UNIVERZITA JANA EVANGELISTY PURKYNE
MASARYKOVA UNIVERZITA

PRIRODOVEDECKA FAKULTA

HABILITACNI PRACE

STUDIUM SLUNECNICH ERUPCI
MODELY A POZOROVANI

Michal Varady

Usti nad Labem, 2014






UNIVERZITA JANA EVANGELISTY PURKYNE
MASARYKOVA UNIVERZITA

PRIRODOVEDECKA FAKULTA

HABILITACNI PRACE

STUDIUM SLUNECNICH ERUPCI
MODELY A POZOROVANI

RNDr. Michal Varady, Ph.D.

Usti nad Labem, srpen 2014






il

Abstract The habilitation thesis is devoted to studies of solar flares both theoreticaly, us-
ing the means of computer modelling, and observationally. The theoretical part is devoted to
the modelling of various aspects of solar flares using several approaches. They combine the
test-particle method to simulate the high-energy non-thermal particle transport, scattering
and energy dissipation, hydrodynamics to calculate the dynamic response of flaring chromo-
sphere combined with the non-LTE radiative transfer — radiation hydrodynamics, calculating
the profiles of selected optically thick spectral lines. In this part we also present modelling
of various aspects and new ideas concerning the high-energy non-thermal particle trans-
port from the acceleration to the thermalisation site, resulting flare heating and correspond-
ing properties of the non-thermal hard X-ray emission emmanating from the chromosphere
thick-target regions. The results are discused in context of contemporary flare models. In the
observational part of the habilitation we present results of plasma diagnostics in a post-flare
loop system and observational signs of ongoing reconnection of magnetic fields in the solar
corona. The habilitation thesis consists of an introduction into the solar flare physics and
a commented collection of 14 papers which are devoted to the topics mentioned above.

Abstrakt Habilitacni prace se zabyva studiem slunecnich erupci jak teoreticky, s vyuZitim
metodiky pocitacového modelovani, tak zpracovdnim pozorovacich dat. Teoretickd Cast je
vénovana modelovani riznych aspektl slunecnich erupci s vyuZitim nékolika metod. V téch-
to modelech jsou zkombinovdny metody vyuZivajici testovaci Cdstice pro simulaci trans-
portu, rozptylu a disipace kinetické energie vysokoenergetickych netermalnich ¢astic v okol-
nim plazmatu, hydrodynamiku k popisu dynamické odezvy erupéni chromosféry zkombino-
vanou s non-LTE prenosem zdfeni — z4fiva hydrodynamika, modelujici profily vybranych
opticky tlustych spektralnich Car. V této Casti rovnéz prezentujeme modelovéani nékterych
aspektli a novych myslenek, které se tykaji transportu vysokoenergetickych netermalnich
Castic z mista své akcelerace do oblasti termalizace, vysledného erupéniho ohfevu a odpovi-
dajicich vlastnosti tvrdé netermdlni rentgenovské emise vystupujici z oblasti chromosférick-
€ho tlustého terCe. Vysledky jsou diskutovany ve svétle soucasnych erupénich modeld. V ob-
servacni Cdsti se zabyvame diagnostikou plazmatu v systému poerupcnich smycek a obser-
vaénimi znaky probihajici rekonexe magnetickych poli ve slunecni koréné. Tuto habilitacni
prace tvoii ivod do problematiky slunecnich erupci a komentovany soubor 14-ti publiko-
vanych praci na vySe uvedend témata.
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Predmluva

Slunce, jakoZto Zemi nejbliZ§i hvézda, je prakticky jedinym zdrojem energie pro ekosys-
tém nasi planety. Slunce zdaleka neni klidnou hvézdou. Diky existenci ¢asoveé proménnych,
vysoce strukturovanych magnetickych poli, jeZ prostupuji Zhavé plazma slunecni atmosféry,
predstavuje atmosféra Slunce fascinujici dynamické prostiedi v t€sné blizkosti Zemé. Pro-
jevy tohoto prostfedi oznacujeme souhrnym terminem slunecni aktivita. Sem zahrnujeme
napiiklad vyrony korondlni hmoty, erupce, aktivni protuberance, vyskyt rdzovych a magneto-
hydrodynamickych vin nejriizn€jsich modi a podobné. Podle soucasnych predstav, vechny
tyto jevy ziskavaji energii na ukor casové proménnych magnetickych poli pronikajicich plaz-
matem slunecni atmosféry.

Diky blizkosti obou téles a typickym hodnotam energii uvolnénych ve slunecni atmos-
fére pri velkoskalovych jevech, mohou mit projevy slunecni aktivity vazné dusledky nejen
ve slunecni atmosféfe, ale také v bezprostfednim kosmickém okoli Zemé — v magnetos-
féfe a mohou dokonce, vesmés negativné, ovlivnit technickd zafizeni instalovand na zem-
ském povrchu. Dopad téchto jevil je samofejmé amplifikovdn vyznamem modernich tech-
nologii, na nichZ je nase soucasnd civilizace zavisld. Pro ur€eni miry ovlivnéni zemského
okoli slune¢ni Cinnosti se relativné nové zacal pouZivat termin — kosmické pocasi. Toto jsou
hlavni divody stale rostoucitho zajmu o pochopeni jak nase nejblizsi hvézda funguje, jaka je
fyzikdlni podstata energetickych jevl ve slune¢ni atmosfére, jak jsou spoustény, zda je mozné
predpovédét kdy nastanou, jak velkd energie se pii nich uvolni a zda ovlivni nasi planetu a
jeji bezprostiedni okoli. Tento zdjem se odrdZzi v stdle rostoucim poctu projektd kosmic-
kych misi, které byly a jsou vénovany pozorovéni Slunce v poslednich nékolika dekddach
(GOES, SMM, Yohkoh, SOHO, TRACE, Hinode, RHESSI, SDO, STEREO, IRIS). Tyto
kosmické observatore, z nichZz nékteré nesou dokonce né€kolik pfistroji, od dalekohledd,
magnetometrd, spektrometrti, koronografi po detektory ¢éstic slune¢niho vétru, nepfetrzité
pozoruji Slunce bez rusivych vlivii zemské atmosféry. Kosmickd pozorovani Slunce jsou
pak zcela nenahraditelnd ve spektrdlnich oborech, kde pozorovani nelze uskuteCnit z po-
vrchu Zemé diky neprostupnosti zemské atmosféry pro dané vlnové délky. Ukazuje se, ze
pravé data tohoto druhu jsou zcela klicova pro pochopeni fyzikdlni podstaty jevl probiha-
jicich ve slunecni atmosféie. Jednd se zejména pozorovani na kritkych vinovych délkach,
tedy v oblastech y-zareni, tvrdého a mékkého rentgenového zareni, extrémné ultrafialového
zateni a nové také blizkého UV zéfeni.
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Predkladana habilitaéni prace je vénovana studiu nejenergetictéjSich projevl slunecni
aktivity — slune¢nim erupcim a to jak s vyuzitim numerickych simulaci, tak i s pouZitim
pozorovacich dat v riznych spektralnich oborech ziskanych jak z kosmickych, tak z pozem-
skych slune¢nich observatori. T€Zisté prace je v modelovani vybranych procesti ve slunec-
nich erupcich. Slunecni erupce jsou nesmirné komplexni jevy, kde hraji fundamentalni roli
velmi rtiznorodé procesy probihajici na vSech prostorovych skalach. To je divodem proc¢
dodnes neexistuji pocitacové simulace, které by modelovaly erupcni procesy v celé jejich
komplexnosti: od rekonexe magnetickych poli v koréné, urychlovani Castic a jejich trans-
port a termalizaci v chromosfére, pres dynamickou odezvu chromosféry na energii depono-
vanou netermalnimi Casticemi aZ po predpovéd’ Casové proménného spektra elektromag-
netického zdreni emitovaného erupénim plazmatem. Misto tohoto vSeobjimajiciho piistupu
se jde cestou modelovani individudlnich procesi, které jak slune¢ni komunita véfi, hraji
v erupcich zdsadni roli. Typicky jsou to magnetohydrodynamicky piistup pro modelovani
velkoskalové rekonexe ve slunecni koréné, metody testovacich ¢astic pro modelovani urych-
lovani, transportu, rozptylu a disipace kinetické energie svazki ¢éstic v erucich. Déle po-
tom hydrodynamika pro popis transportu plazmatu podél magnetickych siloCar erupCnich
arkdd a non-LTE prenos zédfeni pro modelovéni spektrdlnich ¢ar v opticky tlusté erupcni
chromosfétre. Kédy typu particle—in—cell se potom pouZivaji pro studium kinetickych efektti
spojenych napiiklad s transportem svazka ¢astic plazmatem nebo pro studium rekonexe na
mikroskopické urovni.

V predkladané habilitacni praci jsou v tivodni 1. kapitole shrnuta zdkladni fakta o slunecni
atmosféfe a je predstaven tzv. ,standardni* model erupci. V kontextu tohoto modelu jsou
pak interpretovana typickd pozorovani erupci v riiznych spektralnich oborech. Déle jsou
diskutovany nékteré problémy ,,standardniho* modelu a predstaveny jeho modifikace a al-
ternativy. V 2. kapitole komentujeme a uvadime do kontextu s literaturou price tykajici se
modelovani procestu ve slunecnich erupcich, na jejiz vzniku jsem se podilel. 3. kapitola je
vénovdna pracem, které se tykaji zpracovani pozorovani erupci. Pfilohou habilitacni price
jsou kopie 14 praci, na nichZ jsem se autorsky podilel a na néz se odkazuji ve 2. a 3. kapitole.



Kapitola 1

Slunecni erupce

1.1 Uvod

Prvni doloZené pozorovani sluneéni erupce je z 1. zaii 1859, kdy R. C. Carrington a nezdvisle
R. Hodgson pfi rutinnim zdkresu slunecni fotosféry pozorovali v bilém svétle pomérné
vzacny jev, tzv. bilou erupci (white—light flare) (Carrington 1859; Hodgson 1859), kdy se
kontinuum v erup¢ni chromosféfe zvysi natolik, Ze svou intenzitou prezari okolni fotosféru.
S vyndlezem a rozvojem tzkopasmovych filtrit ve 30. letech 20. stoleti se slunecni erupce
rutinné pozorovaly az do 60. let 20 stoleti zejména v chromosférické vodikové ¢ire Ha a
byly proto po fadu desetileti povaZovéany za vysostné chromosférické jevy (Svestka 1976).
Rozvoj raketové techniky po 2. svétové vdlce umoZznil v 60. a hlavné v 70. letech 20. stoleti
uskutecnit zcela nova prevratna pozorovani erupci zhavého korondlniho erupéniho plazmatu
v rentgenovém a ultrafialovém oboru (Bray et al. 1991). Ta odhalila, Ze v chromosférickych
optickych Cardch pozorujeme pouze velmi malou ¢4st erupcniho procesu, pri¢emz klicové
jevy, umoznujici spravné fyzikdlni uchopeni celého procesu, probihaji v koréné. Pro po-
zorovani vétSich erupci v chromosférické ¢are Ha je typickd casové proménnd tzv. dvou-
stuzkova struktura erupce (two-ribbon flare), pro pozorovani jejich horké, korondlni Casti
v extrémnim ultrafialovém oboru (EUV) nebo mékkém rentgenovém oboru (SXR) jsou typ-
ické smyckovité struktury kopirujici korondlni magneticka pole, které jsou ukotvené ve zjas-
nénych stuzkich v chromosféfe (viz obr. 1.1).

Slunec¢ni erupce jsou Casto oznacovany za nejvetsi vybuchy ve slunecni soustave, pfi
nichZ se na ¢asovych $kéldch desitek aZ stovek sekund uvolni energie az ~ 10% J, a které
jsou, ve svych nejextrémnéjSich pripadech, pozorovatelné ve vSech oborech elektromagnet-
ického spektra, od kilometrovych radiovych vln az po y-zafeni. Pro slunecni erupce jsou
typickd zejména rychld zjasnéni integrovaného toku SXR z celého slunecniho disku az o 4,
v ojedinélych pfipadech i o 5 fadd. Pravé maximalni dosazend hodnota integrovaného toku
SXR ze slune¢niho disku pfi erupci se pouZzivd jako hlavni kritérum pro klasifikaci tfidy
erupce (viz obr. 1.2). Disledky téchto jevd, které se primarn¢ odehravaji ve slune¢ni atmos-
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Obrézek 1.1: Nahore: Arkdda horkych erupénich smycek piisluSejicich erupci tiidy X2.3
z 10. dubna, 2010 pozorovand kosmickym dalekohledem TRACE v kandlu 171 A — odpovi-
dajici teplota ~ 1 MK. Dole: Casovy vyvoj stejné erupce pozorovany v v chromosférické
¢afe Ha. Na obrazku je patrna tzv. dvoustuzkova morfologie erupce (Asai et al. 2012).

féfe, mohou mit nezanedbatelny dopad jak v tésném okoli Zemé, tak i na jejim povrchu a
jsou jednim z hlavnich inicidtorti proménnosti tzv. kosmického pocasi.

Slune¢ni erupce jsou nesmirné komplexni jevy zahrnujici celou fadu fyzikdlné tésné
provéazanych procest probihajicich na vSech prostorovych skélach. Procesy na mikroskalach
(napf. vlny a nestability v plazmatu) urcuji transportni koeficienty a atomové procesy (ioni-
zace, populace hladin a podobné) urcuji vlastnosti vystupujictho zdreni. Kromé toho zde
dochdzi turbulentni rekonexi magnetickych poli a ke vzniku lokalizovanych silnych pulzi
elektrického pole, které urychluje nabité ¢astice (Barta et al. 2011b). Na makroskalach s ty-
pickymi velikostmi desitek az stovek Mm probiha rekonfigurace globdlnich magnetickych
poli, transport vysokoenergetickych svazkl nabitych Castic, depozice energie v oblasti chro-
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Obrazek 1.2: Typickd prudka zjasnéni toku mékkého rentgenového zafeni provazejici
slune¢ni erupce na pozorovani druzic GOES. Maximalni tok SXR dosaZeny pii erupci urcuje
tiidu erupce, ktera se oznacCuje jednim z pismen A, B, C, M, X kdédujich rad toku a ¢islem
oznacujici velikost toku. Nejvetsi erupci na obrazku odpovida tfida X17.2.

mosférického tlustého tere a transport plazmatu podél magnetickych silocar v erupCnich
smyCkdch. Rekonexe globdlnich magnetickych poli erupci nezfidka ovlivni prakticky celou
slune¢ni atmosféru diky Sifeni mohutnych magnetohydodynamickych vin, které 1ze pozoro-
vat v EUV oboru jako tzv. EIT vlny nebo v optickém oboru jako tzv. Moretonovy viny (Nitta
et al. 2013; Veronig et al. 2011).

V této kapitole nejprve stru¢né popiseme strukturu slunecni atmosféry a roli jakou hraji
jejijednotlivé vrstvy ve slunecnich erupcich. Dale budeme diskutovat tzv. ,,standardni model
erupci v kontextu modernich multispekrdlnich pozorovani. Tento model tvofi rdmec vétSiny
autorovych praci. V zdvéru se pak budeme vénovat nékterym otevienym teoretickym otdz-
kam a problémiim soucasné fyziky erupci, na néZ ,,standardni model‘‘ neni schopen dat uspo-
kojivou odpovéd’. Zde se omezime na oblasti, k jejichZ poznéni se autor této habilitani prace
snazil svou dosavadni védeckou praci prispét.
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1.2 Slunecni atmosféra v erupcich

Ve slune¢ni atmosféfe lze identifikovat nékolik oblasti, které se zasadné lisi fyzikalnimi
podminkami (teplotou, hustotou, plazmovym parametrem g, ionizaci ), které v nich panuji.
Vzhledem k tomu, Ze pocatecni podminkou fady modeli prezentovanych v této praci je pravé
model slune¢ni atmosféry, jehoz dolni ¢4st je ddna jednim z modelt publikovanych v praci
Vernazza et al. (1981) (viz teplotni profil na obr. 1.3 ), stru¢né predstavime jednotlivé oblasti
slunecni atmosféry, jejich vlastnosti a specifikujeme jaké role hraji v erupcich.

1.2.1 Fotosféra

Slunec¢ni fotosféra (z feckého slova pro svétlo) je oblast, kterd emituje vétSinu zafeni ve
viditeIném oboru. Fotosféie dominuje plazma s vysokym g, které se méni ze zcela nepri-
hledného na prakticky prihledné pro viditelné vinové délky. Pfesnéji jde o tenkou oblast
s tloust’kou ~ 500 km zdola ohrani¢enou optickou hloubkou 75099 = 1 (pro 5000 A), které se
v modelech slunecni atmosféry prifazuje vySka 2~ = Okm a teplotnim minimem. V modelu
atmosféry VAL C (Vernazza et al. 1981), ktery pouzivame se Casticova hustota a teplota foto-
sféry méni od ~ 10'7 cm™ a ~ 6200 K v hloubce ~ Okm do ~ 10" cm™ a ~ 4200 K v teplot-
nim minimu jemuz odpovida hloubka ~ 500 km. Erupce se ve fotosféie projevuji seismicky-
mi vlnami, které pomérné nedavno objevili Kosovichev & Zharkova (1998). V posledni dobé
roste pocet pozorovani seismickych vln excitovanych i pomérné malymi erupcemi (Donea
& Lindsey 2005).

1.2.2 Chromosféra

Chromosféra je vrstva s tloust’kou nékolika malo Mm. V pripadé modeli Vernazza et al.
(1981) (viz obr. 1.3) je tloust’ka chromosféry ~ 2 Mm a je vymezend na jedné strané teplot-
nim minimem a na druhé teplotou pribliZzné 20kK, kde se ionizace vodiku méni z prak-
ticky neutrdlniho plynu na téméf zcela ionizované plazma, 8 parametr z vysokého na nizky
a plazma z vysoce kolizniho na témér bezkolizni. Soucasné se chromosférické plazma stava
smérem ke své horni hranici opticky tenkym v UV, optickém a mm oboru. Pozorovani
ukazuji, Ze chromosféra je nesmirné nehomogenni a dynamickou oblasti, kterd zprostredko-
vavé prenos energie pro ohfev korény (Ayres et al. 2009). Z hlediska erupci je chromosféra
oblasti, kde se termalizuji vysokoenergetické svazky ¢éstic a v impulzni fazi erupci je tedy
silnym zdrojem tvrdého rentgenového zareni (HXR). Z pozorovani je rovnéz zndmo, Ze jde
o oblast, kde se v erupcich emituje maximum zarivého vykonu a to v optickém, ptipadné
blizkém UV oboru (Neidig 1989; Fletcher et al. 2010). Pozorovani erupci v chromosfére
dominuji data pofizend v optickych Cardch vodiku (zejména Ha 6562,8 A a n&kolik dalsich
Gar Balmerovy série) a v jasnych optickych Gardch jinych prvkd jako Call H 3969,6 A,
K 3968,5A a MgII h 2795 A, k 2803 A (Svestka 1976). Vzhledem k tomu, Ze chromos-
férické plazma je pro vétSinu spektralnich ¢ar v optickém oboru opticky tlusté, predstavuje
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Obrazek 1.3: Teplotni profil slune¢ni atmosféry podle modelu VAL C (Vernazza et al. 1981).
V obrazku jsou zndzornény oblasti formace vybranych spektrdlnich Car.

jejich modelovéni, zejména v komplikovanych podminkach erupci velmi slozity problém.
V posledni dobé se objevily nové alternativni modely slune¢nich erupci, kde chromostéra
hraje roli sekundarni akceleracni oblasti (Karlicky 1995; Fletcher & Hudson 2008; Brown
et al. 2009; Varady et al. 2013, 2014).

1.2.3 Prechodova oblast

Je tenkd, fyzikalné nesmirné komplikovand oblast tloust'’ky pouze né€kolika stovek kilometrt,
kterd odd€luje horni chromosféru teploty priblizné 20kK a korénu s typickymi teplotami
kolem 2 MK. Vzhledem k tloust'ce pfechodové oblasti a teplotdm plazmatu v chromosfére
a koréné tvoti prakticky diskontinuitu v teploté a jsou pro ni typické veliké gradienty teploty
(Mariska 1993). Také tato oblast musi zprostfedkovat pfenos netepelné energie nutné pro
ohiev kordny. V prechodové oblasti se tvori velké mnoZstvi opticky tenkych a diagnosticky
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vyznamnych ¢ar zejména v EUV oboru (Mariska 1993). Piechodova oblast v erupcich je
oblasti kudy, podle ,standardniho modelu®, prochédzi veskeré energie uvolnénd v koréné
dolti do chromosféry. Vzhledem k velkym teplotnim gradientim a malé hustoté plazmatu lze
v prechodové oblasti o¢ekdvat nemaxwellovskd rozd€leni energie Castic plazmatu (Dzif¢a-
kova & Kulinova 2011).

1.2.4 Korona

Slune¢ni koréna (Aschwanden 2005) je opét velmi dynamickym a nehomogennim prostie-
dim, kterému dominuje zcela ionizované fidké 105-10° cm™ a 7havé plazma T ~ 2MK
s nizkym . Plazma v koréné je koncentrovano podél magnetickych smycek a je opticky
tenké prakticky pro vSechny vlnové délky. Pozorovani korény dominuji data v EUV, SXR
a radiovém oboru, nové se také pozoruji slabé korondlni HXR, nékdy dokonce y zdroje
v prostoru nad arkddami erupénich smycek (Masuda et al. 1994; Krucker et al. 2008a), tedy
v mistech kde se pfedpokldda urychlovani ¢4stic. Z hlediska fyziky erupci je koréna mistem,
kde podle standardniho modelu dochdzi k primarnimu uvolnéni energie pii rekonexi mag-

netickych poli a urychlovani ¢astic. Vnéjsi koréna plynule prechazi do slune¢niho vétru.

1.3 CSHKP model

Zajakysi ,,standardni model* erupci se v poslednich nékolika dekddéach povazuje tzv. CSHKP
model. Tento model na zakladé rekonexe korondlnich magnetickych velmi ndzorné vysvétluje
vlastnosti erupci pozorované na velkych prostorovych skalach. Nazev CSHKP je zkratkou
vzniklou z pocatecnich pismen piijmeni péti autorti tohoto modelu, jehoZ jednotlivé ideje
pochézeji z praci Carmichael (1964); Sturrock (1966); Hirayama (1974); Kopp & Pneuman
(1976). Schématicky je zndzornén na obr. 1.4. V celém erupénim procesu lze na zdkladé
pozorovani interpretovanych v paradigmatu tohoto modelu identifikovat nékolik fazi: aku-
mulaci energie, prederupci, impulzni a gradudlni fazi.

1.3.1 Akumulace energie

V soucasné dobé panuje vSeobecnd shoda, Ze energie uvolnénd béhem slunecnich erupci
pochézi z magnetickych poli, kterd prostupuji zZhavé plazma ve slunecni atmosféfe. Po-
zorovani prechodové oblasti a korény v EUV a SXR oborech ukazuji, Ze slunec¢ni atmosféra
predstavuje nesmirné dynamické prostiedi, které je zasobovano energii zdola, z konvektivni
z6ny. Odtud vstupuje energie do fotosféry, bud’ ve formé stochastickych pohybu relativné
hustého a chladného plazmatu excitovanych tubulentnimi vzestupnymi a sestupnymi proudy
v podpovrchové vrstvé nebo formou vynotfovani novych (pfipadné zanofovani starych) mag-
netickych poli, jez je opét disledkem proudéni plazmatu v konvektivni zéné. Protoze plazma
ma ve vétsiné oblasti slunecni atmosféry vysokou elektrickou vodivost, projevuje se znamy
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Obrazek 1.4: CSHKP model slunecni erupce (Lin et al. 2002a). Nahore: globalni uspofadani
prederupéniho magnetického pole se zakroucenym magnetickym provazcem (filamentem)
lezicim vysoko v koréné. Pohybem provazce smérem vzhiru se vytvoii dlouha a tzka
proudova vrstva, kterd se ddle strukturuje diky rezistivni nestabilité. Dole: Detailni pohled
na vznikajici arkddu erupénich smycek a jeji tepelnou strukturu.
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efekt zamrzani magnetickych poli do plazmatu (Priest 1981). Diky tomuto jevu se energie
z podpovrchovych vrstev Slunce prendsi do slune¢ni atmosféry, kde se kumuluje v silné
nepotencidlovych korondlnich magnetickych polich s velkou volnou energii a za urcitych
podminek miize dojit k jejimu uvolnéni. Jedna z moznych prederupénich konfiguraci ko-

rondlntho magnetického pole je zndzornéna v horni ¢asti obrdzku 1.4 .

1.3.2 Prederupce

U nékterych erupci, typicky nékolik minut pied jejich zac¢dtkem, se v dané aktivni oblasti po-
zoruje zvySend aktivita ve formé kratkych zjasnéni v EUV a SXR oborech (Farnik et al. 1996;
Veronig et al. 2002). Tato zjasnéni zfejmé souviseji s iniciaci erupce. Jednim z mozZnych
spoustécich mechanismu erupci je iniciace magnetického provazce (twisted flux-rope) leZi-
citho v koréné (viz obr. 1.4) a priblizné kopirujiciho fotosférickou neutrdlni linii. K jeho ini-
ciaci dochazi napiiklad v disledku smyckové nestability (kink instability), kterd nastartuje
vertikdlni pohyb provazce smérem vzhiiru. Tato faze erupcniho procesu je velmi ndzorné
demonstrovdna na MHD simulacich kombinovanych s pozorovanimi v pracech Torok &
Kliem (2005); Williams et al. (2005). Magnetické provazce nad neutrdlnimi liniemi Ize Casto
pozorovat na sluneénim disku jako filamenty a jejich iniciace vede k vyrontim korondln{
hmoty (CME).

1.3.3 Impulzni faze

V disledku vertikalniho pohybu magnetického provazce se vytvori uzkd a dlouhd proudova
vrstva ohrani¢end magnetickymi poli opacnych polarit v niZ se zaCne projevovat ostrivkova
nestabilita (resistive tearing mode) (Priest 1981), kterd trha proudovou vrstvu na fadu men-
Sich sekundarnich proudovych vrstev (opét nachylnych viici ostriivkové nestabilité) prokla-
danych plazmoidy (Barta et al. 2011b). V takto prakticky fraktalné strukturované proudové
vrstvé (Shibata & Tanuma 2001) probihd rekonexe magnetického pole vedouci transformaci
jeho energie v kinetickou energii ¢astic, Jouleovo teplo, pohybovou energii plazmatu, energii
razovych vin a zareni. Detaily procesti v proudovych vrstvach (na kinetické tirovni) spojené
s urychlovanim castic, jejichZ role je v erupcich klicova, nejsou dosud zcela zndmy a jsou
pfedmétem intenzivniho studia (Barta et al. 2011b,a).

Svazky vysokoenergetickych nabitych ¢4stic urychlenych v korondlni proudové vrstvé
se pohybuji podél nové prepojenych magnetickych silocar, které vytvareji smérem k fotos-
féfe magnetickou arkddu, jejiZ vySka roste s Casem a polohy ukotveni pfepojenych siloCar
se s postupujici rekonexi vzdaluji od neutrélni linie (Kopp & Pneuman 1976). Svazky ¢éstic
pohybujici se smérem k chromosféfe prochazeji nejprve pomérné fidkym plamatem v koréné
a prechodové oblasti, kde 1ze prakticky zanedbat vliv coulombovskych sraZek netermalnich
Castic svazku a Castic okolni atmosféry. Tato situace se zdsadné méni v chromosféte, kde
ve standardnim pfibliZeni tzv. tlustého terée dochédzi diky coulombovskym srazkam k rychlé
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disipaci kinetické energie ¢4stic svazku, emisi netermdlniho brzdného zafeni v tvrdém rent-
genovém oboru (Brown 1971) a soucasné k rychlému ohievu chromosféry na vysoké teploty.
Tato faze erupce, od okamziku akcelerace ¢éstic v koréné a bombardovéani chromosféry spo-
jené s emisi HXR se nazyva impulzni fazi.

Prudky ohiev chromosféry v disledku termalizace svazkli vysokoenergetickych ¢astic
ma za ndsledek vyparovani, v impulzni fazi erupce explozivni, horkého chromosférického
plazmatu do korény, pfiemz vyparfené plazma sleduje diky nizkému plazmatickému para-
metru S8 tvar pfepojenych magnetickych siloCar (Kopp & Pneuman 1976). Vzhledem k pos-
tupnému ndristu hustoty a teploty plazmatu v korondlni ¢asti erupcnich smycek zacinaji tyto
¢asti intenzivné zafit v SXR.

1.3.4 Gradualni faze

o v s

Postupujici rekonexe postupné odfizne sledovanou horkou erupcni smycku od svazki ¢astic
generovanych v koréné a impulzni ohfev chromosféry se posune dal od neutrélni linie. Sle-
dovana smycka zacina chladnout v disledku vedeni tepla a zafivych ztrat (napf. Varady &
Heinzel 1997a). Diky vedeni tepla z horké koronalni Casti smycky smérem k chromosfére
muze jesté v této fazi erupce pokracovat vyparovani chromosférického plazmatu. Tato faze
erupce se nazyva gradudlni. Nad arkddou chladnoucich smycek miiZe pokracovat rekonexe
a tvorba novych horkych smycek az do ukonceni rekonekce. Tento model proto predpovida
narust vysky arkady erupcnich smycek s ¢asem a skutecnost, Ze horké smycky lezi vzdy nad
smyckami chladnéj$imi.

Od okamziku kdy v koréné skonc¢i rekonexe magnetickych poli, konci pfisun energie do
erupcnich smycek a nastdva postupné chladnuti. Observacné se to projevi tak, Ze se v chlad-
arkady. Ty déle chladnou pfi sou¢asném odtoku chladného plazmatu do chromosféry (Varady
& Heinzel 1997b; Varady et al. 2000). Tyto smyCky se ve stars{ literatufe oznacuji terminem
smyckové protuberance, v posledni dobé se ustalilo oznaceni chladné poerupcni smycky.

1.4 Observacni vlastnosti erupci

CSHKP model je velmi uspéSny z hlediska interpretace pozorovani erupci zejména na vel-
kych prostorovych Skalach ve vSech oborech elektromagnetického spektra. V nésledujicich
odstavcich shrneme klicovad observacni fakta, kterd dokladaji procesy a konfigurace pied-
pokladané ,,standardnim modelem*.

1.4.1 Rekonexe v koroné

Prvni a klicova pozorovani prokazujici existenci pfed rekonekénich konfiguraci poli v koréné
a probihajici rekonexi samotnou pochdzeji z rentgenového dalekohledu SXT na kosmické
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slune¢ni observatofi Yohkoh (Tsuneta et al. 1991). Jedna se zejména o objev tzv. prilbico-
vitych struktur (cusp structures) (Tsuneta et al. 1992), které odpovidaji tvaru magnetického
pole v okoli rekonekéniho X nebo Y-bodu (Priest 1981), v némz se pfedpokladé probihajici
rekonexe. Znakem magnetické rekonexe probihajici v koréné podle ,,standardniho modelu*
je mimo jiné rostouci vysSka X, Y-bodu a arkddy erupcnich smycek. V literature existuje fada
pozorovani doklddajici toto chovani (Cheng 1980; Svestka et al. 1987; Varady et al. 2000).
Dopplerovské indikace toki plazmatu nevyhnutelné provézejicich rekonexi magnetickych
poli se podafilo ziskat naptiklad v praci Kotr¢€ et al. (1998). Pozorovani rekonfigurace mag-
netickych poli v koréné jsou v soucasné dobé celkem bézna (Liu & Wang 2009; Su et al.
2013) a lIze je dokonce pouzit k odhadiim volné energie v korondlnim magnetickém poli
pred a po erupci (napf. Schrijver et al. 2008). Nové se ukazuje prekvapivy fakt, Ze rekonexe
korondlnich poli miiZe vést k pozorovatelné zméné konfigurace poli fotosférickych (Liu et al.
2012).

1.4.2 Urychlovani, transport a termalizace svazku castic

Nejvyznamnéjs$im prikazem piitomnosti vysokoenergetickych svazkl ¢astic, zejména elek-
tronovych, v erupcich jsou pozorovani silnych zdrojii netermalniho HXR zéieni vychazeji-
ciho z chromosféry z mist, kterd odpovidaji ukotveni erupcnich smycek (viz modré kon-
tury v chromosférickych erupCnich stuzkdch na obr. 1.5). Tato pozorovani lze pfirozené
vysvétlit jako interakci vysokoenergetickych elektronovych svazki s relativné hustym chro-
mosférickym plazmatem pfi niZ je emitovdno netermdlni brzdné zareni v tvrdém rentge-
novém oboru. Velmi dspéSnou, dnes jiz klasickou, teorii emise HXR z oblasti ukotveni
erupCnich smycek, tzv. model tlustého terce, vypracoval Brown (1971). Tento model predpo-
klada, Ze kineticka energie netermalnich elektronti je disipovana vyhradné coulombovskymi
srazkami (Emslie 1978) na relativné malé vzdalenosti. Pomoci pfibliZeni tlustého terCe a ze
znalosti spektra a intenzity HXR vychazejictho z chromosféry 1ze urcit parametry primdrniho
elektronového svazku. Zpracovani chromosférickych HXR pozorovani ukazuji, ze elektronové
svazky maji energetickd spektra blizka bud’ jednoduchym, nebo lomenym mocninnym spek-
trim. V piipad€ jednoduchych mocninnych spekter 1ze pak tok netermalnich elektrond F(E)
v jednotkdch elektron cm~2s~! eV~! vyjadfit vztahem

Fo [ E\®
F(E)=(,-2)—|— , E>E,,
(E) = (0 )Eg(Eo) pro 0

kde Ej je dolni energetickd mez, d mocninny index spektra a 7 celkovy energeticky tok elek-
tronového svazku, ktery ma ve slune¢nich erupcich tytpické hodnoty ~ 10°~10'? ergcm=2s7!.
Analyzou HXR pozorovani erupci 1ze tedy ziskat parametry elektronovych svazkd, které 1ze
pak s vyhodou pouZit jako vstupni data do erupcnich modelt. V dal$i kapitole uvidime, Ze
prave toto je cesta, kterou jsme pouZili v naSich modelech.

Skutecnost, Ze pri ohifevu chromosféry v erupcich hraji dileZitou roli svazky vysokoener-

getickych ¢astic dnes jiZ neni v literatufe zpochybiiovdna. Na druhou stranu stdle nepanuje
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Obrazek 1.5: RHESSI pozorovani erupce v HXR oboru na energiich 12 — 15 keV (Cervené
kontury) a 250 — 500 keV (modré kontury) prelozené pfes TRACE UV pozorovani chromos-
férickych erupCnich vldken ve spektrdlnim okné 1600 A (Krucker et al. 2008a).

shoda nad tim, zda jsou svazky s takovymito ohromnymi energiemi opravdu urychlovany
vyhradné v koréné a pak, z hlediska urychlovéni Castic, pasivné transportovany korénou a
prechodovou oblasti do chromosféry. Pozorovani svédcici o pritomnosti svazku Castic v ko-
roné jsou zejména z radiového a HRX oboru. V 90. letech objevil Masuda et al. (1994) zdroj
HXR zafeni v kor6né, v oblasti nad arkddou erup¢nich smycek (modré kontury v koréné
v pravém panelu obr. 1.5). Se zvySenim citlivosti novych pfistroji (RHESSI) se pozorovani
netermalnich korondlnich zdroji stala vice méné béZznymi (Krucker et al. 2008b). Navic se
diky RHESSI datim pozoruji v oblasti erupcnich smycek nizkoenergetické tepelné zdroje
HXR (viz Cervené kontury na obr. 1.5). Netermdlni korondlni zdroje HXR jsou interpre-
tovany jako mista, kde Casticové svazky mifici smérem k chromosféfe interaguji s magnet-
ickym polem uzavienych erupCnich smycek, v mistech kde se mohou vyskytovat tzv. ko-
labujici magnetické pasti, které mohou prispivat k urychlovani netermalnich elektront (Kar-
licky & Barta 2006). Dalsi indikace pochazeji z radiovych pozorovéni, kde vzplanuti typu
IIT nebo U jsou interpretovany jako diisledky priletii vysokoenergetickych elektronovych
svazkl plazmatem slunecni atmosféry (Bastian et al. 1998). Pfimou souvislost ohfevu chro-
mosféry a vysokoenergetickcych svazkd ¢astic mimo jiné dokladd observa¢né prokazana
casova korelace intenzit Ha jader a toku HXR (Radziszewski et al. 2007, 2011).
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1.4.3 Chromosférické vyparovani a topologie erupccich smycek

Nevyhnutelnym diisledkem interakce vysokoenergetickych svazka Castic a hustého chromo-
sférického plazmatu je prudky ohfev chromosféry a expanze hustého a horkého chromo-
sférického plazmatu do korény tzv. explozivni chromosférické vyparovéani. Analyzy Dopp-
lerovskych posuvil v impulznich fazich erupci v horkych EUV ¢arach (T > 1 MK) ukazuji,
Ze rychlosti plazmatu pii jeho explozivni evaporaci do korény dosahuji hodnot ~ 100 —
200 km s! (napf. del Zanna et al. 2006). V chladngjsich ¢ardch (T ~ 10 kK) dosahujf
rychlosti evaporace pouze nékolika desitek km/s. Dokonce i po ukonceni impulzniho ohfevu
smycek, tedy v gradudlnich fazich erupci, se pozoruje vyparovéani chromosférického plaz-
matu, byt s rychlostmi plazmatu podstatné mensimi (~ 1 — 10 km s™1), pficemZ v chlad-
néjSich EUV cCarich se systematicky pozoruji rychlosti mensi, nez v ¢ardch horkych (napf.
Czaykowska et al. 2001). Tento jev se nazyva tzv. jemné vyparovani (gentle evaporation).
Diusledkem explozivni evaporace je rychlé zformovani tzv. horkych erupcnich smycek dobie
znamych z pozorovéni erupci v SXR oboru. Teplota plazmatu v téchto smyckich dosahuje
hodnot od jednotek MK az do 30 MK a hustota od ~ 10° cm™ (Varady et al. 2000) v extrém-
nich piipadech t€méf 10'> cm™ (Veronig & Brown 2004).

Dal$im vyraznym argumentem ve prospéch CSHKP modelu zaloZeného na rekonexi ko-
ronalnich magnetickych poli je pozorovany nartst vysky arkad erupénich smycek s probi-
hajici rekonexi a observacni potvrzeni, Ze horké smycky lezi nad smyckami chladnéj$imi
(Cheng 1980; Svestka et al. 1987; Varady et al. 2000) a pozorovani postupného vzdalovéani
se jasnych chromosférickych Ha jadérek (kernels) nebo stuzek (ribbons) od neutrdlni linie.
Bylo dokonce ukdzano, Ze rychlost pricného pohybu erup¢nich stuzek vzhledem k neutral-
ni linii koreluje s nékterymi vlastnostmi HXR emise z oblasti ukotveni erupcnich smycek

(Fletcher & Hudson 2002).

1.4.4 Chladnuti a rozpad poerupcnich smycek

Posledni vyvojovou fazi erupci je chladnuti horkych erupcnich smycek (Varady et al. 2000),
které se diky zarivym ztratdm a vedeni tepla (Varady & Heinzel 1997a) postupné objevuji
v Cardch s niZ§i a niz8i formacni teplotou. Pfi teplotach kolem ~ 100 kK, kde kiivka opticky
tenkych zérivych ztrat pro korondlni plazma dosahuje maxima, dochdzi ke katastrofickému
chladnuti a sou¢asnému rychlému odtoku plazmatu z arkddy poerupcnich smycek. Tento jev
je pozdé€ji pozorovan typicky v ¢are Ha, zejména na okrajich slune¢niho disku (Varady &

Heinzel 1997b). Diive byl oznacovén jako smyckova protuberance.

1.5 Alternativy a modifikace CSHKP modelu

CSHKP model velmi pfirozené a ndzorn¢ interpretuje observacni vlastnosti erupci a z tohoto
pohledu je povazovan za nesmirné uspésny. Na stranu druhou, pokud hloubéji analyzujeme
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jeho diisledky z hlediska fundamentdlni fyziky a vezmeme v tivahu hodnoty nékterych ve-
licin, které vychazeji z pozorovani a jednoduchych odhadi, model se dostiva do velmi
obtizné prekonatelnych problémii. Tyto problémy v posledni dobé¢ ziskdvaji na naléhavosti
zejména diky nové generaci pozorovani erupci pristroji pracujicimi v oboru tvrdého rentge-
nového zafeni, jako byl napriklad teleskop HXT/Yohkoh (Kosugi et al. 1991), nebo v sou-
Casné dobg stdle jeste funkcni RHESSI (Lin et al. 2002b) a kterd nejsou kompatibilni s kla-
sickym CSHKP modelem. ReSeni téchto problémd je jednou z hlavnich, v sou¢asné dobé
feSenych otazek fyziky erupci. Situaci kolem CSHKP modelu vystizné formuloval v rdmci
konferen¢ni diskuse Hudson (2012): ,,Pro¢ standardni model erupci tak skvéle vysvétluje
pozorovani, kdyz z fyzikdlniho hlediska nemiZe fungovat?*

V tomto ¢lanku identifikujeme hlavni problémy CSHKP modelu, jejich dusledky a pred-
stavime nékteré pokusy o jejich feSeni, které se ubiraji dvéma cestami. Jednou jsou pokusy
o jeho modifikaci (Karlicky 1995; Vlahos et al. 2004; Turkmani et al. 2005, 2006; Brown
et al. 2009; Gordovskyy & Browning 2011; Turkmani & Brown 2012; Karlicky & Kontar
2012). Ty predpokladaji existenci sekunddrni akceleracni oblasti, kde se netermalni ¢dstice
urychluji béhem svého transportu z primdrni urychlovaci oblasti, o niZ se v souladu s CSHKP
modelem pfedpokldda, Ze je umisténa v koréné. Druhou cestou jsou pak pokusy o navrzeni
modelu zcela nového, které premist’uji oblast klicového urychlovani svazki ¢astic z fidké
korény do husté chromosféry, tedy do oblasti kde jsou svazky ¢éstic zdroven termalizovany
(Fletcher & Hudson 2008).

1.5.1 Hilavni problémy CSHKP modelu

Nejmarkantnéj$im problémem klasického CSHKP modelu je tzv. problém poctu (netermal-
nich) elektront' v erupcich (Brown & Melrose 1977). Vezmeme-li v tivahu pozorované in-
tenzity a spektra netermdlniho brzdného HXR emitovaného v oblastech termalizace elek-
tronovych svazki, Ize za predpokladu kolizniho tlustého terée snadno urcit odpovidajici
spektra a toky elektronovych svazkt (Brown 1971). Vzhledem k tomu, Ze icinnost produkce
netermdlniho brzdného HXR je velmi nizkd, vychézeji nesmirné vysoké typické hodnoty
tokl netermalnich elektrond v erupcich. Naptiklad Guo et al. (2013) urcovali hodnoty elek-
tronovych tokd pro fadu erupci a jejich vysledky se pohybuji od ~ 103 do ~ 10°¢ s7!, Typ-
ické hodnoty energetickych toki elektronovych svazki ve slunecnich erupcich jsou uvadény
v mezich 10° az 10'? erg cm™2 s~!. Pro charakteristické doby trvani impulzni fize erupci
~ 10? az 10° s dostdvame celkovy pocet netermdlnich elektront, které musi byt v erupcich
urychleny na energie > 10—20 keV az 10*. Toto mnozstvi fadové prevysuje podet elektronl
v korondlni ¢asti erupcnich smycek a blizi se odhadim celkového poctu elektronil v koréné.
Podle standardniho CSHKP modelu, ktery pfedpokldda jedinou akceleracni oblast v koréné
musi byt toto mnoZstvi ,,shromdzdéno* a urychleno v koréné, nasledné transportovéano ko-
rénou a prechodovou oblasti do chromosféry a zde termalizovano.

'V anglické literatuie ’electron number problem’.
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DalSi nesmirné€ vazny problém predstavuje samotny transport takovychto enormnich svaz-
ki Castic plazmatem korény a prechodové oblasti. Prilet svazku nabitych ¢astic plazmatem,
podle principu elektromagnetické indukce (a z divodu zachovani kvazineutrality plazmatu),
zpusobi vznik elektrického proudu (tzv. zpétny proud), ktery eliminuje Géinky proudu ge-
nerovaného transportem nabitych Castic (Hoyng et al. 1978; van den Oord 1990; Varady
et al. 2007; Karlicky 2009; Holman 2012). Elektrické pole vytvarejici zpétny proud brzdi
svazky Castic a vedle coulombovskych sraZzek tak ptispivd k jejich termalizaci. Tento efekt
roste s tokem elektronovych svazku, zavisi vSak také na distribucni funkci elektronti for-
mujicich zpétny proud (Karlicky 2009). Pro velké a stfedni toky by za ptfedpokladu, kdy
pro zpétny proud plati Ohmtv zdkon s klasickou Spitzerovskou rezistivitou (Spitzer 1962),
tedy v pfipadé kdy je zpétny proud tvofen pomalym driftovym pohybem elektrond bulku
a rozdélovaci funkce je blizka posunutému Maxwellovu rozdéleni, by tento efekt nejenze
dominoval disipaci energie coulombovskymi srdzkami, ale také by vedl k posunuti maxima
energie deponované svazky do oblasti nad chromosféru (Varady et al. 2005). Dalsi tfidu prob-
1ému predstavuje vznik Langmuirovskych vin a fady nestabilit (napi. Weibelovy nestability),
které dale znesnadiuji transport netermdalnich Castic plazmatem slune¢ni atmosféry (Kar-
licky 2009; Matthews et al. 1996). Vzhledem k témto problémim je v soucasné dobé snaha
modifikovat, nebo nahradit CSHKP model tak, aby byly z korény transportoviany svazky
¢astic s podstatné niZ8imi toky.

Skute¢nost, ze CSHKP model je nutné modifikovat nebo nahradit napovidaji také nova
RHESSI pozorovani chromosférickych neterméalnich HXR zdrojt. Napfiklad Battaglia et al.
(2012) se bezuspésné pokouseli pomoci kolizniho tlustého terce, ktery je esencidlni soucasti
CSHKP modelu, vysvétlit vertikalni rozméry a polohy zdroji HXR zafeni méfené na zakladé
pozorovani ziskanych RHESSI (Battaglia & Kontar 2011). Také méfeni distribucni funkce
netermalnich elektrond v oblasti tlustého ter¢e (Kontar & Brown 2006) indikuji prekvapivou
izotropii netermdlnach elektront a to i ve vertikdlnim sméru. Tento vysledek je zcela v roz-
poru s predpovéd’mi CSHKP modelu, ktery pfedpovida silné smérovani svazku smérem k fo-
tosfére.

