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I. Sokolov et al. ApJ 764,23 (2013) Extended MHD physics:

B. van der Holst et al. ApJ 782, 81 (2014). ® Two (T;, T,) or three (Ty, T; ., T¢) temperatures

® Equations for parallel and antiparallel propagating turbulence (w,)

® Physics-based reflection of w, results in turbulent cascade

® Physics-based apportioning of turbulence dissipation (at the gyro-radius
scales) into coronal heating of various species

® Wave pressure gradient acceleration of solar wind plasma

. ® Collisional and collisionless electron heat conduction

Heat conduction * Radiative plasma cooling using CHIANTI

Radiative cooling

Heat conduction Boundary Conditions:
¢ Radial magnetic field is derived from synoptic solar magnetograms

Radiative cooling ® Poynting flux of outward propagating turbulence: 1
(S4/B)o=11x10°Wm2T"
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M Wave energy densities of counter-propagating transverse Alfvén
waves parallel (+) and anti-parallel (-) to magnetic field:

energy reduction in expanding flow l,wave dissipation

9
ZE+ V- [(wt Va)we] + S5V w) = FRyw-wy — Dyws

T ) , wave reflection
Alfvén wave advection

(1-2,/%) if 4w <w,

R = min [\/(b [V xu))’>+[(Va-V)log VA]2,max(Fi)] 0 ’ if 1/4w_ < wy <4w_
(2,/5—1r — ) if 4wy, < w_
M Phenomenological wave dissipation (Dmitruk et al., 2002): T = Li w—:
L

M Similar to Hollweg (1986), we use a simple scaling law for the
transverse correlation length L, vB = 150 km v'T

M Poynting flux of outward propagating turbulence:
(Sa/B)o =11 x 10 Wm=2T!
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M Counter-propagating Alfvén waves due to partial reflection of the
waves

M Non-linear interaction of these waves results in transverse
energy cascade

M Wave dissipation at the gyro-kinetic scales

M We use the coronal heating formulation of Chandran et al. (2011):

® Linear damping of kinetic Alfvén waves (KAW), resulting in electron
and parallel proton heating

® Electric field fluctuations due to transverse turbulent cascade can
disturb the proton gyro motion enough to give rise to perpendicular
stochastic heating

® Electron heating at scales much smaller than proton gyro-radius
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JEN =~ Limiting the Anisotropic Pressure
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X. Meng et al. 2012 JCP, JGR

The instability-based anisotropic pressure relaxation towards the

marginal stable pressure p| while keeping averaged pressure p

unmodified: 5y _ B
ot T

applied in firehose, mirror and proton cyclotron unstable

regions. T is taken to be the inverse of the growth rates of the

instabilities (Hall 1979, 1980, 1981 and Southwood & Kivelson

1993):

instability criteria relaxation time T
B? _ A4
firehose LR Tf:#zz\/p”(m pg/ )
p1L HoP L Yfmaz  dip|—pL— B / Ko
mirror PLoqy & T, = L 3v/5 4l
p| 2p0p.1 " AYmmaz 4\ 2(pL —py) — B%p)/(2p0pL)
pL B2 102
roton cyclotron |— >1+0.3 Tic =
: . p| 2p0p)| Q;
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M AWSoM is split in two coupled framework components: stretched
spherical grid for solar corona, cartesian grid for inner heliosphere

M Significant grid stretching to grid resolve the upper chromosphere and
transition region in addition to artificial transition region broadening

M Due to the very high resolution below 1.15R,,, AWSoM is too slow to
achieve faster than real-time.



