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Further readings

Spectroscopic diagnostics (X-rays, EUV):

Living Review in Solar Physics (Del Zanna & Mason, 2018)
CHIANTI user guide (Del Zanna+)
More advanced level: Part-lll lectures (Del Zanna, in prep.)

Phillips, Feldman, Landi, 2008, Ultraviolet and X-ray Spectroscopy of the
Solar Atmosphere (Cambridge University press)

Gabriel & Mason,1982, in Applied Atomic Collision Physics, Atmospheric
Physics and Chemistry, Massey, Bates eds.

Dere & Mason, 1981,in Solar Active Regions: A Monograph from Skylab
Solar Workshop lll, eds. F. Q. Orrall

Mariska, 1992 (The solar transition region, Cambridge University Press)

Mason & Monsignori Fossi, 1994, A&A Rev., 6, 123

Del Zanna (PhD thesis, 1999)
Del Zanna, Landini & Mason, 2002, A&A, 385,968
Del Zanna & Mason, The Sun as a star, Springer 2012
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Solar corona

Spectrum of the
solar corona
from Lyot

‘Coronium’ green emission line first observed in 1869 by Young and
Harkness at 5303 A. Red line observed later at 6374.6 A

G. Del Zanna - Solarnet school - Jan 2021




Fe X

Zur Kenntnis der ClI-dhnlichen Spektren Cl11, A II, K III,
CalV, TiVI, VVII, Cr VIII, MnIX, FeX und CoXI

Von Bengt Edlén in Upsala.

Mit 5 Abbildungen. (Fingegangen am 21. November 1936.) GI'OtI'iaIl (193 9) suggested
e r | | | that the red line was due

y i | | to Fe X, based on Edlen

8 (| i, | X-ray work.
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Solar corona in the EUV

1958: First EUV spectra of the Sun (Violett & Rense) using
rockets. First identifications only in 1965

comparison of fusion machines (ZETA) with solar spectra

Sun

ZETA

iIron spark
170 X 180 190 200 210
B ettt r i bryer b

Brian Fawcett, Alan Gabriel and Carole Jordan (1965)

3p" — 3p™13d transitions in Fe IX to Fe XIV




Line identifications are still on-going..

See Del Zanna "benchmarking’ papers




The EUV
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IRIS FUV2: TR Lines

IRIS SP Si IV 1402 A
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Solar Orbiter SPICE wavelengths

SUMER QS spectrum 704-790 (Curdt et al 2001)
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SPICE data (first light)
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Hinode EUV imaging spectrometer (EIS)
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c.time (exp):22:18:25 c.time (slit):22:18:26
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SDO/AIA vs. Hinode/EIS
Del Zanna et al. (2011)
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SDO AIA 193
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AlA EUV 211 band

DN/s/bin/EIS pix
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Figure 3. EUV spectrum of fluorine and sulfur produced by injecting SFg
into the EBIT-I electron beam ion trap covering the spectral range A 198-2218.
The electron beam energy was 1000eV, but the spectrum differs very little
from observations at 600eV. Identified spectral features are labeled by the
corresponding spectrum. Unidentified features are labeled by a question mark.
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SDO AIA 94
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Fe X 184.5 A log T=6

AIA 94 A — from DEM

/

K 'Fe X

- ’ \ -
r o o ' )
- ’ Z \ .
L p \ 4
N ’ \ ]
- \
L P 4
- —,’ I I \,‘ B
e T ) | I ol ] S S L1 i dir

94.5 95.0

0.4

0.2
0.0

92.5 93.0 93.5 94.0
Wavelength (A)

 Fe X 94.0: first proper calculation by
Del Zanna et al. (2012)

 Fe XIV 93.6: new ID in Del Zanna
(2012)

 Fe VI, Fe IX: O'Dwyer et al. (2011)

 Fe XVIII 93.9 line: 6MK




CHIANTI AIA responses (v.9)

AIA_ RESP=ch_aia_resp('20100522', pressure=1e15, $
abund_name=!xuvtop+'/abundance/sun_coronal 1992 feldman_ext.abund',$
ioneq_name= !xuvtop+'/ioneg/chianti.ioneq’,/verbose )

e Bands are multi- CHIANTI v.9 vs v.7 (SSW)
thermal. 10724 131 A E
« Off-band contribution § 171 4 :
« Degradation of the T T 94 A :
g O 1078 211 A .
bands difficult to i : - 335 A :
assess. x
« Responses depend .
. n
on chemical -
(]
abundances o
o
-]
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» High-resolution line spectroscopy is featuring in
many future missions and proposals.

