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Chrom.-Corona Transition Region (TR)
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ON;
o TV (N:V) = > (N;Rj; — N;R;;)
JFe
R;; = Rij (Ne,T¢, J12, J13, ...)
1
J E / Iijdﬂ, M- VIZ] — Oéij [(1 — Gij) Jij - Eisz'j — IZJ]
47

Qg5 — gy (Ne,Te,Nl,NQ, ), €i; — €4y (Ne,Te,Nl,NQ, )

Corona (~EUV): optically thin, but weakly non-equilibrium ionization
Chrom. (~FUV): optically thick, non-equilibrium ionization

Hydrostatic/SE 1D model is available (e.g., Vernazza et al., 1981).
Dynamic/3D model will be available in next decade (hopefully).
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LTE (Local Thermodynamic Equilibrium)

ON;
(N V) = ) (NjRji — NiRy)
e JFe
R Rzg (NeaTea W

1

Jij E[L Izgdﬂ M VIZJ_O‘Z] %_l_ew o 7’3]

Qg5 = Qg (Ne,Te,Nl,NQ, ), €i; — €ij (Ne,Te,Nl,NQ, )

Corona (~EUV): optically thin, but weakly non-equilibrium ionization
Chrom. (~FUV): optically thick, non-equilibrium ionization

Hydrostatic/SE 1D model is available (e.g., Vernazza et al., 1981).
Dynamic/3D model will be available in next decade (hopefully).
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Statistical equilibrium

ON;
| =D (NjRji — NiRy)
J 71
R;; = Rij (Ne,T¢, J12, J13, ...)
1
J E / Iide, M- VIZ] — Oéij [(1 — Eij) Jij -+ EijBij — IZJ]
47

Qg5 — gy (Ne,Te,Nl,NQ, ), €i; — €4y (Ne,Te,Nl,NQ, )

Corona (~EUV): optically thin, but weakly non-equilibrium ionization
Chrom. (~FUV): optically thick, non-equilibrium ionization

Hydrostatic/SE 1D model is available (e.g., Vernazza et al., 1981).
Dynamic/3D model will be available in next decade (hopefully).
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Non-equilibrium (optically thin; corona)

ON;
5 TV NiV) = ) (NjRji — N;Rij)
£ j#i
Rij = Rij (N, T., Jroc 715, )
1
J E [L Izde, M- VIZ] — Oéij [(1 — Eij) J@'j + EijBij — Izg]

Qg5 — gy (Ne,Te,Nl,NQ, ), €i; — €4y (Ne,Te,Nl,NQ, )

Corona (~EUV): optically thin, but weakly non-equilibrium ionization
Chrom. (~FUV): optically thick, non-equilibrium ionization

Hydrostatic/SE 1D model is available (e.g., Vernazza et al., 1981).
Dynamic/3D model will be available in next decade (hopefully).
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Non-equilibrium (optically thick; chromosphere~TR)

ON;
o TV (N:V) = > (N;Rj; — N;R;;)
JF#1
R;; = Rij (Ne,T¢, J12, J13, ...)
1
J E / Izde, M- VIZ] — Oéij [(1 — Eij) Jij -+ EijBij — IZJ]
47

Qg5 — gy (Ne,Te,Nl,NQ, ), €i; — €4y (Ne,Te,Nl,NQ, )

Corona (~EUV): optically thin, but weakly non-equilibrium ionization
Chrom. (~FUV): optically thick, non-equilibrium ionization

Hydrostatic/SE 1D model is available (e.g., Vernazza et al., 1981).
Dynamic/3D model will be available in next decade (hopefully).
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Radiation MlagnetoHydroDynamic model of Sun

Photospheric
RMHD model

MHD
==

LTE EOS
==

LTE radiation

Simulation
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_|_
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o \
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3
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(1

Upper CZ to
photosphere

bserved

9

Stein & Nordlund (1998)
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Averagea proﬂ!e

log gf = —2.433
log € = /.450

R & (ATLAS)
R ADETILAK

0.2

12 _I L L T T r 1 1T 11 Tt 1T 7 r r 1 1 11 _l

} Nordlund et al. (2009) -
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Intensity 388nm
0.5 1.0 1.5 (

lnfensi? 214nm
1 3

Intensity 300nm Intensity 312nm
S 1.0 15 20 05 1.0 1.5

RMHD: MURaM
" Observation: Sunrise | SuFl

35

30

' 312, 388 nm slit: agree
- 300, 214 nm slit: disagree

25

~ Possible source of disagreement:
(1) Lack of physics in RMHD,

A (2) NLTE effect, (3) Scattered light.