1.5.2 Modifikace a alternativy

Jak jsme jiz uvedli, modifikace CSHKP modelu z posledni doby spocivaji v jeho doplnéni
o dal$i (sekundarni) akceleracni oblast. V této oblasti jsou netermdlni elektrony urychlené
v primarni akceleracni oblasti v koréné urychlovany bud’ béhem jejich transportu z kordny,
nebo piimo v oblasti kolizniho tlustého terce.

Reakcelerace stochastickymi elektrickymi poli

Jednou takovou modifikaci je model analyzovany v praci Brown et al. (2009) a navrZeny
na zakladé praci (Turkmani et al. 2005, 2006). Tato modifikace ve shodé¢ s CSHKP mo-
delem predpoklada primarni urychleni elektronii svazku v koréné a jejich nasledny trans-
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Obrazek 1.6: Pravy panel: llustrace stochastickych rezistivnich elektrickych poli mod-
elovanych v MHD pfibliZzeni. Pole v cervenych oblastech urychluje elektrony smérem
k hornimu okraji oblasti, modré smérem k dolnimu okraji. Pfevzato z Turkmani et al.
(2006). Levy panel: MHD simulace Casového vyvoje magnetického pole (zelené Cary) ve
smycce, kterd se zuZuje smeérem k ukotvenim a ma nenulovou helicitu. Odstiny hnédé koduji
proudové hustoty ve smycce. Pfevzato z Gordovskyy et al. (2013).

port do chromosféry. V chromosféfe se pak predpoklddéd sekunddrni urychlovédni netermal-
nich elektronti svazku stochastickymi elektrickymi poli (viz obr. 1.6), které jsou generovany
ve stochastickych proudovych vrstvach, jeZ jsou vytvareny v disledku turbulentnich po-
hybi plazmatu ve fotosfére (Turkmani et al. 2005, 2006). Ukazuje se, Ze reakcelerace elek-
tronovych svazki v oblasti tlustého terce prodluzuje stfedni doby Zivota jednotlivych neter-
malnich elektronti a umoziuje tak docilit pozorovanych tokii HXR a erupcnich ohfevi pro
podstatné nizsi elektronové toky generované v primérni akceleracni oblasti v koréné. Tato
modifikace tak dovoluje podstatné oslabit poZadavky na dcinnost korondlniho akceleratoru.
V nasich pracech (Varady et al. 2014, 2013) jsme tyto zavéry potvrdili pro stochasticka elek-
trickd pole s nenulovymi i nulovymi stfednimi hodnotami.



16 KAPITOLA 1. SLUNECNI ERUPCE

Propagating twist .
(Alfven mode) v, Pre-flare
- ~,_field config.

Wave in progress,
accelerating electron

. ) Shrinking loop
in parallel E field

(Fast mode)

Change in
/" Alfven wave packet ! line-of-sight

y Chromosphere Turbulent $ i photospheric
acceleration e i magnetic field
in chromosphere ==\

Photosphere

Obrézek 1.7: Alternativni model erupce navrzeny autory Fletcher & Hudson (2008), ktery
predpokladd, Ze dominantni ¢4st energie uvolnéna pri rekonexi magnetickych poli v koréné
je do chromosféry transportovana nikoli ve formé vysokoenergetickych svazku elektronti
s extrémnimi toky, ale ve formé Alfvénovych vin. Pfevzato z Fletcher & Hudson (2008).

Reakcelerace ve smyckach s helikalnim magnetickym polem

V préaci Karlicky (1995) je navzen dal$i mechanismus, ktery vede k sekunddrni reakcele-
raci netermalnich elektronti, primarné urychlenych v koréné€, podél celé jejich trajektorie
z korény do chromosféry. Zde je sekundarni reakcelerace zptisobena malymi statickymi
elektrickymi poli, kterd jsou generovana v diisledku nenulové helicity magnetického pole
v erupCnich smyckéch (napt. Gordovskyy & Browning 2011, 2012; Gordovskyy et al. 2013).
V dusledku strmého poklesu elektrické vodivosti plazmatu v chromosféfe a predpokladané
konvergence magnetického pole v této oblasti, dosahuji velikosti elektrickych poli v chro-
mosféfe svého maxima. Na rozdil od stochastické reakcelerace jsou staticka elektrickd pole
orientovdna podél celého proudového vldkna stejnym smérem a vysledkem tedy je nesymet-
ricky ohfev v mistech obou ukotveni vldkna v chromosféte, protoZe netermdlni elektrony
Sitici se z vrcholu smyc¢ky jsou na jednu stranu statickym polem urychlovéany, na druhou
stranu brzdény. Dusledky tohoto mechanismu na produkci a spektra HXR a na erupcni ohiev
chromosféry byly studovany pro rizné parametry statickych poli v praci (Varady et al. 2014).

Reakcelerace diky interakcim svazek — plazma

Dalsi mechanismus reakcelerace netermalnich elektronovych svazki Siticich se plazmatem
erupcnich smycek k chromosféie navrhli Karlicky & Kontar (2012), ktefi pouZzili elektro-
magneticky 3-D particle-in—cell (PIC) kéd ke studiu chovani netermdlnich elektronti v sys-
tému obsahujicim monoenergeticky elektronovy svazek a plazma. Vedle disipace energie
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netermdlnich elektronii v disledku coulombovskych srdazek shledali, Ze nezanedbatelna po-
pulace netermdlnich elektrond (=~ 10 — 30%) je pii transportu v koréné urychlovana nad
svou ptvodni energii diky interakci svazku s Langmuirovymi vinami, které se nevyhnutelné
vygeneruji ve studovaném systému (viz také Varady et al. 2007).

Alternativni model s transportem energie z korony Alfvénovymi vinami

V soucasné dobé ziejmé nejdiskutovanéjsi alternativou CSHKP modelu je model navrzeny
autory Fletcher & Hudson (2008) (viz obr. 1.7). Tento model zcela opousti paradigma do-
minantniho korondlniho akceleratoru, jakoZto zdroje urychlenych castic, které transportuji
vyraznou ¢4st energie uvolnéné pii rekonexi korondlnich poli ve formé intenzivnich vysoko-
energetickych svazk ¢astic do chromosféry, kde jsou termalizovany. Podobné jako CSHKP
sice predpokldadd akumulaci magnetické energie v koréné, ale pfisuzuje prvoradou roli pfi
transportu energie akumulované v koréné a uvolnéné béhem rekonexe mohutnym pulzim
Alfvénovych torznich vin. Netermélni ¢4stice urychlené v korondlni proudové vrstvé pri
rekonexi hraji z hlediska energetické bilance zcela druhotadou roli. Autofi popisuji dva
zptisoby urychlovani elektronti. Samotné §iteni Alfvénovych torznich vin v koréné miize
vést k urychlovani elektronli na deka-keV energie a v okamziku interakce Alfvénovych
vin s hustou chromosférou dochazi nejen k jejich odrazu, ale také ke konverzi vinovych
madu, pricemz se vytvoii kaskdda vin s vysokymi vlnovymi Cisly. Pritom dochézi ke stocha-
stickému urychlovani elektronl v husté slunecni chromosféfe, které pak emituji pozorované
netermdlni brzdné HXR. Tento model se tak elegantné vyrovnava s problémem poctu elek-
tront v erupcich, protoze elektrony jsou urychlovany oblasti, kde je jich dostateny pocet a
soucasné jsou ve stejné oblasti termalizovany.



Kapitola 2

Modelovani erupcnich procesu

Modelovani procesii probihajicich ve slunecnich erupcich je v soucasné dobé¢ tézistém mé
odborné prace. Ve své habilitaci uvddim pouze dvé kategorie modelt: zafivou hydrody-
namiku (RHD) a ¢4sticové modelovani transportu a termalizace netermdlnich ¢éstic v plaz-
matu, prostoupeném magnetickym polem v erupénich smyckach. Nejprve se budeme zabyvat
zafivou hydrodynamikou (Mihalas & Mihalas 1984), kterd spojuje hydrodynamiku a non-
LTE prenos zéafeni a umoZiuje tak modelovat Casové zdvislé erupéni profily opticky tlustych
Car ve vizudlnim oboru, tedy Car s potencidlné vysokou diagnostickou hodnotou. Tohoto té-
matu se tykaji prace 1 — 5, pricemz pro posledni praci je klicovd modifikace ¢asticového
kédu pro neutrdlni svazek.

Dale se budeme zabyvat modelovanim nékterych aspektti souvisejicich s transportem a
depozici energie v erupcich prostfednictvim netermalnich Castic. Ty podle vétSiny soucas-
nych pfedstav prendSeji energii z oblasti své akcelerace v koréné do oblasti tlustého terce
v chromosféfe, kde jsou termalizovany. V pracech 6 a 7 modelujeme vliv zpétného proudu
na erupcni chromosféricky ohiev. Zde také detailn€, na mikroskopickych skédlach, zkoumame
formovéni zpétného proudu 1-D particle-in-cell (PIC) kédem. Vysledky téchto studii jsou
pak pouzity v praci 8, kde pomoci vytvorenych modell tcinkt zpétného proudu na termal-
izaci elektronovych svazki a RHD zkoumdme jeho vliv na formovani optickych car. V sou-
vislosti s problémy klasického CSHKP modelu erupci (viz ¢l. 1.5.1), opét metodou testo-
vacich Castic, studujeme v pracech 9 az 11 disledky nékterych modifikaci modelu kolizniho
tlustého terce. Tyto problémy jsou stile velmi aktudlni a nadéle na nich pracujeme.

Kromé téchto témat jsem déle spolupracoval jako Skolitel konzultant na Ph.D. projektu
zabyvajicim se feSenim soustavy magnetohydrodynamickych rovnic (MHD) pomoci metod
konec¢nych prvki (FEM) (Skdla et al. 2011), jehoz cilem bylo zmapovat potencidl FEM pri
zkoumdni jemnych struktur vznikajicich v oblasti korondlni rekonekéni proudové vrstvy.
Ty podle soucasnych predstav hraji kliCovou roli pfi urychlovani ¢astic. V letoSnim roce
jsem zacal vést dalSiho Ph.D. studenta (Mgr. David Kramoli§) s nimZ feSim problematiku
urychlovéni nabitych ¢éstic v rekonek¢nich proudovych vrstvach pomoci ¢asticového kodu,
ktery pfepind mezi guiding center approximation (GCA) a full orbit integraci podle lokal-
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nich parametrd casové proménného elektromagnetického pole. Vstupem do téchto simulaci
je predpocitany Casovy vyvoj konfiguraci elektromagnetického pole ziskany pomoci MHD
simulaci (Barta et al. 2011a,b).

2.1 Zariva hydrodynamika erupci

Dominantni ¢ast energie vyzafend béhem slunecnich erupci pochédzi z chromosféry (Nei-
dig 1989; Fletcher et al. 2010). Erupce se zde projevuji jako silnd lokalizovana zjasnéni
v mistech ukotveni horkych erupcnich smycek, které v koréné a prechodové oblasti zaii ze-
jména v EUV a SXR oborech. Skutecnost, Ze v dolni atmosfére Ize tyto smyCky povazovat
za prakticky vertikdlni, spolu s anizotropii, kterou do problému vnési pfitomnost magnet-
ického pole, jez urCuje tvar smycky (predpokladd se nizky plazmovy S parametr), umoZiuje
modelovat procesy v erupcnich smyckach a chromosférickou emisi v prvnim pfiblizeni jako
1-D problém. Zariva a termodynamicka odezva chromosféry na depozici erupéni energie
transportované ve formé vysokoenergetickych svazkl nabitych Castic, zejména elektrontl,
z akceleracni oblasti, jeZ podle klasického CSHKP modelu lezi v koréné, do nizsich vrstev
atmosféry se modeluje dvéma zptsoby.

Jednou moZnosti jsou tzv. semi-empirické modely, jejichz zdkladem jsou bud’ pozorovana
spektra erupci, nebo pozorovéni erupcni oblasti spektroheliografy ¢i dzkopdsmovymi fil-
try v nékolika spektralnich Gardch. Casovy vyvoj erupéni atmosféry se pak modeluje jako
série fyzikalné vzdjemné neprovazanych stavi tak, Ze se pozorovana spektra fituji spek-
try vypoctenymi, kterym odpovidaji rizné stavy erupcni atmosféry (Machado et al. 1980;
Fang et al. 1995). Problémem této metody je otdzka jednoznacnosti ziskanych teplotnich,
hustotnich a ioniza¢nich profilii erupéni chromosféry. Druhou cestou k ziskani teoretick-
ych erupénich spekter a casového vyvoje profilii termodynamickych parametri chromosféry
jsou Casové zavislé zarivé hydrodynamické modely pocitané ,,ab initio*. Jejich vystupem
jsou Casové zavisla self-konzistentné modelovand erupCni spektra, kterd mohou byt pfimo
porovndna s pozorovanimi. Vysledky prezentované v této praci jsou ziskané pravé touto
metodikou.

Podle prakticky vSech v soucasnosti uvazovanych erupénich modeld, je chromosférické
plazma v impulzni fazi bombardovano svazky vysokoenergetickych netermdlnich ¢éstic s Ca-
sové rychle proménnym energetickym tokem a spektrem a je tak vystaveno intenzivnimu,
prostorocasové proménnému depozitu energie. Dusledkem je, Ze erupcni chromosféra je
nesmirné dynamickym prostfedim, kde se stav plazmatu méni na sub-sekudovych casovych
Skdldch modulovanych Casovym vyvojem energetického toku netermdlnich ¢éstic. Situaci
déle komplikuje pfitomnost svazkli netermdlnich ¢astic, diky nimZ je v impulzni fazi erupce
chromosférické plazma nemaxwellovské. Mimo jiné, pravé tuto skute¢nost se na rozdil od
ostanich autorti snazime ve svych modelech zohlednit.

Historicky prvni, pfelomové price v oblasti ab initio RHD modelt slunecnich erupci
byly vytvoreny v 80. letech. Popis modelti, vysledky a zkuSenosti byly publikovany v sérii
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klasickych praci McClymont & Canfield (1983a,b); Canfield et al. (1983); An et al. (1983);
Fisher et al. (1985a,b,c). Pro erupcni ohfev byly vyuzity analytické vztahy pro depozici en-
ergie vysokoenergetickych elektronovych svazki s mocninnymi spektry zptisobenou cou-
lombovskymi srdzkami netermdlnich Castic s ¢asticemi okolniho plazmatu v pfiblizeni tzv.
studeného terce (Emslie 1978). Tyto modely v hlavnich rysech popsaly dynamiku erupcni
chromosféry, pohyb chromosférické kondenzace smérem k fotosféie, explozivni evaporaci
zhavého chromosférického plazmatu do korény a formovéni nékterych opticky tlustych chro-
mosférickych Car v erupcich. V posledni dobé byly zdokonalené 1-D RHD modely pub-
likovany skupinou z University of Washington v pracech (Abbett & Hawley 1999; Allred
et al. 2006). Tyto modely vyuZzivaji RHD kéd RADYN vyvinuty na University of Oslo (Carls-
son & Stein 1995, 1997).

2.1.1 HYDRAD

Téméer vSechny vysledky prezentované této kapitole byly ziskdny s vyuZzitim kédu HYDRAD,
nebo jeho Casti. Tento kéd v minulosti vyvinula a nyni udrzuje a zdokonaluje naSe skupina
z AsU AV v Ondiejové a UJEP v Usti nad Labem ve sloZeni M. Varady, J. Ka$parova,
P. Heinzel, Z. Moravec a M. Karlicky. HYDRAD je hybridni 1-D RHD model erupéni
smycCky, kde erupéni ohfev je dan vystupem z kddu modelujiciho transport netermdlnich ¢as-
tic slunedni atmosférou metodou testovacich ¢astic (TPC)!. HYDRAD je popsén v praci 1 a
jeho non-LTE ¢ast pro transport zafeni pak detailnéji v praci 2. V praci 1 je rovnéz demon-
strovén potencidl kédu modelovat ¢asovy vyvoj (~ 10 s) vodikovych ¢ar He a HB odpovi-
dajici elektronovému svazku s Casovym vyvojem spektra a energetického toku odvozenym
z HXR pozorovani redlné erupce. Kod vznikl propojenim nékolika ptivodné autonomnich
kédu, které selfkonzistentné modeluji ndsledujici aspekty erupci:

(1) kod s testovacimi Casticemi simuluje Sifeni a termalizaci netermdlnich svazkl Castic
s mocninnymi spektry tvorenych elektrony, protony, pfipadné neutralizovanymi ion-
tovymi svazky

(i) 1-D hydrodynamika pro popis odezvy chromosférického plazmatu s nizkym S na
erupcni ohfev zprostiedkovany disipaci kinetické energie svazkl vysokoenergetickych
Castic

(iii) Casové zdvisly non-LTE prenos zafeni pro 5-ti hladinovy + kontinuum model atomu
vodiku, jehoZ vystupem je Casovy vyvoj ionizace vodiku v chromosféie a intenzit

vodikovych ¢ar

Vsechny kédy mohou pracovat jak v propojeném rezimu tak samostatné.

ITest—Particle Code
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Model erupéniho ohtevu je klicovou casti kazdého erupéniho kédu. HYDRAD je unikét-
ni tim, Ze pro vypocet erupcniho ohfevu vyuzivd TPC, ktery zcela pfirozené a selfkonzis-
tentné¢ simuluje celou fadu aspekti dynamického ohfevu chromosféry vysokoenergetick-
ymi svazky castic s mocninnym energetickym spektrem. Proces transportu, termalizace a
rozptylu svazkl vysokoenergetickych nabitych Castic z mista jejich urychleni ve slune¢nim
plazmatu lze popsat v difuznim pfiblizeni v 6-D dimenziondlnim fdzovém prostoru pomoci
Fokker-Planckovy (FP) rovnice. MacKinnon & Craig (1991) ukdzali a ovéfili, Ze feSeni
této rovnice neni nutné provadét sit ovymi metodami v 6-D fazovém prostoru, ale je mozné
tuto rovnici prepsat na soustavu stochastickych obycejnych diferencidlnich rovnic, které je
mozno se znalosti difiznich koeficientti FP rovnice feSit metodou Monte-Carlo (Bai 1982).
Modelovani erupcniho ohfevu pomoci testovacich Castic je unikatnim rysem naSeho kodu.
Tento pristup nejen pfirozené a zcela konzistentné zahrnuje efekty souvisejici s transportnim
Casem Cdastic a Casovou proménnosti atmosféry, ale také umoziuje modelovat vliv konver-
gence magnetického pole smycky, zahrnout efekty riznych modeli zpétného proudu, pro-
cesy reakcelerace Castic béhem jejich transportu nebo modelovat procesy termalizace neu-
tralizovanych svazkli vysokoenergetickych svazki protont a ionti (Karlicky et al. 2000;
Brown et al. 2000). Vzhledem k tomu, Ze jednim z moZnych vystupti TPC jsou distribu¢ni
funkce netermalnich ¢astic v riznych hloubkéch, je tento kéd idedlnim prostiedkem k de-
tailnimu studiu HXR emise v oblasti tlustého tere (viz ¢l. 2.3 a pfiloZené prace 9, 10,
11). Navic se pro realistické modelovani konkrétnich erupci nabizi spektra a toky netermal-
nich elektrond urcené napiiklad z RHESSI pozorovani HXR emitovaného chromosférickymi
zdroji inverznimi metodami (Holman et al. 2003). Soucasnou verzi TPC vytvoril a udrzuje
na zakladé algoritmu pfevzatého z monoenergetické verze kédu (Karlicky 1990) autor této
habilitace a Z. Moravec.

Dynamika plazmatu v erup¢nich smyckach se standardné popisuje pomoci 1-D soustavy
hydrodynamickych rovnic, v jedno- nebo dvou-tekutinovém prfibliZzeni. Typické zdrojové
Cleny vyskytujici v HD rovnicich popisujicich procesy v erupcnich smyckach zohlediuji
vliv gravitaniho pole, vedeni tepla, které se diky anizotropii vnesené do plazmatu magnet-
ickym polem uvazuje pouze podél magnetickych silocar, klidny ohfev zajiStujici stabilitu
pocatecni hydrostatické atmosféry, zarivé ztraty a v neposledni fadé erupcni ohiev, ktery
nastartuje Casovy vyvoj simulace a je vystupem TPC. Klicovymi faktory téchto modelt
jsou pociteni podminky prezentované modelem prederupcni atmosféry a Casoprostorové
rozloZeni erupcniho ohfevu v atmosféfe. V naSich simulacich pouZividme jednotekutinové
pfibliZzeni a prederupcni fotosféru, chromosféru a dolni pfechodovou oblast aproximujeme
modelem VAL C (Vernazza et al. 1981) na néjz navazujeme typicky teplotni profil horni pie-
chodové oblasti a kordny tak, Ze je pocateCni atmosféra v hydrostatické rovnovaze. Délka
vypocetni domény je rovna délce erupéni smyCky nebo jeji poloving€ v piipadé osové sy-
metrickych problémil. Hydrodynamickou ¢ast kédu vytvoril a udrzuje autor habilitace. Nu-
mericky je advekce feSena explicitnim kédem vyuzivajicim LCPFCT algoritmus a stépeni
casového kroku (Oran & Boris 1987). Vedeni tepla je modelovdno semi-implicitnim Crank-
Nicolsonovym algoritmem. Dal$i detaily HD casti kédu jsou popsdny v pracech 1 a 3.
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ProtozZe zativé pole v chromosféte, zejména ve viditelném oboru silné interaguje s plaz-
matem a vyrazné tak ovliviiuje jeho stav, zdaleka zde neplati jednoduchy piedpoklad lokalni
termodynamické rovnovdhy (LTE) a je proto nezbytné ho modelovat v komplikovaném
casové zavislém non-LTE pribliZzeni (Mihalas & Mihalas 1984). Casové zdvisla verze kédu
pro pfenos zafeni vychazi z jeho statické verze popsané v praci Heinzel (1995). V soucas-
nosti pouzivdme 5-ti hladinovy + kontinuum model atomu vodiku a pfi vypoctu spektalnich
profilt vodikovych ¢ar zohlediiujeme skutecnost, Ze chromosférické plazma je diky pfitom-
nosti netermalnich elektront svazku nemaxwellowské (Henoux et al. 1995). Casové zavislou
verzi non-LTE kédu vytvorili P. Heinzel a J. Kasparova a je popsdna v praci 2. Zde jsou také
prezentovany prvni vysledky kédu — Casovy vyvoj profilu spektrdlni ¢ary He z typického
klidného absorpcniho profilu v typicky erupcni profil s jasnymi kiidly v emisi pro 3 hladi-
novy + kontinuum model atomu vodiku a monoenergeticky elektronovy svazek. Dilezitym
vystupem tohoto kédu z hlediska TPC a HD koédt je non-LTE ionizace vodiku v erupcni
atmosfére, ktera ovliviiuje jak jeji dynamiku, tak i termalizaci svazkli vysokoenergetickych
castic.

Kéd HYDRAD byl vybran jako jeden z klicovych kédu pro modelovani erupéni chro-
mosféry v rdmci v soucasné dobé probihajiciho evropského grantu FP-7 F-CHROMA. Kéd
je stdle intenzivné rozvijen a jsou pfipravovany rozsahlé erupcni simulace. V rdmci projektu
F-CHROMA nynf nas$i skupinu na AsU AV v Ondiejové posilila postdoktorandka Wenjuan
Liu (Ph.D. na Montana State University).

2.1.2 Odezva vodikovych ¢ar v erupcich na ohrev svazky castic

Jak jsme jiz uvedli vySe, poméry v chromosféie jsou v impulzni fazi erupci nesmirné kom-
plikované. V praci 3 jsme studovali vliv elektronovych svazkii s mocninnymi energeticky-
mi spektry s riznymi indexy a Casové proménnymi energetickymi toky rizné velikosti a
profilG na formovani vodikovych ¢ar He, HB a Hy v 5-ti hladinovém + kontinuum mod-
elu atomu vodiku na kratkych ¢asovych Skalach do ~ 5 s od zahdjeni ohfevu chromosféry.
Hlavni motivaci price bylo zjistit jakym zptsobem se piendSeji rychlé zmény toku elek-
tronového svazku do intenzit vodikovych Car, zda netermdlni elektrony vyrazné€ ovliviiuji
jejich profily a jestli 1ze z pozorovani Balmerovych Car jednoznacné usuzovat na to, Ze tyto
Cary vznikaji v oblasti nemaxwellovského plazmatu, tedy v mistech kde je maxwellovské
plazma naruSené svazkem netermdlnich ¢4stic s mocninnym spektrem. Hlavnim cilem nasSi
prace bylo pokusit se ovéfit, zda existuje diagnostickd metoda prokazujici existenci elek-
tronovych svazki v oblasti formovani vodikovych ¢ar pouze z jejich optickych pozorovant,
jak naznacuji néktefi pozorovatelé (napr. Kashapova et al. 2008).

Nase modely vedly k zji$téni, Ze intenzita vSech studovanych Balmerovych car sle-
duje modulaci toku elektronovych svazkii na sub-sekundovych skalach se sub-sekundovym
zpozdénim. K identickym zdvértim jsme dosli v praci 1, kde jsme demonstrovali potenciél
kédu HYDRAD modelovat ¢asovy vyvoj intenzit ¢ar Ho a HB na delSich casovych Skalach
desitek sekund. Tyto vysledky jsou v souladu s pozorovanimi casové korelace proménnosti
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Balmerovych €ar s modulaci toku elektronového svazku ziskaného z RHESSI pozorovéni
v nékterych chromosférickych erupnich jadrech (Radziszewski et al. 2007, 2011).

V praci 3 jsme déle studovali vliv elektronovych svazkl na formovani profili Balme-
rovych Car. Analyzou jejich kontribu¢nich funkci bylo zjisténo, Ze pfitomnost netermélnich
elektront vede k podstatnému nartistu emise ze sekundarni formacni oblasti ¢ar leZici v chro-
mosféfe nad oblasti primérni, leZici t€sné nad fotosférou. Velkd pozornost byla vénovana
hledani diagnostiky, kterd by pouze na zdkladé pozorovani Balmerovych car, ptipadné po-
mért jejich intenzit, dokdzala jednoznacné prokazat elektronové svazky v misté jejich for-
mace. PrestoZe jsme ukdzali, Ze netermdlni elektrony vyrazné ovliviiuji jejich formovant,
Zadna zcela jednoznacna diagnostika tohoto druhu nebyla potvrzena. Ur€itym znakem pfi-
tomnosti elektronového svazku v oblasti formovani ¢ar mize byt rychld modulace jejich
intenzit. K ziskdn{ jistoty je vSak nutno i tuto silnou indicii porovnat s HXR nebo rddiovymi
daty s prostorovym rozliSenim.

Elektronové svazky jsou v erupnim kontextu nejcastéji uvazovanym médiem prendse;ji-
cim energii z rekonek¢ni korény do oblasti tlustého terée v chromosfére. Na druhou stranu
z pozorovani nékterych erupci v y oboru (Lin et al. 2003) 1ze usuzovat, Ze svazky castic ob-
sahuji také tézké Castice jako jsou protony a ionty urychlené na energie az desitek GeV. N¢k-
tef{ autofi proto predpokladaji, Ze stejnou roli jako elektronové svazky mohou hrat v erupcich
také svazky neutralizovanych protont a iontt, tedy tzv. neutralni svazky (Martens 1988; Sim-
nett & Haines 1990; Sakai & Nagasugi 2007).

V praci 5 se zabyvame modelovanim spektralni odezvy balmerovskych ¢ar na bombar-
dovani chromosféry neutralizovanymi svazky protonti a ionti. Modelovani erupcniho ohfevu
umoznila modifikace TPC zaloZend na myslence (Karlicky et al. 2000; Brown et al. 2000), Ze
urychlené protony a ionty s sebou strhavaji elektrony z bulku, takZe paralelni rychlosti (vzh-
ledem k magnetickému poli) protont, iontli a urychlenych elektronti z bulku jsou totozné.
Dostdvame tak neutralizovany svazek ¢dstic. Diky své malé hmotnosti jsou vSak elektrony
na rozdil od mnohem hmotnéjSich iontl a protonli navic predmétem silného rozptylu, ale
protoze paralelni rychlosti tézkych Céstic a elektronti musi byt stejné dochdzi béhem trans-
portu k prenosu energie od tézkych castic k elektronim. Podle naSich simulaci pfejdou asi
3% energie tézkych Céstic na elektrony, takze celkova energie deponovana netermalnimi
elektrony taZzenymi protony a ionty je asi 55X vétsi nez jejich pocateCni kineticka energie
odpovidajici rychlosti t€zkych castic. Diky elektrickému sptfazeni protond a iontl s elek-
trony predstavuji neutralizované svazky jeden z mechanismi jak transportovat elektrony do
hlubokych vrstev atmosféry, kde pfes netermdlni srdzkové koeficienty vyrazné zvySuji emisi
zejména v kiidlech ¢ary Ha. Diky lokalizaci erupéniho ohfevu v dolni chromosféfe zaroven
nepozorujeme v kontribuéni funkci pro ¢aru Ha sekundéarni formacni oblast typickou pro
ohrev elektronovymi svazky. Vzhledem k tomu, Ze ¢éra je formovéna hluboko v chromos-
féfe jsou vysledky velmi citlivé na model zafivych ztrat v opticky tlustém prostfedi dolni
atmosféry. V kontextu novych pozorovani hloubek formace tvrdych HXR zdroji v prek-
vapivé hlubokych vrstvach atmosféry (Martinez Oliveros et al. 2012), predstavuji neutralni
svazky médium, které dokaze prenést energii netermalnich Castic i do té€chto vrstev.
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2.1.3 Modelovani FIR a radiovych tepelnych kontinui v erupcich

Nové instalované antény pristroje ALMA (Atacama Large Milimeter Array) pro pozorovani
v mm rddiovych vlndch a ve vzdalené infracervené oblasti (FIR) jsou diky svym vlastnos-
tem, zejména diky bezprecedentnimu prostorovému a ¢asovému rozliSeni, velkym piislibem
mimo jiné i pro slunecni fyziku vcetné fyziky erupci (Karlicky et al. 2011; Krucker et al.
2013). U erupci se v téchto oborech oCekdva emise vznikla superpozici dvou zéafivych me-
chanismu: netermalni vysokofrekvencni ¢ast mikroviného spektra bude zfejmé generovana
zejména synchrotronovym mechanismem, tedy zafenim urychlenych (relativistickych) elek-
trond a pozitroni pohybujicich se v magnetickém poli a v nizkofrekvencni oblasti bude pa-
trné dominovat termalni kontinuum vznikajici v disledku erupéniho ohfevu chromosféry
(Vial et al. 2007). Relativni diilezitost obou emisnich procest v erupcich odhadli (Ohki &
Hudson 1975). Prvni pozozorovéni erupci v téchto spektralnich oborech se v soucasné dobé
netrpélivé ocekavaji, protoze se predpokldda, Ze oteviou zcela nové spektralni okno, kterym
bude moZno pozorovat jak netermélnich elektrony, tak ohfev plazmatu pfimo v oblasti ter-
malizace elektronovych svazkd.

S ohledem na budovani ALMA, rostla poptdvka po modelech emise generované ve slu-
necnich erupcich v spektralnich oborech mm vin a FIR. V praci 4 jsme s vyuZitim naseho
koédu vytvorili dynamicky model formovani erupénich mikrovinych tepelnych kontinui. Stu-
dovali jsme vliv elektronovych svazkili s vysoce proménnym, pulzné se ménicim tokem na
formovani tepelnych kontinui v oblasti 35 yum — 1 cm a identifikovali oblast v chromos-
féfe, kde tato kontinua vznikaji. V naSich simulacich jsme zahrnuli vliv srazek netermalnich
elektront svazku s atomy vodiku. Ukézali jsme, Ze zahrnuti netermalnich koliznich koefi-
cientli ma na jejich formovani prakticky zanedbatelny vliv, nicméné intenzita téchto kon-
tinuf je korelovana s tokem elektronovych svazkt na sub-sekundovych casovych Skalach.
Diéle bylo zjisténo, ze jasnost tepelnych kontinui vyrazné roste s vinovou délkou. V klidné
VAL C atmosférie vznikaji tepelna kontinua s vinovou délkou pod 1 mm v oblasti tésné nad
fotosférou. V erupcich se oblast formace pro del$i vinové délky rozsifuje smérem vzhtiru
do oblasti depozitu erupCni energie. Nezdvislé statické modely mikrovinych tepelnych kon-
tinui v erupcich publikovali Heinzel & Avrett (2012) na zdkladé semi-empirickych modell
erupcni atmosféry ziskanych pomoci non-LTE kédu pro prenos zafeni Pandora.

2.2 Zpétny proud v erupcich

Standardni CSHKP erupcni model predpokldda transport energie ve formé vysokoenerget-
ickych elektronovych svazki s extrémnimi ¢asticovymi toky plazmatem slunecni atmosféry
z korény do chromosféry. Ten nevyhnutelné vede ke vzniku enormnich elektrickych proudd,
které se vytvori v dlisledku masivniho transportu elektrického ndboje spojeného s pfenosem
energie svazky elektronti. V elektricky vodivém plazmatu jsou tyto proudy v disledku zakona
elektromagnetické indukce a poZadavku na zachovani elektrické neutrality plazmatu prak-
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ticky okamzité pfesné vybalancoviny opaénymi, takzvanymi zpétnymi, proudy, které jsou
tvofeny volnymi elektrony plazmatu slunecni atmosféry (Knight & Sturrock 1977; Hoyng
et al. 1978; van den Oord 1990; Holman 2012). VétSina modell zpétného proudu predpok-
1ada, Ze indukované elektrické pole urychlujici volné elektrony v okolni atmosféfe vytvoii na
subsekundovych Casovych Skédldch opacny proud, ktery neutralizuje icinky proudu neseného
svazkem. Volné elektrony nesouci zpétny proud pak diky srdZkdm s ionty pfispivaji k ohfevu
okolniho plazmatu. Soucasné pak indukované elektrické pole brzdi elektrony svazku a vedle
coulombovskych srdZzek tak pfispiva k jeho termalizaci. Vliv zpétného proudu je tedy vedle
coulombovskych sraZek dal§im faktorem, ktery ovliviiuje erupéni ohfev slunecni atmosféry.
Utinky zpétného proudu na $ifeni a termalizaci elektronovych svazki byl studovan fadou
autorti, nicméné vysledky téchto studii jsou velmi nejednoznacné v zavislosti na zvolenych
metodach a uhlech pohledu. Zatimco nékteré prace prisuzuji zpétnému proudu vyznamny
dopad na termalizaci svazkid, dokonce vyznamnéj$i nezZ maji coulombovské srazky, ale-
sponi v nékterych oblastech atmosféry (napf. Emslie 1980; Brown & McClymont 1987),
jiné (Rowland & Vlahos 1985) dospivaji k opacnému zavéru. Problematika vlivu zpétného
proudu na erupéni ohfev je nesmirné komplikovana zejména z toho diivodu, Ze pro uréeni
velikosti elektrického pole generujicitho zpétny proud je nutné znat distribuéni funkci elek-
tronové slozky plazmatu. Zfejmé pravé z téchto divodi nebyly efekty zpétného proudu na
erupCni ohiev nikdy zahrnuty ve standardnich 1-D hydrodynamickych erupénich modelech,
ptestoZe jak uvadi Brown & McClymont (1987) zahrnuti zpétného proudu ovliviiuje napiik-
lad hloubku pruniku elektronového svazku do chromosféry, pomér energetickych depozitt
do chromostéry a korény a podobné. Mali tedy skutecné zpétny proud velky vliv na termal-
izaci elektronovych svazki, lze pfi jeho zahrnuti ocekdvat nezanedbatelné diisledky zejména
v HXR oboru na tvar energetickych spekter a v optickém oboru na formovani spektralnich
car.
je zaloZeno na predpokladu platnosti Ohmova zdkona pro zpétny proud bud’ s klasickou
— Spitzerovou (Spitzer 1962) elektrickou vodivosti plazmatu (Emslie 1981; Brown & Mc-
Clymont 1987; McClements 1992; Syniavskii & Zharkova 1994; Holman 2012), nebo ano-
malni elektrickou vodivosti plazmatu (Duijveman et al. 1981; Cromwell et al. 1988; Matt-
hews et al. 1996). Tyto prace zkoumaji formovani a ucinky zpétného proudu bud’ pomoci
jednoduchych analytickych modelti, nebo numerickym fesenim Fokker-Planckovy rovnice.
V tomto takzvaném ohmickém pfibliZeni se predpokladd, Ze zpétny proud je nesen elektrony
bulku jejichz driftové rychlosti jsou dostate¢né malé, aby platily predpoklady odvozeni kla-
sickych nebo anomadlnich elektrickych vodivosti plazmatu. Toto pfibliZzeni v principu zcela
zanedbava mozny vznik vysokorychlostnich *bezkoliznich’ populaci tzv. runaway elektront,
prestoZze néktefi autori obdrzeli pomérné vysokd elektrickd pole v fadu jednotek az desitek
procent pole Dreicerova (Duijveman et al. 1981). Tyto bezkolizni elektronové populace mo-
hou nést vyznamnou ¢ést zpétného proudu (Norman & Smith 1978). Pokud nastdvé tento
pripad, klasické a anomalni transportni koeficienty prestdvaji platit a ohmické ptiblizeni pie-
cenuje ucinky zpétného proudu na erupéni ohiev.
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Protipélem ohmickych modeld, které predpovidaji nejvétsi ucinky zpétného proudu na
erupéni ohfev vysokoenergetickymi elektronovymi svazky jsou modely, které pfi splnéni
urc¢itych podminek v plazmatu predpoklddaji vznik silné turbulence generované Sifenim elek-
tronovych svazki a zachyceni elektronti bulku pravé touto turbulenci. V tomto modu je pak
zpétny proud neseny pomérné malou populaci vysokorychlostnich, prakticky bezkoliznich
elektronti (Rowland & Vlahos 1985). V dasledku minimalnich koliznich ztrat elektront for-
mujicich zpétny proud, Ize ocekdvat maly vliv na termalizaci elektronti svazku.

Abychom ziskali pfedstavu o elektronové distribu¢ni funkci a mohli odhadnout v jakém
z vySe popsanych modu se $ifi zpétny proud, pokusili jsme se v pracech pracech 6 a 7
odhadnout charakter elektronové distribucni funkce plazmatu a na mikroskopické urovni
pochopit formovani zpétného proudu vyvolaného Sifenim monoenergetického svazku vy-
sokoenergetickych elektronti s vyuzitim modifikovaného 1-D particle-in-cell (PIC) kédu
(Birdsall & Langdon 1991). Vzhledem k tomu, Ze Casové Skdly odpovidajici kolektivnim
jeviim v plazmatu doprovazejici vznik zpétného proudu jako je excitace Langmuirovych vin
jsou fadové mnohem krats$i nez Casové Skdly pro srazky, modelovali jsme nejprve kolek-
tivni jevy a proces fomovani zpétného proudu na Cele svazku v bezkolizni aproximaci pro
chladné plazma. Tyto simulace ukdzaly, Ze zpétny proud stejné velikosti jako proud ne-
seny svazkem se ve studovaném systému skutecné zformuje na nesmirné kratkych ¢asovych
Skalach nékolika period plazmovych vin. V druhé, kolizni aproximaci, jsme studovali vznik
zpétného proudu pro plazma odpovidajici slune¢ni chromosfére. Ukazalo se, Ze pisobenim
srazek se zanedbanim kolektivnich jevi se stacionarni zp€tny proud vytvoii na delsi Casové
Skale (~ 107° s) a elektronova distribuéni funkce rozstépi na dvé populace: bulk s nulovou
sttedni rychlosti a pomérné malou populaci (ze simulaci fddové procenta populace bulku)
rychlych elektrond nesoucich zpétny proud, coz odpovidad zavérim prace Rowland & Vla-
hos (1985). Ve tieti aproximaci jsme se pokusili zahrnout jak srdzky, tak i kolektivni jevy.
Nejdilezitym vysledkem této simulace bylo, Ze vyslednd elektronova distribu¢ni funkce
se vyrazné 1isi od pocateCniho maxwellovského rozdéleni. Zpétny proud tedy neni tvofen
prostym posunutim maxwellovského rozdéleni v rychlostnim prostoru, jak se nékdy pred-
poklada v jednoduchych ohmickych modelech, ale Ze zména distribu¢ni funkce je silné
rychlostné zavisla, coz je opét odpovida zadvérim ziskanym v praci Rowland & Vlahos
(1985). Posledni dva modely umoznily urcit velikost stacionarni elektrické pole, které je
nutné k udrZeni stacionarniho zpétného proudu. Ziskané hodnoty v zavislosti na modelu
odpovidaji desetindm aZ desitkdm procent poli ziskanych z ohmického pfibliZzeni. Z naSich
jednoduchych PIC simulaci Ize tedy usoudit, Ze ohmickd aproximace zpétného proudu vy-
razné precCenuje jeho skutecny vliv na termalizaci elektronovych svazki.

ProtoZe naSe price v tomto sméru byla motivovdna snahou zahrnout makroskopické
ucinky zpétného proudu do nasich RHD modeli erupci, vyuzili jsme vysledky ziskané z PIC
simulaci a potencidlu TPC. Ten umoziuje snadno urcit prostoro¢asovou velikost elektrick-
€ho proudu podél erupcni smycky. Pokud predpokladdme, Ze zpétny proud je tvofen pouze
urcitou malou populaci elektroni bulku, Ize odhadnout stfedni hodnotu jejich rychlosti a
z pohybové rovnice, s vyuZitim vztahu pro zavislost u¢inného prifezu elektronti na rychlosti



2.3. MODIFIKACE CSHKP MODELU A JEJICH DUSLEDKY 27

— viz také Codispoti et al. (2013) a ve staciondrnim pfipad€ dopocitat odpovidajici hodnotu
elektrického pole, které pak nechdme piisobit na netermdln{ elektrony svazku.

Energetické depozity pro rizné toky svazkl vypoctené v tomto pfibliZeni jsou zobrazeny
v praci 6 a srovnany s vysledky pro Cisté ohmicky model. Z prezentovanych grafi je patrné,
Ze Cisté ohmicky model zpétného proudu vede, v zdvislosti na energetickém toku svazku,
k posunu maxima energetického depozitu prakticky az do pfechodové vrstvy a ke sniZeni
energie deponované do chromosféry o n€kolik fadd. Tento efekt roste s energetickym tokem
svazku. Modelujeme-li vliv zpétného proudu v pfibliZeni popsaném v praci 7 dostivime
sice, opét v zavislosti na energetickém toku, pomérné vyrazné prerozdéleni deponované
energie v choromosfére, ale celkova energie deponovana do chromosféry svazkem zistava
prakticky konstatni.

Ziskany model energetického depozitu ovlivnéného zpétnym proudem byl pak pouZit
v praci 8, kde jsme analyzovali vliv zpétného proudu na formovani vodikové Ha Cary.
Nejvétsi zmény v Casovém vyvoji intenzity ¢ary Ha vlivem zpétného proudu jsme zazna-
menali v jejim centru, v prvnich dvou sekundach Casového vyvoje. To je ddno vyraznym
zvySenim energetického depozitu v horni chromosfére piisobenim zpétného proudu. Kromé
zpétného proudu jsme rovnéz uvazovali vliv netermdlnich koliznich koeficientli a formovani
c¢ary Ha v atmosféfe bombardované protonovymi svazky. Pro né je vliv zpétného proudu
zanedbatelny (Brown et al. 1990).

2.3 Modifikace CSHKP modelu a jejich dusledky

V ¢lanku 1.5 jsme poukazali na celou fadu problémi klasického CSHKP modelu erupci vy-
plyvajicich z jeho analyzy z hlediska fundamentalni fyziky. V dasledku toho se v poslednich
letech v literatufe objevila fada praci navrhujici jeho modifikace, zejména v tom smyslu, Ze
elektrony primdrné urychlené v korondlni proudové vrstvé jsou jesté dodatecné urychlova-
ny béhem svého transportu do chromosféty statickymi elektrickymi poli (napf. Gordovskyy
et al. 2013; Gordovskyy & Browning 2012, 2011; Karlicky 1995) nebo pfimo v oblasti jejich
termalizace, tedy v chromosférickém tlustém terci stochastickymi elektrickymi poli (napf.
Brown et al. 2009; Turkmani et al. 2006). Tyto prace navrhuji zminéné modifikace a v rizné
mife detailu zkoumaji jednotlivé mechanismy, které vedou k sekundarnimu urychlovani ¢as-
tic, vétSinou pomoci MHD modeld, studiem kinematiky jednotlivych Castic nebo analyt-
ickymi uvahami vedoucimi k odhadiim jejich vlivu. Nezabyvaji se vsak jejich disledky na
erupcni ohfev, spektra a intenzitu HXR a polohy a velikosti HXR chromosférickych zdroj,
tedy obecné na jejich pozorovatelné vlastnosti.

NS relativisticky kdd s testovacimi Casticemi, na rozdil od feSeni FP rovnice metodou
sitf, umozinuje velmi prirozené simulovat efekty nejriznéjSich dodate¢nych vlivi, které pi-
sobi na netermdlni ¢astice béhem jejich transportu, samoziejmé k plisobeni coulombovskych
kolizi, jejichZ vliv fesi kéd primdrné. Této vlastnosti jsme vyuZili v pracech 9, 11 a 10,
kde se zabyvame diisledky dvou reakcelera¢nich mechanismi diskutovanych v ¢lanku 1.5.2
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na rozdélovaci funkce netermdlnich elektront, velikosti a prostorova rozloZeni erupcnich
ohrevl v chromosfére, spektra a intenzity HXR a polohy a velikosti HXR zdroju v atmosfére.
Ve vSech uvedenych pracech je zdkladem VAL C atmosféra s konvergentnim magnetickym
polem smérem k fotosfére se zrcadlovym pomérem R,, = 5. Pouze v praci 11 pouzivame
modifikovany plné ionizovany VAL C. Hlavnim cilem téchto praci bylo odhadnout efektivitu
uvedenych modifikaci a predpovédét jejich observacni disledky.

V praci 9 jsme zkoumali vliv statickych poli generovanych proudovymi hustotami j =
1 —6 A m2 a stochastickych poli v oblasti tlustého terce se stiednimi hodnotami poli E = 0,
107" V m™! a variancemi var(E) = 0 — 5 V m~!. Vliv sekundérni reakcelerace na kine-
matiku elektronovych svazki je dobfe patrny na jejich rozdélovacich funkcich, kde se kromé
populaci brzdénych, rozptylenych a odrazenych Eastic (pro model bez reakcelerace), ob-
jevuji nové populace vysokonergetickych Castic a to i v piipadé Cisté stochastickych poli
s nenulovou varianci, ale nulovou stfedni hodnotou. Simulace ukézaly, zZe velikost energet-
ického depozitu vertikdln€ integrovaného pres chromosféru je vice neZ o pul fadu vyssi pro
maximéalni uvazované hodnoty stochastického pole a o fad vyssi pro statické pole a max-
imélni uvaZzovanou proudovou hustotu, oboji ve srovndni s Cisté¢ koliznim modelem bez
sekundarni akcelerace. Pokud jde o produkci HXR zéfeni dostali jsme pro maximadlni hod-
noty poli nartist intenzity na energii 25 keV o jeden a ptl fadu opét ve srovnani s modelem
bez reakcelerace (pro identicky energeticky tok generovany v koréné). Jednim z dileZitych
zavéru této prace je, Ze sekundarni akcelerace s hodnotami reakceleracnich poli ve stu-
dovaném rozsahu umozZnuje sniZit elektronové toky transportované z korondlni primarni
akceleracni oblasti o vice nez jeden fad a soucasné zachovat celkovou energii deponovanou
do chromosféry a intenzitu HXR srovnatelnou s hodnotami ziskanymi pro extrémni toky
odvozené pro klasicky kolizni erupni model (Brown 1971).