boundary

Inner

Q
i -
i
ajed
—
L
N
Q.
-

AWSoM-R

Nt Mog,

~"odey,

et o)
ewot®

Environme,
or Space
e
Wiz / e
Sy
o

/

YL

ather Modeling Fra™

e,

We

\}\i

Ce

>

wer
\\ |
Spa,

e
. (f\\\\ -

i i
H 3aE i3 o
3 1 et 15i8tee b~
: i L a
) . =
.e ‘e 1 +
S i 3 Hies 11 5
itises
e : 1
Q| : T P
£ b i e 12
i # i mm =
N iSiif - i
1 Iz 1
s i et
o H ” oy
3 i T b
- — 18 . Tt
— - Jifé iH -4+ ox
Q H : i .
H SHes Fis
b = LT
i HEET
| - EER:
- ey (=]
e 13118 o
-
- u P30 )
c 3 & 3
n 11 His t
— Hij % .
-4 -
I eSS A i iiaii t o
s S o EEss riaih | 1 Ha
= 1 i 9 H 3 1983 1 3r1) I o~
81 I RRERRaaE . n 18§ ot i HH
" . peBag-
[SENNEE (SRR aN: BRI  Lnamam E i 15 3 et
o o o o (=] o o (=] = (= o
w0 o w o w o (=] (=} 0
LR A m ' - a o
N
—
EEe
o o T el W
2 ot L
e v e i =
o e g o >
DD em o g g R N
\.\\“.\.“.l\.l..l[:]ll l..l.[..fl
2 e ot g
-1 =11 l..fl.)l
\\.“\..ll..\ L+-11 TN
Al g g B ey
ey e e W g
7 e ol Ul I T gl B B i g
AL LA g N iy S
A AT T 1 I g e
- -
CA AT L+ - B NN
AT A Lttt -~ Pt L TS
CE -1~ 1T e LN
gl ol By - — Bt RSty
o B B [~ - R0
o Al L1 _— i gy Ny
T T et N g Y g
Ll o e Py o = N BNy Ny
s S N g DN g
e et I N S B N Ry gy B
T T TS
" " AT T y
o e [~
LT T
Py R - ey
= R N Emmmnn 525550
a N N e N Mt L et L1
I.IIJI N ™1 L L1111
- N [Tt R S Lt~ 1
— u g Sy S I i RS
md g g S 11 ettt A
N iy o ol
e Sy Sy T |t AT 11
o Ny i — I I g I s
”/..1.111.,11 i I P
N N g iy S | T
o Ny - - 11
ety S By 8 1 T 1147
en Ny oy g
IH/H/. l\..\\\\\“
o
T N\“\l
SR T s
L 411
1
=]
—t \ T e
A1t .4 i |
\ —— 1 g = Rad
! B
A | f J w
1Tt / -
L | - B e Y
* $ J 7 L od
- 7 @
4 e Pr—— T - -
1 1 3 1 1 / 1 1 -
U A S + .
!  — S S Y
—— e Hn >
e e e o T e o s Sy e My e =
=Nt o I I
- = - 3
x ) = .
— ”
" | FERRY FERTY FERTY PR Frwes | A Lol
§ Y2 ;8°8 329§
. o . o 4 o it (= .
o o o 0 ' o ' <

M We use the lower boundary of the model at R = 1.15R,

M All resources spent to cover the low corona within the AWSoM

icant speedup)

R (signif

in the AWSoM

model are saved
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M We apply 1D thread solutions along PFSS model field lines to bridge the
AWSoM-R model to the chromosphere through the transition region.

M Field-Line-Threaded approach allows us to both save computational

resources and avoid severe limitation on the time step. Following the
idea of the ‘radiation energy balance’ boundary condition (Lionello et al.
2009 and papers cited therein), we essentially extend its capability.

)



Threaded Field Line Model

M Recognize that between 1R, and 1.15R_ u || B and
u <<VS|0W’VA’VfaSt

M Inner boundary of AWSoM-R is at 1.15R,

M Each boundary cell center is connected to the upper
chromosphere by a magnetic field line (of the PFSS model)

M Quasi-steady-state mass, momentum and energy transport is
solved along the connecting field line (1D equations!)

P d w4 —+ w_ d GM@
Zoun = t el . — _
U = cons - [nkB(Te +1;) + 5 ] P ( .
. _ 5/2
Bi ﬁu” bkp(Te +T;) GMg L kol ™/ dT, _ _n2A(T))
ds | B 2my, r N B ds

V- -[(a+Vy)ws] + 1”2—i(v ‘u) = FRVw_wy — Trwy

10



Wave Energy Transport in TFL Model

M Energy transport V- [(u+ V)wi] + w2—i(v ‘u) = FRVw_wy — N'pwg

M In the upper chromosphere (near lower boundary) V,>>u and all
terms containing u can be neglected

M Assuming that near the chromosphere the Poynting flux (S,) to
magnetic field ratio is constant we can introduce a new

dimensionless variable (a,)

Sa

w4 = B Mopai

M Now the wave equation near the lower boundary is

d
ﬂ:QVA% = :FRCL:F o Fj:@j:
S

M Boundary condition at chromospheric boundary
® Dimensionless amplitude is unity for outgoing wave
® Dimensionless amplitude has zero gradient for incoming wave

11
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M Significant speed-up (about 200 times) of the 3D global solar
corona and inner heliosphere model AWSoM:

® 1D solutions between 1 R, and 1.15 R, along PFSS model field
lines provide inner boundary conditions at 1.15 R,

® AWSoM real-time runs now require ~120 processor cores
M Future work involves:
® Couple corona part of AWSoM and inner heliosphere SWIFT

® Validate the AWSoM/SWIFT codes for historical magnetograms and
WIND/ACE data

® Run real-time test of predicted L1 variables based on coupled
AWSOoM/SWIFT codes

14



