vzorce 2.1l Parametry
vystupujici v této rovnici lze zadavat v defini¢nim souboru plasma_data.csv.

! Hodnota parametru DC mag. field [nT] se vyuZije pro vypocet elektronové cyklotronové
frekvence pomoci vzorce [LI], neni-li zaddna pfimo jinym parametrem.

Podobné parametr Num. density [1/cm3] se vyuzije pro vypocet elektronové plazmové frek-
vence pomoci vzorce [LI10, neni-li zaddna pfimo a naopak: ze zadané plazmové frekvence se
vypocte hustota.

Plazmové a cyklotronové frekvence vsech slozek plazmatu se pak, p¥i znalosti jejich relativnich
hustot, naboju a hmotnosti, vypoc¢tou z elektronové plazmové a cyklotronové frekvence.

2Pfedpokladam zde, Ze se pro tuto komponentu vyzaduji vypoéty v piiblizeni horkého
plazmatu. Pro studené plazma je tato kapitola bezpfedmétna.
3Stejné jako program WHAMP.

28



8.2 Vystupy programu PDRS

8.2.1 Data

Vypoctena data program vypisuje zaroven na standartni vystup a do souboru]
s nazvem output.csv. Kazdé mnoziné hodnot fidicich proménnych odpovida je-
den tadek, jehoz obsah lze definovat parametrem output v definicnim souboru
control_data.csv (viz vyse).

Format vystupu na standartni vystup je promeénnd 1=hodnota proménné 1;pro-
meéennd 2=hodnota promeénné 2;---. Format vystupu do souboru je od druhého
radku hodnota promeénné 1;hodnota proménné 2;- - -, prvni fadek obsahuje nazvy
proménnych (rovnéz oddélené stiednikem).

Seznam moznych hodnot parametri output je v tabulce R.3 B

8.2.2 Navratova hodnota

Jednim z moznych vystupti programu PDRS je tzv. navratova hodnota, ktera
vypovida o (ne)tspésnosti hledani feseni disperzni relace. Jeji vyznam je nasledu-
jici: absolutni hodnota udava pocet pocet uskutecnénych iteracnich cykli, kladna
hodnota znamena, Ze metoda v ramci zadané presnosti nalezla feSeni, a zaporna,
7e TeSeni nalezeno nebylo, pripadné Ze byl dosazen maximalni pocet iteracnich
cykla.

8.2.3 Distribucéni funkce

Program PDRS uklada celkovou ditribuc¢ni funkei fo(pr,p)), a to do souborud s
nazvem distr_f.csv. Format dat je stejny jako je vyzadovan pro nacitani distribucni
funkce (viz V}'fée)E]

8.3 Kompilace programu PDRS

Zdrojovy kod programu PDRS se sklada z deviti soubort: pdrs.cpp io.h io.cpp
calc.h calc.cpp diel.h diel.cpp bessel.h a bessel.cpp. Je napsan v programovacim
jazyce c++. Odladén je pod opera¢nim systémem linux za pouziti prekladace
g++ verze 4.1. Prelozit jej lze napt. prikazem ” g++ - Wno-deprecated -fno-stack-
protector -g -o pdrs pdrs.cpp io.cpp calc.cpp diel.cpp bessel.cpp -1.”.

Vypis zdrojového kédu je v priloze ¢. 2.

4y pracovnim adresafi

5Normalizované proménné p, z a  jsou definovane vzorcem

6y pracovnim adresaii

" Tato funkcionalita je implementovana zejména pro usnadnéni tvorby vstupnich distri-
buc¢nich funkci. Lze tedy napiiklad timto zpiisobem vygenerovat soubor s distribu¢ni funkci
s Maxwellovskym rozdélenim s urcitymi parametry, ten posléze editovat a vznikly soubor s
pozmeénénou distribu¢ni funkei pouzit jako vstup pro dalsi béh programu.
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Tabulka 8.1: Parametry pro definici modelu plazmatu v programu PDRS.

parametr popis parametru hodnota popis vychozi
hodnoty | hodnota
Num.  density | ¢iselnd hustota v | kladné re- 0 (nede-
[1/cm3] cm™3 alné ¢islo finova-
no)
DC mag. field | velikost magnetické | realné ¢islo 0
nT] indukce v nT
Electron  gyro | elektronova cyklot- | kladné re- 0 (nede-
freq. [Hz] ronové frekvence v | alné ¢islo finovéa-
Hz no)
Electron  gyro | elektronova cyklot- | kladné re- 0 (nede-
freq. [rad/s] ronova frekvence v | alné ¢islo finova-
rad/s no)
Electron plasma | elektronova kladné re- 0 (nede-
freq. [rad/s] plazmova frek- | alné cislo finova-
vence v rad/s no)
Electron plasma | elektronova kladné re- 0 (nede-
freq. [Hz] plazmova frek- | &lné ¢islo finovéa-
vence v Hz no)
No. of plasma | pocet komponent | pfirozené 0 (nede-
components plazmatu ¢islo < 8 finova-
1n0)
Comp i type of | zptisob vypoctu | 0 studené | 0
dielectric tensor | dielektrického plazma
tenzoru i-té slozky
1 horké
plazma
Comp i num. | relativni ¢iselna | redlné cislo 0
density % hustota i-té slozky | v rozmezi0
- 100
Comp i signed | ndboj castic i-té | redlné cislo 0

charge / charge
of el.

slozky v jednotkach
naboje elektronu
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Comp i mass / | hmotnost ¢astic i-té | redlné ¢islo 0
mass of electron | slozky v jednotkach

hmotnosti elektro-

nu
Comp i tempera- | teplota i-té slozky v | kladné re- 0 (nede-
ture [eV] eV alné ¢islo finova-

no)

Comp i norm. | normalizovana realné cislo 0
parallel drift driftova  rychlost

ve smeéru vnéjsiho

magnetického pole
Comp i loss cone | hloubka ztratového | realné ¢islo 1
depth kuzele v intervalu

<0,1>

Comp i tempera- | teplotni anisotropie | realné ¢islo 1
ture anisotropy
Comp i loss cone | anisotropie ztrato- | redlné cislo 1

anisotropy

vého kuzele
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Tabulka 8.2: Parametry pro fizeni béhu programu PDRS.

parametr popis parametru hodnota popis hod- | vychozi
noty hodnota

grid size velikost miizky | pfirozené 127

Ngrida Gislo > 7 a

<239

accuracy nepresnost pii vy- | kladné re- 107°

poctu disperzni re- | alné ¢islo

lace
difference relativni  velikost | kladné re- 1072
accuracy kroku pfi vypoctu | alné ¢islo

disperzni relace
max iter. lo- | maximalni  pocet | prirozené 30
ops iteraci pfi vypoctu | ¢islo

disperzni relace
max  bessel | nejvyssi tad, kte- | prirozené 100
order ry se jesté mneza- | Cislo

nedbava pii vypo-

¢tu sumy Besselo-

vych funkci
bessel  sum | hodnota, pod kte- | kladné re- 107°
accuracy rou musi klesnout | alné ¢islo

absolutni  velikost

clena sumy Bes-

selovych funkci,

aby se vyssi cleny

zanedbaly
distr. func. fi- | nazev souboru, | nazev sou- 0 (nede-
le for comp i | ze kterého se ma | boru finova-

nacist  distribuc- no)

ni  funkce  i-té

komponenty
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root sear- | metoda  vypoctu | bisection bisekce global
ching method | disperzni relace newton
newton Newtonova
metoda
global globalné
newton konver-
gentni
Newtonova
metoda
derivation metoda  vypoctu | 2 point symetrickd | 5 point
method derivaci 2-bodova
5 point symetricka
5-ti bodo-
va
integration metoda vypoctu in- | simpson Simpsonovo| simpson
method tegraci slozené
pravidlo
open oteviena
metoda
interpolation | fdd polynomu pfi | kladné celé 1 (li-
polynom interpolaci derivaci | cislo nearni
order interpo-
lace)
variable i i-ta proménna | k velikost
(i=1,2) vlnového
vektoru
theta 0
k_par k)
k_per ki
frequency | realna cast
frekvence
frequency | imaginarni
dumping cast frek-
vence
init value i pocatecni hodnota | realné cislo 0
i-té proménné
final value i kone¢né hodnota i- | realné ¢islo -1
té proménné
step i krok i-té proménné | realné cislo 0
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follow mode

sledovani mdédu

yes

cokoliv
kromé

« 7

yes

sledovat,
tzn.  jako
pocatecni
odhad pri
hledani
kofene
disperzni
funkce bu-
de pouzita
hodnota
extrapo-
lovana =z
vysledki
predcho-
zich kroku
nesledovat
- jako
pocatecni
odhad bu-
de pouzita
zadana
hodnota

yes

polar coordi-
nates

pouzivat pro vino-
vy vektor polarni
soufadnice

yes

cokoliv
kromé

pouziva se

ka6

pouziva se

k” a]ﬁ_

pouziva
se k| a

ki

log scale

pouzivat  logarit-
mickou skalu

cokoliv
kromé

proménné
se krokem
nasobi

k pro-
ménnym
se krok

pFicita

k  pro-
meén-
nym se
krok
pricita

init guess i

pocatecni odhad i-
té neznamé

realné ¢islo
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Tabulka 8.3: Seznam moznych hodnot parametri output.

hodnota popis

k k[m ™3]
size of wave vector k[m ™3]
norm k %
normalized k %

theta O[rad]
k_par kylm™?]
parallel k kylm~?]
norm_k_par z
normalized parallel k

k_per ky[m™3]
perpendicular k kylm™3]
norm_k_per P
normalized perpendicular k P

omega Re(w)[™?]
w Re(w)2]
frequency Re(f)[Hz]
imaginary omega Im(w)[*]
imaginary w Im(w)[™9]
imaginary part of frequency Im(f)[Hz]
normalized omega Re(x)
norm-w Re(x)
normalized frequency Re(x)

N N

result navratova hodnota
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Z.aver

V této praci byla predstavena nova numerickd procedura pro vypocet disperzni
relace vin v horkém plazmatu. Prti jejim vyvoji se povedlo vyfesit problémy pre-
deslané v kapitole o cilech prace, tj. nutnost vypoctu nekon¢né sumy Besselovych
funkci a divergenci integrandu.

Bohuzel tato feseni s sebou pfinasi naklady ve formé zvySené vypocetni naroc-
nosti. To ma veliky vliv na komfort pfi pouzivani tohoto programu a muize vést,
zvlasté v pripadech, ze je vyzadovano TeSeni disperzni relace plazmatu skladaji-
ciho se z vice slozek s obecnou distribuc¢ni funkci, az k praktické nepouzitelnosti.

Nicméné ve vétsiné pripadi lze ziskat pomoci této metody vysledky relevantni
pro studium vln v kosmickém plazmatu, coz bylo i ukdzano na realnych prikla-
dech.

To je podporeno i velkou univerzalitou programu PDRS, napt. moznosti zadat
na vstupu distribuéni funkci témef libovolného tvaru (jediné pozadavky jsou na
okrajové podminky) a také mnozstvim raznych fidicich parametra. Uzivatel tak
miize béh programu do zna¢né miry optimalizovat.

Nejziejméjsim parametrem ovliviiujicim presnost vysledki je velikost diskreti-
zacni mrizky. Na ni nepfimo tmeérné zavisi velikost integrac¢niho kroku, integrace
se tak s velikosti mrizky zprestiuje. Vypocetni narocnost ale vhledem k tomu, ze
je miizka dvourozmérna, roste s jeji velikosti kvadraticky.

Dalsim takovym prikladem je zptisob ukoncovani vypoctu nekonecnych sum.
Také zde jde presnost a vypocetni narocnost proti sobé. Nicméné situace zde velmi
zavisi na vysSetfovanych vlnovych mdédech. Napf. suma Besselovych funkci dobte
konverguje pro z = k v, /2 < 1, tj. pro smér sifeni vln piiblizné paralelnim
se smérem magnetického pole a pfi podélném Sifeni se nekon¢na suma dokonce
redukuje na konec¢nou.

Méné jiz presnost a vypocetni naroc¢nost zavisi na parametrech algoritmu hle-
dajiciho koteny disperzni funkce, protoze pouzité metody vétSinou konverguji
dobte. Problém zde ale miize nastat jinde, metoda nemusi konvergovat prave
k hledanému kotfenu, ale k tplné jinému fesSeni. Jde ale o principiadlni problém
a nejde jej tfesit jinak nez vhodnym nastavenim pocatecniho odhadu hledaného
kofenu (napiiklad pomoci teoretické disperzni relace, zname-li ji).

Ptesto, ze se ukazala cesta pfimého vypoctu dielektrického tenzoru a disperzni
relace schiidné, jde o metodu vypocetné velmi narocnou a stale zde tedy ztistava
prostor pro rizné aproximace a optimalizace. A urc¢ité lze nalézt mozné optima-
lizace a vylepseni i ptfimo pro metodu PDRS.
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Seznam pouzitych zkratek

e IDL (Interactive Data Language) Software pro analjzu a vizualizaci dat.

e PADIE (Pitch Angle and energy Diffusion of Ions and FElectrons) Program
pro sledovani paprsku v horkém bezsrazkovém zmagnetizovaném plazmatu,
predstaveny Sarah Glauert s Richardem Hornem v praci [Glauert, Horne,
2005].

e PDRS (Plasma Dispersion Relation Solver) Program pro linedrni analyzu
vlastnosti vln v horkém plazmatu popsany v této praci.

e PEACE (Plasma Electron And Current Ezperiment) P¥istroj na palubé son-
dy Cluster méfici rozdéleni, smér a tok elektron.

e TMR (Terrestrial Myriametric Radiation) Zafeni o vlnové délce ~ 10km
vznikajici v oblasti Zemé.

e WDF (Wave Distribution Function) Soubor programu pro feSeni disperzni
relace horkého plazmatu, predstaveny Santolikem v praci [Santolik, [1995].

e WHAMP (Waves in Homogeneous Anisotropic Multi component Plasmas)
Program pro numerické vypocty disperznich relaci vin v homogennim aniso-
tropnim plazmatu v magnetickém poli, sestaveny v roce 1982 Ronnmarkem
[Ronnmark, [1982].

e WHISPER (Waves of High frequency and Sounder for Probing of Electron
density by Relazation) P¥istroj na palubé sondy Cluster mé¥ici hustotu hor-
kého plazmatu.

e WKB (Wentzel, Kramer a Brillouin) Metoda pro hledani pfibliznych feseni
parcidlnich diferencidlnich rovnic s prostorové zavislymi koeficienty.
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Priloha 1. Vstupni soubory s
definici model plazmatu

Vstupni soubor s definici modelu plazmatu pou-
zitého v kapitole 6

# Plasma definition

# Cluster

Num. density [1/cm3]:96.94

Electron gyro freq. [Hz]:7870

No. of plasma components:4

# core population of electrons:
Comp 1 type of dielectric tensor:1
Comp 1 num. density %:48.73
Comp 1 signed charge / charge of el.:-1.0
Comp 1 mass / mass of electron:1.0
Comp 1 temperature [eV]:10