Dale bylo zjisténo, Ze reakcelerace netermdlnich elektronti témito, relativné malymi,
elektrickymi poli posouvd maxima chromosférickych depozitd energie priblizné o 750 km
smérem fotosféfe do vySky zhruba 600 km pro maximélni hodnoty poli. Toto je nesmirné¢ za-
jimavy vysledek ve svétle novych prelomovych simultannich pozorovani pfistroji RHESSI a
STEREO (Martinez Oliveros et al. 2012), ktera byla pouzita k méfeni hloubek zdroji HXR
a viditelného zareni v chromosféie u bilych erupci. Tato méfeni ukazala, Ze jejich poloha
koresponduje s polohou zdroje bilého svétla a lezi v hloubce 500 — 130 km. Tento vysledek
je pokladan erupcni komunitou za zdsadni. V soucasné dobé neni zndm Zadny mechanismus
v rdmci klasického CSHKP modelu s koliznim tlustym ter¢em, ktery by byl schopen do-
pravit elektronové svazky do mist se slupcovou hustotou odpovidajici naméfenym hloubkam.
Srovname-li n4§ model stochastickych poli s poli prezentovanymi v Turkmani et al. (2006)
zjistime, Ze v této praci jsou zhruba o fad vySsi, nicméné jejich rozloZeni v atmosfére ma
niz8i filling faktor. Je mozZné, Ze modifikaci naSeho modelu smérem k vyS$im polim a niz§im
filling faktorim bychom byli schopni dopravit netermalni elektrony jesté do vétSich hloubek.

V praci 10 jsme zkoumali vliv sekundarni reakcelerace na velikost chromosférickych
HXR zdrojti. Pomérn€ nova méfeni méfeni z dat druZice RHESSI davaji vertikdlni rozméry
HXR zdrojii od 1,3 do 8 obloukovych sekund, tedy pfiblizn¢ od 1 Mm do téméf 6 Mm
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(Battaglia & Kontar 2011). Na druhou stranu, klasicky kolizni model tlustého terce pred-
povida jeho velikost v fddu maximdlné stovek kilometri. Nasim cilem bylo zjistit, zda
sekundarni akcelerace elektronovych svazkli mize vyfesit tento problém. BohuzZel se ukaza-
lo, Ze reakceklerace vede naopak jesté k dalsimu zizeni HXR zdroji. Na druhou stranu miiZe
byt validita tohoto vysledku zna¢né ovlivnéna skutecnosti, Ze atmosféra do niZ deponujeme
energii svazku je staticka a nevykazuje Zddnou hydrodynamickou odezvu. Vzhledem k tomu,
ze integracni doby druzice RHESSI pro pofizovani dvourozmérnych obrazii HXR zdroju
jsou desitky sekund, za tuto dobu miZe v erupéni atmosfére dojit ke znac¢né vertikdlni redis-
tribuci hmoty a v disledku také k vertikdlnim pohybim HXR zdroji. Tyto pohyby se pak
vzhledem k integracnim ¢asim RHESSI projevi na dvourozmérnych obrazech jako zvétseni
velikosti zdroji. V soucasné dobé provadime simulace se zapojenim hydrodynamickécho
kédu a snazime se ovéfit tuto hypotézu.

V pracech 9 a 10 deponujeme energii reakcelerovanych elektronovych svazki do klidné
(ohfevem neporusené) VAL C atmosféry, kde dolni chromosféra je tvofena témét neutral-
nim vodikem. Samoziejmé v erupcich dochdzi pri ohfevu chromosféry k jeji hydrodynam-
ické odezvé, ohfevu, ionizaci a makroskopickému transportu plazmatu. Cilem prace 11 bylo
ovérit zda skuteCnost, Ze je atmosféra zcela ionizovand vyznamné ovlivni vysledky obdrzené
v predeslych dvou pracech. Tento test jsme provedli pro model stochatické reakcelerace
s nenulouvou varianci a s nulovou stfedni hodnotou pole a zjistili jsme Ze tato skute¢nost
vysledky zasadnim zplsobem neovlivni.



Kapitola 3

Pozorovani erupci

V této kapitole se budeme zabyvat zpracovanim pozorovéni erupci a diagnostikou erupéniho
plazmatu. Tato témata jsou naplni praci 12 — 14. Ty jsou zaloZeny na zpracovani dat z Kos-
mickych slunec¢nich observatoii SOHO (z pfistroji EIT, LASCO, CDS), Yohkoh (SXT) a
z pozemskych pozorovani Slunce ondfejovskymi pristroji Multichannel Flare Spectrograph
(MFC) v ¢afe He a radioteleskopem na frekvenci 3 GHz. Prace 12 se zabyva detailni analy-
zou a diagnostikou rozpadajici se arkddy poerupcnich smycek a jednd se o jednu z prvnich
praci vyuzivajicich data ze CDS, kterd se zabyva zpracovanim pozorovani erupénich dat.
Dalsi dvé prace 13 a 14 se tykaji hleddnim observacnich indicii potvrzujicich probihajici
magnetickou rekonexi ve slunecni koréné. V téchto pracech jsou detailné popséany procesy,
které vedly ke spusténi erupéniho procesu pro dvé pozorovani erupci.

3.1 Diagnostika a chladnuti systému poerupc¢nich smycek

Klicovym vychodiskem pro porozuméni procesiim probihajicich v erupénich smyckach a
pro modelovani jejich ¢asového vyvoje jsou observacné zjisténé hodnoty termodynamickych
parametrd erupéniho plazmatu. Mimo jiné to jsou elektronova hustota n. a teplota plazmatu
a déle pak diagnosticky vyznamna mira emise definovand vztahem

EM = f n2dV, neboli  EM = n*Vey = n2Vyy
\%4

kde v prvnim vztahu integrujeme pfes zafici objem plazmatu. Objemy V., a Vy,p jsou sku-
tecny a zdanlivy objem plazmatu, které prispivaji k pozorované€ emisi. V,,, v praxi odhadu-
jeme z pozorovani dané struktury s kone¢nym prostorovym rozliSenim. 7. je potom stfedni
hodnota elektronové hustoty v pozorované struktufe. Rozdil mezi t€émito dvéma objemy a
elektronovymi hustotami n. a 7n. je dan skutecnosti, Ze zkoumané struktury Casto nejsme
schopni prostorové zcela rozlisit.

30
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Mame-li k dispozici nezaviskd méteni elektronové hustoty plazmatu a miry emise, mii-
Zeme urcit tzv. geometricky filling faktor pozorované struktury, ktery vyjadiuje, zda je po-
zorovand struktura zcela rozliSena, nebo obsahuje dalsi, mensi nerozliSitelné struktury, i
podél zorného paprsku, mezi nimiZ je prostor, ktery k emisi nepfispiva. V této souvislosti se
ve slunecni fyzice se Casto mluvi o tzv. Spagetové struktufe plazmovych korondlnich smycek,
které jsou podle tohoto modelu tvofeny mnoha tenkymi oddélenymi zaficimi vldkny, pficemz
plazma v prostoru mezi nimi prispivd k celkové intenzité¢ smycky jen zanedbatelné. Geomet-
ricky filling faktor je v tomto kontextu je definovéan jako f = n_g/ng < 1, pficemz je-li f =1,
je pozorovana struktura zcela rozliSena.

Prace 12 se zabyva detailni diagnostikou plazmatu v rozpadajici se arkadé poerupcnich
smycek vzniklé pii relativné malé erupci tiidy C2.9, pozorované na jihozdpadnim okraji
slune¢niho disku. V této praci jsme profitovali ze skutecnosti, Ze se vice méné nedopatienim,
v prvnich letech mise se spektrometry na SOHO snazily vyhybat erupcim z diitvodu ochrany
detektorti, podafilo napozorovat piistrojem Coronal Diagnostic Spectrometer (CDS) na SO-
HO, EUV spektra (skany) této poerupcni oblasti ve 14-ti diagnosticky vyznamnych Carach,
s formacnimi teplotami od 20 kK do 2,2 MK. Data ze CDS byla doplnéna pozorovanimi
z SXT (Yohkoh), kterd byla pofizena ve dvou rtiznych filtrech a umoZiiovala tak pfiblizné
ureni Casového vyvoje miry emise a teploty horkého plazmatu v systému poerupCnich
smycek béhem jeho rozpadu. Navic poskytly tyto snimky poerupéni oblasti vyborny vhled
do topologie smycek. Vzhledem k tomu, Ze skany pofizované CDS trvaly pfiblizné 20 minut
byla analyza CDS dat zkomplikovana rychlym vyvojem smycek, ktery se projevil deformaci
jejich tvaru. Jak jsme jiZ uvedli, tato prace byla jednou z prvnich praci tykajici se erupci,
kterd byla zaloZena na datech ze CDS.

3.1.1 Diagnostika plazmatu

Opticky tenké EUV Cary vznikajici v pfechodové oblasti a kor6né maji nesmirny diagno-
sticky potencidl (Mason et al. 1997). Naptiklad pomér intenzit dvou opticky tenkych, do-
volenych spektralnich Car jejichZ kontribu¢ni funkce se prekryvaji Ize za predpokladu ion-
izaCni rovnovahy v plazmatu vyuzit k teplotni diagnostice (Mason et al. 1997). Studovana
data ze CDS a poloha oblasti na okraji slunecniho disku umoznila touto metodou zkoumat
teplotni vertikdlni stratifikaci systému poerupcnich smycek. K tomu byl vyuZit teplotné sen-
zitivni par Gar Fe XVI na 360.8 A a Si XII na 520.7 A. Bylo zjisténo, 7e plazma s nejvyssi
teplotou v systému smycek lezi nad smyckou pozorovanou v nezhavejsi care Fe X VI s for-
macni teplotou 2,2 MK. Vzhledem k tomu, Ze CDS rastry v rtiznych Carach pro dany sken
pozoruji presné stejnou oblast na Slunci, 1ze také pouhym vynesenim intenzitnich profili
poerupcnich smycek ziskanych ve spektralnich ¢ardch s riznou formacni teplotou urcit, zda
smycky jsou vertikdlné teplotné stratifikované nebo ne. Nase analyza jednoznacné prokdzala
ve shod¢ s CSHKP modelem erupci a predstavami o formovani poerup¢nich smycek (Kopp
& Pneuman 1976) vertikdln{ stratifikaci arkddy poerupcnich smycek, kdy horké smycky lezi
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nad smyckami chladnéjSimi a potvrdila tak diivéjsi pozorovéani ze Skylabu a SMM (Cheng
1980; Svestka et al. 1987) i pro tuto relativné malou erupci, kterd svou morfologii pfipomina
smyckovou erupci (tzv. single loop flare).

Analyzou ¢asového vyvoje miry emise a teploty, uréené z poméru intenzit oblasti ve dvou
riznych filtrech dalekohledu SXT (Tsuneta et al. 1991) bylo zjisténo, Ze hlavni roli pfi roz-
padu pozorovaného systému smycek hral odtok plazmatu ze systému, kdy béhem pfiblizné
10° s se stfedni mira emise sniZila na ¢tvrtinu plivodni hodnoty. Tomu odpovidé rychlost
odtoku plazmatu ze smycek ~ 10 km s~! za predpokladu jejich konstantniho prifezu. Tato
rychlost se fadové shoduje s pozd€ji publikovanymi vysledky ziskanymi na zakladé Dopple-
rovskych méfeni rychlosti odtoku plazmatu z jiné arkddy poerupCnich smycek pofizenych
v blizkosti stiedu slune¢niho disku pozorovanych opét CDS (Czaykowska et al. 2001). Ca-
sovy vyvoj teploty horké ¢asti smycek urceny z pozorovani SXT v riiznych filtrech sice vyka-
zoval urcité znamky chladnuti, ale interpretace jeho vlivu na vyvoj smycky neni zdaleka tak
primocara jako v piipadé miry emise. Detailnéji se budeme chladnutim studovanych smycek
zabyvat ddle.

V praci 12 jsme se rovnéZ zabyvali diagnostikou elektronové hustoty plazmatu ve smyc-
kach, kde jsme vyuzili diagnostického potencidlu hustotné citlivého péru Car Fe XTIV 334.2 A
a353.8 A s forma¢ni teplotou ~ 1,8 MK, ktery je citlivy v rozsahu od 10° — 10" cm™ (Ma-
son 1998) a pro né€jzZ jsme méli k dispozici atomova data. Tato metoda je unikdtni v tom,
Ze umoziuje pfimo méfit n. a ne zprostfedkované pres miru emise, kde do jejtho urceni
nevyhnutelné vstupuji otdzky rozliSeni pozorované struktury, tedy geometricky filling fak-
tor. Béhem celé analyzy jsme kladli velky ddraz na spravné urceni chyb méfeni zohled-
nim fotonové statistiky, kalibrace detektoru CDS, chyb vzniklych pfi fitovani profild car
Gausovymi profily a prekryvi Car. Bylo zjisténo, Ze ve vrcholu smycky (pozorovatelné
v Sardch Fe XIV) je n, = 0,8—1.4x10'° cm™. Pomé&rné velka chyba odrdZi redlnou presnost
naseho méreni. Tento vysledek fadové odpovida vysledkim obdrZzenym ze zpracovani dat

Intezity dovolenych Car uréené ze spektrdlnich fith byly dile vyuzity k nezdvislému
urceni miry emise plazmatu v dané ¢afe metodou popsanou v prici Pottasch (1963). Kon-
tribucni funkce jednotlivych Car byly uréeny pomoci programového baliku ADAS (Lan-
zafame et al. 1996). BohuZel do presnosti této metody se promitéd velka nepresnost ve znalosti
zastoupeni prvkd ve slunecni atmosfére, kterd dosahuje az 30%. Ze znalosti miry emise a
odhadu objemu emitujici struktury 1ze urcit stfedni hodnotu kvadrétu elektronové hustoty a
nésledné vyuzitim hodnot n, z pfimého méfeni pomért intenzit, které reflektuji elektronové
srazkové frekvence v plazmatu, lze urcit geometricky filling faktor. Vzhledem k chybam,
které se kumuluji pfi urCovani elektronovych hustot plazmatu vstupujicich do rovnice defin-
ujici filling faktor se podarilo ziskat pouze jeho horni mez f < 0,2. Tato hodnota byla
ziskdna pro plazma s teplotou 77 ~ 1,8 MK, odpovidajici formacni teploté Car Fe XIV
3342 A a 353.8 A. Lze tedy vyvodit, 7e pozorovand arkdda poerup&nich smy&ek méla
vyrazné filamentdrni strukturu, kterd nebyla rozliSena pouZzitym piistrojem. Tento vysledek
je dilezity také z toho pohledu, Ze elektronova hustota uréend z miry emise, napiiklad zpra-
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covanim pozorovani téZe struktury ve dvou rliznych filtrech, se miZe vyznamné liSit od
skutecné hodnoty a vyrazné ovlivnit teoretické interpretace takovych pozorovani. Toto byl
jeden z dilezitych zavéri této prace.

3.1.2 Chladnuti poerupc¢nich smycek

Ziskané hodnoty teploty a elektronové hustoty ve smyckach byly pouzity k odhadu casu
chladnuti horkych smycek poerupcni arkddy z pocédtecni teploty priblizné 2,8 MK (teplota
smycek pozorovanych v SXR) na teplotu ~ 20 kK (smycky pozorované v ¢are He I). K vy-
poctu byla pouzita metoda diskutovdna v pracech (Varady & Heinzel 1997a,b) vychazejici
z toho, Ze poerupcni plazma v koréné chladne vlivem vedeni tepla, které diky silné teplotni
zévislosti koeficientu vedeni tepla (k o« T27) dominuje za vysokych teplot a u mensich
smycek, a zafivym ztratdm, které dominuji pro velké a husté smycky za nizSich teplot (R o
EM). Abychom se vyhnuhli ndroénému hydrodynamickému modelovéani procesu chladnuti
se soucasnym odtokem plazmatu ze smycCky, pouzili jsme velmi hrubé pribliZzeni statick-
ého, pln¢ ionizovaného plazmatu, tedy n.(s,t) = konst. Timto zplisobem jsme ziskali Cas
chladnuti horkych smycek poerupéniho systému ~ 750 s. Vzhledem k masivnimu odtoku
plazmatu ze smycek béhem jejich rozpadu lze ocCekdvat, Ze redlnd hodnota Casu chladnuti
bude o néco vyssi. Teoreticky odhad Casu chladnuti je srovnatelny s pozorovanym Casem
rozpadu systému od okamziku poc¢atku naSeho pozorovéni.

3.2 Pozorovani magnetické rekonekce v koroné

Prace 13 a 14 jsou vénovany multispekralnim studiim, které se zbyvaji inicializaci erupcnich
procesi a hleddnim znamek probihajici rekonexe ve slunec¢ni atmosféie. Tyto prace vznikaly
v éfe japonské sluneCni observatofe Yohkoh (Ogawara et al. 1991), kdy se hledaly obser-
vacni diikazy magnetické rekonexe v kéréné s vyuZzitim multispektdlnich dat, zejména vSak
v té dobé dat z prelomového rentgenového dalekohledu SXT (Tsuneta et al. 1991), zobrazu-
jictho termdlni mékké rentgenové zareni korondlnich a erupCnich smycek. Prace tohoto typu
se pokousSely rozplést komplikované pred-rekonekcni a rekonekcni topologie magnetickych
poli a pomoci méteni Dopplerovskych rychlosti ze spektralnich Car ve vizudlnim oboru kom-
binovanych s radiovymi a SXR daty najit znaky probihajici rekonexe. Dal§im cilem téchto
praci bylo nalezeni spoustécich mechanismii erupci a uréeni kauzality mezi mnoha prakticky
simultdnné probihajicimi procesy jako jsou inicializace filamentu a tedy aktivace eruptivni
protuberance a vyronu korondlni hmoty (CME), vynorovani nového nebo zanorovani starého
magnetického toku, vznik SXR erupénich smycek a podobné.

Prace 13 se zabyva analyzou vyvoje mohutné eruptivni protuberance (destabilizace fil-
amentu) ze dne 18. zaff 1995 na severovychodnim okraji disku pozorovanou ondiejovskym
Multichannel Flare Spektrograph (MFS). Iniciaci této protuberance pfedchédzelo slabé ra-
diové vzplanuti na 3 GHz pozorované jednim z ondiejovskych radioteleskopt, které in-
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dikovalo probihajici netermdlni procesy. Destabilizace filamentu vedla ke spuSténi malé
erupce tfidy B4.2, kterd byla pozorovdna v mékkém rentgenovém oboru dalekohledem SXT
(Yohkoh). Detailni analyzou simultdnnich pozorovani v SXR oboru a redukci spektralnich
profilti ¢ary Ha se podafilo presveédcivé dokazat, Zze v oblasti pod stoupajici eruptivni pro-
tuberanci probihd magnetickd rekonexe v nékolika mistech kfiZeni magnetickych smycek.
Tuto intepretaci potvrdila méfeni Dopplerovskych rychlosti, které v téchto bodech dosa-
hovaly hodnot 50 - 100 km/s, coZ odpovida rychlostem vtoku plazmatu do rekonek¢éniho
X-bodu.

Pozorovani podobného druhu ze dne 27.5. 1999 je zpracovano v praci 14. S vyuZitim
pokrocilych metod pro zpracovani obrazu jsme nasli dvé lokdlni minima intenzity pricemz
spodni lezi v oblasti kde v SXR pozorujeme horkou koronélni smycku, kterd se v Ha oboru
jevi jako transparentni. Za predpokladu, Ze se nejednd o projekéni efekt to znamend, Ze
v bezprostiedni blizkosti chladného plazmatu eruptivni protuberance (7' < 20 kK) dochazi
uvoliovani energie akumulované v magnetickém poli. Topologie, kterou pozorujeme v tomto
piipad€ je velmi podobna topologii pozorované v praci 13 a predpoladame proto probiha-
jici magnetickou rekonexi v prostoru mezi chladnym plazmatem eruptivni protuberance a
horkym plazmatem pozorovanym v SXR oboru.

Studie zaméfené na hleddni rekonexe ve slunecni koréné s vyuZzitim dat ze soucasnych
kosmickych pfistrojii se objevuji i v soucasné literature. Velmi péknym prikladem je prace
(Su et al. 2013), ktera k tomuto ucelu vyuziva EUV snimky z Atmospheric Imaging As-
sembly (AIA) na Solar Dynamic Observatory (SDO) kombinované s RHESSI pozorovanimi
v HXR. V této prici je na videich dokumentovédna celd fada procest, které 1ze interpretovat
jako probihajici rekonexi magnetického pole v koréné.
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Priloha A

Zahrnuté prace

K habilitaéni praci je ptiloZeno 14 publikaci. Prace 1 az 5 se tykaji modelovani erupénich
procestt metodami zafivé hydrodynamiky a zakladniho popisu kédu HYDRAD. V pracech
6 az 8 se zabyvame modelovidnim formovani a vlivu zpétného proudu na erupcni ohfev a
formovéni vodikové Cary Ha. V pracech 9 a 11 vyuZivime metody testovacich Céstic a
zkoumdme dusledky modifikaci klasického CSHKP modelu na energeticky depozit, HXR
spektra a velikost a polohu zdroje HXR. Prace 12 a7 14 jsou observacniho charakteru. Prace
12 se zabyva detailni diagnostikou plazmatu v arkddach poerupcnich smycek v SXR, EUV
a Ha oborech, zbylé dvé identifikuji mista a jevy ve slunecni koréné€, kde mize dochazek
k rekonexi korondlnich magnetickych poli.

A.1 Seznam zahrnutych praci s vymezenim podilu autora

Prace-1 Varady M., Kasparova J., Moravec Z., Heinzel P., Karlicky M., 2010, "Model-
ing of Solar Flare Plasma and Its Radiation”, IEEE Transactions on Plasma Sci-
ence 38, 2249 — 2253 70 %

Prace-2 Kasparova J., Heinzel P., Varady M., Karlicky M., 2003, ”Time-dependent Flare
Models with MALI”, in Proc. Stellar Atmos. Model., Astronomical Society of the
Pacific Conference Series 288, Edited by 1. Hubeny, D. Mihalas and K. Werner,
544 — 547 20%

Prace-3 Kasparova J., Varady M., Heinzel P., Karlicky M., Moravec Z., 2009, ”Response
of optical hydrogen lines to beam heating. I. Electron beams”, A&A 499, 923 — 934
30%

Prace-4 Kasparova J., Heinzel P., Karlicky M., Moravec Z., Varady M., 2009, ”Far-IR
and Radio Thermal Continua in Solar Flares”, Central European Astrophysical
Bulletin, 33, 309 — 317 20%
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Modeling of Solar Flare Plasma and Its Radiation

Michal Varady, Jana KasSparovd, Zden¢k Moravec, Petr Heinzel, and Marian Karlicky

Abstract—We present a modular and highly versatile test
particle-radiative hydrodynamic code which simultaneously mod-
els the particle beam energy transport and deposition, the corre-
sponding explosive response of the flare atmosphere and the NLTE
(NLTE, plasma and radiation out of the local thermodynamic
equilibrium) radiative transfer for partly ionized hydrogen in
the chromosphere and photosphere. The computational domain
covers the photosphere, the chromosphere, the transition region,
and the corona with the initial hydrostatic preflare atmosphere.
To demonstrate the potential of the code, we calculate the time
evolution of the Balmer line profiles corresponding to the time
variation of the electron beam flux derived from the observed flare
hard X-ray emission.

Index Terms—Hydrodynamics, particle beam transport, solar
radiation, spectral analysis.

I. INTRODUCTION

N THE CONTEXT of interpreting the nonthermal hard

X-ray emission emanating from the footpoints of the flare
loops, all contemporary solar flare models assign a fundamental
role during the flare-energy release, transport, and deposition
to the high-energy nonthermal particle beams with power-law
spectra which are accelerated due to the magnetic reconnection
of the magnetic fields in the solar atmosphere. In the impulsive
phase of the flares, the beams formed by charged particles are
guided from the acceleration site (wherever it is located in the
solar atmosphere) along the magnetic field lines downward into
the transition region, the chromosphere, and, possibly, the pho-
tosphere. Here in the lower atmospheric layers, due to the high
density of the local plasma, their kinetic energy is efficiently
dissipated by Coulomb collisions, the corresponding regions
are rapidly heated, and the dramatic changes of the temperature
and ionization occur. This results in an explosive evaporation
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of the locally heated plasma into the corona accompanied by a
dramatic evolution of the profiles and intensities of the optical
chromospheric lines.

Due to the demandingness of the simultaneous treat-
ment of the hydrodynamics and the NLTE radiative transfer
(NLTE-RT) in the deep layers of the solar atmosphere, only
a few attempts have been made to model the time evolution
of the optical emission of the flares. The first models for the
pulse beam heating were developed by Canfield et al. [4] and
Fisher et al. [6]. Recently, Allred et al. [1] studied the optical
flare emission in several lines and continua using the complex
radiative hydrodynamic (HD) simulations of the electron beam
heating on a time scale up to several tens of seconds.

The first part of this paper is devoted to the detailed de-
scription of our test particle (TP)-radiative HD code. In the
second part, an example is shown of how the code can model the
time evolution of the hydrogen Balmer lines during the electron
beam bombardment of the solar atmosphere, where the parame-
ters of the beam have been derived from the observations of the
hard X-ray flare emission.

II. CODE DESCRIPTION

The code is based on three originally autonomous codes
which have been extensively tested and used in the past: the
TP code, originally for monoenergetic beams [10], [11], the
1-D HD code [26], and the time-dependent NLTE-RT code
[8], [12], [14]. The TP and the NLTE-RT codes have recently
been upgraded and integrated with the 1-D HD code. Because
the TP and HD codes are essentially explicit (only the heat
conduction is treated implicitly), the integrated TP-radiative
HD code can have a modular structure, and therefore, it is
highly versatile. The code self-consistently and simultane-
ously models the following important mechanisms in flares:
the transport and gradual thermalization (flare heating) of the
charged particle beams propagating from the acceleration site
downward through the ambient flare atmosphere (TP code),
the response of the originally hydrostatic atmosphere to the
beam dissipated energy (1-D HD code), and the NLTE-RT
for the hydrogen in the chromosphere and photosphere where
the hydrogen is only partly ionized (time-dependent NLTE-RT
code). In the following paragraphs, the details of the physics
behind the individual codes are given, and their implementation
is explained. An application of the code for the case of the
Balmer line formation in the atmosphere heated by an electron
beam can be found in [15].

A. Particle Beam Transport and Energy Dissipation

The properties of the flare heating are fully given by the ini-
tial parameters of the particle beams and by the instant density

0093-3813/$26.00 © 2010 IEEE
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and temperature profiles of the solar atmosphere. According to
the observations, the beam flux distribution functions can be
roughly approximated by a power law

FH]HX E 76
FED) =gOF(E) =900 -2 25 (£) 0
0 0

where the product g(t) - Finax is the time-modulated beam
energy flux, 0 is the power-law index, and Ej is the low-energy
cutoff. In our simulations, the beam energy is also limited by
a high-energy cutoff, typically, of hundreds of kiloelectronvolts
for the electron beams. The beam parameters for the real flares,
appearing in (1), can be obtained from the nonthermal hard
X-ray bremsstrahlung emanating from the footpoints of the
flare loops [3] observed by, e.g., RHESSI [18] or HXT aboard
the Yohkoh satellite [17]. The initial pitch-angle distribution
of the beam particles has to be chosen. We assume collimated
beams with the initial pitch angle equal to one.

The main advantage of the TP approach, in contrast to the an-
alytical formulas for the electron or proton particle beam losses
[5] so widely used in other flare codes, is its flexibility and
that the TP approximation of the energetic particle propagation
naturally includes the effects of the travel time, the changing
ionization, and the plasma transport in the flare atmosphere
along the particle trajectories. The TP approach also directly
allows to include some additional aspects influencing the beam
propagation like magnetic mirroring [2], the effects of the
return current [20], additional acceleration mechanisms, or the
calculations of the corresponding hard X-ray spectra.

Electron Beams: The energy losses of a nonthermal electron
with kinetic energy F and velocity v caused by the Coulomb
collisions in a partly ionized hydrogen target with electron and
neutral (hydrogen) components, per a time step At, can be
approximated by the following formulas [5]

4
AB, = — 27; Az + e)nvAt @)
2met

where ny = ny, + n, is the number density of the equivalent
hydrogen atoms, n, and n, are the proton and hydrogen
number densities, respectively, © = n,/ny is the hydrogen
ionization, and € = 1.4 x 10~ accounts for the contribution
to the plasma electron density from the nonhydrogenic atoms.
A and A’ are the Coulomb logarithms [5].

The scattering of the electron beam due to the Coulomb col-
lisions is modeled using the Monte Carlo method. The relation
between the rms of the scattering angle  and the corresponding
total energy loss AE = AFEg, + AFEg,, which holds if 02 <1
(or, equivalently, AE/F < 1), is according to [2]

— [AE 1
2 — ([ —
(F) GRS

where 7 is the Lorentz factor. The scaterring angle of the TPs
0 is given by a Gaussian distribution, the rms of which is given
by (4). The distribution in the azimuthal direction is uniform,
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¢ € (0,27). The new electron pitch angle is then obtained from
spherical trigonometry by

cos(fp + Af) = cosbpcosf + sinfysinfcosgp  (5)

where 6 is the original pitch angle at the beginning of the
time step.

The TP code follows the motion of a chain of clusters of
beam electrons—TPs along the magnetic field lines of a homo-
geneous magnetic field. The linear density of the chain has to
be sufficient to model adequately the beam energy losses on
the time scales of the beam variations. The electron beam with
a power-law distribution is implemented in the following way.
The energy range between the lower and upper energy cutoff
is divided into several (typically, from 10 to 20) energy bins.
Each TP consists of weighted sub-TPs occupying the individual
energy bins and giving the required initial distribution (1).
During the propagation, the sub-TPs lose their energy until the
minimum energy threshold is attained by all the sub-TPs in each
energy bin. The corresponding TP is then removed from the
computational domain and recycled by putting it into a particle
reservoir. The TP code treats typically ~10* TPs (i.e., ~10°
sub-TPs) with typical time steps ~10~° — 10~ s. The macro-
scopic energy deposits in the electron &, and neutral hydrogen
Een component of the plasma are obtained by summing the
energy losses (2) and (3) obtained in typically ~50 consecutive
time steps on a fine equidistant mesh.

B. Hydrodynamics and Beam Propagation

The 1-D one-fluid HD code calculates the state and evolution
of low-/3 plasma along semicircular magnetic field lines

op 0 B
a+&(ﬂvs)—0
Opvs 0 o OP
o T P =g T
oUu 9 0 0
E+£UU5)—7$(USP)7$.FC
+AE -R+S (6)

where s and vy are the position and velocity of the plasma along
the field lines, respectively, and p is the plasma density. The gas
pressure and total plasma energy are

P 1
U= —=+5pl. (D

P = 1 ksT
nu(l+x + €)ksT, =132

The time-dependent hydrogen ionization x is given by
the NLTE-RT code. The source terms on the right-hand side
of the system of equations are as follows: F is the component
of the gravity force in the parallel direction to the field lines,
F is the heat flux calculated according to the Spitzer classical
formula, R is the radiative losses, and S includes all kinds
of heating, e.g., the total flare heating H = Eee + Een, the
quiet heating Q assuring the stability of the initial unperturbed
atmosphere, and the viscous heating VV

S=H+9+V. (8)
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The radiative losses for the optically thin regions are calcu-
lated assuming ionization equilibrium according to [24]. The
radiative losses for the optically thick regions are calculated
using the approximation of [22] based on an analytic fit of
the radiative losses of the VAL C atmosphere, i.e., not fully
consistent with the RT.

The initial atmosphere, i.e., the temperature and density
profiles in the photosphere and chromosphere, corresponds to
the hydrostatic VAL C atmosphere derived from a spectroscopic
model [27] with a hydrostatic extension into the transition
region and corona [26]. The initial hydrogen ionization in
the photosphere and chromosphere is precalculated using the
NLTE-RT code.

The set of HD equations is solved using a two- or three-
level time-step splitting method (optional) [21]. The convec-
tion, generally corresponding to the longest time scales in
the model, is treated using the LCPFCT algorithm [21]. The
thermal conduction is calculated using the Crank—Nicolson
algorithm either with the thermal conduction treated together
with radiative losses R and other source terms S—the two-
level time-step splitting—or with the thermal conduction and
other source terms treated separately—the three-level time-step
splitting.

C. NLTE-RT

Using the instant values of 7', ny, and &, obtained by the
HD and TP codes, a time-dependent NLTE-RT for hydrogen is
calculated by the NLTE-RT code. The RT equation is solved in
the lower part of the loop in a 1-D plane-parallel approximation

Ol
12 87’)\ = dpux — S)\ (9)

where I,y is the specific intensity at a given wavelength A
and g (cosine of the angle between the radiation-propagation
direction and the vertical axis, i.e., the magnetic field line),
7) denotes the vertical optical depth, and S, is the source
function. The hydrogen atom is approximated by a five-level-
plus-continuum atomic model.

The level populations n; are determined by the solution of a
time-dependent system of the rate equations

oni
87:5 ZanPjifniZPij

J#i J#i

(10)

where P;; contains the sums of thermal collisional rates Cj;
and radiative rates R;; and I?;; are preconditioned in the frame
of the MALI method [23]. The excitation and ionization of
hydrogen by the nonthermal particles of the beam are also
included into P;; using the nonthermal collisional rates C}f
following the approach of Fang et al. [7]

&
nt en
O o« 0 (11
For the transitions from the ground level, we thus get
Plj = le + C1]‘ + Cﬁt (12)
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In order not to bias the effects of the nonthermal colli-
sional processes by the effects caused by macroscopic plasma
velocities, we excluded the advection term O(n;vs)/0s from
(10). The omission of the advection term can be justified by
small velocities (~10 km - s7!) in the Balmer line formation
regions [19] attained during the first few seconds of the flare
atmosphere evolution. The system of rate equations (10) is
closed by the charge and particle conservation equations

5

E n; +np =nu

j=1

13)

Ne = Np + ENY

where 7, is the electron density. Because the electron density
is not known in advance, the system of preconditioned rate
equations is nonlinear due to the products of the atomic-level
populations (including protons) with n, or n2. Therefore, the
rate equations and conservation conditions (13) are linearized
with respect to the level populations and the electron den-
sity. The complete system of equations is then solved using
the Crank—Nicolson algorithm and Newton—Raphson iterative
method [9], [14].

The NLTE transfer is solved on the shortest time step given
by the time-step splitting technique in the HD part. The result-
ing electron density (ionization) is then fed back to the HD and
TP parts.

III. RESULTS

To demostrate the capability of the code, we calculated the
response of an initially hydrostatic atmosphere to the propaga-
tion of an electron beam whose parameters were derived from
the Yohkoh/HXT observation of the March 7, 1993 flare [25].
Fig. 1 presents the time evolutions of the calculated H« and
H j3 line profiles. The function g(t) modulating the beam flux is
shown as a solid line identical in both the bottom panels. The
other beam parameters [see (1)] were as follows: the power-
law index § = 3, the maximum beam energy flux Fi,.. =
5 x 10 erg - cm™2 - 571, the low-energy cutoff Ey = 20 keV,
and the high-energy cutoff 200 keV. The results show a close
correlation of the time variations in the line intensities and the
beam flux. The time lag of the line intensities behind the beam
flux can be almost completely explained by the traveling time
of the beam electrons from the corona to the chromosphere.
On the other hand, the rapid and deep decreases of the beam
flux are followed by a much more moderate decrease of the line
intensities. A detailed study of the fast time variations of the
Balmer lines formed in the electron-heated atmosphere can be
found in [15].

IV. CONCLUSION

In this paper, we have presented a description of a modular
highly versatile TP-radiative HD code, which can be used to
model the energetic phenomena related to the particle beam
heating of the plasma confined by the magnetic field along the
field lines (in 1-D geometry) and their optically thick emission.
We demonstrated the potential of the code by calculating the
time evolution of the Balmer lines formed in an atmosphere
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(Top) Time evolution of (left panel) Hc and (right panel) H 3 line profiles in a flare. (Bottom) Time evolution of Hca and H 3 line intensities in the

line center (AX = 0 A) and line wings (AX = 1 A for Ho and A\ = 0.3 A for H3). The line identical in both graphs shows the corresponding electron beam

energy flux.

heated by an electron beam whose parameters have been de-
rived from a hard X-ray observation. Due to the TP approach
to the propagation and thermalization of the particle beams, the
code can be easily modified for other various heating mech-
anisms (e.g., proton and neutral beams), different nonthermal
particle distributions, and additional acceleration or thermaliza-
tion mechanisms (e.g., the return current), or it can be used
to calculate the nonthermal hard X-ray bremsstrahlung. The
code has already been used to study some aspects of the time-
dependent solar flare emission, such as the detailed formation of
the Balmer lines and the role of the nonthermal collisional rates
[15], the formation of the thermal far IR continuum [13], and
the emission corresponding to the proton beam heating [16].
The code is still being extended, e.g., to include self-consistent
radiative losses of other elements and soft X-ray heating.
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Abstract. Time variations of Ha line-profile intensities produced by
electron beams are presented. We show first results of time-dependent
simulations of the chromospheric response to a 1 s monoenergetic electron
beam. A 1-D hydrodynamic code together with a particle representa-
tion of the beam have been used to calculate the atmospheric evolution.
The time-dependent radiative-transfer problem has been solved for the
resulting atmosphere by the MALI approach, using a Crank-Nicholson
semi-implicit scheme. Non-thermal collisional rates have been included
in linearized equations of statistical equilibrium.

1. Introduction

It is generally believed that the energy of solar flares is released in the solar
corona, then transported by accelerated energetic particles downwards into the
transition region and chromosphere. The particles deposit their energy into the
ambient plasma mainly via Coulomb collisions, resulting in a rapid heating,
accompanied by violent dynamic phenomena in the initially quiet atmosphere.

The aim of our work is to investigate the time-evolution of He line-profiles
during the impulsive phase of solar flares. Our simulations of the atmospheric
response to the heating are split into two independent steps. The flare-plasma,
evolution, together with particle propagation and thermalization of their energy,
is treated by a hybrid hydrodynamic code. Its results are then used as inputs
to a code solving the time-dependent non-LTE radiative-transfer problem.

2. Hybrid Hydrodynamic Code

The hybrid hydrodynamic code (Varady 2002) consists of a hydrodynamic and a
particle part. The time-evolution of the atmosphere is described by the standard
system of 1-D hydrodynamic equations, completed by an equation of state in the
one-fluid approximation. Ionization of hydrogen has been approximated by the
modified Saha equation (Brown 1973), and radiative losses have been estimated
according to the models of Rosner, Tucker, & Vaiana (1978). The particle part
of the code simulates interaction of accelerated particle beams with the ambient
atmosphere (Bai 1982; Karlicky & Hénoux 1992). The deposit of beam energy
into the ambient neutrals and electrons is calculated following the approach of
Emslie (1978). The energy deposited into electrons is used as a flare-heating
term in the energy equation of the hydrodynamic code. The energy deposit into
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the neutrals, together with the time-evolution of temperature and total-hydrogen
number-density are the inputs into the radiative transfer code.

3. Radiative transfer

We have solved the time-dependent radiative-transfer problem for a 3-level plus
continuum atomic model of hydrogen. The time-evolution of the atmosphere’s
structure was prescribed by the hydrodynamic calculations. Time-dependent
equations of statistical equilibrium (ESE) were preconditioned using a diagonal
approximate-lambda-operator in the Multilevel Accelerated Lambda Iteration
method - MALI (Rybicki & Hummer 1991). According to Nejezchleba (1998),
velocities of the order of 10 km s™! cause only minor changes in the level pop-
ulations n;. Thus we restrict ourselves to only a static problem where the ESE
take the form

Gni _
ot

> (n;Pji —niPy) = fim) 0= (ng,nc,ne) (1)
J#i

with n, and n. denoting the proton and electron density respectively. The
total rates P;; are sums of radiative R;; and collisional Cj; rates. The R;;
have been preconditioned in the framework of the MALI method. Excitation
and ionization by particles in the beam have been taken into account via non-
thermal collisional rates CPf, which are directly proportional to the energy £y
deposited into hydrogen. \77Ve have adopted the approach of Fang, Hénoux, &
Gan (1993) and included the non-thermal collisional rates from the ground level
of hydrogen as follows:

£ & 3
Cpt =173 x 1002 o =294 x 102 o =535 x10°E . (2)
n1 ni ny

Using the non-thermal rates specified above, the total rates P;; from the ground
level are
Plj = le + C1j + Cf; . (3)

The set (1) of ESE is completed by equations of particle and charge conservation
an+nc=nH Ne = Ne + Qny - (4)

Here ny corresponds to the total hydrogen density and @) = 1.4 represents the
contribution to the electron density from non-hydrogenic elements.

3.1. Numerical methods

A semi-implicit difference scheme has been used on the system (1) of ESE
FItl = aAtfit! —pitl 4 (1 - @)Atfi+nl=0. (5)
The parameter a (0 < a < 1) determines the degree of implicitness of the

algorithm, At is the timestep, and the upper index denotes values corresponding
to the two successive time-levels.
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Because the electron density n. is unknown, the preconditioned ESE are
non-linear because of the terms containing ne. Thus, the system of semi-implicit
equations (5) together with the conservation conditions (4) is linearized with
respect to all level populations, including protons n. and the electron density,
and solved using a Newton-Raphson iteration technique (Heinzel 1995).

OF t+1 8F]f+1 aFf,-}-l
t+1 _ i+l . i 7 —
F ™ =F, ( ) + E ( nT&nJ + . nténc + B, anne 0

(6)
Using eq. (5), the final linearized time-dependent ESE system (1) and conser-
vation conditions (4) is

—aAtfit! (nT) + (nf‘“)Jr — (1 - a)Atft —nt =

t4+1 t+1 t+1
aAtz <3f ) — 61]} on; + alt <8f ) one + alt <6fi ) one (7)
" one . One "

NL
QZ on; + (14 Q)dne — éne

J

Il

~(1+Q)n QZn"-

NL

NL
Zénj-}—énc = nH—Zn}—ni
J j

NL is the number of bound levels, and { denotes values from the previous

iteration at the time level ¢ 4+ 1. Having evaluated the corrections én, new
populations and electron density are then obtained as

n=n!+dn. (8)

The iteration scheme described above is performed for each timestep until maxi-
mum relative changes in the level-populations and electron-density are less than
a prescribed value (typically 1073). After convergence is reached, which is usu-
ally within several iterations, the synthetic spectrum is calculated. The con-
verged populations are then used as starting values for the next timestep.

4. First Results

We have simulated the chromospheric response to a 1 s monoenergetic beam of
electrons created above the atmosphere with a kinetic energy 30 keV, and an
energy-flux of 2.5 x 10!° erg cm™2 57! at the point of injection. The energy flux
has the form of a sinusoidal pulse of 1 s duration. At time ¢ = 0 s the initial
atmospheric temperature- and density-structure is that of the VAL C model
atmosphere (Vernazza, Avrett, & Loeser 1981). The resulting time-evolution
of the total hydrogen density, temperature and energy-deposition into hydrogen
have been used as inputs to the calculation of the time-variation of Ha line
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Figure 1. Time evolution of temperature structure and Ha line.

profiles. The timestep At of the radiative transfer code has been set to 0.001 s.
Figure 1 displays the time-evolution of the Ha profile and the temperature in
the part of the atmosphere where the profile of He line is calculated. The
figure shows that during a time-interval of 1 s, the Ha line evolves from a quiet
chromospheric shape to one typical of a flare. The non-thermal rates influence
mainly the core of the line where they cause a small dip at ¢t ~ 0.1 s.

5. Conclusions

Our results show that time variations of Ha line intensities are mainly caused
by the time-evolution of the temperature structure of the atmosphere. For sim-
plicity, velocity fields were not considered in the radiative-transfer code. We
plan to include both advection and line-profile anisotropy in future work. The
hybrid hydrodynamic code is also capable of computing time-variations of the
hard X-ray flux from a thick-target model.

Acknowledgments. This work was supported by grants IAA3003202 and
TAA3003203 of GA AV CR.

References

Bai, T. 1982, ApJ, 259, 341

Brown, J. C. 1973, Solar Phys. 29, 421

Emslie, A. G. 1978, ApJ, 224, 241

Fang, C., Hénoux, J.-C., & Gan, W.Q. 1993, A&A, 274, 917
Heinzel, P. 1995, A&A, 299, 593

Karlicky, M., & Hénoux, J.-C. 1992, A&A, 264, 679
Nejezchleba, T. 1998, A&AS, 127, 607

Rosner, R., Tucker, W. H., & Vaiana, G. S. 1978, ApJ, 220, 643
Rybicki, G. B. & Hummer, D. G. 1991, A&A, 245, 171

Varady, M. 2002, PhD Thesis, Charles University, Prague
Vernazza, J. E., Avrett, E. H., & Loeser, R. 1981, ApJS, 45, 635

© Astronomical Society of the Pacific * Provided by the NASA Astrophysics Data System



Price 3

53

A&A 499, 923-934 (2009)
DOI: 10.1051/0004-6361/200811559
© ESO 2009

A8§tronomy
Astrophysics

Response of optical hydrogen lines to beam heating

l. Electron beams

J. Kaéparovél , M. Varadyz’1 , P. Heinzel!, M. Karlick)’/1 , and Z. Moravec?

! Astronomicky dstav Akademie véd Ceské republiky, v.v.i., Fri¢ova 298, 251 65 Ondrejov, Czech Republic

e-mail: kasparov@asu.cas.cz

2 Katedra fyziky, Universita J. E. Purkyné, Ceské mlddeZe 8, 400 24 Usti nad Labem, Czech Republic

e-mail: mvarady@physics.ujep.cz

Received 20 December 2008 / Accepted 27 March 2009

ABSTRACT

Context. Observations of hydrogen Balmer lines in solar flares remain an important source of information on flare processes in the
chromosphere during the impulsive phase of flares. The intensity profiles of optically thick hydrogen lines are determined by the
temperature, density, and ionisation structure of the flaring atmosphere, by the plasma velocities and by the velocity distribution of
particles in the line formation regions.