 Main instrument is EUVST.
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Cryo-NIRSP Spectropolar.
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DKIST Cryo-NIRSP will measure up to 1.5 Rsun:

a0 =

coronal Ne (Fe Xlll ratio and others),
non-thermal widths

Te (approx)

coronal B

in the future chemical abundances in coronal
1-3 MK plasma (Del Zanna & DelLuca 2018).
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Level designation

Electrons occupy n/ orbitals

L = orbital angular momentum, represented by a
letter: S=0, P=1, D=2, F=3 ...

S = spin angular momentum

J = total angular momentum

S and J take values 0, 1/2, 1, 3/2, 2, ...
Notation is 25*1L,

E.g., for Fe XIl, the ground configuration is

P, [1s22s22p% ] 352 3p3
2|3'1/2
2D5/2 :
0 1349 A, IRIS line
3/2
Ss/2 ¥
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Line emission

‘Number of photons = N, A;

*Aj; is Einstein’s probability for
spontaneous decay onization

*N; fraction of ions in the state j limit

*Two main types

—forbidden (A; < 103 s-1) J
—allowed (A; > 10° s)
AJ=0, =1 and A L=0, =1

A 4

*AS=1 intercombination have
smaller A;,

*All transitions within a configuration
are forbidden
ground

nLS Jparity

|f a level has no allowed transitions
then it is metastable
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lonization vs. excitation

[onizations/recombinations occur on timescales of 1-100s
Dipole-allowed lines decay in ~10-1° s. Forbidden ones in 104 s or longer

Charge=Z7

=7+
Charge=Z-1 Charge=z:+1

/

Usual to treat separately excitation / ionization, but collisional-radiative models
(CRM) are actually necessary in many cases.

!
W

Most codes calculate ion balance assuming population is all in ground states.
G. Del Zanna - Solarnet school - Jan 2021




Line intensities

In optically-thin plasmas line intensities are proportional to:

N;(X*™)  N(X*+™) N(X)N(H)

[~ A?: Az Ne
N g N(X+7n) J N(X) N(H) N
A-value
Level population lon El
abundance abundance
(Ne,Te) (Te, Ne)

The Hydrogen/electron density depends on
the elemental abundances relative to H.
For the solar corona, H, He are fully
ionised and the ratio is about 0.8--0.9.
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CHIANTI population modelling before v.9

Continuum

Collisional I

excitation —

(and de- \
excitation) . v
by electron
and proton

impact viv

A single matrix is populated with

all the rates and solved to get level
population
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Radiative decay
(spontaneous)

Photo-excitation
(and de-

T{ excitation) by any

radiation field can
be added.




Contribution function

Spectral line intensity:

hy; | |
I(N\;;) = ’/g /N A dh = /Ab C(T,N\ij, No)N.Ngdh lergs cm % s~ ' sr']
hvl/ij A]'I N] (X—Hn') N(X—Hn)

. _ 43 1
C(T, Nij, N.) = Ir N, N(X*) N(X) lergs em™” s
Note that in the literature there are various — CHANT SPECTRAL CODE v2
definitions of contribution ’ : constont deniy: 6000408 [em®] o
functions. Aside from having values in either [ e B
photons or ergs, sometime the o [T s
factor T is not included. Sometimes a value of = s
0.83 for N(H)/N(e) is assumed and included. =1 ;
Sometimes the element abundance factor is also =
included.
o A it i, YA R
e e e e

log T[ K]
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Atomic data for astrophysics

CALCULATION:

UK APAP Network http://www.apap-network.org/
(STFC funded): main ion atomic data provider
for fusion and astrophysics (PI: Badnell, Strathclyde)

BENCHMARK:

EUV line identifications and benchmark

DISTRIBUTION:
CHIANTI (www.chiantidatabase.orq)
CHIANTI Google user group

IDL suite (stand-alone, SSW)
Chiantipy (Dere) in Python
CHIANTI-VIP (Del Zanna) in Python

Latest version 10: Del Zanna+2021
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http://www.apap-network.org/
http://www.chiantidatabase.org

Atomic physics

Most theory and programs developed over a long
period of time with significant contributions in the
UK from UCL (Seaton’s group),

QUB (e.g. Burke, Hibbert), Cambridge (Burgess),
and a few groups in Europe.

Atomic structure theory and codes received
significant contributions from C. Froese Fisher and
|. Grant (Oxford).

Atomic physics went out of fashion long ago and
soon we will go back to the middle ages.

G. Del Zanna - Solarnet school - Jan 2021

Mike Seaton (UCL)
Alan Burgess (Cambridge)



Collisional excitation (CE) and de-excitation

The main processes affecting the level populations within one ion are
scattering with particles.

Most abundant particles in the quiescent corona are thermal electrons,
protons, alpha.

Electron collisions are the main excitation process in the low corona.

Proton collisions are also important when level separation is small.

