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Rozdzial 1

Wstep

Jednym z gtéwnych probleméw heliofizyki jest ogrzewanie zewnetrznych warstw atmosfery
stonecznej. Zjawisko to dotyczy nieoczekiwanie wysokich temperatur w chromosferze i ko-
ronie Storica. Temperatury te przekraczaja milion stopni kelwina (K). Pierwsza koncepcja
na rozwiazanie tego problemu byta falowa teoria ogrzewania korony [1]. Teoria ta zaktadata,
ze energia przenoszona jest z nizszych warstw przez fale magnetohydrodynamiczne (MHD),
ktore ulegaja dyssypacji w chromosferze i koronie. Inna préba wyjasnienia ogrzewania chro-
mosfery i korony polegala na uwzglednieniu rekoneksji magnetycznej [2]. Jest to zjawisko
wystepujace, gdy przeciwstawne linie pola magnetycznego zblizaja sie do siebie, co prowadzi
do zmiany uktadu linii pola magnetycznego i uwolnienia ogromnej ilosci energii. Niestety, po-
mimo wielu postepéw w zrozumieniu ogrzewania chromosfery i korony stonecznej, problem
ten nadal nie zostal w pelni rozwiazany.

Wiatr stoneczny jest strumieniem plazmy sktadajacym sie z elektronéw, protonéow i cza-
stek alfa, ktore sa wyrzucane w przestrzen kosmiczna. Ze wzgledu na jego predkosci, wiatr
stoneczny mozemy podzieli¢ na dwie kategorie: szybki wiatr stoneczny, ktory osiaga pred-
kosé rzedu 500 — 800 km/s w poblizu orbity Ziemi, i powolny wiatr stoneczny poruszajacy
si¢ z predkoscia okoto 400 — 500 km/s. Szybki wiatr stoneczny pochodzi gtownie z rejonow
z otwartymi liniami pola magnetycznego, ktore sa charakterystyczne dla dziur koronalnych.
Natomiast powolny wiatr stoneczny jest emitowany z obszaréw w poblizu rownika stonecz-
nego, gdzie pole magnetyczne tworzy w zasadzie zamkniete struktury. Pomimo wysokiej

temperatury w koronie Storica, ktéra umozliwia czasteczkom uzyskanie energii pozwalajace;



na przezwyciezenie grawitacji gwiazdy, wciaz nie wiemy doktadnie, dlaczego wiatr stoneczny

osigga tak wysokie predkosci.



Rozdzial 2

Motywacja 1 cel badan

Celem niniejszej rozprawy jest zbadanie wplywu fal dwuptynowych na ogrzewanie atmosfery
stonecznej i generacje wyplywow plazmy. W tym celu przeprowadzono symulacje numeryczne
w czeSciowo zjonizowanej, grawitacyjnie uwarstwionej atmosferze Stonca. Procesy falowe,
bedace istotnym mechanizmem transportu energii, byty szeroko badane z wykorzystaniem
jednoptynowego modelu MHD [3-5]. Przyblizenie to jest poprawne dla skal czasowych dtuz-
szych, niz czasy zderzen jonowo-neutralnych. Jednakze w chromosferze, gdzie plazma jest
czesciowo zjonizowana i konieczne jest uwzglednienie interakeji miedzy jonami i neutralami,
model jednoplynowy jest niewystarczajacy [6]. Stad do realistycznego opisu plazmy w chro-
mosferze wymagane jest wykorzystanie modelu dwuptynowego. W kontekscie dostarczania
energii do wyzszych warstw atmosfery stonecznej kluczowe jest badanie procesu termalizacji
fal dwuplynowych w wyniku zderzeri jonowo-neutralnych.

Aby doktadnie zbada¢ procesy ogrzewania chromosfery i generowania wypltywéw pla-
zmy, przeanalizowano fale powstajace pod wplywem réznych czynnikow. Uwzgledniono fale
generowane przez pojedynczy impuls, oscylator harmoniczny i zjawisko granulacji. Jest to
istotne, poniewaz wpltywa na czestotliwos¢ generowanych fal, a model dwuptynowy spraw-
dza sie najlepiej przy opisie fal o krotkich okresach. Ma to rowniez znaczenie dla mozliwosci
rozchodzenia sie tych fal, poniewaz tylko fale o okresach krotszych, niz okres odciecia moga
swobodnie penetrowaé¢ atmosfere stoneczna [7]. Stad w badaniach przedstawiono periodo-
gramy uzyskanych fal i poréwnano je z danymi obserwacyjnymi.

Do przeprowadzenia symulacji zastosowano kod JOANNA, ktory wykorzystano do nu-



merycznego rozwiazania rownan dwupltynowych, uwzgledniajac przy tym czlony nieadiaba-

tyczne i nieidealne.



Rozdzial 3
Organizacja pracy

Niniejsza rozprawa doktorska bazuje na badaniach wtasnych, ktérych wyniki opublikowano
w artykutach naukowych. W czwartym rozdziale dysertacji zaprezentowano strukture Storica
ze szczegbdlnym uwzglednieniem jego atmosfery i wiatru stonecznego. Nastepnie omdéwiono
modele plazmy, by w kolejnej czesci przedstawi¢ fale MHD rozchodzace sie w o$rodku jed-
norodnym i grawitacyjnie uwarstwionym. W rozdziale 7 zaprezentowano szczegdlnie istotne
z punktu widzenia niniejszej pracy fale dwuplynowe. Kolejny fragment rozprawy zostat po-
swiecony uzywanemu kodowi numerycznemu JOANNA. W nastepnej czesci dysertacji przed-
stawiono uzyskane wyniki badan numerycznych. Praca zakoriczona jest podsumowaniem i
przegladem literatury. Do rozprawy dotaczono opublikowane i wystane do publikacji arty-

kuty.

Lista publikacji
1. Niedziela, R., Murawski, K., & Poedts, S. 2021, A&A, 652, A124
2. Niedziela, R., Murawski, K., Kadowaki, L., Zaqarashvili, T., & Poedts, S. 2022, A&A,
668, A32
3. Niedziela, R., Murawski, K., & Poedts, S. 2024, A&A, przyjety do druku
4. Niedziela, R., Murawski, K., & Srivastava, A.K., 2024, MNRAS, w recenzji



Rozdzial 4

Budowa atmosfery Stonca

4.1 Fotosfera

Najnizsza warstwa atmosfery Stoiica, nazywana fotosfera, rozciaga sie na wysokosé 0.5 Mm
(Rys. 4.1). W dolnej czesci fotosfery temperatura wynosi okoto 5600 K, a w miare wzrostu
wysokosci spada do okoto 4300 K w goérnej warstwie. Jest to jednoczesnie najnizsza tempe-
ratura obserwowana w atmosferze Stonca. Majac na uwadze wzglednie niska temperature,
fotosfera jest obszarem o niskim stopniu jonizacji. Badania pokazuja, ze przypada tu okoto
10* czastek neutralnych na jon [8].

Jednym z waznych parametréw determinujgcym dynamike zjawisk w atmosferze stonecz-

nej jest wspotezynnik plazmowy beta

p=-"-=2, (4.1)

gdzie p jest cisnieniem, B polem magnetycznym, a p przenikalnoscig magnetyczna.
Wspotezynnik ten okredla iloraz ci$nienia gazu p i ciSnienia magnetycznego pmag W plazmie.
W fotosferze w zasadzie 3 > 1, co oznacza, ze p dominuje nad pmag, przez co —Vp ma
wiekszy wpltyw na ruch plazmy, niz sita Lorentza. W rurach magnetycznych umiejscowionych
w fotosferze g < 1.

Jednym z charakterystycznych obiektéw wystepujacych na powierzchni Stonica sa granule

(Rys. 4.1). Ich $rednie rozmiary mierza okoto 1 Mm. Granule powstaja poprzez niestabilnosci
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Rysunek 4.1: Struktura atmosfery stonecznej w obszarze spokojnego Storica [9].

konwekcyjne, ktore powoduja wznoszenie sie goracej plazmy obserwowanej w centralnych
obszarach granul, a opadajaca chtodniejsza plazma znajduje siec w przestrzeniach miedzy
nimi. Innymi obiektami wystepujacymi w fotosferze sa supergranule stanowiace zbiorowiska
granul (Rys. 4.1). Rozmiary supergranul wynosza okoto 30 Mm [10]. Szeroko obserwowane
sa tutaj rowniez plamy stoneczne. Sa to obszary o silnym polu magnetycznym (2.5 —4 kG) i
nizszej o okoto 2000 K temperaturze w poréwnaniu do otaczajacej je materii, z czego wynika

ich ciemniejszy kolor [11].

4.2 Chromosfera

Powyzej fotosfery rozprzestrzenia sie chromosfera, ktéra ma grubosé wynoszaca okoto 1.5 Mm.
Jest to dynamiczna warstwa, w ktorej zachodzi wiele zmian wtasciwosci fizycznych. W ob-
szarze tym temperatura rosnie wraz z wysoko$cia, osiagajac okolo 7000 K w gornej czesci
warstwy. Ze wzgledu na zmiane temperatury zmienia sie réwniez stopien jonizacji, gdzie
plazma z czesSciowo zjonizowanej w dolnej czedci staje sie niemalze w pelni zjonizowana w
gornych warstwach chromosfery [12]. Wraz z wysokoscia zmniejsza sie czestotliwosé zderzen
miedzy réznymi czastkami. W chromosferze, w zaleznosci od pola magnetycznego, wartosci 3

moga by¢ zblizone do jednosci, co oznacza, ze zarowno ci$nienie magnetyczne, jak i ciSnienie

11



gazu maja poréwnywalny wpltyw na dynamike plazmy.

W warstwie tej obserwujemy dynamiczne procesy, ktére maja znaczacy wpltyw na wyste-
pujace tu zjawiska. Jednym z takich zjawisk s spikule (Rys. 4.1). Sa to waskie strumienie
plazmy wyrzucane z chromosfery z predkoscig okoto 10 — 40 km s~! na wysokos$é¢ do 10 Mm
[13]. Czas zycia spikul wynosi od 10 do 20 min. Jednak pomimo krotkiej zywotnosci, spikule

odgrywaja istotng role w transporcie masy i energii miedzy fotosfera a korong.

4.2.1 Ogrzewanie chromosfery

Aby utrzymac¢ wysoka temperature chromosfery, konieczne sa dodatkowe zZréodla ogrzewania,
ktore zrekompensuja straty energii wynikajace z promieniowania. Straty te wahaja sie od
4kWm™? w spokojnych obszarach Stonica do 20kWm ™2 w aktywnych regionach [14]. Procesy
odpowiedzialne za ogrzewanie mozna sklasyfikowa¢ na dwie grupy: (a) dyssypacja energii fal
MHD, (b) uwalnianie ciepta zwiazane z rekoneksja magnetyczna.

Pierwsza koncepcja zakladala ogrzewanie chromosfery przez fale akustyczne [15, 16].
Jedne z ostatnich badan obserwacyjnych wykazaty, ze straty energii w $rodkowej chromos-
ferze moga by¢ skompensowane w obszarach spokojnego Stoiica przez strumieri energii fal
akustycznych. Jednakze w goérnej chromosferze ilo$¢ tej energii jest mniejsza w poréwna-
niu do strat wynikajacych z promieniowania [17]|. Z kolei inne badania przedstawiaja, ze
fale akustyczne sa w stanie przenosi¢ energie o wartosci okoto 1 — 2 kWm™? w $rodkowej
chromosferze, co jest niewystarczajaca wartoscia nawet w rejonach spokojnego Stonca [18].

Inny mechanizm ogrzewania chromosfery zwiazany jest ze zderzeniami jonowo-neutralnymi,
ktore prowadza do ttumienia fal [19]. Oszacowania dotyczace wspotezynnika ogrzewania zwia-
zane z tym procesem, sugeruja, ze moze on generowaé¢ wystarczajaca ilos¢ ciepta, aby zre-
kompensowac straty radiacyjne wystepujace na niskich wysokosciach w atmosferze stonecznej
[20].

Niestety, pomimo wielu lat badan, wcigz nie ma ogdlnie przyjetego modelu transportu

energii odpowiedzialnego za wzrost temperatury w chromosferze.
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4.3 Korona stoneczna

Warstwe, ktora oddziela chromosfere od goracej korony, nazywamy obszarem przejsciowym.
Pomimo swojej niewielkiej grubosci wynoszacej okoto 100 km, obszar przejsciowy charakte-
ryzuje si¢ gwaltownym wzrostem temperatury od okoto 4 - 10* K do 2.2 - 10° K [21].

Najwyzsza warstwa atmosfery stonecznej jest korona (Rys. 4.1), ktéra rozciaga sie na
umowng wysoko$¢ 2 - 3 promieni Stornica. Jest to najgoretsza czes¢ atmosfery, gdzie tem-
peratura wzrasta do $rednio 1 - 3 MK [22]. Pomimo wielu lat badan problem ogrzewania
korony stonecznej pozostaje jedna z najwiekszych zagadek heliofizyki. Tak wysoka tempe-
ratura powoduje, ze plazma w koronie jest w zasadzie calkowicie zjonizowana. Ci$nienie
magnetyczne zaczyna dominowaé¢ w koronie, w wyniku czego g < 1. W warunkach tych, sity
magnetyczne odgrywaja istotna role w ksztaltowaniu dynamiki plazmy, co jest szczegolnie
widoczne w postaci zjawisk magnetycznych, takich jak petle koronalne. Korona stoneczna
jako wysoko ustrukturyzowana warstwa moze by¢ obserwowana w roéznych dlugosciach fal
elektromagnetycznych, co ujawnia jej ztozona budowe (Rys. 4.2).

SOHO EIT 171 1-Jun-2007 11:58:56.884 UT SOHO EIM 185 31=Moy=2007 23:58:17.248 UT SOH0 EIT 304 1 —Jun—2007 12:18:23.624 UT

Y (arcsecs)
Y (arcsecs)

=1000 1000 =1000

=1000 =200 O 500 1000 =1000 =300 O 500 1000
X (arcsecs) ¥ (cresecs) X {arcsecs)

=1000 =300 O 500 1000

Rysunek 4.2: Obrazy z sondy SOHO/EIT wykonane dla réznych dlugosei fali. (A) 171 A,
(B) 195 A, (C) 304 A [23].

Petle koronalne stanowia jedna z podstawowych struktur magnetycznych obserwowanych
w koronie Stonica. Struktury te zawieraja zjonizowana plazme zamknieta w liniach pola ma-
gnetycznego, ktore tworzg tukowaty ksztalt. Kolejnymi szeroko obserwowanymi zjawiskami
w koronie sg dziury koronalne. Widoczne sa one jako ciemniejsze obszary w koronie stonecz-

nej i charakteryzuja sie nizsza gestoscia i temperatura plazmy w poréwnaniu do otaczajacej
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ja atmosfery. W rejonach tych linie pola magnetycznego sa otwarte, pozwalajac czasteczkom
na ucieczke w przestrzenn kosmiczna. Stad dziury koronalne sa Zréodtem szybkiego wiatru

stonecznego [24].

4.3.1 Ogrzewanie korony

Ogrzewanie korony stonecznej pozostaje nierozwigzanym problemem pomimo kilku dekad
badari. Podobnie jak w przypadku chromosfery, mechanizmy ogrzewania korony mozemy
podzieli¢ na te zwiazane z rekoneksja magnetyczna [25] i te wynikajace z dyssypacji fal
MHD |26].

Ruchy konwekcyjne na powierzchni Stonica generuja zaburzenia, ktore przenosza sie do
korony stonecznej w postaci fal MHD. Wsérod fal bioracych udzial w ogrzewaniu wyrézniamy
gltownie powolne i szybkie fale magnetoakustyczne oraz fale Alfvena. Sposréd wspomnia-
nych procesow, ogrzewanie przez fale Alfvéna jest szczegélnie efektywnym mechanizmem,
poniewaz fale te skutecznie rozchodza sie w koronie i przenosza duza ilosé energii [27], ktora
ogrzewa plazme Wraz z rozwojem narzedzi badawczych odnotowano wzrost obserwacji fal w
zakresie miekkiego promieniowania rentgenowskiego i skrajnego nadfioletu, ktore interpreto-
wano jako fale MHD w koronie stonecznej.

Badacze sa zgodni co do tego, ze mechanizmy ogrzewania korony maja nature magne-
tyczna, a zrodlem energii sg ruchy plazmy zachodzace na powierzchni Storica. Energia jest
nastepnie transportowana do wyzszych warstw atmosfery stonecznej, gdzie ulega dyssypacji.

Jednak doktadne procesy fizyczne i ich wktad w ogrzewanie korony pozostaja nieznane.

4.4 Wiatr sloneczny

Wiatr stoneczny jest strumieniem plazmy wyrzucanym z korony w przestrzenn kosmiczna.
Rozne obszary Storica generuja wiatr o réznej predkosei i gestosci masy. Dziury koronalne
sg zrodlem szybkiego wiatru stonecznego, ktory osigga predkosci rzedu 500 — 800 km s=2 w
okolicach Ziemi [28|. W trakcie minimum stonecznego, ze wzgledu na duza ilos¢ otwartych

linii pola magnetycznego na biegunach Stoiica, obszary te charakteryzuja sie wysoka kon-

centracja dziur koronalnych i to wtasnie w tych regionach gtéwnie generowany jest szybki
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wiatr stoneczny (Rys. 4.3). W plaszczyznie rownikowej, gdzie dominuja zamkniete linie pola
magnetycznego, najczesciej wystepujacym typem wiatru stonecznego jest wiatr powolny o
predkosci okoto 400 km s72 w odlegtosci 1 AU [29]. Podczas maksimum stonecznego, zrodta
powolnego i szybkiego wiatru stonecznego nie sa juz tak wyraznie od siebie rozréznione, a

struktura zrodel jest bardziej ztozona [30].

Rysunek 4.3: Otwarte linie pola magnetycznego miedzy fotosfera a powierzchnig zroédtowa
podczas minimum stonecznego (lewo) i maksimum stonecznego (prawo). Pola wychodzace sa
zaznaczone na czerwono, pola wchodzace na niebiesko, a heliosferyczna warstwa pradowa na
zielono [30].

4.4.1 Problem powstawania i przyspieszania wiatru slonecznego

Jak wykazali Sydney Chapman i Harold Zirin, temperatura korony stonecznej rzedu mi-
liona kelwinéw powinna powodowaé niezerowe cisnienie nawet w nieskoriczonej odlegtosci od
Storica [31]. Bazujac na tym, Eugene Parker opracowal model, wedtug ktorego dla izoter-
micznego i sferycznie symetrycznego wyplywu niezerowe cinienie w nieskonczonej odlegtosci
byloby wieksze, niz przewidywane wartosci dla osrodka miedzygwiezdnego [32]|. Aby obliczy¢
predkosé¢ wyplywu plazmy (v) w funkcji odlegtosci radialnej (r) uzywamy réwnania Parkera

[32] wynikajacego z niezaleznych od czasu rownan Eulera (dla symetrii osiowej):

S

(v- (;—2> dv 25 _GM (4.2)

dr r r2

15



Catkujac powyzsze rownanie, otrzymujemy

(2 () () + e w

Cs Cs e

gdzie G jest staly grawitacyjna, M to masa Storica, ¢; = \/vp/o oznacza predkosé dzwicku,
C jest stala calkowania, a r. okresla krytyczna odlegto$é, przy ktorej wiatr osiaga predkosé

dzwieku.

Rysunek 4.4: Rozwiazania dla wiatru stonecznego o predkosci v w odleglosci r [33].

Powyzsze rownanie ma 5 mozliwych rozwiazan (Rys. 4.4):
1. rozwigzania typu 3 i 5 maja podwojne wartosci predkosci,

2. rozwigzania typu 2 wymagaja, aby plazma miata predko$é¢ naddzwickows dla r < r,

co jest sprzeczne z obserwacjami,

3. rozwiazania typu 4 przewiduja poddzwiekowy przeptyw dla r > r., co réwniez jest

niezgodne z obserwacjami,

4. rozwigzania typu 1 jako jedyne poprawnie opisuja rozwiazanie wiatru stonecznego.
Plazma przyspiesza osiagajac predkosé¢ naddzwiekowa po przekroczeniu odlegtosci r =

Te.-

Jak wspomniano w poprzednim rozdziale, dziury koronalne sa Zrédtem szybkiego wiatru

stonecznego, jednak dokladny mechanizm jego powstawania i przyspieszania pozostaje nie-
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znany. Wysoka temperatura korony pozwala czastkom na przezwyciezenie grawitacji Stonca.
Aczkolwiek sama temperatura jest niewystarczajaca do wyttumaczenia tak duzych predkosci
wiatru stonecznego. Oznacza to, ze istnie¢ musza dodatkowe procesy dostarczajace czastecz-
kom energie. Istnieja dwa gléwne rodzaje mechanizméw napedzajacych wiatr stoneczny.
Pierwszy z nich opiera si¢ na modelu falowo-turbulencyjnym, ktory zaktada, ze energia i
ped sa przekazywane wiatrowi stonecznemu poprzez fale i turbulencje w otwartych rurach
magnetycznych. Model ten jest powszechniej uzywany w przyspieszaniu szybkiego wiatru sto-
necznego wychodzacego z dziur stonecznych. Drugi mechanizm zaktada, ze czastki wchodzace
w sktad wiatru stonecznego przyspieszane sa w wyniku uwolnienia energii przez rekoneksje
magnetyczne.

Jednym z ostatnich odkry¢ sondy Parkera (PSP) jest wystepowanie tzw. zakoséw (ang.
switchbacks) magnetycznych, ktore sa gwaltownym odchyleniem pola magnetycznego w wie-
trze stonecznym. Dokladny mechanizm generacji zakosow nie jest znany i pozostaje niewia-
domym, czy sa one wynikiem fluktuacji rozchodzgcych sie w wietrze stonecznym czy pozo-
statosciami zjawisk zachodzacych w koronie stonecznej [34] takich jak np. wyrzuty plazmy.
Ze wzgledu na swoja nature charakterystyczna dla fal Alfvéna [35], zakosy sa zwiazane ze
wzrostem predkosci plazmy, stad moga stanowi¢ istotny wktad w mechanizm przyspieszania
wiatru stonecznego.