Aims. We investigate the role of non-thermal electrons in the formation regions of He, HB, and Hy lines in order to unfold their
influence on the formation of these lines. We concentrate on pulse-beam heating varying on a subsecond timescale. Furthermore,
we theoretically explore possibility that a new diagnostic tool exists indicating the presence of non-thermal electrons in the flaring
chromosphere based on observations of optical hydrogen lines.

Methods. To model the evolution of the flaring atmosphere and the time-dependent hydrogen excitation and ionisation, we used a
1-D radiative hydrodynamic code combined with a test-particle code that simulates the propagation, scattering, and thermalisation of
a power-law electron beam in order to obtain the flare heating and the non-thermal collisional rates due to the interaction of the beam
with the hydrogen atoms. To not bias the results by other effects, we calculate only short time evolutions of the flaring atmosphere
and neglect the plasma velocities in the radiative transfer.

Results. All calculated models have shown a time-correlated response of the modelled Balmer line intensities on a subsecond
timescale, with a subsecond timelag behind the beam flux. Depending on the beam parameters, both line centres and wings can
show pronounced intensity variations. The non-thermal collisional rates generally result in an increased emission from a secondary
region formed in the chromosphere.

Conclusions. Despite the clear influence of the non-thermal electron beams on the Balmer line intensity profiles, we were not able on
the basis of our simulations to produce any unambiguous diagnostic of non-thermal electrons in the line-emitting region, which would
be based on comparison of individual Balmer line intensity profiles. However, fast line intensity variations, well-correlated with the
beam flux variations, represent an indirect indication of pulsating beams.

Key words. Sun: flares — radiative transfer — hydrodynamics — line: formation — line: profiles

1. Introduction

In the context of interpreting flare loop hard X-ray footpoint
sources (Hoyng et al. 1981; Hudson & Farnik 2002), all con-
temporary flare models (Sturrock 1968; Kopp & Pneuman 1976;
Shibata 1996; Turkmani et al. 2005; Fletcher & Hudson 2008),
regardless of their nature, assign a fundamental role during the
flare energy release, transport and deposition to the high-energy
non-thermal particle beams. In the impulsive phase of flares, the
beams formed by charged particles are also guided from the ac-
celeration site (wherever it is located) downwards along the mag-
netic field lines into the transition region, chromosphere and pos-
sibly photosphere. At lower atmospheric layers due to the high
density of local plasma, their kinetic energy is efficiently dis-
sipated by Coulomb collisions, the corresponding regions are
rapidly heated, and dramatic changes of temperature and ion-
isation occur. This results in explosive evaporation (Doschek
et al. 1996). The manifestations of the early flare processes can
be observed in the microwaves, soft and hard-X rays, and op-
tical lines (Tandberg-Hanssen & Emslie 1988). Later on in the
thermal (gradual) phase, the heating leads to the evaporation of

chromospheric and transition region plasma into the corona
which is gradually filled with relatively dense (up to ~10'" cm™3)
and hot (~107 K) flare plasma (Czaykowska et al. 1999). The ra-
diation from the flare region is now dominated by soft-X rays,
EUYV, and again by emission in the optical spectral lines.

We concentrate on modelling the formation of optically thick
hydrogen spectral lines He, HB, and Hy in the early phases of
solar flares by the means of numerical radiative hydrodynamics
combined with a test particle approach to simulate the propa-
gation, scattering and energy loss of an electron beam with the
power-law spectrum and prescribed time-dependent energy flux
propagating through the solar atmosphere and depositing its en-
ergy into the solar plasma. In this context we address three main
questions:

1. Does rapidly varying electron beam flux manifest itself in
the Balmer line intensities?

2. How do the non-thermal particles in the Balmer lines forma-
tion regions influence the line profiles and intensities?

3. Can an unambiguous diagnostic method be developed that
is applicable to observations of Balmer lines recognising the
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presence of the non-thermal particles in the line formation
regions?

Due to the complexity of simultaneously treating non-LTE ra-
diative transfer in deep layers of the solar atmosphere and the
hydrodynamics (radiative hydrodynamics), only a few attempts
have been made to model the optical emission of flares. First
models of pulse-beam heating were developed by Canfield et al.
(1984) and Fisher et al. (1985). Recently, Abbett & Hawley
(1999) and Allred et al. (2005) studied emission in several lines
and continua using complex radiative hydrodynamic simulations
of electron beam heating on a time scale up to several tens of
seconds.

In this paper we concentrate on fast time variations on a
subsecond time scale. In previous works on this topic, plasma
dynamics was neglected. Simplified time-dependent non-LTE
simulations of Ha line were then performed e.g. by using a
prescribed time evolution of a flare atmosphere from indepen-
dent hydrodynamic simulations of pulse-beam heating (Heinzel
1991) or by solving approximate energy equation (Ding et al.
2001). Both results showed significant He line response to
pulse-beam heating on subsecond time scales. Here, we solve
1-D radiative hydrodynamics of a solar atmosphere subjected to
a subsecond electron beam heating and study emissions in the
Ha, HB, and Hy lines.

The paper is organised as follows: Sect. 2 describes the nu-
merical code and models of beam heating. Results of simulations
concerning flare atmosphere dynamics and Balmer line emis-
sion are presented in Sect. 3. There, we also analyse several pro-
posed diagnostic methods for recognising the presence of elec-
tron beams in line formation regions. Section 4 summarises our
results.

2. Model

The model covers three important classes of processes whose
importance was identified in flares:

1. propagation of charged, high-energy particle beams with
power-law spectra and time-dependent energy flux down-
wards through the solar atmosphere and their gradual ther-
malisation due to the Coulomb collisions with the ambient
plasma in the solar atmosphere (Bai 1982; Emslie 1978).

2. the hydrodynamic response of low-§ solar plasma corre-
sponding to the energy deposited by the beam.

3. time evolution of the ionisation structure and formation of
optical emission in the chromosphere and photosphere where
non-LTE conditions apply.

The individual classes of flare processes are modelled using
three computer codes, each modelling one class of the processes
identified above. The codes have been integrated into one radia-
tive hydrodynamic code.

2.1. Flare heating

The flare heating caused by an electron beam propagating
from the top of the loop located in the corona (s = 9.5 X
10° km corresponding to 7 = 1 MK) downwards is calcu-
lated using a test-particle code (TPC) based on Karlicky (1990);
Karlicky & Hénoux (1992). We assume an electron beam with a

power-law electron flux spectrum [electrons cm™ s~! per unit
energy] (Nagai & Emslie 1984)
Fuax (E\™
F(E, D) = g(OF(E) = g(t) (6 = 2)—5- (E_) , ey
E; 0
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Fig. 1. Time modulations of the beam flux. Solid lines show ¢(#), dotted
lines denote f(; g(t')dt’ = Eio(t)/ Finax, see Eqgs. (1) and (2).

where 0 is the power-law index, g(t) € (0, 1) is a function de-
scribing the time modulation of the beam flux, Fy,,x is the max-
imum energy flux, i.e. energy flux of electrons with £ > Ej
at g(¢) = 1. In order to model the electron spectrum by the test
particles the beam electron energy is limited by a low and a high-
energy cutoff, Ey = 20 keV and E; = 150 keV, respectively. We
present results for two types of time modulation g(#): three sym-
metric triangular peaks and a trapezoidal modulation (see Fig. 1)
and two total deposited energies Eio (see Table 1)

1
Eiot = Finax f g(n dt, @)

0

where #, is the duration of the energy deposit. The energy fluxes
Fmax have been chosen in such a way that for both time mod-
ulations the total deposited energy Ey is the same. The model
parameters are specified in Table 1, their values are consistent
with common beam characteristics derived from hard X-ray ob-
servations.

The TPC simulates the propagation, scattering and energy
loss of an electron beam with a specified energy flux and power-
law index as it propagates through partly ionised hydrogen
plasma in the solar atmosphere. The losses of the beam elec-
tron kinetic energy caused by Coulomb collisions due to electron
and neutral (hydrogen) components of solar plasma are given by
Emslie (1978)

4

2
AE. = —%A(x + £t 3)
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Table 1. Model parameters.

Model E. [erg cm™] g(t) Foax [ergcm™2s7'] 6
H_TP_D3 9 x 100 trapezoid 4.5x 100 3
H_TP_D5 9 x 10" trapezoid 4.5 % 10" 5
H_3T_D3 9 x 10'° 3 triangles 6 x 10" 3
H_3T D5 9 x 100 3 triangles 6 x 10'° 5
L_TP_D3 1.5 x 10" trapezoid 0.75 x 10'0 3
L_TP_D5 1.5 x 10' trapezoid 0.75 x 10'° 5
L_3T_D3 1.5 x 10" 3 triangles 1x10' 3
L_3T_D5 1.5 x 10'° 3 triangles 1 x 10 5
2met
AEen = —TA (1 — x)nHveAtB, (4)

where E is the kinetic energy of the non-thermal electron, ve
is the non-thermal velocity, ny = n, + ny, is the number den-
sity of equivalent hydrogen atoms, 7, and n, are the proton and
neutral hydrogen number densities, x = n,/ny is the hydrogen
ionisation degree and £ = 1.4 x 107* accounts for the contri-
bution from the metals to the plasma electron density (Heinzel
& Karlicky 1992). The metal contribution to electron densities
is critical around the temperature minimum where the hydro-
gen is almost neutral. We account for it in this approximate way.
On the other hand, we neglect the helium contribution which
can reach maximum 20% of total electron density in higher al-
titudes. The Coulomb logarithms A and A’ are given by Emslie
(1978) and Atg is a constant TPC timestep which has to be cho-
sen to satisfy the condition that the total beam electron energy
loss AE = AE.. + AE., per a timestep is negligible relative to its
kinetic energy, i.e. AE/E < 1.

The scattering of the beam due to Coulomb collisions is
taken into account using a Monte-Carlo method combined with
the analytical expressions for the cumulative effects described
by Bai (1982). The relation between the mean square of the
beam electron deflection angle (6?) and the corresponding en-
ergy loss AE (which holds if (#?) < 1 or equivalently if
AE/E < 1) is given by formula

AE 4
@ =(%)5w) ©

where yp = 1/4/1 —vZ2/c? is the Lorentz factor. The new elec-
tron pitch angle 8y + A8 is given by

cos(fy + Ab) = cos Gy cos b5 + sin Gy sin 65 cos ¢, (6)

where 6 is the original pitch angle at the beginning of the time
step, 6 is given by Eq. (5) and using a 2-D Gaussian distribution.
The distribution of the azimuthal angle ¢ is uniform, ¢ € (0, 2x).

The TPC in principle follows the motion of statistically im-
portant number of test particles representing clusters of elec-
trons in the time varying atmosphere which responses through
the 1-D HD code and the non-LTE radiative transfer code to the
flare heating by TPC. The test particles with a time-dependent
power-law spectra are generated in the corona at the loop-top
and at each timestep the positions, energies and pitch angles of
the particle clusters are calculated. The macroscopic energy de-
posits into the electron &, and neutral hydrogen &, component
of solar plasma are obtained by summing the energy losses (AE..
and AE.,) of a huge number of particle clusters for each position
in the atmosphere using a fine equidistant grid. This approach al-
lows not only to calculate the total flare heating

H = Eee + Een

925

but also to distinguish between the beam energy deposited into
the electron and hydrogen component of solar plasma and there-
fore to calculate the non-thermal contribution to the transition
rates in hydrogen atoms which is the crucial point for the present
study. The test-particle approach used here naturally takes into
account propagation effects of the beam and time evolution of
ionisation structure of the atmosphere. This leads us to a more
realistic description of beam energy losses as compared to the
approach of Abbett & Hawley (1999) or Allred et al. (2005) who
used an analytic heating function corresponding to a stationary
solution of beam propagation through the atmosphere (Hawley
& Fisher 1994).

2.2. 1-D plasma dynamics

The state and time evolution of originally hydrostatic low-3
plasma along magnetic field lines is calculated using a 1-D hy-
drodynamic code. The temperature, density and ionisation pro-
files of the initial atmosphere correspond to the VAL 3C atmo-
sphere (Vernazza et al. 1981) with a hydrostatic extension into
the corona. The half-length of the loop is 10 Mm. The time evo-
lution of the atmosphere is initiated by the energy deposited by
the beam. The main processes that determine plasma evolution
in flare loops are: convection and conduction (both in 1-D due
to the magnetic field), radiative losses and indeed the dominant
factor is the flare heating here calculated by the TPC. The evolu-
tion of plasma in the flare loop can be described by a system of
hydrodynamic conservation laws

dp 9 B

i a(ﬂu) =0, @)
opu 9, , 0P

e T e e ®
0E 0 a 0

o + &(UE) = —a(llp) - a?-c +S, ©))

where s is the position and u the macroscopic plasma velocity
along the magnetic field line and p is the plasma density. The
gas pressure and the total plasma energy are

L,
o + 2pu s (10)
where ¥ = c¢p/cy = 5/3 is the specific heats ratio, kg the
Boltzmann constant. The hydrogen ionisation degree x in the
photosphere and chromosphere is calculated at each timestep by
the time-dependent non-LTE radiative transfer code. In the tran-
sition region and corona we assume x = 1. The source terms on
the right hand sides of the system of equations are: Fy the paral-
lel component of the gravity force in respect to the semicircular
field line, 7. the heat flux, calculated using the Spitzer’s classical
formula, and

S=H-R+Q

includes all other considered energy sources and sinks, i.e. the
dominant flare heating H which drives the time evolution of the
atmosphere, the quiet heating Q assuring the stability of the ini-
tial quiescent unperturbed (hydrostatic) atmosphere and the ra-
diative losses R. The radiative losses are calculated according to
Rosner et al. (1978) for optically thin regions and according to
Peres et al. (1982) for optically thick regions.

The 1-D gas dynamics is treated using the explicit LCPFCT
solver (Oran & Boris 1987), the Crank-Nicolson algorithm for
the heat transfer and the time step splitting technique to couple
the individual source terms of the energy equation with hydro-
dynamics (Oran & Boris 2000).

P =ny(l + x + &)kgT, E =
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2.3. Time-dependent non-LTE radiative transfer

Using the instant values of 7', ny, and &, obtained by the hy-
drodynamic and test-particle codes, a time-dependent non-LTE
radiative transfer for hydrogen is solved in lower part of the loop
in a 1-D plan-parallel approximation. The hydrogen atom is ap-
proximated by a five level plus continuum atomic model.

The level populations n; are determined by the solution of
a time-dependent system of equations of statistical equilibrium
(ESE)

% =anPji—'liZPij,

JE J#i

(1)

where P;; contain sums of thermal collisional rates C;; and radia-
tive rates R;;, and R;; are preconditioned in the frame of MALI
method (Rybicki & Hummer 1991). The excitation and ionisa-
tion of hydrogen by the non-thermal electrons from the beam are
also included into P;; using the non-thermal collisional rates Cl‘.‘}
following the approach of Fang et al. (1993)

& &
Cl'=1.73x10"0=, Clhy =2.94x 10—,

ny ni
& &
ClL =535%x10°==, Cl = 1.91 x 107222, (12)
n ni
For transitions from the ground level we thus get
Pij=Rij+Cij+CY} (13)

Non-thermal collisional rates from excited levels as well as
three-body recombination rates are not considered here since
Karlicky et al. (2004) and gtépén et al. (2007) found them to
be negligible compared to thermal ones.

In order not to bias the effects of the non-thermal colli-
sional processes by effects caused by macroscopic plasma veloc-
ities, we excluded the advection term d(n;u)/ds from Eq. (11).
The omission of the advection term can be justified by small
velocities (~10 km s7') in the Balmer line formation regions
(Nejezchleba 1998) attained during the first few seconds of the
flare atmosphere evolution. On the other hand, the benefit is a
significant simplification of the radiative transfer code. The sys-
tem of ESE (11) is closed by charge and particle conservation
equations

5

an+np=nH,

J=1

(14)

ne = np + &Ny,

where n is the electron density. The contribution of helium
to ionisation is neglected. Because the electron density is not
known in advance, the system of preconditioned ESE is non-
linear due to products of atomic level populations (including
protons) with n or ng Therefore, the ESE and conservation
conditions (14) are linearised with respect to the level pop-
ulations and electron density. The complete system of equa-
tions is then solved using the Crank-Nicolson algorithm and
Newton-Raphson iterative method (Heinzel 1995; Kasparova
et al. 2003).

The non-LTE transfer is solved on the shortest time step
given by the time step splitting technique in the hydrodynamic
part, see Sect. 2.2. Resulting electron density (ionisation) is then
fed back to the hydrodynamic equations and the TPC.

J. Kasparova et al.: Response of optical hydrogen lines to beam heating. 1.

3. Results of flare simulations

We computed the atmosphere dynamics and time evolution
of the Ha, HB, and Hy line profiles resulting from a time-
dependent electron beam heating of an initially hydrostatic
VAL C atmosphere.

3.1. Flare dynamics

Figures 2 and 3 show the time evolution of temperature, hydro-
gen ionisation, energy deposit H, and energy deposit to neutral
hydrogen &, of models specified in Table 1. Shortly after the
beam injection at the loop top at r = O s, the chromosphere is at
t ~ 0.25 s heated mainly at heights between ~1000-2000 km.
The temperature rise is higher for models with triangular peak
modulation (3T) than for the trapezoidal one (TP) due to the
higher energy flux injected into the atmosphere (compare the
time evolution of total injected energy in Fig. 1). Since the low-
energy electrons are stopped higher in the atmosphere, the total
energy deposit for steeper beams (higher 0) is larger than for flat-
ter beams at these heights (compare H at t = 0.25 s in Figs. 2
and 3) and the temperature rise is most significant for models
L_3T_DS and H_3T_DS5, see the first panel in Figs. 2 and 3, re-
spectively. This is generally true for all times during the heating;
the temperature above s ~ 1000 km is larger for larger § when
comparing models with the same time modulation g(7) and F -
On the contrary, at lower heights s < 1000 km due to the larger
heating for flatter beams, see Figs. 2 and 3, the temperature at
those atmospheric layers rises more for models with 6 = 3 than
with § = 5.

In the low-flux models the heating leads to a gradual increase
of temperature above ~1000 km. The steep rise of temperature
from chromospheric to coronal values is shifted by about 200 km
from the preflare height to s ~ 1900 km, see Fig. 2. Heating by
a higher flux results in a secondary region of a steep temperature
rise at s ~ 1400 km which is formed at # ~ 1 s, see Fig. 3. Due
to the locally efficient radiative losses, the temperature structure
in all models up to s ~ 2000 km follows the time modulation of
the beam flux; i.e. it rises and drops — compare the temperature
structure e.g. at = 1.5 s and r = 2 s for 3T models and TP mod-
els in Figs. 2 and 3 and the time evolution of temperature at two
selected heights in Fig. 4.

Similarly to the temperature evolution, ionisation increases
above s ~ 1000 km shortly after the beam injection, see the mid-
dle panel in Figs. 2 and 3. Again, due to beam flux modulation
and the dependence of the energy deposit on ¢, the increase of
ionisation at those layers is most significant for 3T models with
¢ = 5. As the heating continues, the layers above ~1200 km be-
come completely ionised (at t ~ 2 s and r ~ 1 s for low and
high flux models, respectively — see thick lines in Figs. 2 and 3)
and ionisation does not change during further heating — see also
Fig. 4.

On the contrary, lower heights, below s ~ 1000 km, exhibit
most significant increase of ionisation for models with § = 3.
The ionisation at these layers reacts to the beam flux time modu-
lation more for the flatter beams — see Fig. 4 which also demon-
strates that the relaxation of ionisation to preheating values lags
behind the time evolution of temperature.

This effect previously shown by Heinzel (1991) and Heinzel
& Karlicky (1992) is due to time evolution of the ratio of
the number of recombinations to photoionisations. Detailed be-
haviour of photoionisations followed by photorecombinations
was discussed by Abbett & Hawley (1999, Sect. 4).
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3.2. Influence of non-thermal collisional rates

To evaluate the influence of the non-thermal collisional rates,
two separate runs with and without C™ (Eq. (12)) were made for
each model in Table 1.

Taking into account C™ leads only to marginal changes of
temperature and density structure of the atmosphere (up to 17%).
On the contrary, hydrogen ionisation and emission in Balmer
lines may significantly differ in models with and without C™.
Generally, the effect of C™ is stronger for models with larger
Fnax or lower 6. In the low-flux models, C™ significantly modify
the time evolution of ionisation structure. They lead to a faster
complete ionisation of layers above s ~ 1200 km and cause an
increase of ionisation in the layers below, compare thin and thick
lines in Fig. 2. The influence of C™ in the high-flux models is lo-
calised mainly in the layers below s ~ 1000 km where the flatter

posits corresponding to the triangular modula-
tion models (3T) are displayed.

1500
s [km)

2000

beams increase the ionisation. The upper parts of the atmosphere
are affected by C™ only temporarily, till # ~ 0.5 s, when they
contribute to the fast ionisation of those layers — see Fig. 3.

Since C™ are directly proportional to the energy deposit on
hydrogen &, (Eq. (12)), their influence is strongly linked to the
Een as a function of height. Consequently, C™ affect Balmer line
intensities according to their formation heights. That can be un-
derstood in terms of the contribution function CF to the outgoing
intensity

Smax Smax
L= f CF,ds = f na(s)e ™ ds,

Smin

(15)

Smin
where 7, is the emissivity and 7, is the optical depth. Figure 5
demonstrates the effect of C™ on the Ha line for a low and high-
flux model. In high-flux models, C™ affect mainly the line wings.
A new wing formation region appears at heights of maximum of
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energy deposit on hydrogen, lower ¢ producing a stronger con-
tribution to CF. In the low-flux models, C™ influence also the
line centre due to change of ionisation of upper layers where
e.g. the Ha line centre is formed. The optical depth in the line
centre at these heights is decreased and the Ha line centre forma-
tion region is shifted deeper. Similarly as in the high-flux mod-
els, a new region of wing formation region again appears at the
height of the &, maximum, however the dominant part of the
wing emission still comes from the photospheric layers, i.e. from
s ~ 100 km — see Fig. 5.

3.3. Time variation of line intensities

The intensity variations depend on the maximum beam flux. The
low beam flux results in gradual increase of intensities (mod-
els L), whereas high beam flux (models H) causes rapid heat-
ing of the atmosphere and hence fast and larger increase of line

s [ki

and their evolution in time (from top to bottom).
The notation is the same as in Fig. 2.

intensities — see Fig. 6 which compares time variations of Ha,
HpB, and Hy for models L_3T_D3, L_3T_DS5, H_3T_D3, and
H_3T_DS5. (Owing to use of the five level plus continuum atomic
model, results concerning Hy line should be regarded only quali-
tatively.) Since larger ¢ results in larger heating of the upper parts
of the atmosphere, it leads to higher line centre intensities of Ha
and HB which are formed in the upper parts of the atmosphere.
On the other hand, the whole Hy line and Hae and HB wings are
formed in deeper layers, therefore they show more prominent
intensity variations for flatter beams (6 = 3) — compare D3 and
D5 models in Fig. 6.

Figure 7 demonstrates the time variation and changes in-
duced by C™ of formation regions of the He line centre (A1 =
0 A), line wing A1 = 1 A, Hy line centre (A1 = 0 A), and Hy line
wing (A1 = 0.6 A) for L_3T_D3 model. Shortly after the first
beam injection into the VAL C atmosphere, at ¢ ~ 0.1 s, line in-
tensities decrease by a factor of ~2 and more — see Fig. 6. Such a
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Fig.4. Time evolution of temperature
(left) and ionisation (right) at two
heights s = 1000 and 1500 km. Top:
low-flux models L_3T_D3 (dotted) and
L_3T_DS5 (dash-dotted). Bottom: high-
flux models H_3T_D3 (dotted) and
H_3T_D5 (dash-dotted). C™ were in-
cluded.

Fig.5. Ha contribution functions for
high (top) and low (bottom) flux mod-
els for trapezoidal beam flux modula-
tion. Black solid curves indicate the to-
tal energy deposit, white dashed curves
denote the energy deposit on hydrogen.
Gray lines display contours of optical
depth 7 = 0.1, 1, 10. Top left: model
H_TP_D3 with C™. Top centre: model
H_TP_D5 with C™. Top right: model
H_TP_D3 without C™. Bottom left:

model L_TP_D3 with C™. Bottom cen-
tre: model L_TP_D5 with C™. Bottom

right: model L_TP_D3 without C™.

Colour scale denotes log CF. All plots
1.8 s — maxima of

correspond to 1 =
line intensities, see Fig. 6.
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Fig. 6. Time evolution of the Ha, Hp,
and Hy line intensities in three selected
wavelengths for each line. Solid lines
denote models with C™, dashed with-
out C™. The black solid line shows the
beam flux time modulation in relative
units. From top to bottom: L_3T_D3,
L_3T_D5, H_3T_DS5, and H_3T_D5

dip appears due to a temporal increase in optical depth, 7, which
is caused by C™. A similar decrease appearing later, at r ~ 0.4 s
is present also in the models without C™ — compare CF with and
without C™ in Fig. 7. That dip is a result of relative importance of
the thermal collisional rates Cy;. This behaviour was explained
by Heinzel (1991) for the case of a 3-level model of hydrogen
as a consequence of steeper rise of second level population, n,,
in comparison to n3 with time. Figure 7 also shows that a region
of secondary He wing emission is formed shortly after the beam
injection and its intensity slowly increases in time.

In the case of the high-flux model, the emission from the sec-
ondary formation region dominates and photospheric contribu-
tion to the wing intensities diminishes; this behaviour is typical
for all studied Balmer lines. As regards Hy line, formation of the

model.

Hy line centre is due to C™ completely moved from the photo-
sphere to the layers above s ~ 1200 km. Contrary to the model
without C™, no emission from the photosphere contributes to the
outgoing intensity. Furthermore, C™ again lead to the prominent
secondary wing formation region at s ~ 1000 km which occurs
in the model without C™ at much later time ¢ ~ 2 s — see last
panel in Fig. 7.

Intensities of all three studied lines show a good correlation
with the beam flux on a time scale of the beam flux variation, i.e.
on a subsecond time scale. Depending on the amount of heating,
time variations are caused by the time-dependent temperature
structure, e.g. Ha line centre in the high-flux models, and in-
fluence of C™. Line intensities which are affected by C™ (line
centres in the low-flux models and line wings in the high-flux
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Fig.7. Time evolution of CF of Ha (A1 =0 A), Ha (A1 =1 A), Hy (A1 =0 A), and Hy (A1 =0.6 A) for L_3T_D3 model. Gray lines denote
contours of 7, = (0.1, 1, 10). Top: with C™. Bottom: without C™. Colour scale denotes log CF.

models) show more significant time variations. Maxima of line
intensities lag behind the beam flux maxima, the time lags are
generally larger for line wing intensities than for line centre in-
tensities. Such a time lag is not a beam propagation effect but it
is related to different time variations of electron density at dif-
ferent heights. We are aware of the fact that velocities would
cause asymmetry of lines and modify the line intensities. Here
we concentrate on the beam influence on line formation. For de-
tailed comparison with observed Balmer lines, velocity should
be considered in calculating the line intensities.

3.4. Diagnostic tools

Having obtained the time evolution of Balmer line profiles for
various electron beam parameters, we can search for observable
signatures that could provide a method for diagnostic of the elec-
tron beam presence in the Balmer line formation regions. In or-
der to distinguish between the flare energy transport by the non-
thermal electrons and other agents (e.g. Alfvén waves — Fletcher
& Hudson 2008), we consider a method suitable for such a diag-
nostics only if C™ lead to significant and systematic differences
in measured quantities.

3.4.1. Intensity ratios

Recently, Kashapova et al. (2008) reported on so-called side-
lobes in He/HB intensity ratio (i.e. increased value of Ha/HpS at
A ~ 0.5 A with respect to other wavelength positions) observed
in flare kernels associated with radio and hard X-ray bursts. They
attributed the appearance of such sidelobes to the effects of non-
thermal electrons.

Using our simulations we are able to check whether the ob-
served sidelobes are a feature related to the electron beams. An
example of a sidelobe is shown in Fig. 8 (left). It appears as a

R = Ho / HE noC™

N ‘
\\!\\\\ I :\‘\‘\‘\‘\‘\\\\\\:\\\\\‘\‘\\\\\\\\\\\““ \:\\:\g\\\:\:
AT =\

i~
=
72

=
=

=

==

Fig. 8. Intensity ratio R,s(AA4,t) as a 2D function of wavelength and
time for the H_TP_D3 model. Left: without C™, right: with C™. The
black dashed line denotes time modulation of the beam flux. Thick solid
lines represent R,z at selected A4 = 0,0.5, 1 A which are shown for all
models in Fig. 9. For display purposes, the time evolution is shown from
t=0.8s.

local maximum at A1 ~ 0.6 A and varies on a timescale sim-
ilar to the beam flux modulation. Due to velocities, such side-
lobes could be asymmetric with respect to the line centre. On the
other hand, there are observations of almost symmetric Balmer
lines and Ha/Hp ratios in the flare kernels associated with hard
X-ray emission (Kotr¢ et al. 2008), thus our models which do not
consider velocities in radiative transfer can be applied to such
situations.

Figure 9 shows the time evolution of Ha/Hp at several A4,
R.p(AA, 1) (indicated also in Fig. 8), for all considered models
of the beam heating (see Table 1). In these plots, a sidelobe at a
certain A4 would appear as an increased line above the others,
varying according to the beam time modulation.
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solid line shows the time modulation of the beam flux. Top: trapezoidal time modulation. Bottom: modulation by triangular peaks.

To consider a sidelobe being caused by the electron beam,
the sidelobe should correspond to a simulation with C™ included.
For some beam parameters R,z(0.5 A, 1) exhibits the reported
sidelobe behaviour with the exception of the high-flux models
with ¢ = 3 — see Fig. 8 (right) or the corresponding third panel
in the top and bottom row in Fig. 9 — where R,3(0.5 A, 1) rapidly
drops below R,3(Ad > 0.5 A, 1) and no sidelobe exists in Ry
on a beam timescale. Ha/Hy ratio shows a similar behaviour
to R,p whereas HB/Hy ratio is much weakly sensitive to beam
parameters.

On the other hand, neglecting the effect of C™, i.e. assuming
other agents than electron beams for the flare energy transport,
sidelobes at Al = 0.5 A are present at all models. Thus, the
observed sidelobes cannot be considered as a unique signature of
beam presence in the atmosphere but they are probably related
to an impulsive heating.

Note that the maximal sidelobes from our simulations may
appear, for some models, at wavelength positions slightly differ-
ent from A1 ~ 0.5 A.

Furthermore, other kinds of intensity ratios, e.g. a rela-
tive line intensity with respect to the line centre value such as
Ro(AL 1) = (A4, H)/1(0 A, 1), do not show any systematic differ-
ence between the models with and without C™ either. Therefore,
the intensity ratios do not provide a reliable diagnostic
tool suitable for analysing the presence of the electron beams
in the Balmer line formation regions.

3.4.2. Wavelength-integrated intensity

Wavelength-integrated intensity /i, (proportional to equivalent
width) was recently proposed by Cheng et al. (2006) as a tool
for diagnostics of the non-thermal effects in the solar flares. On
the basis of static semiempirical models, they propose to judge
the relative importance of thermal and non-thermal heating in
flares by analysis of lioi(Ha) and [i(Call 8542 A) which show

Flux, Tigi(Ha), (M), (M)

2 3
t[s]

Fig. 10. Time evolution of He (solid), HB (dashed), and Hy (dot-
dashed) wavelength-integrated intensities. The modulation of the beam
flux is shown as colour-changing broken line, the colour indicates the
flux value. Thick lines denote models with C™ and thin without C™.
Total deposited energy E is the same for both models.

significantly different sensitivity to C™. Using this idea, we anal-
yse in detail the wavelength-integrated intensity

+AAmax

Lot =k f [I(A,5) = I(A,t = 0)] dA

—Admax

16)

of the studied Balmer lines for more general radiative hydrody-
namic models. k is a normalisation to scale intensities, here we
use line centre intensity at 7 = 0's.

From our simulations it follows that maximum reached val-
ues of [,y are predominantly given by the total deposited en-
ergy Ei (see Eq. (2) and Fig. 10). Detailed time evolution of the
beam flux is reflected as “loopy structures” in lio; — lior plots —
see the top row of Fig. 11 — and the time variation of /,,; corre-
lates with the beam flux variation, see Fig. 10. However, there is
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Fig. 11. Time evolution of li(Ha), I,(HB), and I,«(Hy). The colour
corresponds to the beam flux value — see also colouring in Fig. 10.
Arrows indicate the direction of time evolution. Solid lines denote mod-
els with C™, dashed lines the models without C™. Top: H_3T_D3 model.
Centre: H_TP_D3 model. Bottom: H_TP_D5 model. Total deposited
energy E, is the same for all panels.

no unique dependence of Balmer line io; on Fi,y, see the right
panel of Fig. 10 which shows gradual increase of /i, with local
minima and maxima corresponding to the time modulation of
the beam flux. Moreover, in the case of the high-flux models, /i,
depend also on §. As a consequence of increased wing emission
for lower 6, see Fig. 6, Iiy, of all studied Balmer lines reach large
values for flatter electron spectra (compare centre and bottom
panel in Fig. 11).

Taking C™ into account leads to a significant increase of
Iy — see Figs. 10 and 11, but similar increase can be caused
by stronger heating by other mechanisms than electron beams.
Due to this reasons, neither wavelength-integrated intensities of
Balmer lines are good indicators of electron beam presence in
the Balmer line formation regions.

4. Conclusions

Presented radiative hydrodynamic simulations revealed the com-
plexity of the response of hydrogen Balmer lines to the electron
beam heating. At the same time, they proved to be a very useful
tool to obtain answers to questions raised in the Introduction.

1. We showed that the Balmer line intensities do vary on beam
flux variation time scales, i.e. on a subsecond time scale.
The time variations are caused by time evolution of the
temperature structure, electron density and influence of the
non-thermal collisional rates. Depending on the amount of
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the beam flux, time evolution of line intensities may also ex-
hibit both fast (pulse like), and gradual (e.g. an increase of
intensity on a time scale larger than the beam flux time vari-
ation) components, see e.g. the case of model L_3T_D3 in
Fig. 6. Such behaviour is known for the He line from obser-
vations (Trottet et al. 2000). Therefore, we conclude that the
fast pulse-like variations seem to be a good indicator of the
particle beams, namely when correlated with HXR or radio
pulsations.

2. Influence of the non-thermal rates on the Balmer lines de-
pends on the beam parameters, both the energy flux and
power-law index. C™ significantly alter the ionisation struc-
ture, leading to a modification of the line formation regions
which are not ionised due to the heating. Depending on the
beam parameters, C™ can affect line centres, wings or both,
but generally C™ result in an increased emission from a sec-
ondary formation region in the chromosphere.

3. Concerning the diagnostic tools based on Balmer lines, ex-
cept for the close correlation of the time variation of the
beam flux and the line intensities, we did not found any sys-
tematic behaviour that would uniquely indicate the presence
of the non-thermal electrons in the atmosphere solely from
observations of Balmer lines. Complementary information
such as hard X-ray emission or spectral lines having differ-
ent sensitivity to C™, e.g. Ca Il (8542 A), are needed to assess
the presence of the non-thermal particles.

In this model study, we analysed the influence of the beam heat-
ing and the non-thermal collisional rates on hydrogen Balmer
lines in the case of prescribed fast beam flux modulation. The
next step is to compare the observed line emission with the sim-
ulated one using the non-LTE RHD models for beam parameters
inferred from hard X-ray or radio emission. In this way, the role
of different flare energy transport mechanisms e.g. such as al-
ternative heating of the chromosphere by Alfvén waves recently
proposed by Fletcher & Hudson (2008) can be adequately ad-
dressed. We plan to apply our code to fast time variations of
Ha and hard X-ray emissions observed during solar flares (e.g.
Radziszewski et al. 2007).
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Abstract. With the invention of new far-infrared (FIR) and radio mm and sub-mm
instruments (DESIR on SMESE satellite, ESO-ALMA), there is a growing interest in
observations and analysis of solar flares in this so far unexplored wavelength region.
Two principal radiation mechanisms play a role: the synchrotron emission due to ac-
celerated particle beams moving in the magnetic field and the thermal emission due to
the energy deposit in the lower atmospheric layers. In this contribution we explore the
time-dependent effects of beams on thermal FIR and radio continua. We show how and
where these continua are formed in the presence of time dependent beam heating and
non-thermal excitation/ionisation of the chromospheric hydrogen plasma.

Key words: solar flares - radiative hydrodynamics - continuum emission

1. Introduction

New ground-based and space-borne instruments are being designed to ob-
serve the Sun in so-far unexplored wavelength windows or with unprece-
dented spatial and/or temporal resolution. Here we are motivated by the
planned observations of solar flares in the far infrared (FIR) region and in
sub-millimetre /millimetre (SMM) radio wavelengths. A specific FIR win-
dow where the radiation is not observable from the Earth is between 35
and 250 pm and this is expected to be explored by the DESIR telescope
on board the SMESE satellite (SMall Explorer for Solar Eruptions — Vial
et al. (2007)). At SMM wavelengths, observations were already performed
by Kaufmann et al. (2000) and Liithi et al. (2004). However, new data
are expected soon from ALMA (Atacama Large Millimeter Array) radio-
interferometer. In both FIR and SMM domains a superposition of two radi-
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ation components is expected: the high-frequency part of the microwave
spectrum from ultra-relativistic electrons and/or positrons (non-thermal
synchrotron emission) and the low-frequency part of the thermal flare con-
tinuum. As suggested in Vial et al. (2007), these emissions provide, respec-
tively, a unique diagnostic of the non-thermal particles (beams) and of the
thermal response of the lower flare atmosphere to the energy deposit. In the
FIR domain, the relative importance of both processes was estimated by
Ohki and Hudson (1975). Recently, Loukitcheva et al. (2004) and Heinzel
and Avrett (2009) computed the microwave thermal continua formed in
dynamic and static semi-empirical atmospheres, respectively.

In this study, we concentrate on formation of such thermal emission in
the 35 um — 1 cm wavelength range originating in a highly dynamical flare
atmosphere heated by short-duration electron beam pulses. Section 2 de-
scribes the mechanisms responsible for the thermal emission, characteristics
of the emission corresponding to simulations of the beam heated atmosphere
are presented in Section 3. Section 4 summarizes our results.

2. Mechanisms of the FIR and SMM Thermal Continuum
Formation

Depending on the wavelength, various atmospheric depths can contribute
to the emergent FIR and SMM intensity (Heinzel and Avrett, 2009). In
the chromosphere, the dominant source of opacity is the hydrogen free-free
continuum. The absorption coefficient is given as (Rybicki and Lightman,
1979)

ky(H) = 3.7 x 108T_1/2nenp1/_3gﬁr (1)

where ne and ny, are the electron and proton densities, respectively, T' is the
temperature, and gg =~ 1 is the Gaunt factor. At lower temperatures, around
the temperature minimum region, H™ free-free opacity plays an important
role. The H™ absorption is (Kurucz, 1970)

NeNH

rky(HT) = (1.3727x107254(4.3748 x 107 1°—2.5993x 10~7/T) /v) (2)

v

where nyy is the neutral hydrogen density. The total absorption corrected
for stimulated emission is then

ko = [ (H) + £y ()] (1 — /T | (3)
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where h and k are the Planck and Boltzmann constants, respectively. The
source function for these free-free processes is the Planck function B,. How-
ever, the absorption has to be evaluated using number densities coming from
non-LTE calculations. Finally, the emergent intensity I, can be obtained as

Iy = /nye—ndz Ny = HJVBI/ dTl/ — —K',de , (4)

where z is the geometrical height.

3. Flare Models

We have evaluated the FIR and SMM continuum emission for non-LTE ra-
diative hydrodynamic models which describe the atmospheric response to
the time dependent electron beam heating. In these simulations electron
beams of a varying beam flux and power-law spectra are injected into a
loop which corresponds to an initially hydrostatic VAL C atmosphere (Ver-
nazza et al., 1981). Then, the time evolution of the beam particles and
plasma properties are followed. We also consider the so-called non-thermal
collisional rates, C™, which account for the changes of the atomic level
populations due to the collisions with the beams. For more details on the
models see Varady et al. (2005); Kasparova et al. (2009).

3.1. TIME VARIATION

Our simulations show that the continuum emission is well correlated with
the beam flux on the time scale of the beam flux variation, e.g. on a sub
second time scale. Longer wavelengths (1 cm) exhibit larger relative inten-
sity increase than shorter wavelengths (35 pm) when compared to the the
preflare (VAL C) intensities — see Figure 1. Furthermore, emission in the
A < 0.2 mm range depends also on the beam parameters, i.e. the power-
law index and the beam flux. Generally, maxima of the emission lag behind
the beam flux maxima, the time lag lies within the 0.1 — 0.3 s interval for
present simulations.

3.2. INFLUENCE OF NON-THERMAL COLLISIONAL RATES

Although the non-thermal rates can significantly affect the hydrogen level
populations and electron densities in some atmospheric layers (Ka$parova
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Figure 1: Time evolution of relative continuum intensities scaled to the intensity at t = 0 s,
i. e. of the VAL C atmosphere, for an electron beam of a power-law index = 3 and a
maximum beam flux Fiax = 6 x 10'° erg cm ™2 s™!. The dashed line indicates the beam
flux time variation.

et al., 2005), their influence on FIR and SMM continuum emission is almost
negligible. The C™ cause only a moderate and temporary increase of the
continuum intensity shortly after the beam injection into the VAL C atmo-
sphere. Additionally, the influence of C™ for A < 0.2 mm depends on the
beam parameters and it is modulated by the beam flux time variation — see
Figure 2.

3.3. FORMATION DEPTHS

The atmospheric layers which contribute the most to the outgoing inten-
sity, i.e. the formation depths, can be understood in terms of the so-called

312 Cent. Eur. Astrophys. Bull. 33 (2009) 1, 309-315

Hvar Observatory, Faculty of Geodesy * Provided by the NASA Astrophysics Data System



Prace 4

FAR-IR AND RADIO THERMAL CONTINUA IN SOLAR FLARES

430
3.0 p
L J2.5
2.5 - e p—
I A 2.a~§
[ 1 1 =
L \
[ I,‘ II ' E
.0l U \ \ *
2 L ! \\ LAY ,’ \ i 1~5§
!§ LY ! Y \ [
Z
5

Figure 2: Influence of the non-thermal collisional rates C™*. The plot shows the ratio of
intensities with and without C™. The dashed line indicates the beam flux time variation.
The beam parameters are the same as in Fig. 1. Note the reversed wavelength scale with
regard to Figure 1.

contribution function CF
CF =n,e” ™ I, = /C’F dz, (5)

compare with Equation (4). In the initial atmosphere, emission at wave-
lengths shorter than A =~ 1 mm comes from deep, photospheric layers,
whereas the continuum at other wavelengths is formed at the upper part
of the atmosphere. However, as the atmosphere is heated by the beams,
the emission is formed mainly at the chromospheric heights (above z ~
1000 km). The emission which comes from these layers can be influenced
also by C™ since the beams deposit their energy there. On the other hand,
the emission in the 35 — 200 um range partially originates from the photo-
sphere — see Figure 3.
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Figure 3: An example of the time evolution of contribution function CF' (Equation 5)
for an electron beam of § = 3 and Fnax = 4.5 x 10%° erg cm™2 s™. Left: CF for the
VAL C atmosphere, i.e. at t = 0 s. Right: CF at t = 1.5 s corresponding to the model
with included C™. Colour scale going from white to black represents the range of log CF
values (from minimum to maximum). Black solid curve indicates the total energy deposit
of the beam, dashed curve is for the energy deposit on hydrogen Ex. C™" are proportional
to Eg, therefore the dashed line marks the layers which are affected by C™*. Gray lines
display the levels of optical depth 7 = 0.1, 1, 10.

4. Conclusions

Using the results of non-LTE radiative hydrodynamic simulations we have
found that the rapidly varying beam flux can manifest itself in the thermal
FIR and SMM continuum intensities. We show that the continuum inten-
sities do vary on the beam flux variation time scales. However, the direct
influence of the beam electrons via the non-thermal collision is moderate
only. The emission is mainly affected by the temperature variations which
result from the time dependent heating by the beams. Concerning the for-
mation of the emission, in the heated atmosphere or due to the non-thermal
collisions the continua are formed in the upper atmosphere. The intensities
in the 35 — 200 um range partially originate also from the photosphere.

In this work we did not consider effects related to the situation when the
frequency of the emitted electromagnetic waves is close to the local plasma
frequency. In the case of the solar atmosphere plasma, these effects must be
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taken into account at the radio frequency range. We will address this issue
for the FIR and SMM emission in a future study.
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Abstract. In the context of interpreting non-thermal hard X-ray emission and 7y lines
emanating from the footpoints of flare loops, most contemporary flare models assign a
fundamental role during the flare energy release, transport and deposition to the high
energy non-thermal particle beams. In this contribution we concentrate on modelling of
the spectroscopic properties of chromospheric flare emission in optical hydrogen lines
generated due to the bombardment of the chromosphere and photosphere by neutral
beams with power-law spectra. In order to obtain an estimate of the neutral beam flare
heating in the solar atmosphere we produced a simple model describing the propagation
and thermalisation of neutral beams. We compare the neutral beam flare heating with
the flare heating produced by corresponding pure electron and proton beams. Further
we compare the contribution functions for He line obtained for neutral and electron
beam heating.

1. Introduction

In the impulsive phase of flares, the beams formed by charged particles are guided from
the acceleration site, wherever it is located, downwards along the magnetic field lines
into the transition region, chromosphere and photosphere. In the lower atmospheric lay-
ers, due to the high density of local plasma, their kinetic energy is efficiently dissipated,
the corresponding regions are rapidly heated, and dramatic changes of temperature and
hydrogen ionisation occur.

It is well known from observations of y lines in some flares that high energy par-
ticle beams may contain protons and ions accelerated to energies up to tens of GeV
(Lin et al. 2003). It has been also proposed that not only electron beams, but also
neutralised particle beams (constituted from electron, proton and ion components) may
play the role of the flare heating in some flares (Martens 1988; Brown et al. 1990; Sim-
nett & Haines 1990). In this contribution we present a simple test-particle code which
was used to estimate the flare heating function of neutral beams. The main features
of the neutral beam flare heating are discussed. The heating function obtained by the
test-particle code was then used by the radiative-hydrodynamic code (Kasparova et al.
2009) and contribution functions for chromospheric Ha line were calculated. Besides
the heating, also the influence of non-thermal collisional rates to the excitation and
ionisation processes have been included. The contribution functions obtained for neu-
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Figure 1.  Comparison of energy deposits of neutral (solid line) and proton (dashed
line) beams Fa = 4.5 x 109 erg cm™2 57!, Ey = 35 MeV, 6 = 3.

tral beam flare heating are compared with the contribution functions obtained for pure
electron beam heating.