Within CHIANTI, a matrix with all .
the upward and downward rates !
(no bf) is solved to obtain the level

populations (since v.9 | introduced
a two-ion CRM)
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Collision strength

The number of transitions form level i to level j due to electron collisions
per unit volume and time is given by Ni Ne Cij where Cij is the rate:

GG = [ oot o

with v, the velocity corresponding to the threshold energy for the
transition and the cross section normally written as a function of a

symmetric adimensional quantity, function of the kinetic energy of the
colliding electron, called the collision strength

’/TCL% EH
g b

O'..ij —

Qi (F)

ao the first Bohr orbit radius for the hydrogen, g; the statistical weight of
the level i, Ey the ionization energy for H 1 (13.6 eV). Assuming a
Maxwellian distribution function .

C° =8.6310°° i exrp <— Eij)
Y | Tel/z q; / ]iT'Te
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Collision strength

The Maxwellian-averaged collision strength:

E; is the energy of the scattered

Q - exp L d L electron relative to the energy of
U " kT |58 the final state of the ion.
e

The electron de-excitation rate is obtained with the
principle of detailed balance:

1€ gi 1€ El] )
C — =—C C.exrp (
Toogp - kT,

G. Del Zanna - Solarnet school - Jan 2021




Collision strength- example: Mg IX

intercombination
1-4 25°'S,-2s2p °P,

1.00 E|
0.10
0.01
=]
0 20 40 60 80 100 120 140
Energy (Ryd) incident electron
1-4 28°'S -252p °P,

008:- x Present _
U} OQCHANTIv.5 -
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0.00L
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allowed
1-525°'S,-2s 2p 'P,

0 20 40 60 80 100 120 140
Z\S ‘P
22 SR
L Present
E CHIANTI V.5

56 58 6.0

Log T [K]

6.2 6.4

Coll.
strength

Maxwellian
avg. Coll.

strength

Del Zanna Rozum Badnell 2008




CHIANTI data

Currently, for each ion at least ascii files:

fe_12.elvic Energy levels (theoretical, observed), level
descriptions

fe_12.wgfa Transition probabilities, gf values,
theoretical, observed wavelengths

fe_12.scups Maxwellian-averaged e- collision strengths
on a scaled domain

« + proton rates only for a few levels and ions.
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Non-Maxwellian e- (NMED)

Non-thermal particles are also present, especially during flares.
Most codes in astrophysics assume Maxwellian particles.

There is evidence that in solar active regions non-Maxwellian electron
distributions (NMED) are present (Lorincik+2020).

Within CHIANTI, there is a way to treat NMED assuming sums of
Maxwellians

f(E; as) = Za,-f_‘,!(E, T)
" The collisional excitation rate is the sum.
The coefficients a; are passed via a

c.. = [ ¢ E:a.)dE
7k /[ JAtf( a;)d keyword

= L / Qﬂtj\]L[)
La?(,ﬂ-([,

I

Alternatively, if you assume a k-distribution you can use the KAPPA
package (being updated for CHIANTI v.8) or ask for cross-sections.
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Level population and coronal model

— =D NkAj+ ) NeNeCilj+ )  NiNeCTj+ ) NiBij Ju,

WIthOUt k>j k>j i<j i<j
roton CE:
p +ZNkBkj vkj_ ZAJI+N ZC +N chk
k>j i<j i<j k> j
+ Y Bjidy;+ Y Bjkly,
i<j k> j

In a two-level ion model (e.g. a ground state g and an excited state j) and
neglecting photoexcitation:

Two-level ion e e
_ so the relative population of the level j is
J
N N.C¢.
J N. NGt + A4 (15)
g e“jg jg

i.e. depends strongly on the relative values between the radiative rate A, and
the collisional de-excitation term Neng.
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Metastable levels- electron density diagnostics

Density diagnostics involve metastable levels. Best are ratios of allowed lines

Level population Ratio of 353.8 A vs. 334.2 A
2 1.0 i
3s 3p?2 1 Dsp 1.4
T D 3/2 '5 0.8 B 1.2 B
g S 1.0r
a 0.6 5
8 S 0.8f
353.8 s <
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CHIANTI: IDL>plot_populations, 'fe_14'2e6

The number of photons emitted by the transition per second and per ion is:
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At low densities the intensity is then proportional to the density but independent
of the A value: N.C(;. The emission is directly related to the collision.
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At high densities the intensity is
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Fe XII

The 186/195 is a good density diagnostic for Hinode EIS. The populations of
the metastable levels are hard to calculate.