Badania z wykorzystaniem scyntylacji miedzyplanetarnej wykazuja, ze przyspieszanie po-
wolnego i szybkiego wiatru stonecznego zachodzi w réznych odleglosciach od Storica [36]. Naj-
wieksze przyspieszenie w przypadku powolnego wiatru zachodzi w odlegtosci 5 — 10 promieni
Storica (R), ale proces ten jest kontynuowany az do 25 — 35 R. Obserwacje szybkiego wia-
tru stonecznego wykazaly, ze osigga on okoto 50 % swojej docelowej predkosci w odleglosci
4 — 5 R 1 przyspiesza do swojej niemal ostatecznej predkosci na poziomie 20 R. Wystepuje
rowniez niewielkie, cho¢ nie catkowicie pomijalne, przyspieszenie poza 30 R, ktére stopniowo

maleje na wiekszych odleglosciach od Storica [37].

17



Rozdzial 5

Modele plazmy

W zaleznosci od wartosci ilorazu $redniej drogi swobodnej do dlugosci charakterystycznej,
do opisu transportu masy, pedu i energii w plazmie mozemy stosowa¢ modele czasteczkowe,
kinetyczne i ptynowe. W niniejszym rozdziale przedstawiamy podstawy kazdego z powyzej

wspomnianych opisow.

5.1 Model czasteczkowy

Przyblizenie czasteczkowe polega na traktowaniu indywidualnych zachowan wielu czasteczek
w plazmie.
Polozenie czasteczek (r;) mozna okresli¢, rozwiazujac rownania trajektorii, tj.

dr;

gdzie predkos¢ czasteczki v; jest okreslona z drugiej zasady dynamiki Newtona

dv

mid_ti = F,({r}, {vi}, 1), i1 (5.2)

Tutaj m; to masa czasteczki, a F; jest sitg dzialajaca na czasteczke, zalezna od potozenia

{r1} i predkosci {v,} pozostatych czasteczek w uktadzie.
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Z powodu ograniczen mocy obliczeniowej komputeréw i ogromnej liczby czasteczek, me-

tody numeryczne wykorzystujace ten model sg niepraktyczne.

5.2 Model kinetyczny

W przypadkach, kiedy srednia droga swobodna czasteczek jest poréwnywalna lub wieksza,
niz lokalna skala przestrzenna, plazma jest na tyle rozrzedzona, ze konieczne staje sie uzycie

modeli kinetycznych. Jedna ze skali przestrzennych jest dtugosé Debye’a:

Ap = [ (5.3)
nq

gdzie € oznacza przenikalno$é elektryczng osrodka, kg jest stata Boltzmanna, T to tempera-

tura, a n i ¢ sa odpowiednio gestoscia liczbows i tadunkiem elektrycznym czasteczki plazmy.
Stan czasteczki w danym czasie t moze by¢ opisany przez wektor wodzacy r = [X,y, z]
i predkos¢ v = [vy, vy, v,]. Na podstawie powyzszych informacji mozemy okresli¢ funkcje

rozktadu zalezng od siedmiu argumentow, tj.
f(r,v,t)dvdr, (5.4)

ktora zdefiniowana jest jako ilos¢ czasteczek o predkosciach w zakresie < v, v 4+ dv > znaj-
dujacych sie w przestrzeni < r,r + dr > w czasie t. Rownanie opisujace ewolucje funkcji
rozktadu f(r,v,t) nazywamy rownaniem Wtasowa [38|, ktore w ponizszej formie uwzglednia
site Lorentza, tj.

of of  «

E+V.5+E(E+VXB)

of

5y =0 (5.5)

Tutaj q jest tadunkiem elektrycznym czasteczki, m jego masa, a E i B oznaczaja odpowiednio
natezenie pola elektrycznego i indukcje magnetyczng opisywane przez rownania Maxwella.

W przypadku uwzglednienia zderzen czastek odpowiednikiem réwnania Wtasowa jest
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rownanie Boltzmanna [39):

(E+va)-g—£:(g—{)c, (5.6)

gdzie czton znajdujacy sie po prawej stronie réwnania opisuje zmiane funkcji rozktadu f w
wyniku zderzen.

Obliczenia zwiazane z kolizyjnym cztonem Boltzmanna (%)C naleza do skomplikowanych
[40]. Jednakze czesto goraca i rzadka plazme mozemy uznaé za bezkolizyjna, w wyniku czego
rownanie Wlasowa jest wystarczajace do jej opisu.

Rownanie Wtasowa nie jest tatwe do rozwigzania. Wynika to z koniecznosci jednoczesnego
uwzglednienia rownan Maxwella, w ktorych wielkosci takie jak gestosé tadunku i gestosé
pradu j = iv x B opisane sa przez funkcje rozkladu, ktora z kolei ewoluuje zgodnie z
rownaniem Wtasowa. Stad czlon zawierajacy sity w réwnaniu Wilasowa jest nieliniowy, a

samo réwnanie moze by¢ rozwigzywane analitycznie w zasadzie tylko dla matych zaburzen,

dla ktorych mozliwa jest linearyzacja.

5.3 Model dwuptynowy

W chromosferze, gdzie plazma jest czesciowo zjonizowana, do jej opisu mozemy uzywaé

modelu dwuptynowego. W opisie tym plazme traktujemy jako ptyn zawierajacy:
e zjonizowany plyn skladajacy sie z jonow (;) i elektronow (),
e neutralny plyn skladajacy sie z czastek neutralnych (,,).

Plyny te sprzezone sa ze soba w wyniku zderzen takich jak np. jonowo-neutralne, ktore
stanowia wazny mechanizm ogrzewania chromosfery. Ze wzgledu na matg mase elektronow

nie traktujemy ich jako oddzielnego ptynu w tym modelu. Réwnania dwuptynowe mozemy
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zapisa¢ w formie [41, 42]:

do;

° iVi - ) .
o TV (Vi) =0 (5.7)
Oon
aé’t LV (0aVa) =0, (5.8)
0 iVi 1
(%t ) + V- (aViVi+pil) = g+ ;(V xB)xB+8S,,, (5.9)
0(0nVa
% + V(0. Vo Vi + pul) = 008 — S, (5.10)
o0F; B2 B

AE +p.+=— V.= =(V.-B)| = (o V. . A1

By [( 1+ple+2ﬂ)vl =\ )] (68 +Su) Vit Q. (5.11)
oE,
ot + V- [(Ey+ pa)Va] = (008 — Sw) - Vau + Qu, (5.12)
B
aa_t:VX(VIXB)u VBZO, (513)
oV  pe  B? ouVi o

E- = ! _— E == n . 14

' 2 +7—1+2,u’ " 2 +7—1 (5.14)

Tutaj I jest macierza jednostkowsa, pi, Oznacza cisnienie gazu skladajacego si¢ z jonéw
+ elektronéw i neutrali, gi,, to gesto$¢ masowa jonéw i czastek neutralnych, Vi, jest ich
predkoscia i g oznacza przyspieszenie grawitacyjne.

Zawarte w rownaniach (5.9) - (5.12) wielkosci Sy, 1 Qi odpowiadaja kolejno czlonom

zderzeniowej wymiany pedu i energii (|43, 44]):

Sm = QiVin(Vn - Vl) ) (515>
1 kBVin 0
i = —vmoi(Vi— Vo) + ————(T,, - Ty), 5.16
Q= (Vi = Vi) + 2 (T, - ) (5.16)
kBVingl
Qn = —vmai(Vi — Vo)* + T —1T,). 5.17
(Vi = Vi (1= ) (5.17)

Czestotliwosé zderzeni jonowo-neutralnych zdefiniowana jest jako [45]

4 intn 8k T’l Tn
B L B (_ T _) : (5.18)
Smu(pi + pn) \| #mu \ i fin

W powyzszych rownaniach my to masa wodoru, oy, jest przekrojem czynnym kolizji, p; 1 piy

to odpowiednio Srednie masy atomowe jonoéw i neutrali, a 7; , sa temperaturami okreslonymi
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przez prawa gazu doskonaltego:
k
pie - _Qij—'iy pn — _QnTn; (519)
m; m

gdzie m; = mypu;, My = mupy, a vy to iloraz ciepet wlasciwych [46].
W powyzszych rownaniach nie uwzgledniono dodatkowych nieidealnych i nieadiabatycznych
cztonow.

Roéwnania dwuplynowe mozna stosowaé¢ do opisu plazmy w obszarach, gdzie czestosci
zderzen jonéow i elektrondéw wyraznie réznia sie od czestosci zderzen elektronéw i czastek
neutralnych. Warunek ten jest spelniony w calej chromosferze, gdzie vy > ven (Rys. 5.1).

Wymnika stad, ze jony i elektrony sa o wiele mocniej sprzezone, niz elektrony i czastki neu-

1010

0 500 1000 1500 2000 2500

Height (km)

Rysunek 5.1: Czestosci zderzen elektronéw z jonami (v, linia niebieska) i elektronow z
neutralami (e, linia czerwona) [47].

tralne. W konsekwencji mozna traktowaé¢ plazme sktadajaca si¢ z jonoéw i elektrondéw jako
jeden plyn. Jednakze w fotosferze vy =~ ve,, przez co przyblizenie dwuptynowe nie jest tu

dobrym modelem do opisu plazmy [47].
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5.4 Model magnetohydrodynamiczny

W modelu MHD plazma traktowana jest jako przewodzacy ptyn opisywany makroskopowymi
parametrami, ktore odzwierciedlaja jego interakcje czasteczkowe. Model ten taczy ptynowe
rownania Eulera z rownaniami Maxwella. Najprostsza idealna forma rownan MHD zaktada,
ze badany plyn jest nielepki, a jego opornosé¢ zaniedbywalna. Istotnym czynnikiem wplywa-

jacym na opis plazmy w modelu MHD jest magnetyczna liczba Reynoldsa:

VL

gdzie V' jest charakterystyczna predkoscia przeptywu plazmy, L to charakterystyczna dtu-
gosé, a n oznacza dyfuzyjnosé magnetyczna.

W koronie stonecznej R, = 10® — 10'? [48], przez co dyfuzja magnetyczna jest zaniedby-
walna na dtugosciach o skali L. Oznacza to, ze pole magnetyczne jest "wmrozone" w plazme
i przemieszcza sie wraz z jej ruchem. Idealne réwnania MHD przyjmuja wtedy nastepujaca

postac:

% V- (oV) =0, (5.21)
ovV 1
QEJFQ(V.V)V:_vij;(VxB) x B+ og, (5.22)
dp

SV V) = (1=pV -V, (5.23)
9B G (VxB). (5.24)

ot
V-B=0, (5.25)
e (5.26)

m

Tutaj o jest gestoscia masowa, V to predkosé przeptywu, B oznacza natezenie pola magne-
tycznego, p jest ciSnieniem gazu, g to przyspieszenie grawitacyjne, v oznacza iloraz ciepet

wlasciwych, T jest temperatura, m Srednig masg czastki, a kg to stata Boltzmanna.
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Rownanie zachowania masy (5.21) zaklada, ze catkowita liczba czastek plazmy pozostaje
stala w czasie. W rownaniu pedu (5.22) zawarto réznice cisnien w plazmie (-Vp) i sile
Lorentza. W stanie statycznej rownowagi obydwie powyzsze sity sie rownowaza. Roéwnanie
ewolucji cisnienia p (5.23) opisuje adiabatyczna ewolucje plazmy. Poprzez zalozenie duzej
liczby Reynoldsa (5.20) cztony dyfuzyjne zostaly pominiete w réwnaniu indukeji (5.24).
Korzystajac z rownania stanu gazu doskonatego (5.26), ktore taczy gestosé o, cisnienie p i
temperature T', mozemy okresli¢ dowolna z tych trzech wielkosci, jesli znamy dwie pozostale.

Pomimo tego, ze model MHD jest najprostszym przyblizeniem opisujacym makrosko-
powe wtasciwosci plazmy, nieliniowe rownania sa na tyle skomplikowane, ze konieczne jest
wprowadzenie pewnych uproszczen. Jednym z gtéwnych probleméw modeli numerycznych
dla rownan MHD jest spelnienie rownania (5.25) [49, 50]. Lokalna niezerowa dywergencja
pola magnetycznego oznaczaltaby istnienie monopoli magnetycznych w komoérce numerycz-
nej. Nagromadzenie bledéw numerycznych zwiazanych z nieprawidlowa ewolucja pola ma-
gnetycznego moze prowadzi¢ do braku zachowania strumienia magnetycznego i powstawania
sztucznej sity, rownoleglej do pola magnetycznego. Skutkuje to ostatecznie generacja btedow

w symulacjach numerycznych.
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Rozdzial 6

Fale magnetohydrodynamiczne

Fale MHD sg falami rozchodzgcymi sie w ptynie przewodzacym prad elektryczny w obecnosci
pola magnetycznego. Przyktadem takiego o$rodka jest szeroko obserwowana w obiektach
astrofizycznych plazma. Wyrézniamy cztery rodzaje fal MHD rozchodzacych sie w osrodku
jednorodnym: (a) fale Alfvéna; (b) szybkie i powolne fale magnetoakustyczne; (¢) mody

entropii.

6.1 Fale w oSrodku jednorodnym

Roéwnanie dyspersji dla fal MHD w o$rodku jednorodnym przyjmuje nastepujaca postac:

w(w? — k*vA3 cos? 0)[w! — w?k* (VA + c2) + k*vicZcos? 4] = 0, (6.1)

gdzie w jest czestotliwoscig fali, 6 jest katem miedzy wektorem falowym k a polem magne-

tycznym B, a v oznacza predkosé fal Alfvéna:

(6.2)

Tutaj o to przenikalno$é magnetyczna prozni.
Roéwnanie dyspersji posiada rozwigzania w postaci moddéw entropii, fal Alfvéna i fal magne-

toakustycznych.
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6.1.1 Mod entropii

Mod entropii jest jednym z rozwiazan réwnania (6.1) [51]:

w = 0. (6.3)

W odréznieniu od innych fal MHD, ktore opuszczaja obszar generacji, mod entropii pozo-
staje w obszarze wzbudzenia zwigzanego z zaburzeniem gesto$ci masy. Przy uwzglednieniu
przewodnictwa cieplnego, czestotliwos¢ modu entropii staje sie czysto urojona i nazywana
jest modem termicznym. Sprzezenie modu termicznego z falami akustycznymi prowadzi do
ich tlumienia [52]. Stad energia w poblizu punktu zerowego pola magnetycznego moze byé
uwalniana przez zaré6wno rozchodzace sie fale MHD jak i mody entropii, ktére pozostaja
w punkcie generacji, tworzac stacjonarne zaburzenie. Wtasciwosci modu entropii zaleza od
znaku poczatkowego impulsu ci$nienia [53]. Poczatkowy wzrost ci$nienia gazu tworzy fale
magnetoakustyczne i stacjonarne rozrzedzenie plazmie, ktére odpowiada modowi entropii. Z
kolei w sytuacji poczatkowego spadku cisnienia powstajg fale akustyczne i stacjonarna gesta

plazma odpowiadajaca modowi entropii.

6.1.2 Fale Alfvéna

Fale Alfvéna wymuszane sa przez sile napiecia magnetycznego [54]. Jednym z rozwiazan

réwnania (6.1) jest rownanie dyspersji dla fal Alfvéna:

w=vukcos. (6.4)

w o

Predkos¢ fazowa tych fal v, = ¢

v cos 6 nie zalezy od liczby falowej, co wskazuje na nie-
dyspersyjnosé fal Alfvéna. Oznacza to, ze predkosé tych fal nie zmienia sie w zaleznosci od
ich dtugosci. Zaleznosé miedzy predkoscig fazowa a katem 6 przedstawiona jest na rysunku
6.1. Fale Alfvéna nie powoduja zmian ci$nienia i gestosci. Drgania czasteczek plazmy zacho-

dza w ptaszczyznie prostopadtej jednoczesnie do linii pola magnetycznego B i do kierunku

rozchodzenia fali k. Fala Alfvéna nie moze rozchodzié¢ sie w kierunku prostopadtym do pola
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magnetycznego. Przeplyw energii w tego typu falach MHD odbywa sie wytacznie wzdtuz

linii sit pola magnetycznego, a jej predkosé grupowa Ow/0t jest rowna predkosci Alfvéna.

szybkie fale

powolne fale

Vis
»

Cs JVa

fale Alfvéna-

Rysunek 6.1: Wykres biegunowy predkosci fazowych trzech rodzajow fal MHD dla przypadku
g < 1.

Ze wzgledu na swoja niescisliwosé¢ fale Alfvéna sa trudne do wykrycia. Mimo to obecnosé
tych fal w atmosferze stonecznej zostata potencjalnie potwierdzona z uzyciem instrumentow
naziemnych, takich jak CoMP (Coronal Multi-channel Polarimeter) [55, 56] i instrumentéw
kosmicznych wchodzacych w sktad SDO (Solar Dynamics Observatory) [57, 58].

Fale Alfvéna moga przenosic¢ energie z fotosfery do gornych warstw atmosfery Storica. Jest
to szczegblnie istotne w kontekscie weiaz nierozwiazanej kwestii ogrzewania korony stonecznej
i przyspieszania wiatru stonecznego [59]. Badania wykazaly, ze fale Alfvéna moga by¢ rowniez

wykorzystane do okreslenia stopnia jonizacji plazmy [60].

6.1.3 Szybkie i powolne fale magnetoakustyczne

Innym rodzajem fal MHD sg fale magnetoakustyczne, ktére mozemy podzieli¢ na fale szybkie
i fale powolne. Kolejne rozwigzanie rownania (6.1) jest rownaniem dyspersji dla fal magne-

toakustycznych:
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k2
W2 — o <Vi +c2+ \/(V?A + ¢2)2 — 4v3 c2 cos? 9>. (6.5)

Tutaj (4) odpowiada szybkim, a (—) powolnym falom magnetoakustycznym. Zaroéwno szyb-
kie, jak i powolne fale wymuszone sg przez site napiecia magnetycznego i cisnienie gazu. W
przypadku fal szybkich cisnienie magnetyczne i cisnienie gazu sa zgodne w fazie, co oznacza,
ze zmiany w obu tych wielkosciach wystepuja jednoczesnie. Z kolei w falach powolnych ci-
$nienia te sa w fazie przeciwnej. W osrodku o § < 1, np. w koronie stonecznej, fala szybka
charakteryzuje sie niemalze izotropowa penetracja osrodka, przez co fala ta rozchodzi sie z
podobna predkoscia we wszystkich kierunkach. Najszybsze rozchodzenie sie wystepuje w kie-
runku prostopadlym do zewnetrznego pola magnetycznego (Rys. 6.1). W osrodku o f < 1
fala powolna jest fala anizotropowsa, i nie moze ona rozchodzi¢ sie w kierunku prostopa-
dlym do zewnetrznego pola magnetycznego, a przeplyw energii jest ograniczony gtéwnie
do kierunku réwnolegtego do linii sit tego pola. W przypadku braku pola magnetycznego
fale Alfvéna i powolne fale magnetoakustyczne zanikaja, a szybkie fale redukuja sie do fal
akustycznych.

Badanie jednoptynowych fal w czesciowo zjonizowanej atmosferze Stonca z uwzgledniong
dyfuzja ambipolarna [61] wykazalo, ze czastki neutralne wywieraly najistotniejszy wplyw na
szybkie fale magnetoakustyczne [62|. Byly to najsilniej ttumione fale, ktérych ttumienie w

duzym stopniu zalezato od stopnia jonizacji plazmy.

6.2 Fale w grawitacyjnie uwarstwionej atmosferze Stonca

6.2.1 Fale akustyczne i r6wnanie Kleina-Gordona

W przypadku braku sit magnetycznych kazde zmiany cisnienia i gestosci masowej propaguja

jako fale akustyczne. Rownanie dyspersji dla fal akustycznych przyjmuje nastepujaca postac:

w = *kc. (6.6)
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Wynika stad, ze fale te rozchodza sie we wszystkich kierunkach (k) z jednakowa predkoscia
fazowa (vp) 1 grupows (vg) taka, ze v, = vy = Cq.

Szczegbdtowa analiza oscylacji fal akustycznych w grawitacyjnie uwarstwionym osrodku
ujawnita ich wysoka ztozonosé. Nie wszystkie fale akustyczne moga sie swobodnie rozchodzié
w atmosferze stonecznej. Do swobodnego penetrowania osrodka konieczne jest, by okres fali
(P) byt mniejszy, niz akustyczny okres odciecia (Ppe) [63]. Fale akustyczne biegnace wzdtuz
g opisywane sa rownaniem Lamba lub réwnaniem Kleina-Gordona [64]. Czesto uzywane w

heliofizyce rownanie na okres odciecia moze by¢ przedstawione w nastepujacej formie [65]:

47 A
Pp=— 0 (6.7)

/ dA
Cq 1+2d_y

Tutaj A jest wysokosciows skalg cisnienia:

A:

&&=

Gdy P > P,. amplituda fali zanika wraz z wysokoscia. W badaniach okresu odciecia wyka-
zano jego zwiazek z funkcja wysokosci [66], a takze potwierdzono jego wystepowanie obser-
wacyjnie [67]. Istnienie czestosci odcigeia w atmosferze Storica ma daleko idace konsekwencje,
poniewaz prowadzi do globalnych oscylacji stonecznych (p-modéw i oscylacji 5-minutowych),
ktore sa intensywnym przedmiotem badan w heliosejsmologii [68]. Ponadto, istnienie okresu
odciecia jest istotne dla zrozumienia pochodzenia 3-minutowych oscylacji w chromosferze
[69] 1 do transferu energii falowej do wyzszych obszarow atmosfery. Rysunek 6.2 przedstawia

zmiane okresu odciecia w atmosferze Stonca.