N
o

[aresec]

-
w

10
' 2 ’ oo A
o § LS - %

SR Hirzberger et al. (2010)
= B A S e B

0 5 10 0 5 10 0 5 10 0 5 10
[eresec]

Similar study by Danilovic+08 for 630 nm
using Hinode/SP (RMHD ~ 1.2 Observation).

Table 1
Mean-plus-one-sigma Values of 8 /s (see Figures 2 and 3) and Mean & I ;s Resulting from MHD Simulation Data (in %)

. |

|

0 -~ - - J
(

A June 9 June 11 MHD MHD Stray Light
(nm) Level 2 Level 3 Level 2 Level 3 ODF SPINOR ODF SPINOR
214 32.79 (31.80 + 0.98) 27.78 (27.05 + 0.73) e e 61.27% e
300 22.23 (21.63 + 0.60) 20.03 (19.52 +0.52) 24.19 (2298 + 1.21) 21.67 (20.94 +0.73) 30.76 25.50
312 21.91(20.84 + 1.07) 19.45 (18.79 + 0.66) 23.81 (22.34+ 1.47) 20.40 (19.58 + 0.82) 28.34 e 22.03 e
388 19.16 (18.28 + 0.89) 17.27 (16.73 + 0.55) 21.52 (20.09 + 1.43) 18.05(17.11 +0.94) 23.94 25.27 18.60 19.93
397 22.64 (21.33+ 1.30) 20.11(19.19 +0.92) 25.56 (23.81 + 1.75) 22.22 (20.60 + 1.61)

Notes. In the rightmost two columns, mean & /s of MHD data convolved with preliminary estimated levels of scattered light are given.
# Mean 8/ ps at 220 nm.
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< 1362 @ ' ' ' 1 Yeoetal (2017)
2 1360 [~ - -
® . —— Model reconstruction 1 RMHD: By -> IntenSIty
1358 — TIM measurements ‘
2011 2012 2013 2014 2015 2016 HMI. BI‘
Year )

Pearson correlation coef.: 0.976
(indicating the model replicates

TSI [W/m?]
g & R
TS I
=
g

Mar Apr May Jun Jul 95% of the apparent variability)
Month in 2012

The rms difference between

o -
i the model and observation
- (TIM or VIRGO) is comparable
" to the difference from
Aug Sep Oct Nov Dec . )
Month in 2014 observational instruments.
Time series R rms difference (W/m?) Thhe dl:eCt e:fldence thatt_
Model and TIM 0.976 0.0836 t e_s_o a_r surface n.]agne I?
Model and VIRGO 0.968 0.0941 activity is the dominant driver

TIM and VIRGO 0.975 0.0865 of solar irradiance variability.
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| Orozco&Rubio12:
f <|B.|> =62 G, <B>=220G
Trujillo Bueno04:

<B> ~ 130 G at a few 100 km
above t=1 (del Pino Aleman+18
shows TB04 agrees well with

R14 by synthetic 3D RT.)
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Magnetohydrodynamics
CT scheme with multi-dimensional reconstruction
Fifth-order WENO-Z reconstruction
Third-order SSP Runge-Kutta method

Radiative Energy Transfer
Short Characteristic method
OPAL Rosseland mean Opacity
Effectively optically thin radiative loss

Spitzer thermal conduction
Flux limiter for preserving monotonicity
Second-order Super TimeStepping method
Second-order operator splitting