Del Zanna (2012): the population of the 3s2 3p3 2D;;, is 50 % higher than
previous models (Storey et al. 2005; Del Zanna & Mason 2005)
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Fe Xlll —log Ne=8

Complex cascading effects (Yu, Del Zanna+2018; Del Zanna & Mason 2018).
Large differences in collisional data !!!!!
/ 27%
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Measuring densities

When more than one line ratio is available, a convenient way is the
emissivity ratio method (Del Zanna et al. 2004)

Fji(Ne. Te) — C

19 Aug 2007 - RM4+DWE Fe XIl Log T [K]=6.20

S ] 1: A,=186.88 A (2—36+3-39) (bl S XI) 0.97x|,=55.0
] 20 Ay,=192.39 A (1-30) 1,=94.1
] 3: A, =193.51 A (1-29) |,,=205.0
. 4: A\, =195.12 A (1-27+2-33) 1,=312.0
43 5: Ay=196.65 A (3-34) |1,=17.
e 3, Del Zanna et al. (2012)
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IRIS densities
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Table 3: O1v transitions commonly used to measure densities.

Transitions A (A) Instrument log N,

*P3/2 - P52 1401.16

2s® 2p *P3)q - 25 2p® *P3s  1404.78 (bl S1v)  Skylab, HRTS, SMM/UVSP
SUMER, IRIS 0-12

9222 I 2P, .. _ 9« In2 4D ..

1200 7R




B-like

Oxygen
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multiplet
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CHIANTI GUI applications

e

. OV line ratios relative to 629,733 A
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m

on.hrl.nas
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‘Direct’ temperature diagnostics

proportional to the excitation rate. S 1"y,

Lt |
fé;% ﬁﬁ}?% % -+ IJ 1]

coronal hole

For allowed lines, intensities are I,y ~ hvuy; N.N,C¢. ~ hu,;N.N, ‘Tgi exp (_

5.0

1
1.20 1.25

Ratios of lines with very different excitation energies are T-sensitive.
O VI SOHO GIS + SUMER David et al. (1998)

At flare temperatures very good measurements can be obtained from the
satellite lines in the X-rays, with different diagnostics.
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Measuring Te with Mg IX

SOHO SUMER present results Mg IX Log Ne [cm;3]=8.2
2.0

One of the best Te diagnostic for
1 MK plasma (Del Zanna et al. 2008). | !
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Break out hands-on session?
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Line widths

I : 2 2
I, = > exp|—(A — Xg)*/207]

Lo

, A% [2kT L) o
o = ; = a5
For a Maxwellian distribution 2¢2 \ M, ° !
M,
lon mass

gaussian instrumental width o

most probable non-thermal velocity

A key issue is the ion temperature — not easy to
know. Te has hardly been measured. The ionization
temperature is normally used.
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Opacity in coronal lines

2013—02—14 Peak DN Fe XIl 195.1 A
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They do not in AR
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observations.
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/12
70 = 8.3107%! f,——— N, AS (4)
AArwHM

with 4 and Adpwyy expressed in A. For the 195 A line, fu =
2.97/4, neglecting the weaker line blending the main line.
The population of the lower level can be written as

N; N(Fe XII) Ab(Fe) Nu N. | (5)

N, =
" N(FeXII) N(Fe) N.

where N;/N(Fe XII) = 0.9 is the relative population of the ground
state at quiet Sun densities, N(Fe XII)/N(Fe) = 0.25 is the peak
relative population of the ion, Ab(Fe) = 3.16 10~ is the Fe pho-
tospheric abundance, Ny /N, = 0.83, and N, is the averaged elec-
tron number density. We therefore have 7o = 6.9 1072° N, AS

[cm™2] assuming Adpw gy =0.02 A.

plot_populations, 'fe_12',1.5€6,20, densities=1e8*[1,3,9]

plot_ioneq, 'fe', ion=[12]

for Ne=7 108 and a path = 1.8 10'9¢cm (from the EM) we get 1 = 0.9 for

the 195 A line.
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Assuming that the source function does not vary alos:

I,=S,(1—-¢e™),

while the the line source function S, is:

2hv (g,,N, 1‘)
CZ 8 N, u

-1
Sy =

fort(195A)=0.9, T1(192 A)=0.3,
the ratio of the source functions is close to 1,
and the 195/192 A ratio decreases by ~30%,
close to what observed.
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Break out hands-on session?
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Photo-excitation (PE)

Photoexcitation and stimulated emission depend on the local radiation field.
It is not so important in the low corona and EUV/UV lines.

It is very important for the forbidden lines in the corona, when densities are low and
little CE is present.

Also, for all cool lines in the corona (esp. H,He), and low charge states in the
TR/chromosphere.

J

hv=E;
\NNNNN~ i
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PE for H, He in the corona

H 11216 A
’]3 A ' ' T I T T I T T T T I T T T T I
N v=0, 1=80500 .
- v=0, no photo_—excitotii)n ———————— . .
- Vo0, SUMER 1 The abundance of H in
= 12 B v=100, SUMER — . _7 .
2k v=200, SUMER 1 the coronais 10, still
| B & v=300, SUMER ] _
N 1 the Ly ais the strongest
SRRl E coronal line!
s | '
> 10F E |
= : Related to modelling the
] ] outer corona
oF (Del Zanna+2018)

Neutral He is also strongly affected by PE (Del Zanna+2020)
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PE

Assuming a uniform disk intensity:

A2 — —
4

where W (r) is the dilution factor of the radiation, i.e., the geometrical factor which
accounts for the weakening of the radiation field at a distance r from the Sun, and 1,
is the averaged disk radiance at the frequency v.