6.2.2 Wewnetrzne fale grawitacyjne

Wewnetrzne fale grawitacyjne sa naturalng reakcja grawitacyjnie uwarstwionego osrodka na
zaburzenia stanu rownowagi, gdzie wypornosé dziata jako sila sprezystosci. Wystepowanie
wewnetrznych fal grawitacyjnych w atmosferze Stonica zostato potwierdzone obserwacyjnie

[71]. Fale te dostarczaja duze ilosci energii w fotosferze, ale ich rola w gornych warstwach
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Rysunek 6.2: Zmiana akustycznego okresu odciecia (réwnanie 6.7) wraz z wysokoscia w
atmosferze Storica [70].

atmosfery pozostaje niejasna. Wykazano jednak, ze fale te mogg sie sprzega¢ z innymi falami
[72]. Wewnetrzne fale grawitacyjne generowane sa w poblizu powierzchni Stonca z duzym
strumieniem energii fal, ktory jest niezalezny od $redniej wartosci strumienia magnetycz-
nego w poblizu miejsca generacji. Jednakze zgodnie z obserwacjami, w wyzszych rejonach
atmosfery pole magnetyczne wplywa na propagacje wewnetrznych fal grawitacyjnych.
Maksymalna czestotliwosé rozchodzenia sie fal wewnetrznych jest wyznaczona przez cze-

sto$¢ Brunta-Vaisali:

1 1
=gl = — — 6.9
“e g(H VA)7 (6.9)
gdzie H jest wysokosciowa skala gestosci:
4%
H= @ (6.10)
dy

Element ptynu, ktéry zostanie przemieszczony pionowo ze swojego potozenia réwnowagi,
bedzie oscylowal i generowal wewnetrzne fale grawitacyjne, pod warunkiem ze o$rodek, w
ktorym ten element si¢ znajduje, spetnia kryterium Schwarzschilda (wg > 0). Jesli w, < 0,
element ptynu unosi sie, chtodzi w wyniku promieniowania i opada, tworzac petny cykl kon-

wekcyjny. Obszary rozchodzenia sie wewnetrznych fal grawitacyjnych zostaly przedstawione
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na rysunku (6.3).
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Rysunek 6.3: Diagram przedstawiajacy rozne rezimy rozchodzenia sie fal w Scisliwym, grawi-
tacyjnie uwarstwionym osrodku. Zacieniony obszar oznacza regiony, w ktorych rozchodza sie
pionowe fale akustyczne i grawitacyjne. Przerywana szara linia odpowiada réwnaniu dysper-
sji dla fal Lamb’a. Czarne ciagle linie przedstawiaja granice rozchodzenia sie fal uzyskanych
z nieizotermicznych czestotliwosci odciecia zdefiniowanych w réwnaniach 6.7 1 6.9. Czarne
przerywane linie przedstawiaja przypadek dla przyblizenia izotermicznego [73].
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Rozdzial 7

Fale dwuptynowe

Badania dowodza, ze czeSciowa jonizacja plazmy wplywa na dynamike fal Alfvéna [74].
Oprocz ttumienia fal w wyniku zderzeni jonowo-neutralnych kolejnym efektem wprowadza-
nym przez czesSciowa jonizacje jest wystepowanie odciecia dtugosci fali [74]. W badaniach
fal Alfvéna czesto uzywano modelu jednoplynowego, ktory zaktada silne sprzezenie miedzy
jonami i neutralami [3|. Alternatywne podejscie zaktada uzycie modelu dwuptynowego [6],
w ktorym jony i elektrony oraz neutrale sa traktowane jako dwie odrebne sktadowe plazmy.

Roéwnanie dyspersji fal Alfvéna, rozchodzacych sie w jednorodnej, czesciowo zjonizowanej
plazmie wzdluz pola magnetycznego zorientowanego w kierunku osi z, mozna przedstawié¢

nastepujaco [75]:

w? (1 + X)vuw? — k2w + vuikics = 0. (7.1)

Tutaj x = n,/n; jest wspolezynnikiem jonizacji, a 14, = 4,/ 00 to czestosé zderzen neutralno-
jonowych [45].

Z rysunku 7.1 mozna zauwazy¢, ze wspotczynniki ttumienia dla fal dwuptynowych osia-
gaja maksimum w poblizu czestotliwosci zderzen jonowo-neutralnych i maleja przy wyzszych
czestotliwodciach. Rozni sie to od modelu jednoptynowego, w ktérym ttumienie wykazuje li-
niowy wzrost wraz ze zwickszajaca sie czestotliwoscia.

W przypadku silnych zderzen miedzy czasteczkami, fale w obu ptynach maja tendencje
do sprzezenia si¢ propagujac z czestotliwoscia k,va /+/1 + x 1 zanikajac wykladniczo w czasie.
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Rysunek 7.1: Por6wnanie numerycznych rozwiazan rownania 7.1 dla y = 2 (linia ciagla) z
przyblizeniem analitycznym (czerwone symbole). Panele odpowiadaja rzeczywistym (lewo) i
urojonym (prawo) rozwiazaniom [75].

W czesci widma zwiazanej z wysokimi czestotliwo$ciami dwuptynowych fal magnetoaku-
stycznych wystepuja dwa typy powolnych fal: jeden z nich zwiagzany jest z ptynem jonowo-
elektronowym, a drugi — z ptynem skladajacym sie z czasteczek neutralnych. Réwnanie

dyspersji dla dwuplynowych fal magnetoakustycznych przyjmuje postaé [6]:

vinw [wh — B (c3i&s + conbn + ViW? + (e sz&+csn£n k2k2VA} (7.2)
§E20(W? — A k%) [ew! — KPVEW? + AR (R2VE — w?)] —
Winal(&n — 2K Viw! + 260° + & Fw? (V3 + (& — 1) wQ)
&R (2K2VEW? + (6 — 2)w* + K (W — K2V)))] =0,

gdzie k = \/m , Csi = \/’YPT/QI icgn = \/fypTQn to odpowiednio predkosci dzwicku gazu

jonowo-elektronowego i neutralnego.

Roéwnanie 7.2 jest rownaniem sidodmego stopnia, wiec posiada siedem rozwiagzan. Dla mniej-

szych czestotliwosci cztery rozwigzania reprezentuja w zasadzie fale magnetoakustyczne,

gdzie trzy inne rozwigzania sa czysto urojone i powiazane z zanikajacymi w czasie modami.
Na podstawie rysunku 7.2 zauwazy¢ mozna, ze rozwiazania dla szybkich fal magneto-

akustycznych wyraznie réznia sie od rozwiazania Braginskiego [76]. Jednakze ttumienie po-
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Rysunek 7.2: Wspotezynnik ttumienia dla szybkich (gora) i powolnych (do6t) fal magnetoaku-
stycznych w zaleznosci od znormalizowanej liczby falowej a = k,va /vi,. Czerwone gwiazdki
odpowiadaja rozwiazaniom rownania dwuptynowej dyspersji (7.2), a niebieskie linie rozwia-
zaniom Braginskiego [6].

wolnych fal magnetoakustycznych, wyliczone na podstawie rownania dyspersji dla modelu
dwuptynowego, jest zgodne z wynikami uzyskanymi z teorii Braginskiego [6].
Wspoétezynniki ttumienia osiagaja podobne wartosci dla dwuptynowych i jednoptynowych
fal MHD o niskiej czestotliwosci. Jednakze zachowanie fal r6zni sie w przypadku czestotliwo-
Sci wiekszej niz czestotliwosé zderzen jonowo-neutralnych. Fale Alfvena i szybkie fale magne-
toakustyczne maja maksymalne wspotczynniki ttumienia przy czestotliwosei w = 2.5 1y, dla
plazmy skladajacej sie w 50% z atomoéw wodoru (Rys. 7.2). Natomiast dla 10% neutralnych
czastek maksymalna wartos¢ wspotczynnika thumienia wzrasta do w = 10v4,. Oznacza to, ze
udzial neutralnych czastek ma istotny wplyw na potozenie maksimum tltumienia, co wigze

sie z procesami dyssypacyjnymi wynikajacymi ze zderzen jonowo-neutralnych.
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Rozdzial 8

Kod numeryczny JOANNA - glowne

narzedzie badan

JOANNA (JOint ANalytical and Numerical Approach) jest kodem numerycznym typu Go-
dunowa |77] opartym na metodzie réznic skoriczonych. Pozwala to na rozwiazywanie uktadow

rownan zachowania zapisanych w postaci rownan hiperbolicznych:

oU
o TV F(U) = 5(U). (8.1)

Tutaj U jest wektorem wartosci zachowawczych, F'(U) to tensor strumienia wielkosci za-
chowawczych, a S(U) definiuje cztony zrodtowe, ktore potraktowane zostaly niejawnie z
wykorzystaniem metody STS [78|.

Kod numeryczny JOANNA umozliwia rozwiazywanie réwnan hydrodynamiki, MHD i
rownan dwuptynowych. Mozliwe jest uwzglednienie cztonéw nieadiabatycznych (promienio-
wanie, przewodnictwo cieplne) i nieidealnych (lepko$é, opér magnetyczny, jonizacja/rekom-
binacja), co pozwala na dokladniejsze modelowanie zjawisk w atmosferze Storica. Problem
Riemanna jest rozwiazywany za pomoca metody HLLD (Harten-Lax-van Leer Discontinu-
ities) [79]. Kod zostal napisany w jezyku Fortran 90 ze wzgledu na jego wydajnosé¢ w oblicze-
niach numerycznych. JOANNA pokrywa obszar symulacji niejednorodng siatks numeryczna.
Rzadsza siatka numeryczna w goérnych rejonach atmosfery umozliwia skuteczniejsze ttumie-

nie sygnatu docierajacego do gérnej granicy obszaru domeny numerycznej. Dzieki temu zre-
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dukowane zostaja niepozadane odbicia i btedy numeryczne zaklocajace wyniki symulacji.
Kod korzysta z MPI (Message Passing Interface) w celu realizacji obliczenn rownoleglych na
klastrze obliczeniowym [80]. Dane wyjsciowe generowane sa w formacie HDF5 (Hierarchi-
cal Data Format version 5), co umozliwia przechowywanie duzych zorganizowanych zbiorow

danych [81].
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Rozdzial 9

Wyniki badan numerycznych

9.1 Impulsowo generowane dwuplynowe fale magnetoaku-

styczne

Cel badan

Chromosfera emituje wiecej energii, niz korona stoneczna, dlatego kluczowym zadaniem jest
odkrycie wszystkich mechanizmoéow, ktore przyczyniaja sie do ogrzewania plazmy w tej war-
stwie. Projekt ten skupial sie na badaniach impulsowo generowanych fal magnetoakustycz-

nych w kontekscie ogrzewania chromosfery i zwigzanymi z tym wyplywami plazmy.

Metodologia

Roéwnania dwuptynowe zostalty rozwiazane z wykorzystaniem kodu numerycznego JOANNA
[82]. Zalozono, ze uktad jest jednowymiarowy (1D) i niezmienny wzdtuz kierunkéow x i z
(0/0x = 0/0z = 0), a sktadowe predkosci i pola magnetycznego wzdtuz kierunku z sa réwne
zero (Vi, = Vi, = B, = 0). W wyniku tych zalozeri wyeliminowano z ukladu fale Alfvéna
i wewnetrzne fale grawitacyjne. W czasie t = 0 s stan réwnowagi magnetohydrostatyczne;
zostal zaburzony przez zlokalizowany impuls w pionowej sktadowej predkosci jondéw i neutrali,

t.
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Viy(y,t:O):Vny(y,t:O):Aexp<— (y;y())?). (9.1)

Tutaj A jest amplituda impulsu, w jego szerokoscia, a y, wysokoscia, na ktoérej generowany
jest impuls. W symulacji przyjeto jednorodne i skierowane w kierunku pionowym pole ma-

gnetyczne By = 10 Gs.

Wyniki badan

Wzbudzone fale magnetoakustyczne przeksztatcaja sie w fale uderzeniowe i w wyniku zde-
rzen jonowo-neutralnych zamieniaja swoja energie na energie cieplng, ogrzewajac chromos-
fere. Zwiekszenie amplitudy impulsu prowadzi do intensywniejszego ogrzewania atmosfery
Stonica (Rys. 9.1). Ponadto wzgledny przyrost temperatury 67;/T = (13 —T') /T chromosfery
jest skorelowany z predkoscia dryfu V; — V,,, ktéra ro$nie wraz z wysokoscia. Oznacza to, ze
zderzenia jonowo-neutralne odgrywajg istotna role w ogrzewaniu chromosfery.

Badania parametryczne dla réznych szerokosci impulsu poczatkowego wykazaly, ze szerszy
impuls prowadzi do wiekszego ogrzewania plazmy w chromosferze. Z kolei impuls wygenero-
wany z wyzszej wysokosci (przy tej samej amplitudzie) powoduje mniejsza wartosé 07;/T,
poniewaz amplituda sygnalu rozchodzacego siec w gore nie moze wystarczajaco wzrosnaé

przed dotarciem do obszaru przejsciowego.

9.2 Impulsowo generowane dwuplynowe wewnetrzne fale

magnetoakustyczno-grawitacyjne

Cele badan

W poprzednim projekcie wykazano, ze fale magnetoakustyczne mogg ogrzewaé chromosfere
w wyniku zderzeni jonowo-neutralnych. Zastosowano wtedy model 1D, ktéry uniemozliwiat
rozchodzenie sie wewnetrznych fal grawitacyjnych. Niniejsza praca rozszerza model do geo-

metrii dwuwymiarowej (2D). W ten sposob wewnetrzne fale grawitacyjne w sposob naturalny
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Rysunek 9.1: Wykresy polozenia od czasu dla predkosci dryfu Vi, — V4, (g6ra) i zaburzonej
temperatury 67} /T (dot) dla przypadku A = 0.5 km s~ (lewo) i A =5km s~ (prawo).

pojawiaja sie w modelu, w ktorym skupiamy sie na ogrzewaniu chromosfery i generacji wy-

plywéw plazmy.

Metodologia

Dwuptynowe rownania opisujace dynamike cze$ciowo zjonizowanej plazmy zostaly rozwia-
zane z uzyciem kodu numerycznego JOANNA. Podobnie, jak w poprzednim projekcie do
zaburzenia stanu rownowagi uzyto zlokalizowanego impulsu w pionowej sktadowej predkosci

jonéw i neutrali:

Vig(z,y,t =0) = Viy(z,y,t =0) = Aexp ( - (M)) (9.2)

w?
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Wyniki badan
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Rysunek 9.2: Wykresy potozenia od czasu dla pionowej skladowej predkosci jonow Vi,
(gora) i zaburzonej temperatury d7i/7 (dol) dla fal magnetoakustycznych (lewo) i

magnetoakustyczno-grawitacyjnych (prawo).

Maksymalne wartosci Viy 1 675 /Tp sa wicksze dla pionowo rozchodzacych sie¢ fal magneto-

akustycznych, niz dla wewnetrznych fal grawitacyjno-magnetoakustycznych, ktére rozchodza

sie poziomo (Rys. 9.2). Ogrzewanie chromosfery jest silnie skorelowane z predkoscia dryfu,

ktora osiaga swoje najwyzsze warto$ci w gornej chromosferze. Przeprowadzone badania pa-

rametryczne, majace na celu zbadanie zaleznosci miedzy szerokoscia, amplituda oraz wy-

sokos$cia generowania impulsu a wartosciami Vi, i 07;/T), wykazuja podobne wyniki jak w

przypadku modelu 1D. Potwierdza to ogélne trendy zaobserwowane w poprzednich bada-

niach, rozszerzajac je na model 2D.
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9.3 Wymuszone powolne fale magnetoakustyczne w chro-

mosferze z realistycznym modelem jonizacji

Cele badan

Gloéwnym celem niniejszej pracy jest zbadanie rozchodzenia sie dwuptynowych powolnych
fal magnetoakustycznych w czeSciowo zjonizowanej atmosferze Stonca. Dotychczasowe mo-
dele atmosfery stonecznej opieraly sie na przyblizeniu rownowagi hydrostatycznej [83-85].

Prezentowany model uzupehia to przyblizenie o rownanie Sahy [86].

Metodologia

W projekcie tym rozwazane sg dwa warianty opisujace stan réwnowagi atmosfery Storica, tj:

e rownowaga hydrostatyczna (HE) okreslona przez pionowy profil temperatury Ty(y)

[87];
e rownowaga hydrostatyczna uzupelniona o réwnanie Sahy (HE+SE).

Pionowy profil temperatury w stanie rownowagi hydrostatycznej, Ty(y), zostal przedstawiony
na rysunku (9.3, lewy panel). Temperatura maleje z 5600 K w dolnej fotosferze (y = 0 Mm)
do 4300 K na jej gorze (y = 0.5 Mm). W chromosferze temperatura zaczyna rosnac, ale naj-
wicksza zmiana zachodzi w obszarze przejSciowym, gdzie temperatura gwaltownie wzrasta
z 7-10% K do 2-10° K na wysokoéci y = 2.5 Mm. Stopient jonizacji wyznaczony za pomoca
rownania Sahy, osiagga najnizsze wartosci w gornej fotosferze z wartosciag minimalng wyno-
szacg okoto 2-107° (Rys. 9.3, prawy panel). Z kolei w przypadku réwnowagi hydrostatycznej
(HE), jonizacja osiaga najnizsza warto$¢ rzedu I = 1072 w dolnej fotosferze.

Uktad hydrostatyczny znajduje sie w polu magnetycznym:

r+ L . (z+ L Y
B =B, {cos( A ),—sm( . >,O] exp (—A—B>—|—[BX,By,BZ], (9.3)

Ap =2L/x. (9.4)
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Rysunek 9.3: Zmiana temperatury rownowagi hydrostatycznej (lewy panel) i stopnia jonizacji
(prawy panel) dla modelu HE (linia przerywana) i HE+SE (linia ciagta) w zaleznosci od
wysokosci w atmosferze Stonca.

Tutaj By = B, = 0, By = —5 Gs, pole magnetyczne na wysokosci y = 0 Mm wynosi
B, = 500 Gs, a charakterystyczna szerokosci L = 0.64 Mm.
Rownowaga hydrostatyczna jest zaburzona przez oscylator harmoniczny w pionowej sktado-

wej predkosci jonéw i neutrali:

22\ . [ 2nt
Vig(x,y = ya,t) = Voy(2,y = ya, t) = Aexp <_ﬁ> sin (?d) ) (9.5)

Tutaj A = 5 km s™! jest amplituda oscylatora, w = 50 km to tego szerokosé, Py to okres
oscylatora, a yp = 1 Mm jest wysokoscia jego dziatania.
Plazma w atmosferze opisana jest rownaniami dwuplynowymi z uwzgledniona jonizacja i

rekombinacja.

Wymniki badan

Badania wykazuja, ze w wyniku zderzen jonowo-neutralnych powolne fale magnetoaku-
styczne sa ttumione, a ich energia ulega termalizacji na wysokosci y = 1,05 Mm (Rys. 9.4),
przy czym silniejsze ttumienie wystepuje dla fal o krotszych okresach [84]. Predkosé dryfu
osigga najwicksze warto$ci na dole obszaru numerycznego, co jest zgodne z profilem ogrze-

wania. PokazaliSmy réwniez, ze realistyczny profil jonizacji, okreslony za pomocg réwnania

42



L8
1.6
E E
= =14
1.2
L0 IAAANSSAASANANANAAAAAAAAAAAAAASAAAASARAA AN
0 100 200 300 100 500
tld
| -3 -2 -1 o 1 2 B i —1.0 —0.5 0.0 0.5 1.0
Viy [kem/s] &/ To
(c) (d)
J I } ]
1.8 / /;' 1.8
/ /
f { i1/
/i ]
il il
L6 ;/ f I L6
=14 =14
1.2 1.2
, ..,_,,,,meM
1.0 4. Lo T T T T 1
0 100 200 300 100 00 0 100 200 300 100 A00
t[s t[s]
3 2 1 il 1 2 3 L5 Lo 0.5 0.0 0.5 L0 L5
Viy [km/s] AT, /Ty
(e) ()
18 % 1 % /n
16 16
2 ]
=14 =14 j

1.0 -
0 100 200 300 400 00 0 100 200 300 100 500
tls) tfs)
-3 -2 =1 0 1 2 3 =3 -2 -1 i} 1 2 3
Viy [kan/s] Vi [kan/s]
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Sahy, prowadzi do mniejszych wyplywoéw plazmy i ogrzewania chromosfery w poréwnaniu
do jonizacji wyznaczonej przez réwnowage hydrostatyczna. Poréwnanie z danymi obserwa-
cyjnymi dotyczacymi radiacyjnej utraty energii, wykazalo, ze uzyskane przez nas wartosci

strumienia energii kinetycznej sa zbyt mate, aby napedza¢ wiatr stoneczny.

9.4 Fale generowane przez granulacje z dywanem magne-

tycznym

Cele badan

Konwekcyjne ruchy plazmy pod powierzchniag Stonica odpowiadaja za formowanie sie granu-
lacji stonecznej, ktéra moze stanowié zrodto licznych dynamicznych zjawisk i wzbudzania fal
[73]. Stad w niniejszej pracy rozwazano wplyw granulacji z polem magnetycznym w postaci
dywanu magnetycznego sktadajacego sie z szeregu arkad (Rys. 9.5) na powstawanie fal i
przeptywéw plazmy w obszarze atmosfery spokojnego Storica. Szczegdlny nacisk poltozono
na ogrzewanie chromosfery, generowanie wyptywow plazmy i analize widma mocy Fouriera

wzbudzonych fal.

Metodologia

Dwuptynowe réwnania z uwzglednionym mechanizmem jonizacji i rekombinacji rozwiazali-
$my z uzyciem kodu numerycznego JOANNA. Obszar symulacji pokryty jest polem sktada-
jacym sie z arkad magnetycznych (9.4). W symulacjach przyjeto state wartosci sktadowych
pola magnetycznego By = —5 Gs, B, = 1 Gs adekwatne dla gérnej chromosfery i korony
oraz Ly = 0.64 Mm bedace potowa rozmiaru arkady. Badania uwzglednilty dwie wartosci B,,

tj. 0.075 Gs i 0.2 Gs.