Comp 1 norm. parallel drift:0

Comp 1 loss cone depth (delta):1
Comp 1 temperature anisotropy:0.08
Comp 1 loss cone anisotropy:0.0

# warm population of electrons:
Comp 2 type of dielectric tensor:1
Comp 2 num. density %:0.85

Comp 2 signed charge / charge of el.:-1.0
Comp 2 mass / mass of electron:1.0
Comp 2 temperature [eV]:1180
Comp 2 norm. parallel drift:0

Comp 2 loss cone depth (delta):1
Comp 2 temperature anisotropy:0.98
Comp 2 loss cone anisotropy:0.0

# hot electrons:

Comp 3 type of dielectric tensor:1
Comp 3 num. density %:0.42

Comp 3 signed charge / charge of el.:-1.0
Comp 3 mass / mass of electron:1.0
Comp 3 temperature [eV]:1890
Comp 3 norm. parallel drift:0

Comp 3 loss cone depth (delta):0
Comp 3 temperature anisotropy:1.16
Comp 3 loss cone anisotropy:0.232
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# ions:

Comp 4 type of dielectric tensor:0
Comp 4 num. density %:50.0

Comp 4 signed charge / charge of el.:1.0
Comp 4 mass / mass of electron:1837
Comp 4 temperature [eV]:0.001

Comp 4 norm. parallel drift:0

Comp 4 loss cone depth (delta):1

Comp 4 temperature anisotropy:1
Comp 4 loss cone anisotropy:0

Vstupni soubor s definici modelu plazmatu pou-
zitého v kapitole 7

# Plasma definition

# Chorus type emission

Num. density [1/cm3]:67.08
Electron gyro freq. [Hz]:9200

No. of plasma components:5

# cold electrons:

Comp 1 type of dielectric tensor:1
Comp 1 num. density %:46.58
Comp 1 signed charge / charge of el.:-1.0
Comp 1 mass / mass of electron:1.0
Comp 1 temperature [eV]:3.5
Comp 1 norm. parallel drift:0
Comp 1 loss cone depth (delta):1
Comp 1 temperature anisotropy:1.0
Comp 1 loss cone anisotropy:0.0

# core population of electrons:
Comp 2 type of dielectric tensor:1
Comp 2 num. density %:2.92

Comp 2 signed charge / charge of el.:-1.0
Comp 2 mass / mass of electron:1.0
Comp 2 temperature [eV]:15.6
Comp 2 norm. parallel drift:0
Comp 2 loss cone depth (delta):1
Comp 2 temperature anisotropy:2.1
Comp 2 loss cone anisotropy:0.0
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# injected electrons:

Comp 3 type of dielectric tensor:1
Comp 3 num. density %:0.46

Comp 3 signed charge / charge of el.:-1.0
Comp 3 mass / mass of electron:1.0
Comp 3 temperature [eV]:35.3

Comp 3 norm. parallel drift:0

Comp 3 loss cone depth (delta):1

Comp 3 temperature anisotropy:13.5
Comp 3 loss cone anisotropy:0.0

# trapped electrons:

Comp 4 type of dielectric tensor:1
Comp 4 num. density %:0.04

Comp 4 signed charge / charge of el.:-1.0
Comp 4 mass / mass of electron:1.0
Comp 4 temperature [eV]:7000

Comp 4 norm. parallel drift:0

Comp 4 loss cone depth (delta):1

Comp 4 temperature anisotropy:4
Comp 4 loss cone anisotropy:0.0

# ions:

Comp 5 type of dielectric tensor:0
Comp 5 num. density %:50.0

Comp 5 signed charge / charge of el.:1.0
Comp 5 mass / mass of electron:1837
Comp 5 temperature [eV]:1

Comp 5 norm. parallel drift:0

Comp 5 loss cone depth (delta):1

Comp 5 temperature anisotropy:1
Comp 5 loss cone anisotropy:0
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Priloha 2. Vypis zdrojového kodu
programu PDRS

pdrs.cpp

// g++ -o pdrs pdrs.cc io.cc calc.cc diel.cpp bessel.cpp -I.
#include <diel.h>

void FillGuess(cmplx& Omega, r_vector& K,
double& k, double& theta,
double cth, double sth,
ControlDataStruct& CD,
bool extrapolation,
cmplx& last_Omega, r_vector& last_K)

{

if (extrapolation) {
if (CD.UnknownIsOmega) {
cmplx dW = Omega - last_Omega;
last_Omega = Omega;
Omega += dW;
} else {
double dk;
for (int i = 0; i < 3; i++) {
dk = K[i] - last_K[i];
last_K[i] = K[i];
K[i] += dk;
}
k = sqrt(K[0] * K[0] + K[1] * K[11);
theta = atan(K[1] / K[0]);
cth = cos(theta);
sth = sin(theta);
}
} else {
if (CD.InitGuessDefined) {
// user defined init guess
if (CD.UnknownIsOmega)
Omega = cmplx(CD.InitGuess[0], CD.InitGuess[1]);
else {
if (CD.Polar) {
k = CD.InitGuess[0];
theta = CD.InitGuess[1];
cth = cos(theta);
sth = sin(theta);

K[0] = k * cth;
K[1] = k * sth;
} else {
K[0] = CD.InitGuess[0];

K[1] = CD.InitGuess[1];
k = sqrt(K[0] * K[0] + K[1] * K[11);
theta = atan(K[1] / K[0]);
cth = cos(theta);
sth = sin(theta);
}
}
} else {
// for init guess let’s use N = 1
if (CD.UnknownIsOmega)
last_Omega = Omega = cmplx(c_light * k, 0.0);

else {
k = real(Omega) / c_light;
theta = 0.0;

cth = cos(theta);

sth = sin(theta);

K[0] = k * cth;

K[1] = k * sth;

for (int i = 0; i < 3; i++) last_K[i] = KI[il;
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last_Omega = Omega;
for (int i = 0; i < 3; i++) last_K[i] = K[i];
}
}

bool Finish(cmplx Omega, r_vector K,
double k, double theta,
ControlDataStruct& CD)
{
const int up0 = (CD.Step[0] >= 0) 7 1 : -1;
const int upl = (CD.Step[1] >=0) 7 1 : -1;
if (CD.UnknownIsOmega) {
if (CD.Polar) {
if ((up0 * k) > (up0 * CD.FinalValue[0]) &&
(upl * theta) > (upl * CD.FinalValue[1]))
return true;
} else {
if ((upO * K[0]) > (upO * CD.FinalValue[0]) &&
(up1l * K[1]) > (upl * CD.FinalValue[1]))
return true;

}
} else
if ((up0 * real(Omega)) > (upO * CD.FinalValue[0]) &&
(upl * imag(Omega)) > (upl * CD.FinalValue[1]))
return true;

return false;

}

bool Test(cmplx Omega, r_vector K,
double k, double theta)
{
if (k < 0) {
PrintError("Negative k.");
return false;
}
if (X[1]1 < 0) {
PrintError("Negative k_perpendicular.");
return false;
}
if (real(Omega) < 0) {
PrintError("Negative omega.");
return false;
}
return true;

}

int main()

{
PrintHead();
PrintMessage ("Reading program control data...");
ControlDataStruct CD;
if (ReadControlData(CD) != 0) return O;
PrintMessage("Reading plasma definition data...");
PlasmaDefinitionStruct PD(CD);
if (ReadPlasmaDefs(PD) != 0) return O;
PrintMessage("Reading plasma distribution_function...");
if (ReadPlasmaDistribution(PD, CD.DistrFFile) != 0) return O;

PrintMessage("Calculating derivations of distribution functioms...

if (CalcDerivations(PD, CD.DerivationMethod) != 0) return O;
PrintMessage("Calculating...");
OutputHeadline (CD) ;

r_vector K; // wave vector (K_par, K_per, 0)
K[2] = 0.0;

cmplx Omega;

double k, theta;

double cth, sth;

// Initial values

if (CD.UnknownIsOmega) {
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if (CD.Polar) {
k = CD.InitValue[0];
theta = CD.InitValue[1];
cth = cos(theta);
sth = sin(theta);

K[0] = k * cth;
K[1] = k * sth;
} else {
K[0] = CD.InitValuel[O];
K[1] = CD.InitValuel[1];

k = sqrt(K[0] * K[0] + K[1] * K[11);
theta = atan(K[1] / K[0]);
cth = cos(theta);
sth sin(theta);
}
} else
Omega = cmplx(CD.InitValue[0], CD.InitValue[1]);

cmplx last_Omega = Omega;

r_vector last_K;

// Initial guess

FillGuess(Omega, K, k, theta, cth, sth, CD,
false, last_Omega, last_K);

int counter = 0;
while (!Finish(Omega, K, k, theta, CD)) {

counter++;

if (!Test(Omega, K, k, theta)) break;

int res;
switch (CD.Method) {
case 0: {
res = Bisection(Omega, theta, k, PD, CD);
K[0] = k * cth;
K[1] = k * sth;
K[2] = 0.0;
break;
}
case 1: {
res = NewtonlD(Omega, theta, k, PD, CD);
K[0] = k * cth;
K[1] = k * sth;
K[2] = 0.0;
break;
}

case 2 : {
res = GlobalNewton(K, Omega, PD, CD);
if (!CD.UnknownIsOmega) {
k = sqrt(X[0] * K[0] + K[1] * K[1]);
theta = atan(K[1] / K[0]);
cth = cos(theta);
sth = sin(theta);
}
break;
}
break;
default : {
PrintError ("Wrong method!");
return 0O;

}
}
Output(res, Omega, K, k, theta, PD, CD);

// Step
if (CD.UnknownIsOmega) {
if (CD.Polar) {
if (CD.LogScale) {
k *= CD.Step[0];
theta *= CD.Step[1];
} else {
k += CD.Step[0];
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theta += CD.Step[1];

}
cth = cos(theta);
sth = sin(theta);

K[0] = k * cth;
K[1] = k * sth;
} else {

if (CD.LogScale) {
K[0] *= CD.Stepl0];
K[1] *= CD.Step[1];

} else {
K[0] +=
K[1] +

CD.Step[0];
CD.Stepl[1];

}
k = sqrt(K[0] * K[0] + K[1] * K[11);
theta = atan(K[1] / K[0]);
cth = cos(theta);
sth = sin(theta);
}
} else
if (CD.LogScale)
Omega = cmplx(real(Omega) * CD.Stepl[0],
imag(Omega) * CD.Step[1]);
else
Omega = cmplx(real(Omega) + CD.Step[0],
imag(Omega) + CD.Step[1]);

// Guess for another step
if (counter <= 1) {
last_Omega = Omega;
for (int i = 0; i < 3; i++) last_K[i] = K[il;
}
FillGuess(Omega, K, k, theta, cth, sth, CD,
CD.FollowMode, last_Omega, last_K);
}

return 0O;

}

bessel.h

// —%— c++ —*x—
// Bessel functions

// modified Bessel functions
float bessiO(float x);
float bessil(float x);
float bessin(int n, float x);
float bessi(int n, float x);

// returns the Bessel function JO(x) for any real x.
float besselO(float x);
// returns the Bessel function J1(x) for any real x.
float bessell(float x);

bessel.cpp

#include <math.h>
#include <io.h>

#define ACC 40.0

#define BIGNO 1.0e10
#define BIGNI 1.0e-10

float bessiO(float x)
// Returns the modified Bessel function IO (x) for any real x.
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float ax, ans;

double y;
if ((ax = fabs(x)) < 3.75)
{
y =x / 3.75;
y *= ¥

ans = 1.0 + y * (3.5156229 + y * (3.0899424 + y * (1.2067492
+ y * (0.2659732 + y * (0.360768e-1 + y * 0.45813e-2)))));

else
{
y = 3.75 / ax;
ans = (exp(ax) / sqrt(ax)) * (0.39894228 + y * (0.1328592e-1
+y * (0.225319e-2 + y * (-0.157565e-2 + y * (0.916281e-2
+y % (-0.2057706e-1 + y * (0.2635537e-1 + y * (-0.1647633e-1
+y * 0.392377e-2))))))));
}

return ans;

}

float bessil(float x)

// Returns the modified Bessel function I1 (x) for any real x.
{

float ax, ans;

double y;

if ((ax = fabs(x)) < 3.75)
{
y=x/ 3.75;
y *=7;
ans = ax * (0.5 + y * (0.87890594 + y * (0.51498869 + y * (0.15084934
+ y * (0.2658733e-1 + y * (0.301532e-2 + y * 0.32411e-3))))));

y = 3.75 / ax;
ans = 0.2282967e-1 + y * (-0.2895312e-1 + y * (0.1787654e-1 - y * 0.420059e-2));
ans = 0.39894228 + y * (-0.3988024e-1 + y * (-0.362018e-2
+y * (0.163801e-2 + y * (-0.1031555e-1 + y * ans))));
ans *= (exp(ax) / sqrt(ax));
}
return x < 0.0 7?7 -ans : ans;

}

float bessin(int n, float x)

// Returns the modified Bessel function In (x) for any real x and n >= 2.
{

int j;

float bi, bim, bip, tox, ans;

if (n < 2) PrintError("Index n less than 2 in bessi");
== 0.

if (x 0)
return 0.0;
else {

tox = 2.0/fabs(x);
bip = ans = 0.0;
bi = 1.0;

for (j = 2 * (n + int(sqrt(ACC * n))); j > 0; j--)

{
bim = bip + j * tox * bi;
bip = bi;
bi = bim;

if (fabs(bi) > BIGNO)
{
ans *= BIGNI;
bi *= BIGNI;
bip *= BIGNI;
}

if (j == n) ans = bip;
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}

ans *= bessiO(x) / bi;
return x < 0.0 && (n & 1) ? -ans : ans;
}
}

float bessi(int n, float x)
// Returns the modified Bessel function In (x) for any real x and n >= O.