Equation of State
LTE with hydrogen molecule formation
6 most abundant species
Interpolation from numerical table



RAMENS

RAdiation Magnetohydrodynamics Extensive Numerical Solver

Magnetohydrodynamics
CT scheme with multi-dimensional reconstruction
Fifth-order WENO-Z reconstruction
Third-order SSP Runge-Kutta method

Radiative Energy Transfer
Short Characteristic method
OPAL Rosseland mean Opacity
Effectively optically thin radiative loss

Spitzer thermal conduction
Flux limiter for preserving monotonicity
Second-order Super TimeStepping method
Second-order operator splitting

Equation of State
LTE with hydrogen molecule formation
6 most abundant species
Interpolation from numerical table
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Right: optically thin
emission with the
Gaussian contribution
function G(T) that mimics
the chromospheric line
emission (~ 10 kK).

€ = /nenHG(T)dl

lijima & Yokoyama (2017, ApJ)
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Aagnetic Field Lines " Tm/ Torsional motion at the
Y photosphere causes the twist

iIn the chromosphere.

When twist becomes

sufficiently strong, it releases

the free energy and

accelerate the plasma.

\
N

|

Rotating Jet

o

Twisted field lines

4
A
e)@\e
A\
\)0

Chromospheric Swirl

lijima & Yokoyama (2017, ApJ)
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RMHDD:R:E | Bl DI EIRIR

Both brightness and Doppler width of Ca Il 854.2 nm are Ca |l 8542 Core
smaller than observation. (Leenaarts et al., 2009)

Possible sources of discrepancy:

(1) Lack of electron number density (EOS)

(2) Lack of velocity amplitude (radiative cooling)

(3) Lack of spatial resolution

(4) Lack of elemental process (e.g., ambipolar diffusion)

v v v T v v D S L AL A A S S S S

12 | Mg Il H/K
o ! (Leenaarts et al., 2013)

b '.»‘l
0.8 |
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06|

©
»
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000l o o .

279.4 279.6 279.8 280.0 280.2 %: SImUIatlon
A [nm)]
" 02
Call 854.2 nm i/
ooy N 0/ S N N\ '
(Leenaarts et al., 2013) 40 08 06 04 02 00 O 0 5 10 i
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Spicule: need off-limb synthesis
Fibrils: on-disk synthesis

RAMENS
(lijima & Yokoyama, 2017)
time = 408.0 min

12

10

1} |, | WIS P, (s O[Mm] ) ap !
Oslo Stagger code o 2 4 6 8

(Martinez-Sykora et al., 2009) X (Mm] Hinode/SOT Ca Il H (Skogsrud et al., 2015)
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Greer et al.

10° F ,
- Granulation

tracking

C X/R@ = 0.96

v

1012 Helioseismology
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s Spherical harmonic degree /
1 t=0.00 [day] F Hotta, lijima & Kusano (2019)
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Beeck et al. (2013a)
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Stellar magnetic activity

(measured by X-ray)
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Gray: partially convective star

Red: fully convective star

Wright & Drake (2016)
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Ly-a case:
Ryy = Ay E(7),
hvg hi
_ R ; o — — B ,
Lo A nynoq XLy A 1 12¢

Solve 3D RTE from n and y

R = BioJiya. Qrya = hvg(mRix — naRyy),

LYA-HION HELIUM
30 . e - & .

N
(&)

N
o
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Temperature [kK]

Temp.atZ=2.6 Mm
Golding et al. (2016) °
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Ly-a case: Feedback is necessary.
Ry = Ay E(7), <+ 1D assumption.

hvg hi
77La — 47_‘_ n2R213 XLya — EnlBIZQSa

Solve 3D RTE from n and y

R = BioJiya. Qrya = hvg(mRix — naRyy),

20 ! . _ LYA-HION HELIUM
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Temperature [kK]

Temp.atZ=2.6 Mm
Golding et al. (2016) °
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logT in [5.0, 5.5]

-~

gin [6.0, 9.0] win (6.0, 6.1]

XY—plane @ t = 25.28 hr
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