Wyniki badan

Fale zostaly wzbudzone przez samoistnie generowang i ewoluujaca granulacje stoneczna. Me-

chanizm granulacji zachodzi ponizej fotosfery, gdzie niestabilno$ci konwekcyjne prowadza
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Rysunek 9.5: Profile przestrzenne log(7;) dla czasu t = 0's (gora) i ¢ = 5000 s (dot) z liniami
pola magnetycznego odpowiadajacymi dywanowi magnetycznemu wartosci B, = 0.075 Gs
(gora, lewy-dot) i B, = 0.2 Gs (prawo-dot).

do formowania sie turbulencyjnych przepltywow, ktore powoduja zaburzenie poczatkowego
stanu rownowagi (Rys. 9.5, gora). Zaburzenia te skutkuja wyrzucaniem jonéow i czasteczek
neutralnych do wyzszych warstw atmosfery. Wyrzuty plazmy (Rys. 9.5, dol) generowane sa
przez granulacje stoneczng, ktoéra prowadzi do rekoneksji linii pola magnetycznego i uwol-
nienia energii cieplnej w fotosferze i chromosferze. Powstale w ten sposéb wyrzuty plazmy
osiggaja wysokosci rzedu y = 6 Mm dla B, = 0.075 Gs (Rys. 9.5, lewo-do61) i y = 10 Mm
dla B, = 0.2 Gs (Rys. 9.5, prawo-dol). Obydwa przypadki B, moga stanowi¢ zrodlo wiatru

stonecznego, z uwagi na pewien poziom wyplywow plazmy generowanych w koronie. Bada-

45



nia dywanéw magnetycznych, okreslonych przez poczatkowo mniejsze i wieksze wartosci B,,
wykazuja wyrazne réznice w rozmiarze generowanych wyrzutéw materii i oscylacji obszaru
przejsciowego. Dodatkowo obserwujemy wzrost predkosci plazmy dla wiekszych wartosci B,.

Zwiekszony pionowy przepltyw jondéw moze wynikaé z wiekszej wartosci sity Lorentza.
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Rozdziat 10

Whnioski 1 podsumowanie badan

Przeprowadzone badania potwierdzajg istotng role efektéw dwupltynowych w chromosferze,
wskazujac na ich znaczenie w procesach ogrzewania tej warstwy i generacji wypltywow pla-
zmy. Symulacje numeryczne pokazuja, ze nawet pojedynczy impuls jest w stanie wywotac
pionowe wyplywy plazmy, ktére w wyzszych warstwach atmosfery moga nie tylko mie¢ zna-
czacy wklad w rozwdj wiatru stonecznego, ale rowniez odgrywaé kluczowa role w procesie
ogrzewania chromosfery. Badania parametryczne udowadniajg, ze impulsy o wiekszej ampli-
tudzie prowadza do intensywniejszego ogrzewania atmosfery stonecznej, podczas gdy wezsze
impulsy skutkujg stabszymi efektami. Wnioski te wyciagnieto zar6wno w symulacjach 1D dla
fal magnetoakustycznych, jak i 2D dla wewnetrznych fal magnetoakustyczno-grawitacyjnych.

Przeprowadzono symulacje fal o krotkich okresach, co pozwolito na doktadniejsze zro-
zumienie ich dynamiki. Wiekszos$¢ energii generowanej przez granulacje koncentruje sie w
oscylacjach 5-minutowych, charakteryzujacych sie¢ okresami rzedu P = 300 s. Badane przez
nas fale o okresach 2.5, 51 10 s odpowiadaja mniej energetycznym oscylacjom. Jednak krot-
sze okresy sa zblizone do skal czasowych zderzen jonowo-neutralnych, przez co uwzgledniane
przez nas efekty dwuptynowe maja wiekszy wplyw na zjawiska w atmosferze. Obserwowa-
liSmy mniejsze predkosci i wicksze ogrzewanie chromosfery wraz ze skracaniem okresu fali.
Moze to by¢ wyjasnione silniejszym nieliniowym ttumieniem dziatajacym na fale o krotszych
okresach. Zauwazyliémy réowniez, ze rownanie Sahy odgrywa kluczowa role w realistycznym
opisie jonizacji w atmosferze stoneczne;j.

Numeryczne symulacje samogenerujacej sie i samoewoluujacej granulacji stonecznej z dy-
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wanem magnetycznym prowadza do powstawania wyrzutow plazmy w atmosferze stonecznej.
Analiza przypadkéw dla dywanéw magnetycznych o wartosciach B, = 0.2 Gsi B, = 0.075 Gs
ujawnita wyrazne réoznice w rozmiarze generowanych wyrzutow plazmy oraz oscylacji obszaru
przejsciowego. ZauwazyliSmy, ze plazma byla wyrzucana na wyzsze wysokosci w przypadku
silniejszego pola magnetycznego. Zaobserwowaliémy rowniez wzrost predkosci plazmy dla
wyzszych wartosci B,, co mozna przypisa¢ wiekszemu pionowemu przeptywowi jonéw, wyni-
kajacemu z wickszej wartosci sity Lorentza. Ogrzewaniu towarzysza wypltywy plazmy, ktore

moga by¢ zrodtem wiatru stonecznego w wyzszych warstwach korony Stonca.
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ABSTRACT

Context. The origin of the heating of the solar atmosphere is still an unsolved problem. As the photosphere and chromosphere radiate
more energy than the solar corona, it is challenging but important to reveal all the mechanisms that contribute to plasma heating there.
Ton—neutral collisions could play an important role.

Aims. We aim to investigate the impulsively generated two-fluid magnetoacoustic waves in the partially ionized solar chromosphere
and to study the associated heating and plasma outflows, which higher up may result in nascent solar wind.

Methods. To describe the plasma dynamics, we applied a two-fluid model in which ions+electrons and neutrals are treated as separate
fluids. We solved the two-fluid equations numerically using the JOANNA code.

Results. We show that magnetoacoustic waves triggered in the photosphere by localised velocity pulses can steepen into shocks
which heat the chromosphere through ion—neutral collisions. Pulses of greater amplitude heat plasma more effectively and generate
larger plasma outflows. Rising the altitude at which the pulse is launched results in opposite effects, mainly in local cooling of the
chromosphere and slower plasma outflows.

Conclusions. Even a solitary pulse results in a train of waves. These waves can transform into shock waves and release thermal
energy, heating the chromosphere significantly. A pulse can drive vertical flows which higher up can result in the origin of the solar

wind.

Key words. Sun: activity — Sun: chromosphere

1. Introduction

One of the main problems of heliophysics concerns the source
of the thermal energy required to heat the solar atmosphere, the
lowest layer of which is about 500 km thick and is called the
photosphere. The chromosphere, which is about 1.5 Mm thick,
caps this layer. A narrow transition region separates the chromo-
sphere from the solar corona above it. Temperatures in the pho-
tosphere vary from about 5600 K at its bottom to about 4300 K
at its top. The temperature of the middle of the chromosphere
rises to about 10* K (+800—=1800 km above the solar surface).
Because of the temperatures in the photosphere and low and mid-
dle chromosphere, the plasma in these layers is only partially
ionized. Recombination, photoionization, and chemical ioniza-
tion were discussed by Carlsson & Stein (2002). At the top of
the photosphere, the ionization degree is as low as 107, and so
there are about 10* neutrals per ion. In the chromosphere, the
ratio of ions to neutrals grows with height, and therefore with
temperature (Khomenko et al. 2014). As a result of its 1-3 MK
average temperature, the plasma in the corona is almost fully
ionized.

The plasma density is also higher in the chromosphere and
thus it radiates more than the corona. Hence, an additional mech-
anism of heating is required to compensate for these radiative
losses (Narain & Ulmschneider 1996). One of the sources of
this heating may be associated with collisions between particles,
which lead to wave damping (Erdélyi & James 2004). The idea

Article published by EDP Sciences

of heating the solar chromosphere by acoustic waves is very old
and was first developed by Biermann (1946) and Schwarzschild
(1948), who suggested that acoustic waves play a major role
in the heating of this atmospheric layer. Later, the problem
was widely studied, for example by Carlsson & Stein (1995),
Ulmschneider et al. (2003), and Kuzma et al. (2019). The lat-
ter authors focused on the acoustic waves with wave periods
within the range 30—-200 s and showed that these waves are able
to heat the chromosphere. The idea of heating the solar atmo-
sphere without shock waves was studied by Wéjcik et al. (2020)
who showed that the thermal energy release ratio during ion—
neutral collisions is sufficient to balance the radiative and ther-
mal energy losses. Recently, Kuzma et al. (2021) focused on the
studies of ion magnetoacoustic and neutral acoustic waves in a
magnetic arcade and found that, in the chromosphere, the wave
characteristics strongly depend on the magnetic field configu-
ration. The advantages of using the two-fluid model over the
single-fluid model were studied by Zaqarashvili et al. (2011b).
The single-fluid (MHD) model is sufficiently accurate for slow
processes but fails on timescales shorter than the ion—neutral col-
lision time. Hence, the two-fluid approximation should be used
for studying faster processes.

The problem of atmospheric heating was also studied in the
context of Alfvén waves (Piddington 1956; Osterbrock 1961).
The mechanisms by which these waves are dampened by ion—
neutral collision were studied by De Pontieu et al. (2001). In
the lower chromosphere, collisional effects were found to be
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the most important component of the dissipation mechanism
(Khodachenko et al. 2004). As a matter of fact, Alfvén waves
can dissipate their energy in the chromosphere as a result
of ion—neutral collisions (Leake et al. 2005; Goodman 2011;
Tu & Song 2013; Zaqarashvili et al. 2013; Arber et al. 2016;
Shelyag et al. 2016; Soler et al. 2017). However, this mechanism
is only effective in the chromosphere and not in the photosphere
or in the corona because of weak magnetization and strong ion-
ization, respectively. In other studies, Zaqarashvili et al. (2013)
and Soler et al. (2017) focused on the dissipation of torsional
Alfvén waves and showed that they can by effectively dissipated
in the chromosphere.

The mechanisms considered in the present paper for
solar coronal heating are essentially based on magnetic field
reconnection and resonant dissipation and/or phase-mixing of
magnetohydrodynamic (MHD) waves. The latter mechanism
was reviewed recently by Van Doorsselaere et al. (2020), who
showed that various wave modes may contribute to the heat-
ing of the solar corona. The effect of the cooling and heat-
ing on the dynamics of the MHD waves was investigated by
Nakariakov et al. (2017) who concluded that the perturbations
of the thermal equilibrium, for example by slow magnetoacous-
tic waves, lead to a heating—cooling unbalance which acts as an
energy exchange mechanism. For more recent studies of thermal
unbalance, see also Prasad et al. (2021) who studied the damp-
ing of slow magnetosonic waves based on a new dispersion rela-
tion. The problem of damping slow magnetosonic waves in the
solar corona was also investigated by Duckenfield et al. (2021),
considering nonzero § plasma, and Kolotkov et al. (2019) who
presented three potential regimes of wave evolution depending
on characteristic timescales of the thermal unbalance. Recently,
Kolotkov et al. (2020) constrained the coronal heating function
by observations of slow magnetoacoustic waves.

The solar corona extends smoothly into the solar wind. Stud-
ies of the solar wind were initiated by Biermann (1951) and
Parker (1965). Parker (1958) postulated that the interplanetary
space is not void but that it is filled by the solar wind. An early
model of the solar wind with the power spectrum of Alfvén
and kink waves was developed by Tu (1987). Later on, a lot
of attention was paid to the study of the formation of the solar
wind by plasma outflows. For instance, Tu et al. (2005) found
these outflows in coronal funnels at altitudes between 5 and
20Mm above the photosphere. Later, the problem was recon-
sidered by Wéjcik et al. (2020) who proposed that jets and asso-
ciated plasma outflows generated by the solar granulation may
result in the formation of the solar wind higher up. Moving
upwardly, the plasma requires a source of momentum which
can be provided by MHD waves (Ofman 2005; Marsch 2006;
De Pontieu et al. 2007). Alfvén waves, for instance, may drive
plasma outflows (Hollweg et al. 1982; Kudoh & Shibata 1999;
Matsumoto & Suzuki 2012). A model for coronal heating and
solar wind acceleration by low-frequency Alfvén wave turbu-
lence was presented by van der Holst et al. (2014).

The goal of the present paper is to focus on magnetoacoustic
waves in the context of heating the chromosphere and the associ-
ated plasma outflows, and therefore we leave the role of Alfvén
waves for future studies. The novelty of this work is that we con-
sider impulsively generated two-fluid magnetoacoustic waves in
the context of solar chromospheric heating and plasma outflows.
This paper is organized as follows. In Sect. 2, we present the two-
fluid equations that are considered for describing the dynamics
of the partially ionized solar atmosphere. Numerical results are
presented in Sect. 3. In Sect. 4 we conclude this paper by sum-
marizing the main results and briefly discussing them.
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2. Two-fluid numerical model of the partially ionized
solar atmosphere

2.1. Two-fluid equations

To describe the low layers of the solar atmosphere we use
two-fluid equations for ions + electrons (;,) and neutrals
(n) treated as separate interacting fluids (Zaqarashvili et al.
2011a; Leake et al. 2014; Oliver et al. 2016; Maneva et al. 2017;
Popescu Braileanu et al. 2019):

0oi

= +V-(o;V;) =0, 1
otV @V M
Oon
V-(©,V,) =0, 2
5 TV @V )
00V,
9@V +V-(©VVi+pil) =
ot
1
0ig+—(VxB)xB +Sp, 3)
7
@ +V (0, Va Vo + pul) = 018 — S, S
E; B? B
O v (Bt i+ | Vi Bv, oy = 5)
ot 2u u
(0ig+Sm) - Vi+ 0,
OE,
7 + V : [(En + pn)Vn] = (Qng - Sm) : Vﬂ + Q’l’ (6)
B
%—t:Vx(VixB), V-B=0, )
oVi  p. B Vs  pa
E; = —t —, E,= - : 8
5 +7—1+2,u 5 +7—1 @)

Here, I is the identity matrix, p;, denote the ion + electron
and neutral gas pressures, while o;, denote ion and neutral
mass densities, and V;, the ion and neutral velocities. More-
over, g = [0,—g,0] is gravitational acceleration with its mag-
nitude g = 274.78 ms~2, B is the magnetic field pointing in the
y—direction, and u the magnetic permeability of the medium. In
Egs. (3)—(6), S,, and Q;, correspond to the collisional momen-
tum and energy exchange terms, respectively. They are given as
(Meier & Shumlak 2012; Oliver et al. 2016)

St = 0vin(Va = Vi), ©)
1 s
0i = =vinoi(Vi = Vo)2 + M(T" - Ty, (10)
2 ()’ - l)mn
1 kgVin0i
Qn = EvinQi(Vi - Vn)z + M(Tl - T") (11)
(y = Dmy

The ion—neutral collision frequency, vy, is defined as (Braginskii
1965; Ballester et al. 2018)

4 T inOn SkB (Ti + Tn)

B 5”nH(/'li +#n)

Vin

— (12)
Tmy \ 4 Hn

In the above equation, my is the hydrogen mass, o, = 1.4 -

10715 cm? is the collision cross-section (Vranjes & Krstic 2013),

i = 0.58 and p, = 1.21 are the mean masses of ions and neu-

trals, respectively, and T;, are the temperatures specified by the

ideal gas laws,

Pie = k—BQin, and  p, = k_BQnTn~
m m

i n

13)

Here, m; = myu;, and m,, = myu,, where my corresponds to the
mass of a hydrogen atom, kp is the Boltzmann constant, and
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v = 1.4 corresponds to the specific heat ratio. As the photospheric
plasma contains bi-atomic molecules, we decided to consider
v = 1.4 instead of 5/3. The latter value is suitable for plasma
that only consists of atoms. For simplicity, we neglected ther-
mal conduction and other nonadiabatic and nonideal terms in the
two-fluid equations. We should expect that thermal conduction
will impact wave propagation by diffusing thermal energy into
less localized and thus less intensively plasma-heated regions.

The two-fluid equations do not describe the top of the con-
vection zone and the photosphere very well, which are included
in the simulation domain, but they do accurately describe the
chromosphere and the low corona, which are the focus of our
simulation model. Problems with the two-fluid equations result
from comparable values of characteristic gyro- and collision fre-
quencies in the photosphere (Khomenko et al. 2014, Fig. 1, top),
while fluid models require that the collision frequencies be much
higher than the gyro frequencies.

2.2. Magnetohydrostatic equilibrium

As an initial condition, we assume that the atmosphere is static
(Vin = 0) and is in hydrostatic equilibrium with the ion and
neutral pressure gradients being balanced by the gravity forces
on both species:
=Vpin +0ing = 0. (14)

Using the ideal gas laws in Eq. (13) and the y-components
of Eq. (14), we express the background gas pressures and mass
densities as

Pin(y) = pino €Xp (— fy b ), (15)
’ | s Nin®)

oint) = LWL (16)
’ gAi,n(y)

where A;, = kpgT/(u;,g) are ion and neutral pressure scale

heights, respectively, while p;y = 0.01Pa and p,o = 0.0003 Pa
denote the corresponding gas pressures at the reference level,
taken here at y = y, = 50 Mm.

We consider the height-dependent temperature, 7'(y), model
of Avrett & Loeser (2008); see Fig. 1 (top). This model also
determines the equilibrium mass densities and gas pressure pro-
files. As the electron mass is very small in comparison to the
mass of neutrals and ions, we neglect the electron dynamics.
We note that the ion mass density is lower than that of the
neutral component in the photosphere and low chromosphere
(Fig. 1, middle). However, above the altitude of ¥y ~ 0.9 Mm
and especially above the transition region, which is located at
y =~ 2.1 Mm, neutrals are much less numerous than ions. The
presence of gravity in the system leads to the appearance of an
acoustic cut-off period (Fig. 1, bottom). The formula is given as

4 A

cs‘/1+2%

where A is the pressure scale height,
\VY(pi + pa)/(0i + 0y) is the sound speed.

The pressure scale height A is responsible for the propaga-
tion of the waves when their period P is smaller than the P,.
Otherwise, if this value is greater than or equal to P,., the
waves are evanescent (Horace 1909). It is worth noting that the
P, considered here is a local quantity that varies with height
(Musielak et al. 2006).

Py = (I7)

and C; =

106
105 .
X
o
104,
10% T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
. y [Mm]
10"
1077 o
\\\\\
1079 4 S~
~
o .
£ e
% -11 | i
2 10 g
o Sl
i) s
o ‘.“-\_
1012 1 Ty,
\\
10715 4 \
\"~__
10547 T T T . .
0.0 0.5 1.0 15 2.0 25 3.0
y [Mm]
1000
800 A
600
u
o
400 4
200 A
0 T . T T T
0.0 0.5 1.0 1.5 2.0 25 3.0
y [Mm]

Fig. 1. Variation with height of the equilibrium temperature (fop), mass
densities (middle) of neutrals (dashed line) and ions (dotted line), and
acoustic cut-off period (bottom).

The hydrostatic equilibrium described above is overlaid by a
uniform vertical magnetic field of magnitude B, = 10 Gs. Such a
magnetic field is current-free (V X B/u = 0) and therefore force-
free (V x B) x B/u = 0), and thus does not alter the hydrostatic
equilibrium.

2.3. Impulsive perturbations

At t = 0s, when the numerical simulations are started, we per-
turb the magnetohydrostatic equilibrium with a localized signal
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in the vertical components of the ion and neutral velocities:

— 2
Vit = 0) = Vi (51 = 0) = A exp (—(y—wyo) ) (18)

where A is the amplitude of the pulse, w its width, and y, the
height from which the pulse is launched. We consider the fol-
lowing cases: A = 0.5kms™', A = 1kms™!, A = 2kms~!, and
A = —5kms~!, combined with different widths of the pulse,
namely w = 0.1Mm, w = 0.25Mm, and w = 0.3Mm; and
various launching heights, namely yo = 0Mm, yo = 0.25 Mm,
and yo = 0.5Mm. The first two values of the amplitude A
represent a typical flow associated with the solar granulation
(e.g., Falcoetal. 2017), while the third value corresponds to
a stronger signal, and the last value mimics downdrafts. The
implied value of the pulse amplitude A = 0.5kms™! is about
six times larger than the local Alfvén speed, which for the value
of B, = 10 Gs used here is about C4 = 0.08 km s~'aty = 0Mm
and much smaller than the local sound speed which is about
Cs = 7.5kms™! at y = 0Mm. The characteristic width of the
pulse, w = 300 km, is comparable to the size of the smallest gran-
ules. The difference between the positive and negative values of
the amplitude results in the ion and neutral fluids being pushed
upwards and downwards, respectively. However, both negative
and positive pulses spread into upward and downward propagat-
ing waves. We note that yo = 0 Mm corresponds to the bottom of
the photosphere, yo = 0.25 Mm to the middle of the photosphere,
and yo = 0.5Mm is associated with its top. For simplicity, we
consider only pulses in the ion and neutral vertical velocity com-
ponents. The physical nature of realistic perturbations is indeed
more complex than the dependence presented by Eq. (18). More-
over, we consider an impulsive perturbation launched at # = O's,
without first relaxing the system, because the relative numerical
errors are small in all atmospheric layers (Fig. 2).

3. Numerical results

The one-dimensional numerical simulations are performed with
the JOANNA code (Wjcik et al. 2020), which solves the above-
mentioned two-fluid equations. We assume that the system has a
slab geometry and that it is invariant along the x- and z-directions
(0/0x = 8/0z = 0), and the z—components of the velocities and
the magnetic field are both set to zero (V;; = V,,;, = B, = 0).
Applying these simplifications, we remove Alfvén waves from
the system which guides (affected by gravity) magnetoacoustic
waves. Internal-gravity waves are absent in the system as they
are unable to propagate along the gravity action.