{
if (n == 0) return bessiO(x);
if (n == 1) return bessil(x);
return bessin(n, x);

}

float besselO(float x)
// returns the Bessel function JO(x) for any real x.
{
float ax, z;
double xx, y, ans, ansl, ans2;
if ((ax = fabs(x)) < 8.0) {
y = X % X;
ans1=57568490574.0+y* (-13362590354.0+y*(651619640.7
+y*(-11214424 . 18+y*(77392.33017+y*(-184.9052456)))) ) ;
ans2=57568490411.0+y*(1029532985.0+y* (9494680.718
+y*(59272.64853+y* (267.8532712+y%1.0)))) ;
ans=ansl/ans2;
} else {
z=8.0/ax;
y=z*z;
xx=ax—-0.785398164;
ans1=1.0+y*(-0.1098628627e-2+y*(0.2734510407e-4
+y*(-0.2073370639e-5+y+0.2093887211e-6))) ;
ans2 = -0.1562499995e-1+y*(0.1430488765e-3
+y*(-0.6911147651e-5+y*(0.7621095161e-6
-y*0.934945152e-7))) ;
ans=sqrt (0.636619772/ax) * (cos (xx) *ans1-z*sin(xx)*ans2) ;
}
return ans;

}

float bessell(float x)
// returns the Bessel function J1(x) for any real x.
{
float ax,z;
double xx,y,ans,ansl,ans2;
if ((ax=fabs(x)) < 8.0) {
YEX*X;
ans1=x*(72362614232.0+y* (-7895059235. 0+y* (242396853 .1
+y*(-2972611.439+y* (15704 .48260+y*(-30.16036606))))));
ans2=144725228442.0+y* (2300535178 .0+y* (18583304 .74
+y* (99447 .43394+y* (376.9991397+y%1.0)))) ;
ans=ans1/ans2;
} else {
z=8.0/ax;
y=z*z;
xx=ax—-2.356194491;
ans1=1.0+y*(0.183105e-2+y* (-0.3516396496e-4
+y*(0.2457520174e-5+y* (-0.240337019e-6)))) ;
ans2=0.04687499995+y* (-0.2002690873e-3
+y*(0.8449199096e-5+y* (-0.88228987e-6
+y*0.105787412e-6))) ;
ans=sqrt (0.636619772/ax)* (cos (xx) *ans1-z*sin(xx)*ans2) ;
if (x < 0.0) ans = -ans;
}

return ans;
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calc.h

// —*%— cH++ —*-—

/* some mathematical declarations */
#include <math.h>

#include <complex.h>

#include <stdio.h>

typedef complex<double> cmplx;
typedef double r_vector[3];
typedef cmplx i_vector[3];
typedef double matrix2x2[2][2];
typedef double matrix[3][3];

struct tensor

{
cmplx datal[3][3];

tensor(); // sets to zero

void set(int i, int j, cmplx x); // set value x to i,j position
void clear(); // sets to zero

void set_to_one(); // sets to unit matrix

};

// scalar product

double scalar(const r_vector& a, const r_vector& b);
// tensor product

tensor tensor_product(const r_vector& a, const r_vector& b);
// other tensor operators

tensor operator + (const tensor& a, const tensor& b);
tensor operator - (const tensor& a, const tensor& b);
void operator += (tensor& a, const tensor& b);

tensor operator * (const double& a, const tensor& t);
tensor operator * (const tensor& t, const cmplx& c);
void operator *= (tensor& t, const cmplx& c);

void operator /= (tensor& t, const cmplx& c);

// prints tensor to standart output

void PrintTensor(const tensor& t);

// prints tensor to file

void PrintTensor (FILE* f, const tensor& t);
// determinant of tensor

cmplx Determinant (const tensor& t);

// converts vector of real number to complex
cmplx r2c(const double* r);

// methods for solving systems of linear equations

// needed by global newton root searching method

int LU_decomposition(double** A,const int N, int* idx, float* d);

void LU_backsubstitution(double** A,const int N, const int* idx, double b[]);

double max(double a, double b); // maximum of a and b
double min(double a, double b); // minimum of a and b

// interpolation by polynom of an order N

double polynom_interpolation(double* x, doublex y,
const int N, const double t,
double& error);

calc.cpp

#include <io.h>

tensor: :tensor ()
{
for (int i = 0; i < 3; i++)
for (int j = 0; j < 3; j++)
data[i]l [j] = cmplx(0.0, 0.0);
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void tensor::set(int i, int j, cmplx x)
{

datal[il [j] = x;
}

void tensor::clear()
{
for (int i = 0; i < 3; i++)
for (int j = 0; j < 3; j++)
data[i]l [j] = cmplx(0.0, 0.0);
}

void tensor::set_to_one()
{
clear();
for (int i = 0; i < 3; i++)
data[i][i] = cmplx (1.0, 0.0);
}

double scalar(const r_vector& a, const r_vector& b)
{

return a[0] * b[0] + a[1] * b[1] + a[2] * b[2];
}

tensor tensor_product(const r_vector& a, const r_vector& b)
{
tensor result;
for (int i = 0; i < 3; i++)
for (int j = 0; j < 3; j++)
result.set(i, j, alil * b[jl);
return result;

}

tensor operator * (const double& a, const tensor& t)
{
tensor result;
for (int i = 0; i < 3; i++)
for (int j = 0; j < 3; j++)
result.set(i, j, a * t.datal[i]l[j1);
return result;

}

tensor operator + (const tensor& a, const tensor& b)
{
tensor result;
for (int i = 0; i < 3; i++)
for (int j = 0; j < 3; j++)
result.set(i, j, a.datal[il[j] + b.datalil[jl);
return result;

}

tensor operator - (const tensor& a, const tensor& b)
{
tensor result;
for (int i = 0; i < 3; i++)
for (int j = 0; j < 3; j++)
result.set(i, j, a.datalil[j] - b.datalil[jl);
return result;

}

void operator += (tensor& a, const tensor& b)
{
for (int i = 0; i < 3; i++)
for (int j = 0; j < 3; j++)
a.set(i, j, a.datali]l[j] + b.datalil[j1);
}

tensor operator * (const tensor& t, const cmplx& c)
{
tensor result;
for (int i = 0; i < 3; i++)
for (int j = 0; j < 3; j++)
result.set(i, j, t.datalil[j]l * c);
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return result;

}

void operator *= (tensor& t, const cmplx& c)
{
for (int i = 0; i < 3; i++)
for (int j = 0; j < 3; j++)
t.set(i, j, t.datalil[j] * <©);
}

void operator /= (tensor& t, const cmplx& c)
{
for (int i = 0; i < 3; i++)
for (int j = 0; j < 3; j++)
t.set(i, j, t.datalill[j] / ¢);
}

// prints tensor t to standart output

void PrintTensor(const tensor& t)

{

for (int i = 0; i < 3; i++)
for (int j = 0; j < 3; j++)
printf (" (%d,%d): %.16e + %.16e i\n",

i+, §+1,
real(t.datalil [j]), imag(t.datali][jl));

}

// prints temsor t to file f

void PrintTensor (FILEx f, const tensor& t)

{

for (int i = 0; i < 3; i++)
for (int j = 0; j < 3; j++)
fprintf (£, "(%d,%d): %.16e + 7%.16e i\n",

i+, §+1,
real(t.datali]l [j1), imag(t.datali][jl));

}

// determinant of tensor
cmplx Determinant(const tensor& t)
{
return t.datal[0][0] * t.data[1][1] * t.data[2][2]

- t.data[0][2] * t.data[1]1[1] * t.data[2][0]
+ t.data[0][1] * t.data[1][2] t.data[2] [0]
- t.data[0][0] * t.data[1][2] * t.data[2][1]
+ t.data[0][2] * t.data[1][0] * t.data[2][1]
- t.data[0][1] * t.data[1]1[0] * t.datal[2][2];

}

// converts vector of real number to complex
cmplx r2c(const double* r)
{
return cmplx(r[0], r[1]);
}

int LU_decomposition(double** A,const int N, int* idx, float* d)
{
double vv[N];
*d = 1.0;
for (int i = 0; i < N; i++) {
double big = 0.0;
double temp = 0.0;
for (int j = 0; j < N; j++)
if ((temp = fabs(A[i]1[j1)) > big)
big = temp;
if (big == 0.0) {
PrintError("Singular matrix in LU decomposition.");
return -1;
}
vv[i] = 1.0/big;
}
int imax;
double sum
for (int j

]
o o

< N; j++) {

(SR

H
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for (int i = 0; i < j; i++) {
sum = A[i][j];
for (int k = 0; k < i; k++) sum -= A[i][k] * A[k][j];
Alil[j]1 = sum;
}
double big = 0.0;
for (int i = j; i < N; i++) {
sum = A[il[j];
for (int k = 0; k < j; k++) sum -= A[i][k] = A[k][j];
A[i1[j] = sum;
double dum = 0.0;
if ((dum = vv[i] * fabs(sum)) >= big) {
big = dum;
imax = i;
}
}
if (§j !'= imax) {
for (int k = 0; k < N; k++) {
double dum = A[imax] [k];
Alimax] [k] A[j1[k];
Al k] = dum;
}
*d = -(xd);
vv[imax] = vv[j]l;
}
idx[j] = imax;
if (A[j1[3]1 == 0.0) A
PrintWarning("Division by zero in LU decomposition.");
double small = 1.0;
for (int k = 0; k < N; k++)
for (int 1 = 0; 1 < N; 1++)
if (small > fabs(A[k][1]) && A[k][1] !'= 0.0)
small = fabs(A[k][1]);
A[31[j] = small * 1.0e-20;

}
if (G '=N) {
double dum = 1.0/A[j1[3];
for (int i = j + 1; i < N; i++) A[i1[j] *= dum;
}
}
return O;
}

void LU_backsubstitution(double** A, const int N,
const int* idx, double B[])
{
int ii = -1;
for (int i = 0; i < N; i++) {
int ip = idx[i];
double sum = B[ip];
B[ip] = BI[il;
if (ii >= 0)
for (int j = ii; j < i; j++) sum -= A[il[j] = BI[jl;
else if (sum) ii = i;
B[i] = sum;
}
for (int i =N - 1; i >=0; i--) {
double sum = B[i];
for (int j = i + 1; j < N; j++) sum -= A[i][j] * B[jl;
B[il = sum / A[il[il;
}
}

double max(double a, double b)
{

if (a >= b) return a;

return b;

}

double min(double a, double b)
{
if (a <= b) return a;
return b;
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}

double polynom_interpolation(double* x, double* y,
const int N, const double t,
double& error)

double dif = fabs(t - x[0]);
double c[N], d[N];
double dift;

int ns = 0;
for (dnt i = 0; i < N; i++) {
if ((dift = fabs(t - x[i])) < dif) {

ns = ij;

dif = dift;
}
c[il = y[il;
dfi] = y[il;

}
double res = y[ns--1;
for (int m = 1; m < N; m++) {
for (int i = 1; i <= N - m; i++) {
double ho = x[i-1] - t;
double hp = x[i+m-1] - t;
double w = c[i] - d[i-1];
double den = ho - hp;
den = w / den;
d[i-1] = hp * den;
cl[i-1] = ho * den;
}
res += (error = (2x(ns+1) < (N - m) ? c[ns+1] : d[ns--1));
}
return res;

}

diel.h

// —*%— cH++ —*-—

/* functions needed for calculation of diel. tensor and DR */
#include <bessel.h>

#include <io.h>

// precalculates derivations of distribution functions
int CalcDerivations(PlasmaDefinitionStruct& pdd,
int derivation_method);

// aid structure for integrand calculating

struct integral_data

{

cmplx ome; // frequency

double Omega; // relativistic cyklotron frequency

r_vector k; // wave vector (K_par, K_per, 0)

double z; // argument of bessel’s functions

double p_par, p_per, // parallel and perpendicular momentum
v_par, v_per, // parallel and perpendicular velocity
derivl, // derivation of distr. function by p_parallel
deriv2; // derivation of distr. function by p_perpendicular

cmplx Uj

};

// calculates coeficient of n-th order of bessel functions sum
cmplx Sum_coef (int n, int type, integral_data& cd);
// calculates sum of bessel functions
tensor Sum(integral_data& cd, ControlDataStruct& CDS);
// calculates integrand (in eq. for susceptibility tensor)
tensor Integrand(double p_par, double p_per,
double derivl, double deriv2,
cmplx ome, r_vector k, double gyro_w,
double mass, double beta_coef,
ControlDataStruct& CDS);
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// adds contribution of cold plasma component to dielectric tensor
int AddColdToDie(cmplx ome, double GyroW,
double PlasmaW, tensor& die, double A);

// adds contribution of hot plasma component to dielectric tensor
int AddHotToDie(cmplx ome, r_vector k, int component,
PlasmaDefinitionStruct& pdd,
ControlDataStruct& CD,
tensor& die, double A);

// composes dielectric tensor

int ComposeDie(cmplx ome, r_vector k,
PlasmaDefinitionStruct& pdd,
ControlDataStruct& CD,
tensor& die);

// calculates dispersion function

cmplx getDF(cmplx Omega, r_vector& K, const double norm,
PlasmaDefinitionStruct& PD,
ControlDataStruct& CD);

// searching roots of dispersion function by bisection method
int Bisection(cmplx& Omega, double theta, double& k,
PlasmaDefinitionStruct& PD,
ControlDataStruct& CD);

// searching roots of dispersion function by Newton method

int NewtonlD(cmplx& Omega, double theta, double& _k,
PlasmaDefinitionStruct& PD,
ControlDataStruct& CD);

// searching roots of dispersion function by globally convergent Newton method
int GlobalNewton(r_vector& k, cmplx& omega,

PlasmaDefinitionStruct& PD,

ControlDataStruct& CD);

diel.cpp

#include <diel.h>

int CalcDerivations(PlasmaDefinitionStruct& pdd, int method)
// precalculates derivations of distribution functions
{
for (int i = 0; i < pdd.NComp; i++)
if (pdd.CompKind[i] == 1) { // just for hot plasma
// initialization
pdd.CompDistFuncDerivl[i] = new doublex*[pdd.PDGridSizel];
pdd.CompDistFuncDeriv2[i] = new double*[pdd.PDGridSize];
for (int j = 0; j < pdd.PDGridSize; j++) {
pdd.CompDistFuncDeriv1[i] [j1 = new double[pdd.PDGridSize];
pdd.CompDistFuncDeriv2[i] [j] = new double[pdd.PDGridSize];
}

// grid interval length
double h = pdd.CompDistLength[i] / (pdd.PDGridSize - 1);

switch (method) { // type of derivative method
case 0: // symetric 2 point method
{
for (int j = 0; j < pdd.PDGridSize; j++)
for (int k = 0; k < pdd.PDGridSize; k++) {
// 4/ d p_par
if (k > 0 && k < pdd.PDGridSize - 1) {
double diff = pdd.CompDistFunc[i]l[j][k + 1] - pdd.CompDistFunc[il[jl1[k - 1];
pdd.CompDistFuncDeriv1 [i] [j1[k] = diff / (2 * h);
} else
pdd.CompDistFuncDerivl[i] [j1[k] = 0.0;

// a4 / d p_pen
if (j > 0 && j < pdd.PDGridSize - 1) {
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double diff = pdd.CompDistFunc[il[j + 1][k] - pdd.CompDistFunc[il[j - 1][k];
pdd.CompDistFuncDeriv2[i] [j1[k] = diff / (2 * h);
} else
pdd.CompDistFuncDeriv2[i] [j1[k] = 0.0;
}
break;

case 1: // symetric 5 point method

{
for (int j = 0; j < pdd.PDGridSize; j++)
for (int k = 0; k < pdd.PDGridSize; k++) {

if (k > 1 && k < pdd.PDGridSize - 2) {

double diff = pdd.CompDistFunc[i]l[j1[k - 2] - 8 * pdd.CompDistFunc[i][j]1[k - 1]
+ 8 * pdd.CompDistFunc[i] [j]1[k + 1] - pdd.CompDistFunc[i][j]1[k + 2];

pdd.CompDistFuncDerivi[i] [j]1[k] = diff / (12 * h);