2. Model

The propagation and energy deposit (flare heating) of neutral beams is calculated using
a test-particle approach based on the following simple scenario. We assume that the
neutral beam is formed from electrons and protons. During the beam propagation the
beam electrons are dragged by the beam protons (Karlicky et al. 2000) and the parallel
velocity components (to the magnetic fieldlines) of beam protons and electrons are
equal, i.e. vﬁ = vﬁ and the current density related to the beam propagation vanishes
(Martens 1988), so the beam electron and proton densities are identical n, = n,. Due
to the high proton mass the proton scattering can be neglected, so the scattering only
for the electron component of the beam is taken into account. The electron scattering
is modelled using the approximation given by Bai (1982). An obvious consequence
of our model is the energy and momentum exchange between the electron and proton
component. During the energy and momentum exchange the electron component is
gaining energy on the account of the proton component of the of the neutral beam.
The energy losses of proton and electron components are calculated using the formulas
given by Emslie (1978). The total energy loss of the neutral beam is given by the sum
of the proton and electron component energy losses.

The flare heating given by the total energy loss of the neutral beam enters a ra-
diative hydrodynamic code. Using the code, the response of the solar atmosphere to
the flare heating is simulated using a 1-D hydrodynamic code and at the same time the
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Figure 2. A comparison of Ha contribution functions for an electron beam of
Frax = 4.5 x 1010 erg ecm 257!, Ey =20 keV (top panels) and for a neutral beam of
Foax = 4.5%x1010 erg cm~2s7!, Ey = 35 MeV (bottom panels). Solid curves indicates
the total energy deposit, dashed curves are for the energy deposit on hydrogen. Left
and centre: Models with non-thermal collisional rates C™ included for beams of
6 = 3 and 6 = 5. Right: Models without C™ for 6 = 3.

non-LTE radiative transfer for five level plus continuum hydrogen atom is calculated in
the chromosphere and photosphere in order to obtain the contribution functions of Ha
line. The radiative part of the code includes the influence of the non-thermal collisional
rates of neutral beam protons (Hénoux et al. 1993) and electrons (Fang et al. 1993). The
radiative-hydrodynamic and test-particle codes are in a detail described in KaSparova
et al. (2009).

3. Results

The flare heating function for a neutral beam with parameters Fpx = 4.5 X 1010 erg
cm™2 57!, Eg = 35 MeV, § = 3 is shown in Fig. 1. The flare heating corresponding to
the neutral beam is similar to the pure proton beam heating. During the beam propa-
gation the beam protons drag the electrons and an energy transfer from the proton to
the electron beam component takes place. The energy transferred from protons to elec-
tron corresponds to ~ 3% of the total energy of the proton beam component, i.e. the
ratio of the total energy deposited by only the electron component to the total origi-
nal energy of the electron component before thermalisation is ~ 55. The consequence
is, that the beam electrons propagate into the depths comparable with the penetration
depth of beam protons (compare the penetration depths of electron and neutral beams in
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Fig. 2) and substantially contribute to the non-thermal collisional rates which influence
the formation of spectral lines.

The comparison of the contribution functions for He line for pure electron and for
neutral beam are shown in Fig. 2. Due to the high penetration depth of the neutral beam
and efficient radiative losses in the corresponding region almost all the beam energy
is deposited into neutrals. Because the radiative losses in the region corresponding to
the maximum of the heating function are very efficient (Kasparova et al. 2009), almost
all energy deposited by the considered beam is radiated away, i.e. the heating itself
does not cause a change of the Ha contribution funcion or line profile. On the other
hand, it is the non-thermal collisional rates which result in modification of the Ha line
formation.

4. Conclusions

We present an attempt to model the flare heating function for neutral beams using a
simple model for its propagation and thermalisation which has been implemented into
a test-particle code. We showed that the neutral beam heating resembles to the proton
bem heating, but due to the exchange of energy between the proton and electron com-
ponent, the beam electrons propagate much deeper than in the case of electron beams
with corresponding low-energy cutoff. Using the new flare heating we have calculated
the contribution functions of Ha line with and without the non-thermal collisional rates.
The results are very sensitive to the model of radiative losses in the deep layers of the
solar atmosphere, where the the heating reaches its maximum.

Acknowledgments. This work was supported by grants P209/10/1680, 205/06/P135,
205/07/1100 of the Grant Agency of the Czech Republic and by the research project
AV0Z10030501 (Astronomical Institute).
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The return current (RC) represents one of the important
mechanisms of high energy electron beams thermalisa-
tion in flares. The influence of the RC on the propagat-
ing electron beam is discussed from two points of view:
from the microphysics and using a macroscopic paramet-
ric approximation. Using a modified 1-D particle in cell
model, details of the RC formation on the microscales
are discussed. Based on the results from microphysics,
a parameter giving the ratio of background electron den-
sity to the density of electrons forming the RC is intro-
duced. Using the parametric approximation, the influence
of the RC on the energy deposit of the high energy elec-
tron beams into the ambient solar plasma is discussed.

Key words: electron beams; return current; flare heating.

1. INTRODUCTION

According to contemporary solar flare models, electron
beams are considered to be important agents responsible
for energy transport and deposition in flares. The propa-
gation of electron beams is inevitably connected with ori-
gin of enormous electric currents, which according to the
Maxwell’s theory have to be balanced by RCs formed by
the plasma background electrons (van den Oord, 1990).
RCs are driven by electric fields which contribute, be-
side the Coulomb collisions, to the energy dissipation of
the electron beams (Emslie, 1980). Although the con-
tribution of the RC effects to the beam energy dissipa-
tion can in some approximations even exceed the effect
of Coulomb collisions, it has never been considered in
calculations of flare heating functions which have been
used in the ’standard’ 1-D hydrodynamic flare models.

In this contribution we first examine the microphysics of
RC formation using a 1-D particle in cell code. Then
we calculate the influence of the RC related effects on
the energy deposit of the electron beams into the ambient
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ABSTRACT solar plasma using a test particle code in two different

approximations.

2. MICROSCOPIC RC MODELLING

2.1. 1-D current-in-cell model

We consider a 1-D system of numerical background
plasma electrons, whose charge is neutralized by static
protons, into which from one side a beam of numerical
electrons penetrates. The considered electric field has
only one component oriented in the direction of the beam
propagation, thus V x E = 9B/t = 0 and therefore no
magnetic field B exists if B = 0 at ¢ = 0. Neglect-
ing the current of the background protons a set of the
Maxwell equations (in Gaussian units) can be rewritten
to one equation only

OE

E:—‘W(‘ib +Je)s (M

where jp, is the beam current and j. is the electric current
carried by the background electrons. The electric cur-
rent in the model is computed as a sum of contributions
from individual numerical electrons (—ev,), distributed
over the model grids. Since the electric field acts on elec-
trons, the equations of their motion are used in the fol-
lowing form

dve e

At me
Znew = Told t+ veAt7 3

E —C(ve), (2)

where me is the electron mass, v, is the velocity of the
beam as well as background plasma electrons, ey and
Zold are the new and old positions of the electron during
the time step At. C(v,) is the electron velocity loss due
to the collisions with the background plasma

drAetne | ve |

O = S+ gy

4

where A is the Coulomb logarithm and v, is the thermal
plasma velocity.
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Figure 1. Distribution functions of electrons of the back-
ground plasma at the position 70 — 80 cm in the beam-
plasma system at the initial state (full line) and at 1078 s
(dashed line).

2.2. Results

We carried out calculations for cold plasma with density
corresponding to the upper chromosphere, where the op-
tical chromospheric lines are formed, i.e. for the plasma
density n, = 10'2 cm™3. To see all the details of the RC
formation the time step of the code has to be very short,
At =5 x 10713 s in our case.

The simulations showed that an electric field at the beam
head is formed and its value corresponds to the relation
analytically derived by van den Oord (1990)

E = 4mjp [ wp, 5)

where jy, is the electron beam current and w, is the plasma
frequency of background plasma. Using the relation
k = 2rn/L = wy/uvp, where v, is the beam velocity,
the wavelength of plasma oscillations L = 1.11 cm is
in agreement with the simulation. The mean velocity
of the accelerated background electrons times their den-
sity equals to the initial electron beam velocity times ny,
(equality of the electric currents).

In the following times, e.g. at t = 5 x 10710, the ampli-
tude of the electric field of the background plasma oscil-
lations grows. This is due to the two-stream instability.
The analytical expression for the growth rate of this in-
stability is (Michailovskij, 1975):

\/g - 1/3
7=y (—) : ©6)

np

which gives v = 0.148w,,. This value is in a good agree-
ment with the simulated values.

Under the influence of growing electric field, the beam
electrons are trapped in the generated electrostatic wave.
This trapping process leads to the saturation of the two-
stream instability. The energy level of saturation can be
estimated as (Birdsall & Langdon, 1985):

1 , (R\'?
Se — 3"Melh (5) ) @)

(where R = np/n.) which gives £ = 44.3 cgs units.
This value is reached at ¢t = 5 x 10710 s, later on the
electric field amplitude is even greater. A detailed anal-
ysis shows that this is due to the fact that the two-stream
instability near the injection position is in reality forced
by the continuously injected beam. It gives greater value
of electric field than in the 'normal’ two-stream insta-
bility. Simultaneously, the wavelengths of plasma oscil-
lations become shorter at these positions and the waves
with higher k—vectors appear.

Then a model with the hot background chromospheric
plasma (n, = 1012 cm—3, T, = 10* K) and the elec-
tron beam (np, = 3 x 10° cm™3, v, = —101° cm s~ 1)
was considered. We prolonged computations up to the
time 1 x 108 s and we compared the electron distribu-
tion functions of the background plasma at the positions
of 70 — 80 cm in the model at the initial state (full line)
and at 1 x 1078 s after a beam injection into the numeri-
cal model (dashed line) (Fig. 1). The absolute value of the
electric current corresponding to the distribution function
at 1 x 1078 s equals to the beam electric current.

Summarizing the results, we can conclude that a RC of
the same magnitude as the beam current is formed on
very short time scales. Its electron distribution function
deviates strongly from that of the initial state. The RC is
not formed by a simple velocity shift which is the same
for all background plasma electrons (as sometimes as-
sumed) but the velocity shift is strongly velocity depen-
dent as shown by Rowland & Vlahos (1985).

We defined the measure of collisional losses @ in the sys-
tem as

drAe*neve
Q= Z IE T o) ®)

m2(v2 + v7,

where n is the number of electrons in the distribution
function. Note that the symmetric distribution function
with respect to the static protons (zero electric current)
gives Q = 0. We compared it for the computed distribu-
tion function (the dash line in Fig. 1) with that as at the
initial state, but which is as a whole shifted in the velocity
space and carrying the same RC as the computed one. We
found that @ for the computed distribution function (the
dash line in Fig. 1) is about 1/5 of that which was formed
by a simple velocity shift. Therefore, we can expect that
the electric field given by the Ohm’s law for the RC is
also reduced. In the following the electric field decrease
is taken into account by defining a free parameter c.

© European Space Agency * Provided by the NASA Astrophysics Data System
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3. MACROSCOPIC RC EFFECTS

3.1. Test Particle Code (TPC)

The electron beams with power law energy spectra in the
range 30 — 100 keV are modeled using test particles (TP),
each representing a big number of electrons and energy
bins (typically from 10 to 30). The positions, energies
and pitch angles (Bai, 1982) of all TPs with non-zero en-
ergy are calculated in each timestep. The energy losses
and the change of the electron pitch angle due to the
Coulomb collisions (Emslie, 1978) and RC effects are
calculated on a fine (~ 10°) equidistant grid to which
temperature, density and ionisation of the VAL C (Ver-
nazza et al. 1981) atmosphere was interpolated. The cur-
rent density generated by the beam j; is assumed to be
completely balanced by the RC density j = —j, and the
beam current density is calculated on the grid by the TPC.

To calculate the effect of the RC on flare heating, it is nec-
essary to know the electric intensity /£ which drives the
RC and decelerates the beam electrons at the same time.
For the change of beam electron velocity component par-
allel to the magnetic field we obtain

eEAt

Me

Ay =

®

From Av the change of the pitch angle can easily be cal-
culated. The electric field E is calculated in two approxi-
mations: providing the RC obeys the Ohm’s law and pro-
viding that the RC is predominantly formed by runaway
electrons.

3.2. Ohmic RC

In this approximation validity of the Ohm’s law is as-
sumed
Je=0kE, (10)

where o is the classical electrical conductivity which
depends only on the background plasma temperature.
Knowing ¢ and j. (je = Jb), the electric field can be
calculated. Because o is derived under conditions that
v < v%c, where vq is the drift velocity of the back-
ground electrons, this approximation can be used only
for small currents (energy fluxes) when the corresponding
electrical intensity is much smaller then the Dreicer field
FEp. Norman & Smith (1978) showed that even for field
ratios £/Ep ~ 0.2, 10 % of background electrons are
runaway and the Ohm’s law approximation is inappropri-
ate. It follows from our calculations that for F' = 10*! erg
cm~2 7! the field ratio is > 1 and for ' = 1010 erg
cm~2 s~ 1itis > 0.1 in the corona.

3.3. Runaway RC

In this approximation we assume that the RC is formed by
only a fraction of fast background electrons. According

to Karlicky et al. (2004), we introduce a free parameter
«, which gives the ratio

o=l (1)

Ne

where 7 is the number density of the background elec-
trons carrying the RC and 7. is the total number density
of the background electrons. We assume that if the pa-
rameters of the electron beam remain constant with time,
formation of a stationary state on macroscopic scales can
be expected. In this case, the RC on macroscopic scales
remains constant and for the mean electric field we get
equation

Cd{we) e
0=—g = B~ (Clwe)) (12)

where (C(v)) can be calculated from Eq. 4. The electric
field is now proportional to (C'(ve)). Because we are not
able to model the distribution function of the RC elec-
trons in this approximation, we assume the same velocity
for all the electrons forming the RC

(o) = 2 = 2 (13)

N QNee

Using Eq. 4 to calculate (C'(ve)) we take into account the
fact that the condition v < v7, is not fulfilled and it
leads to the decrease of the corresponding electric field.
Considering the fact that the collisional cross-section of
electrons decreases with the square of their velocity, it is
an expected result.

3.4. Results - flare heating functions

The flare heating functions calculated in both approxi-
mations for power-law index 0 = 3 and energy fluxes
F =10"ergecm 2 s ! and F' = 10* erg cm =2 57!
are shown in Figs. 2, 3. The blue line shows the energy
deposit when only Coulomb collisions are included, the
solid red line shows the total energy deposit (i.e. RC
effects plus Coulomb collisions), the dashed line shows
only the deposit from RC and the dotted line the de-
posit from Coulomb collisions. It can be seen that in
the approximation using the classical electric conductiv-
ity Fig. 2, which as we showed above is not realistic, the
penetration depths of the beams are strongly reduced and
the RC effects clearly dominate over the contribution of
Coulomb collisions. Also the RC losses in the corona are
large. In the second approximation, see Fig. 3, the effect
of the RC is reduced and even more for the higher flux.
This is due to the fact that the velocity of the background
electrons, in order to compensate the beam current, has to
be higher than it would correspond to the lower flux. Also
the penetration depth of the beam increases and becomes
comparable with the penetration depth for pure Coulomb
collisions.
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Figure 2. Flare heating functions for VAL C atmosphere
(Vernazza et al. 1981) calculated providing the RC obeys
the Ohm’s law (see description in the text).

4. CONCLUSIONS

We discussed the effects of RC on the flare heating func-
tions in two approximations. The detailed simulations
of RC formation confirmed that the beam current is al-
most immediately balanced by the RC. The distribution
function of the background electrons forming the RC de-
viates strongly from Maxwellian so it is not possible to
approximate it simply as a velocity shifted Maxwellian.
From the macroscopic approximation of the RC we con-
clude that the approach using the Ohm’s law and classi-
cal electric conductivity is unrealistic, because the elec-
tric fields corresponding to the typical flare energy fluxes
~ 10 erg cm™2 51 are in some regions in the solar
atmosphere close or even greater than the correspond-
ing Dreicer fields. So, the electrons carrying RC would
quickly become runaway. We proposed a new approxi-
mation assuming that only a part of the background elec-
trons carries the RC and that the electric field driving the
RC is proportional to the collisional losses of RC elec-
trons. Because we are still unable to calculate the veloc-
ity distribution function of RC electrons routinely along
the path of the beam, we compute the average collisional
losses of the RC electrons for their average velocity. Be-
cause C(ve) reaches its maximum for v, = vz, /V/2,
for higher velocities the magnitude of the electric field
is substantially reduced and the effect of the RC on the
flare heating function as well (see Fig. 3). In the limit
case when the number densities and velocities of the RC
electrons reach the number densities and velocities of the
beam electrons, the contribution of the RC to the beam

Figure 3. Flare heating functions for VAL C atmosphere
(Vernazza et al. 1981) calculated using the alternative
method for o = 0.1 and (see description in the text).

energy losses would be equal to the beam collisional
losses. For more realistic approximation of RC effects on
flare heating function, it is necessary to calculate the RC
electrons velocity distribution functions along the elec-
tron beam trajectory.
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Abstract.  The return current (RC) related effects represent in flares one of
the possible mechanisms of conversion of the kinetic energy of electron beams
into the thermal energy of flare plasma. Using a 1-D current-in-cell model,
details of formation and properties of the RC driven by monoenergetic electron
beams are calculated. Based on results of the simulations, the influence of the
RC on the energy deposit in flares is discussed.

1. Introduction

According to the standard flare model the flare energy is released in the corona
due to the reconnection of coronal magnetic fields and consequently transported
by energetic beams of charged particles along the magnetic fieldlines downwards
to the transition region, chromosphere and photosphere where the bulk of the
beam kinetic energy is converted into the thermal energy of the flare. Due to
the diagnostics of non-thermal hard X-—ray bremsstrahlung emitted by flares, the
electron beams are the best studied agents transporting energy in flares. The
propagation of electron beams with power—law spectra and energies in the range
from ~ 15keV to several 100keV and energy fluxes from ~ 10'° erg cm=2 s~}
to almost 10'% erg cm™2 s™! observed in flares is inevitably connected with an
origin of enormous electric currents which according to the Maxwell’s theory
have to be exactly balanced by RCs created by the plasma background electrons
(Knight & Sturrock 1977, Hoyng et al. 1978, van den Oord 1990).

RCs in flares are powered by electric field originating as a result of the beam
current injection into the ambient plasma in the solar atmosphere. According to
the majority of RC models, the induced electric field accelerates the background
electrons, generates the RC and the accelerated RC electrons then via collisions
with ions contribute to the flare heating of the ambient plasma. At the same time
the induced electric field tends to decelerate the beam electrons and besides the
Coulomb collisions it thereby contributes to the dissipation of the electron beam
kinetic energy. Although the contribution to the flare heating from the Coulomb
collisions is fairly known (Emslie 1978) the contribution from the RC remains
unclear and the conclusions obtained by various models are rather controversial,
depending on the considered mode of propagation of the RC. The models using
the Ohm’s law in connection with either the classical (Emslie 1980) or anomalous
(Emslie 1981, Duijveman et al. 1981, Cromwell et al. 1988, Matthews et al. 1996)
electrical conductivity attribute an important role to the flare heating due to
the RC, whereas other models (e.g., Rowland & Vlahos 1985) based on detailed

473



Prace 7

81

474 Varady et al.

theoretical considerations of kinetic collective effects related to the RC formation
conclude that the bulk of the plasma background electrons is trapped and the RC
is carried only by a small population of fast, supra-thermal (runaway) electrons.
Collisional losses of such electrons are due to their high velocities substantially
reduced and therefore the effects of the RC on the flare heating function as well.

In this contribution we concentrate on a microscopic modeling of the for-
mation of the RC generated by a monoenergetic electron beam in a typical
chromospheric plasma. Using a 1-D current-in-cell code we calculate the distri-
bution functions of electrons carrying the RC. We follow evolution of the electric
field powering the RC from the transient, unstable state towards a stationary
state. The final mean values of the stationary field driving the RC are com-
pared with the electric field which would correspond to the field obtained from
the Ohm’s law and the classical Spitzer conductivity for the same current.

2. Model Description

We consider a 1-D system of numerical background plasma electrons whose
charge is neutralized by static protons. The simulations are initiated by a pen-
etration of a beam of numerical electrons from one side of the computational
domain. The details concerning of the code, adopted methods and physical
approach are given in Varady et al. (2005).

3. Results

All the simulations were carried out for monoenergetic electron beams and as a
typical value of plasma density in the chromosphere was taken ne = 102 cm™3.
To see all the details of the RC formation, the time step of the code had to be
shorter than the period of the electron plasma oscillations, i.e. At = 5x 10713 s.
Three distinct models have been calculated:

1. Model A: RC formation at the very onset of the interaction of cold chromo-
spheric plasma T = 0K, (vy, = 0 cm s~1) with the electron beam.

2. Model B: RC formation for a constant beam flux propagating through chro-
mospheric plasma, T, = 10 K. Model includes only Coulomb collisions, col-
lective effects are not taken into account.

3. Model C: RC formation for a constant beam flux propagating through chro-
mospheric plasma 7T, = 10* K. Model includes both the Coulomb collisions
and the collective plasma effects.

3.1. Model A: initial phases of the beam injection — cold plasma

Several runs with different densities of the electron beam and with different
numbers of numerical electrons (20000 and 200000) were carried out. The real
densities were simulated by weighting of the numerical electrons. In the ini-
tial state of the system with length 100 cm the background plasma electrons
were uniformly distributed into 1000 grid cells in order to resolve the collective
plasma effects. Then the beam electrons with velocity v, = —10'° cm s™! were

continuously injected into the domain at its right boundary (i.e. at the position
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Figure 1.  Left: The state of the system at 1 x 107'° 5. Upper panel: The
distribution of electrons in the phase-space. The initial velocity of background
and beam electrons is zero and —10'° cm s~!, respectively. Bottom panel:
The electric field generated along the beam path. Right: The state of the
system at 5 x 10719 s. Upper: The distribution of electrons in the phase-
space. Bottom: The electric field generated along the beam propagation.

100 cm). The result of the simulation with ny, = 1010 cm™3 at t=10"10 s, i.e.
immediately after the beam injection when the beam penetrates only 1 cm into
the system, is shown on the left side in Fig. 1. The magnitude of the electric

field formed at the beam front corresponds to the value analytically derived by
van den Oord (1990)

E =4mjyfwp (1)

where jj, is the electron beam current and wy is the plasma frequency. The
corresponding wavelength L of plasma oscillations is (from the relation k& =
27 /L = wy /vy, where vy, is the beam velocity) L = 1.11 cm which in agreement
with the simulation. Moreover, the mean velocity of the accelerated background
electrons times their density equals to the initial electron beam velocity times
Ny, 1.e. the beam current is equal to the RC.

In the following times, e.g., at t = 5 x 10719 5 (see the right side of Fig. 1)
the amplitude of the oscillations grows due to the two-stream instability. The
analytical expression for the growth rate of the instability is (Michajlovskij 1975)

(2)

V3 (nb>1/ 3
Ne ’
which gives v = 0.148 wp. The theoretical value is again in a good agreement
with the value given by the model.

As a consequence of the growing electric field the beam electrons are getting
trapped in the generated electrostatic wave. The trapping process leads to the
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Figure 2.  Left: Results of Model B. Upper: Phase-space diagram showing
two parts of background plasma electrons at 1076 s. The RC is carried by
electrons with a mean velocity 1.69x 10° cm s~!. Bottom: The time evolution
of the electric field. Right: Results of Model C: Upper: The distribution
function of the background plasma at 1078 s. Bottom: The evolution of the
mean electric field in the system.

saturation of the two-stream instability. The energy level of the saturation can
be estimated by Birdsall & Langdon (1985)

EP? 1 R\'3
W, = | 87r| = inbmev% (§> , (3)

where R = ny,/n., which gives E = 44.3 statvolt cm ™! at time t =5 x 10719 s.

3.2. Model B: RC including collisions only

The model is almost identical with Model A. The only changes are that the
boundary conditions are now periodic in space and there is no spatial grid. The
consequence of the latter change results in elimination of the collective plasma
processes (e.g., RC instability) from the system, so only the global electric field
and the collisional deceleration of electrons are considered. The beam having an
arbitrary distribution in the velocity space is always represented by a constant
electron flux (current) so this is a good approximation of power-law beams com-
monly used in the interpretation of hard X-ray emission. The initial distribution
function of the background plasma is Maxwellian with temperature T, = 10* K.
The RC formation for electron flux nyv, = 1029 cm™2 s~! is shown on the left
side in Fig. 2. From the figure it is also apparent that due to the collisions,
the background plasma electrons are divided into two populations: a) a bulk of
electrons with zero velocity; b) a population of fast electrons carrying the RC.
The ratio of their densities is nre/npuk = 5.98 x 1072, The mean velocity of
the electrons forming the RC is 1.69 x 10° cm s~!, i.e. the RC again balances
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the beam current. During the simulation electric field in the system oscillates
with gradually decreasing amplitude and finally (after ~ 1.1 x 107° s) a weak
and constant electric field driving the RC is formed. The final electric field
FEfna1 is much less than the electric field calculated from the Ohm’s law using
the classical conductivity and the same electric current (see Table 1). Similar
calculations have been carried out also for beam flux npvp, = 101 cm™2 s~! and
results are listed in Table 1.

3.3. Model C: RC including collisions and collective effects

The model remains again almost the same as Model B only the computational
domain has been divided into 1000 grid cells. The consequence is inclusion of the
RC instabilities (i.e. plasma collective effects). The formation of the RC for the
electron beam flux nyvp, = 10%° em™2 s™! is shown on the right panel in Fig. 2.
The formation of a stationary RC is much shorter than in Model B due to the
waves generated by the instability of the RC. The resulting distribution function
has an extended tail for v > 0 and strongly deviates from the Maxwellian. The
extended tail formed from the background plasma electrons carries the RC. The
final, stationary electric field is higher than that in the Model B, but still lower
than the Ohm’s electric field calculated for the same electric current. Similar
calculations have been made also for beam flux nyv, = 10 cm™2 s™! and results
are listed in Table 1.

Table 1. A comparison of the RC parameters obtained from Model B and
Model C. The values nrt and npy are the densities of the RC and the bulk
populations, TR is the mean velocity of the electron population carrying the
RC, Egna is the final stationary electric field and Fopy, is the corresponding
electric field calculated from the Ohm’s law and the classical conductivity.

Electron flux  nrc/nbuk TRC Egnal Eohm

[em=2 s71] [em s71]  [statvolt cm™!] [statvolt cm™!]
Model B

1020 598 x 1072 1.69 x 109 —1.42x10"* —5.19x 1072

101 201 x107%2 497x10% —-1.76x10"* —5.19x 1073
Model C

1020 — — —6.32x 1073  —5.19x 1072

101 — — —2.08x 1073 —5.19x 1073

4. Conclusions

Using a simple model based on a 1-D current-in-cell code describing the forma-
tion of the RC on microscopic scales, we were able to reproduce several impor-
tant aspects of the RC formation which have been earlier found analytically. All
the presented models, in accordance with theory, produced RCs which exactly
balanced the beam current. The oversimplified model with cold background
plasma (Model A) successfully mimics the magnitude of the electric field formed
at the beam front and the properties of the current instabilities (generation of
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the plasma waves with the expected parameters, correct grows of two-stream
instability, etc.) which are generated immediately after the beam enters the
plasma. Model B and Model C showed that the distribution function of the
background electrons are strongly non—-Maxwellian. Considering only Coulomb
collisions and neglecting the collective effects, Model B gives two populations
of background electrons: standing bulk and a fast population of background
electrons carrying the RC. At this point our the results resemble the results
of Rowland & Vlahos (1985). A more realistic Model C taking into account
both, collisions and collective effects gives distribution functions which strongly
deviate Maxwellian and the RC is here carried by the electrons from an ex-
tended tail of the distribution. So the RC is not formed by a simple velocity
shift which is the same for all background plasma electrons as sometimes as-
sumed. An obvious consequence is that due to the considerable velocities of
the electrons forming the RC their collisional frequency decreases (see Eq. 4
in Varady et al. 2005). Consequently, the electric field which powers the RC
and dissipates the kinetic energy of the beam decreases as well (relative to the
electric field obtained for the same current using the Ohm’s law and classical
conductivity). The main conclusion is that according to our simulations, the RC
related flare heating calculated using the Ohm’s law and classical conductivity
overestimates the role of the RC contribution in the calculations of flare heating.
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Abstract. Using 1D NLTE radiative hydrodynamics we model the influence
of the particle beams on the Ha line profile treating the beam propagation and
the atmosphere evolution self-consistently. We focus on the influence of the
non-thermal collisional rates and the return current. Based on our results, we
propose a diagnostic method for determination of the particle beam presence in
the formation regions of the Ha line.

1. Introduction

Some of the flare models assign a fundamental role to the high energy particle
beams in the flare energy transport. As the beams interact with the ambient
plasma, their energy is dissipated and transformed mainly into the thermal en-
ergy of the transition region and chromosphere plasma. Several models studied
electron and proton beams as heating agents (e.g., Mariska et al. 1989; Em-
slie et al. 1998) as well as their influence on spectral line profiles (e.g., Allred
et al. 2005). The propagation of electron beams is inevitably connected with
the so-called return current (RC, van den Oord 1990) which also contributes to
the beam energy dissipation. Besides the heating, the beams influence atomic
level populations of the ambient plasma via collisional excitation and ionization.
The work presented here concentrates on these two effects which are commonly
neglected in the flare modeling and assesses their importance on the formation
of Ha line in solar flares.

2. Model

The beam propagation and energy deposition is modelled by a test particle
approach consistently with the hydrodynamics of the atmosphere and NLTE ra-
diative transfer in the transition region, chromosphere, and photosphere. Details
of the model and the methods used are described in Kasparova et al. (2005).

We study the response of quiet Sun atmosphere (VAL C from Vernazza et al.
1981) to beam pulses of short duration, 1 s with sinus-like time modulation, and
power-law energy spectrum with § = 3.

3. Hydrodynamics and Beam Propagation

The model takes into account Coulomb collisions of the beam with ambient
neutrals and electrons, scattering of beam electrons, and optionally RC for the
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Figure 1. Total energy deposit (solid) and energy deposit to hydrogen
(dashed) at beam flux maximum. 7Top: electron beam with and without
RC included. Bottom: proton beam with F; =5 MeV and E; = 20 MeV.

case of an electron beam (return current is a factor of E./E, lower for protons
carrying the same power as electrons (Brown et al. 1990) and is neglected). The
return current is included in a runaway approximation assuming o = 0.1, i.e.
10% of ambient electrons carry RC. For details and other approximations of RC
in solar atmosphere conditions see Varady et al. (2005, 2007).

Figure 1 shows that RC significantly increases the energy deposit of electron
beams at heights > 1500 km leading to corresponding increase of the tempera-
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Ha intensity at AN = 0 A Ho intensity at &A= 1 A

Ha intensity at AN = 0 A Ha intensity at AN = 1 A

Figure 2.  Time evolution of the Ha line center (left column) and wing
(right column) intensities. Top: electron beam for F = 101° ergcm =2 57! and
d = 3 with and without RC. Bottom: proton beam for F' = 10'? ergcm 2571,
§ =3, and E; =5, 20 MeV. The solid curves refer to cases with C™* mCluded

dashed lines to cases without C™t.

ture and ionization. The atmospheric response to proton beams was modelled
for two different values of the low-energy cutoff E; = 5, 20 MeV. Note that
deka-MeV protons produce approximately the same amount of hard X-rays as
deka-keV electrons (Emslie & Brown 1985). Figure 1 illustrates that proton
beams deposit their energy into deeper layers than electron beams (Emslie et al.
1996). The energy deposit of proton beams with lower value of F; peaks at
higher atmospheric layers and is larger at heights above in comparison with a
proton beam of F; = 20 MeV. Consequently, the temperature at these layers is
substantially increased.

4. Ho Line Profiles

The hydrogen level populations are affected also by non-thermal collisional ion-
ization and excitation. The corresponding rates C™ are directly proportional to
the beam’s energy deposit on hydrogen (see Fang et al. 1993 for electron beams,
and Hénoux et al. 1993 for proton beams). Their influence on the temporal
evolution of the Ha profile was studied for electron beams by Heinzel (1991);
Kagparové et al. (2005). Here, we describe in detail their effect for proton beams
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Figure 3.  Ha contribution function CF for an electron beam. RC and O™
were included. Solid curve: energy deposit on hydrogen.

and the influence of RC for electron beams. The temporal evolution of the Ha
line-center (AX = 0A) and wing (AX = 1 A) intensities are shown in Fig. 2. As
discussed in Heinzel (1991) and Kasparové et al. (2005) for the case of electron
beams, C™ cause a decrease of the line-center intensity at the very start of the
beam propagation and enhance the wing intensity later on (mainly for fluxes
> 10 ergem™2s7!). The line behaviour can be understood in terms of contri-
bution functions C'F' to the outgoing intensity given by Iy = [ C'F) dz, where z
is the height.

Figure 3 shows the evolution of Ha C'F' for the case of an electron beam
with RC and C™ included. A decrease of the line center intensity is caused by
an increase of opacity due to C™ (see CF at 0.2 s). Later on, a new region of
wing formation occurs at the layers where the energy deposit peaks (see CF at
0.4 s). Such a layer is not formed if C™ are not considered. Since RC causes
heating of the top parts of the atmosphere, it is responsible for the increase
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were included.
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of the line center intensity at 0.4 s (see Fig. 2) forming in a narrow region at
~ 2000 km (see Fig. 3).

The situation for a proton beam is shown in Fig. 4. In the case of F1 =
20 MeV, the beam energy is deposited in regions where the line wings are formed.
If C™ are included, they cause increase of opacity which leads to a drop of both
the wing and the line-center intensities (see CF at 0.2 s). Later on, a new wing
region occurs. Neglecting C™, the line intensity does almost not change because
the temperature structure is not significantly affected by the beam propagation.

However, for a proton beam of 1 = 5 MeV, the temperature increase is
large enough to form a new region of the line center intensity, as in the case of
RC for an electron beam. Also, the energy deposit is large enough to create a
new layer of strong wing intensity (see CF' at 0.4 and 1.1 s and Fig. 2). The
second peak of the line center intensity at about 1.1 s is due to broadening of
the formation region. Similarly to the electron beams, the line wings are not
changed if C™ are not considered.

5. Conclusions

The Ha line is influenced by temperature structure resulting from the beam
propagation and return current as well as the non-thermal collisional rates. We
propose to use the decrease of Ha line-center intensity as diagnostic indicating
the presence of particle beams. We also predict that proton beams with deka-
MeV low-energy cutoffs produce only decrease of the Ha in comparison with
quiet-sun intensities.
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ABSTRACT

Context. The collisional thick-target model (CTTM) of the impulsive phase of solar flares, together with the famous Carmichael,
Sturrock, Hirayama, and Kopp-Pneuman (CSHKP) model, presented for many years a “standard” model, which straightforwardly
explained many observational aspects of flares. On the other hand, many critical issues appear when the concept is scrutinised theo-
retically or with the new generation of hard X-ray (HXR) observations. The famous “electron number problem” or problems related
to transport of enormous particle fluxes though the corona represent only two of them. To resolve the discrepancies, several modifica-
tions of the CTTM appeared.

Aims. We study two of them based on the global and local re-acceleration of non-thermal electrons by static and stochastic electric
fields during their transport from the coronal acceleration site to the thick-target region in the chromosphere. We concentrate on a
comparison of the non-thermal electron distribution functions, chromospheric energy deposits, and HXR spectra obtained for both
considered modifications with the CTTM itself.

Methods. The results were obtained using a relativistic test-particle approach. We simulated the transport of non-thermal electrons
with a power-law spectrum including the influence of scattering, energy losses, magnetic mirroring, and also the effects of the electric
fields corresponding to both modifications of the CTTM.

Results. We show that both modifications of the CTTM change the outcome of the chromospheric bombardment in several aspects.
The modifications lead to an increase in chromospheric energy deposit, change of its spatial distribution, and a substantial increase in
the corresponding HXR spectrum intensity.

Conclusions. The re-acceleration in both models reduces the demands on the efficiency of the primary coronal accelerator, on the

electron fluxes transported from the corona downwards, and on the total number of accelerated coronal electrons during flares.

Key words. Sun: flares — acceleration of particles — Sun: X-rays, gamma rays — Sun: chromosphere

1. Introduction

The CTTM of the impulsive phase of solar flares (Brown 1971)
for many years presented a successful tool not only for interpret-
ing the processes related to the energy deposition and HXR pro-
duction in the footpoint regions of flare loops, but also for nat-
urally explaining many other observational aspects of flares like
the Neupert effect (Dennis & Zarro 1993), the time correlation of
footpoint HXR intensity and intensities of chromospheric lines
(Radziszewski et al. 2007, 2011), or the radio signatures of parti-
cle transport from the corona towards the chromosphere (Bastian
et al. 1998). Nevertheless, especially with the onset of mod-
ern HXR observations such as Yohkoh/HXT, RHESSI (Kosugi
et al. 1991; Lin et al. 2002), a continuously growing number
of discrepancies with the CTTM were beginning to appear. The
most striking one is the old standing problem concerning the
very high electron fluxes required to explain the observed high
HXR footpoint intensities. This problem is particularly acute
in the context of the “standard” CSHKP flare model when as-
suming a single coronal acceleration site (Sturrock 1968; Kopp
& Pneuman 1976; Shibata 1996), where enormous numbers
of electrons involved in the impulsive phase have to be gath-
ered, accelerated, and then transported to the thick-target region

Article published by EDP Sciences

located in the chromosphere (Brown & Melrose 1977; Brown
et al. 2009). Another serious class of problems appears as a con-
sequence of enormous electric currents arising from the transport
of high electron fluxes through the corona down to the chro-
mosphere and the inevitable generation of the neutralising re-
turn current (van den Oord 1990; Matthews et al. 1996; Karlicky
2009; Holman 2012). Also the recent measurements of the verti-
cal extent of chromospheric HXR sources (Battaglia et al. 2012)
are inconsistent with the values predicted by the CTTM.

Generally, it is very difficult to explain energy transport by
means of electron beams with enormous fluxes from the primary
coronal acceleration sites assumed to be located in highly struc-
tured coronal current sheets (Shibata & Tanuma 2001; Barta
et al. 2011a,b) to the thermalisation regions that lie relatively
deep in the atmosphere and that produce the observed intensi-
ties of footpoint HXR emission in the frame of classical CTTM.
Therefore various modifications of the CTTM have been pro-
posed to solve the problems. Fletcher & Hudson (2008) suggest
a new mechanism of energy transport from the corona down-
wards by Alfvén waves, which in the chromosphere accelerate
electrons to energies for X-ray emission. Furthermore, Karlicky
& Kontar (2012) have investigated an electron acceleration in
the beam-plasma system. Despite efficient beam energy losses

AS51, page 1 of 15
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to the thermal plasma, they have found that a noticeable part of
the electron population is accelerated by Langmuir waves pro-
duced in this system. Thus, the electrons accelerated during the
beam propagation downwards to the chromosphere can reduce
the beam flux in the beam acceleration site in the corona re-
quested for X-ray emission. Another modification of the CTTM
is the local re-acceleration thick-target model (LRTTM) that has
been suggested by Brown et al. (2009). The model assumes a
primary acceleration of electrons in the corona and their trans-
port along the magnetic field lines downwards to the thick-target
region. Here they are subject to secondary local re-acceleration
by stochastic electric fields generated in the stochastic current
sheet cascades (Turkmani et al. 2005, 2006) excited by random
photospheric motions.

Karlicky (1995) studied another idea — the global re-
acceleration thick-target model (GRTTM). The beam electrons
accelerated in the primary coronal acceleration site are on
their path from the corona to the chromosphere constantly re-
accelerated. Such a re-acceleration is caused by small static elec-
tric fields generated by the electric currents originating due to the
helicity of the magnetic field lines forming the flare loop (e.g.
Gordovskyy & Browning 2011, 2012; Gordovskyy et al. 2013).
The magnitude of the static electric field reaches its maximum
in the thick-target region owing to the sharp decrease in electric
conductivity in the chromosphere and to the prospective conver-
gence of magnetic field in this region.

In this paper we study the effects of the local and global
re-acceleration of beam electrons at locations close to the hard
X-ray chromospheric sources. Section 2 describes our approxi-
mations of LRTTM and GRTTM and their implementation to a
relativistic test-particle code. In Sect. 3 we compare both mod-
ifications with CTTM in terms of electron beam distribution
functions, chromospheric energy deposits, and HXR spectra.
Modelled HXR spectra are also forward-fitted to obtain beam
parameters under the assumption of pure CTTM regardless of
any re-acceleration. The results are summarised and discussed
in Sect. 4.

2. Model description
2.1. Beam properties and target atmosphere

The simulations presented in this work start with an injection of
an initial electron beam into a closed magnetic loop at its sum-
mit point using a test-particle approach (Varady et al. 2010).
Physically, the initial beam represents a population of non-
thermal electrons generated at the primary acceleration site lo-
cated in the corona above the flare loop. Our simulations do not
treat the primary acceleration itself. The non-thermal electrons
are assumed to obey a single power law in energy, so their initial
spectrum (in units: electrons cm™2 s™! keV~!) is

Fo (E\ %
G -7 (£)™, for Eg<E<E,
0, for other E

F(E, z0) 2{ )]

(Nagai & Emslie 1984). The electron flux at the loop top, which
corresponds to the column density zp = 0, is determined by
the total energy flux ¥y, the low and high-energy cutoffs Ej,
E; and the power-law index 6,. All the models presented in
this work start with the same initial beam parameters 6, = 3,
Ey = 10 keV and E; = 400 keV. For ¥, we use two values
Fo = 5x 10° and 10! ergem 257!, with the latter only as the
CTTM reference flux for a comparison with the models of sec-
ondary re-acceleration.

AS51, page 2 of 15

We study two various cases of initial pitch angle distribution.
The pitch angle ¢ determines the angle between the non-thermal
electron velocity component parallel to the magnetic field line y
and the total electron velocity v

= cosd = % )

The initial y-distribution is given by function M(u) and must be
normalised. The angularly dependent initial electron flux is then

1
FEgo.) = MGOFEz0). [ Muodo=1. )
-1
We consider two extreme cases:
1. a fully focussed beam
1
M = M(uo) = S8(to = o), )
where ¢ is the Dirac function and u. = +1; and
2. asemi-uniformly distributed beam
SU _ |1, woe(-1,-0.5)uU(0.5,1)
M™" = Muo) = {0, 1o € (=0.5,0.5). ®

The initial pitch angle distribution reflects the properties of the
primary coronal accelerator. The first distribution may represent
an extreme case of an electron beam accelerated in the coro-
nal current sheet with an X-point, and the second is close to the
outcome of the acceleration mechanisms involving the plasma
wave turbulence in a second-order Fermi process (Winter et al.
2011). The electrons with negative o propagate to the left, with
positive pg to the right half of the loop. Since we study the ef-
fects of the electron beam bombardment of the chromosphere,
we excluded the population with uo € (=0.5,0.5) from the uni-
form distribution. This approximation substantially decreases
the computational cost. The choice of M(u) influences the ini-
tial energy flux along magnetic field lines towards a single left
or right footpoint. The parallel fluxes towards individual foot-
points are F/2 for M and 3F/8 for MSY, respectively. The
total number of non-thermal electrons injected into the loop per
unit area and time is ~1.6 x 10!7 electrons cm™2s~! (relevant to
the energy flux Fy = 5 x 10° ergecm™2s~! and both pitch angle
distributions).

We consider a converging magnetic field along the loop
towards the photosphere with a constant mirror ratio R, =
B;/By = 5, where By and B, are the magnetic fields at the
loop top in the corona and at the base of the loop in the photo-
sphere, respectively. To model the field convergence we adopted
the formula proposed by Bai (1982), where the magnetic field
strength B is only a function of the column density z calculated
from the loop top downwards

B@) _ [ 1+ Rn—1)(z/zm)%
By | R

for z<zm
for z > zp, ©)
where z,, = 4 x 10" cm™2. For the VAL C atmosphere (Vernazza
et al. 1981) z, is located in the chromosphere — corresponding
position s, = 1.36 Mm, temperature T, = 6270 K and density
nm = 2 x 102 cm™. The adopted configuration of the mag-
netic field is shown in Fig. 1. The convergence of the magnetic
field in the vicinity of the loop footpoints influences the model
in two aspects. First, only part of the beam electrons with low
pitch angles satisfying the condition sin> ¢ < 1# passes through
the magnetic mirror. Second, the corresponding flux is focussed
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Fig. 1. Left: hydrogen ionisation (black line) and relative magnetic field strength B/B, (blue line), right: temperature (red line), and hydrogen
density (black line) in the lower parts of the VAL C atmosphere. The dashed line indicates the lower boundary of the magnetic mirror.

thanks to the field convergence that results in an increase in the
energy deposit per unit volume in the constricted flux tube. The
remaining beam particles are reflected by the mirror and move
back to the loop top and further to the second part of the loop
(Karlicky & Henoux 1993).

The corresponding energy deposits, non-thermal electron
distribution functions, and the HXR spectra are determined pri-
marily by the parameters of the electron beam itself, but also
by the properties of the target atmosphere. The results are ob-
tained for the VAL C atmosphere (see Fig. 1) (Vernazza et al.
1981), which was extrapolated to the hot ~1 MK and low den-
sity 108-10° cm™ corona. The length of the whole loop is
L = 20 Mm, so the source of the energetic particles (primary
coronal acceleration site) is located at s = 10 Mm.

The hydrodynamic flare models show that a rapid and mas-
sive flare energy release in the thick-target region dramatically
changes the temperature and ionisation structure in the chro-
mosphere on very short timescales <1 s (Abbett & Hawley
1999; Allred et al. 2005; KaSparova et al. 2009). Therefore it
also influences the thermalisation rate of the non-thermal elec-
trons (Emslie 1978; KaSparova et al. 2009) and thus the out-
come of the bombardment (Varady et al. 2013). Using a hydro-
dynamic flare code combined with a test-particle code (Varady
et al. 2010), we tested the influence in increased temperature and
change of ionisation due to the flare heating on the HXR spec-
tra produced in the thick-target region and on the correspond-
ing energy deposits. We found only relatively minor changes in
comparison with the results for the quiet VAL C atmosphere.
Therefore only results for the quiet VAL C atmosphere are pre-
sented in this study.

2.2. Test-particle approach

The problem of collisional particle transport in a partially
ionised atmosphere in the cold target approximation was anal-
ysed by Emslie (1978). Bai (1982) presented a Monte-Carlo
method that is useful for computer implementation of the trans-
port of energetic electrons in a fully ionised hydrogen plasma in
a non-uniform magnetic field. It has been shown by MacKinnon
& Craig (1991) that the coupled system of stochastic equations
presented in Bai (1982) is formally equivalent to the correspond-
ing Fokker-Planck (FP) equation, therefore the method proposed
by Bai (1982) has to give equivalent results as the direct solu-
tion of the FP equation. We modified the approach of Bai (1982)
for a partially ionised cold target and developed a relativistic

test-particle code. The code follows the motion of a chain of
beam electron clusters, test-particles with a power-law spectrum
along a magnetic field line described with the following equation
of motion

d
Pe o —Celve) + Fun — ¢E, @)
dr

where p. is the momentum of the electron cluster, —C.(ve) is

the collisional drag also responsible for the effects of scattering,
F, is the magnetic mirror force, and the term —eE expresses the
force controlling the secondary acceleration.