The simulation domain is specified as —0.5 < y < 60.0 Mm.
The distance below 6.87 Mm is divided into 1024 cells, and
therefore the size of the grid cells is Ay ~ 7.2km. Higher up,
the grid is stretched and the remainder of the domain is covered
by 128 cells. At the top and bottom boundaries of the simula-
tion region, we set and hold all plasma quantities fixed to their
equilibrium values, given by Eqgs. (15) and (16).

3.1. Numerical test

Figure 2 illustrates time—distance plots for the ratio between the
vertical component of the ion velocity and the local sound speed,
Viy/Cs, (top) and the relative perturbed temperature of ions,
oT;/T = (T; — T)/T, (bottom) in the absence of any initial pulse
(i.e., for A = 0 in Eq. (18)). The signals present in both panels
result from numerical errors which are inherent features of every
numerical code. As the max |V;,/C,| ~ 0.08 occurs in the corona,
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Fig. 2. Time—distance plots for V;,/C; (top) and 6T;/T (bottom) in the
case of no pulse (A = 0).

and it indicates that the vertical velocities resulting from the dis-
cretization are small in comparison to the local sound speed, we
infer that the numerical errors induced in the velocity component
Vi, are negligible. In the lower regions of the atmosphere, the
numerical errors decrease to max |V;,/C,| = 0.02 in the chromo-
sphere, and max |V;,/C,| ~ 0.0002 in the photosphere. Similarly,
max [07;/T| = 0.065, showing that the numerical errors detected
in the perturbed ion temperature are also negligibly small. In
contrast to the numerical errors in velocity, the errors in the per-
turbed temperature decrease with height to max [67;/T| = 0.03
in the chromosphere, and max [67;/T| = 0.02 in the corona. The
apparent periodicity in §7;/T (Fig. 2, bottom) may coincide with
the acoustic cut-off period of the numerical noise.

3.2. Magnetoacoustic waves
3.2.1. Pulse amplitude effects

We first considered an initial pulse at the bottom of the pho-
tosphere (yo = OMm). The initial pulse, given by Eq. (18),
excites magnetoacoustic waves. These waves can get shocked
in the chromosphere (Snow & Hillier 2021). The formation of
shock waves is clearly seen in the time—distance plots for Vj,
(Fig. 3, top), and it is stronger for a larger value of |A| (right-top).
These shocks heat plasma through ion—neutral collisions. Simi-
larly to the gravity action, two-fluid effects introduce dispersion
for the ion magnetoacoustic and neutral acoustic waves which
are described by Eqgs. (1)—(13). As a result of this dispersion,
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Fig. 3. Time—distance plots for V;, (top) and averaged V;, over time (bottom) for yy = 0Mm, A = 0.5 km s7! (left), and A = —Skms™' (right). The

velocity is expressed in units of kms™!.

the initial pulse spreads into a train of upward- and downward-
propagating waves. The transition region oscillates as a natural
consequence of the incoming train of waves which is clearly
seen as upward- and downward-propagating waves. These waves
move with the local tube speed which is subsonic and sub-
Alfvénic. As gravity introduces characteristic spatial scales in
the form of ion and neutral pressure scale heights, the ampli-
tude of the oscillations in V;, grows with height (top panels).
At the top of the photosphere, namely at y = 0.5 Mm, the signal
in Vj, is relatively small and reaches a maximum value there of
0.8kms™! for A = 0.5kms™" and 9kms™' for A = —~Skms™".
Similarly at later times, after f = 10? s, the signal is very weak as
the impulsively generated magnetoacoustic waves have already
left the system. Shock waves are generated up to r ~ 700s.
This means that because of this initial pulse, thermal energy
is released until this time because it is mainly generated at the
shocks by ion—neutral collisions.

The initial pulse also induces plasma flows. These are
evident from the temporarily averaged vertical ion velocity

given as
5}
f Vi dr,
n

where t; = 0s and #, = 5000 s. The outflows occur in the corona
(Fig. 3, bottom). A higher amplitude pulse results in faster out-
flows originating from lower levels of the atmosphere. In partic-
ular, for A = 0.5kms™", (Viy) grows almost linearly with height

y, reaching a value of 0.02kms™" at y = 20 Mm (Fig. 3, bottom-

(Viy) =

1
P— (19)

left). For A = —5kms™! the growth of (Vj,) with y is more
abrupt than in the case of A = 0.5kms™" and (Vi) attains a

value of about 0.7km s~ at 20 Mm. This speed is smaller than
in the semi-empirical data of Avrett & Loeser (2008), where the
velocity is of the order of 40kms™' at y = 3Mm. Downflows
are observed in the lower atmospheric regions. Such upﬂows
of (Vi) = 2km s™! and downflows of (Viy) < 10kms™" were
reported by Kayshap et al. (2015) and more recently also by
Tian et al. (2021).

Figure 4 (left panel) illustrates the ion mass flux, F,, =
iy Viy» which in contrast to the ion velocity reaches its higﬁest
values below the transition region. Negative values of the flux are
observed only in the initial phase of the wave evolution lasting
up to ¢ ~ 200 s. The magnetoacoustic waves, which are reflected
from the transition region, are represented by the stripes leaning
towards the y-axis. The right panel presents the vertical profile of
the averaged (over time) ion mass flux which reaches its lowest
value of F,,, = -0.2x107° gem™s™! at y = 0.2 Mm. Higher up,
it abruptly grows to Fy,, = 10°%gem™2s~! at y = 1.5Mm and
then remains essentially constant with height.

Figure 5 (top) illustrates the velocity drift, 6V = Vj, — V,,,
which grows with height, reaching its maximum magnitude in
the upper chromosphere. However, at the bottom of the numeri-
cal region, ions and neutrals are strongly coupled, and therefore
they propagate with almost the same velocity. As the quantity 6V
attains its largest values in the initial phase, we infer that plasma
heating can take place up to t = 103 s after the initial pulse. The
values of the velocity drift are small, which indicates that ions
and neutrals are strongly coupled. In the right-top panel, at the
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= oiVi, (left), and its profile averaged over time (right) for the initial pulse with width

w = 0.3 Mm and amplitude A = 0.5 kms™!, launched from y = yo = 0 Mm.

bottom of the photosphere, y = 0 Mm, and below at y ~ 0.2 Mm
and y ~ 0.5 Mm we observe some oscillatory signatures. Signa-
tures at y = O0Mm, and y = 0.2 Mm look like quasi-harmonic
decaying oscillations while the third one at y ~ 0.5 Mm is seen
as faster decaying waves propagating upward. As they appear at
the bottom of the simulation box they, may result from numerical
errors.

The middle panels of Fig. 5 show the relative perturbed tem-
perature specified as

6T, T,~T

T T (20)

This quantity reaches its largest magnitude of 0.55 at y ~ 2 Mm
for A = 0.5kms™ and 0.8 at y ~ 2Mm for A = —5kms~!,
while the photosphere is hardly heated at all. We note that the
signals in the top and middle panels exhibit a level of correla-
tion, which means that the chromospheric plasma is heated by
the ion—neutral collisions.

From Egs. (10) and (11) we infer that the velocity drift, 6V,
contributes an important part to the heating and this contribu-
tion is particularly effective at shocks, which is clearly seen
in Fig. 5 (top). This was also noticed by Zhang et al. (2021)
and Snow & Hillier (2021) from similar simulations in a differ-
ent setup. This heating can be quantified by the quantity 67;/T
which is displayed on Fig. 5 (middle).

We define the time-averaged relative perturbed temperature
as

5]
()= e [
T h—1hJy, T

2n

where #; = Os and t, = 5000s. This quantity is illustrated in
the bottom panel of Fig. 5. We note that the chromosphere is
more strongly heated for higher values of the pulse amplitude
|A]. The lowest averaged temperature is seen in the top of the
photosphere and above this region the atmosphere is heated to a
greater temperature. For A = —5kms™!, all values of (§T;/T) are
positive and the minimum of (67;/T) =~ 0 at y ~ 0.4 Mm takes
place at the equilibrium temperature minimum (Avrett & Loeser
2008), where the magnetoacoustic waves experience reflections.
(8T;/T) reaches a value of about 2.3 at y = 2 Mm, at the top of
the chromosphere. A characteristic flattening is present within
the lower levels of the middle chromosphere, from y ~ 0.8 Mm
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to y * 1 Mm. Above this plateau, (67;/T) suddenly increases
with y (bottom-right).

We note that the temperature is reduced permanently in the
photosphere with essentially unseen waves in 67;/7T (Fig. 5, mid-
dle). In the chromosphere, we observe oblique stripes which are
leaned towards the vertical axis and represent magnetoacous-
tic waves. In the case of A = 0.5kms™!, max (67;/T) ~ 0.6
at y = 1.8 Mm, which is located in the chromosphere (middle-
left). As for larger absolute values of amplitude, for example for
A = -5kms~! (middle-right), the generated shocks are more
pronounced than for A = 0.5km s~!, and result in more inten-
sive heating with max (67;/T) ~ 0.8 in the middle of the chro-
mosphere at y = 1.1 Mm (Fig. 5, middle).

3.2.2. Pulse width effect

In order to study how the width of the pulse, w, affects the
plasma heating, we performed some parametric studies. From
Fig. 6 (top) we infer that increasing w from 0.1 Mm to 0.25 Mm
results in a significant heating of the chromosphere. However,
for w = 0.1 Mm, only the top layer of the chromosphere is
heated (top-left), while a wider pulse width, w = 0.3 Mm, results
in heating of the whole chromosphere (top-right). Similarly, the
cooling during the first 200 s is more pronounced for the wider
pulse, and results from the plasma being rarefied.

3.2.3. Pulse launching height effect

Figure 6 (bottom) shows time—distance plots for 67;/T for dif-
ferent pulse-launching heights, that is, for different values of
the parameter yo. A higher value of yy results in a smaller
value of max (67;/T) at a given height y. This is the con-
sequence of a pressure scale-height over which, according to
linear theory, the amplitude of the signal grows e—times (e.g.,
Nakariakov & Verwichte 2005). For the pulse launched from a
higher level y, with the same amplitude, the signal passes fewer
scale heights, reaching a given level y. Consequently, 6V and
oT;/T are smaller (at a given height y) for a larger value of yj.

Figure 7 illustrates the relative perturbed temperature aver-
aged over time and height, H, defined as

1 ("o
H = f <—> dy.
Yy1—=YoJdy \T

(22)
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Fig. 5. Time—distance plots for the velocity drift, Vi, — V,,, (top), 6T;/T (middle), and averaged 6T;/T over time (bottom) for the pulse with width
w = 0.3 Mm, launched from y = y, = 0 Mm and with amplitude: A = 0.5kms™" (leff) and A = —=5kms™' (right).

Here, y; = 1.9Mm.

The higher value of the pulse amplitude |A| results in more
significant heating of the photosphere and chromosphere (top).
Similarly, a higher magnitude of the pulse width w leads to a
higher value of H (middle). Finally, in creasing the pulse launch-
ing height y, corresponds to less heating below the transition
region with a fall-off of H(yo) resulting from the pressure scale
height (bottom). For a larger value of yy, the distance to the tran-
sition region covers fewer pressure scale heights and the signal has
less chance to increase its amplitude and consequently to gener-
ate stronger shocks with less thermal energy release. The value
of H = 1 would correspond to an average relative temperature
increase in the photosphere and chromosphere by 100%. How-

ever, we do not reach such a value in our results because the ampli-
tude of the pulse is insufficient to induce such strong heating.

3.2.4. Outflow velocities and Fourier power spectrum

Figure 8 shows the maximum ion outflow velocity, max(Viy), for
different pulse parameters. Similarly to in Fig. 7, a pulse with
larger absolute amplitude (top) and width (middle) results in a
higher value of the maximum outflow velocity max(Vjy). As we
increase the launching altitude of the initial pulse, yo, the veloc-
ity naturally decreases (bottom).

Figure 9 presents Fourier power spectrum for wave period P
versus height. The initial pulse has a Gaussian spectrum of wave
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number k which results in a spectrum of period P. The steep-
ening of the magnetoacoustic waves results from the growing
wave amplitude with height. Hence, waves with shorter wave-
lengths and wave periods are present for higher y-values in their
Fourier spectra. For the pulse launched from y = yp = 0Mm
(top), the main wave period of the downward-propagating waves
becomes approximately the same for all values of y < 0 Mm
and is equal to about 250s. Higher up, however, the period P
decays with increasing y, and attains values close to 200s. As
a result of the cut-off only short-period waves can propagate
upwards while long-period waves become evanescent. Hence,
the relative contribution of long P waves weakens with increas-
ing y. We note that some of our data fits the observational
findings of Wisniewska et al. (2016), represented by diamonds
over-plotted on the power spectra, and Kayshap et al. (2018),
denoted by dots. The agreement of the theory with the obser-
vational data indicates that the results can be used to determine
the background structure of the solar atmosphere and confirms
that wave generation by the solar granulation in the partially ion-
ized plasma dominates the behavior of the waves. For a pulse at
the bottom of the photosphere (y = yo = 0 Mm, Fig. 9 (top)),
a jump in the dominant wave period is observed close to the
height y = 1.5 Mm, which reaches a magnitude of 300 s. The sig-
nal launched from the bottom of the photosphere with the main
period P = 250s thus reaches the corona with P = 300s. The
wave periods in the photosphere are lower than P, in this region,
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because max P, = 240s at y = 0.5Mm, which means that
magnetoacoustic waves are evanescent. However, in the corona
above y = 2.3 Mm, the acoustic cut-off period reaches values
larger than P = 300s. However, this is not the case for a pulse
launched at a somewhat greater height, in the middle of the
photosphere, namely for y = yo = 0.25Mm (see Fig. 9 (bot-
tom)). Moreover, in this case the layers below the photosphere
(y < 0) oscillate with a dominant wave period of 225s. In the
photosphere, this wave period is also dominant and this time it
increases slightly with height in the photosphere. Moreover, in
this case there is a second dominant period, namely 250s. In
fact, this wave period is also the dominant one in the upper chro-
mosphere and low corona in this case.

4. Summary and conclusions

In this paper we consider two-fluid ion magnetoacoustic and
neutral acoustic waves that are initially (at # = 0s) excited by
a pulse in a vertical component of the ion and neutral velocities.
The full set of two-fluid equations is solved by the JOANNA
code (Wojcik et al. 2020). The results of the numerical simula-
tions presented in this paper can be summarized as follows.

The triggered magnetoacoustic waves transform into shock
waves and through ion—neutral collisions they convert their ener-
gies into thermal energy contributing to heating of the chromo-
spheric plasma. Increasing the amplitude of the pulse leads to
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a significant heating of the chromosphere, which for the high-
est absolute value of the amplitude considered, A = —5km s~
is clearly seen to occur in the upper part of the chromosphere,
above the level y = 1 Mm. Moreover, the heating of the chro-
mosphere is correlated with a velocity drift which increases with
height up to y = 2Mm. This means that the chromosphere is
heated by the ion—neutral collisions. The parametric studies we
performed for various widths of the pulse show that a wider pulse
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corresponds to more plasma heating spread over the whole chro-
mosphere. On the other hand, the investigation of quasi-periodic
MHD waves by Nakariakov et al. (2005) showed that a wider
pulse is less effective in generating quasi-periodic wave trains.
The problem of impulsively generated wave trains was also stud-
ied by Yu et al. (2017) who concluded that the diversity of group
speed characteristics has an impact on the temporal evolution
of impulsively generated wave trains. A pulse launched from a
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Fig. 9. Fourier period P for V;, vs. height, in the case of the ini-
tial pulse with amplitude A = 0.5kms™!, width w = 0.3Mm, and
launched from y = yo = O0Mm (fop) and y = yo = 0.25 Mm (bottom).
The observational data of Wisniewska et al. (2016) and Kayshap et al.
(2018) are represented by diamonds and dots with the vertical error bars,
respectively.

higher level (with the same amplitude), on the other hand, results
in less heating as the amplitude of upwardly propagating sig-
nal cannot grow significantly with height before reaching the
transition region. Both the plasma temperature and maximum
ion velocity increase with increasing pulse amplitude and width,
while the opposite trend is seen for higher values of yo, that is,
for launching the pulse higher up. The pulses considered in this
paper result in shocks that lead to a release of thermal energy
which in turn helps to sustain the chromosphere. We arrive at
a further conclusion, namely that even a single pulse can drive
vertical plasma outflows which higher up can result in (contribu-
tions to) the origin of the solar wind.
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ABSTRACT

Context. We use a two-fluid model to study the heating of the solar chromosphere by magnetoacoustic and magnetoacoustic-gravity
waves. In the model, we include energy dissipation as a result of ion—neutral collisions.

Aims. The aim of this paper is to study impulsively generated two-fluid magnetoacoustic and magnetoacoustic-gravity waves and to
quantify their contribution to chromosphere heating and the generation of plasma outflows.

Methods. We consider a 2D model of the gravitationally stratified and partially ionized solar atmosphere that is permeated by a
vertical magnetic field. To describe the dynamics of the atmosphere, we use a set of two-fluid equations which we solve numerically
with the use of the JOANNA code.

Results. We show that large-amplitude impulsively generated magnetoacoustic-gravity waves can efficiently heat the chromosphere
and generate plasma outflows in the low solar corona. The chromosphere is heated by ion—neutral collisions, which are most effective
at the top of this atmospheric layer. Wider and larger amplitude pulses heat the atmosphere more effectively and generate faster plasma
outflows.

Conclusions. Large-amplitude, impulsively generated two-fluid magnetoacoustic-gravity waves have the potential to contribute to the
solar chromosphere heating and plasma outflows in the low corona.

Key words. magnetohydrodynamics (MHD) — waves — Sun: activity — Sun: atmosphere

1. Introduction

The solar atmosphere can be divided into three main plasma
layers based on the differences in physical quantities such as
temperature, plasma density, and ionization degree. The lowest
region, called the photosphere, extends up to 0.5 Mm and has a
relatively low temperature of about 5600 K at its bottom which
decreases with height to a minimum of about 4300 K at its top.
Higher up is the 2 Mm wide chromosphere with a temperature
that rises to about 10*~10° K. The low temperature of the bot-
tom atmospheric layers makes it weakly ionized with an ioniza-
tion degree of only about 10~ at the top of the photosphere, but it
increases with height from there onward as the temperature also
increases (Khomenko et al. 2014). The corona, which is the top
solar atmosphere layer, has an average temperature of 1-3 MK.
As a result of this high temperature, the plasma in this region is
essentially fully ionized.

The solar atmosphere is penetrated by a diversity of waves.
Among them, magnetohydrodynamic (MHD) waves can be
distinguished, including fast and slow magnetoacoustic waves
(MAWs), Alfvén waves, and the entropy mode (Alfvén 1942;
Thomas 1983; Nakariakov & Verwichte 2005; Roberts 2006;
Ballester et al. 2018). These waves may form shocks that
locally heat the atmosphere (e.g., Ulmschneider et al. 1978;
Carlsson & Stein 1995). As the chromosphere is only partially

ionized, neutrals can play an important role in heating this layer.
One of the different dissipation mechanisms is ion—neutral colli-
sions which can lead to wave damping and the thermalization of
wave energy (Erdélyi & James 2004; Khodachenko et al. 2004;
Forteza et al. 2007). The presence of neutral particles can thus
result in the damping of Alfvén waves in chromospheric spicules
(Zaqarashvili et al. 2011). Alfvén waves were also studied in the
context of collisional damping (Leake et al. 2005; Soler 2013;
KuZma et al. 2020). These collisional energy dissipation mech-
anisms constitute an important component in the chromosphere
heating.

Internal gravity (henceforth gravity) waves are disturbances
in a gravitationally stratified medium. They are anisotropic as
they are unable to propagate along the gravity action. Wave
periods of these oscillations are higher than the Brunt—Viisild
cut-off period (Moore & Spiegel 1964). The first studies regard-
ing the heating of the solar atmosphere by gravity waves were
performed by Whitaker (1963), following the suggestions of
Hines (1960) who showed that these waves significantly con-
tribute to the transfer of energy, which should be included in
heating models. The energy transfer between gravity and MAWs
may be important in the context of atmosphere heating. It was
shown that gravity waves can heat the lower chromosphere due
to radiative damping (Lighthill 1967). The first piece of obser-
vational evidence of internal waves in the solar atmosphere
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was provided by Schmieder (1976) and Cram (1978). Studies
by Mihalas & Toomre (1981, 1982) showed that internal wave
dissipation dominates the mid-chromosphere, transferring all
energy to these heights. Studies of ion magnetoacoustic-gravity
and neutral acoustic-gravity waves by Vigeesh et al. (2017) show
local heating of magnetic flux tubes.

In the previous paper, Niedziela et al. (2021, henceforth
Paper I) show that triggered photospheric MAWSs can heat
the chromosphere through ion—neutral collisions. The authors
adopted a one-dimensional (1D) model which does not enable
internal gravity waves to propagate. As a result, this model
requires a refinement by extending it into 2D geometry, which
is the goal of the present paper. In this way, internal gravity
waves naturally appear in the model in which we focus on chro-
mospheric heating by ion—neutral collisions and related plasma
outflows that are generated in the solar corona.

This paper is organized as follows. The two-fluid equations,
the equilibrium model, and the initial pulse are presented in
Sect. 2. The setup of the numerical simulations is described
in Sect. 3 and the results of these simulations are described in
Sect. 4. This paper is concluded by a discussion and a summary
of the results in Sect. 5.