} else
pdd.CompDistFuncDeriv1[i] [j1[k] = 0.0;

if (j > 1 && j < pdd.PDGridSize - 2) {
double diff = pdd.CompDistFunc[il[j - 2][k] - 8 * pdd.CompDistFunc[il[j - 1][k]

+ 8 * pdd.CompDistFunc[i]l[j + 1][k] - pdd.CompDistFunc[i][j + 2] [k];

pdd.CompDistFuncDeriv2[i] [j1[k] = diff / (12 * h);

} else
pdd.CompDistFuncDeriv2[i] [j1[k] = 0.0;

}
break;
}
}
}
return O;

}

cmplx Sum_coef (int n, int type, integral_data& cd)
{

const cmplx i(0.0, 1.0);

cmplx res = 0.0;

switch (type) {
case 0: // 1,1

{
res = double(n * n) * cd.p_per * cd.U / (cd.z * cd.z);
break;
}
case 1: // 1,2
{
res = i * double(n) * cd.p_per * cd.U / cd.z;
break;
}
case 2: // 1,3
{

cmplx W = (cmplx(1.0) - n * cd.Omega / cd.ome) * cd.derivl
+ n * cd.Omega * cd.p_par * cd.deriv2 / (cd.ome * cd.p_per);
res = double(n) * cd.p_per * W / cd.z;

break;
}
case 3: // 2,1
{
res = -1.0 * i * double(n) * cd.p_per * cd.U / cd.z;
break;

case 4: // 2,2

{
res = cd.p_per * cd.U;
break;
}
case 5: // 2,3
{

cmplx W = (cmplx(1.0) - n * cd.Omega / cd.ome) * cd.derivl
+ n * cd.Omega * cd.p_par * cd.deriv2 / (cd.ome * cd.p_per);
res = -i * cd.p_per * W;
break;
}
case 6: // 3,1
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res = double(n) * cd.p_par * cd.U / cd.z;

break;
}
case 7: // 3,2
{
res = i * cd.p_par * cd.U;
break;
}
case 8: // 3,3
{

cmplx W = (cmplx(1.0) - n * cd.Omega / cd.ome) * cd.derivl

+ n * cd.Omega * cd.p_par * cd.deriv2 / (cd.ome * cd.p_per);
res = cd.p_par * W;
break;

}
}

cmplx denominator = cd.ome - cd.k[0] * cd.v_par - n * cd.Omega;
if (abs(denominator / cd.ome) < 1.0e-10) {

if (abs(res) < 1.0e-10) return cmplx(0.0);

else PrintWarning("infinite sum coefficient");

}
res *= cd.Omega / denominator;

return res;

}

tensor Sum(integral_data& cd, ControlDataStruct& CDS)
{

tensor result;

// the highest order of Bessel functions counted to sum

const int N = CDS.MaxBesselOrder;

// the highest order of Bessel functions in recurrence (must be even)
const int MaxN = 10 * N;

const double Accuracy = CDS.BesselAccuracy;

const double MaxNumber = 1.0e100;

const double MinNumber = 1.0e-100;

int sgn_n, sgn_x;
double jO, ji1, j2, dj;

if (cd.z < 0.0) PrintWarning("z is not positive");
double ax = cd.z;
double coef = 2.0 / ax;

for (int type = 0; type < 9; type++) {
cmplx value(0.0, 0.0);

switch (type
case 0:
case
case
case
{
if (ax < MinNumber) {

) {
1,1
1,3
3,1
3,3

2:
6:
8:

NN
NN NN

>

// We cannot use function
if (type == 0) { // 1,1
// only non-zero member

Sum_coef () because of division by zero z.

has n =1 and n = -1

cmplx denominatorl = cd.ome - cd.k[0] * cd.v_par - cd.Omega;
cmplx denominator2 = cd.ome - cd.k[0] * cd.v_par + cd.Omega;
cmplx coef = cd.Omega * (1.0 / denominatorl + 1.0 / denominator2);
value = coef * cd.p_per * cd.U * 0.25;
} else if (type == 8) { // 3,3
// only non-zero member has n = 0

cmplx W = cmplx(1.0) * cd.derivi;
cd.p_par * W;
cmplx denominator = cd.ome - cd.k[0] * cd.v_par;
if (abs(denominator / cd.ome) < 1.0e-10) {
if (abs(value) < 1.0e-10) {
value = cmplx(0.0);

value =
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break;
}
else PrintWarning("infinite sum coefficient");

}

value *= cd.Omega / denominator;

// else value remains zero
break;
}

cmplx sum(0.0, 0.0);
if (ax > (double)N) { // upwards recurrence
jO = besselO(ax);
j1 = bessell(ax);
sum += Sum_coef (0, type, cd) * jO * jO;
sum += (Sum_coef(-1, type, cd) + Sum_coef(1l, type, cd)) * jl * ji;
for (int 1 = 1; 1 < N; 1++) {
j2 = 1 * coef * j1 - jO;
cmplx summand = (Sum_coef(l + 1, type, cd) + Sum_coef(-1 - 1, type, cd)) * j2 * j2;
sum += summand;
if (real(summand) < Accuracy * real(sum) &&
imag(summand) < Accuracy * imag(sum))

break;
jo = j1;
j1 =32;

}
} else { // downwards recurrence
bool jsum = false;
double sum_tem = 0.0;
jo = 0.0;
j1 = 1.0;
for (int 1 = MaxN; 1 > 0; 1--) {
j2 =1 % coef * j1 - jO;
if (fabs(j2) > MaxNumber) {
j1 *= MinNumber;
j2 *= MinNumber;
sum_tem *= MinNumber;
sum *= MinNumber * MinNumber;
}
if (1 <=M {
sum += Sum_coef(l - 1, type, cd) * j2 * j2;
if (1 > 1) sum += Sum_coef(-1 + 1, type, cd) * j2 * j2;
}
if (jsum) sum_tem += j2;
jsum = !jsum;

jo = j1;

j1 = j2;
¥
sum_tem = 2.0 * sum_tem - j2;
sum /= sum_tem * sum_tem;

}
value = sum;
break;
}
case 4: // 2,2
{

if (ax < MinNumber) {
value = (Sum_coef(l, type, cd) + Sum_coef(-1, type, cd)) * 0.25;
break;

}

cmplx sum(0.0, 0.0);
if (ax > (double)N) { // upwards recurrence
jO = besselO(ax);
j1 = bessell(ax);
double dj = -j1;
sum += Sum_coef (0, type, cd) * dj * dj;
dj = (ax * jO - j1) / ax;
// dj-1 = - dj1
sum += (Sum_coef(-1, type, cd) + Sum_coef(1l, type, cd)) * dj * dj;
for (int 1 = 1; 1 < N; 1++) {
j2 =1 * coef * j1 - jO;
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dj = (ax * j1 - (1 + 1) * j2) / ax;
cmplx summand = (Sum_coef(l + 1, type, cd) + Sum_coef(-1 - 1, type, cd)) * dj * dj;
sum += summand;
if (real(summand) < Accuracy * real(sum) &&
imag(summand) < Accuracy * imag(sum))

break;
jo =31
it = 325

}
} else { // downwards recurrence
bool jsum = false;
double sum_tem = 0.0;
jo = 0.0;
j1 =1.0;
for (int 1 = MaxN; 1 > 0; 1--) {
j2 =1 % coef * j1 - jO;
if (fabs(j2) > MaxNumber) {
j1 *= MinNumber;
j2 *= MinNumber;
sum_tem *= MinNumber;
sum *= MinNumber * MinNumber;
}
if (1 <=M {
dj = (L - 1) * j2 / ax - j1; // dj is of order 1 - 1
sum += Sum_coef(l - 1, type, cd) * dj * dj;
if (1 > 1) sum += Sum_coef(-1 + 1, type, cd) * dj * dj;
}
if (jsum) sum_tem += j2;
jsum = !jsum;

jo = j1;

j1 =32
}
sum_tem = 2.0 * sum_tem - j2;
sum /= sum_tem * sum_tem;

}
value = sum;
break;

}
case
case
case
case

{

if (ax < MinNumber) {
if (type == 1 || type == 3) {
cmplx denominatorl = cd.ome - cd.k[0] * cd.v_par - cd.Omega;
cmplx denominator2 = cd.ome - cd.k[0] * cd.v_par + cd.Omega;
value = cmplx(0, 1) * cd.Omega * (cd.p_per * cd.U / denominatorl -
cd.p_per * cd.U / denominator2) * 0.25;

~N oW

if (type == 3) value *= -1;
}
// else value remains zero
break;
}

cmplx sum(0.0, 0.0);
if (ax > (double)N) { // upwards recurrence
jO = besselO(ax);
j1 = bessell(ax);
double dj = -ji1;
sum += Sum_coef (0, type, cd) * dj * j2;
dj = (ax * jO - j1) / ax;
// dj-1 = - dj1
sum += (Sum_coef(-1, type, cd) + Sum_coef(l, type, cd)) * dj * ji;
for (int 1 = 1; 1 < N; 1++) {
j2 =1 % coef * j1 - jO;
dj = (ax * j1 - (1 + 1) * j2) / ax;
cmplx summand = (Sum_coef(l + 1, type, cd) + Sum_coef(-1 - 1, type, cd)) * dj * j2;
sum += summand;
if (real(summand) < Accuracy * real(sum) &&
imag(summand) < Accuracy * imag(sum))
break;

58



jo = j1;
j1 =32;
}
} else { // downwards recurrence
bool jsum = false;
double sum_tem = 0.0;
jo = 0.0;
j1 = 1.0;
for (int 1 = MaxN; 1 > 0; 1--) {
j2 =1 % coef * j1 - jO;
if (fabs(j2) > MaxNumber) {
j1 *= MinNumber;
j2 *= MinNumber;
sum_tem *= MinNumber;
sum *= MinNumber * MinNumber;
}
if (1 <=N) {
dj = ((L - 1) * j2 - ax * j1) / ax; // dj is of order 1 - 1
sum += Sum_coef(l - 1, type, cd) * dj * j2;
if (1 > 1) sum += Sum_coef(-1 + 1, type, cd) * dj * j2;
}
if (jsum) sum_tem += j2;
jsum = !jsum;

jo =31

j1 =32
}
sum_tem = 2.0 * sum_tem - j2;
sum /= sum_tem * sum_tem;

}
value = sum;
break;
}
}

result.set(type / 3, type % 3, value);
}

return result;

}

tensor Integrand(double p_par, double p_per,
double derivl, double deriv2,
cmplx ome, r_vector k, double gyro_w,
double mass, double beta_coef,
ControlDataStruct& CDS)

if (p_per == 0.0) {
// integrand is zero when p_per = 0
return tensor(); // zero

}

integral_data cd;
cd.ome = ome;
for (int i = 0; i < 3; i++) cd.k[i] = k[i];

cd.p_par = p_par;
cd.p_per p_per;

double beta = p_par * p_par + p_per * p_per;
beta *= beta_coef;
double gamma = 1.0 / sqrt(1 + beta);

cd.v_par = cd.p_par / (gamma * mass);
cd.v_per = cd.p_per / (gamma * mass);
cd.Omega = gyro_w * gamma;

cd.z = cd.k[1] * cd.v_per / cd.Omega;
if (cd.z < 0.0) PrintWarning("negative z");

cd.derivl = derivi;
cd.deriv2 = deriv2;
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cd.U = cd.deriv2 + (cd.k[0] / cd.ome) *
(cd.v_per * cd.derivl - cd.v_par * cd.deriv2);

return Sum(cd, CDS);
}

int AddHotToDie(cmplx ome, r_vector k, int component,
PlasmaDefinitionStruct& PDS,
ControlDataStruct& CDS,
tensor& die, double A)
// adds contribution of hot plasma component to dielectric tensor

const double& len = PDS.CompDistLength[component];
const double& p_norm = PDS.CompPNorm[component];
const double& gyro_w = PDS.GyroW[component] ;

const double& plasma_w = PDS.PlasmaW[component];
const double& mass = PDS.CompPars [component] [2];

double k_pil[3];
for (int i = 0; i < 3; i++) k_pilil = k[i]l / (2 * M_PI);

double beta_coef = 1.0 / (mass * mass * sqr_c_l);

int grid_size = CDS.GridSize; // number of grid points
if (grid_size % 2 == 0) grid_size--; // should be odd
double h = len / (grid_size - 1); // grid interval length

const tensor zero;
tensor integrand2[grid_sizel;
tensor I;

if (CDS.IntegrationMethod == 0) {
// integration by compound Simpson rule
tensor integrand[grid_size] [grid_size];
for (int i = 0; i < grid_size; i++) {
for (int j = 0; j < grid_size; j++) {
double p_par = h * (j - 0.5 * grid_size); // p_parallel
double p_per = h * i; // p_perpendicular

double di PDS.Derivationl(component, i, j);
double d2 = PDS.Derivation2(component, i, j);

integrand[i] [j] = Integrand(p_par, p_per, d1, d2, ome, k_pi,
gyro_w, mass, beta_coef, CDS);
}
}

for (int i = 0; i < grid_size; i++) {
tensor I_odd;
for (int j = 1; j < grid_size - 1; j += 2)
I_odd += integrand[il[j];
I_odd *= 2;
tensor I_even;
for (int j = 2; j < grid_size - 2; j += 2)
I_even += integrand[il [j1;
tensor I = (I_even + I_odd) * 2.0;
I += integrand[i][0] + integrand[i] [grid_size - 1];
I /= 3;
integrand2[i] = I;
}

} else if (CDS.IntegrationMethod == 1) {
for (int i = 0; i < grid_size; i++) {
integrand2[i] = zero;
if (1 == 0) continue; // p_per = O and integral is zero
double p_per = h * i; // p_perpendicular

// integration over p_parallel (-oo ... +00)
// parallel p’s
double p_min = - 0.5 * grid_size * h;

double p_max = 0.5 * grid_size * h;

double p = 0.5 * (p_min + p_max);
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double beta = p * p + p_per * p_per;

beta *= beta_coef;

double gamma = 1.0 / sqrt(1 + beta);

double v = p_min / (gamma * mass);

int n_max = int((real(ome) - k_pil[0] * v) / (gyro_w * gamma));

v = p_max / (gamma * mass);

int n_min = int((real(ome) - k_pil[0] * v) / (gyro_w * gamma)) + 1;

int number_of_intervals = n_max - n_min + 1;
if (number_of_intervals < 1 ||
n_min > CDS.MaxBesselOrder ||
n_max < -CDS.MaxBesselOrder)
number_of_intervals = 1;
if (number_of_intervals > grid_size) {
PrintWarning("Too many integrations intervals, setting to one.");
number_of_intervals = 1;

}

tensor I_old;

I = zero;

