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Observes — 704-790 A and 973-1049 A,
most of which are transition region lines

For oxygen, will see:
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Si Il line observed (crosses)
and theoretical

Lanzafame A. C., 1994,
A&A, 287, 972

Chromosphere (6000-25000K) — Time-dependent ionisation,
radiation hydrodynamics, photo-induced processes, charge
transfer, inelastic collisions with hydrogen.




Background

Corona (6x10°-3x10°K) — steady state equilibrium,
independent atom models, ground level ionisation and
recombination

Included in CHIANTI (Del Zanna et al. 2021, ApJ 909, 38),
CLOUDY (Ferland G.J. et al. 2017, RmxAA, 53, 385), for example.

Observed intensities from HRTS Predicted intensities from modelling
10000 —t—bt—t et ..H..QS.D.EM.

L Si IV
Si IV 1402.770 — L 1393.76A
(oY

1401.16A

Si vV
1402.77A

OV + S IV
1404.78A 1
0 v +1404.81A A

1399.77A 1
SN
o 1406
k 1397.20A J/\L |
0 + " | " A " " " "

T T T T 1 T +
1395 1405 1885 1405
wavelength, Angstroms

Brekke P., 1993, ApJS, 87, 443 Dudik J., et al., 2014, ApJL, 780, L12

S IV 1406.000

<« 0 IV 1401.156
normalized to Si IV 1393.76A

Synthetic IRIS TR spectrum

<0 IV 1399.774
<0 IV 1404.812

> <—————— 0 IV 1407.386

b
>




Background

Corona (6x10°-3x10°K) — steady state equilibrium,
independent atom models, ground level ionisation
and recombination

Transition region (25000-6x10°K) -
?

Chromosphere (6000-25000K)—- Time-dependent ionisation,
radiation hydrodynamics, photo-induced processes, charge
transfer, inelastic collisions with hydrogen.
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Modelling

Solar atmosphere temperature and

density
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Modelling: Coronal Approximation

Continuum

Continuum

C IV (C*)

C Il (C%)

DI — Direct lonisation
RR — Radiative Recombination DR — Dielectronic Recombination
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Modelling: Level Resolved

Continuum

EA

——
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Continuum \

DR

C IV (C¥)
DI

C Il (C%)

DI — Direct lonisation EA — Excitation-Autoionisation
RR — Radiative Recombination DR — Dielectronic Recombination
CE/CD - Collisional Excitation/De-excitation




Modelling: Dielectronic Recombination

Effect of density on DR rates
demonstrated by Burgess &
Summers (1969), ApJ, 157,
1007.

- DR suppression calculated
by scaling rate at given density
to rate at lowest density.

- Uses tables given in
Summers H.P. (1974), MNRAS,
169, 663.

|°';||0Ta

. 7.—Fe % 1 ¢ recombination coefficient
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Results: Atomic Data

Direct ionisation EXxcitation - auto-ionisation
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Using Flexible Atomic Code: Using AUTOSTRUCTURE:
Gu M. F,, 2008, Can. J. Phys., 86, 675 Badnell N. R., 2011, CPC, 182, 1528




Results: Atomic Data

1e—17 C III Tonization with Experimental Populations
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Results: Atomic Data

Direct ionisation EXxcitation - auto-ionisation
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Results: lon Populations

Carbon Ionization Equilibrium

CHIANTI v.8
Density 10° cm™
Density 10" cm®
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Using CHIANT]I for bound-bound transition data, DR Project for recombination data
from Atomic Processes for Astrophysical Plasma website: www.apap-network.org




Results: lon Populations

Oxygen Ionization Equilibrium

CHIANTI v.8
logNe=8 — — — —
log Ne = 12
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Using CHIANT]I for bound-bound transition data, DR Project for recombination data
from Atomic Processes for Astrophysical Plasma website: www.apap-network.org




Comparison with Observations
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Intensity observed along line of sight:
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Modelling: Level Resolved

Continuum
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DI — Direct lonisation Pl — Photo-ionisation EA — Excitation-Autoionisation
RR/RD — Radiative Recombination/Decay DR — Dielectronic Recombination CT — Charge Transfer
CE/CD — Collisional Excitation/De-excitation PE — Photo-excitation




Methods: Modelling new atomic processes

Photo-ionisation

Demonstrated for carbon by
Nussbaumer H. & Storey P.
1975, A&A, 44, 321

oo

T = Ar f aritd) J., dv

i hi

Ly}

Cross sections from:
Badnell N. R., 2006, ApJS, 167, 334

Radiances from:

Whole Heliospheric Interval
reference spectrum of

Woods T. N., et al., 2009, Geophys.
Res. Lett., 36, LO1101

Covers wavelength range 0.5-
24000A

Charge transfer S

Demonstrated for silicon by
Baliunas S., & Butler S., 1980, ApJ,
235, L45

Reactions of type:

A7+ H o ACTD + H*

Niz: N
tYHr <VH

forlle) = N .

J“'n'rr_. eT IiT,; ]

Hydrogen fractional populations
and abundance of hydrogen
relative to free electrons taken
from:

Avrett E. H., Loeser R., 2008,
ApJS, 175, 229




Results: lon Populations

With all atomic processes combined

Ionization Equilibrium of Carbon
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Comparison with observations

Present work - with Pl and CT
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Results: lon Populations

With photo-ionisation only With charge transfer only

lIonization Equilibrium of Oxygen Ionization Equilibrium of Oxygen
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Results: lon Populations

With all atomic processes combined

Ionization Equilibrium of Oxygen
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Comparison with observations

Present work - with Pl and CT
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Results: lon Populations

lonisation for other elements:

Ground level - Dere K. P., 2007, A&A, 466, 771

Metastable level — enhanced Dere rate coefficients by ratio of metastable to ground
rate coefficients of Burgess A., Chidichimo M. C., 1983, MNRAS, 203, 1269

Carbon Ionization Equilibrium at 10'* cm™

Dufresne and Del Zanna (2019)
Metastable rate scaling — — — —
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Results: lon Populations

With all atomic processes combined

[onization Equilibriu
L B 1

m of Silicon

I ! ! |

Comparison with observations
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Results: lon Populations

With all atomic processes combined

Ionization Equilibrium of Neon
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Results: New recombination calculation for S Il

S II recombination rate coefficients

PJS data

ieadend _ Comparison of new recombination
1 rates from Pete Storey with Chianti
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Results: lon Populations

With all atomic processes combined

Sulphur Ionisation Equilibrium at Constant Pressure

1.2

Present work - level-resolved with Pl and CT
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Present work - coronal approximation
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Modelling lon Populations

Summary

1) Calculated level-resolved direct and indirect ionization rates

2) Metastable levels included in modelling
3) Simulated dielectronic recombination suppression in modelling
4) Added photo-induced and charge transfer processes

5) Improved predicted line intensities compared to observations

Future work

1) Level resolved modelling up to n~700
2) Simplified optical depth effects
3) Non-Maxwellian electrons

4) Time dependent ionisation