2.3. Collisional thick-target model — CTTM

In the scenario of classical CTTM, the non-thermal electrons
lose their energy and are scattered by the Coulomb collisions
with the particles of the ambient plasma (see the term —C.(ve)
in Eq. (7)). The energy loss of a non-thermal electron AE with
kinetic energy E and velocity v caused by Coulomb collisions in
a partly ionised hydrogen cold target, per time-step At, can be
approximated by

2 4
AE = —% [Ax+A'(1 - 0] noAr,

(®)
where n = np + ny is the number density of equivalent hydrogen
atoms, np and n, are the proton and hydrogen number densities,
respectively, x = n,/n is the hydrogen ionisation, and A, A" are
the Coulomb logarithms (Emslie 1978).

The scattering due to Coulomb collisions is simulated using
the Monte Carlo method. According to Bai (1982), the relation
between the rms of the scattering angle Adc, the ratio AE/E, and
the Lorentz factor yy, is

— (AE\[ 4
A2 = (==
()5

when Aﬂé < 1 (or equivalently, AE/E < 1). The value of
scattering angle Adc is given by a Gaussian distribution, the rms
of which is computed by the Eq. (9).

The change in the pitch angle caused by the magnetic
force Fp,, see Eq. (7), in the region of magnetic field conver-
gence is

Bi.1—Bi
% tanﬁi,

©)

Ay = (10)
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providing (A9p)* < lina single time-step, where B; and B;;|
are the magnetic field strengths at the beginning and end of the
particle path, and ¥, is the initial pitch angle. The total change of
the pitch angle in a single time-step due to collisions and mag-
netic field non-uniformity is A% = Ad¢ + Adg, and the new elec-
tron pitch angle ¢ is then obtained using the cosine rule from the
spherical trigonometry

cos ¥ = cos ; cos A + sin ¥, sin A cos ¢,

(1)

where ¢ is the azimuthal angle given by a uniform distribution
0 < ¢ < 2x. More details concerning computer implementation
can be found in Varady et al. (2005, 2010) and KaSparov4 et al.
(2009).

2.4. Secondary accelerating mechanisms

To include the secondary acceleration mechanisms, we added
either the static or stochastic electric fields that re-accelerate
or decelerate the test-particles with respect to the mutual di-
rections of the electric field and instantaneous test-particle ve-
locities. The interaction of the non-thermal particles with the
re-accelerating electric field, the —eE term in Eq. (7), is cal-
culated using the Boris relativistic algorithm (see Peratt 1992,
Sect. 8.5.2). The effects of the return current are not consid-
ered. Relatively low electron fluxes transported from the corona
(Fo/2 = 2.5% 10° ergcm ™2 s~! towards each footpoint) partially
justify this negligence.

2.4.1. Static electric field — GRTTM

We now consider a situation where electric currents flow in the
flare loop before and during the flare impulsive phase due to the
non-zero helicity of the pre-flare magnetic field (Karlicky 1995).
Furthermore, at the very beginning of the flare, the current-
carrying loops are unstable to the kink and tearing-mode insta-
bilities, which produce filamented electric currents in a natural
way (Kuijpers et al. 1981; Karlicky & Kliem 2010; Kliem et al.
2010; Gordovskyy & Browning 2011). If electrons are accel-
erated in the coronal part of the individual current thread, they
propagate along it and interact with the corresponding global re-
acceleration resistive static electric field Eg driving the current.
The field corresponding to the current density j is

Eg = j/o, (12)

where o is the plasma electric conductivity. The general formula
for plasma conductivity is

0.)2

pe
— i 13
7 4nve a3

where wge = 4xe’n,/m is the electron plasma frequency, and v,
the electron collisional rate. In case electric currents propagate
in plasma free of any plasma waves, the collisional frequency
corresponds to the classical value

e
5 A (14)
€

Ve =291 x107°

in the SI units, where 7. is the electron temperature. On the other
hand, the presence of plasma waves can increase the collisional
frequency to anomalous values: for the anomalous resistivity see
Heyvaerts (1981).

To assess the influence of static electric field on the outcome
of the chromospheric bombardment by non-thermal electrons,
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Fig. 2. Classical electric conductivity o in the lower VAL C atmosphere
according to Kubdt & Karlicky (1986) and the magnitude of the corre-
sponding E¢ for various current densities j.

we assume a single thread of constant current density with mag-
nitude below any current instability thresholds. Then we calcu-
late the magnitude of corresponding direct field Eg along the
thread using the classical isotropic electric conductivity obtained
by Kubat & Karlicky (1986). The conductivity was calculated
using the updated values of proton—hydrogen scattering cross-
section for the quiet VAL C atmosphere (see Fig. 2). Owing to
temperature dependence of o and the convergence of magnetic
field in the chromosphere, contributing to the increase in the lo-
cal current density, the resulting Eg grows rather quickly in the
chromosphere (see Fig. 2). Furthermore, Eg tends to accelerate
the beam electrons towards one footpoint and to decelerate them
towards the second one, providing an asymmetric flare heating of
the individual thread footpoints. From now on, we refer to the in-
dividual footpoints as the primary and the secondary footpoints,
respectively and to this model as the global re-accelerating thick-
target model (GRTTM).

The steep increase in Eg, hence the high efficiency of
GRTTM, is essentially linked with the decrease in temperature
in the chromosphere. In contrast, we have already pointed out
that chromospheric plasma in flares is heated to temperatures
up to 10° K on the timescales <1 s. Such an extreme increase
in temperature substantially increases the classical electric con-
ductivity (o oc Tg/ 2) in the corresponding region, and by the
same factor it decreases the electric field Eg, so the flare heating
of the chromosphere should basically cease the re-acceleration
in the thick-target region very early after the start of the impul-
sive phase. On the other hand, under the flare conditions, gen-
eration of a high anomalous resistivity could be expected due to
plasma instabilities, so the accelerating mechanism could con-
tinue working.

2.4.2. Stochastic electric fields — LRTTM

Inspired by Brown et al. (2009) and Turkmani & Brown
(2012), we produced a simplified local re-acceleration thick-
target model (LRTTM). To approximate the distribution of elec-
tric fields arising as a consequence of a current sheet cascade
in the randomly stressed magnetic fields (Turkmani et al. 2005,
2006), we assume a region (between 1-2 Mm) of stochastic re-
acceleration electric field E;, spatially modulated by the func-
tion shown in Fig. 3 (bottom). The position of the local re-
acceleration region is one of the free parameters of the model.
It roughly corresponds to the chromosphere and encompasses
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Fig. 3. Top: example of E-II type stochastic electric field with E; =
0.1 Vm™ and var(E;) = 0.5 Vm™! corresponding to the distribution
function in Fig. 13. Bottom: the spatial modulation of E .

the regions of magnetic field convergence and the rapid change
of hydrogen ionisation (see Fig. 1).

The stochastic electric fields Ey are generated only in the
directions parallel and anti-parallel relative to the loop axis, and
their distribution corresponds to Gaussians with various mean

— . ) .
values E}, and variances var(Ey) = Ef — E;. . We examine two
types of Er:

E;-I. A stochastic electric field with zero mean value

EL =0, var(Ep) > 0. (15)

E;-1I. A combination of spatially localised static electric field

with a stochastic component (see Fig. 3)

EpL #0, var(Ep) >0. (16)
In the case of EL-1I, the sign of the static component Ey always
assures acceleration of the non-thermal electrons towards the
nearest footpoint. This field type can develop in the thick-target
region if stochastic fields are present in a globally twisted mag-
netic loop. In comparison with the GRTTM, the LRTTM is char-
acterised by abrupt changes in magnitude and orientation of the
accelerating or decelerating electric fields representing the indi-
vidual current sheets in the thick-target region (Turkmani et al.
2006) (compare Figs. 2 and 3).

The integration of motion of individual beam electron clus-
ters for the LRTTM is performed in the following way. In each
time-step (corresponding to At = 5 x 107 s), we generate a ran-
dom value of Ey, for each particle within the acceleration region.

In this way we model the situation where the beam electrons
are moving in the stochastic electric fields, whose configuration
temporally changes. Therefore, the electrons only have a neg-
ligible chance of passing through exactly the same configura-
tion of current sheets and of experiencing the same acceleration
(deceleration) sequence. The time-step basically determines the
spatial extent of the individual current sheets. In order to keep
the size independent of particle velocities, we weight E;, using
a factor vy /v, where vy and v are the velocities corresponding to
the low-energy cutoff and to the particular particle, respectively.
The time-step At = 5 X 1073 s thus corresponds to the current
sheet size ~3 km. Simulations with various time-steps showed
that the results are not very sensitive to the choice of the time-
step. Using the weighted value of Ei we relativistically move
the electron from the old to the new position. Then we calculate
the energy loss and scattering due to the passage of the particle
through the corresponding column of plasma and the effects of
converging magnetic field. This is done repeatedly for the whole
population of test-particles. The corresponding total energy de-
posit and HXR spectrum are then calculated.

2.5. HXR spectra

The intensity I(e,s) [photonscm™2s 'keV™!] of HXR
bremsstrahlung observed on energy €, emitted by plasma
at a position s along the flare loop, detected in the vicinity of the
Earth, was calculated using the formula (Brown 1971)

np()V(s)

I(e,s) = 2~ f B O(E, €) W(E) n(E, 5) dE. (17)

4nR?

Here, np(s)V(s) is the total number of protons in the emitting
plasma volume V(s) at a position s, distance R = 1 AU, v(E)
is the electron velocity calculated relativistically from the elec-
tron energy, and n(E, s) is the number density of non-thermal
electrons per energy in the emitting volume having kinetic en-
ergy E. The cross section Q(FE, €) for bremsstrahlung was cal-
culated using a semi-relativistic formula given by (Haug 1997),
multiplied by the Elwert factor (Elwert 1939), considering the
limit case when the entire electron kinetic energy is emitted. The
precision of the method should be better than 1% for energies
<300 keV (Haug 1997). To calculate the emitting volume V(s)
we assume a circular cross section of the converging loop with
a radius r(s) = 1.5vBy/B(s) Mm. The HXR spectra are calcu-
lated on a spatial (height) grid (s, s+As). The individual emitting
volumes along the grid are then V(s) = 7r(s)*As.

3. Results

We now concentrate on a comparison of outcomes of chromo-
spheric bombardment for two modifications of CTTM with the
CTTM itself. In this section we present the non-thermal elec-
tron distribution functions in the vicinity of footpoints and sev-
eral properties of the corresponding energy deposits and HXR
intensities and spectra. The quantitative results for the CTTM,
GRTTM, and both considered types of LRTTM are summarised
in Figs. 8, 11, and 12 and Tables 1-3, respectively. Here, the
factor Fr/Fo gives the ratio of the reflected (due to the mag-
netic mirroring, re-acceleration, and backscattering) to the orig-
inal non-thermal electron energy flux coming from the corona at
position s = 3 Mm, measured at + = 0.3 s after the beam in-
jection into the loop at its apex. To assess the magnitude of the
energy deposits for the individual models, we calculate the total
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Table 1. Summary of results for the CTTM.

Fol2 x 10° Fr/Fo Een/10° Smax Dskev Y25keV Fo/2%x10° 8 E;

[ergem™2s7!] [%] [ergs™!] [Mm] [cm2s'keV!] [ergecm™2s7!] [keV]
R,=1

2.5 0.08(29) 2322 13014 0.45 (0.44) 24 2.4) 2.6(2.4) 3.03.00 10(11)

50 0.253.0) 4744 1.3(1.4) 9.0 (8.8) 2.4 2.4) 52 (48) 3.03.00 101D
R, = 5

2.5 4.3 (40) 22(14) 14014 0.45 (0.12) 2.4 (2.7) 2.5(1.3) 3.034) 11010

50 3.9 (40) 46 (28) 1.4 (1.4) 9.1 2.4) 2.4 2.7) 53 (25) 3.033.4) 10010

Notes. 7 — the initial energy flux, Fr/Fo — ratio of reflected to initial energy flux at s = 3Mm and ¢ = 0.3 s, &, — integrated chromospheric
energy deposit, sy — position of energy deposit maximum, Ipskev, Y25 kev — HXR intensity and power-law index measured at energy 25 keV, ¥,
0y, and Ej) — the fitted values of energy flux, power-law index, and low-energy cutoff, respectively. The non-parenthetical and parenthetical values

are for the M and M5V cases of M(uy), respectively. Applies to Tables 2 and 3.

energy deposited into the chromosphere along a magnetic flux
tube as

3 Mm

2.
Een = f Eqgep(s)dV(s) = SoBy f
0

chromosphere

Edep(s)
B(s)

ds (18)

and give the position of the energy deposit maximum Spyax in
the atmosphere. The factor By/B(s) in integral (18) accounts for
the convergence of the magnetic field, Eqep(s) is the local energy
deposit in units [erg cm~3 s7!], and the limits of integration cor-
respond to the upper and lower boundaries of the chromosphere.
The lower limit lies far below the stopping depths of the beam
electrons for all the studied models. When all the beam energy
is deposited into the chromosphere and Sy = 1 cm?, the value
of &g, in units [ergs™'] corresponds to the value of the initial
flux F.

For HXR we give the intensity Irsxv and the power-law
index yzs5xev measured at energy 25 keV. Furthermore, we ap-
plied the RHESSI spectral analysis software! (OSPEX) to mod-
elled total X-ray spectra to imitate common spectral analysis.
We assumed that these spectra were incident on RHESSI detec-
tors and forward-fitted the “detected” count spectra. In the fitting
we used the OSPEX thick-target model and a single power-law
injected electron spectrum. In this way we obtained the fitted
electron beam parameters. To account for the non-uniform ion-
isation structure of the X-ray emitting atmosphere, the fitting
function f_thick_nui in the step-function mode was chosen.
When the fitted parameters of f_thick_nui were unrealistic
and the X-ray emission was formed deep in the layers of almost
neutral plasma, £_thick with neutral energy loss term was used.
Also, we modified the standard OSPEX energy loss term and
the ratio of Coulomb logarithms to be consistent with relations
used in the test-particle code. The results of this analysis, the fit-
ted energy flux #, the power-law index &}, and the low-energy
cutoff E are listed in Tables 1-3 and displayed in Figs. 8, 11,
and 12.

3.1. CTTM

To produce a basis for comparison we present results for the
classical CTTM in a converging magnetic field. The informa-
tion on kinematics of non-thermal electrons for both initial
p-distributions we considered is incorporated into Fig. 4. We first

! http://hesperia.gsfc.nasa.gov/rhessi2/home/software/
spectroscopy/spectral-analysis-software/
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concentrate on the left-hands panels showing the time dependent
distributions for MFF case. The top panel for t = 0.1 s corre-
sponds to the transition state when the loop is being filled with
non-thermal electrons. The process of filling is apparent as a de-
pletion of the distribution function at low energies in the region
ranging from approximately 1.4 Mm to 3.7 Mm. The distribu-
tion above the low-energy cutoff and the bottom boundary of the
magnetic mirror is dominated by red, so a vast majority of parti-
cles move downwards with u ~ 1. Atlow energies (E < 20 keV),
a low-energy tail of particles starts to form in the region under
the lower boundary of the magnetic mirror. It consists of parti-
cles with originally higher energies that lost part of their energy
owing to their interactions with the target plasma. The tail is
rich in particles with u =~ 0 (green), and it also contains a few
back-scattered particles with ¢ ~ —1 (blue). Coulomb scatter-
ing leads to an increase in pitch angles of low-energy electrons
in the region above the magnetic mirror. These particles do not
satisfy the condition for passing through the mirror. They are re-
flected and propagate back to the loop top and fill the loop with a
population of low-energy electrons (<20 keV) with -1 < u < 0.

Such a low-energy tail is more clearly pronounced in the
subsequent times in the vicinity and slightly above the lower
boundary of the magnetic mirror. The following snapshot for
t = 0.15 s, when even the particles with lowest energies reached
the thick-target region, shows the proceeding thermalisation of
beam electrons in this region and increase in particle number
with 4 < 0 in the low-energy tail. A new population of parti-
cles with u = —1 starts to form and propagate upwards, towards
the loop top. The snapshot at # = 0.3 s roughly corresponds to
a fully developed state. The part of the distribution function at
the vicinity of the bottom boundary of the magnetic mirror and
in the low-energy region E < 20 keV is dominated by particles
with 4 =~ 0. The reflected energy flux propagating upwards is
approximately 4% of the original flux %y for the MTT case (see
Table 1).

The distribution functions corresponding to MSY are shown
in Fig. 4 (right). The overall behaviour of the beam electrons
is quite similar to the previously discussed case. The most ob-
vious difference is the enhancement of the particle populations
with u < 0 on all energies (corresponding to 40% of the initial
flux o) and u ~ 0 predominantly on low energies (E < 40 keV)
localised above the bottom boundary of the magnetic mirror. The
differences between the M and M5V cases naturally influence
the resulting energy deposits and properties of the correspond-
ing HXR emission (see Figs. 4, 5). The CTTM in the adopted ar-
rangement gives identical results for both footpoints. Therefore
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Fig. 4. CTTM time evolution of distribution functions of non-thermal electron energies versus positions with a colour coded M (u) in the VAL C at-
mosphere. Left: MY, right: MSY. From top to bottom: individual snapshots at ¢ = 0.1,0.15,0.3 s after the beam injection into the loop at its apex.
The solid lines indicate the instantaneous energy deposits corresponding to /2 = 2.5 x 10° erg cm™2 s~'. The dotted horizontal lines indicate the
bottom boundary of the magnetic mirror. Only the lower part of the loop and one footpoint are displayed.

for r > 0.3 s the particles reflected at the second footpoint reach
the loop top and appear as a new population of particles moving
downwards to the first footpoint. For simplicity we only concen-
trate on times ¢ < 0.3 s.

To distinguish the effects of the u-distribution and mag-
netic field convergence, Table 1 also lists the characteristics of
CTTM for the case of no magnetic mirror, i.e. R, = 1. It shows
that it is the magnetic field convergence that significantly influ-
ences Fr/Fo and &, in the case of MY,

A comparison of energy deposits for both considered ini-
tial u-distributions is shown in Fig. 5 (left). Because the
adopted energy flux for both models considering secondary
re-acceleration /2 = 2.5 x 10° ergem™2s~! is unrealistically
low in the context of CTTM and flare physics, we also plot
energy deposits for the much higher and more realistic value
Fol2 5 x 10" ergcm™2s7!. The results corresponding to
this flux will be used as a basis for comparison with the energy
deposits and HXR spectra obtained from the models involving
the secondary acceleration mechanisms. The chromospheric en-
ergy deposit &y, scales linearly with % (see Table 1), and the po-
sitions of energy deposit maxima are almost identical for all the
considered cases approximately corresponding to the placement

of the lower boundary of the magnetic mirror sy.x = 1.36 Mm.
The peak in the energy deposits at sp,x and their steep decrease
above it (see Fig. 5, left) are caused by the constricted magnetic
flux tube. The influence of the initial u-distribution is obvious.
For the M case, particles have a greater chance of passing
through the magnetic mirror and thus of depositing their energy
into the deeper layers. In the M5V case, when the particles reach
the thick-target region and the region of strongly converging
field, their pitch angles are generally higher: compare the left-
hand and right-hand panels of Fig. 4. Therefore the probability
that an electron passes through the magnetic mirror is strongly
reduced. This naturally explains the systematic enhancements in
the energy deposits for M3Y in the layers above and the decrease
in the layers below the lower boundary of the magnetic mirror in
comparison with the MFF case.

The corresponding HXR spectra are shown in Fig. 5 (right),
and their parameters are summarised in Table 1. As expected,
the HXR intensity l»sxeyv scales linearly with the chromospheric
deposit & or the energy flux Fy. Majority of the total X-ray
emission, i.e. summed over the whole loop, comes from the re-
gions below the bottom boundary of the magnetic mirror. As
explained above, the number of particles passing through the

AS51, page 7 of 15
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Table 2. Summary of results for the GRTTM with /2 = 2.5 x 10° ergcm™2s7!.

Een/10°

Footpoint J Fr/Fo Smax Dsyev Y25keV Fq /2% 10°, oy, Ej
[Am™2] [%)] [ergs™!] [Mm] [em™2 s 'keV™] [ergcm™2s7!], [keV]
1.0 3.1 (37) 2.8 (1.7) 1.2(1.4) 0.71 (0.18) 2.4 (2.7) 3.3,3.0,12(1.6,3.4,11)
2.0 2.2 (36) 42 2.1 1.1 (1.1) 1.2 (0.29) 2.4 (2.7) 4.5,3.0,15(2.2,3.5,13)
Primary 3.0 1.6 (33) 5.5(3.0) 0.98 (1.1) 2.2 (0.56) 2.52.9) 6.7,3.1,20 (3.2,3.6, 17)
4.0 1.5(33) 7.74.7) 0.87 (0.94) 5.0 (1.5) 2.40(2.9) 10, 3.3, 30 (4.7, 3.7, 25)
5.0 0.92 (32) 15(7.7) 0.80 (0.83) 13 (4.5) 2.0(2.3) 17,3.5,48 (7.7, 3.9, 39)
6.0 0.69 (31) 30 (18) 0.60 (0.63) 38 (17) 1.7 (1.7) 35,4.5,100 (17, 4.8, 88)
1.0 5.1(42) 1.9 (1.2) 1.4 (1.4) 0.31 (0.086) 2.4(2.7) 2.0,3.0,9 (1.0, 3.5, 10)
2.0 6.6 (43) 1.5 (1.0) 1.4 (1.4) 0.22 (0.066) 2.4 (2.7) 1.6,3.1,9(0.82, 3.5, 10)
Secondary 3.0 8.6 (47) 1.4 (0.89) 1.4 (1.6) 0.16 (0.053) 2.4 (2.7) 1.3, 3.1, 8 (0.70, 3.5, 10)
4.0 11 (51) 1.2 (0.82) 1.4 (1.6) 0.13 (0.044) 2.4(2.7) 1.0, 3.1, 8 (0.61, 3.6, 10)
5.0 12 (55) 1.1 (0.71) 1.4 (1.7) 0.10 (0.034) 2.4(2.8) 0.87, 3.1, 8 (0.52, 3.6, 10)
6.0 15 (54) 0.93 (0.64) 1.4 (1.7) 0.081 (0.032) 2.5(2.8) 0.74, 3.2, 8 (0.47, 3.6, 10)
10000 t = 0.30s ' —‘Jn/zzz.sxwég erg cm™s™Y t=0.30s e CTTM, 5,/2=2.5x10° erg cm™%s™"
— ; ——&,/2=5x10" erg cm'zs"é 102k == CTTM, &/2=5x10" erg cm™s™"_]
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Fig. 5. Left: CTTM instantaneous energy deposits into the VAL C atmosphere at ¢t = 0.3 s for energy fluxes Fp/2 = 5 x 10'° ergem™2s™! (red
lines) and F4/2 = 2.5 x 10° ergem™2s~! (black lines). The dotted vertical line indicates the bottom boundary of the magnetic mirror. Right: the
HXR spectra integrated over one half of the loop. In both panels the solid lines represent M'F, the dotted lines MY case.

magnetic mirror is lower in the MSY case than for M'F, there-
fore the HXR emission corresponding to M is more intense
than the emission of MSY.

HXR spectra are steeper in the MSY case owing to pres-
ence of magnetic field convergence — compare R, = 1 and
5 in Table 1. Fitted beam injected energy flux agrees well
(within 20%) with the &.,, whereas 5; and E) are the same as
those of the injected power law. An exception is the larger &), in

the M5V case, which corresponds to the mentioned HXR spec-
tral behaviour and the fact that the spectral fitting does not take
the scattering induced by change in B into account.

3.2. GRTTM

The effects of static (global) electric field Eg was studied for
current densities in the range from 1 Am™2 to 6 Am~2. The dis-
tribution functions of non-thermal electrons for current density
j=6Am™ and time ¢ = 0.3 s after the beam injection into the
loop at its apex are shown in Fig. 6. In the upper left-hand panel,
two tails of particles can be identified in the primary footpoint
and the MF case. A faint low-energy tail at energies E < 20 keV,
located above the bottom boundary of the magnetic mirror, is
predominantly formed of particles with u < 0 (see the regions
labelled L in Fig. 6). Its formation mechanism corresponds to the
CTTM, i.e. to the particle deceleration related to the collisional
energy losses in the target plasma and to the combined effects
of particle scattering and magnetic field convergence, compare
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with Fig. 4 (left). This tail becomes more apparent for distribu-
tions that correspond to lower j (see Fig. 4). On the other hand,
a prominent high-energy tail, on energies from 20 to 300 keV
stretching from 1.7 to 0.5 Mm (see the regions labelled H in
Fig. 6), does not have any counterpart in Fig. 4 for the CTTM.
The tail is formed of re-accelerated and relatively focussed par-
ticles with ¢ = 1. Another obvious effects of Eg are the increase
in beam penetration depth with growing j and a weakening of
the population of reflected and back-scattered particles propa-
gating towards the secondary footpoint that corresponds to 0.7%
of the initial beam flux only, see Fig. 8 (left).

Figure 6 (top right, M5V case) exhibits essentially the
same features. The most apparent distinctions between the two
distributions are a much richer population of particles in the low-
energy tail located above the bottom boundary of the magnetic
mirror and the existence of a relatively rich population of re-
flected and back-scattered particles with ¢ < O (on all energies)
propagating towards the secondary footpoint reaching approx-
imately 30% of the initial flux (see Fig. 8, bottom left). The
differences between the distributions corresponding to M and
MSY cases are solely effects of the initial y-distribution.

The situation at the secondary footpoint is shown in Fig. 6
(bottom). In addition to the effect of Coulomb collisions, the
field Eg constantly decreases the parallel velocity component of
the particles propagating towards the secondary footpoint. This
results in the formation of an enhanced low-energy tail in the
particle distribution functions located above the bottom bound-
ary of the magnetic mirror. Another obvious feature is a rich
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Table 3. Summary of results for the LRTTM with /2 = 2.5 x 10° ergcm™2s7".

EL var(EL)  Fr/Fo Ean/10° Smax Dsyev Y25keV Fel2x10%, 6, E;
[Vm™'] [Vm™'] [%] [ergs™] [Mm] [em™2s'keV™!] [ergecm™2s7!, keV]
0.0 0.1 5.8 (41) 2.2 (1.4) 1.3(1.4) 0.46 (0.12) 2427 2.2,30,12(1.2,3.5,11)
0.5 21 (78) 3.0(1.7) 1.0 (1.1) 0.79 (0.32) 2.8(3.3) 29,3.7,24(1.5,4.4,25)
10 31(1200 3925 0.87(0.96) 20(1.2) 24(25) 41,44, 41(2.6,49,42)
2.0 44 (130) 6.4 (4.5) 0.78 (0.76) 4.8 (3.6) 1.9(1.9) 6.2,4.8,70(4.7,5.0,71)
3.0 68 (140) 7.0(5.5) 0.69 (0.71) 7.5 (6.0) 1.8(1.8) 7.9,4.6,93(6.4,4.8,93)
40  77(170)  9.1(7.5) 0.66(0.70) 10 (8.3) 17(17)  97,4.5,110 (7.9, 4.6, 110)
5.0 90 (160) 12 (8.6)  0.61 (0.68) 13(11) 1.6 (1.6) 11, 4.3, 130 (9.8, 4.4, 130)
0.1 0.0 0.05(23) 7.5(6.5) 0.91(0.94) 4.2 (2.8) 2.4(2.6) 8.7,6.0,47(6.5,9.0,48)
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Fig. 6. GRTTM distribution functions of non-thermal electron energies versus positions with a colour coded M () corresponding to the current
density j = 6 Am™ in the VAL C atmosphere at time ¢ = 0.3 s after the beam injection into the loop at its apex. Top: primary footpoint,
bottom: secondary footpoint, left: M, right: MSV. The solid lines indicate the instantaneous energy deposits corresponding to Fo/2 = 2.5 X
10° ergcm™2 57!, the dotted horizontal lines the bottom boundary of the magnetic mirror and the blue ellipses labelled L and H denote tails in the
particle distribution function. Only the vicinity of the footpoints are displayed.

population of reflected or back-scattered particles corresponding The instantaneous energy deposits and HXR spectra for both
approximately to 15% and 54% of the initial beam flux for the the primary and secondary footpoints and various current den-
MFF and M5V cases, respectively (see Fig. 8, bottom left). These  sities are shown in Fig. 7, and the quantitative results, some of
particles are accelerated by the global field Eg back, towards the them only for the primary footpoint, are summarised in Fig. 8
primary footpoint. (see Table 2 for complete results). The magnitudes and spatial
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distributions of energy deposits in the atmosphere, as well as the
production of HXR photons, are extremely sensitive to the cur-
rent densities in the threads. According to our simulations, the
current density j = 6 Am™ increases &, at the primary foot-
point of one order and 5.y of approximately two orders (see
Fig. 8). Moreover, this HXR spectrum is more intense than the
spectrum of pure CTTM with Fy/2 = 5x 10'% ergcm™2s7! (see
Fig. 7, top right). The presence of j also considerably changes
the distribution of the energy deposit in the thick-target region.
The maximum of the energy deposit s,y is substantially shifted
towards the photosphere (compare the results for j = 0 cor-
responding to the CTTM and for j > O in the top right of
Fig. 8), and the energy is deposited in a much narrower region
in the chromosphere (see the top left of Fig. 7). In the case of
j=6Am2, & is comparable to F5/2 = 5 x 10’ ergcm™ 57!
of pure CTTM, however the spatial distribution is completely
different.

HXR emission of the primary footpoint comes predomi-
nantly from regions well below the bottom of the magnetic mir-
ror, close to temperature minimum for j > 3 Am~2 and photon
energies 250 keV. As j increases, HXR spectra get more intense
and flatter at deka-keV energies, and the maximum photon en-
ergy is shifted to higher energies. This is all consistent with the
presence of the high-energy electrons accelerated by Eg below
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the magnetic mirror. Although the HXR power-law index y»skev
tends to harden as j increases, the fitted CTTM injected elec-
tron power-law index &), becomes steeper. However, at the same
time, the low-energy cutoff' Ej, rises to deka-keV values, caus-
ing decrease in y»syey — see fitted parameters in Fig. 8 (bottom
right).

The model of j = 1 Am™2 is similar to the CTTM situation;
i.e. similar formation heights of HXR, spectral shape of photon
spectrum (Fig. 7, left), and fitted electron distribution (Fig. 8,
bottom right). In the case of j = 6 Am™2, the HXR spectra are
extremely flat below ~40 keV with E| ~ 100 keV. Such low-
energy cutoffs are not found from observations, therefore this
case could represent a limit of possible j in flare loops.

The situation at the secondary footpoint is different (see
Fig. 7, bottom). Because a part of energy carried by non-thermal
particles is drained due to the actuation of Eg, the resulting chro-
mospheric energy deposits for a particular j are smaller than
at the primary footpoint. As expected, this behaviour steeply
increases with j. Although the HXR spectra of the secondary
footpoint are less intense than the spectrum of pure CTTM, the
overall spectral shape is not changed significantly. Consequently,
the fitted injected electron beam parameters show only a de-
crease in ¥, consistent with lower &, (see Fig. 8, top left) and
Table 2.
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3.3. LRTTM
3.3.1. EL-I type

The non-thermal electron distribution functions for the stochas-
tic field with £, = 0 Vm™! and var(EL) = 1 Vm™' in the
VAL C atmosphere and time ¢ = 0.3 s after the beam injection
into the loop at its apex are shown in Fig. 9. In both panels two
kinds of particle populations can be identified: a conspicuous
high-energy tail fuzzy in energies at particular height sections
(see the regions labelled H), and an inconspicuous low-energy
tail (see the regions labelled L).

The high-energy tail is located within the re-acceleration re-
gion on energies from 10 to 100 keV. It indicates that the net
re-acceleration of particles occurs even though any electron in
the re-acceleration region has an equal probability of encoun-
tering stochastic field Ey (normally distributed) of parallel or
anti-parallel orientation relative to # = 1. The net acceleration
in this type of electric field is a consequence of inverse propor-
tionality between the electron collisional energy loss and energy
dE/dz « 1/E, z being the column density (Emslie 1978). The
energy gain of re-accelerated electrons increases with var(Eyp)
similar to the fuzziness of the high-energy tails and the fluxes
of backwards moving electrons (with u < 0). The ratio Fr/%
corresponding to var(Ey) = 1 Vm™! is approximately 31% and
120% for the MFF and MSY cases, respectively; i.e., in the latter
case the backward energy flux exceeds the initial flux propagat-
ing downwards from the corona (see Fig. 11, right). Another ef-
fect of growing var(Ey) is a decrease in the electron population
having u distinct from 1 or —1. Ultimately, for high values of
var(EL), only particles with u either close to 1 or —1 are present
in the distribution, so the u-distribution then copies the direc-
tional distribution of the re-accelerating field.

The inconspicuous low-energy tail spreads from the top of
the re-acceleration region to the lower boundary of the magnetic
mirror, and it is formed of particles of all possible pitch angles
with energies under 20 keV. It is shifted higher into the chromo-
sphere in comparison to the low-energy tail in the CTTM case
(see Fig. 4). As var(EL) increases, the low-energy tail becomes
less distinct and its location is shifted higher towards the upper
boundary of the re-acceleration region. The low-energy tail is
formed by concerted actuation of Coulomb collisions and alter-
nating stochastic field.

The energy deposits and HXR spectra corresponding to vari-
ous values of var(Ey ) in the range from 0.1 to 5 V m~! are shown
in Fig. 10 and their main parameters Ech, Smaxs [25kev, and Y25kev
are displayed in left-hand panels of Figs. 11 and 12 and sum-
marised in Table 3.

The behaviour of the energy deposits is similar to the
GRTTM of the primary footpoint. They increase with var(Ey),
Smax are shifted to the deeper layers, and the energy is deposited
into an even narrower chromospheric region. For the lowest
studied value var(Er) = 0.1 Vm™!, we obtained practically no
change in all followed parameters relative to the CTTM with an
identical initial flux (see Figs. 10—12).

On the other hand, for the maximum value var(Ep) =
5 Vm~! there is half an order increase in &, and a substantial
shift of syax towards the photosphere (~750 km) for both initial
pu-distributions. The value of Isyey increases considerably (28
for the MF and 10%>x for the MSY case) relative to the CTTM
with an identical initial flux (see Fig. 12, left).

Again, hard X-ray emission comes from the regions below
the magnetic mirror. As for GRTTM case, as var(EL) increases,
the LRTTM hard X-ray spectra at ~25 keV become flatter (see
Yaskev in Fig. 12, left). Values of var(Ep) > 2 Vm™! result in
extremely flat photon spectra. On the other hand, the LRTTM
X-ray spectra exhibit a double break or a local sudden decrease;
see e.g. the spectrum in the ~50—100 keV range corresponding
tovar(Ey) = 1.0 Vm™' in Fig. 10, right. Such spectral shapes af-
fect the fitted CTTM electron distributions and result in high val-
ues of £ (located approximately at the energy of a double break)
and higher values of 6(’) (see Fig. 12, bottom left). As var(£yL)
rises, Ej still increases but & stays almost constant, i.e. 4-5. The
model of var(Er) = 5 Vm™' presents a limit, and the hard X-ray
spectrum is consistent with a rather flat electron flux spectrum of
high E. Although the spectrum is more intense than the spec-
trum of pure CTTM with /2 = 5 x 10'% ergecm™2s™! (i.e. 20x
higher than the initial flux used in this model), owing to the high
value of Ej, the fitted electron flux is lower and consistent with
the energy deposit in the chromosphere &g, (see Fig. 11, left).

3.3.2. E.-ll type

The effects of local re-acceleration due to the stochastic field Ey
with Er. # 0 are demonstrated for the case with Ef. = 0.1 Vm™'
and var(Ep) = 0.5 Vm~! (see the distribution functions for M
and M5V cases in Fig. 13). The re-acceleration process again
results in formation of fuzzy high-energy tail of particles situ-
ated in the secondary acceleration region and covering the en-
ergy range from 10 to 100 keV approximately (see the regions
labelled H). The mean energy reached by the re-accelerated elec-
trons at the lower boundary of the re-acceleration region steeply
increases with Ep, and at the same time the maximum of energy
deposit shifts towards the deeper layers. The mean value of E.
also has a strong focussing effect on the re-accelerated electrons.
The latter effect reduces the ratio of backscattered and reflected
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particle flux to the initial flux g /¥ to less than 1% for the M'F
and to 37% for the MSU case, respectively: compare values of
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Fr/Fo for the individual field types and parameters of Ej, dis-
played in Fig. 11 (right). The value of var(E;) plays a similar
role to what is described above for the E; -I type. In comparison
with the effects of Ey, it only weakly influences the energy gain
of electrons at the lower boundary of the re-acceleration region,
it increases the fuzziness of the high-energy tail and the flux of
backwards moving electrons (with ¢ < 0). For high values of
var(Ey ) we also see a decrease in electrons having u other than
close to 1 and —1, which is again the effect of imprint of the di-
rectional distribution of Er, on the electron u-distribution, which
was also found for the stochastic field type Ey -1.

The stochastic field of £ = 0.1 Vm™! and var(Ep) =
0.5 Vm™! (see Fig. 13) practically ceases the formation of
the low-energy tail of particles located in the region be-
tween the upper boundary of the re-acceleration region and
the lower boundary of the magnetic mirror found in the dis-
tribution functions corresponding to the CTTM, GRTTM, and
LRTTM E; -1 type (see Figs. 4, 6, and 9). It forms either for

lower values of Ey, which is too small to compensate for the
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collisional energy losses of the electrons in the region above
the lower boundary of the magnetic mirror, or for greater val-
ues of var(E})), when the interactions of beam electrons with the
stochastic component of Ej lead to its formation. On the other
hand, a new tail of particles is formed on energies from approx-
imately 1 to 100 keV in the region under the lower boundary of
the re-acceleration region where the re-accelerated particles are
quickly thermalised (see the regions labelled L).

The energy deposits and HXR spectra for Ef. = 0.1 Vm™'
and various values of var(E}) from 0 to 5 Vm™! are plotted in
Fig. 14, and the parameters Ech, Smax> [25kev, and Yaskey are dis-
played in the left-hand and right-hand panels of Figs. 11 and
12, respectively, and summarised in Table 3. The general be-
haviour of &, and spax is similar to the GRTTM of primary foot-
point and LRTTM E; -1 type. They are very sensitive to the static
component £y, of the stochastic field and only moderately sensi-
tive to the stochastic component var(EyL). Even for var(EL) = 0
and E;, = 0.1 Vm™!, there is an appreciable increase in &g, (3.6X
for the M and 5.5x for the MSY case) and a shift of sy, Of
approximately 450 km towards the photosphere and substantial
growth in HXR production (/s ey increases of by an order of
magnitude for both initial u-distributions relative to the CTTM
with an identical initial flux). For the identical value of E; and
the maximum value of var(E;) = 5 Vm™!, the increase in &, is
5.5x for the M and 10x for the MSY case, the shift of sy to-
wards the photosphere of approximately 750 km (for both initial
u-distributions), and a substantial increase in lrsyey (35X for the
MFF and almost 130x for the M5V case) relative to the CTTM
with an identical initial flux. The power-law index ysyey tends
to harden with increasing var(EY).

HXR spectra corresponding to the Ep-II type are distinct
from the previous ones. Here, two re-accelerating processes are
involved. The static component causes a significant increase
in spectra at deka-keV energies, up to ~40 keV, and a steep
double break at energies above. Therefore, the corresponding

fitted electron flux spectrum assuming pure CTTM shows quite
a steep ¢, (see Fig. 12, bottom right). Such a steep double break
is a consequence of a re-acceleration by a constant electric field.
The energy at which it appears is related to the length of the
re-acceleration region, i.e. the current sheet size. The larger the
size, the steeper the double break and the higher energies at
which it is located. The presence of the stochastic component
introduces another shift of the double break to higher energies,
likewise for the type I; as var(Ep) increases, the double break
is less prominent. Consequently, £ increases and ¢, decreases
(see Figs. 12 and 14). When the stochastic component prevails,
ie. var(EL) > 2 V m™!, the hard X-ray spectra are of similar
spectral shape to the Ep -I model but more intense.

4. Conclusions

We studied modifications of the CTTM by considering two types
of secondary particle acceleration: GRTTM and LRTTM. In
both cases the re-acceleration takes place during the transport
of non-thermal particles, which are primarily accelerated in the
corona. According to Brown et al. (2009), such a re-acceleration
generally reduces collisional energy loss and Coulomb scatter-
ing and increases the life-time and penetration depth of particles.

In the case of GRTTM, the spatially varying direct electric
field spreading along the whole magnetic strand from first to
second footpoint re-accelerates the beam electrons towards the
primary footpoint and decelerates them towards the secondary
footpoint, thus producing an asymmetric heating of footpoints.
The low electric plasma conductivity and increased current den-
sity due to magnetic field convergence are the key constraints
for the functionality of this mechanism. The model was studied
for the mirror ratio R;,, = 5 and current densities j < 6 A m2.
Significant re-acceleration is present for j > 3 A m~2, and for
lower j the model is similar to CTTM. However, a question
arises as to whether such current densities are realistic. Although
the current densities derived from magnetic field observations
are two orders of magnitude lower (Guo et al. 2013), in the mag-
netic rope, especially in their unstable phase at the beginning of
the flare, the current density in some filaments could reach these
values: see the processes studied in Gordovskyy & Browning
(2011, 2012); Gordovskyy et al. (2013). On the other hand, a
current filamentation also means a decrease in the area where
this re-acceleration can operate effectively. Finally, the GRTTM
model inherently introduces an asymmetry on opposite sites of
the magnetic rope. More observations are needed to check that
some asymmetrical X-ray sources are caused by this effect.

Two types of electric field were considered for LRTTM: a
purely stochastic field var(Ep) < 5 V m™ (Ep-I type) and a
combination of var(EL) and a static component E. = 0.1 V m™!
(Ey-1I type). It has been shown that both types of electric fields
produce a substantial secondary re-acceleration (Ep-I type for
var(Ep) 2 0.5 Vm™, E; -1 type for all considered field param-
eters due to the static field component) with dominant energy
propagating towards the photosphere.

Generally in all presented models, HXR spectra gets flat-
ter below ~30 keV and more intense on all energies as re-
accelerating fields increase. The flattening then corresponds
to an increase in the low-energy cutoff E| of the fitted elec-
tron distribution. The effect of flattening of HXR spectra be-
low the low-energy cutoff can be seen in Brown et al. (2008,
Fig. le). Extremely flat HXR spectra (related to E 2 50 keV)
were obtained for GRTTM of j = 6 A m™2 and LRTTM
var(Er) > 2 V m~! (E_-I type). Such flat spectra or high values

AS51, page 13 of 15



-
Prace 9 105
A&A 563, A51 (2014)
Energy deposit [erg cm™ s Energy deposit [erg cm™ s
0.01 0.1 ?y P WO[ g 100 ) 1000 10000 0.01 0.1 ?y P 10[ E 100 ] 1000 10000
4000 d T T 4000 F T g
t=0.3s E t=03s

3000

(RARRRRRRRSRRRRRRRRS

2000

w b i

Position [km]

T

1000

T
IETTRTET

o

Energy [keV]

3000 F

2000 F

TR PETETTRET PR

1000 F

Position [km]

IETTEERETY

Energy [keV]

1.0 0.7 0.3 0.0 -0.3-0.7-1.0

Fig. 13. LRTTM E| -1I type distribution functions of the non-thermal electron energies versus positions with a colour coded M(u) corresponding
to EL =0.1 V™" and var(E.) = 0.5 Vm™" in the VAL C atmosphere at time 7 = 0.3 s after the beam injection into the loop at its apex. Left: M'F,
right: MSY. The solid lines indicate the instantaneous energy deposits corresponding to /2 = 2.5 x 10° ergcm™ s, the dotted horizontal lines
the bottom boundary of the magnetic mirror, the grey area the secondary re-acceleration region, and the blue ellipses labelled L and H denote tails
in the particle distribution function. Only the vicinity of the footpoints is displayed.

T T
t=0.30s == CTT™M

10000 ¢ E
— FE=01vm™ —= vor(£)=0.0 Vm™' 3
" F == var(£)=0.5 Vm™'
" [ - == vor(E)=1.0 Vm™" ]
§ 1o00f — ar€)-50 v’ 3
o 3 b
S b 1
= 100 3 3
(9] E ]
2 £ ]
2 [ ]
5 [ ]
&  10¢ 3
o F \, \k
c L 3 N\ 4
u [ \ g A

1 Ik ‘ R Vo
0 500 1000 1500 2000 2500

Position [km]

== CTT™M

- 20 —= var(E)=0.0 Vvm™" _|
. 107k — er(5>:05 vm™'
% — var(E)=1.0 Vm™'
X == var(E)=2.0 vm™' ]
T 10° — var(£)=5.0 vm™’

" L i
D |
€

Q

o 1072 B
C

2 i
(o]

<

& 10 \ B
O N

107° \
10 100 1000
€ [keV]

Fig. 14. LRTTM E; -1I type instantaneous energy deposits (leff) and HXR spectra (right) for the VAL C atmosphere at # = 0.3 s. The solid (M*F) and

dotted (M3Y) blue, green, red, yellow, and orange lines correspond to E_]_ =0.1 Vm ! and var(E;) = 0.1,0.5,1,2,5 Vm™!, respectively and energy
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respectively. The dotted straight vertical line indicates the bottom boundary of the magnetic mirror, the grey area the secondary re-acceleration

region. The HXR spectra are integrated over one half of the loop.

of Ej, are not reported from the observation, therefore those j and
var(EL) could represent limiting values. In addition, prominent
double breaks at keV energies, present in the Ej-II cases, are
not observed in HXR spectra. This suggests that our model of a
constant re-accelerating field over a larger spatial scale, ~1 Mm,
is probably too simplistic.

For upper limit of model parameters, both models give sim-
ilar results in several aspects (although the values are proba-
bly extreme, at least from the HXR signatures). At energies
above 20 keV, the corresponding HXR spectra are more intense
than the spectrum of pure CTTM with 20X higher initial energy
flux. GRTTM gives a comparable total chromospheric energy
deposit. For the LRTTM the total energy deposits reach only
about 30% of the latter value. The re-acceleration also leads to
spatial redistribution of the chromospheric energy deposit with
the bulk energy being deposited much deeper into the chromo-
sphere and into a narrower layer in comparison to the CTTM.
The heights of the energy-deposit maxima are thus substantially
shifted towards the photosphere (of ~800 km for both models).
It is a consequence of the re-accelerating fields pushing the
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non-thermal electrons under the magnetic mirror and under the
beam-stopping depth corresponding to the CTTM. The height
above the photosphere decreases with both the current density
for the GRTTM and with the mean value and variance of the
stochastic field for the LRTTM. For the upper values of model
parameters, we obtained the heights of energy-deposit maxima
as only approximately 600 km. This is not far from the upper
limits on heights of the flare white-light sources (305 + 170 km
and 195 + 70 km) found from observations (Martinez Oliveros
etal. 2012).