2. Numerical model of the solar atmosphere
2.1. Two-fluid equations

In our physical model, we consider the gravitationally strati-
fied solar atmosphere. The plasma in the chromosphere is par-
tially ionized and therefore contains both ions and neutrals. We
assume that the chromospheric plasmas consist of protons and
neutrals, and the ions are made of hydrogen atoms (i.e. they have
acharge of +1). A realistic model to describe the plasma dynam-
ics in lower atmosphere layers is based on using the two-fluid
equations which can be split into those for neutrals and those
for ions + electrons (Zaqarashvili et al. 2011; Leake et al. 2014;
Oliver et al. 2016; Maneva et al. 2017; Popescu Braileanu et al.
2019). The set of equations for neutrals (hereafter indicated by
the index n) is given by the following:

00n
V * nVn = 0’ 1
ot * @nVs) v
0,V
(ng v,y (©nVaVa + pal) = ong — @c(Va = Vi), 2
OE,
2+ V- [(Ea + pu)Val =019 Vo + O, 3
ang Pn
E, = 4
) Ty T “4)

while ions (;) and electrons (,) are treated as a separate single
fluid, which is described by the following equations:

0o;
2V @V =0,

o (5)
a(@é;:/i) + V(0 ViV + piD) = 09 + }I(V XB)X B +a.(V,-V),

(6)
%+V- (Ei+pie+g_;)vi_g(vi'B)]zgig'Vi+Qi’ @)
B- 2 o2 ®)
%—?:VX(ViXB), V-B=0. ©)
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Here, V;, denote the velocities of ions and neutrals, oi, are the
mass densities, pi.n are the gas pressures with pie = pi + pe =
2pi, Ei, correspond to the total energy densities, I is the identity
matrix, B is the magnetic field, and y is the magnetic perme-
ability. Constant quantities such as the specific heat ratio, y, and
gravity vector, g = [0, —g, 0], have the magnitudes of y = 5/3
and g = 274.78 ms~2. The interaction between the two plasma
species takes place through ion—neutral collisions and it depends
on the ion—neutral friction coefficient, given as (Braginskii 1965;
Oliver et al. 2016)

4 Oin

.

kg (T Ty
2B (_ (10)

+ _) On0i-

3 m; + my, T \m my,

Here, kg is the Boltzmann constant, o, = 1.4 x 10~15 cm? cor-

responds to the quantum collision cross section taken from the
model of Vranjes & Krstic (2013), and m; and m, are the atomic
masses of ions and neutrals equal to the proton mass, respec-
tively. This interaction results in additional source terms in the
equations such as the energy exchange terms Q;,, which are
defined as (Meier & Shumlak 2012; Oliver et al. 2016)

kp

1 mn

0 = a [%(Vi VP43 (T, - Tg], (11)

kg

12)

1 mn

On = ac B(Vi -V +3 (T; - Tn)] :

For simplicity reasons, we neglected all nonideal and nonadia-
batic terms.

2.2. Initial conditions
2.2.1. Magnetohydrostatic equilibrium

It is assumed that the atmosphere is initially (at # = 0 s) in hydro-
static equilibrium (V;, = 0) in which state the pressure gradient
and the gravity forces balance each other:

~VDin +0ing = 0. (13)

Hence, background gas pressures and mass densities can be
derived from (e.g., Murawski et al. 2015)

Y d
Pin(y) = Pino €Xp (— f Ai,ny(y))’ (14)
pin(y)
i,n = - s 15
9%n0) = A0 (15)

where pip = 107 Pa and pyy = 3 x 1077 Pa are the gas pressures
at the reference level, taken at y = y, = 50 Mm, and
kpTin
mi,ng
denote the ion and neutral-pressure scale heights, respectively.
Figure 1 (top left) shows vertical variation of the equilib-
rium temperature (Avrett & Loeser 2008). The minimum tem-
perature of T = 4341 K takes place in the low chromosphere, at
y = 0.6 Mm. In the middle and the upper chromosphere, T'(y)
slightly increases, but the fast growth of the initial temperature
takes place at the transition region where the temperature rises
from about 7 x 10° K to 3 x 10° K at y = 3 Mm. The corona is the
hottest region reaching 7 ~ 1 MK at y = 20 Mm (not shown).
The equilibrium profiles of the ion gas pressures and ion mass
densities, given by Egs. (14) and (15), are overlaid by a vertical
magnetic field B = Bye, of magnitude B, = 10 G, unless stated
otherwise. Henceforth, it is assumed that the initial temperatures
for both species are equal, T; = T, = T.

Ai,n =

(16)
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Fig. 1. Variation with height of the equilibrium temperature (top left), the bulk Brunt—Viisilé period (top right), the acoustic cut-off period (bottom
left), and the plasma S (bottom right) in the initial equilibrium configuration.

2.3. Bulk cut-off periods and plasma 8

In the solar atmosphere, internal-gravity waves can propagate
only if their wave periods are larger than the bulk Brunt—Viisila
period, Pgy, which is given as (e.g., Vigeesh et al. 2021)

1
Pgy =27r‘f—(7A—H).
g

a7
Here,
kg(T; + T,
— B( n) (18)
(mi + mn)g
is the bulk-pressure scale height, and
0i T On
= | == (19)
(Qi + Qn),y

is the bulk mass-density scale height. Generally, Pgy attains val-
ues larger than about 100s (Fig. 1, top right), which are much
larger than the ion-neutral collision timescale in the chromo-
sphere (Khomenko et al. 2014).

Acoustic waves can propagate freely in the medium if their

wave period P is smaller than the total acoustic cut-off period,
given as (Deubner & Gough 1984)

4rA

cs,/1+23—/}}

Here, Cs = \/y(pi + pn)/(0i + on) is the bulk sound speed. In the
opposite case, mainly for P > P,., acoustic waves are evanescent
(Lamb 1932).

Py = (20)

We define now the bulk plasma S as the ratio of total thermal
pressure to magnetic pressure and it is expressed as

_ Pie +Pn.
h= B2/2u

The total plasma S is an important coefficient that provides us
information about the impact of the magnetic and thermal pres-
sures in the solar atmosphere. We note that 8 > 1 in the pho-
tosphere and bottom chromosphere (Fig. 1, bottom right), which
implies that the total thermal pressure dominates over its mag-
netic counterpart, and slow and fast MAWs are strongly coupled
and indistinguishable. The magnitude of the plasma 3 decreases
with height, resulting in a weaker coupling of the MAWSs. The
solar corona is the region of plasma 8 < 1 from which we infer
that slow and fast MAWs are distinguishable and the coronal
plasma is governed by the Lorentz force, while the gas pressure
force is less important (Nakariakov & Verwichte 2005).

2n

2.3.1. Initial pulse

To perturb magnetohydrostatic equilibrium, we used the
Gaussian pulse in the vertical components of the ion and neu-
tral velocities, in other words

2 o2
Vig(x,y,1 = 0) = V(2,1 = 0) = A exp (_M)

w2

(22)

where A is the amplitude of the pulse, w corresponds to its width,
and (0,yp) is the point from which the pulse is launched. We
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Fig. 2. Time—distance plots for Vi, /Cs (top) and 6T;/T, (bottom), with-
out any pulse (A = 0) being launched initially (at # = O's).

consider several values of yg, w, and A, mainly yo = 0 Mm and
yo = 05Mm, w = 0.3Mm and w = 0.2Mm, and A = 2kms™!
and A = —Skms~ .

3. Numerical simulations

We performed numerical simulations with the use of the
JOANNA code which solves the initial-boundary-value problem
for the two-fluid equations (W¢jcik et al. 2020). The 2D numer-
ical box is specified as —2.56 Mm < x < 2.56 Mm along the
horizontal (x—) direction with the cell size Ax = 2.5km. The
region along the vertical (y—) direction is covered at the bottom
by a fine uniform grid zone with cells of size Ay = 2.5km. In
the case of yo = 0 Mm, the fine grid zone starts at y = -2 Mm
and ends at y = 3.12Mm. For yo = 0.5 Mm, the fine grid zone
is limited by min(y) =0 Mm and max(y) =5.12 Mm. Above this
fine grid zone, a stretched grid is implemented which consists
of 32 cells up to y = 40 Mm. Such a small number of cells in
the stretched grid zone is required to absorb the incoming sig-
nal and essentially to remove reflections from the top boundary
at which — along with the bottom boundary — all fluid quantities
are set to their equilibrium values. On the left and right sides
of the numerical box, all fluid variables were copied from the
nearby physical cells into the boundary cells, consisting of open
boundary conditions.

4. Numerical results
4.1. Numerical tests

The results of each numerical simulation are subject to certain
numerical errors. We, therefore, started the simulations by study-
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Fig. 3. Time—distance plots for Vj, (top) and 6T;/T (bottom), collected
along y at x = 0Mm for A = 2kms~!, w = 0.3Mm, and yo = 0 Mm.

ing the role of the background noise produced by the JOANNA
code which helped us to verify the numerical accuracy of the
simulation setup. The top panel of Fig. 2 displays time—distance
plots for the ratio of the vertical component of the ion veloc-
ity and the bulk sound speed. We note that max |V;,/Cs| =
4 x 1072 and this maximum occurs in the corona, highlighting
that the numerical error is not dynamically relevant; from this,
we deduced that Vjy is small in comparison to the local sound
speed in this region

Figure 2 (bottom) shows 67i/To = (Ti — Ty)/To from which
we conclude that max [67;/To| ~ 4 x 1073 occurs in the top
chromosphere and it is very small. In addition, these values
also decay with time, achieving 2 x 107> of their initial values
after 1750s. Hence, we infer that the numerical errors seen in
both panels are negligibly small, and the chosen numerical grid
and discretization scheme do not essentially affect the numerical
results.

4.2. A pulse launched from the bottom of the photosphere

First, we consider a pulse with amplitude A = 2kms~'. Figure 3
shows time—distance plots for V;y (top) and 6T;/T (bottom), col-
lected along the y axis at x = 0. Ions reach a maximum velocity
of Viy = 30km s~!. Steep wave profiles are formed in the chro-
mosphere and result in plasma heating through ion—neutral col-
lisions. Hence, we observe the spreading of the initial pulse into
a train of waves. At t ~ 300s, a part of the signal is reflected
from the transition region. Thus, the upward propagating waves
travel with an average speed of about 7.14kms~!. This value
is comparable to the bulk sound speed at the bottom of the
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Fig. 4. Spatial profiles of Vi, expressed in units of kms™" at t = Os (top left), t = 50's (top right), t = 100s (bottom left), and t = 200s (bottom

right) for A = 2kms™', w = 0.3 Mm, and y, = 0 Mm.

chromosphere, Cs ~ 6.9kms! at y = 0.7Mm, and to the bulk

Alfvén speed at the middle of this layer, Vo = B,/ +/u(0; + 0n) =
7kms™ aty = 1.4Mm. A reduction in the temperature of the
chromosphere is observed during the initial phase (bottom) due
to a rarefaction. After + = 300s, the temperature of the chro-
mosphere essentially grows. The pulse was initially (at = Os)
launched from the bottom of the photosphere (Fig. 4, top left).
As the signal spreads in space, its amplitude decreases to A =
1.74kms™" at t = 50s (Fig. 4, top right). At ¢ = 100s, the
signal, which continues to move upward, increases in amplitude
(Fig. 4, bottom left) due to the decreasing background density. At
t = 200s, the signal already passed the transition region, result-
ing in a significant wave steepening (Fig. 4, bottom right).

4.3. A pulse launched from the bottom of the chromosphere
4.4. Small amplitude pulse

In this subsection, we consider the case of yp = 0.5Mm and
A = 2kms~!. Figure 5 presents time—distance plots for Viy col-
lected at x = OMm (left) and x = 0.5Mm (right). The left
panel corresponds to MAWSs, while the right panel is associ-
ated with MAWSs and gravity waves. Plots of Vi, are drawn
up to y = 5SMm, while 67;/Ty and Viy — V,,y up to 2Mm to
show more details, which would hardly be discernible if these
plots were redrawn for the whole domain. In both panels, the
signals hit the transition region at + ~ 200s and experience
a partial reflection from there. The vertical component of the
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Fig. 5. Time—distance plots for Vi, (top), 6T;/Ty (middle), and log |Viy - Vny| (bottom), collected along y at x = 0 (left) and x = 0.5 (right), for the
pulse of its amplitude A = 2kms™!, and width w = 0.3 Mm, launched from y = y, = 0.5 Mm.

ion velocity, Viy, collected for x OMm reaches a higher
value of max(Viy) = 17kms™', than for x = 0.5Mm, at which
max(V;y) = 10km s~'. Shocks that are formed at the transition
region heat the atmosphere by ion—neutral collisions. The heat-
ing of the atmosphere by MAWSs is more pronounced with larger
maximum 67;/Ty ~ 0.7 values compared to magnetoacoustic-
gravity waves (MAGWs). Figure 5 (bottom) shows log of the
absolute value of velocity drift, log |6V| = log|Viy — Vyyl, which
grows with height and reaches its maximum at the top of the
chromosphere. It shows that the top of the chromosphere is
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essentially heated by collisions (see Eqs. (11) and (12)). The
highest value of log|6V| occurs during the initial phase when
the pulse reaches the transition region at + = 200s. This is in
agreement with Fig. 5, which illustrates that the plasma is most
strongly heated at# = 200 s. The minimum value of log [0 V| takes
place below y = 1 Mm from which it follows that ions and neu-
trals are strongly coupled and propagate with almost the same
speed. As a result of the ion—neutral collisions, the wave energy
is dissipated and converted into heat. This dissipation mecha-
nism is most effective for the largest values of log|6V| and it
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Fig. 6. Averaged over time (V;y) (fop) and (6T;/T) (bottom), collected along y at x = 0 Mm (left) and x = 0.5 Mm (right), for the pulse parameters

corresponding to Fig. 5.

can compensate the radiative and thermal losses in the chromo-
sphere. The results obtained in Paper I also show that the highest
values of log |0V| take place at the top of the chromosphere.

Figure 6 illustrates Vi, (top) and 67;/To (bottom), averaged
over time, that is specified as

1 2
dz,
12_t1\ft: f

where f = Viy or 6T;/To, t; = 500s, and t, = 2000s. For
MAWSs (left), (Viy) starts to increase from the bottom of the
chromosphere y = 0.5 Mm and it reaches its maximum of about
0.04kms™" at y ~ 0.7Mm. A minimum of Viy = —0.25kms™!
is observed at y = 5 Mm. On the contrary, the panel for MAGWs
(right) shows an increase in (Viy) from the middle of the chro-
mosphere y = 1.1 Mm up to the transition region. For MAWSs,
upflows (Viy > 0) are observed within the range of 0.5 Mm <
y < 1.5Mm, while for MAGWs they are observed above y =
1.5 Mm. Higher up in the solar corona, such upflows may result
in the origin of solar wind. These results are in agreement with
Paper 1.

It is apparent that MAWSs heat the chromosphere more signif-
icantly than MAGWs. As a matter of fact, for MAWSs, (6T;/To)
reaches a value of about 0.4 at the top of the chromosphere.
For the left panel (MAWSs), a minimum of (67;/Ty) is observed
at yop = 0.5Mm, which corresponds to the launching height in
this case. On the other hand, in the RHS panel (MAGWs), we

fHr=

(23)

observe temperature oscillations at the launching level, while a
temperature minimum is present at yo = 1 Mm. For both types
of waves, the top of the chromosphere is heated the most, which
correlates with 6V;y (Fig. 5, bottom). We note that the tempera-
ture in the photosphere is reduced since no waves are seen there
(Fig. 5, bottom). A comparison with the results from Paper I
shows that the average heating in the 2D model is significantly
smaller than that obtained with the 1D model.

Figure 7 shows the kinetic energy flux. This quantity is given
by the equation

Fresi = 0.50V>Cs.

The top panels clearly show that the greatest energy loss
takes place in the chromosphere with the highest value
of max(Fgei)=10°ergcm™2s™! for the LHS panel and
max(Fgei) = 10° erg cm~2s~! for the RHS panel. Hence, we
observe higher energy losses for MAWs than MAGWs. The bot-
tom panels show (Fg.) averaged over time. We note local min-
ima occurring in the middle of the chromosphere for both types
of waves. Above the transition region, we observe a plateau of
(Fgcsi). The obtained kinetic energy flux values for MAWSs are
too small to fulfill radiative losses in the chromosphere by two
orders of magnitude (Withbroe & Noyes 1977). For MAGWs, it
is a difference of three orders of magnitude. A comparison of
(Fgesi) in the corona similarly shows that these are not sufficient
values to match the energy losses. These differences may be the
result of the absence of nonlinear Alfvén waves.

(24)
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x = 0.5 Mm (right), for the pulse parameters corresponding to Fig. 5.

4.5. Fourier power spectra

Figure 8 displays wave periods from the Fourier power spec-
trum Viy(x = 0,y,1) (left) and Viy(x = 0.5,y,1) (right). The
wave cutoffs that take place in stratified media can be used
to determine if the range of periods corresponds to propagat-
ing or evanescent waves. Observational variations of the cut-
off in the solar atmosphere were studied by Wisniewska et al.
(2016) and Kayshap et al. (2018). For x = O0Mm, the main
period P ~ 200s. The wave periods are only higher than
Pc in the lower photosphere, since max(Pac)=220s aty =
0.25Mm, and in the transition region within the range of
2.1Mm < y < 2.2Mm. Hence, the waves are evanescent out-
side of these regions. For x = 0.5Mm, the dominant wave
period is close to P ~ 300s within the range of OMm <
y < 0.6 Mm. Higher up, for 0.6 Mm < y < 1.5Mm, the sig-
nal propagates with P =~ 230s. At y = 1.5Mm, the main
period falls off to P ~ 150s. Hence, the waves can propa-
gate throughout the photosphere and the low chromosphere. A
comparison of these wave periods with the observational data
of Wisniewska et al. (2016) and Kayshap et al. (2018) reveals
an agreement at some points. Hence, the similarity between the
numerical results and the observational data confirms that ion—
neutral collisions are an efficient mechanism of energy release
and our results can be used to determine the structure of the solar
atmosphere.
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4.6. Parametric studies

We performed some parametric studies to investigate how the
pulse width affects plasma heating and the generation of out-
flows. Decreasing the pulse width from w = 0.3Mm to w =
0.2Mm results in smaller Vjy at a given height (Fig. 9, top).
For a narrower pulse width, max(67;/T)) falls off by a factor of
two (bottom). Thus, the chromosphere is not heated by narrower
pulses as much.

Figure 10 illustrates the maximum of Viy(x = 0, y, #) for dif-
ferent pulse parameters. A higher absolute amplitude, |A| (top),
and a higher width of the pulse (bottom) both result in an
increase of max(Vjy), which is in agreement with the 1D results
of Paper I. However, the 1D model exhibited a linear correla-
tion between the width of the pulse and the maximum outflow
velocity, while the increase is not linear in the 2D model.

As a result of increasing the absolute value of the ampli-
tude of the initial pulse from A = 2kms™! to A = Skms~!,
the signal in Viy, which was collected at a given height, is more
pronounced for larger amplitudes (Fig. 11, left). The maximum
values of 6T;/T also increased to about 1.6 (right) compared to
the results for smaller amplitude max(67;/7Ty) = 0.7 (Fig. 5, mid-
dle left) at the top of the chromosphere. However, comparison
with the results for yo = 0 Mm (Fig. 3) shows that even though
the amplitude is larger, the signal in Vjy is smaller. This is a result
of the lower y value which affects the pressure-scale height.
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Fig. 9. Time—distance plots for Vi, (fop) and 6T;/T, (bottom), collected

along y for x = 0Mm, for the pulse of its amplitude A = 2km s™', and Fig. 10. Maximum value of Vi,(x = 0,y,1) vs. the following: |A| for

width w = 0.2 Mm, launched from y = yo = 0.5 Mm. Yo = 0.5Mm and w = 0.3 Mm (top); and w for yo = 0.5Mm and A =
2kms~! (bottom).

Figure 12 shows parametric studies for different background
magnetic field magnitudes. A magnetic field of magnitude B, = more cooling is observed at the top of the chromosphere. Mag-
5 G (top-left) results in max(67;/To) = 0.5. We note that plasma  netic fields of even higher magnitudes, such as B, = 20G (bot-
is heated and cooled within the whole atmosphere. Increasing the  tom left) and B, = 25G (bottom right), cause an increase in
magnitude of the magnetic field to B, = 15 G (top right) results max(67;/To) to 2.1 and 2.8, respectively. After + = 12005, the
in higher max(67;/Ty) ~ 1.2. In this case, after t+ = 1200s, no top of the chromosphere is hardly cooled at all.
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Figure 13 presents the relative perturbed ion temperature
averaged over time and height, H, versus By,. We define this
quantity as

1 V1 5T
= e

where yo = 0.5Mm and y; = 1.9Mm. It is clearly seen that
higher magnitudes of the vertical magnetic field result in more
heating of the photosphere and chromosphere.

H:
J1

(25)
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5. Summary and conclusion

We performed 2D numerical simulations of impulsively gen-
erated neutral acoustic-gravity and ion magnetoacoustic-gravity
two-fluid waves in the partially ionized lower solar atmosphere.
These waves are triggered by the initially launched pulse in
the vertical components of both the ion and neutral velocities,
and they heat the upper chromosphere as a result of ion—neutral
collisions. Increasing the launching height results in a smaller
temperature increase in the chromosphere. This results from the



R. Niedziela et al.: Two-fluid magnetoacoustic-gravity waves in the solar chromosphere

0.018 g
0.016 s

0014} __-—~
¥

Gl 5 10 15 20 25

By [Gs]

Fig. 13. Averaged over time and height relative to perturbed temperature
of ions, H vs. By, for the pulse of its amplitude A = 2km s~! and width
w = 0.3 Mm, launched from y = yp = 0.5 Mm.

pressure scale height according to which the amplitude increases
e times with height. Moreover, max(Viy) and max(6T;/T) are
higher for vertically propagating magnetoacoustic waves than
for magnetoacoustic-gravity waves which propagate obliquely to
the gravity action, that is to say horizontally. The heating of the
chromosphere is strongly correlated with the velocity drift which
attains its largest values at the top of this region. The same results
were obtained in Paper I where the top chromosphere was heated
as a result of ion—neutral collisions. Similarly to the plasma
heating, the plasma outflow is also larger for magnetoacoustic
waves than for magnetoacoustic-gravity waves. Parametric stud-
ies show that a narrower pulse results in less chromosphere heat-
ing and lower plasma outflows, which results from less energy
being released by a narrower pulse. On the other hand, increas-
ing the absolute value of the amplitude from A = 2kms™' to
A = 5kms™! leads to more significant heating and a more sub-
stantial generation of plasma outflows. The parametric studies in
Paper I for the 1D model have also shown that a narrower pulse
leads to less heating of the atmosphere and smaller plasma out-
flows and that increasing the amplitude leads to higher V;, and
5T/ To.