I_old = zero;

int size = grid_size / number_of_intervals;
if (size < 8) size = 8;

do {
if (size > 2 * grid_size) {
if (real(Determinant(I)) == 0 && real(Determinant(I_old)) == 0) break;
PrintWarning("Inaccurate integral over p_parallel!");
// What should we return? What about average?
I=0.5%(I+ Iold;
break;
}

I_old = I;
I = zero;

for (int n = 0; n < number_of_intervals; n++) {
// inproper integral for every interval

double a, b;
if (n == 0) a = p_min;
else {
a = (real(ome) - (n_max - n) * (gyro_w * gamma));
a /= k_pil0l; // v
a *= gamma * mass;
}
if (n == number_of_intervals - 1)
b = p_max;
else {

b = (real(ome) - (n_max - n - 1) * (gyro_w * gamma));
b /= k_pil0l; // v
b *= gamma * mass;

*

}

double h2 = (b - a) / size;

for (int j = 0; j < size; j++) {
if (j==01|j==21I
j == size - 3 || j == size - 1)
continue;
double integration_coef;
if (j == Il j == size - 2)

integration_coef = 2.25; // 27/12
else if (j == 3 || j == size - 4)
integration_coef = 13.0 / 12.0;
else if (j % 2 == 0)
integration_coef = 4.0 / 3.0;
else
integration_coef = 2.0 / 3.0;

double p_par = a + h2 * j; // p_parallel

double d1 = PDS.Derivationl(component, i, p_par);
double d2 = PDS.Derivation2(component, i, p_par);
I += (h2 / h) * integration_coef *
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Integrand(p_par, p_per, di, d2, ome, k_pi,
gyro_w, mass, beta_coef, CDS);
}

}

size *x= 2;
}
while (real(Determinant(I_old)) == Il

fabs(1 - real(Determinant(I) / Determinant(I_old))) > 0.01);

integrand2[i] += I; // for every interval

}

} else {
PrintError ("Unknown integration method!");
return -1;

}

for (int i = 0; i < grid_size; i++)
integrand2[i] *= i; // ... *= p_per

// integration over p_perpendicular (0 ... +00)

tensor I_odd;

for (int i = 1; i < grid_size - 1; i += 2)
I_odd += integrand2[i];

I_odd *= 2;

tensor I_even;

for (int i = 2; i < grid_size - 2; i += 2)
I_even += integrand2[il;

I = (I_even + I_odd) * 2.0;

I += integrand2[0] + integrand2[grid_size - 1];

I /= 3;

-
*
I

=h *xh x h;
I #= p_norm * p_norm * p_norm;

cmplx w_coef = cmplx(plasma_w) / (gyro_w * ome); // plasma freq. is already squared
w_coef *= 2 x M_PI; // 2pi * p_per * dp_per ...

I *x= w_coef;

die += I * A;

return 0O;

}
int AddColdToDie(cmplx ome, double GyroW,
double PlasmaW, tensor& die, double A)

// adds contribution of cold plasma component to dielectric tensor

double sqr_P1W = PlasmaW; // already squared

cmplx R = -1 % sqr_P1W / (ome * (ome + GyroW));
cmplx L = -1 * sqr_P1W / (ome * (ome - GyroW));
cmplx S = 0.5 * (R + L);

cmplx D = 0.5 * (R - L);

cmplx P = -1 * sqr_P1W / (ome * ome);

tensor eps;

eps.set(0, 0, S);

eps.set(1, 1, S);

eps.set(0, 1, -1.0 * cmplx(0, 1) * D);
eps.set(1, 0, cmplx(0, 1) * D);
eps.set(2, 2, P);

die += eps * A;

return 0O;

}

int ComposeDie(cmplx ome, r_vector k,
PlasmaDefinitionStruct& pdd,
ControlDataStruct& cd,
tensor& die)

// composes dielectric tensor

{

int result = 0;
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// initialisation
die.set_to_one();

// composition
for (int i = 0; i < pdd.NComp; i++) {
switch (pdd.CompKind[i])
{
case 0: // cold plasma
{
if (AddColdToDie(ome, pdd.GyroW[i], pdd.PlasmaW[il,
die, 1) !'= 0)
{
char str[100];
sprintf(str, "Cannot calculate diel. tensor for component %d.", i + 1);
PrintError(str);
result = -1;
}
break;

case 1: // hot plasma
{
if (AddHotToDie(ome, k, i, pdd, cd, die, 1) != 0)
{
char str[100];
sprintf(str, "Cannot calculate diel. temnsor for component %d.", i + 1);
PrintError(str);
result = -1;
}
break;
}
default:
{
char str[100];
sprintf(str, "Unknown plasma type %d, component %d.",
pdd.CompKind[i], i + 1);
PrintError(str);
result = -1;
break;

}

return result;

}

cmplx getDF(cmplx Omega, r_vector& K, const double norm,
PlasmaDefinitionStruct& PD,
ControlDataStruct& CD)

r_vector k;
cmplx w;
for (int i = 0; i < 3; i++) k[i] = K[i];
if (CD.UnknownIsOmega) {
w = norm * Omega;
} else {
w = Omega;
for (int i = 0; i < 3; i++) k[i] *= norm;
}
double sqr_k = scalar(k, k);
// we need to exchange k1 and k3,
// because here k paralel is in z-direction
r_vector k_exchanged;
k_exchanged[0] = k[2];
k_exchanged[1] = k[1];
k_exchanged[2] = k[0];
tensor kk = tensor_product(k_exchanged, k_exchanged);
tensor tensor_one; tensor_one.set_to_one();

double omega = real(w); // real part of frequency
// squared index of refraction
double sqr_N = sqr_c_l * sqr_k / (omega * omega);
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tensor t = sqr_N * ((1.0 / sqr_k) * kk + (-1.0 * tensor_one));
tensor Die; // dielectric tensor

Die.clear();

if (ComposeDie(w, k, PD, CD, Die) != 0) PrintError("");

t += Die;

return Determinant(t);

}

int Bisection(cmplx& Omega, double theta, double& k,
PlasmaDefinitionStruct& PD,
ControlDataStruct& CD)

const double norm = 1.0;

int counter = 0;

const double cth = cos(theta);

const double sth = sin(theta);

r_vector K; // wave vector (K_par, K_per, 0)
K[0] = k * cth;

K[1] k * sth;

K[2] = 0.0;

// imaginary part of frequency

// is always supposed to be zero in this method.
Omega = cmplx(real(Omega), 0);

cmplx F1
cmplx F2

getDF (Omega, K, norm, PD, CD);
0;

if (CD.UnknownIsOmega) {

double w1l = real(Omega);

double w2 = wi;

do {
w2 *= 10;
F2 = getDF(cmplx(w2, 0), K, norm, PD, CD);
if (w2 > wl * 1.0el0) return -1;

} while (real(F1) * real(F2) > 0);

do {
counter++;
double w = 0.5 * (w1l + w2);
F2 = getDF(cmplx(w, 0), K, norm, PD, CD);
if (real(F1) * real(F2) < 0)

w2 = w;
else
wl = w;

if (fabs(wl - w2) < fabs(wl) * CD.Accuracy) {
Omega = cmplx(w2, 0);
return counter;

}

if (counter > CD.MaxIterLoops) return -1;
} while (fabs(real(F2)) > CD.Accuracy);
Omega = cmplx(w2, 0);

} else {
double k1 = k; // init guess
double k2 = k;
double dk = k;
do {
ki += dk;

K[0] = k1 * cth;

K[1] = k1 * sth;

K[2] = 0.0;

F1 = getDF(Omega, K, norm, PD, CD);
k2 -= dk / 100;

K[0] = k2 * cth;

K[1] = k2 * sth;

K[2] = 0.0;

F2 = getDF(Omega, K, norm, PD, CD);

if (k2 <= 0.0) return -1; // failed
} while (real(F1) * real(F2) > 0);

do {
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counter++;
k = 0.5 x (k1 + k2);

K[0] = k * cth;
K[1] = k * sth;
K[2] = 0.0;

F2 = getDF(Omega, K, norm, PD, CD);

if (real(F1) * real(F2) < 0)

k2 = k;
else
k1 = k;

if (fabs(kl - k2) < fabs(k1l) * CD.Accuracy) return counter;

if (counter > CD.MaxIterLoops) return -1;
} while (fabs(real(F2)) > CD.Accuracy);
}

return counter;

}

int Newtonl1D(cmplx& Omega, double theta, double& k,
PlasmaDefinitionStruct& PD,
ControlDataStruct& CD)

const double norm = 1.0;

int counter = 0;

const double cth = cos(theta);

const double sth = sin(theta);

r_vector K; // wave vector (K_par, K_per, 0)

// imaginary part of frequency

// is always supposed to be zero in this method.
Omega = cmplx(real(Omega), 0);

if (CD.UnknownIsOmega) {
K[0] = k * cth;
K[1] k * sth;
K[2] 0.0;

double w = real(Omega);
double dw = w * CD.DifferenceAccuracy;
while (true) {
counter++;
cmplx F = getDF(cmplx(w, 0), K, norm, PD, CD);
cmplx F2 = getDF(cmplx(w + dw, 0), K, norm, PD, CD);

if (fabs(real(F)) < CD.Accuracy) {
// has convergated
Omega = cmplx(w, 0);
return counter;

}

double dF = real(F2 - F) / dw;
double w_old = w;
w -= real(F) / dF;

if (counter > CD.MaxIterLoops) return -counter; // convergation failed
}
} else {
double dk = k * CD.DifferenceAccuracy;
while (true) {

counter++;
K[0] = k * cth;
K[1] = k * sth;
K[2] = 0.0;

cmplx F = getDF(Omega, K, norm, PD, CD);

K[0] = (k + dk) * cth;
K[1] = (k + dk) * sth;
K[2] = 0.0;

cmplx F2 = getDF(Omega, K, norm, PD, CD);

if (fabs(real(F)) < CD.Accuracy)
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// has convergated
return counter;

double dF = real(F2 - F) / dk;
k -= real(F) / dF;

if
}
}
}

(counter > CD.MaxIterLoops) return -counter; // convergation failed

double CalcF(cmplx omega, double F[], r_vector& k,

const double normalization,
PlasmaDefinitionStruct& PD,
ControlDataStruct& CD)

cmplx tem = getDF(omega, k, normalization, PD, CD);

F[o0]
F[1]
return

}

real (tem);
imag(tem) ;
0.5 * norm(tem);

void CalcJacobian(cmplx omega, double F[], doublex* J,

r_vector& K, const double norm,
PlasmaDefinitionStruct& PD,
ControlDataStruct& CD)

cmplx w = omega;
r_vector k;

k[0] =
k[1] =
k[2] =
const
double
if (CD
x[0]
x[1]
} else
x[0]
x[1]
}
const
double

K[0];

K[1];

0.0;

int N = 2;

x[NT;
.UnknownIsOmega) {

= real(omega) / norm;
imag(omega) / norm;

[ W

K[0] / norm;
K[1] / norm;

double precision = CD.DifferenceAccuracy;
fIN];

for (int j = 0; j < N; j++) {
double temp = x[j];
double h = precision * fabs(temp);

if (
x[j]
h =
if (

w
else

k[0]
k[1]

}

h == 0.0) h = precision;
= temp + h;

x[j] - temp;
CD.UnknownIsOmega)

= r2c(x) * norm;
{

x[0] * norm;

x[1] * norm;

cmplx ftemp = getDF(w, k, 1.0, PD, CD);

£[0]
x[j]

for

= real(ftemp); f[1] = imag(ftemp);
= temp;
(int i = 0; i < N; i++)

J0i1[3]1 = (£[i] - F[iD) / h;

}

for (int i = 0; i < N; i++)

if (

(fabs(J[i]1[0]) == 0.0) &&
(fabs(J[i1[1]1) == 0.0))

for (int j = 0; j < N; j++)

}

int lnsearch(const int N, double x_old[], double f_old, double gl[],

J[i1[j] = precision;

double p[], double x[], double*x f, double FI[],
const double max_step,

cmplx omega, r_vector& k, const double norm,
PlasmaDefinitionStruct& PD,
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ControlDataStruct& CD)

const double ALF = CD.Accuracy * 10;
double sum = 0.0;
for (int i = 0; i < N; i++) sum += p[i] * p[il;
sum = sqrt(sum);
if (sum > max_step)
for (int i = 0; i < N; i++) p[i]l *= max_step / sum;
double slope = 0.0;
for (int i = 0; i < N; i++) slope += gl[i] * p[il;
if (slope == 0.0) {
PrintError ("Roundoff problem in lnsearch.");
return -1;
}
double test = 0.0;
for (int i = 0; i < N; i++) {
double temp = fabs(p[i]) / max(fabs(x_old[il), 1.0);
if (temp > test) test = temp;
}
double alamin = 10.e-7 * CD.Accuracy / test;
double alam = 1.0;
double alam2 = 0.0;
double f2 = 0.0;
while (true) {
for (int i = 0; i < N; i++)
x[i] = x_old[i] + alam * p[il;
if (CD.UnknownIsOmega) {
omega = r2c(x);

} else {
k[0] = x[0];
k[1] = x[1];
}

*f = CalcF(omega, F, k, norm, PD, CD);
double tmplam = 0.0;
if (alam < alamin) {
for (int i = 0; i < N; i++) x[i] = x_old[il;
return 1;
} else if (xf <= f_old + ALF * alam * slope) return O;
else {
if (alam == 1.0)
tmplam = -slope / (2.0 * (*f - f_old - slope));
else {
double rhsl = *f - f_old - alam * slope;
double rhs2 = £2 - f_old - alam2 * slope;
double a = (rhsl / (alam * alam) - rhs2 / (alam2 * alam2)) / (alam - alam2);
double b = (-alam2 * rhsl / (alam * alam) + alam * rhs2 / (alam2 * alam2)) /
(alam - alam2);
if (a == 0.0) tmplam = -slope / (2.0 * b);
else {
double disc = b * b - 3.0 * a * slope;
if (disc < 0.0) tmplam = 0.5 * alam;
else if (b <= 0.0) tmplam = (-b + sqrt(disc)) / (3.0 * a);
else tmplam = -slope / (b + sqrt(disc));
}
if (tmplam > 0.5 * alam)
tmplam = 0.5 * alam;
}
}
alam?2 = alam;
£2 = *f;
alam = max(tmplam, 0.1 * alam);
}
}

void delete_matrix(const int N, doublex* J)
{
for (int i = 0; i < N; i++)
delete[] J[il;
delete[] J;
}

int GlobalNewton(r_vector& k, cmplx& omega,
PlasmaDefinitionStruct& PD,
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ControlDataStruct& CD)

// With given k, looking for omega (or vice versa)
// satisfying dispersion relation (getDF() == 0)
// by globally convergent Newton method.
// Value in omega (or k) will be used as a initial guess
{

double x[2];

if (CD.UnknownIsOmega) {

x[0] = real(omega);

x[1] = imag(omega);
} else {

x[0] = k[0];

x[1]1 = k[11;

