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Degree of lonization in VAL-C model
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STRUCTURE OF THE SOLAR CHROMOSPHERE. III. MODELS OF THE EUV BRIGHTNESS
COMPONENTS OF THE QUIET SUN
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(km) (gcm ) (dyn cm ) Pyg4q1 (@ Cm ™)
Chromosphere
6 2271 5.413-06 5.234-08 32000 9.71 1,378+10 1.498+10 1.483-01 .8976 3.222-14
7 2267 5.427-06 5.657-08 28000 9.70 1.567+10 1,.677+10 1.487-01 .8840 3.665-14
8 2263 5.443-06 6.124-08 25500 9.68 1.718+10 1.812+10 1.491-01 .8738 4.017-14
9 2255 5.476-06 7.110-08 24500 9.64 1,797+10 1.881+10 1.500-01 .8698 4.203-14
0 2230 5.583-06 1.030-07 24200 9.49 1.862+10 1.943+10 1.530-01 .8718 4.355-14
Photosphere
41 555 3,270-02 1.456-04 4230 .70 1.382+15 1.733+11 8.958+02 .9912 3.232-09
42 515 4.878-02 3.014-04 4170 .60 2.096+15 2.495+11 1.336+03 .9934 4.902-09
43 450 9.378-02 1.017-03 4220 .53 3.989+15 4.516+11 2.569+03 .9949 9.327-09
44 350 2.481-01 5.626-03 4465 .52 9.979+15 1.110+12 6.798+403 .9954 2.,334-08
45 250 6.172-01 2.670-02 4780 .63 2.315+16 2.674+12 1.691+04 .9936 5.413-08
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Multi-fluid approximation
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Relative motions between electrons, ions and
neutrals (Hall effect and Ambipolar diffusion)
produce additional important sources of heating.

Additional diffusitivy due to collisions between
ions and neutrals is 5-6 orders of magnitude
larger than the usual Coulomb diffusivity
(Reynolds number around 1-10).

Characteristic scales in a partially ionized
plasma depend on the degree of ionization
reaching 10 km and 1 sec for the solar
atmosphere.

Important for magnetized
photosphere and chromosphere
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How detailed?
A B W W TN B ] ST W, s U e N DY i =
MHD Quasi-MHD
uasi-MHD: :
single fluid - OI\;II?I-I;I uid Kinetic equations;
motion of individual

particles

Depending on scales of phenomena to study, and number of particles.

Events on scales below 10 km & 1 sec and chromospheric density &
neutral fraction probably require multi-fluid approach.
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Equations for individual species

A i, B IR AN, T T Ty SO, T L5 . B 0, 7T
f
o=e electrons
M nservation Opa L
= (gt + V(patia) = S, < 0= ions

o=n neutral hydrogen
|

Momentum conservation

D1,

D Qcyna(ﬁ + Uy X E) + paﬁ— vf)a + ﬁa — UaSa

Po—<,

Energy conservation

3Dpo: 3 =

A~ =\ — = — 2
— + _pa( O:) + (pav) ot Via = Mo — liaFla + —UQSQ
2 Dt 2 2
=i ‘f' dled
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Combined quasi-MHD equations
il A B AN T TENi CSWSE V5L . NS S N W
electrons +ions +neutral hydrogen
Mass conservation O
P &, -
— +Vi(pu) =5
oy (ptr)
Momentum conservation
D’J — — —
— =J X B+ pg—Vp—1uS
Dt Py P
Energy conservation
— F—pViu+pVi+Vi=JE "+ M+ -u*S
> Dt 2 P 1 )
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Definitions

T AT I~ T LT Iod BT ol I D L T L Rt et LT 7

see Bittencourt (1986)

7 — PnUp + Pili + Pelle
P

Center of mass velocity

Kinetic pressure

p = Z Pa Z PaWa & Wa tensor
a=n,1,e a=n,i,e
Wo = Uq—U Diffusion velocity

Elena Khomenko
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Combined quasi-MHD equations
il A B W W AR T BN W, W Ui L L TSy i =

electrons +ions +neutral hydrogen

Mass conservation o
0 ~
LR v (pu) :>{<

Momentum conservation

Energy conservation
3 Dp = ~ / *
= | —qu +pVu +§< JE +><+ — S
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Combined quasi-MHD equations

= TR F PR T R LS o T~ W75 T~ Vel 7
electrons +ions +neutral hydrogen
Mass conservation O
P =
— + V (pu) =0
Ot (
Momentum conservation
D’L_{: — — —

Energy conservation
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Combined quasi-MHD equations

L ‘Jl..‘ gt ﬁ ® » " ..'._I. l-| L- Elf ~ 1- -, - l_i‘yr '.f r - 1. ;*-r - = w_— El:-. r Frﬁ_ﬂ - 11?’. 5 — Z
electrons +ions +neutral hydrogen
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+ V (pii) =0

Mass conservation () P

ot

Momentum conservation

Du

—— =JxB j—V
P + pg — Vp

Energy conservation We need
3Dp 5 = |=x |
P 25 = T / Ohm’s law
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Generalized Ohm’s law: all terms
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WA DB N AN. T TR NG TSR Nl LN S
Ohmic term Hall term Ambipolar term
E* = [E_’—I—?,_L'XB’}:??J_’-I—??H J_’X(_)}—??A[(jxg) 6}
eG — Vp R 3 L, = m .
+ pe+£—n[G><B + peng+—e(1+§ne)g
ENe Oy, . Oy, €