As a final conclusion, we note that larger-amplitude mag-
netoacoustic waves excited by a single pulse result in stronger
chromospheric heating and the generation of plasma outflows
for both 1D and 2D models.
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ABSTRACT

Context. This study has been carried out in the context of chromosphere heating.

Aims. This paper aims to discuss the evolution of driven slow magnetoacoustic waves (SMAWs) in the solar chromosphere modelled
with a realistic ionisation profile and consider their potential role in plasma heating and the generation of plasma outflows.

Methods. Two-dimensional (2D) numerical simulations of the solar atmosphere are performed using the JOANNA code. The dy-
namic behaviour of the atmospheric plasma is governed by the two-fluid equations (with ionisation/recombination terms taken into
account) for neutrals (hydrogen atoms) and ions (protons)+electrons. The initial atmosphere is described by a hydrostatic equilibrium
(HE) supplemented by the Saha equation (SE) and embedded in a fanning magnetic field. This initial equilibrium is perturbed by a
monochromatic driver which operates in the chromosphere on the vertical components of the ion and neutral velocities.

Results. It is shown that the HE+SE model results in time-averaged (net) plasma outflows in the top chromosphere, which are larger
than their pure HE counterpart. The parametric studies demonstrate that the largest chromosphere temperature rise occurs for smaller
wave driving periods. The plasma outflows exhibit the opposite trend, growing with the driver period.

Conclusions. It is concluded that the inclusion of the HE+SE plasma background plays a key role in the evolution of SMAWS in the

©ESO 2024

solar atmosphere.

Key words. Magnetohydrodynamics (MHD) - Waves - Sun: activity - Sun: atmosphere

1. Introduction

The Sun’s atmosphere is classified into three layers that differ in
physical quantities, such as temperature and mass density. The
lowest layer of the atmosphere is called the photosphere, where
the temperature varies from about 5600 K at its bottom to about
4300 K at its top, located about 600 km above the solar surface.
The layer above the photosphere is called the chromosphere, and
in this layer, the temperature rises to about 6 — 7 - 10° K. In
the outer layer, called the solar corona, the temperature reaches
1 — 3 MK on average. As the abundance of ions is strongly
correlated with the plasma temperature, the photosphere is only
very weakly ionised, i.e., the ionisation degree is of the order of
107*. The chromosphere, however, is partially ionised with typi-
cal ionisation levels of 5- 1072, and the corona is essentially fully
ionised (Biermann 1947; Miyamoto 1949). The solar corona and
the chromosphere are separated by a 100 — 200 km thin layer
called the transition region in which temperature suddenly rises
from chromospheric to coronal values. Such an abundance of
neutrals in the lower atmospheric layers requires considering the
presence of both charged species (ions and electrons) and neutral
atoms to describe the dynamics of the atmosphere realistically.

Being a dynamic environment, the photosphere is the source
of diverse waves. The effect of these waves on the chromospheric
temperature and the generation of plasma flows was recently in-
vestigated (e.g. Nakariakov et al. 2019; Niedziela et al. 2022;
Pelekhata et al. 2022). More realistic models of the atmosphere,
including complex magnetic fields and non-isothermal condi-

tions were considered in subsequent studies (e.g. Defouw 1976;
Stark & Musielak 1993; Musielak et al. 2006; Felipe et al. 2018;
Murawski et al. 2022; Kraskiewicz et al. 2022).

Naturally, ion-neutral collisions result from the chromo-
sphere’s physical conditions. A two-fluid model could model
them, but the effect of these collisions can be partly taken into ac-
count in a magnetohydrodynamic (MHD) approach, viz. as am-
bipolar diffusion in the generalised Ohm’s law (e.g. MacBride
et al. 2022; Gonzalez-Morales et al. 2020). A full two-fluid
model is superior to an MHD model, and it has been shown that
these ion-neutral collisions may play a key role in wave damp-
ing — a process that is most effective at steep wave profiles (e.g.
KuzZma et al. 2021; Murawski et al. 2020).

Driven slow magnetoacoustic waves (SMAWs) were also
considered in the framework of MHD by Kraskiewicz et al.
(2019), who performed numerical simulations of the behaviour
of excited SMAWSs in MHD systems with horizontal and vertical
magnetic fields. Further numerical studies of SMAWSs generated
by the solar granulation showed that the main period of highly
turbulent photospheric plasma is close to 300 s (KuZma et al.
2021).

The idea to study chromosphere heating by acoustic waves
was initially suggested by Biermann (1946) and Schwarzschild
(1948). Much later, it was proposed that their incompressible
counterparts, mainly Alfvén waves, can participate in the gener-
ation of the solar wind (e.g. Ofman 2010; Banerjee et al. 2021).

The main aim of the present paper is to study the propaga-
tion of driven two-fluid SMAWSs in the partially ionised solar
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atmosphere. The so-far developed solar atmosphere models (e.g.
Botha et al. 2011; Kraskiewicz et al. 2023; Niedziela et al. 2021;
Pelekhata et al. 2021) were based on a pure hydrostatic equilib-
rium (HE) approximation, while the model presented here sup-
plements it for the first time by the Saha equation (SE) (Saha
1920) to consider ionisation effects. This equation is important
as it improves the HE model by implementing a realistic vertical
profile of the ionisation degree, i.e., the ratio of the number of
ions to the number of neutrals in the solar atmosphere.

This paper is organised as follows. The numerical model and
the setup of the numerical simulations are described in Sect. 2.
The numerical results of the driven waves are presented and dis-
cussed in Sect. 3. This paper is finalised by summarising our
findings and conclusions in Sect. 4.

2. Numerical model

To describe the lower layers of the solar atmosphere, a hydro-
gen plasma is considered, which consists of two components:
an ionised (protons + electrons) fluid and a neutral (hydrogen
atoms) fluid.

2.1. Two-fluid equations

The appropriate two-fluid equations are given by (Oliver et al.
2016; Maneva et al. 2017a; Popescu Braileanu et al. 2019; Mu-
rawski et al. 2022) and they are rewritten here as

doi
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In the equations above, the subscripts ,, i, and  correspond to,
respectively, neutrals, ions, and electrons, while g;,, denote the
mass densities of ions and neutrals, V;, are the velocities, pien
describe the ion, electron, and neutral gas pressures. It is as-
sumed that p. = p;. The symbol I stands for the identity ma-
trix, the terms Ej, correspond to the total energy densities, g =
[0, —g, 0] is the gravity vector with magnitude g = 274.78 m s2,
v = 5/3 represents the ratio of specific heats, B denotes the mag-
netic field, and u is the magnetic permeability. The symbols S,
and Q;, indicate the collisional momentum and the energy ex-
change terms, respectively. These are given by the following ex-
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pressions (Oliver et al. 2016):
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The ionisation and recombination coefficients, T and T"*°, are
specified by Maneva et al. (2017b). The effect of the interaction
between these two species depends on the ion-neutral friction
coefficient ai,, which is defined as (Braginskii 1965)

_ i T'inQiOn
3m; +my bg
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CEE

mi Ny

Here, kg corresponds to the Boltzmann constant, oy, = 1.4 -
10715 cm? represents the quantum collision cross-section (Vran-
jes & Krstic 2013), m;, are the masses of the ions (protons) and
the neutrals (hydrogen atoms), respectively, and T, are their
temperatures given by the ideal gas laws,

kg
Pin =
m

i,n

Qi,nTi,n . (13)

For the sake of simplicity, all other non-adiabatic and non-ideal
terms in the two-fluid equations are neglected, and the discus-
sion is limited to a 2D situation with z being an invariant coor-
dinate. However, compressive viscosity, which is not included in
the model, would additionally damp the magnetoacoustic waves
(Nakariakov et al. 2017; Duckenfield et al. 2021; Ofman & Wang
2022).

2.2. Magnetohydrostatic equilibria

Two realisations of the solar atmosphere equilibrium are consid-
ered, namely:

1. a hydrostatic equilibrium (HE), which is determined by a
vertical temperature profile T(y), taken here from the model
of Avrett & Loeser (2008), with reference values of ion and
neutral gas pressures. For details, see, e.g., Niedziela et al.
(2022);

2. a HE supplemented by the Saha equation (HE+SE). Here,
the hydrostatic equations are combined with SE, which is
specified for the hydrogen plasma as (Suzuki et al. 2022)

Bt L ep(= 2.

= 14
ni nH/lg ( )

Here, ni; and n; are the density number of atoms in ioni-
sation state i + 1 and i respectively, ng denotes the density
of hydrogen atoms which in the hydrogen plasma model is
equal to n,, and Iy = 13.6 eV corresponds to the hydrogen
ionisation potential, A, is the thermal de Broglie wavelength
of an electron given as

"2
Ade = A|m——.
€ 2nmekpg T

5)
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Fig. 1. Variation with height of the equilibrium temperature, 7, (a), ionisation degree, / (b) for HE (dashed line) and HE+SE (solid line), mass
density (c, d) for ions (solid line) and neutrals (dashed line) for HE+SE (c) and HE (d).

Here, h represents the Planck constant and m, is the elec-
tron mass. Note that the SE is valid for a plasma in thermo-
dynamic equilibrium, which is not valid for the solar atmo-
sphere.

The vertical profile of the equilibrium temperature, 7o (y), is
displayed up to y = 5 Mm in Fig. 1, (a). In the photosphere, T
attains a value of about 5600 K. At y = 0.6 Mm, which is close
to the bottom of the chromosphere, it decreases to a minimum of
about 4300 K (Fig. 1, a). In contrast, Ty(y) slightly grows in the
chromosphere, but the most dramatic variation is observed in the
transition region across which the temperature rises from about
7-10°Kto2-10° Katy = 2.5 Mm.

The ionisation degree, I = 0;/(0i + 0n), determined with the
use of the SE, reaches the lowest values at the temperature min-
imum at the top of the photosphere with a minimum value of
about 2 - 107 (Fig. 1, panel b, solid line), and it is significantly
different for the HE case for which I attains the lowest value of
about 1072 at y = 0 Mm (dashed line). As Ty(y) increases in the
chromosphere, I also tends to grow there. Due to the essentially
complete ionisation of plasma in the solar corona resulting from
its high temperature, the magnitudes of I are highest there. The
maximum value of / = 1 takes place aty = 2.3 Mm, and it corre-
sponds to the floor value for o,,, which is set as 107!° g - cm™ to
avoid numerical issues with negative mass density in the corona.

Note that g; is lower than g, in the photosphere and the chro-
mosphere (Fig. 1, c). This results from the relatively low chro-
mosphere temperature compared to the temperature of the solar
corona, which directly affects the ionisation rate and the num-
ber of ions in the system. Aty = 0.5 Mm and aty 1 Mm
respectively a local minimum and maximum of o; take place
in the HE+SE case. However, in the transition region, where a
sudden increase in temperature occurs, a sharp decrease in g, is
observed. In the corona, the mass density reaches its minimum
which is higher for ions with ¢; ~ 107 gcm™ than for neu-
trals with g, ~ 107! gcm™ for HE, and o, ~ 107! gcm™ for
HE+SE (Fig. 1, c, d). It is well seen that for HE, o; dominates
over g, already in the middle chromosphere, that is, at a lower
level than for HE+SE. The hydrostatic system is embedded in a
magnetic field,

_ x+ L . [x+ L y
B—Bo[cos( A ), sm( A ),O]exp( I\B) (16)
+[0, By, 0],
A =2L/m, (17)

which mimics fanning out magnetic field lines (Fig. 2). The mag-
nitude B, of the vertical field is chosen as —5 Gs. The mag-
netic field at y = 0, By = 500 Gs, and the characteristic width,
L = 0.64 Mm. Such magnetic field is current-free (VX B/u = 0)
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and thus also force-free ((VxB)xB/u = 0), and therefore it does
not affect the hydrostatic ion gas pressure and ion mass density
profiles.

2.3. Perturbations by a monochromatic driver

The magnetohydrostatic equilibrium is perturbed by the
monochromatic driver in vertical components of ion and neutral
velocities, i.e.

2 2

Vigy = ya. 1) = Viy(y = yau 1) = Aexp(—%)sin(})i;). (18)
Here, A is the amplitude of the driver, which is fixed to 5 km s7!,
w = 50 km its width, Py its period, and y4 denotes the operation
height which is set to be equal to y4 = 1 Mm, corresponding to
the middle chromosphere. Such amplitudes are observed in the
chromosphere in 3-minute oscillations (Felipe et al. 2010; Kr-
ishna Prasad et al. 2015; Khomenko & Collados 2015). Several
values of Py are considered, and appropriate results for the HE
are compared with those for the HE+SE model. The following
values of P4 = 2.5 s, 5 s, and 10 s are considered. As these
values are closer to the ion-neutral collision times, which are
within the range of about 0.1 — 1 s in the chromosphere and the
low corona (Khomenko et al. 2014), two-fluid effects are antici-
pated to be more important for these periods rather than for more
powerful 3- and 5-min oscillations.

2.4. Numerical box and boundary conditions

The numerical simulations are performed with the use of the
JOANNA code (Wojcik et al. 2020), which solves the two-fluid
equations (1) - (13). The Courant-Friedrichs-Levy (CFL) num-
ber is set equal to 0.9, and the third-order strong stability pre-
serving Runge-Kutta method (Durran 2010) is adopted and sup-
plemented by the Harten-Lax-van Leer Discontinuities (HLLD)
approximate Riemann solver (Miyoshi & Kusano 2005). The 2D
simulation domain is specified as (—0.64 < x < 0.64) Mm X
(1 <y <£3.56) Mm and covered by 1024 x 2048 cells, leading
to a numerical grid cell size in this area Ay = 0.125 km. Higher
up, within the zone 3.56 Mm <y < 15 Mm, the grid is stretched
along y up to y = 15 Mm and covered by 64 cells. Thus, this
stretched grid damps the incoming signal at the top boundary
(KuZma & Murawski 2018). The selection of the numerical grid
was preceded by a grid convergence study. The assumption that
at least 16 grid points should cover the wavelength proved ade-
quate, leading to numerical diffusion, which did not significantly
affect the results for the chosen periods. All plasma quantities are
fixed to their equilibrium values at the top and bottom boundaries
of the numerical box. The only exception is the bottom bound-
ary overlaid by the monochromatic driver, described by Eq. (18).
At the side boundaries, x = +0.64 Mm, open boundary condi-
tions are implemented, which are realised by copying all two-
fluid quantities into the boundary cells from the nearest physical
cells.

3. Numerical results

In this part of the paper, various driver periods are investigated,
and how they influence the chromosphere heating and the gen-
eration of plasma outflows. Figure 2 illustrates Vi(x, y) profile at
t = 110 s for P4 = 5 s. Note that the leading signal has already
passed the transition region and reached y = 2.3 Mm. In the mid-
dle and top chromosphere, the periodic pattern is well seen. The
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Fig. 2. Spatial profile of Vi(x,y) (expressed in km s™') at t = 110 s
overlaid by its vectors (white arrows) and magnetic field lines for Py = 5
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signal in V; is essentially associated with SMAWSs, which propa-
gate mainly along magnetic field lines in a strongly magnetised
medium.

Figure 3 displays time-distance plots for Vjy (a, c, €) and

T, - Ty
Ty

(b, d, f) for Py = 10 s (a,b), Py = 5s(c,d),and Pg = 2.5 s
(e, ), collected at x = 0. As a result of the ion-neutral colli-
sions, a part of the SMAWs kinetic energy is thermalised, and
this effect is particularly important at steep wave profiles, which
result from the exponentially growing wave amplitudes over a
height equal to the pressure-scale height. A competitive effect
of this is wave energy spreading along magnetic field lines that
fan out at height. Thus, even a small amplitude driver may re-
sult in SMAWSs with quickly growing amplitudes that steepen
into shock waves in the chromosphere and thermalise their en-
ergy there. The case of Py = 2.5 s corresponds to the lowest
values of max(Viy) = 3.2 km s~'. However, this case shows
the largest heating, most significant in the lower part of the nu-
merical domain, below y = 1.2 Mm. The driver with a period
of P4 = 5 s excites higher Vj, values but lower ¢67;/T¢ com-
pared to the Py = 2.5 s case. The largest velocities are ob-
served for P4 = 10 s driver. Nevertheless, the lowest heating
corresponds to the largest period studied in this paper. Short pe-
riod waves (P4 = 2.5 s) experience stronger non-linear damping
(Kraskiewicz et al. 2023) which may be an explanation for the
lower max(Viy). The incoming signal is partially reflected from
the transition region. This reflection results from the physical
nature of this layer, where mass density, gas pressure, and tem-
perature experience a sudden fall off with height.

Figure 4 shows kinetic energy flux Fg_ = 0.50V2Cs (a, c)
and frictional heating term Q (b, d), (defined as the first term on
the right-hand side of Eq. 11). The SMAWS can carry kinetic
energy with the flux of about 6 - 10° ergecm™2 57! in the mid-
dle chromosphere, where the driver operates. This value falls off

oT;/To = (19)
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Fig. 3. Time-distance plots for Viy(x = 0,y,7) (a, ¢, e) and 67;/T, (x = 0,y,1) (b, d, f) for Py = 10 s (a, b), Py = 5 s (c,d), and P4 = 2.5 s (e, f), in

the case of HE+SE.

with height reaching about 10? erg cm™2 s~! at the top chromo-
sphere. Compared to the chromospheric radiative energy losses
for the quiet Sun (Withbroe & Noyes 1977), the kinetic energy
flux is too small to fulfil these losses by about two orders of mag-
nitude. As Q attains the largest values of Q = 2-10erg cm ™ s™!
above the driver, at y ~ 1.05 Mm (b), it is inferred that the ther-
mal energy release takes place at this altitude in the considered
model atmosphere with active ionisation/recombination effects.

Figure 5 presents the temporal averaged ¢67;/T) (a, ¢, e) and
Viy (b, d, f), defined as

1 2
<f>t=[2—t1jt: far,

where f = 6T;/Ty or Viy, t; = 140 s and ©, = 500 s. For
all studied periods, the maximum heating rate is observed be-
low y = 1.2 Mm, which agrees with Fig. 3. Additionally, with

decreasing driver period, <6Ti/ T0>[ peaks reach smaller values.
Above the altitude y = 1.2 Mm averaged heating values oscil-

(20)
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Fig. 4. Time-distance plots (a, b) and averaged over time vertical profiles (c, d) for kinetic energy flux Fg.__ (a, ¢) and frictional heating term Q (b,

d) for Py =5 sin the case of HE+SE.

late at a fixed level. Studies of <Viy>t show plasma outflows in
the chromosphere.

For comparison purposes, simulations without the SE, cor-
responding to the case of pure HE, are run. A comparison of
Viy (Fig. 6, a) with its counterpart for the SE (Fig. 3, c) reveals
slightly lower plasma velocities in the HE+SE case. This small
difference is seen in Fig. 7, which displays Vi, for HE (solid
line) and HE+SE (dashed line) at the height y = 1.7 Mm and at
t = 500 s. The opposite scenario is observed for 67;/T,, which
reveals larger values and, thus, more significant chromosphere
heating for HE than for HE+SE.

To investigate the influence of ion-neutral collisions in the
chromosphere heating, the studies of velocity drift (Fig. 8),
Viy = Vi for HE (a) and HE+SE (b) are performed. The highest
values of V;, —V,,, in both cases are observed in the region where
the driver was launched, viz. 1 Mm < y < 1.2 Mm. However, the
HE case shows a significant difference in the velocities at the
whole chromosphere. These results agree with the heating pre-
sented in Figs. 3 & 6. Thus, the heating of the top chromosphere
is the result of ion-neutral collisions, which were included in the
two-fluid model (Egs. 1-12). For the HE+SE case, the lowest
values of Viy — V,,, and 6T;/T are observed in the middle chro-
mosphere. On the other hand, velocity drift reaches its highest
values in the upper chromosphere, which is particularly evident
in the HE+SE panel. It is unsurprising as the coupling between
species decreases with lower density at higher altitudes. Note
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that in both equilibrium configurations, the velocities of neutrals
are greater than ions in most of the chromosphere.

Figure 9 presents the relative perturbed ion temperature av-
eraged over time and height. This quantity is defined as

1 2 6T,
He—— [ (),
»2-yJdy ‘To’t

2D

where y; = 1 Mm and y, = 1.9 Mm. As H experiences fall-off
of with Py, the chromosphere heating decreases with the driver
period. These results converge with that of Soler (2024) (his
Eq. 7.1), which shows that the heating rate is proportional to
«’. Thus, the highest efficiency in heating is achieved with high-
frequency waves. A similar effect was observed in the context of
Alfvén waves (Song & Vasyliinas 2011). As a result, the chro-
mosphere acts as a filter, damping high-frequency waves which
deposit heat at the lower altitudes.

4. Summary and conclusion

A new model of the solar chromosphere is constructed. In this
model, the unperturbed state is described by the magnetohy-
drostatic equilibrium, with fanning out with height magnetic
field lines and supplemented by the Saha equation to model
the variable ionisation degree in the photosphere and chromo-
sphere. This magnetohydrostatic equilibrium is perturbed by
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a monochromatic driver that operates at the middle chromo-
sphere, exciting in a strongly magnetised medium, essentially
slow MAWs. This atmosphere is described by two-fluid equa-
tions (with ionisation/recombination terms included) for ions
(protons) + electrons and neutrals (hydrogen atoms), which are
solved numerically with the use of the JOANNA code (Wdjcik
et al. 2019).