To demonstrate how the secondary accelerating processes
may lead to artificially high CTTM input energy fluxes, we fol-
lowed a standard forward-fitting procedure for determining the
injected electron spectrum from an observed X-ray spectrum.
Although the spectral fitting does not take any re-acceleration
into account, the fitted #; agrees well (within 30%) with &,
in all simulations. This value can differ substantially from the
injected total energy flux, therefore the fitted total energy flux
(under assumption of pure CTTM) is related more to the energy
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deposit of re-accelerated particles than to the injected energy
flux.

In general, both the considered models with secondary
re-acceleration, GRTTM and LRTTM, allow loosening the
requirements on the efficiency of coronal accelerator, thus de-
creasing the total number of particles involved in the impulsive
phase of flares and the magnitude of the electron flux transported
from the corona towards the photosphere, as needed to explain
the observed HXR footpoint intensities. These findings agree
with the results obtained by Brown et al. (2009) and Turkmani
et al. (2006, 2005).
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Abstract. We study vertical sizes of foot-point hard X-ray (HXR) sources using a rela-
tivistic test particle approach in a flare loop with a converging magnetic field. We compare
results for the Collisional Thick Target Model (CTTM) with recently proposed modifica-
tions of the CTTM comprising a secondary acceleration of beam electrons. Our prelimi-
nary results indicate that none of the proposed modifications of the CTTM can explain
the observed sizes of the HXR sources in a single loop flare scenario.

Key words: Sun: solar flares — hard X-rays — foot-point sources

1. Introduction

The recent RHESST observations enabled to measure the vertical size (along
the magnetic field-lines) of flare foot-point HXR sources. The measurements
of Battaglia et al. (2012) showed that the vertical size spans the range from
1.3 to 8 arcseconds. These values are in contradiction with the predictions
given by the Collisional Thick Target Model (CTTM, Brown 1971) which
predicts values up to a factor 4 smaller (Battaglia et al. 2011).

In this work we compare foot-point sizes given by the CTTM with those
given by two modifications of the CTTM: the Local Re-acceleration Thick
Target Model (LRTTM, Brown et al. 2009) and the Global Re-acceleration
Thick Target Model (GRTTM, discussed in Karlicky 1995). The concept of
both modified models is discussed in Varady et al. (2012).

2. Model description

In all our models, an initial electron beam with power-law index § = 3,
low-energy cutoff Ey = 10 keV, high-energy cutoff E; = 400 keV, total

Cent. Eur. Astrophys. Bull. 37 (2012) 1, 77-77? 1
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Figure 1: Left: The hydrogen number density (solid) and temperature (dashed) along
the magnetic field-line in the lower atmosphere. Right: The hydrogen ionisation (solid)
and relative magnetic field strength (dashed) along a magnetic field-line in the lower
atmosphere. The dotted vertical lines indicate position of the bottom of the magnetic
mirror.

energy flux Fy = 2.5 x 10 erg cm™2 s~! and uniform distribution of the

pitch angle cosine pg = cos ¥ € (0,0.5), is accelerated at the primary (coro-
nal) acceleration site (for details see Kasparova et al. 2009, Varady et al.
2010). Using a test particle approach, the beam then propagates through a
static VAL C atmosphere (Vernazza et al. 1981, see Fig. 1) in a converging
magnetic field with mirror ratio R, = 5 (Fig. 1 right). The bottom of the
magnetic mirror at 1360 km (see vertical lines in Fig. 1) corresponds to
temperature T = 6270 K. The HXR flux produced in the vicinity of loop
foot-points is computed according to Brown (1971) using the cross-section
given by Haugh (1997). In this work we present steady state HXR fluxes at
time ¢ = 0.5 s since the beam injection into the loop at its apex for three
models:

1. CTTM: Beam electrons are accelerated at the primary (coronal)
acceleration site and interact with the ambient plasma purely via
Coulomb collisions.

2. GRTTM: We assume that helicity of the pre-flare magnetic fields
results in the presence of electric currents in the flare loop before
and during the impulsive phase (Karlicky 1995). The electric currents
are fragmented into thin insulated current threads and the current
densities in the individual threads are below the thresholds of any

2 Cent. Eur. Astrophys. Bull. 37 (2012) 1, 77-7?
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2: HXR photon flux as a function of height for selected photon energies in the

CTTM. The dotted vertical line indicates the position of the bottom of the magnetic

3 1

mirror. The total photon flux per unit height is given in photons cm™" s

current instabilities. The beam electrons propagate along the magnetic
field-lines corresponding to the threads and the current densities j in
the individual threads produce resistive electric fields E = j/o. We
study a case of a single thread using the classical plasma conductivity
oand j =6 Am~2.

LRTTM: We assume normally distributed stochastic electric fields
in the directions parallel and antiparallel relative to the loop axis, i.e.
a simplified model of the electric field distribution due to the current
sheet cascade in a randomly stressed magnetic loop in the chromo-
sphere (Brown et al. 2009, Turkmani et al. 2006). In the presented
model the mean value of the stochastic field is Feqn = 0 and its
variance is var(E) =1 Vm~L.

Cent. Eur. Astrophys. Bull. 37 (2012) 1, 77-77? 3
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Figure 3: HXR photon flux as a function of height for selected photon energies in the
GRTTM (left panel) and LRTTM (right panel). The line coding is the same as in Fig. 2.
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Figure 4: FWHM vertical size of the foot-point source (left panel) and the position of
the HXR maximum emission (right panel) versus photon energy for the three presented
models — CTTM, GRTTM and LRTTM.

3. Results

The HXR photon fluxes as a function of height above the photosphere are
shown in Fig. 2 and 3. From these profiles, the HXR source height and
vertical size are calculated as the first and second moments, respectively.
The results are shown in Fig. 4.

The vertical size of HXR sources in the CTTM is about 1.3 arcsec for
energies 10 — 20 keV and the source size decreases with increasing energy
down to 0.4 — 0.5 arcsec for energies above 80 keV.

The GRTTM gives the sizes of HXR sources significantly smaller in com-

4 Cent. Eur. Astrophys. Bull. 37 (2012) 1, 77-7?



Price 10 111

SIMULATIONS OF HXR FOOT-POINT SOURCE SIZES ...

parison with the CTTM. The difference is more than 50 % for all energies.

For the LRTTM we found the HXR sources to be more compact on
all energies with a typical vertical size 0.4 — 0.5 arcsec, which is less then
50 % of the size for energies below 50 keV, but comparable with the CTTM
results for energies above 80 keV.

The heights of the HXR emission maxima for GRTTM and LRTTM
are sensitive to j and var(FE), respectively. For the GRTTM, the heights of
maxima are significantly lower than those for the CTTM for all energies.
For the LRTTM, the heights of the maxima are lower for energies 10 — 70
keV than those for the CTTM. For the LRTTM and energies above 70 keV,
the heights of the maxima are roughly the same as for the CTTM. For
energies 10 — 200 keV the CTTM gives the source height 700 — 1300 km,
the GRTTM 500 — 700 km and the LRTTM 750 km. With increasing values
of both parameters (j and var(F)) the heights of the sources above the
photosphere decrease.

4. Conclusions

Our preliminary results indicate that the heights above the photosphere of
the HXR emission maxima for the GRTTM are more than 200 km lower
than those for the CTTM for all energies. None of the proposed modifica-
tions of the CTTM in frame of a single monolithic flare loop can explain
the observed sizes of the HXR sources. Taking the multi-threaded nature
of the chromosphere into account could converge the modeled values to
observations (Kontar et al. 2010).
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Abstract. In our contribution we compare the efficiency of the hard X-ray production and
the vertical sizes and positions of the hard X-ray sources for the classical collisional thick-target
model and for its recently proposed modification, the local re-acceleration thick-target model.
The latter model has been proposed in order to ease some of the severe theoretical problems of
the collisional thick-target model related to interpretation of the observational properties of the
foot-point HXR sources in solar flares. The results are obtained using a relativistic test-particle
approach for a fully ionised atmosphere with a converging magnetic field and a single (compact)
flare loop.

1. Introduction

The Collisional Thick-Target Model (CTTM) of the impulsive phase of solar flares [1] presented
for many years a quite successful tool to interpret the fundamental processes related to the
energy deposition and hard X-ray (HXR) production at the foot-point regions of flare loops due
to the interaction of chromospheric plasma with electron beams. On the other hand, in order
to explain the energetics of flares and observed intensities of HXR, many serious theoretical
problems emerged (see [2] and the Introduction in [3]), especially in combination with the
idea that the beam acceleration site corresponds to the coronal reconnection site [4], [5], [6]
and consequently with the inevitability to transport enormous fluxes of accelerated charged
particles from the corona to the thick-target region. Moreover novel RHESSI measurements of
HXR chromospheric albedo [7] or of the vertical sizes and positions of the HXR sources are
inconsistent with the predictions given by the CTTM [8], [9].

To resolve the discrepancies a modification of the CTTM known as the Local Re-acceleration
Thick-Target Model (LRTTM) has recently been proposed [3], [10], [11]. The model assumes
an existence of a secondary re-acceleration region located within the thick-target region in
the chromosphere. The non-thermal electrons initially accelerated at the primary coronal
acceleration site experience, in addition to the energy losses and scattering due to the Coulomb
collisions, also sequences of re-acceleration events at the secondary re-acceleration region due to
the stochastic electric fields generated in the current sheet cascades [10], [11] excited by random
photospheric motions.

In our contribution we concentrate on a comparison of outcomes of the chromospheric
bombardment by electron beams with a power-law spectrum modelled in frame of the CTTM

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL
Published under licence by IOP Publishing Ltd 1
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Figure 1. Left: Density (black solid line) and temperature (red dashed line) profiles of the
VAL C atmosphere [12]. The dotted line indicates the bottom boundary of the magnetic mirror.
Right: Relative magnetic field strength along the loop. Only the lower part of the atmosphere
is plotted.

and LRTTM. We compare the non-thermal electron distribution functions in the vicinity of the
thick-target region, corresponding chromospheric energy deposits, HXR production, spectra and
vertical sizes and heights above the photosphere (corresponding to 7 = 1 at 5000 A) of the HXR
foot-point sources calculated for a fully ionised VAL C atmosphere [12] and a single (compact)
loop with a converging magnetic field towards the photosphere. The results are obtained using
a relativistic test-particle code [13], [14], [15].

2. Model description

The starting point of our simulations is a generation of an electron beam with a power-law
spectrum and with parameters: power-law index § = 3, low-energy cutoff Fy = 10 keV,
high-energy cutoff E; = 400 keV, initial energy flux Fy = 2.5 x 10° erg cm™2 s™! (or
5 x 101 erg cm™2 s7! — the reference flux for the CTTM) and a normalised semi-uniform
initial distribution of the pitch angle cosine pg = cos® € (0.5,1). In order to demonstrate the
potential of secondary re-acceleration we selected a very small value of Fy in context of flare
physics. As the target atmosphere in the presented approximation is static, by changing Fy
the vertical structure of the distribution function remains the same and the energy deposits
and HXR intensities scale linearly. In our model we assume that the beam is accelerated at
the primary acceleration site localised in the corona. Using a relativistic test-particle code [13],
[14], [15], we model the propagation of beam electrons through a fully ionised, static atmosphere
with a converging magnetic field with the mirror ratio R, = 5 (see right panel of Fig. 1). The
temperature and density profiles of the atmosphere correspond to the VAL C model [12] (see
left panel of Fig. 1) with an extension into the corona, the ionisation is artificially set to one in
the whole atmosphere. The code calculates the corresponding Coulomb collisional energy losses
and scattering and the effects of the magnetic mirroring in the converging field for the CTTM.
For the LRTTM it also includes the effects of the secondary re-acceleration events due to the
presence of the stochastic electric fields in the vicinity of the thick-target region. Only one-half
of the loop is considered.

We assume normally distributed stochastic electric fields in the directions parallel and
antiparallel relative to the loop axis, i.e. a simplified model of the electric field distribution due
to the current sheet cascade in a randomly stressed magnetic loop in the chromosphere [3], [11].
We present results for zero mean value of the stochastic field and for its variances var(E) = 0.5, 1
and 5 Vm~'. The secondary re-acceleration region is placed into the chromosphere in range of
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Figure 2. The distribution functions of non-thermal electron energies versus positions with a
colour coded p-distribution for the classical the CTTM (left panel) and LRTTM (right panel) for
var(E) =1V m~! at time ¢ = 0.5 s after the beam injection into the loop at its apex. The solid
lines indicate the instantaneous energy deposit corresponding to Fo = 2.5 x 10? erg cm ™3 s~! in
the logarithmic scale. The dotted horizontal line indicates the bottom boundary of the magnetic
mirror, the grey area corresponds the secondary re-acceleration region. Only the lower parts of

the loop are captured.
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Figure 3. The energy deposits (left) and HXR spectra (right) at ¢ = 0.5 s. The green,
red and orange lines correspond to the LRTTM with the initial beam energy flux Fyp =
2.5 x 10 erg cm™2 s7! and field variances var(E) = 0.5,1 and 5 Vm™!, respectively. The
black lines indicate the energy deposits and HXR spectra for the CTTM, where the black
solid and dotted lines correspond to the initial energy fluxes Fy = 5 x 10! erg cm™2 s~! and
2.5 x 10 erg cm™2 s7!, respectively. The grey area indicates the secondary re-acceleration

region, the vertical dotted line the bottom boundary of the magnetic mirror.

heights from 1000 km to 2000 km.

The HXR fluxes and spectra produced in the vicinity of loop foot-points are computed
according to [1] using the semi-relativistic cross-section given by [16]. All the results are
presented at time t = 0.5 s after the beam injection into the loop at its apex, when the model
is close to a quasi-steady state.
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3. Results

The distribution functions of non-thermal electrons for the CTTM and LRTTM are shown in left
and right panel of Fig. 2, respectively. The electrons propagating from the loop apex towards the
photosphere (u ~ 1) are coded with shades of red, the electrons with u ~ 0 are coded with shades
of green and the electrons reflected by the magnetic mirror or backscattered (u ~ —1) are coded
with shades of blue. For the CTTM case, it is evident that the majority of electrons arriving
from the primary acceleration site (colour coded red to brown), into the higher density region
between the upper chromosphere (s ~ 2000 km) and the bottom boundary of the magnetic
mirror (s = 1360 km), quickly lose their energies and increase their pitch angles due to the
Coulomb collisions and the effects of converging magnetic field. As a consequence a low energy
tail is formed in the chromosphere above the bottom boundary of the magnetic mirror. The tail
is dominated by particles of p ~ 0 and these particles either completely thermalise their kinetic
energies or are reflected by the magnetic mirror back towards the second foot-point. Only few
particles with higher energies penetrate behind the bottom boundary of the magnetic mirror.

The right panel of Fig. 2 shows the distribution function for the LRTTM. Two tails in the
distribution function can be identified. A low energy tail corresponding to the tail identified
in the distribution function for the CTTM, but less distinct, and a tail aiming towards high
energies, spatially located within the re-acceleration region. This tail is formed by the particles
re-accelerated by the stochastic electric fields. Another obvious effect of the stochastic fields
is the enhancement of the number of backscattered electrons, particularly at higher energies.
Comparing the corresponding energy deposits, it is apparent that the presence of the re-
acceleration field substantially increases the energy deposit and shifts its maximum towards
deeper layers.

The energy deposits for several variances of the stochastic field are shown in the left panel
of Fig. 3. The model indicates that an increase of var(F) results in a dramatic increase of the
energy deposit into the lower atmosphere and also the maxima of the energy deposits can be
shifted to very deep layers (see the deposit for var(E) = 5 V m~!). If the deposits are integrated
over the chromosphere and photosphere we can conclude that the latter mentioned variance of
stochastic field can increase the integrated deposit of almost one and half order in comparison
with the deposit obtained using the CTTM and equal initial beam energy flux (dotted black
line in the left panel of Fig. 3).

In flares the non-thermal electron distribution functions, the spatial position, and the extent
of the energy deposits are influenced by the instantaneous state of the target flare atmosphere,
in particular by the density profile of the chromosphere, which corresponds to the history of
flare heating [14], [17], [18]. Due to the interaction of the low-energy electrons, which are
predominant in the beam, with the evaporated flare plasma a shift of their penetration depth
higher into the atmosphere can be expected. Similar effects would be also present using a static
flare chromosphere (e.g. models F1 or F2 [19]).

The corresponding HXR spectra are shown in the right panel of Fig. 3. The HXR intensities
and power-law indices are dependent on the values of var(E). With increasing variances Igkev
(the intensity at 10 keV) increases and the power-law indices harden. Comparing the intensity
Igxey for the LRTTM with var(E) = 5 V m~! and for the CTTM with equal initial beam
energy flux (dotted black line in the right panel of Fig. 3) we again obtain an increase in I1gyev
of one and half order.

The HXR photon fluxes at various energies as a function of height above the photosphere
for the CTTM and LRTTM are shown in Fig. 4. These profiles are used to calculate the HXR
source heights and vertical sizes as the profile first and second moments, respectively. It is
apparent that the placement and parameters of the magnetic mirror strongly influence the size
and position of the CTTM HXR source. The results are shown in Fig. 5. The vertical sizes of
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Figure 5. FWHM vertical sizes of the foot-point HXR sources (left panels) and the positions
of the HXR emission maxima (right panels) versus photon energy for the CTTM (black solid
lines) and the LRTTM (red dash-dotted lines) with var(E) = 1 Vm~! (upper panels) and
var(E) =5 Vm~! (lower panels).

HXR sources for the CTTM (left panel of Fig. 5 solid black lines) are about 1.2 arcsec for energies
10 — 30 keV. The source sizes decrease with increasing energy down to approximately 0.8 arcsec
for energies above approximately 130 keV. For the LRTTM we found the HXR sources to be
much more compact with increasing var(F) on all energies (compare dashed blue and dashed-
dotted red lines in the left panel of Fig. 5) with a typical vertical source size 0.5 — 0.7 arcsec for
var(E) =1 V m~! and approximately 0.3 arcsec for var(E) =5 V m~! on all energies.

Also the heights of the HXR emission maxima for the LRTTM are sensitive to the variance of
stochastic field. With increasing var(FE) the maxima tend to be placed deeper in the atmosphere
(compare the blue dashed and red dash-dotted lines in the right panel of Fig. 5). The height
of the HXR emission maximum for var(E) = 1 V m~! is 1000 — 900 km for all energies. It
corresponds to the height of the CTTM emission maximum for energies above 90 keV. The
height for var(E) =5 V m™! is even only about 550 km for all energies and the source is thus
much deeper than the CTTM source on all energies.
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4. Conclusions

It has been shown that the presence of secondary re-acceleration in the region close to the flare
loop foot-points reduces by one or one and half orders of magnitude (depending on the stochastic
field parameters) the particle flux from the corona required to explain the observed HXR foot-
point intensities. It also decreases the vertical size of the foot-point HXR sources. While the
first findings agree with the results obtained by [3], [10], [11], the latter presents a problem.

Namely, the vertical sizes of HXR sources computed for the LRTTM are only 0.5 — 0.7 arcsec
for var(E) = 1 V m~!, and even only 0.3 arcsec for var(E) = 5 V m~! on all energies. These
values are much smaller than those obtained from the recent RHESSI observations (1.3 —
8 arcsec), see [9] and [8]. However, a comparison of the vertical sizes of X-ray sources for
the LRTTM and CTTM models together with the multi-threaded chromosphere [20] offer a
solution. Besides different densities in the multi-thread structure of the flaring chromosphere
(which increases the vertical source size), in different threads a different distribution of the
localised electric field can be expected; even with zero electric field (as in the case of the CTTM
model). Therefore, integrating the vertical sizes of HXR sources for both considered models
(LRTTM and CTTM) the observed vertical source sizes might be obtained. This suggestion
will be tested in future models.

The heights of the HXR emission maxima for the LRTTM are in comparison with the CTTM
substantially shifted towards the photosphere. The height above the photosphere, corresponding
to height 0 km in the VAL C atmosphere model [12], decreases with the variance of the stochastic
field. For var(FE) =5 Vm~! we obtained the source height only approximately 550 km, which is
not far from the heights of the white-light sources (305 4+ 170 km and 195 £ 70 km) found from
observations of white-light flares [21].
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Abstract. The results of an analysis of joint SOHO/CDS and
Yohkoh/SXT observations of a decaying post—flare loops sys-
tem with a rapid time evolution are presented. The loop system
was a remnant of a small single loop flare (GOES class C2.9).
Using the CDS raster taken in several EUV lines with different
formation temperatures and a temperature sensitive line pair
Fe XVI 360.8/Si XII 520.7 we confirmed the existence of the
vertical stratification in the loop system according to the line
formation temperature. The analysis of the SXT data showed a
strong decay of the system with time. While the temperature of
the hot part of the system (7" ~ 2.5 MK) decreased only slightly,
the total emission measure dropped by more than a factor of four
in approximately 10% s. This could be explained by a plasma
outflow from the loops with velocity approximately 10 km/s.
On the other hand, signs of rapid, probably radiative cooling
can be identified in the images obtained from the CDS raster
taken in cool lines of O V and O III. Using the density sensi-
tive line pair of Fe XIV 334.2/353.8 and the integrated intensity
of Fe XIV 334.2 line we determined the electron densities and
emission measures across the top of the loop system. From the
results of these measurements, taking all known uncertainties
into account, we obtained that the geometrical filling factor at
the top of the system in the regions with maximum electron den-
sity in the Fe XIV line lies in the interval from ~ 0.01 to ~ 0.2.
A simple theoretical approximation of the energy balance in the
post—flare plasma gives a total cooling time ~ 750 s.

Key words: Sun: corona — Sun: flares — Sun: UV radiation —
Sun: X-rays, gamma rays

1. Introduction

Systems of flare loops appear shortly after the onset of solar
flares first in the soft X—ray and the EUV band and later on, Ho
loop prominences for events on the limb or typical dark loops
on the disk usually appear (Bray et al. 1991). These loops are
most conspicuous in the gradual phase of flares and can persist
for many hours. This is also the reason why they are called in

Send offprint requests to: varady @asu.cas.cz

literature ‘post—flare loops — PFL’ although their appearance
during the impulsive phase is not unusual.

Sturrock (1968), Kopp & Pneumann (1976), Forbes & Mal-
herbe (1986) and others proposed that PFL can result from a
gradual reconnection of magnetic fields high in the solar corona
which produces successively higher magnetic arches in the
corona and at the same time, energy is released at the recon-
nection site (cusp) above the loop system. This energy is then
transported downwards, along the magnetic field lines, either
by thermal conduction or by beams of accelerated particles.
As a consequence, the chromosphere and transition region are
heated and a flow of evaporated hot plasma fills the correspond-
ing magnetic loop system. A hot PFL is thus created. As the
reconnection continues, this loop is separated from the energy
input and starts to cool. In the meantime, a new hot PFL is
originating above it.

PFL systems have been extensively observed particularly in
Ha and in soft X-rays, especially after the launch of Yohkoh
with its Soft X-ray Telescope (SXT) (Tsuneta et al. 1991). Ha
images show plasma at temperatures around 10 K and provide
very good spatial resolution useful for studies of the structural
and dynamic properties of PFL (e.g. Wiik et al. 1996). From
these observations it is also possible to determine the emission
measure of cool plasma in the loop system (Schmieder et al.
1996). On the other hand, soft X-ray images, which lack the
spatial resolution of Ha images, show plasma with temperatures
of the order of 10% — 107 K and they are useful for approximate
temperature and emission measure analysis. The relation be-
tween cool (Hav) and hot plasma in PFL systems was described
in Schmieder et al. (1995).

Observations of PFL systems in EUV lines provide an ex-
cellent opportunity to study the behaviour of post—flare loop
plasma at intermediate temperatures. EUV spectra also allow
to apply efficient electron density, emission measure and tem-
perature diagnostic methods (e.g. Mason & Monsignori Fossi
1994). Several studies of this kind have been published. Dere &
Cook (1979) studied the time evolution of differential emission
measure and electron density during the decay of a flare using
data from Solrad 9 and Skylab. The spatial distribution of EUV
emission and electron density was studied by Cheng (1980) us-
ing Skylab data. A displacement of loops visible in lines with
high and low formation temperatures was found. Similar re-
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Fig.1. GOES-9 X-ray fluxes and times of CDS and
SXT observations. The hatched regions correspond to

the times when the Yohkoh satellite was in the shadow
of the Earth, the region between the two dashed lines
corresponds to the time when the whole CDS raster was

12:00

12:20 12:40 13:00

(16—Dec—96)

sults based on data from SMM and Ha observations were also
published by Svestka et al. (1987).

Using observations from SOHO Coronal Diagnostic Spec-
trometer (CDS) and Yohkoh SXT, we examine in this paper a
decaying PFL system in its final phase when the loops are fading
and becoming invisible. From SXT observations we derive the
time evolution of the temperature and the emission measure in
the hot part of the system during its decay. The CDS data was
used to determine the vertical thermal structure of the examined
loop system using the temperature sensitive line pair of Fe XVI
at 360.8 A and Si XII at 520.7 A and its electron density from
the density sensitive line pair of Fe X1V 334.2/353.8. From inte-
grated intensities of several allowed lines with different forma-
tion temperatures the emission measures were calculated. From
these measurements we estimated the geometrical filling factor
at the top of the PFL system in Fe XIV lines. The values of the
temperature and the electron density were then used to estimate
the cooling time of the system from its initial temperature down
to~ 2 x 10* K.

2. Observations

The analysed PFL system was a remnant of a small flare (GOES
class C2.9) which occurred on 16th December 1996 on the
south-west limb of the Sun. GOES X-ray fluxes showed that
the flare started at 12:20 UT, its maximum occurred at 12:29 UT
and the GOES event finished at approximately 13:00 UT. There
are no direct observations of the flare itself because during the
flare Yohkoh was in the shadow of the Earth and the slit of CDS
was high above the flare region. The data concerning the PFL
system was taken only before and after the GOES event and its
time distribution is presented on the background of GOES-9
X-ray fluxes in the Fig. 1.

2.1.CDS

The Coronal Diagnostic Spectrometer — CDS on board SOHO is
fully described in Harrison et al. (1995) and Harrison & Fludra

built and the region between the two dot—dash lines to
the times when the loop system itself was scanned.

14:00

(1995). The analysed raster was taken using the Normal Inci-
dence Spectrometer (NIS) with the 2 x 240 arcsec slit oriented
in the N-S direction.

The size of the raster analysed in this work is 243.8 x
240.2 arcsec, the spatial dimensions of one raster element are
2.032 arcsec in the E-W direction and 1.68 arcsec in the N—
S direction. The exposure time of one spectrum was 45 s and
the scanning started at 11:58:27 UT and finished at 13:47:05 UT
(see also Fig. 1). The whole raster consists of 120 exposures and
the total raster duration was 1h 48min 38s. This gives the CDS
scanning speed ~ 54 s per one N-S stripe. It is clear that when
highly dynamic phenomena are observed, as for example PFL,
a long scanning time can influence the shape of the observed
structures and one has to be very careful when interpreting such
observations. The observation was carried out in 16 spectral
windows 20 pixels wide, in the spectral direction. Each window
corresponds to spectral width approximately 1.33 A for NIS I
and 2.23 A for NIS II. The spectral lines are usually in the mid-
dle of these windows. A list of the 14 spectral lines available
and their approximate formation temperatures is given in Ta-
ble 1. In addition to the 14 lines referred to in Table 1, there are
two more spectral windows which are adjacent to the important
density sensitive line pair of Fe XIV at 334.2 A and 353.8 A.
These windows were used for determination of the scattered
light level.

2.2.SXT

The Soft X-ray Telescope — SXT on board Yohkoh is described
in detail in Tsuneta et al. (1991). The SXT is able to obtain
time sequences of images in one of five filters with the time
resolution better than one second. The pixel size of the CCD
detector is 2.45 arcsec.

As we mentioned above, the Yohkoh satellite was in the
shadow of the Earth during the flare (see Fig. 1), so that the only
SXT images available were taken before and after the flare. In
this analysis we used only the SXT data obtained after the flare.
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13:07:28 13:10:40 13:13:52
13:17:04 13:20:16 513:23:28
Fig. 2. A time sequence of Yohkoh SXT images taken in
All filter showing the time evolution of the hot part of
the PFL system. The times when the majority of these
13:26:40 13:09:52 13:33:04 images was taken correspond to the times when the slit

Table 1. List of available lines and their formation temperatures. As-
terisks indicate the density and crosses the temperature sensitive line
pairs used in this analysis.

Ton Wavelength ~ Temperature
A K
He1 58433 2 x 10*
om 599.59 10°
ov 629.73 2.5 x 10°
Cax 557.77 6 x 10°
Mgix  368.06 10°
Mg X 624.94 1.1 x 10°
Six 347 40 1.3 x 108
Six 356.04 1.3 x 108
Fe x11 364.47 1.6 x 108
Fexm  348.18 1.6 x 108
Sixut 52067 1.8 x 108
Fe xiv*  334.17 1.8 x 108
Fe x1iv*  353.83 1.8 x 108
Fe xvit  360.75 2.2 x 108

The first usable, not overexposed SXT image of the sequence of
interest was taken at 13:07:28 UT and the last one a long time
after the examined PFL system had disappeared. The time gap
between two consecutive images was 64 s. The observational
sequence was carried out in two filters. One image taken in
All filter was followed by two images taken in AlMg filter.
From the intensity ratio in these two filters the time evolution of
the temperature and emission measure of the observed hot PFL
plasma was determined.

of CDS scanned the loop system (compare with Fig. 3).

3. Structure and time evolution of the PFL
derived from SXT and CDS observations

The time evolution of the hot parts of the PFL system (7" ~
2.5 MK), at approximately the same time when the slit of CDS
scanned it, is very well visible in the images obtained by SXT
(Fig.2). A rapid evolution of the hot part of the loop system
is seen in the first pictures of the sequence, while very little
change is seen in the last images. The length of the loop deter-
mined from these pictures is approximately 2.5 x 109 cm. It is
also apparent that the examined loop system is surrounded by
a hot rare coronal plasma. An influence of this plasma has to
be taken into account when the temperature, emission measure
and electron density are determined. Apart from the PFL sys-
tem and the rare coronal plasma around it, it is also possible
to recognize some loops above PFL and two bright points; one
above the northern footpoint of the loop and the second under
it. These two bright points brighten when the PFL system is
disappearing. In this analysis we discuss only the behaviour of
the conspicuous loop-like structure visible in the first images
of the sequence.

The CDS images of the PFL system, in eight selected lines
which cover the temperature range from 2 x 10* K to 2.2 MK,
are shown in Fig. 3. Here, in all lines roughly only one half of the
loop system is clearly visible. Why this happens in the hot lines
(T > 1 MK) is apparent from a comparison of the CDS images
with the time sequence of images obtained by SXT (Fig.2). The
hot loops in the raster are visible until approximately 13:22 UT,
which corresponds to the time when the hot loop observed by
SXT starts to disappear as well. It will be shown in the next
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Fig. 3. Part of the CDS raster with the PFL system in eight chosen lines spanning the temperature range from 2 x 10% K to 2.2 x 10® K (image
in negative). The times on the z—axes correspond to the positions of the CDS slit in the raster. The time goes from right to left because the CDS

slit scans from W to E and is oriented in N-S direction.

section that this is mainly due to plasma depletion from the loop.
In the cooler lines this could be due to the combined effect of
plasma depletion and cooling.

It follows from the way the CDS rasters are built that the
eight images with the loop-like structures in Fig. 3 are exactly
cospatial. When the positions of the tops of the semi—loops
taken in different lines are compared, it is apparent that those
in the images which are taken in lines having higher formation
temperature lay above those formed at lower temperatures. On
the other hand, the structures visible in different lines are not
spatially separated, but they are overlapping, which is demon-
strated in Fig. 4. This temperature stratification with height can
be either real, as it is supposed in theoretical models of PFL
(Kopp & Pneumann 1976, Forbes & Malherbe 1986, etc.), or
it could be mimicked by the combined effect of cooling and
scanning the loop system with the CDS with a finite speed. The
scanning across the loop tops in all available lines took app-
roximately 5 min (see Fig.3). In contrast, SXT measurements
(Sect.4) show that plasma cooling in the hot part of the system
is very slow. Also the theoretical estimate of the PFL plasma
cooling rate (Sect. 7) does not show any fast cooling in the tem-
perature region above ~ 1 MK which could explain the thermal

stratification of the loop system by the combined effect of cool-
ing and scanning speed. We believe that at least in the lines with
formation temperature above 1 MK we observe a real tempera-
ture stratification with height, as a snapshot’ of the PFL system
evolution.

When the shapes of the semi—loop structures visible in hot
and cool lines are compared (Fig. 3), it is apparent that they are
much smoother in the hot lines while in the cool lines there are
some irregularities in their shapes (structures inside the dotted
boxes). They are clearly not a part of the loop system, so they
have to result from a combined effect of the PFL system time
evolution and the finite scanning speed of CDS. We interpret
these irregularities as a manifestation of a rapid cooling of PFL
plasma visible in cool lines. If we admit that there is a real tem-
perature stratification with height in the observed PFL system,
then plasma with temperature a little higher than the formation
temperature of the particular line is located above the bright loop
tops seen in that line, and this hotter plasma is at that moment in-
visible in this line. But since the CDS slit scans the loop system
with a finite speed approximately one step per minute (in Fig. 3
from right to left), the plasma with temperature just greater than
the formation temperature of the particular line manages to cool
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down and becomes visible as the irregularities in the loop-like
structures. Because the time necessary for the completion of one
N-S stripe exposure is approximately only one minute we can
interpret these irregularities as a manifestation of very rapid,
probably radiative plasma cooling visible in O V, O III and per-
haps also He I lines. Since in the hot lines no similar features
are seen, we believe that plasma visible here cools much more
slowly compared to the CDS scanning speed.

Another prominent feature is the dependence of the sharp-
ness (or diffusivity) of the PFL images on the formation tempe-
rature of the line which was used to take the image. From the
CDS data available it follows that the images taken in hotter
lines tend to be more diffused than the ones taken in cool lines,
which are much sharper. On the other hand, for example, in the
image taken in He I line (Fig.3), the loop top where the CDS
slit was parallel to the scanned structure is quite sharp but the
part of the loop in the lower left corner, where the CDS slit was
perpendicular to the scanned structure, is rather diffused. So we
believe that this is probably caused by the combined effect of
CDS scanning and different speed of plasma cooling in different
lines, rather than by a real structural difference of hot and cool
loops, although using this data we can not completely exclude
the possibility of real structural difference of hot and cool loops.

4. Analysis of the SXT data

The SXT data and filter ratio method (Hara et al. 1992) were
used to derive the time evolution of mean temperature and emis-
sion measure during the decay of the loop system. The inten-
sity, in each filter (All, AIMg), was integrated from an area of
189 pixels which lay inside an intensity contour 39% above the
background containing the whole loop (see Fig.5). However,
during the analysis we found out that the general behaviour of
the mean plasma temperature and emission measure is almost
independent of the chosen area of the loop system where the
intensity was integrated from. A similar result was obtained by
Schmieder et al. (1996).

The time evolution of the mean plasma temperature in the
loop (upper graph in Fig.5) looks rather complicated. At the
beginning of the observational sequence, from 13:07:28 UT to
13:17:04 UT, a manifestation of slow plasma cooling from the
initial temperature 2.8 MK down to 2.5 MK in approximately
600 s can be seen. Then the temperature behaves rather chaotic.
We believe that this could be accounted for by the influence
of hot rare coronal plasma surrounding the PFL system, the
existence of which we mentioned in the previous section. When
the emission measure of plasma inside the examined loop was
much greater than the emission measure of other plasma along
the line of sight, the manifestation of plasma properties in the
examined loop prevailed over the manifestation of properties
of surrounding plasma. But as the emission measure of plasma
inside the loop was decreasing with time (see lower plot in
Fig.5), the measured quantities were more and more influenced
by the properties and behaviour of other plasma lying along the
line of sight. So we believe that plasma inside the PFL could
continue cooling even after 13:17:04 UT because the values of
the temperature later on are probably very strongly influenced
by other hot coronal plasma along the line of sight (see Fig.2).

The behaviour of the total emission measure along the line
of sight averaged over the area of the whole loop (EM,),
presented in the lower graph of Fig.5, looks much simpler. It
decreases very quickly (in approximately 960 s) from its original
value (9.2 £0.3) x 10%® cm =2 at 13:07:28 UT to its final value
(2.240.2) x 10%® cm~5 at 13:23:28 UT. Because such a rapid
decrease of (E M) can be explained only by plasma depletion
from the PFL (see also Fig. 2), we can expect a strong down-flow
of hot plasma from the loop to its footpoints along the magnetic
field lines. Later on, the behaviour of ( E M) becomes slightly
chaotic again, which we believe can be accounted for by rare
hot coronal plasma along the line of sight, with a mean emission
measure (EM.,,), which does not belong to the PFL system.
Because the emission measure is an additive quantity, the mean
emission measure of plasma inside the loop system itself is
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If the mean emission measure of plasma inside the loop
system (E M, ;) is known and if it is possible to estimate the size
of the loop system D along the line of sight, a simple formula

D
(EMyp) = L / / nZdldS~ (n2)D )
Sp.f L JSps1 JO

can be used to estimate the mean value of the second power
of the electron density <n2> in the loop system. If we suppose
that all the emitting plasma is deposited inside some filaments,
which are not resolved by SXT and which have the same elec-
tron density, we can calculate the mean electron density in the
volume occupied by the loop system: (n.) = \/(n2). Sps is
the area over which the intensity is integrated.

From the SXT images and CDS rasters (Figs.2, 3) we de-
termined the apparent diameter of the loop system in the plane
perpendicular to the line of sight D, = (4.0£0.7) x 10% cm.
If we assume that this apparent diameter obtained above equals
D and (EM,1) = (EM;s), so that all the emitting plasma
along the line of sight is concentrated in the loop system, the

error bars include the decompression and statistical er-
rors. The systematic errors are not included.

maximum mean electron density is (1.5 4 0.2) x 1019 cm~3
and the minimum density is (7.0 £ 1.0) x 10° cm~3. On the
other hand, if we suppose that (EM.,,) equals one half of the
almost constant value of (EM,) at times from 13:23:28 UT
to 13:39:28 UT, which is approximately (EM;,:) = (2.1 &
0.5) x 1028 cm™? then the maximum mean electron density in
the loop is (1.4 +0.2) x 101 cm~2 and the minimum density
is (5.0 £2.0) x 10° cm~3, for the same value of D as in the
previous case.

From the emission measure analysis we found that there has
to be a plasma outflow from the examined loop system. Using
the quantities obtained above and with the help of the continuity
equation it is possible to estimate, though very roughly, the
velocity of plasma outflow along the magnetic field at the base
of the loop. If we suppose that the cross-sectional area along the
loop is constant, we get for a velocity of a symmetrical plasma
outflow to both footpoints ~ 10 km s~!. If the plasma outflow
is directed only to one footpoint of the loop system then the
velocity would be approximately twice larger. This rather low
velocity contrasts with much stronger flows (v ~ 102 km s~1)
observed in cool Ha loops (Wiik et al. 1996). This could be
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explained by quite different pressure scale—heights in these two
cases.

5. Analysis of the CDS data
5.1. Fitting the CDS spectral profiles

Allresults in this section were derived from integrated line inten-
sities, taking their uncertainties into account. Because the way
we obtained them was common in all following subsections,
we will discuss it briefly here. We supposed that the spectra in
individual spectral windows (covering the wavelength interval
1.33 A for NIS I and 2.33 A for NIS II) can be approximated
by a sum of a constant by representing the background (stray
light) and L Gaussian components representing the individual
spectral lines centered at wavelengths Ay:

L )\_)\ 2
I =bg+2akexpf(zaf_kk> : 3)

k=1

I; is the intensity observed in the i-th spectral pixel at the wave-
length \;, aj, is the amplitude, ¢ is the FWHM of the k-th
Gaussian and o = 0.6.

To obtain the best fit of parameters by, ar, A\r and ¢, we
used the least square method and minimized the function:

N L 24 72
e S L
i L% i k=1 Ch
where o; are the statistical errors in intensities collected in indi-
vidual spectral pixels of the detector obtained from the photon
statistics (Thompson 1997) and [V is the number of spectral pi-
xels. The searched integrated intensity of a given k-th line can
be then easily calculated from fitted parameters ay, and cx.
The statistical errors of the fitted parameters were calculated
only for the parameters concerning the spectral line of interest
which directly influence the searched integrated line intensity
(i.e. as, cs and bg). These errors were obtained by a standard
method described in detail in Press et al. (1989). Another source

35  CDS to. The dashed box is the region where the line
intensities were measured.

of errors is the unknown accuracy in the calibration curves of
CDS which can introduce a systematic error into the line inten-
sities. Because this error is unknown, it could not be included,
but when one is interested in a ratio of two line intensities with
similar wavelengths lying on the same detector, these errors tend
to cancel each other. This is the case of the density sensitive pair
Fe XIV. On the other hand, for a ratio of two distant lines or two
lines lying on different detectors it can be quite significant. This
is the case of the temperature sensitive pair Fe XVI/Si XII.

5.2. CDS temperature diagnostics

To get information on the temperature distribution of hot plasma
in the system across the loop tops we used the intensity ratio
of lines Fe XVI at 360.8 A and Si XII at 520.7 A which is
temperature sensitive in the interval from 1 MK to 3.2 MK.
The theoretical intensity ratio is also dependent on the relative
chemical abundance of iron to silicon which is not very well
known (Meyer 1985) and which can also vary from flare to flare
(Fludra & Schmelz 1995). Moreover, as we already mentioned
above, the observed intensity ratio can be quite significantly in-
fluenced by the systematic error resulting from the uncertainty
in the CDS calibration. These reasons prevented us from calib-
rating the temperature using only theoretical data and we had to
use another method based on our knowledge of the temperature
obtained from SXT data. Therefore, we supposed that the maxi-
mum temperature of plasma in the PFL system, measured using
the line ratio, corresponds to the plasma temperature measured
by SXT at the same time.

The ratios of Fe XVI and Si XII lines were determined in 13
pixels along the x axis from pixel numbers 22 — 34 (see Fig.6).
To improve the S/N ratio the signal was integrated from 6 pixels
along the y axis from pixels 52 — 57. The error bars correspond
to 30 probability of the line fits and they do not contain any
uncertainties in values of theoretically calculated emissivities.
Their very variable length is given by the theoretical dependence
of the temperature on the emissivities ratio. The emissivities
were calculated using ADAS (Summers et al. 1996).
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The results of this analysis are presented in Fig. 6, where the
intensity profile of the Fe XVIloop was also plotted. It is clearly
visible that the temperature increases with height and reaches
its maximum above the Fe XVI loop. Plasma with lower den-
sity is probably located here. This distribution of temperature
in the PFL system is in full agreement with the classical forma-
tion theory of PFL systems. The course of temperature under
the Fe XVI loop reflects the temperature of rare hot coronal
plasma surrounding the PFL system rather then the tempera-
ture of plasma located in the loops visible in lines having lower
formation temperatures.

5.3. CDS electron density diagnostics

The CDS data was used to determine the electron density of the
hot part of the PFL system, using the density sensitive line pair
of Fe XIV 334.2/353.8 (Mason et al. 1997, Mason 1998). This
line pair is electron density sensitive in range approximately
from 10 ecm™3 to 10! cm~3, where also the expected values
of electron densities of PFL lie.

The disadvantage of this line pair is that when plasma with
temperature greater than ~ 4 MK is present in the analysed
region, the Fe XIV line at 353.8 A is strongly blended with a
very bright Ar XVI line. Fortunately the temperature analysis
of the SXT data and also the comparison of observed spectra
with the synthetic spectra calculated with CHIANTI (Dere et al.
1997, Mason 1998) showed that the plasma temperature in the
analysed region is lower than ~ 3 MK, so that the blending
is not prohibitive. The theoretical dependence of the electron
density on the intensity ratio was calculated using CHIANTI.

The electron densities were determined in 13 different po-
sitions along the x axis across the loop top, in pixel numbers
22 — 34 (see the raster in Fig. 6). To improve the S/N ratio the in-
tensity was integrated from 6 pixels along the y axis from pixels
52 —57. To determine the level of scattered light we connected
the spectral windows containing the given diagnostic lines with
the adjacent spectral windows, and the minimum signal from

35 system. The error bars correspond to 3¢ probability of

the fits.

these two windows was taken as the background. The error bars
correspond to 30 probability of the line fits. No uncertainties
are included in the theoretical dependence of electron density on
the intensity ratio. The course of the electron density across the
loop top is shown in Fig. 7. These values were used to estimate
the geometrical filling factor in the top of the loop system.

5.4. CDS emission measure diagnostics

The integrated intensities of allowed lines with different forma-
tion temperatures were used to obtain the plasma emission mea-
sure using the method originally designed by Pottasch (1963).
We assumed an isothermal plasma at temperature 7", which cor-
responds to the maximum of the contribution function (emis-
sivity) of the given line. Then the integrated intensity of the line
can be approximated by a simple formula:

1
4

where A is the elemental abundance relative to the hydrogen
and [ is the integrated intensity of the particular spectral line.
The contribution functions G(T") were calculated using ADAS
(Summers et al. 1996) and the elemental abundances for a solar
flare were taken from Fludra & Schmelz (1995). These abun-
dances are subject to a 30% combined statistical and systematic
uncertainty. The errors of integrated line intensities resulting
from the photon statistics correspond to 3o probability of the
line fits.

The values of the emission measure were determined at the
brightest regions at the tops of the loop-like structures visible
in CDS raster in different spectral lines. These regions were
one pixel broad in the x direction and the intensity was inte-
grated from six pixels in the y direction. The results are sum-
marized in Table 2 and the dependence of the emission measure
on line formation temperature is shown in the upper plot in
Fig.8. Under the assumptions adopted in the Sect.4 it is pos-
sible to determine the mean electron densities from these val-

I=—AG(T)EM , )
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Table 2. The results of the emission measure analysis.