Assuming spherical symmetry (i.e., the solar photosphere a perfect sphere), and
indicating with r the distance from Sun centre R, the solar radius, we have:

2 6 2 1/2
| T | | Ro
W(r)y=— sinf0dldp=—(1—cosOp)==|1—|1—|—
4 -
T Jo 0 2 2 !

(26)

where 6 is the angle sub-tending R at the distance r, i.e., sinfy = Rg/r.
In terms of the energy density per unit wavelength, U,, the photoexcitation rate for
a transition i — j is:

gj »
P:=A: W(r) 2L
Y ji W) gi 8mhc

27)

where A j; is the Einstein coefficient for spontaneous emission from j to i, g;j and g;
are the statistical weights of levels j and i, and W (r) is the radiation dilution factor.
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Photo-excitation (PE)
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Most allowed (EUV) transitions: C(T); I~ Ne?2
Forbidden: C(T, Ne, r, lgisk)

Allowed, forbidden and scattered |, emission
(~Ne) is not necessarily co-spatial

Photo-excitation from disk
can be modelled using
Si X 1.43 microns contribution function CHlANTl, with user-defined

529 @2 e [T T prrTTTTTT T T [T T . .
log Ne=8, SIM cont. r=1.03 dISk radlances.
log Ne=8, BB 5900 K, r=1.03 - ------
—27 log Ne=8, SIM cont. r=1.1 - === ———
8x10 log Ne=8, no photoexcitation
log Ne=9, no photoexcitation

Unlike allowed transitions,
a good model of Ne alos
is fundamental

&6x107%

4x107%

2x10°%
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Photo-excitation is pumping the

forbidden lines. Each spectral

line is sensitive to Ne and disk
radiation in a different way.
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PE and coronal lines

Forbidden lines in the visible/IR are great to measure

 Ne via line ratios or actual radiances

T (ionisation T, but also Te in combination with EUV)

Chemical abundances

Non-Thermal effects (line widths, non-thermal electrons)
Magnetic field (see CoMP Science paper by Yang, Zihao+2020)
However:

« Atomic data not simple to calculate. Latest calculations (Del Zanna+ 2012,
several A&A papers), made available to CHIANTI v.8 Del Zanna+(2015)
showed increases of ~2 in the intensities. (cf. Del Zanna & Mason, 2018,
Liv. Rev. Sol. Phys.)

* Visible/IR nearly unexplored ! (see Del Zanna & Deluca (2017)
* Modelling the signal is not trivial (see e.g. Del Zanna+2018, Dudik+2020)
« Significant atmospheric absorption in the IR (DKIST)
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PE in CHIANTI

Is included as a correction to the A-value (resonant process) with a dilution W.
A black-body is one option. Alternatively an user-defined energy density U file
can be passed as a keyword, with RADFUNC= ‘'my_function,lambda, a, b'.
The function must return an array of energy density with the same dimensions
of the wavelength array lambda, which is internally defined.

Note: the relation between radiance and c .

energy density is: L= El"*'
The optional two parameters can e.g. be
the velocity for the Doppler dimming and

a temperature. H I Ly a — Doppler dimming

---------------------------------------

N
o

Coronal T=1.6 MK . — 1
[| = - -~ Coronal T=0.8 MK SUMER QS disk, v=0 |4

R SUMER QS disk, v=300 |-

Doppler dimming is a powerful diagnostic
to measure the plane-of-sky solar wind
outflow velocity.

Normalised profile
o &)
I L} 1 I ] ]
|

o .
o)
T [ rrr1r

0.0L J T .
1214 1215 1216 1217 1211
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Break out hands-on session?
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lonization/Recombination

Processes that depopulate the upper ionization state:
(1): radiative recombination, induced ~ N,,; N, R4
(2): radiative recombination, spontaneous ~ N,,1 No R"41
is the inverse process of photoionization (cf Badnell 2006)
(3): dielectronic recombination ~ N,,; N, RY.; (Burgess 1964,1965)

Processes that populate the upper ionization state:
(4): collisional ionization (+auto) by direct impact by electrons (inverse of three-body

recombination) ~ N, N, S¢,

(5): photoionization ~ N, R, R; ~ /]de

LTE: detailed balance of (1), (2), (5) --> Saha equation

7\3/2
N, 41 _ Uy J— 2 (2mmk1)?