Biermann battery term
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G =&,V (Pi +DPe) — &VDn - partial pressures term

7

neutral fraction

b

unity vector in the
direction of mag. field;

ion fraction

] - F7=n Pl 3. oy W i o A i
Generalized Ohm’s law: all terms
i A W AN T TNy ST, Ui e N ATy N i
E* = [E+’E£><Bj =nJ + 0y fxf)} —NA [(jx b) xg}
Eé T 6 ) n ~ =y 2 e — = Me —
+ pe+£—[GxB + rf X B+ —(1+4&re€)g
ENe Oy, . (079 €
Definitions:

Op = PilVin + PelVen collisions
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Generalized Ohm’s law: all terms

pal WA PR AN TTIBNG TS ANVl S R (O
E* = [E—I—uxg}:nj—l—ng jxg}—?’}A[(ng) g}
Eé’_ﬁA n ~ =y f,r%e—» =y Me —
+ pe+£—[G><B + png+—(1+§ne)g
ENe Oy, (079 €

Assumptions:

Neglect electron inertia and momentum terms;

Quasi-neutrality;
Same temperatures of all species;
Time variations of diffusion velocity 1, are neglected;

Pressure tensor has to be assumed scalar.
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Generalized Ohm’s law
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[E+ﬁx§}:nf nﬂ[jxg}—ﬁA[(ng)Xg}

Ohmic term Hall term Ambipolar term
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10 e Depends on neutron fraction,
-500 0 500 1000 1500 2000 2500 -
HEIGHT [KM] collision frequency and B.

DIFUSIVITY [m® s7!]
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HEIGHT [KM]

VALC+ B = 100exp (—z/600) G

HEIGHT [KM]
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Generalized Ohm’s law
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Generalized Ohm’s law: all terms

————=— 'hotospheric magneto-convection snapshot from Vagler et al (2005) —=—

CONTINUUM __OHMIC - T il

Y [Mm]
N W A O o

- N W o

™
1]
N
S
e,

MNDOW B U DY

—_

o

«B»=180 G n




e N A S T Y b i~ N 7Vl N P e e N T W N F

Generalized Ohm’s law: all terms

———= Inversion of chromospheric sunspot observations by Socas-Navarro (2005)
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Two-fluid equations: definitions

A B, RN AN TTE NG TSR N5l LR DN
see Bittencourt (1986)

. i Jg + Pe ﬁe :
Ue = Center of mass velocity of charges
i + Pe

5 — B T Z 5 oD lon-electron kinetic
Pie = Pi 7 Pe PoWa & We pressure tensor

a=i.e
Wi = Ui — Uec Diffusion velocities of charges
/UT e — IJQ o IEC
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Two-fluid equations
T 1'_""‘} ol R oo P E"'J’i-"i- PR ok, Tod ;*-r W r '_Tﬁ{";= i
Mass conservation for see Bittencourt (1986)

charged species

c=(e+i)= (electrons + ions)

Momentum conservation
for charged species

0ol =, . 5 o . ) S,
%t + v(pcuc X uc) — [J X B] + Pcqd — vpie + Rie

Energy conservation for
charged species

3 ap?le
2 Ot

6(Ta_[:c:p’ée) + (f’ieﬁ)ﬁc + 6Cj’ie —

+
DO | o

—

S | S
— J|E+ . x B] + §u25ie + GoR;e + M,
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Two-fluid equations

AN A PGSO AN T IO Ti CSOZD_ Vs LS . il O i B
AR :r%gze;‘l’ogﬂfe"sf” see Bittencourt (1986)
8}% . B c=(e+i)= (electrons +ions)
5 TV (Pelic) = X

Momentum conservation
for charged species

a C?’_I:C — — = — — . R =
4V petie @) = [T x Bl + peg — Vi + i
ot v
Energy conservation for A
c%rged speciles pze Die
3 ap?le

33/
2ot §V<“cp@e)+ & “c*%
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Two-fluid equations

PR T T o7 e T o] R i ol T Pt Ty Y Sl I G T~ VR o~ T T~ T
Mass conservation for . o J
charged species Rie = —n (T, — Un) — =5 (MeVni — MiVne)
Pc €
8pc = =
p +V (petic) = 0

Momentum conservation
for charged species

00.MUe =, . - o . ~,
%t =+ V(pcuc & uc) — [J X B] T Pcg — vp?le + R’ie

Energy conservation for
charged species

3D e 5 =2\ 5 T — S -
5 Dpt + 5(pz-eV)u,C = J|E + U, X B|H UcRie
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Transport theory in partially ionized plasmas
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How can we compute

Collisional frequencies;
Elements of the pressure tensor;
Heat flux vector;
lonization-recombination terms;

Radiative transfer terms ?

Elena Khomenko
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Numerical solution
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How can we solve the 2-fluid equations numerically?

Special treatment for collisional terms?

—

- . . J
R’ie — _an(uc - un) - p_n_(meyml - mir/ne)

Pc €

How much new physics do we gain in 2-fluid compared
to quasi-MHD?
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Where can it be important?
N T T R T AT ] R L IS YT R TV T~ e 7

Wave propagation
Force balance
Magnetic reconnection
Flux emergence

Chromospheric heating

WAVES,

Interstellar medium SHOCKS

Shock fronts

CHROMOSPHERE

Turbulence...etc. ege,. QUIET SUN
® o ¢ MAGNETIC FIELDS PHOTOSPHERE /~

RV