771

Ton Wavelength  Abundance  Emissivity x10%°  z,y-coordinates  Intensity (EM) x 10727
A erg cm® 571 pixels ergem 2 st sr™! cmT?
O 1 599.59 25x107* 145 26, 54-59 63.8+4.6 0.2+0.1
Cax 557.77 4.4 %1078 557 26,47-52 89.9+9.7 46+1.9
Mgx 62494 4.0x107° 223 27,50-55 323.8+11.4 46+1.5
Sixu  520.67 42 x107°  1.64 28,51-56 170.3+7.9 3.1+1.1
Fexiv 334.17 48 x107°  1.52 29,52-57 153.4+10.7 2.6+1.0
Fe xvi  360.75 48 x107°  2.19 30, 52-57 557.4 + 37.8 6.7+2.5
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ues of emission measure. We assumed that the size of the loop
system along the line of sight corresponds to the apparent di-
ameter of the loop system obtained from SXT and CDS images
Dapp = (4.0 £0.7) x 108 cm. The dependence of the electron
density, obtained in this way, on the formation temperature is
shown in the lower plot in Fig. 8. The mean electron densities
for lines with formation temperatures from 2.2 MK (Fe XVI)
to 0.6 MK (Ca X) remain almost constant with the temperature
(~ 3 x 10° cm™3). In contrast, the mean electron density cal-

tops of corresponding loops (see Table 2).

culated from the emission measure derived from the intensity
of O 11 is substantially smaller ~ 7 x 10% cm~3.

6. Plasma filling factor at the top of the PFL system

The results obtained from CDS electron density and emission
measure analysis were used to estimate the geometrical filling
factor of the examined PFL system in the Fe XIV line. If we
assume that the plasma is isothermal and concentrated in fil-
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aments with a typical electron density n., we can rewrite the
formula for emission measure in this way:

EM =n2Dyear = (n2) Dypy ©

where

.DTG(ZZ :/ dl N (7>
rad

In this integral we calculate the total thickness of the radiating
elements along the line of sight. Using these quantities we can
define the geometrical filling factor as
2
n
_ ) ®)

Dapp n2

f _ D7‘eal

The density n. in Eq. 8 has been derived from the density sensi-
tive line ratio Fe XIV 334.2/353.8. This ratio measures the real
electron density. The value of <n§> has been derived by divid-
ing the emission measure £'M , calculated from the allowed line
intensity, by the apparent size of the system along the line of
sight, Dyypp.

The quantities n? and (n2) are identical only in the case
of homogeneous distribution of plasma along the line of sight.
In this case the filling factor would be equal to one. If plasma
is not distributed uniformly, the electron density obtained from
line ratio is greater than the density obtained from the emission
measure and the filling factor is less than one.

Using this method we determined the filling factor in pi-
xels 26 — 30 (x axis) which correspond to the brightest parts
of the Fe XIV loop-like structure. The uncertainties in n. and
<n2> obtained in previous subsections were used to calculate
the uncertainty of the geometrical filling factor. The results are
summarized in Table 3. From our measurements it follows that
the geometrical filling factor at the top of the examined PFL
system in the regions with maximum electron density in Fe XIV
line (formation temperature ~ 1.8 MK) lies in the interval from
~ (.01 to ~ 0.2. The great range of its possible values reflects
the realistic uncertainties in our knowledge of elemental abun-
dance, integrated intensities and D, .

The value of the geometrical filling factor in flare loops has
an important consequence. The majority of flare loops obser-
vations have been made by Yohkoh/SXT. However, SXT can
measure only the emission measure and not the electron density
in observed regions. An approximation which assumes a homo-
geneous and isothermal plasma n, = /EM/D is often used
to derive the electron density. This approximation does not take
into account the possibility that the spatial plasma distribution
can be filamentary. If we assume that the typical electron den-
sity in such filaments is approximately the same for all of them
and the electron density outside the filaments is much smaller
than inside, knowing the filling factor we can estimate the real
electron density n, = \/EM/ D of emitting elements with a
much better accuracy.

7. Cooling of the PFL system

It is generally believed that the post—flare loop plasma cools
mainly due to thermal conduction and radiation. To get a simple

M. Varady et al.: Decaying post—flare loops system

Table 3. Geometrical filling factor across the top of the loop system
determined using the Fe XIV 334.2 and 353.8 lines.

z-pixel n2x 1071 <n,2> x 107 f

cm ¢ cm~¢
26 5251550 43+24 0.0819 08
27 9817557 53428 0.0510 %%
28 850157  6.1%3.2 0.07+5:58
29 721752 6.6+3.5 0.09730%
30 5.4512:38 5.9+ 3.2 0.117971

estimate of the time scale which a hot PFL with temperature of
the order 10° K needs to reach temperature of the order 104 K,
we used a simple formula of Svestka (1987) and we applied
a correction to the temperature gradient introduced by Varady
& Heinzel (1997). The formula was derived from the energy
equation under the assumption of static (n.(t) = const), fully
ionized plasma. The first and the second term on the right hand
side of the equation are approximations of conductive and ra-
diative losses:

— BnSkB% = anoﬁ
In this equation a = 0.4 is the correction applied to the tempera-
ture gradient, kg is the Boltzmann constant, L is the semi-length
of the loop, & = 10~° (in CGS units) is the thermal conductivity
coefficient and x and « fit the radiative losses. The latter were
taken from Cargill (1994) and are based on the model of Cook
et al. (1989):

T7/2

+ 2T . )

xT=2x10"2 | T > 1052 |
XTY=35x10""T"25 | 10° < T < 1059 |
xT=35x%x10"22 | 10° < T <10 ,  (10)
XxT%=11x10"2"7t1 | T <105 .

Using the formula above and quantities obtained in pre-
vious sections we calculated the theoretical time dependence
of plasma temperature in the PFL. The model was calculated
for the initial temperature 2.8 MK, which was obtained from
the SXT temperature analysis and a constant electron density
10® cm™3, which corresponds to the value obtained at the top
of the loop system using the density sensitive line pair of Fe XIV.
The theoretical time dependence of temperature in the loop is
shown in Fig. 9. It follows from this model that the total cooling
time required to achieve the temperature of the order 10* K is
approximately 750 s. In fact the cooling time will probably be
longer, because from the SXT emission measure analysis we
have an evidence of a rapid decrease of emission measure in the
loop system which reduces the radiative losses.

8. Discussions and conclusions

In this paper we used simultaneously taken CDS and SXT data
to examine a decaying PFL system resulting from a small single
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loop flare GOES class C2.9. From the structural features con-
tained in the CDS images taken in lines with different formation
temperature we were able to confirm that plasma with higher
temperature tends to lie over plasma with lower temperature,
as it is expected by the PFL formation theory and which was
earlier observed by Cheng (1980) and Svestka et al. (1987). Us-
ing the time evolution of temperature of hot plasma in the loop
system derived from the SXT data and the theoretical estimate
of the cooling time of the hot plasma in the PFL system we
ruled out the possibility that the observed thermal distribution
of plasma, emitting at different formation temperatures, could
be mimicked by a combined effect of PFL plasma cooling and
the CDS scanning speed. Another argument which supports the
reality of the thermal stratification in the loop system is the
existence of the irregularities observed in lines with formation
temperatures under 0.5 MK which are protruding from the CDS
loop-like structures. Providing the distribution of plasma tem-
perature discussed above is real, these structures can be naturally
explained as a result of a very fast plasma cooling, which can be
expected at these temperatures. A similar result was obtained
using the temperature sensitive line pair Fe XVI at 360.8 A and
Si XII at 520.7 A. Using this line pair we found that the hottest
plasma in the loop system is placed above the maximum inten-
sity of the highest loop visible in Fe XVI line.

From the SXT emission measure and temperature analysis
we obtained that the main role during the decay of the hot part
of the loop system was played by a plasma outflow from the sys-
tem. During approximately 103 s the mean emission measure in
the loop decreased to roughly one fourth of its original value.
The velocity of the plasma outflow from the loop system at the
footpoints was estimated to be approximately 10 km s~1, for a
uniform cross-sectional area along the loop. The time evolution
of temperature obtained from SXT data shows some signs of
slow cooling at the beginning of the observational sequence.
Later on, when the emission measure in the loop system sub-
stantively decreased, the temperatures are strongly influenced
by the behaviour of the surrounding hot coronal plasma. When

10*° cm™3 in the loop is assumed to be constant with
time.

1000

we admit that the decrease of temperature observed at the be-
ginning of the observational sequence represents a real plasma
cooling and compare its speed to the speed of the emission mea-
sure loss, we can conclude that this part of the system decayed
mainly due to plasma depletion from the system and the decrease
of the temperature played a minor or perhaps a triggering role in
the decay of the system. From the CDS data also follows that the
plasma outflow from the PFL system, responsible for its decay,
started in all lines at approximately the same moment.

To obtain the geometrical filling factor at the top of the PFL
system in Fe XIV line (~ 1.8 MK), we first determined the
electron density and its uncertainty using the density sensitive
line pair of Fe XIV. This method reflects the collisional rate
in plasma and is not dependent on geometrical fine structural
features in the system. Then we calculated emission measure
of plasma in the system from the integrated intensities of an
allowed line of Fe XIV at 334.2 A (at the same locations where
the electron densities using the density sensitive pair were mea-
sured). The emission measure was used to calculate the (n?)
and its error. Because during the whole procedure of fitting and
calculating of all the quantities necessary to determine the fill-
ing factor we took a great care to proper treatment of all errors
which can influence the results, we obtained a great, but realis-
tic uncertainty of the resulting filling factor. The results of our
measurements are that the upper limit of the geometrical filling
factor at the top of the loop system in Fe XIV line is ~ 0.2 while
the lower limit at least in regions of maximum electron density
is >~ 0.01. Of course, the filling factor can be different for loops
with different temperatures. Unfortunately the CDS data avai-
lable did not allow us to carry out a similar study in lines with
different formation temperatures. The results show that if the
electron density is estimated from for example a SXT emission
measure without knowledge of the filling factor, the results can
differ of factor from ~ 2 to 10 from the real electron density in
the observed region. This can strongly influence any theoretical
interpretation of such observations.
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Abstract. In this paper we present a detailed study of a violent evolution of the 18 September 1995
eruptive prominence observed by the Ho telescope and the Multichannel Optical Flare Spectrograph
in Ondrejov. The fast changes of the prominence structure started immediately after a weak radio
burst at 3 GHz. This circumstance shows the presence of non-thermal processes. In the later phase
of the prominence evolution a comparison of the He filtergrams with the Yohkoh Soft X-ray Tele-
scope pictures was made. For a search of fine structures in the Ho images, an image processing
technique was used. A detailed analysis of observations indicates magnetic field line reconnection,
mainly in space below the rising Ho prominence. These reconnection processes are manifested
not only by structural changes of the Ho prominence and X-ray loops but also by the character
of Doppler velocities. Evidence of splitting and rotation was found in the Ho spectrum formed close
to the reconnection space, and the typical velocities of such plasma movement were evaluated. We
estimated amplitudes of rotational velocities, giving evidence about the rearrangement of helical
structures during the process of the eruptive prominence activation. In the conclusion we discuss
some implications of our results.

1. Introduction

It is commonly believed that eruptive processes in the solar atmosphere — solar
flares or eruptive prominences — are physically connected to the magnetic field
line reconnection process (see Rompolt, 1990; Svestka and Cliver, 1992; Tandberg-
Hanssen, 1995; Tsuneta, 1996).

There are several papers trying to show good evidence of the reconnection or
of the loop interactions, analyzing observational data. For example, the Proceed-
ings from Symposium on Current Loop Interaction in Solar Flares (Sakai, 1993)
shows several examples of current loop interactions. Furthermore, Simberova, Kar-
licky, and Svestka (1993) found indications of the reconnection in a large coronal
arch. Studying coronal loops at visible wavelengths, Smartt ef al. (1994) found
localized brightenings and interpreted them as indirect evidence of magnetic field
reconnection in those structures.

Recently, Pevtsov, Canfield, and Zirin (1996) presented observations of the
8 May 1992 flare associated with an He filament eruption. A twisted X-ray struc-
ture was formed shortly before the flare and disappeared after it, being replaced
by a system of unsheared postflare loops. It was shown that the long S-shaped

'kﬁ Solar Physics 182: 393-409, 1998.
i. © 1998 Kluwer Academic Publishers. Printed in the Netherlands.
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structure appears to result from the reconnection of two shorter ones just tens of
minutes before the filament eruption and flare. This was an example of filament
eruption on the solar disk. Another S-shaped flare with possible reconnection has
been observed recently by van Driel-Gesztelyi et al. (1997). In this case also a
large reorganization of the magnetic field in the corona occurred. Such changes are
connected with plasma flows (£ 50 km s~!) as is shown in Wiik et al. (1997).

In this paper we present the 18 September 1995 Ha eruptive prominence which
reveals fast structural changes. First we describe the eruptive prominence evolution
with respect to all observations we have at our disposal. Later we analyse Ho
images and spectra as well as soft X-ray pictures of the eruptive prominence struc-
tures. Then we study the Doppler velocities derived from the Ho spectra, because
they could give more information about the eruptive prominence activation (En-
gvold et al., 1989) compared to simple filtergram analysis. We find fine structures in
the prominence, and finally we discuss evidence of a magnetic field reconnection,
and we present a schematic model of this phenomenon. Some preliminary results
concerning this eruptive promimence study were already presented by Karlicky
etal., (1997).

2. Observations

2.1. DEVELOPMENT OF THE ERUPTIVE PROMINENCE IN OPTICAL AND RADIO
BANDS

The 18 September 1995 eruptive prominence (EP) situated on the north-east solar
limb was observed by the Ho telescope and the Multichannel Optical Flare Spec-
trograph (MFS) in Ondfejov. Simultaneously accompanying weak radio emission
was observed by the Ondfejov radiospectrograph. The activation of the prominence
starts at about 09:15 UT by a slow rise of Ha loops. The slower phase of evolution
of the Ho prominence lasts up to 09:40 UT, and then much faster processes fol-
lowed. At the period from 09:39 UT to 09:41 UT, a weak radio burst on 3 GHz was
observed. This circumstance indicates the presence of non-thermal processes. The
GOES instrument registered the B 4.3 soft X-ray flare starting at 09:33 UT with a
maximum at 09:43 UT.

Ho filtergrams are shown in Figure 1. In the snapshot taken at 09:40:40 UT
we can see the prominence consisting of two cusp-shaped structures (see also
Figure 9, where a special image processing method was used): a higher one is
more open at the top, and the smaller one, which is shifted northwards (upwards
on Figure 1), seems to be closed. Just this smaller structure forms a bubble-shaped
loop in the following moments, see Figure 1 at 09:41:33 UT. Simultaneously, the
bottom ends of this bubble-shaped loop started to interact with the higher cusp-
shaped structure. This loop interaction process continues in the time interval from
09:42:36 to 09:43:12 UT, the northern side of the prominence rises to a higher
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Figure 2. (a) Superposition of 5 pictures taken by Yohkoh SXT at times and filters: 10:03:43 UT
(Al12),10:04:15 UT (AlMg), 10:04:47 UT (AlMg), 10:05:19 UT (Al12), and 10:05:55 UT (AlMg).
(b) The same as (a) but with contours (levels: 20, 30, 55, and 78 in shades of gray — black is 255).

coronal height and forms a circular structure at 09:44:02 UT. Simultaneously, the
open ends of the initially higher cusp-shaped structure on the opposite side of the
prominence reconnect. Then during a one-minute time interval (see 09:45:09 UT) a
large chaotization of the circular structure takes place. In the following periods the
prominence evolution becomes slower, but still its structure changes all the time,
e.g., at 09:55:09 and 10:07:00 UT the ‘helmet’ structure, and at 10:03:04 UT the
‘octopus’ structure were observed.

2.2. Ho SPECTRA AND SLIT-JAW FILTERGRAMS

Simultaneously, we observed this eruptive prominence also by the Ondfejov MFS,
equipped with a videosystem for fast monitoring of the Ha spectrum and slit-
jaw pictures (Kotr¢, Heinzel, and Knizek, 1993). The spectra registered on the
video cassette recorder (VCR) were digitized on the DIPIX frame-grabber at 8 bit
dynamical range and in a window of the size 620 x 570 pixels. The angular size
of 1 pixel was equivalent to 1 arc sec, while in the direction of dispersion it repre-
sented approximately 0.1 A per pixel. Then the wavelength scale for each spectrum
was derived to calibrate the Doppler component velocity scale.
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2.3. X-RAY PICTURES

The Yohkoh Soft X-ray Telescope (SXT) observed this phenomenon only in its final
phase, the first picture was observed at 09:59:37 UT. In the individual pictures one
can see that the bright structure near the limb is very dynamic and it is changing
substantially from picture to picture. On the other hand, the weak structure located
under the Ha prominence is quite static. In order to improve the signal to noise
ratio of the weak structure we are interested in, we superposed 5 pictures (see
Figure 2). To avoid over-exposure due to the dynamic bright structure near the
limb, we removed it from all of the superposed pictures. Then we copied into this
empty part of the resulting picture the bright structure taken from picture exposed
at 10:05:55 UT. Using this procedure we stressed the weak X-like structure (see
Figure 2(a) and 2(b) above the X-ray loop) which is now much more easily visible
than in the individual pictures. Thus we can consider it to be a real phenomenon
and not only an accidental fluctuation.

To show positions of both He and soft X-ray structures, we made a superposi-
tion of these pictures giving information about cool and hot plasma. The resulting
pictures are shown in Figure 3. Although the times in Figure 3(a) are not just the
same as in the optical observations, we present this comparison to show the time
evolution of the Ha structure with respect to the hot X-ray loop and to understand
better changes of the magnetic field lines.

Besides the Ha interacting loops shown in Figures 1 and 9, interacting X-ray
loops were also recognized in Figure 2(a). To relate this hot X-ray structure to the
cool Ha one, we made a composite image (see the arrow in Figure 4 showing these
interacting X-ray loops in the shape of the letter X). They are situated above the
closed X-ray loop but below the Ho erupted prominence material.

3. Doppler Velocity Components

The Ho spectra of the EP obtained with the MFS and registered at high temporal
resolution on the video tape recorder were processed to derive Doppler velocity
components of both the bulk translational and rotational movement of the promi-
nence plasma. We used an IDL ‘curve-fit’ procedure to fit the measured line profiles
of the EP by a gaussian or a sum of two gaussians. The resulting approximation
is relatively good, as can be found in Figure 5 where typical examples of the split
Ha line profiles, including evaluated Doppler velocities of the components, can be
seen. As the brightness of the erupting prominence in some points increased very
much, some Hea slit-jaw pictures and especially the VCR-monitored Ho spectra
became over-exposed (see Figure 5 the lower right profile taken at 09:43:24 UT
at position 100). This circumstance, however, should not influence the estimation
of Doppler velocities as the individual profile components are symmetrical and
distinguishable.
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Figure 3. (a) Superposition of the Ho eruptive prominence at 09:43:12 UT and Yohkoh SXT flare
loop at 09:59:37 UT; (b) superposition of the Ho eruptive prominence at 09:59:15 UT and Yohkoh
SXT flare loop at 9:59:37 UT.
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Figure 4. Superposition of the Ho eruptive prominence at 10:04:15 UT and Yohkoh SXT flare loops
at 10:04:15 UT. The arrow shows interacting soft X-ray loops.

Three interesting Ha spectra with the position of the spectrograph slit are shown
in the left-hand side of Figure 6. They display spectral patterns typical for the phase
of the dynamic activation of the EP. The spectrograph slit scanning the EP was put
just on the interacting loops.

In the top part of the Ho spectrum in Figure 6 we can see an inclined pattern as
evidence of the plasma rotation or a plasma movement along a loop. As a matter of
fact, such an inclined pattern on a scale of more than 50 000 km could be observed
already an hour before the phase of the prominence activation (see top of Figure 7
observed at 08:52:26 UT!), and it lasted in some places and in a changing measure
till the latter phases of its development. In the central part of Figure 7, taken at
09:41:58 UT, one can see two inclined patterns that can be interpreted as an effect
of combined splitting and rotation in the EP plasma structure. The spectral pattern
in the bottom part of Figure 7 shows isolated split nodes with Doppler compo-
nent velocities even larger than 150 km s~!. This situation was typical for the fast
restructuring of the ‘octopus’ structure.

It is important to point out that when comparing Figure 1 to Figures 6 and 7 one
can find a very crucial moment: At the places where the slit of the spectrograph
cuts the contacts of individual loops, (i.e., at the bottom of the circular prominence
structure) the Ho spectra showed large brightening and substantial splitting. Thus
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Figure 6. Slit-jaw pictures of the eruptive prominence are on the left-hand side (position of the slit is
identical with a black vertical line); corresponding Ha spectra observed by the video system are in
the center, while charts of evaluated Doppler velocities are on the right-hand side.
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Figure 7. Long-time development slit-jaw pictures of the eruptive prominence (left-right reversed
when compared to the previous Figure 6) are on the right-hand side (position of the slit is marked by
black arrows); corresponding Ho spectra are in the center and Doppler velocity values are displayed
on the left-hand side.
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the Ha line was split into two Doppler-velocity-separated red- and blue-shifted
and at the same time very bright components. We consider these phenomena to be
dynamic interactions of individual loops and/or processes related to the magnetic
field reconnection. As a matter of fact, this splitting can be interpreted both as an
inflow of the plasma into a central point and as an outflow from such a point. Only
a comparison of the data with other facts and taking into account the physics of the
supposed processes, can find the right interpretation.

Interpreting the Ho filtergrams (see Figures 1 and 6) one can keep all the time
in mind that the passband halfwidths of the He filters used were only 0.7 A, while
the Doppler velocity component values obtained from the Ho spectra were often
higher than 50 km s~!. This means that those interesting high-velocity structures
cannot be principally seen in the Hea filtergrams obtained, as they are out of the
filter passband range.

As noticed above, the inclined patterns in the Ho spectrum occurred in some
parts of the EP practically during all its development (see top parts of Figures 6
and 7). This effect was studied by Kotr¢, Kor¢dkovd, and Kupryakov (1998). They
supposed it can be explained by movement of the plasma in a rotating cylindri-
cal pattern, as suggested by Rompolt (1975) and Rompolt and Mzyk (1978). For
evaluation of the rotational velocities in such a pattern, a simple model of a ro-
tating prominence thread in the shape of a rotating cylinder crossing the slit was
constructed. Doppler velocity components in such a rotating cylinder produce a
similar inclined spectral pattern. The resulting measured line-of-sight velocity v,
can be expressed as a sum

v =V v,

where the bulk translational velocity v, represents the cylinder movement velocity
component and v, is the rotational velocity component depending linearly on the
radius r of the cylinder: v, = wr, and w is the cylinder angular rotational velocity.

The cross-section of the cylinder with the slit can be evaluated from the shape
of the spectrum. Two angles between the axes of the cylinder and the slit can
be adjusted in the model. Matching both v; and w of the cylinder, one can find
the best approximation to the rotational pattern of the spectrum. In Figure 8 one
can see a good approximation of the inclined top pattern from Figure 6 taken at
09:41:53 UT. We can match the inclined spectrum with either a rotating cylinder
or a plasma loop. In the first case the radius of the cylinder is then estimated to
be r = 28000 km, @ = 0.0015 rad s~! and v, = —65 km s~'. In the other case
(plasma moving along a loop) we find @ = 0.0023 rad s~!, radius of the loop
will be r = 56000 km and the bulk translational velocity v, becomes zero. On
this assumption, we can estimate typical rotation velocities in the inclined spectral
pattern of the order about 50 km s~
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Figure 8. Evaluation of the Doppler velocities in the Ho spectrum of a rotating structure. The inclined
pattern is approximated by a line representing a cylindrical rotation.

4. The Search for Hx Prominence Fine Structure

The Ha digital images in the time interval 09:40—10:07 UT were analyzed by
an image processing technique to find the fine structures in this event. A special
processing method first described by Simberova and Suk (1993) and applied to
Skylab image data (see Simberovd, Karlicky, and Svestka, 1993) was modified
and the new algorithms based on the cumulative histogram (CH) optimization of
density in the local area have been designed. The local area (sub-image) is de-
termined around each pixel of an input image. In this sub-image a general idea
of histogram equalization mapping has been used (see, e.g., Ballard and Brown,
1982), but differently the cumulative histogram is computed only to the intensity
level of the central pixel of the local area. Then the value of CH is given as

S

CH = /h(s) ds , (D

0

where s is a particular gray level in the intensity interval, /(s) the number of pixels
in the sub-image with that gray level, and S is the gray level of the central pixel.
The most important processing step is the size and shape options of the local
area. Several tests to choose the local area shape (rectangular, triangle, ellipse and
circle) led to the optimal shape selection. In the case of prominence analysis a
circle shape has been determined. In compliance with our tests, a circle is the most
convenient shape for enhancement in the image objects consisting of the circular
parts. Another step is the optimal size selection. The various area sizes were tested,
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and it was proved that the local size area depends approximately on the image size
which the object covers.

Then, using the modified histogram equalization transformation, the new gray
level of the central pixel of the circle area is

S—1

M
CP = & h(s) ds , (2)
0
where R is the radius of the local area in pixels and M is the number of gray levels.
Examples of the processed Ho images are shown in Figure 9. Comparing these
images with the original ones, we can see that some features are expressed more
distinctly. For example, in Figure 9(a) (at 09:40:40 UT) the small loop shows the
cusp structure above its top (see arrow). On the other hand, Figures 9(b) and 9(c)
(09:42:36 UT and 09:43:12 UT) show (see arrows) places of probable reconnec-
tion. The last example (Figure 9(d), at 10:03:04 UT) represents a very interesting
‘octopus’ structure, which is very rapidly changing.

5. Interpretation

A simplified scheme of the complex evolution of the 18 September 1995 promi-
nence and places of the magnetic field line reconnection are shown in Figure 10.
We assume the magnetic field lines to be parallel to the shape of the Ho loops.
Obviously, only their relative orientation is important for reconnection. It is inter-
esting that at the beginning of the evolution, the upper part of the Ho prominence
shows cusp structures. When studying the EP development in all the available
observations we found three places (I, II, and III — see Figures 9 and 10) where
the magnetic field reconnection is very probable.

We think that the reconnection alone can explain the fast changes of the promi-
nence structure as well as the occurring brightenings and patterns of splitting in
the spectra. The most important reconnection process was probably at place III.
Namely, the reconnection can explain not only changes of the prominence observed
in Ho (circular structure), but also the presence of a closed X-ray loop observed
below this reconnection place by the Yohkoh satellite (Figure 3, in Figure 10 this hot
loop is expressed by dotted lines). This reconnection scenario can also be supported
by the observation of the X-ray loop interaction pattern (hot loop crossing in the
shape of the letter X) in space between the closed X-ray loop and the rising Ho
prominence (Figures 2, 4, and 10).

The He line splitting into red and blue Doppler-shifted components at place 111
represents further evidence of the reconnection process. Namely, as known from
the theory of magnetic field reconnection in a simple 2-D current sheet, a plasma
with the magnetic field flows into the X-point where the reconnection process
takes place (e.g., Priest, 1981). We suggest that just in the inflowing plasma (in
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P

Figure 9. The Ho processed images: (a) 09:40:40 UT, optimization of density in the local circle
area with radius R = 10 pixels. The arrow shows the cusp structure above a small Ho loop;
(b) 09:42:36 UT, and (c) 09:43:12 UT, optimization of density in the local area with radius R = 40
pixels. The arrows show places of probable reconnection; (d) an ‘octopus structure” at 10:03:04 UT,
optimization of density in the local area with radius R = 16 pixels.
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Figure 10. Scenario of the Ho eruptive prominence evolution and magnetic field reconnection. Only
relative orientation of the magnetic field lines is important.

the direction from and towards an observer — see Figure 6) the enhanced and split
Ho emission is generated at the place III. The other alternative of the spectrum
splitting interpretation — the reconnection outflows — was excluded because the
outflowing plasma is hot and then it would not be visible in the Ha line. More-
over, the outflow plasma speed corresponds roughly to the Alfvén speed (about
1000 km s~! at the conditions considered) which is much higher than the observed
velocities. Therefore the Doppler velocity components in the Ho spectrum are
interpreted as a centerward velocity field of the inflowing plasma into the place
of reconnection, i.e., center of the plasma contraction. Typical values of the inflow
velocity derived from our spectra are of the order 50—100 km s~!. But clearly, in
the 3-D reconnection geometry, the plasma flow pattern can be more complicated.
Some complexity is found also in this case. For example, the rotational movement
detected in the Ho spectra indicates rebuilding of twisted magnetic field lines.

6. Conclusions

The structural changes of the 18 September 1995 Ha eruptive prominence, the
3 GHz radio burst, accompanied X-ray loops and the Doppler velocities derived
from spectral observations indicate evidence for the occurrence of magnetic field
reconnection in this prominence.

About an hour before the start of the prominence activation inclined patterns
in the Ho spectrum were observed and lasted in some places till the prominence
disappeared. This gave good evidence about the magnetic field rearrangement dur-
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ing and after the process of activation. During the evolution of this prominence the
neighbouring prominence loops interacted; a closed hot X-ray loop and a circular
Ha structure were generated below and above the interaction point. The X-point
of the magnetic field reconnection is expected just between both these structures.
This idea was confirmed by an observation of the X-ray interacting loops later on.
A unique argument in favour of the reconnection was found as a result of analysis
of the Doppler velocities in the Ho spectrum. Namely, the Ha spectrum from the
reconnection point was split into red- and blue-shifted bright components. The
observation was interpreted as the centerwards plasma inflow into the reconnection
place. The inflow plasma velocity was derived to be 50—100 km s~'. The ampli-
tudes of rotational velocities occurring in the eruptive prominence on a spatial scale
of more than 50 000 km were estimated to be of the order of about 50 km s~!.

Although in this phenomenon we found several arguments which fit very well
with the reconnection scenario, there is a principal limit in the interpretation of
the 2-dimensional observations. From the third dimension we have only informa-
tion concerning the Doppler velocity components, and thus this limitation can be
overcome only by stereoscopic, multi-wavelength observations.
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Abstract. The eruptive prominence observed on 27 May 1999 in Ho at Ondfejov Observatory
is analyzed using image-processing techniques. To understand the physical processes behind the
prominence eruption, heated structures inside the cold Ho prominence material are sought. Two
local minima of intensity (holes), the first above and the second below the erupting He prominence,
have been found in the processed Ho images. A comparison of Ho images with the SOHO/EIT and
Yohkoh/SXT images showed: (a) the cold Ha prominence is visible as a dark feature in the EIT
images, (b) the upper local minimum of intensity in the Ho image corresponds to a hot structure seen
in EIT, (c) the lower minimum corresponds to a hot loop observed by SXT. The physical significance
of the Ho intensity minima and their relation to the hot structures observed by EIT and SXT is
discussed. The time sequence of observed processes is in favor of the prominence eruption model
with the destabilization of the loop spanning the prominence. For comparison with other events the
velocities of selected parts of the eruptive prominence are determined.

1. Introduction

Due to their close connection to coronal mass ejections (CMESs) interest in all
aspects of prominences, especially of eruptive prominences (EPs), is increasing
(Schmieder et al., 1997; Wang and Sheeley, 1999; Wood et al., 1999; Ciaravella
et al., 2000). Their formation, structure, evolution, and stability have been studied
in many papers (Engvold and Rustad, 1974; Tandberg-Hanssen, 1974; Engvold,
Malville, and Rustad, 1976; Schmahl and Hildner, 1977; Rompolt, 1978, 1990;
Moore, 1988; Vrsnak, Ruzdjak, and Rompolt, 1991). While the traditional studies
tried to explain how the cool and dense prominence material is supported, now,
in connection with CMEs, it is often asked why prominences eventually erupt.
One possibility based on the critical twist of the prominence magnetic rope was
suggested by VrSnak, RuZdjak, and Rompolt (1991). In several recent papers indi-
cations of an extended magnetic loop above the Ho prominence have been found
(Dere et al., 1999; Plunkett et al., 2000). Furthermore, the statistical results of
Feynman and Martin (1995) indicate that prominences erupt due to the emergence
of a new magnetic flux. In a recent paper by Wang and Sheeley (1999) it was found
that the new flux may act as a strong catalyst, but that it is not a necessary condition
for the filament destabilization. On the other hand, during the prominence erup-

'k“ Solar Physics 201: 119-131, 2001.
‘\ © 2001 Kluwer Academic Publishers. Printed in the Netherlands.
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tion, interactions of magnetic loops and magnetic field reconnections are highly
probable. An example of such processes was presented in a paper by Kotr¢ et al.
(1998).

Several models of CME:s including EPs were suggested. Chen (1996) presented
a model of a prominence eruption based on the instability of an extended magnetic
flux rope. Wu, Guo, and Dryer (1997) have developed a 2%—D model with a flux
rope in the corona. In the Antiochos, DeVore, and Klimchuk (1999) model the
reconnection removes the unsheared field above a low-lying, sheared core flux near
the neutral line, thereby allowing this core flux to burst open.

Here, we continue our previous studies of EPs. In accordance with Priest (1982)
and VrSnak er al. (1988) we assume that the magnetic pressure in the promi-
nence dominates the thermal one; the 8 parameter expressing the thermal-magnetic
pressure ratio is much less than 1. Moreover, the prominence plasma is highly
conductive. In this case, the structural features of the observed prominence follow
the magnetic field lines. Using special image-processing techniques, the 27 May
1999 prominence is analyzed from a structural and evolutional point of view. We
search for the heated hot loops in the structure of the cold He prominence during
its eruption. Namely, the presence of the hot loops indicates heating processes at
these positions. In this way we try to understand processes during the early phases
of the prominence eruption, which are according to our knowledge still not well
known.

2. Image-Processing Methods

Several image-processing methods have been used to analyze Ho images obtained
at the Ondfejov Observatory, and SOHO/EIT 195 A images of the examined EP.

To process and analyze the development of the prominence in Ho images a
method of local optimization of density (LOD) was applied. As known from pre-
vious studies (Simberovd, Karlicky, and Svestka, 1993; Simberové and Suk, 1993;
Kotr¢ et al., 1997; Plunkett et al., 2000), the LOD method gives information about
hidden structures in 2-D images. It is very efficient in such areas, where the changes
of density are small, and where any global method of image restoration cannot give
any satisfactory result.

From the image-processing point of view, the most important attributes of the
applied LOD method are the size and shape of visible patterns being presented in
the image. Statistical recognition of these patterns led to the determination of local
area, where the density transformation is performed. The method was tested for
rectangular, square, circular and elliptical local areas. It was found that the last two
shapes are the most convenient for processing the images of prominences, whose
internal texture consists of ‘bubbles’ and partly curved patterns. The principle of
the algorithm, based on computing of the cumulative histogram within the local
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Figure 1. The Ho eruptive prominence observed at Ondfejov Observatory at 14:29:56 UT (upper
panel) and at 14:36:39 UT (lower panel).

areas, is explained in Simberova and Suk (1993), and a modification of the method
was used in Kotr¢ et al. (1997), and Plunkett ez al. (2000).

Furthermore, the Ho images were processed by a smoothing technique (ST).
The smoothing by a wide convolution mask followed by a segmentation into ap-
propriate number of strips of density was performed.

To get more information on the investigated objects in the EIT images, a digital
filter technique (DF) was used to sharpen the images. The data was processed in the
spatial domain. To enhance the visibility of the prominence structure a Laplacian
operator was applied to the sub-images 80 x 80 pixels. The Laplacian operator is an
approximation to the linear second derivative of brightness in directions x and y.
It is invariant to rotation and insensitive to the direction in which the discontinuity
runs. This highlights the points and edges in the image and suppresses uniform and
smoothly varying regions (see, e.g., Russ, 1995).

3. Observed Data Description and Analysis
The Ho images obtained from the Ondfejov Observatory are combined with the

images from SOHO/EIT (Delaboudiniere et al., 1995), SOHO/LASCO (Brueckner
et al., 1995), and Yohkoh/SXT (Acton et al., 1989).



152 PRILOHA B. KOPIE ZAHRNUTY CH PRACI

122 S. SIMBEROVA ET AL.
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Figure 2. Fourier-transform (inverse log power spectrum) image of the Ho prominence at
14:29:56 UT. The frequency values are relative to the sampling frequency.

The EP under study was observed on 27 May 1999 in the active region
NOAA 8555 (N15 E72) close to the north-east solar limb. The eruption started
between 14:06—14:08 UT, when a U/III-type radio burst, giving evidence of the
presence of accelerated electrons, was observed in the 300—580 MHz frequency
range (Solar Geophysical Data). As found by Kotr€ et al. (1997), the accelerated
electrons can be considered as a signature of the start of the eruptive processes.

The magnetic field in the active region just before the event was very com-
plex, with intruding magnetic islands of opposite polarity (Kitt Peak magnetic field
map). The eruption of the prominence in the Ho line was observed at Ondiejov
Observatory from 14:28:48 UT until 15:00:03 UT. Two typical images from this
observing sequence obtained at 14:29:56 UT and 14:36:39 UT are shown in Fig-
ure 1. In the time interval 14:32—14:40 UT the Solar Geophysical Data reports on
a small subflare taking place in the same active region (N21 E73) as the observed
prominence.

To assure a correct interpretation of the processed images, we tested our ob-
serving system. Figure 2 shows the two-dimensional Fourier-transform logarithmic
power spectrum of the Ho prominence image obtained at 14:29:56 UT. It gives gen-
eral information about the image formation during the prominence observation. In
the inverse-gray-scale log power spectrum it is evident that there is a well-defined
small central figure corresponding to the formation of the prominence. The origin
of the frequency domain is shifted to the center of image. The central cross of
high values of the spectrum in the axes is a typical result of scanning the image
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Figure 3. The eruptive prominence as seen by EIT in the Fexir 195 A line at (a) 14:03:11,
(b) 14:13:18, (c) 14:23:30, and (d) 14:36:10 UT. The images have been sharpened by a Laplacian
operator (DF method) 5 x 5 pixels. The arrow indicates the structure whose position has been plotted
into the processed Ho image (see Figure 9). The image is visualized as a negative of the original so
the Ho structure is light and the hot structures are dark.

into rows. The relative values of the scale axes represent signal/sample frequency
ratio. The peaks in the log power spectrum correspond to periodic structures in the
original image. Close to the left and right sides of the image there are two vertical
lines corresponding to noise with one typical frequency. It has been found that this
noise is caused by the camera.

For the studied time period, four EIT images taken in Fe XII line 195 A (for-
mation temperature ~ 1.6 MK) at 14:03:11, 14:13:18, 14:23:30, and 14:36:10 UT
are available. We also used three SXT images taken at 14:16:55, 14:21:11, and
14:25:27 UT in the AIMg filter (temperature exceeding ~ 1 MK (Tsuneta et al.,
1991)). At the times after 14:50 UT, the LASCO C2 coronagraph observed a coro-
nal mass ejection propagating in the north-east direction from the Sun. The time
series of Ho images does not cover the very beginning of the event. The early stages
of the prominence eruption are captured in the EIT images taken at 14:13:18 and
14:23:30 UT (compare Figures 3(a—c). The images in Figure 3 are sharpened by
the Laplacian operator (DF method with 5 x 5 mask). The estimated velocity of
the EIT filament is 150 km s~!.

It was found that the part of the EIT filament seen in absorption (see the light
structure Figures 3(c) and 3(d)) is in good positional agreement with the Ho one
(see also Plunkett et al., 2000). Therefore, the evolution of this EIT structure
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Figure 4. SXT images (raw data) of the region corresponding to the origin of the eruptive prominence
at times 14:16:55 (left) and 14:25:27 UT (right) in the AlMg filter. The arrow in the right image
indicates the ‘bright’ top of the hot SXR loop whose position corresponds to the lower local intensity
minimum found in the processed He image (see Figure 9).

27.5.1999:15:15:29 27.5.19989 15:50:05

Figure 5. The prominence in the LASCO C2 coronagraph. The ‘blobs’ signed A, B, C, and D have
been used as tracers to follow the expansion of the prominence (see Figure 6). The image has not
been processed.
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can be directly compared with the Hoe EP (compare the Ho and EIT images at
14:36:39 UT — Figure 1 and 14:36:10 UT — Figure 3(d)). The image obtained by
SXT at 14:16:55 UT does not show any significant emission at the position of the
prominence. Later, however, a soft X-ray brightening appears in the bottom part of
the filament and it is visible in the SXT image taken at 14:25:27 UT (compare left
and right panel of Figure 4).

As seen in Figure 1 (upper part) and Figure 3(c) the expansion of the promi-
nence is asymmetric and its northern leg becomes much broader (Figure 1 upper
panel) than the southern leg. Because the B parameter of the prominence plasma
is assumed to be much lower than 1 and the plasma is highly conductive, the same
behavior applies to the magnetic field. Moreover, in the upper part of the northern
leg the hot structure appears (Figure 3(c), the dark arrowed structure). This fact
is in agreement with the disappearance of this part of the prominence in the Ho
images (showing plasma with the temperature up to 20000 K only, Figure 1).
Therefore, we think that the processes of the prominence eruption started at the
northern leg. Simultaneously, the cold Ha prominence material of the southern
leg is rapidly moving upwards (compare Figure 1 upper and lower panels). The
estimated velocity of the leading edge of the EP is about 520 km s~!.

The EP was observed later by the LASCO C2 coronagraph as part of a CME
(Figure 5). For four ‘blobs’ (A-D in Figure 5) chosen in the ejected structure of the
prominence the heights and radial velocities were measured. The results (early EIT
growing loop, Ha expansion, LASCO C2 structures) are summarized in Figure 6.
The radial velocity of the LASCO C2 structures corresponding to the prominence
reaches its maximum ~~ 530 km s~! at the leading edge of the prominence (tracer
A) and gradually decreases with the decreasing distance of tracers from the solar
limb (blobs B, C, and D in Figure 6). In our height/velocity measurements we can
identify three velocity regimes. Relatively slow growth of the prominence from
the onset of the event at ~14:13 UT till ~14:26 UT, when a phase of rapid and
relatively short acceleration starts. This acceleration phase is followed by the rapid
expansion of the structure at an approximately constant velocity.

4. Two Holes in the Hx Eruptive Prominence and Corresponding Hot EIT
and SXT Structures

To find more details about the fine structure of the Ha EP, the two image-analysis
techniques LOD and ST, as described in Section 2, were applied to the Ha promi-
nence images. In Figure 7, the result of the LOD method is presented showing two
considered times 14:29:56 and 14:29:58 UT. Two ‘holes’ of low emission, one at
the bottom part of the EP close to the northern leg and the second above the promi-
nence leg were ‘visualized’ (see arrows). The reality of these two local intensity
minima, which were indistinguishable in the original images, was confirmed by
the second image-processing technique ST (Figure 8).
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Figure 6. (a) Height vs time plot showing the radial distances of the leading edge of the EIT and
Ha prominence and of the LASCO C2 ‘blobs’ (see Figure 5) during the expansion of the eruptive
prominence. (b) The corresponding radial velocities.

We compared the processed Ho images with the EIT and SXT observations and
looked for the features in the EIT and SXT images which could correspond to the
positions of the local intensity minima (holes). We found that the position of the
upper and lower local minimum coincides with the EIT and SXT loop structures,
respectively (see Figures 7 and 9). Considering the time differences of observations
and slow motions in the bottom part of EP at this prominence evolution phase, the
precision of the SXT hot loop localization relative to the Ho EP (in the vertical
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Figure 7. Processed Ho image of the eruptive prominence (LOD method, circular shape of the
sub-image with a radius R = 40 pixels, thresholded into 36 levels) at 14:29:56 UT, and at
14:29:58 UT. The areas with local intensity minima (holes) are marked by white arrows. The original
Ha features are outlined by white stripes.
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Figure 8. Processed Ha image of the eruptive prominence (smoothing by a large convolution Gauss
mask (ST method) of 15 x 15 pixels, 0 = 2.56, and segmentation into 30 density levels) at
14:29:56 UT, and at 14:29:58 UT. The holes are localized in the areas marked in Figure 7.
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Figure 9. Processed Ho image of the eruptive prominence (LOD method, circular shape of the
sub-image with a radius R = 40) at 14:29:56 UT. The position of the SXT hot loop observed at
14:25:27 UT, and the structure seen by EIT at 14:23:30 UT are indicated.

direction) is less than 10". The radial velocity increases with height, thus the pre-
cision of the relative localization of the EIT loop is lower, but better than 20". The
precision in the azimuthal direction, due to low azimuthal velocities, is much better.

The possible uncertainty in the mutual positions of the hot and cold structures
qualitatively does not change the results.

5. Discussion and Conclusions

Using the special image-processing techniques mentioned above, two local in-
tensity minima in the Hoe EP images were visualized. The lower one appears
close to the northern leg at the position where the hot loop observed by SXT was
recognized. Although we cannot exclude projection effects, it seems that due to
the higher temperature and the probably lower density, the hot SXT loop appears
transparent in the Ho images, thus forming the local intensity minimum (hole)
in the cold (less than 2 x 10* K) prominence structure. Just the presence of hot
structures (77 > 1 MK) inside the cold prominence material is important from
the interpretational point of view. Namely, hot structures indicate active processes
as, e.g., plasma heating, release of the energy accumulated in the magnetic field,
magnetic field changes and reconnection. The topology at the bottom part of the
studied EP is similar to that observed on 18 September 1995 EP (Kotr¢ et al.,
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1998). There, similarly, as in the present case, the hot loop was lying below the cold
Ho prominence structure. The Doppler velocity pattern indicated a bi-directional
plasma motion in the space between the hot and cold interacting loops. In the
present case, we accept the same schema and therefore the magnetic reconnection
processes are expected at the contact surface between the hot SXT loop (lower
local intensity minimum) and the overlying cold Ha prominence structure.

On the other hand, in the upper local minimum of the Ho images the EIT hot
structure was localized. In agreement with recent observations of the concave-
outwards features (magnetic ropes) (Plunkett et al., 2000, Figure 5) and theoretical
expectations (Chen, 1996) we interpret the He minimum and corresponding EIT
feature as signatures of a huge hot coronal loop spanning the Ho prominence. It
is also reminiscent of the geometry which was reported by Ohyama and Shibata
(1998) for an X-ray plasma ejection.

Combining the results of 18 September 1995 (Kotr¢ et al., 1998) and 2 June
1998 (Plunkett et al., 2000) with the present EP it seems that two types of hot
loops appear in the EP structure: low-lying hot loops below the Ha prominence and
wide-spanning ones located above this prominence. The question arises, which role
these hot loops or ropes play in the prominence eruption. Usually, two scenarios
are considered: (a) the low hot loop corresponds to a newly emerging magnetic
field flux, which interacts with the pre-existing magnetic field structure of the
prominence and thus triggers the prominence eruption, or (b) the large magnetic
flux rope spanning the prominence is destabilized and starts to move upwards; the
low-lying loop is formed and heated due to a driven magnetic field reconnection
below the expanding prominence. In our case, first an upward motion of the upper
parts of the prominence was observed and then with some time delay the soft
X-ray brightening was detected at the bottom part of the prominence. Thus, the
second possibility of the prominence eruption scenario looks to be more probable.
Namely, in case (a), the opposite sequence of the processes is expected: first the X-
ray brightening in the bottom part of the prominence appears due to the magnetic
flux emergence and then the upward motion of the upper part of the prominence
should be observed.
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