N, W, N_h3

Up = Z grn EXP (E‘I‘,'n/ AT)

Partition function

At low densities plasmas become optically thin and most of radiation escape,
therefore processes (1) and (5) are attenuated. The Saha equation does not apply.
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Li-like He-like
1s2p +e o u:1s2p P,
W
Autoionizing states
t ! .“S\\ O/@/eo
x \\ < [zf
” 3(\71«\\ \0/7/&? o
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|| —*
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| developed a CR method for
CHIANTI v.9 to model a two-ion,

including autoionizing states




Direct lonization (DI) by electron impact

direct impact coefficients for ionization ~ **'F

by collision with electrons

(much more efficient than the protons). -

Dere (2007) calculated ab-initio

direct-ionization (DI) cross-
sections between ground states
and compared them with
available experimental data.
They are available in CHIANTI.

There are discrepancies among
calculations and (sparse)
experiments (see also Dufresne
& Del Zanna 2019,2020)
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Energy (eV)

Fig.3. FAC DI cross sections for CV and the measurements of
Crandall et al. (1979a) (diamonds) and Donets & Ovsyannikov (1981)
(triangles, plotted with an arbitrary 10% experimental error).

CHIANTI:
IDL>e= 350+ 10.*indgen(1000)
plot_oi, e,ioniz_cross('c_5',e),chars=2,/xst




EA collisional ionisation

lonisation via excitation-autoionization (EA) is an additional process
important for some ions at higher temperatures.

Available calculations are sparse. See Dufresne & Del Zanna for
examples and references.

i
‘ CHIANTI:
il IDL>e= 100+ 10.*indgen(1000)

- 7 plot_oi, e,ioniz_cross('n_5',e),chars=2,/xst

<}

Crandall+1§79\° L

—

| T \
200 500 1000 2000
Electron energy (eV)

Figure 2. Cross section for electron impact ionisation of N**. The connected full circles are
present data; open circles are data of Donets and Ovsyannikov (1977); broken curve is
scaled Coulomb-Born of Golden and Sampson (1977); full bold curve is Coulomb-Born by
Moores (1978).
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3-Body recombination

Three body recombination is the inverse process of collisional ionization. The rate
coefficient for the three body recombination C’?zB can be obtained by applying the
principle of detailed balance:

NeN;(ZtT) C}; = Ne Nj(ZT7HH O3B,

which leads to

3/2
(3B _ ol _ Y N h? o—(Ei—Ef) /KT
T T e \ 2 nm kT

for Maxwellian electrons
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Radiative recombination (RR)

It is @ recombination by a free electron. The photon-induced is not
usually relevant. Rates are normally obtained from the Pl cross-
sections via detailed balance. Level-resolved (initial and final) cross-
sections are needed. Very accurate values are available for H, He and
several ions.

Level-resolved rates for all ions obtained from simplified Pl
(background distorted-wave) are available at the UK APAP network.

CHIANTI has the total of these rates, between ground states. Since
v.9 CHIANTI introduced some level-resolved rates in two-ion models
(Del Zanna, see Appendix of Dere+2019).

G. Del Zanna - Solarnet school - Jan 2021




Dielectronic recombination (DR)

When a free electron is captured into an autoionization state of the recombining
ion while a bound electron is excited. The ion is in a doubly-excited unstable
state. It can then autoionize (releasing a free electron) or produce a radiative
transition into a bound state (a satellite line) producing a recombined ion.

Shown by Burgess (1964,1965) to be a very important effect for the solar corona
at high temperatures, typically 10 times more effective than RR

10_10 E T T TTTTIT

CHIANTI:

—

S
—
-

IDL> t= 100+ 10.*lindgen(1e6)
plot_oo, t, recomb_rate('o_3’,t,$
/radiative),chars=2,/xst

Rate Coefficient (cm3 s")
S
o

10_13 1 IIlIlllI 1 1 lllllll 1 llllllll 1 llllllll 1 1 lllll‘l Oplot, t’ reCOmb_rate('O_B',t, /diel),line=2
10° 108 10% 10° 10° 107
Temperature (K)

Fic. 9.—Total ground state rate coefficients for O%*. Solid curves, RR (present),
DR (Zatsarinny et al. 2004), and total (DR + RR) from AUTOSTRUCTURE;
dashed curve, total (unified DR + RR) from R-matrix (Nahar 1999).