}
// normalization x to 1 because of roundoff errors
const double norm = max(fabs(x[0]), fabs(x[1]));
if (norm == 0.0) {

PrintError("Bad init guess.");

return -1;
}

for (int i = 0; i < 2; i++) x[i] /= norm;

double F[2];

double f = CalcF(omega, F, k,
1.0, // only x is normalized
PD, CD);

printf ("x=%.16g, y=%.16g, F1=).16g, F2=}.16g\n",
x[0], x[11, F[0l, F[11);
if (fabs(F[0]) < CD.Accuracy && fabs(F[1]) < CD.Accuracy)
return 0; // allready have a root

// Jacobian

double** J = new doublex[2];

for (int i = 0; i < 2; i++)
J[i] = new double[2];

const double max_step = 1.0e4;

int counter = 0;
while (counter < CD.MaxIterLoops) {
counter++;

CalcJacobian(omega, F, J, k, norm, PD, CD);

double gl2];
for (int i = 0; i < 2; i++) {
double sum = 0.0;
for (int j = 0; j < 2; j++)
sum += J[jI1[i] * F[jl;
gli]l = sum;

}

double x_old[2];
for (int i = 0; i < 2; i++) x_old[i] = x[il;
double f_old = f;

double p[2];

for (int i = 0; i < 2; i++) pl[il = -F[i];

int idx[2];

float d;

if (LU_decomposition(J, 2, idx, &d) != 0) {
delete_matrix(2, J);
return -counter;

}

LU_backsubstitution(J, 2, idx, p);

int res = lnsearch(2, x_old, f_old, g, p, X, &, F,
max_step, omega, k, norm, PD, CD);

if (res > 0) { // convergence in x
double f = CalcF(omega, F, k,
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1.0, // only x is normalized
PD, CD);
CalcJacobian(omega, F, J, k, norm, PD, CD);
}

if (res < 0) {
delete_matrix(2, J);
return -counter;

}

if (CD.UnknownIsOmega)
omega = norm * r2c(x);

else {
k[0] = norm * x[0];
k[1] = norm * x[1];
}
if (k[1] < 0.0) {
k[1] = 0.0;
x[1] = 0.0;
continue;

}

if (fabs(F[0]) < CD.Accuracy && fabs(F[1]) < CD.Accuracy) {
delete_matrix(2, J);
return counter; // has convergated

}

if (res > 0) { // convergence in x
double test = 0.0;
double den = max(f, 1.0);
for (int i = 0; i < 2; i++) {
double temp = fabs(gl[i]) * max(fabs(x[il), 1.0) / den;
if (temp > test) test = temp;
}
delete_matrix(2, J);
if (test > CD.Accuracy) // zero gradient
return -counter;
else return counter;
// return -counter;
}
}
delete_matrix(2, J);
return -counter; // convergation failed

}

10.h

// —%— c++ —*x—

/* some input/output declaration */
#include <stdio.h>

#include <string.h>

#include <math.h>

#include <complex.h>

#include <calc.h>

#define MaxPlasmaComp 8 // maximum number of plasma components
#define MaxPars 8 // if smaller then 8, check PlasmaDefinitionStruct constructor
#define MaxOutputColumn 20 // maximum number of columns in output

const double c_light = 299792458.0; // speed of light

const double sqr_c_l = 8.987551787el16; // squared speed of light
const double m_elect = 9.109382e-31; // mass of electron

const double e_elect = 1.602177e-19; // charge of electron

const double eps_0 = 8.854188e-12; // permitivity of vacuum
//const double k_B = 1.380658e-23; // Boltzmann constant in J/K
const double k_B = 8.617342e-5; // Boltzmann constant in eV/K

// Program control data
struct ControlDataStruct

{
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// size of integration matrix (should be odd - number of intervals even)

int GridSize;

double Accuracy; // (in)accuracy of DR solution

double DifferenceAccuracy; // relative size of step when solving DR

int MaxIterLoops; // maximum number of iterations when solving DR

int MaxBesselOrder; // the highest order of Bessel functions counted to sum
double BesselAccuracy; // max error of sum of Bessels

char** DistrFFile; // files with distribution functions

int Method; // method of solving DR (root searching method)
int DerivationMethod; // derivation method

int IntegrationMethod; // integration method

int N_polynom; // order of interpolation polynom

bool UnknownIsOmega; // if true, we are looking for frequency
// else we are looking for wave vector

bool Polar; // do we use polar coordinates for wave vector?
bool LogScale; // do we use logarithmic scale for variables?

// using k and theta instead k_par and k_per
double InitValue[2]; // initial values of variables
double FinalValue([2]; // final values of variables
double Step[2]; // step of variables
double InitGuess[2]; // initial guess of solution (root of DF)
bool InitGuessDefined; // if true, initial guess is defined by user
bool FollowMode; // if true, we use as init guess recently calculated value

char* Output[MaxOutputColumn]; // what has to be in output

ControlDataStruct ()
{
// default values
GridSize = 127;
Accuracy = 1.0e-5;
DifferenceAccuracy = 1.0e-2;
MaxIterLoops = 30;
MaxBesselOrder = 100;
BesselAccuracy = 1.0e-6;
DistrFFile = new char*[MaxPlasmaComp] ;
for (int i = 0; i < MaxPlasmaComp; i++)
DistrFFile[i] = 0;
Method = 2; // global Newton
DerivationMethod = 1; // symetric 5 point method
IntegrationMethod = 0;
N_polynom = 1; // linear
UnknownIsOmega = true;
Polar = false;
LogScale = false;
for (int i = 0; i < 2; i++) {
InitValue[i] = 0.0;
FinalValue[i] = -1.0;
Step[i] = 0.0;
InitGuess[i] = 0.0;
}
InitGuessDefined = false; // undefined
FollowMode = true;
for (int i = 0; i < MaxOutputColumn; i++)
Output [i] = 0;
}

~“ControlDataStruct ()
{
for (int i = 0; i < MaxPlasmaComp; i++)
if (DistrFFile[i] != 0)
delete[] DistrFFilel[il;
delete[] DistrFFile;
for (int i = 0; i < MaxOutputColumn; i++)
if (Output[i] != 0) delete[] Outputl[il;
}

// checking parameters and their comnsistency
int Check() const; // returns 0 if OK
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// Plasma definition data
struct PlasmaDefinitionStruct
{
int NComp; // number of plasma components
int PDGridSize; // size of integration matrix

double Density; // total density [m-3]
double ElGyroW; // electron cyklotronic frequency
double ElPlasmaW; // electron plasma frequency

// electron gyro angular frequency [rad/s] of each plasma component

double GyroW[MaxPlasmaComp] ;

// squared electron plasma angular frequency [(rad/s)~2] of each plasma component
double PlasmaW[MaxPlasmaComp] ;

// kind (cold, hot) of each plasma component
int CompKind[MaxPlasmaComp] ;

// parameters of each plasma component

// content defined by corresp. CompKind
double CompPars[MaxPlasmaComp] [MaxPars];

// length of definition area of dist. function
double CompDistLength[MaxPlasmaComp] ;

// normalization coeficient of momentum

double CompPNorm[MaxPlasmaComp] ;

// distribution function of each hot plasma component
double** CompDistFunc[MaxPlasmaComp] ;

// derivation of distr. function by p_parallel
double** CompDistFuncDerivl[MaxPlasmaComp] ;

// derivation of distr. function by p_perpendicular
double** CompDistFuncDeriv2[MaxPlasmaComp] ;

// order of interpolation polynom

int N_polynom;

PlasmaDefinitionStruct (ControlDataStruct& CD);
“PlasmaDefinitionStruct();

// checking parameters and their comnsistency
int Check() const; // returns O if 0K

// returns derivation of component comp’s distr. functions
// by p_parallel at point (i,j)

double Derivationli(int comp, int i, int j);

// returns derivation of component comp’s distr. functions
// by p_perpendicular at point (i,j)

double Derivation2(int comp, int i, int j);

// returns derivation of component comp’s distr. functions
// by p_parallel at p_par

double Derivationl(int comp, int i, double p_par);

// returns derivation of component comp’s distr. functions
// by p_perpendicular at p_par

double Derivation2(int comp, int i, double p_par);

// returns thermal velocity of i-th component
double V(int i = 0) const;
// returns velocity of i-th component from distr. function
int DistV(int i, double* v) const;
// returns the size of velocity of i-th component
// from distr. function
double DistV(int i) const;
// returns the size of velocity
// from total distr. function
double DistV() const;
};
void PrintHead(); // program header
void PrintError(const char* text); // error
void PrintWarning(const char* text); // warning

void PrintMessage(const char* text); // message

// separates line to values
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int ReadLine(char* line, char** values);

// reads program control data from control_data.csv
int ReadControlData(ControlDataStruct& cd);

// reads plasma definition from plasma_data.csv
int ReadPlasmaDefs(PlasmaDefinitionStruct& pdd);

// reads or computes plasma distribution grid
int ReadPlasmaDistribution(PlasmaDefinitionStruct& pdd,
char** filenames);

// data output

// writes headline to output file

void OutputHeadline(ControlDataStruct& CD);

// writes data line to output file

void Output(int res, cmplx Omega, r_vector& K,
double k, double theta,
PlasmaDefinitionStruct& PD,
ControlDataStruct& CD);

io.cpp

#include <io.h>

void PrintHead()
{
printf ("The Plasma Dispersion Relation Solver\n");

}

void PrintError(const char* text)

{
printf ("ERROR! %s\n", text);
}
void PrintWarning(const char* text)
{
printf ("WARNING! %s\n", text);
}
void PrintMessage(const char* text)
{
printf ("%s\n", text);
}

int ControlDataStruct::Check() const
{

if (GridSize < 7) {
PrintError("Grid size is too small.");
return -1;

}

if (Accuracy <= 0.0) {
PrintError("Accuracy is not positive.");
return -1;

}

if (DifferenceAccuracy <= 0.0) {
PrintError("Difference accuracy is not positive.");
return -1;

}

if (Method < 0 || Method > 3) {
PrintError ("Undefined root searching method.");
return -1;

}

if (DerivationMethod < O || DerivationMethod > 1) {
PrintError("Undefined derivation method.");
return -1;

}

if (IntegrationMethod < O || IntegrationMethod > 2) {
PrintError("Undefined integration method.");
return -1;

}
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if (N_polynom < 1) {
PrintError("Bad order of interpolation polynom.");
return -1;
}
if (MaxIterLoops < 0) {
PrintError("Negative max iter. loops.");
return -1;
}
if (MaxBesselOrder < 0) {
PrintError("Negative max bessel order.");
return -1;
}
if (BesselAccuracy <= 0.0) {
PrintError("Bessel sum accuracy is not positive.");
return -1;
}
if (BesselAccuracy >= 1.0) {
PrintError("Bessel sum accuracy is not less then 1.");
return -1;

}

if (UnknownIsOmega) {
if (InitGuess[0] <= 0) {
PrintError("Incorrect init guess for omega.");
return -1;
}
} else {
if (Polar) {
if (InitGuess[0] <= 0) {
PrintError("Non-positive init guess for k.");
return -1;
}
if (InitGuess[1] < 0) {
PrintError("Negative init guess for theta.");
return -1;
}
} else {
if (InitGuess[1] < 0) {
PrintError("Negative init guess "
"for k_perpendicular.");
return -1;
}
}
}

return 0O;

}

// separates line to values
// line is expected to be in format valueO:valuel
int ReadLine(char* line, char** values)
{
char* eol = strchr(line, ’\n’); if (eol) *eol = 0;
eol = strchr(line, ’\r’); if (eol) *eol = 0;
values[0] = line;
char* colon = strchr(line, ’:’);
if (!'colon) return -1;
*colon = 0; // end of name;
values[1] = colon + 1;
return 0O;

}

// reads program control data from control_data.csv
int ReadControlData(ControlDataStruct& cd)

{
FILEx f = fopen("control_data.csv", "r");
if (1f) {
PrintError("Can’t read file control_data.csv!");
return -1;
}

int result = 0;

int varl = 0O;
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int var2 = 0;

double init[2];
double finall[2];
double step[2];

int size = 256;
char line[size];
int line_number = O;
while (fgets(line, size, f) > 0) {
line_number++;
if (line[0] == ’#’) continue; // comment
char* values[2];
if (ReadLine(line, values) < 0) {
printf ("ERROR! Can’t read line %d!\n", line_number);
result = -1;
break;
}
char namel[size];
char valuel[size];
strcpy(name, values[0]);
strcpy(value, values[1]);

int iv = 0;
double dv = 0.0;

if (strcmp(name, "grid size") == 0) {
if (sscanf(value, "%d", &iv) !'= 1) {
PrintError("Cannot read grid size.");
result = -1;
break;
}

cd.GridSize = iv;
// should be odd (number of intervals is even)
if (cd.GridSize % 2 == 0) cd.GridSize++;
}
else if (strcmp(name, "accuracy") == 0) {
if (sscanf(value, "%1f", &dv) != 1) {
PrintError("Cannot read accuracy.");
result = -1;
break;
}
cd.Accuracy = dv;
}
else if (strcmp(name, "difference accuracy") == 0) {
if (sscanf(value, "%1f", &dv) != 1) {
PrintError("Cannot read accuracy.");

result = -1;
break;
}
cd.DifferenceAccuracy = dv;
}
else if (strcmp(name, "max iter. loops") == 0) {
if (sscanf(value, "%d", &iv) !'= 1) {
PrintError("Cannot read max iter. loops.");
result = -1;
break;
}
cd.MaxIterLoops = iv;
}
else if (strcmp(name, "max bessel order") == 0) {
if (sscanf(value, "%d", &iv) !'= 1) {
PrintError ("Cannot read max bessel order.");
result = -1;
break;
}
cd.MaxBesselOrder = iv;
}
else if (strcmp(name, "bessel sum accuracy") == 0) {

if (sscanf(value, "%1f", &dv) != 1) {
PrintError("Cannot read bessel sum accuracy.");
result = -1;
break;

}

cd.BesselAccuracy = dv;
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}
else if (strncmp(name, "distr. func. file", 17) == 0) {
int comp = 0; // default 1st component
char comp_name[28];
for (int i = 0; i < MaxPlasmaComp; i++) {
sprintf (comp_name, "distr. func. file for comp %d", i + 1);
if (strcmp(name, comp_name) == 0) comp = i; // an other comp
}
int size = strlen(value);
cd.DistrFFile[comp] = new char[size + 1];
strcpy(cd.DistrFFile[comp], value);