It is found that, as a result of ion-neutral collisions, the
SMAWSs are damped and they thermalise their energy at y =

1.05 Mm, with the stronger effect corresponding to smaller wave
periods. Most of the energy from granulation-excited waves is
concentrated in 5-minute oscillations with wave periods of 300 s
(Zaqarashvili et al. 2011). Consequently, the 2.5, 5, and 10 s
wave periods correspond to less energetic oscillations. These
shorter periods are closer to the timescales of ion-neutral colli-
sions, making two-fluid effects more significant for these waves.
Velocity drift reaches the highest values at the bottom of the
numerical region, showing agreement with the heating profile.

Article number, page 7 of 9



A&A proofs: manuscript no. output

(a)

0.3 4

(ST Ty )

0.0 4

0.1

-0.2 1

Lo 1.2 14 1.6 18
u [Mm]

(b)

0.14

- 0.04

2011

L0 ll'_’ lll l'h l_ln
¥ [Mm
Fig. 6. Time-distance plots for Viy(x = 0,y,1) (a) and 67;/Ty (x = 0,,1)
(b) for the driver parameters corresponding to the panels (c, d) of Fig. 3
but drawn here for HE.

0.4

0.2 \
\
1
| i
H
i
0.0 i
= '
g :
£ H
= |
S i
> -02 ¥
Vi
A
-0.4
-0.6
-0.6 -0.4 -0.2 0.0 02 04 0.6
x [Mm]

Fig. 7. Variation of Viy(x,y = 1.75 Mm, t = 500 s) s for HE (solid line)
and HE+SE (dashed line).

Additionally, the SMAWS drive flows from the middle chromo-
sphere into the solar corona. It is shown that the realistic ion-
isation rate specified using the Saha equation results in lower
plasma outflows and chromosphere heating than the ionisation
determined by the pure hydrostatic equilibrium. Comparison
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with observational radiative energy loss data showed that the ki-
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netic energy flux values we obtained are too small to drive the
solar wind.

It is concluded that the Saha equation plays an important role
in the evolution of SMAW .
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ABSTRACT

We consider the effects of granulation with a complex geometry of a magnetic carpet on the genesis of waves and plasma flows
in a quiet-region of the solar atmosphere. Our aim is to perform numerical experiments on the self-generated and self-evolving
solar granulation in a magnetic carpet representing the parts of the large-scale magnetized solar atmosphere, where waves and
flows are basic inherent physical processes occurring continuously. We perform numerical experiments with the use of the
JOANNA code which solves non-ideal and non-adiabatic two-fluid equations for ions+electrons and neutrals treated as two
separate fluids. In these experiments, we assume that the plasma is hydrogen, and initially described by magnetohydrostatic
equilibrium which is accompanied with a magnetic carpet. Parametric studies with different values of magnetic field show that
its higher values result in larger magnitudes of ion-neutral velocity drift, thus ensuring larger heating and plasma flows. The
present model addresses that in the highly dynamic solar chromosphere, waves, heating and plasma flows may collectively
couple different layers of the solar atmosphere, and this entire process crucially depends on the local plasma and magnetic field

properties. We suggest that waves and flows are the natural response of the granulation process in the quiet-Sun.

Key words: Sun: atmosphere — Sun: granulation — methods: numerical

1 INTRODUCTION

It is well established that the plasma and radiative properties of the
solar atmosphere change with altitude leading to an increase in its
temperature and thus in the ionization level of the species present
in its higher layers (Avrett & Loeser 2008). However, the bottom
layer of the Sun’s atmosphere, called the photosphere, is charac-
terized by a temperature range from about 5600 K at its bottom to
about 4300 K at its top. Such low temperature leads to a weakly ion-
ized plasma (Khomenko et al. 2014). Investigation of the small-scale
magnetic activity of the three-dimensional (3D) quiet solar atmo-
sphere models reveals mean field strength (B) ~ 70 G in the middle
of the photosphere (del Pino Aleman et al. 2018). The photosphere
is capped by the chromosphere, where temperature rises to almost
7 x 10° K. The ionization level, therefore, subsequently increases
and the plasma becomes partially ionized. The temperature in the
outermost layer, known as the solar corona, reaches to 1 — 3 MK,
and the plasma becomes fully ionized there. The high-degree of rise
in the temperature in upper layers of the solar atmosphere remains
an unsolved problem, and consists of several components related to
wave heating and magnetic field interactions (e.g., Srivastava et al.
2021; Li et al. 2024). Such complex plasma requires a special treat-
ment. One of the models, which can be used to describe weakly and
partially ionized plasma, is based on the two-fluid equations (e.g.
Zaqarashvili et al. 2011). This model naturally takes into account
ion-neutral collisions (Ballester et al. 2018) which result in wave
damping and consequently in wave energy thermalization (Forteza
et al. 2007; Erdélyi & James 2004). The last studies of the two-fluid
waves performed by Niedziela et al. (2022), Murawski et al. (2022)

© 0000 The Authors

and Pelekhata et al. (2023) show their contribution to chromosphere
heating and generation of plasma outflows in the low corona.

It is likely that convective movements of plasma under the solar
surface lead to the formation of solar granulation, and they can be
a source of many dynamical events and excitation of waves (e.g.
Vigeesh et al. 2017).

In this context, convective cells and magnetic field, together form
magneto-convection (Proctor 2004). The generation and propaga-
tion of magnetoacoustic waves due to granulation was widely stud-
ied (e.g. Hansteen et al. 2006; Heggland et al. 2011). Addition-
ally, Martinez-Sykora et al. (2017) investigated excitation of solar
spicules and Alfvén waves in the 2.5-dimensional (2.5D) model with
solar granulation. Recent studies of the two-fluid waves generated
by spontaneously generated and self-evolving convection show that
a wide spectrum of wave periods is generated by the granulation
(Wjcik et al. 2020). In the later studies, Fleck et al. (2021) per-
formed numerical simulations of acoustic-gravity waves generated
by the solar granulation and confirmed that only short-period acous-
tic and long-period gravity waves are able to reach the corona.

Along similar lines, Murawski et al. (2022) studied chromosphere
heating and generation of plasma outflows associated with two-fluid
solar granulation. However, initially (at ¢+ = 0 s) straight vertical
magnetic field was considered. The major aim of this paper is to ex-
tend the model of Murawski et al. (2022) by supplementing the ver-
tical magnetic field by a more realistic solar magnetic carpet which
naturally occupies the solar atmosphere in the form of magnetic ar-
cades (Parnell 2002). Such magnetic carpet is expected to signifi-
cantly affect the dynamics of the localized solar atmosphere and, as
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a result, influences chromosphere heating and plasma flows inherent
therein.

In the present paper, we illustrate the comperehensive physical
scenario of the self-consistent evolution of waves and flows excited
by the granulation, operating in the two regimes of magnetic carpet.
We also emphasize on the dependence of these physical processes
on the intensity of the magnetic field.

This paper is organized as follows. In the following section, the
numerical model is described. Section 3 presents the results of the
numerical experiments. The last section contains the summary and
conclusions.

2 NUMERICAL MODEL

In this paper, we consider the solar atmosphere which consists
of partially ionized hydrogen plasma which dynamics can be de-
scribed by the set of non-ideal and non-adiabatic two-fluid equa-
tions with operating ionization and recombination for ions (protons)
+ electrons and neutrals (hydrogen atoms). These equations and the
adopted numerical methods were described in detail by Murawski
et al. (2022). Here, we use the extra heating term which is equal to
99 % of the thin radiation, and limit ourselves to a presentation of
all the necessary information only that are utilized in the numerical
setup.

Initially (at ¢+ = O s), we set the magnetohydrostatic equilibrium
with hydrostatic ion and neutral gas pressures and mass density pro-
files (Murawski et al. 2022) which result from the semi-empirical
temperature profile, 7o(y), of (Avrett & Loeser 2008). See Fig. 1 for
the temperature (top) and mass density (bottom) profiles. Note that
ion mass density, o;, is about 100 times smaller than neutral mass
density, 0,, aty = 0 Mm. Aty » 1.3 Mm o; = g, and higher up
in the chromosphere and in the solar corona, g; becomes larger than
on- The hydrostatic profiles are overlaid by the arcade magnetic field
that is given as

B B

B =B, [cos(x b LB),— sin(x;:LB),O] e’ +[0,B,,B]. (1)
Here, B,, B, and B, correspond respectively to a magnetic carpet,
modelled by the set of arcades, vertical and transversal components
of magnetic field, Lg = 0.64 Mm is the half-size of a single arcade,
and Ap = 2Lg/m denotes a height over which B falls off e—times.

Figure 2 (top) illustrates spatial profiles of Ti(x,y,t = 0s) and
magnetic field lines which correspond to Eq. (1) with B, = 0.2 G,
and are set initially, at # = O s. It should be noted that the mag-
netic carpet is located below the transition region that is initially set
aty = 2.1 Mm. As a result of the implementation of the vertical
magnetic field, B, = =5 G, there are seventeen magnetic null points
(Fig. 2, top). The transverse component of magnetic field is chosen
as B, = 1 G. This choice of B, and B, is appropriate for the upper
chromosphere and the corona.

To solve the two-fluid equations numerically, we use the
JOANNA code (Wojcik et al. 2020). Along the y-direction we cov-
ered the numerical domain with 512 cells in the fine grid zone which
occupies the region (=3.0 <y < 17.48) Mm. Higher up, the grid is
stretched and consists of 16 cells up to y = 25 Mm. The size of the
numerical box along the x—direction is (-20.48 < x < 20.48) Mm
and it is covered by 1024 cells, leading to the finest grid resolution
of Ax = Ay = 40 km. The plasma quantities are maintained at their
equilibrium values at the top and bottom boundaries of the numerical
box, while at the left- and right-sides periodic boundary conditions
are implemented.
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Figure 1. Variation with height, y, of the initial temperature, T, (top) and
ion (solid line) and neutral (dashed line) mass densities (bottom).

3 NUMERICAL RESULTS

In this section, we present the dynamics of the model solar atmo-
sphere in two regimes of the magnetic carpet, namely Ba = 0.2 G
and Ba = 0.075 G.

3.1 Thecaseof B, =02 G

We display results here for B, = 0.2 G. See Eq. (1). The waves
are excited by the self-generated and self-evolving solar granulation
which reshuffles magnetic field lines particularly strongly at the bot-
tom of the photosphere and below it. The granulation mechanism
takes place at the bottom of the photosphere, where convective in-
stabilities lead to the formation of the turbulent flows there. These
flows are associated with the perturbation of the initial state (Fig. 2,
top) and thus the ejection of ions and neutrals to the higher layers
of the atmosphere. The jets shown on the spatial profile of log(T;)
(Fig. 2, bottom) are generated by the solar granulation which leads
to reconnection of magnetic field lines and thermal energy release
in the photosphere and the chromosphere. This release in the chro-
mosphere results in the largest jet which arrives to a height of about
y = 10 Mm and it is located at x = —6 Mm.

In a progress of time the magnetic carpet evolves into complex
magnetic arcades in the upper atmospheric layers. The jets obtained
in the numerical experiments for B, = 0.2 G reach higher altitudes
than in the initially straight magnetic field system which was consid-
ered by Murawski et al. (2022). At the foot-points of this carpet, that
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Figure 2. Spatial profiles of log(7;) at t = O s (top) and ¢ = 5000 s (bottom),
overlaid by magnetic field lines which correspond to a magnetic carpet with
B, =0.2G.

is below y = 0 Mm, magnetic field lines form the small magnetic
flux-tubes of B ~ 1332 G and with strong downflows (Murawski
et al. 2022).

In the presentation of the numerical results, we use below aver-
aged plasma quantities:

1 2
= f f dx, 2)

X2 — X1

1 "
f (Fhxdt. 3

<f>xt =

h—1

Here, ; = 1000 s, t, = 5000 s, x, = —x; = 20.48 Mm, and f is a
plasma quantity such as a horizontally averaged vertical component
of ion velocity, Vjy, and relative ion temperature perturbations,

_Ti-Ty

AT;
Ty

“

Plasma motions are in the form of upflows and downflows which

Granulation-generated waves and outflows 3

are accompanied by two-fluid ion magnetoacoustic-gravity, neutral
acoustic-gravity, and Alfvén waves. Maximum value of the averaged
ion velocity, <‘/iy>x’ reaches about 44 km s~! (Fig. 3, top-left). Note

that <Viy>xt attains its minimum of about —6.5 km s™! at x = 1 Mm.

Higher up <Viy>xt grows with y and at y ~ 10 Mm it reaches its
positive values, resulting in a net plasma outflows in the corona. See
Fig. 3 (bottom-left).

The solar granulation results in ejection of ions and neutrals from
the chromosphere, which while arriving to the transition region
result in its oscillations. See Fig. 3 (top-right), illustrating time-
distance plots for (7;)x. Note that the transition region bounces up
and down with oscillations which progressively calm down in time.

As a consequence of ion-neutral collisions, the excited waves are
dissipated. This effect is most effective at the places, where the
difference between the velocities of ions and neutrals is being the
largest (Martinez-Sykora et al. 2020). See Fig. 4 which illustrates
the vertical component of the ion-neutral velocity drift, (Viy - V”«V>x'
This drift attains its largest values in the transition region and low
corona, which is in a good agreement with Murawski et al. (2022).
It results from the weak coupling of ions and neutrals in the higher
layer of the solar atmosphere and strong coupling in the lower re-
gions. Thus they propagate with essentially the same speed in the
photosphere and the chromosphere. Note that in the low corona dur-
ing the initial phase (Viy - V,,y>X > (. Hence at t < 1500 s, as a result
of the Lorentz force acting on them, ions attain higher velocities than
neutrals which are not directly affected by this force.

The horizontally and time-averaged relative ion temperature,
(AT;)y, illustrates lower values compared to the semi-empirical data
of Avrett & Loeser (2008) in the upper part of the convection zone
and lower corona. Note that the horizontally and temporally aver-
aged velocity reaches negative values, <Viy>Xt < 0, below the alti-

tude y = 6 Mm. However, above this level, <Viy>xt attains positive
values, which reveals the net plasma outflows. A comparison with
Murawski et al. (2022) findings shows that the maximum <Viy>X val-
ues in both models are similar. But our results show a higher contri-
bution of plasma outflows compared to plasma downflows with the
opposite trend reported by Murawski et al. (2022). This is a signif-
icant new aspect as evident in the system of magnetic carpet with
B, = 0.2 G. Besides, the simplified model of radiative losses, used
in our model, may lead to the flows at the transition region and to
its smoothing as it is evident in the averaged temperature profile in
Fig. 2 (bottom-right panel).

In stratified medium such as the solar atmosphere, cutoff periods
is an important quantity that determines the wave period ranges be-
low which waves are able to propagate upwards (e.g. Routh et al.
2020). Figure 5 illustrates wave periods obtained from the Fourier
spectra for (Viy>X (Fig. 3, top-left). We observe that at the heights
within the range 0Mm < y < 1.5 Mm, the main wave period is about
P =250s. For y > 1.5 Mm, the dominant wave period corresponds
to P ~ 340 s. It is well known that waves with a period P =~ 300 s are
evanescent in the photosphere (e.g. Wdjcik et al. 2018) and therefore
waves of these wave periods are unable to extend to higher altitudes.
A comparison with Murawski et al. (2022) reveals that in both cases,
we observe multiple wave power concentrations for various periods
and heights. However, our results show weaker agreement with the
observational data.

3.2 The case of B, = 0.075 G

We present results here for B, = 0.075 G. Figure 6 displays spatial
profiles of log(7T3;) (color maps) and magnetic field lines at # = 5000 s

MNRAS 000, 000-000 (0000)
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Figure 3. Time-distance (top) and averaged over time (bottom) plots for horizontally averaged (Viy)x (left) and (Tj)x (right) (solid lines) for B, = 0.2 G,
By = -5 G and B; = 1 G. Dashed line corresponds to Avrett & Loeser (2008) temperature profile (bottom right).
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Figure 4. Time-distance plot for the horizontally averaged vertical compo-
nent of ion-neutral velocity drift, (Viy - V“>’>x’ in the case of B, = 0.2 G.

for B, = 0.075 G. There is a clear difference in the size of the jets:
those from the magnetic carpet with Ba = 0.075 G reach an altitude
of y = 5 Mm, while jets from Ba = 0.075 G reach y = 10 Mm. Addi-
tionally, we observe that the higher B, value affects higher maximum
temperature of ions.
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Figure 5. Fourier power spectrum of wave period P for (Viy)x vs. height for
B, = 0.2 Gs. The diamonds and dots correspond to the observational data
obtained by respectively Wisniewska et al. (2016) and Kayshap et al. (2018).

Figure 7 illustrates time-distance plots for vertical component
of ion velocity, <Viy>x’ (top-left) and ion temperature, (T;),, (top-
right), averaged over the horizontal direction. From the magnetic
carpet studies, we infer that increasing B, from B, = 0.075 G to
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Figure 6. Spatial profiles of log(77;) at t = 5000 s, overlaid by magnetic field
lines which correspond to a magnetic carpet for B, = 0.075 G.

B, = 0.2 G affects significantly max((V,»y>x) which increases from
about 19 km s~! for the arcade magnetic field of Ba = 0.075 G to
about 43 km s~ for B, = 0.2 G. Such increment of the ion verti-
cal flows is anticipated as a stronger magnetic field corresponds to a
much larger Lorentz force. Additionally, we observe change in the
height that the oscillations of the transition region reach which is
higher for B, = 0.2 G. For the two B, values studied in this article,
we observe plasma outflows in the corona, while the photosphere
and the chromosphere are dominated by the downflows. However,
<Viy>XL > () are present in the corona for higher altitudes for the mag-
netic carpet with B, = 0.2 G, viz. y * 10 Mm, than for the magnetic
carpet with B, = 0.075 G, y ~ 5.5 Mm (Fig. 7, bottom-left).

Figure 8 presents wave period, P, vs. height, obtained from the
Fourier power spectra for <Viy>x for B, = 0.075 G. In this case, we
can distinguish two dominant periods, namely P =~ 320 s (observed
in for B, = 0.2 G for y > 0.7 Mm) and P ~ 270 s, illustrated
by the two yellow strips. The former period is surprisingly present
essentially at every height; such long period waves are anticipated
to be evanescent as periods higher than the cutoff period correspond
to non-propagating waves (Kuzma et al. 2024). As a result, we infer
that the plasma background is altered in time, increasing the cutoff
period and allowing so large period waves to propagate from the
photosphere through the chromosphere into the corona. The latter
period is seen at y ~ 0.5 Mm and higher up, which evidences that
such period waves propagate freely into the corona. Besides these
two major wave periods, shorter periods waves with P being within
the range of about 100 — 200 s are also generated by the granulation
and they are seen throughout the whole atmosphere. For B, = 0.2 G
P =~ 250 s does not show up for 1.5 Mm < y < 2.5 Mm. Comparison
with the observational data of Wisniewska et al. (2016) (diamonds)
and Kayshap et al. (2018) (dots) reveals some level of agreement at
certain altitudes.

4 SUMMARY AND CONCLUSIONS

We performed 2.5 D numerical experiments of the solar atmosphere
that is modelled by two-fluid equations with non-adiabatic, non-
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ideal effects and ionization/recombination effects taken into account.
We aimed to investigate chromosphere heating and generation of
plasma outflows as well as Fourier power spectrum of the excited
waves.

Our results can be summarized as follows. The developed numer-
ical model showed that the self-generated and self-evolving solar
granulation, along with the considered magnetic field configuration
in the form of a magnetic carpet, facilitates the generation of all two-
fluid waves, heating and flows. The study considered magnetic car-
pets with B, = 0.2 G and B, = 0.075 G. Given the observations (e.g.
via the Hanle effect) which indicate a field strength of about 70 G
in the mid-photosphere, these values are initially (at # = 0 s) small.
However, the self-generated and self-evolved granulation alters the
magnetic field which is organized in flux-tubes with mximum mag-
nitudes of magnetic field of about B = 1332 G and B = 650 G
for B, = 0.2 G and B, = 0.075 G, respectively. From the obtained
numerical results, we infer that energy carried to the upper atmo-
spheric layers thermalize and, as a result of the ion-neutral colli-
sions, leading to localized heating of the chromosphere. Note that
for both B,, (T}),, reaches higher values than the semi-empirical tem-
perature model of Avrett & Loeser (2008) in the entire photosphere
and chromosphere and the only distinguishable difference occurs in
the corona. Nevertheless, the numerical findings of Murawski et al.
(2022) show better agreement with semi-empirical temperature data
of Avrett & Loeser (2008) than in our case (Fig 3, right-bottom). We
speculate that it may be caused by the use of the different values of
the extra heating implied in the corona, mainly, in our case the extra
heating balanced 99 % of the thin cooling and 100 % in Murawski
et al. (2022).

The resulting plasma heating is accompanied by plasma outflows.
Hence, all the two cases, we consider here, can be the source of the
nascent solar wind due to certain degree of plasma outflows gener-
ated in the corona. At higher altitudes, the magnetic carpet in the
quiet-Sun effectively transport the plasma contributing to the origin
of the nascent solar wind and mass cycle in the solar atmosphere.
This result converges with the finding of Tu et al. (2005) and Tian
et al. (2010) who suggest that the solar wind originates from coronal
funnels above y = 5 Mm.

Studies of the magnetic carpets, specified by initially smaller and
larger values of magnetic fields, B,, show clear differences in the
size of the generated jets and plasma oscillations. Additionally, we
observe increase of the plasma velocity for higher B,, which is an-
ticipated as larger vertical ion flow may result from higher Lorentz
force.

The results obtained for the wave periods exhibit dominant peri-
ods and reveal some level of agreement with the observational data
of Wisniewska et al. (2016) and Kayshap et al. (2018) at some alti-
tudes.

While the developed model mimics some aspects of the excited
wave spectrum, the chromosphere heating and generation of plasma
outflows, they do not show the whole scenario, and a more sophis-
ticated treatment is required. Taking into account additional mecha-
nisms to describe the solar atmosphere more accurately is a major
challenge. Thus, such investigations are devoted to the future re-
search.
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