Badnell (2006)
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DR

Level-resolved (final states) DR rates from ground and metastable states are
available for many ions at the UK APAP network, calculated as part of the DR
project (Badnell+1998)

CHIANTI mostly has these DR rates , but totals and from ground states only

Recombination rate Fe IX ——> Fe VIII
1078 E T
"""" e CHIANTI v.8 DR —-rmsmemimemimemimis
''''' .. CHIANTI v.8 RR ----=-=-----
N Experiment {Schmidt+2008)
107° SRS NikdticH (2010) =wrmrmrrrmerimenim =
: IR Badnelf2006) ———————— 3
There is a series of |
: ) 1 0_10 E %‘".\:\_ =
papers with £ Pl e
_ - N
experimental results — S
107" F Y
1072 e e N e
10* 10° 10° 107

Temperature (K)
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Density dependence on DR

High electron densities affect | terlc?
the DR rate coefficients in a | Nes107
complex way. " Ne=10'2
Discussed by s L
Burgess & Summers (1969)
(see also Summers 1972,1974).
. . log'o-reﬁ.o 6.5

Fi1c, 7.—Fe *®* 4 ¢ recombination coefficient
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lonisation equilibrium at zero density

1 (ILVT
Ne dt

Each 1on I1s considered to be In the ground
state and rates only depend on Te
Usually called coronal approximation, but in Continuum
reality it is a zero density
(lower than densities of planetary nebulae)

p— J.?\Tr._]_tsvr—-]_ — J.?\TT-(LSYT —I'_ ﬂr) + ir\rr_{_]_(lrr—}-]_

C IV (C*)

Continuum

In equilibrium, the relative two-ion
ot abundance is obtained from the
Cll (C ) ratio of the rates:

Nry1 Sp(T)
N,  a,1(T)

the timescales for N,. to ionise are 1/(N.S%), while to recombine 1/(N.«,.)
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o
L
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jn B B Bt B

CHIANTI v.B
ADAS log Ne=12

10°

10° 107
o |l

CHIANTI v.8

ADAS log Ne=12

-
o
L
o
LI I I B

CHIANTI v.B8

ADAS log Ne=12

CHIANT] v.B .
ADAS |log Ne=12 3

t=107[5.40.2*indgen(10)]
plot_io, chars=2 ,alog10(t), ioniz_rate('o_4'1t)
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There are CHIANTI
routines to plot these
rates.

Note the Ne-dependence
of the DR rates (ADAS)




Zero density

len fraction
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lonization equilibrium for O —  chianti
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CHIANTI: IDL> plot_ioneq,’o’
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ionisation T - DKIST

G(T) at 1.1 (R/R_ ) + photoexc.

10—25

Si X 1.43
_________ Si IX 3.93
e Mg VIl 3.02
Fe XIll 1.07
Fe IX 2.218

10—26

10—27

10-28

Si X

B {Ianaas

6.0
log T [K]

6.2 6.4 6.

o . .. ..

1.43 / Si IX 3.93 ratio

5.95 6.00 6.05 6.10 6.15
log T [K]
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Photo-lonisation (Pl)

Photoionization is normally negligible
in the lower solar corona. Butitis
important for example for
prominences, the low transition
region and the outer corona.

Important for H, He which
recombine after being ionized by the
coronal radiation.

100 Energy [eV] 10
l / 1000 3
E - 1000 100 10
o [ 100000 = //l
2; MET {/ ;!01 e I
g I o““" -, I’;"{‘ iloﬂe‘als 1 -~ - g - : l—vio
E 1 00 = 291 z He . 1 - ]
@] N - 7 -
He Il E F omvop =
I~ 00001 -
’,-/
S 010F o 2 - 3 E
| - //,/ et [} [} 3
SO4A L b | ™ w1 ]
H I v 5 o001z I I el LLY
e 100 1000

°

Wavelength [A]

Plot areated on Thu Nov 15 18:4822 2001 by aoss_sactions.pro
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Pl

® _(bf) AQ —
J - - ‘IV:_[V:W‘[V’
afl — 4 Tie (V) J, dv 47 )
te hv
0

1 1)1/?

4 =§[1“(1‘ﬁ) ]
R
"~ R.

Data are available from the Opacity Project (Seaton+), the UK
APAP Network and the literature.

Only cross-sections from ground states are available in
CHIANTI.

Pl from populated excited states can be very important, see e.q.
Dufresne, Del Zanna+ (2019,2020,2021) and for He Del
Zanna+2020
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C Il Pl for QS

lam=1.+lindgen(300)

plot, lam, verner_xs(6,3, lam), chars=2, ytit="10!U-18!N cm!U-2!N",$
xtit="Wavelength (Angstroms)
The spectrum close to the Pl edge is important.

Photoionization of C Il (Verner+13996)
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Pl

Pl is also important when H,He absorbs background
emission as in filaments, spicules, etc.