}
else if (strcmp(name, "root searching method") == 0) {
if (strcmp(value, "bisection") == 0) cd.Method = 0;
else if (strcmp(value, "newton") == 0) cd.Method = 1;
else if (strcmp(value, "global newton") == 0) cd.Method;
else {
PrintError("Cannot read root searching method.");
result = -1;
break;
}
}
else if (strcmp(name, "derivation method") == 0) {
if (strcmp(value, "2 point") == 0) cd.DerivationMethod = 0;
else if (strcmp(value, "5 point") == 0) cd.DerivationMethod = 1;
else {
PrintError ("Cannot read derivation method.");
result = -1;
break;
}
}
else if (strcmp(name, "integration method") == 0) {
if (strcmp(value, "simpson") == 0) cd.IntegrationMethod = 0;
else if (strcmp(value, "open") == 0) cd.IntegrationMethod = 1;
else {
PrintError("Cannot read integration method.");
result = -1;
break;
}
}
else if (strcmp(name, "interpolation polynom order") == 0) {
if (sscanf(value, "%d", &iv) !'= 1) {
PrintError("Cannot read order of interpolation polynom.");
result = -1;
break;
}
cd.N_polynom = iv;
}
else if (strcmp(name, "variable 1") == 0) {
if (strcmp(value, "k") == 0)
varl = 1;
else if (strcmp(value, "theta") == 0)
varl = 2;
else if (strcmp(value, "k_par") == 0)
varl = 3;
else if (strcmp(value, "k_per") == 0)
varl = 4;
else if (strcmp(value, "frequency") == 0)
varl = 5;
else if (strcmp(value, "frequency dumping") == 0)
varl = 6;
else {
PrintError("Cannot read variable 1 from control file.");
result = -1;
break;
}
}
else if (strcmp(name, "variable 2") == 0) {
if (strcmp(value, "k") == 0)
var2 = 1;
else if (strcmp(value, "theta") == 0)
var2 = 2;
else if (strcmp(value, "k_par") == 0)
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var2 = 3;
else if (strcmp(value, "k_per") == 0)

var2 = 4;
else if (strcmp(value, "frequency") == 0)
var2 = 5;
else if (strcmp(value, "frequency dumping") == 0)
var2 = 6;
else {
PrintError("Cannot read variable 2 from control file.");
result = -1;
break;
}
}
else if (strcmp(name, "init value 1") == 0) {

if (sscanf(value, "%1f", &dv) != 1) {
PrintError ("Cannot read init value 1.");

result = -1;
break;
}
init[0] = dv;
}
else if (strcmp(name, "init value 2") == 0) {

if (sscanf(value, "%1f", &dv) != 1) {
PrintError("Cannot read init value 2.");

result = -1;
break;
}
init[1] = dv;
}
else if (strcmp(name, "final value 1") == 0) {

if (sscanf(value, "%1f", &dv) != 1) {
PrintError("Cannot read final value 1.");

result = -1;
break;
}
final[0] = dv;
}
else if (strcmp(name, "final value 2") == 0) {

if (sscanf(value, "%1f", &dv) != 1) {
PrintError("Cannot read final value 2.");

result = -1;
break;

}

final[1] = dv;

}
else if (strcmp(name, "step 1") == 0) {
if (sscanf(value, "%1f", &dv) !'= 1) {
PrintError("Cannot read step 1.");

result = -1;
break;
}
step[0] = dv;
}
else if (strcmp(name, "step 2") == 0) {

if (sscanf(value, "%1f", &dv) != 1) {
PrintError("Cannot read step 2.");

result = -1;
break;
}
step[1] = dv;
}
else if (strcmp(name, "follow mode") == 0) {

if (strcmp(value, "yes") != 0)
cd.FollowMode = false;

}
else if (strcmp(name, "polar coordinates") == 0) {
if (strcmp(value, "yes") == 0)
cd.Polar = true;
}
else if (strcmp(name, "log scale") == 0) {
if (strcmp(value, "yes") == 0)
cd.LogScale = true;
}
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else if (strcmp(name, "init guess 1") == 0) {

if (sscanf(value, "%1f", &dv) != 1) {
PrintError("Cannot read init guess 1.");
result = -1;
break;

}

cd.InitGuess[0] = dv;

cd.InitGuessDefined = true;

}
else if (strcmp(name, "init guess 2") == 0) {
if (sscanf(value, "%1f", &dv) != 1) {
PrintError("Cannot read init guess 2.");
result = -1;
break;
}
cd.InitGuess[1] = dv;
cd.InitGuessDefined = true;
}
else if (strcmp(name, "output") == 0) {
int pos = 0;
for (int i = 0; i < MaxOutputColumn; i++)
if (cd.Output[i] == 0) {
pos = 1i;
break;
}
if (pos < MaxOutputColumn) {
int size = strlen(value);
cd.Output [pos] = new char[size + 1];
strcpy(cd.Output [pos], value);
}
}
else {
printf ("ERROR! Can’t read line %d!\n", line_number);
result = -1;
break;
}
} // end of reading
fclose(f);
if (result != 0) return result;

bool inconsistent_variables = true;

bool var_change = false;

if (varl == 1 && var2 == 2) {
inconsistent_variables = false;
cd.Polar = true;

}

if (varl == 2 && var2 == 1) {
inconsistent_variables = false;
var_change = true;
cd.Polar = true;

}

if (varl == 3 && var2 == 4)
inconsistent_variables = false;

if (varl == 4 && var2 == 3) {
inconsistent_variables = false;
var_change = true;

}

if (varl == 5 && var2 == 6) {
inconsistent_variables = false;
cd.UnknownIsOmega = false;

}

if (varl == 6 && var2 == 5) {
inconsistent_variables = false;
var_change = true;
cd.UnknownIsOmega = false;

}

if (inconsistent_variables) {
PrintError("Inconsistent variables.");
return -1;

}
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if (var_change) {
cd.InitValue[0] = init[1];
cd.InitValue[1] = init[0];
cd.FinalValue[0] = final[1];
cd.FinalValue[1] = finall[O];
cd.Step[0] = stepl1];
cd.Step[1] = step[0];

} else {
cd.InitValue[0] init [0];
cd.InitValue[1] init[1];
cd.FinalValue[0] = finall[O];
cd.FinalValue[1] = final[1];
cd.Step[0] = stepl0];
cd.Step[1] = stepl[i];

}
if (varl == 5) { // frequency
cd.InitValue[0] #*= 2*M_PI;
cd.FinalValue[0] #*= 2*xM_PI;
if (!'cd.LogScale) cd.Step[0] *= 2*M_PI;
}
if (var2 == 5) { // frequency
cd.InitValue[1] *= 2*M_PI;
cd.FinalValue[1] *= 2xM_PI;
if (!cd.LogScale) cd.Step[1] #*= 2xM_PI;
}

return cd.Check();
}

PlasmaDefinitionStruct: :PlasmaDefinitionStruct(ControlDataStruct& CD)
NComp(0) , PDGridSize(CD.GridSize), Density(0),
E1GyroW(0), ElPlasmaW(0), N_polynom(CD.N_polynom+1)
{

for (int i = 0; i < MaxPlasmaComp; i++) {
GyroW[i] = 0.0;
PlasmaW[i] = 0.0;
CompKind[i] = 0;
CompPars[i] [0] =
CompPars[i][1] =
CompPars[i][2] =
CompPars[i] [3] =
CompPars[i][4] =
CompPars[i] [6] =
CompPars[i][6] =
CompPars[i] [7] =
for (int j = 8; j < MaxPars; j++)

CompPars[i] [j] = 0.0;

CompDistLength[i] = 0.0;
CompPNorm[i] = 1.0;
CompDistFunc[i] = 0;
CompDistFuncDerivi[i] = 0;
CompDistFuncDeriv2[i]

B =R 2, OOk PO
O O O O O OO Oo

]
(=]

}
}

PlasmaDefinitionStruct::“PlasmaDefinitionStruct ()
{
for (int i = 0; i < MaxPlasmaComp; i++) {
if (CompDistFunc[i]) {
for (int j = 0; j < PDGridSize; j++)
delete[] CompDistFunc[i][j];
delete[] CompDistFunc[il;
}
if (CompDistFuncDerivi[i]) {
for (int j = 0; j < PDGridSize; j++)
delete[] CompDistFuncDerivi[il[j];
delete[] CompDistFuncDerivil[il;
}
if (CompDistFuncDeriv2[il) {
for (int j = 0; j < PDGridSize; j++)
delete[] CompDistFuncDeriv2[i][j];
delete[] CompDistFuncDeriv2[il;
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}
}
}

int PlasmaDefinitionStruct::Check() const
{
if (NComp > MaxPlasmaComp) {
PrintError ("Maximum number of components exceeded.");
return -1;
}
for (int i = 0; i < NComp; i++) {
if (GyroW[i]l <= 0.0) {
// unknown gyro frequency and magnetic field
PrintError("Undetermined gyro frequency.");
return -1;
}
if (PlasmaW[i] <= 0.0) {
// unknown electron plasma frequency and density
PrintError("Electron plasma frequency not determined!");
return -1;
}
if (CompPars[i][0] < 0.0) {
printf ("ERROR! Wrong density for component %d.", i);
return -1;
}
if (CompPars[i] [2] < 0.0) {
printf ("ERROR! Mass of component %d is not positive.", i);
return -1;
}
if (CompPars[i] [3] < 0.0) {
printf ("ERROR! Temperature of component %d is not positive.", i);
return -1;
}
}

return 0O;

}

// returns derivation of component comp’s distr. functions
// by p_parallel at point (i,j)
double PlasmaDefinitionStruct::Derivationi(int comp, int i, int j)
{
if (!CompDistFuncDerivi[comp]) {
PrintError("Derivations of dispersion function undefined!");
return O;
}
return CompDistFuncDerivil[comp] [1][j]1;

}

// returns derivation of component comp’s distr. functions
// by p_perpendicular at point (i,j)
double PlasmaDefinitionStruct::Derivation2(int comp, int i, int j)
{
if (!CompDistFuncDeriv2[comp]l) {
PrintError("Derivations of dispersion function undefined!");
return O;
}
return CompDistFuncDeriv2[comp] [1][j];

}

// returns derivation of component comp’s distr. functions
// by p_parallel at p_par
double PlasmaDefinitionStruct::Derivationi(int comp, int i, double p_par)
{
const double h = CompDistLength[comp] / (PDGridSize - 1);
const double p_min = - 0.5 * PDGridSize * h;
if (p_par < p_min) return 0.0; // by definition

int index = int((p_par - p_min) / h);
const int N = N_polynom;
double x[N], y[N];
for (int k = 0; k < N; k++) {
int j = index - N/2 + k;
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x[k] = p_min + j * h;
if (j < 0 || j >= PDGridSize) y[k] = 0; // by definition
else y[k] = Derivationl(comp, i, j);

}

double err;

return polynom_interpolation(x, y, N, p_par, err);

}

// returns derivation of component comp’s distr. functions
// by p_perpendicular at p_par
double PlasmaDefinitionStruct::Derivation2(int comp, int i, double p_par)
{
const double h = CompDistLength[comp] / (PDGridSize - 1);
const double p_min = - 0.5 * PDGridSize * h;
if (p_par < p_min) return 0.0; // by definition

int index = int((p_par - p_min) / h);
const int N = N_polynom;
double x[N], y[NI;
for (int k = 0; k < N; k++) {
int j = index - N/2 + k;
x[k] = p_min + j * h;
if (j < 0 || j >= PDGridSize) yl[k] = 0; // by definition
else y[k] = Derivation2(comp, i, j);
}
double err;
return polynom_interpolation(x, y, N, p_par, err);

}

// returns thermal velocity of i-th component
double PlasmaDefinitionStruct::V(int i) const

{
double kT = CompPars[i] [3];
kT *= fabs(CompPars[i]l[1]); // * charge
// kT = mv~2/2
return sqrt(2 * kT / CompPars[il[2]);
}

// returns velocity of i-th component from distr. function
int PlasmaDefinitionStruct::DistV(int comp, doublex* V) const
{

for (int i = 0; i < 3; i++) V[i] = 0.0;

if (CompDistFunc[comp] == 0) return -1;

int grid_size = PDGridSize;
double h = CompDistLength[comp] / (grid_size - 1);

// integration over p_parallel (-oo ... +00)
double v_par[grid_sizel;
double v_per[grid_size];
for (int i = 0; i < grid_size; i++) {
v_par[i] .0;
v_per[i] .0;
for (int j = 0; j < grid_size; j++) {
int x = j - grid_size / 2 - 1;
int y = i;
v_par[i] += CompDistFunc[comp] [i][j] * x*x;
v_per[i] += CompDistFunc[comp] [i][j] * y*y;
}
}
// integration over p_perpendicular (0 ... +o0)
for (int i = 0; i < grid_size; i++) {
V[0] += v_par[i] * i;
V[1] += v_per[i] * i;
}
for (int i = 0; i < 3; i++) {
V[i] #*= h * h * h;
// integration over theta
V[i] *= 2 * M_PI;
V[i] *= CompPNorm[comp] #* CompPNorm[comp] * CompPNorm[comp];
V[i] = sqrt(V[il);
V[i] *= h / CompPars[comp] [2];

]
o o
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}

return 0O;

}

// returns the size of velocity of i-th component
// from distr. function
double PlasmaDefinitionStruct::DistV(int comp) const
{
double sqr_v = 0.0;
double V[3];
if (DistV(comp, V) == 0)
for (int i = 0; i < 3; i++) sqr_v += V[i] * V[il;
else
PrintError("Cannot calculate velocity. "
"Maybe distribution function is not defined.

return sqrt(sqr_v / 3.0);
}

// returns the size of total velocity
double PlasmaDefinitionStruct::DistV() const
{
double V = 0.0;
for (int i = 0; i < NComp; i++)
if (CompKind[i] == 1) { // just for hot plasma
double v = DistV(i);
V += vxv * CompPars[i] [0] / Density;
}
return sqrt(V);
}

// reads plasma definition from plasma_data.csv
int ReadPlasmaDefs(PlasmaDefinitionStruct& pdd)
{
FILE* f = fopen("plasma_data.csv", "r");
if (1f) {
PrintError("Can’t read file plasma_data.csv!");
return -1;

}

int size = 256;
char line[sizel;
int line_number = 0;
while (fgets(line, size, f) > 0) {
line_number++;
if (line[0] == ’#’) continue; // comment
char* values[2];
if (ReadLine(line, values) < 0) {
printf ("ERROR! Can’t read line J%d!\n", line_number);
return -1;
}
char namel[size];
char valuel[size];
strcpy(name, values[0]);
strcpy(value, values[1]);

bool found = true;
double dv = 0.0;
int iv = 0;
int comp = 0;
if (strcmp(name, "Num. density [1/cm”3]") == 0) {
if (sscanf(value, "%1f", &dv) != 1) {
printf ("ERROR! Cannot read value in line %d.",
line_number) ;
return -1;
}
pdd.Density = dv * 1.0e6; // cm™-3 -> m"-3
double koef = e_elect * e_elect / (m_elect * eps_0);
pdd.El1PlasmaW = pdd.Density * koef;
}
else if (strcmp(name, "DC mag. field [nT]") == 0) {
if (sscanf(value, "%1f", &dv) != 1) {
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printf ("ERROR! Cannot read value in line %d.",
line_number) ;
return -1;
}
double koef = e_elect / (m_elect * c_light);
pdd.E1GyroW = dv * koef;
}
else if (strcmp(name, "Electron gyro freq. [Hz]") == 0) {
if (sscanf(value, "%1f", &dv) != 1) {
printf ("ERROR! Cannot read value in line %d.",
line_number) ;
return -1;

}
pdd.E1GyroW = 2 * M_PI * dv;
}
else if (strcmp(name, "Electron gyro freq. [rad/s]") == 0) {

if (sscanf(value, "%1f", &dv) != 1) {
printf ("ERROR! Cannot read value in line %d.",
line_number) ;
return -1;

}
pdd.E1GyroW = dv;
}
else if (strcmp(name, "Electron plasma freq. [Hz]") == 0) {

if (sscanf(value, "%1f", &dv) != 1) {
printf ("ERROR! Cannot read value in line %d.",
line_number) ;
return -1;

}
pdd.E1PlasmaW = 4 * M_PI * M_PI * dv * dv;
}
else if (strcmp(name, "Electron plasma freq. [rad/s]") == 0) {

if (sscanf(value, "%1f", &dv) != 1) {
printf ("ERROR! Cannot read value in line %d.",
line_number) ;
return -1;

}
pdd.ElPlasmaW = dv * dv;
}
else if (strcmp(name, "No. of plasma components") == 0) {
if (sscanf(value, "%d", &iv) !'= 1) {
printf ("ERROR! Cannot read value in line %d.",
line_number) ;
return -1;
}
pdd.NComp = iv;
}
else {

for (int i = 0; i < MaxPlasmaComp; i++) {
char comp_name[33];
sprintf (comp_name, "Comp %d type of dielectric temnsor",
i+ 1);
if (strcmp(name, comp_name) == 0) {
if (sscanf(value, "%d", &iv) '= 1) {
printf ("ERROR! Cannot read value in line %d.",
line_number) ;
return -1;
}
pdd.CompKind[i] = iv;
found = true;

break;
}
int param_idx = -1;
sprintf (comp_name, "Comp %d num. density %4", i + 1);
if (strcmp(name, comp_name) == 0) param_idx = 0;
sprintf (comp_name, "Comp %d signed charge / charge of el.",
i+ 1)
if (strcmp(name, comp_name) == 0) param_idx = 1;
sprintf (comp_name, "Comp %d mass / mass of electron", i + 1);
if (strcmp(name, comp_name) == 0) param_idx = 2;
sprintf (comp_name, "Comp %d temperature [eV]", i + 1);
if (strcmp(name, comp_name) == 0) param_idx = 3;

sprintf (comp_name, "Comp %d norm. parallel drift", i + 1);
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if (strcmp(name, comp_name) == 0) param_idx = 4;
sprintf (comp_name, "Comp %d loss cone depth (delta)", i + 1);

if (strcmp(name, comp_name) == 0) param_idx = 5;

sprintf (comp_name, "Comp %d temperature anisotropy", i + 1);
if (strcmp(name, comp_name) == 0) param_idx = 6;

sprintf (comp_name, "Comp %d loss cone anisotropy", i + 1);
if (strcmp(name, comp_name) == 0) param_idx = 7;

if (param_idx >= 0) {
if (sscanf(value, "}1f", &dv) !'= 1) {
printf ("ERROR! Cannot read value in line %d.",
line_number) ;
return -1;
}
pdd.CompPars[i] [param_idx] = dv;
found = true;
break;
}
found = false;
}
}
if (!found) {
printf ("ERROR! Can’t read line %d!\n", line_number);
return -1;
}
}
fclose(f);

for (int i = 0; i < pdd.NComp; i++) {
// gyro frequency gB/mc
pdd.GyroW[i]l = pdd.E1GyroW;
pdd.GyroW[i] *= pdd.CompPars[il[1]; // charge
pdd.GyroW[i] /= pdd.CompPars([i][2]; // mass
pdd.GyroW[i] = fabs(pdd.GyroW[il);

// plasma frequency wp~2 = n*q~2/(m*eps_0)

pdd.PlasmaW[i] = pdd.E1PlasmaW;

pdd.PlasmaW[i] #*= pdd.CompPars[i] [0] / 100.0; // density
pdd.PlasmaW[i] pdd.CompPars[i] [1] * pdd.CompPars[i]l[1]; // charge
pdd.PlasmaW[i] /= pdd.CompPars([i][2]; // mass

pdd.PlasmaW[i] = fabs(pdd.PlasmaW[il);

*
]

pdd.CompPars[i] [0] *= pdd.Density / 100.0;
pdd.CompPars[i] [1] *= e_elect;
pdd.CompPars[i] [2] *= m_elect;

}

return pdd.Check();
}

void CalcDistrFunction(doublex* F, double& L, double& p_norm,
const double m, const double kT,
const double v_dr, const double delta,
const double alphal, const double alpha2,
int grid_size, double A)

// kT means thermal velocity kT = m/2v"2 in J
double maxwell_coef = 5;
double p_real = sqrt(2 * m * kT);
p_norm = 1.0 / p_real;
L = p_real * maxwell_coef;
double ¢ = maxwell_coef / grid_size;
for (int i = 0; i < grid_size; i++)
for (int j = 0; j < grid_size; j++) {
double x = ¢ * i; // v_per / v_th
double y = ¢ * (j - 0.5 * grid_size); // v_par / v_th

double result = 0.0;

if (alphal != 0) result += exp(-x*x / alphal);
if (alpha2 != 0) result -= exp(-x*x / alpha2);
result *= 1 - delta;

if (delta != 1) result /= alphal - alpha2;
result += (delta / alphal) * exp(-x*x / alphal);
result *= exp(-y*y - v_dr*v_dr);
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// normalization
result /= M_PI * sqrt(M_PI);
F[il[j] = A * result;
}
}

// reads or computes plasma distribution grid

int ReadPlasmaDistribution(PlasmaDefinitionStruct& pdd,
char** filenames)

{

int result

0;

for (int i = 0; i < pdd.NComp; i++)
if (pdd.CompKind[i] == 1) { // just for hot plasma
pdd.CompDistFunc[i] = new doublex[pdd.PDGridSize];
for (int j = 0; j < pdd.PDGridSize; j++)
pdd.CompDistFunc[i] [j]1 = new double[pdd.PDGridSize];

if (filenames[i]) {

printf("... of component %d "

"from file %s ...\n", i + 1, filenames[i]);
FILEx f = fopen(filenames[i], "r");
if (1) {

printf ("ERROR: Cannot open file with distr. function"
" (%s).\n", filenames[il);
return -1;
}
for (int j = 0; j < pdd.PDGridSize; j++)
for (int k = 0; k < pdd.PDGridSize; k++)
pdd.CompDistFunc[i] [j1[k] = 0.0;

int size = 32 * pdd.PDGridSize;
char line[size];
int j = 0;
while (fgets(line, size, f) > 0) {
char* eol = strchr(line, ’\n’); if (eol) *eol = 0;
eol = strchr(line, ’\r’); if (eol) *eol = 0;
char* value = line;
int k = 0;
while (value && strlen(value) &&
j < pdd.PDGridSize) {
char* semicolon = strchr(value, ’;’);
if (semicolon)
*xsemicolon = 0;

double dv = 0.0;

if (sscanf(value, "}1f", &dv) !'= 1) {
printf ("Cannot read record %d at line %d.", k, j);
result = -1;
break;

}

pdd.CompDistFunc[i] [j] [k] = dv;

if (semicolon)
value = semicolon + 1;
else
value = 0;
k++;
}
jt+;
}
fclose(f);
} else {
// pdd.CompPars[i] [3] means temperature in eV
double T = pdd.CompPars[i] [3];
if (T <= 0.0) {
PrintError ("Temperature is not positive.");
return -1;

}
T *= fabs(pdd.CompPars[i][1]); // * charge

double m = pdd.CompPars[i][2]; // mass
//double A = pdd.CompPars[i][0] / pdd.Density; // rel. density
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double A = 1;

CalcDistrFunction(pdd.CompDistFunc[il, pdd.CompDistLengthl[il,
pdd.CompPNorm[i], m, T,
pdd.CompPars[i] [4], pdd.CompPars[i][5],
pdd.CompPars[i] [6], pdd.CompPars[i][7],
pdd.PDGridSize, A);

}
}

// computing and writing to file of total distr. function
double** distr = new doublex[pdd.PDGridSizel];
for (int i = 0; i < pdd.PDGridSize; i++)
distr[i] = new double[pdd.PDGridSize];
for (int i = 0; i < pdd.PDGridSize; i++)
for (int k = 0; k < pdd.PDGridSize; k++)
distr[i] [k] = 0;

for (int i = 0; i < pdd.NComp; i++)
if (pdd.CompKind[i] == 1) { // just for hot plasma
for (int j = 0; j < pdd.PDGridSize; j++)
for (int k = 0; k < pdd.PDGridSize; k++)
distr[j][k] += pdd.CompPars[i] [0] /*density*/ *
pdd.CompDistFunc[i] [j]1 [k] / pdd.Density;
}

FILEx f = fopen("distr_f.csv", "w");
for (int j = 0; j < pdd.PDGridSize; j++) {
for (int k = 0; k < pdd.PDGridSize; k++) {
if (k > 0) fprintf(f, ";");
fprintf (£, "%.16g", distr[jl[k]);
}
fprintf (£, "\n");
}
fclose(f);

for (int j = 0; j < pdd.PDGridSize; j++)
delete[] distr[j];
delete[] distr;

return result;

}

void OutputHeadline(ControlDataStruct& CD)
{
FILE* output = fopen("output.csv", "w");
if (loutput) {
PrintError("Cannot open output file.");
return;

}

bool first_column = true;
for (int i = 0; i < MaxOutputColumn; i++) {
if (CD.Output[i] == 0) continue;

if (first_column)
first_column = false;
else
fprintf (output, ";");

fprintf (output, "%s", CD.Output[il);
}
fprintf (output, "\n");

fclose (output) ;
}

void Output(int res, cmplx Omega, r_vector& K,
double k, double theta,
PlasmaDefinitionStruct& PD,
ControlDataStruct& CD)

{

FILE* output

= fopen("output.csv", "a");
if (loutput) {
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PrintError("Cannot open output file.");
return;

}

cmplx N = c_light * k / Omega;

// normalization to the 1st plasma component
double v = PD.V();

double norm_coef = v / PD.GyroW[0];

bool first_column = true;
for (int i = 0; i < MaxOutputColumn; i++) {
if (CD.Output[i] == 0) continue;

if (first_column)

first_column = false;
else {

printf(";");

fprintf (output, ";");
}

if (strcmp(CD.Output[i], "k") == 0 ||
strcmp(CD.Output[i], "size of wave vector") == 0) {
printf ("%s=}%.16g", CD.Output[i], k);
fprintf (output, "%.16g", k);
}
else if (strcmp(CD.Output[i]l, "norm_k") == 0 ||
strcmp(CD.Output [i], "normalized k") == 0) {
printf ("%s=/%.16g", CD.Output[i], k * norm_coef);
fprintf (output, "%.16g", k * norm_coef);
}
else if (strcmp(CD.Output[i], "theta") == 0 ||
stremp(CD.Output [i], "th") == 0) {
printf ("%s=/.16g", CD.Output[i], theta);
fprintf (output, "%.16g", theta);
}
else if (strcmp(CD.Output[i], "k_par") == 0 ||
strcmp(CD.Output[i], "parallel k") == 0) {
printf("%s=%.16g", CD.Output[il, K[01);
fprintf (output, "%.16g", K[0]);
}
else if (strcmp(CD.Output[i], "norm_k_par") == 0 ||
strcmp(CD.Output[i], "normalized parallel k") == 0) {
printf ("%s=7%.16g", CD.Output[i]l, K[0] * norm_coef);
fprintf (output, "%.16g", K[0] * norm_coef);
}
else if (strcmp(CD.Output[i]l, "k_per") == 0 ||
stremp(CD.Output [i], "perpendicular k") == 0) {
printf ("%s=%.16g", CD.Output[i], K[1]);
fprintf (output, "%.16g", K[1]1);
¥
else if (strcmp(CD.Output[i], "norm_k_per") == 0 ||
strcmp(CD.Output[i], "normalized perpendicular k") == 0) {
printf ("%s=7%.16g", CD.Output[i], K[1] * norm_coef);
fprintf (output, "%.16g", K[1] * norm_coef);
}
else if (strcmp(CD.Output[i], "omega") == 0 ||
stremp(CD.Output [1], "w") == 0 ||
strcmp(CD.Output [i], "frequency") == 0) {
double f = real(Omega); // in rad/s
if (strcmp(CD.Output[i], "frequency") == 0)
f /= 2.0 * M_PI; // in Hz
printf ("%s=%.16g", CD.Output[i], £);
fprintf (output, "%.16g", £);
}
else if (strcmp(CD.Output[i], "imaginary omega") == 0 ||
stremp(CD.Output [i], "im_w") == 0 ||
strcmp(CD.Output [i], "imaginary part of frequency") == 0) {
double f = imag(Omega); // in rad/s
if (strcmp(CD.Output[i], "imaginary part of frequency") == 0)
f /= 2.0 x M_.PI; // in Hz
printf ("%s=%.16g", CD.Output[i], £);
fprintf (output, "%.16g", £);
}
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else if (strcmp(CD.Output[i], "normalized omega") == 0 ||
stremp(CD.Output[i]l, "norm_w") == 0 ||
strcmp(CD.Output[i], "normalized frequency") == 0)

// normalization to the electron cyklotron frequency
// normalized frequency and normalized omega are the same
double gw = PD.GyroW[0];
gw *= PD.CompPars[0] [2] / m_elect;
gw /= PD.CompPars[0] [1] / e_elect;
gw = fabs(gw);
printf ("%s=7%.16g", CD.Output[i], real(Omega) / gw);
fprintf (output, "%.16g", real(Omega) / gw);

}

else if (strcmp(CD.Output[i]l, "N") == 0) {
printf ("%s=%.16g", CD.Output[i], real(N));
fprintf (output, "%.16g", real(N));

}

else if (strcmp(CD.Output[i], "square N") == 0) {
printf ("%s=Y.16g", CD.Output[i]l, norm(N));
fprintf (output, "%.16g", norm(N));

}

else if (strcmp(CD.Output[i], "v") == 0) {
printf("%s=%.16g", CD.Output[i]l, PD.DistV());
fprintf (output, "%.16g", v);

}

else if (strcmp(CD.Outputl[il, "v/c") == 0) {
printf ("%s=/%.16g", CD.Output[i]l, v / c_light);
fprintf (output, "%.16g", v / c_light);

}

else if (strcmp(CD.Output[i], "result") == 0) {
printf ("%s=%d", CD.Output[i], res);
fprintf (output, "%d", res);

}

}
printf("\n");
fprintf (output, "\n");

fclose (output) ;
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