Meudon Observatory 06:40:00 UT 0V 629.7 Alog T = 5.4 07:00:56.938 UT

Filament FP1 N, /N, ,=0.15 R=1

1.0 lllllllll Jrrrrrroror Jrrrrrorror | AR | IR I|7- LELEN BLELELEL B B B Jrrrrrrrr7
Model A, C=8x10"7 =0.2, 1,,=0.6 los

Model A, C=5x10"" f=0., lys= lgs

I Model B, C=1.x10"®

ratio

200 300 400 500 600 700 800 900
Wovelength (A)

Del Zanna+2004
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Pl for O

I
—
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| | 1 |
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log T. (K
o8 e () Badnell (2020)

Figure 3. Coronal approximation for oxygen: solid line - this
work including photo-ionisation only, dotted - CHIANTI v.9. Ions
are highlighted by Roman numerals and different colours.




CR Modelling: Level-Resolved

Two main effects: 1) suppression of DR and 2) Cl from metastable levels.

A new approach — building a level-resolved matrix with all the main levels for
all the ions, see Dufresne & Del Zanna (2019,2020) with some
approximations. Full CRMs are being built.

_______ Continuum
Continu‘f'ﬂ _____ I

CIV

3+

Metastable —I (C3*)

levels ! /

C Il
(C2+)
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Combined Cl and DR effects - C

0.8
0.6

04

Fractional Ion Population

oo by by oy o ooy o by o Wy

T T I T T T I LI T I T T | T T

. - L TR o /Ay P,
4.0 4.5 50
log T, [K]

Fig. 12. Combined effect of density on level-resolved, electron impact
ionisation and DR suppression in the CR model; blue dotted line -

CHIANTI v.8, green dash-dotted - this work at 10* cm™ density, red Dufresne &
dash-dot-dotted - 10® cm™, purple dashed - 10'° cm=3, black solid -
10]2 cm‘3. Del Zanna
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Combined CIl and DR effects - O

Fractional Ion Population

Figure 9. Final ionisation equilibrium of oxygen at various den-
sities; dotted line - CHIANTI, dash-dot-dotted - this work at 10% DUfresne
cm > density, dash-dotted - 10® cm ™3, dashed - 10'° ecm =3, solid

12 g o Del Zanna
- 10+ cm™". Individual charge states are highlighted by Roman ’
numerals and different colours. Badne”




Charge tranfer (CT)

Very important for low charge states of some elements. Mostly due to
interaction (both ways) with neutral H,He, which themselves are difficult
to model (see issues with He in the corona in Del Zanna+2020).

Availability of CT rates is sparse.

T T T T T T T T T T T
i IT
1O .

0.8
v

0.6

e AR R N SR N

|\

0.4

Fractional Ion Population

0.2

0.0 T e ne L
4.0 4.2 4.4 4.6 4.8 5.0 5.2
log T, (K)

Figure 4. Coronal approximation of oxygen: solid line - this work
including charge transfer only, dotted - CHIANTI v.9. Ions are high-
lighted by Roman numerals and different colours.

O results for quiet Sun

Dufresne, Del Zanna
Badnell 2021




Ne-dependent Cl, DR, + PIl, CT

R e i
0.8
0.6

04

Fractional Ion Population

0.2

T T T I T T T | T

~ ; ) R [ — h | ) e <
4.0 4.2 4.4 4.6 4.8 5.0 5.2
log T, (K)

0.0

Figure 5. lonisation equilibrium of oxygen: solid line - full model,
dashed - Dufresne et al. electron collisional model, dotted - CHI-
ANTI v.9. Ions are highlighted by Roman numerals and different
colours.
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O results for quiet Sun

Dufresne, Del Zanna
Badnell 2021




lonisation (time dependent)

Time-dependent ionization can substantially affect ion populations.
Important in the solar wind (low Ne) and in active regions (whenever the
heating timescales are short).

10.000 [ Equilibrium’ "

Non—equilibrium

1.000}

0.100

ion fraction

0.010}

0.001L
10

10
electron temperature (K)

Eﬂ:eCtS on SpeCtraI IIneS can be StUdIed eg Fic. 5—Oxygen ion fractions as a function of temperature for the

equilibrium case (dotted lines) and when a constant flow speed of 30 kms™!

with the HYDRAD code (see examples in is assumed (solid lines),
Bradshaw, Del Zanna & Mason (2003): Esser+1998

The radiative losses are calculated by solving the time-dependent ionization,
including the advective term (the rate coefficients | and R are functions of temperature )

J o, i ,, i i
_—(_;'\'rr) == _—(_Nr-v) = ;‘\'re(i?\"‘,._ls,f_l — 4‘7\"4,. (Sf == Rr) = Jr\llr_*_l Rr—{—l) N /\ Z \
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lonization equilibrium with NMED

A fully self-consistent model is very complex and is not available.
Approximations used within the KAPPA package show the effects for
strong NMED:

lonization equilibrium for Si
1.2 T T T T T T T T T T T T T T T T T T T T T
CHIANTI v7.1
-------- k=5

Si III

o
L) I ) I

ot
[od

o
»

Fractional population
o
o)

o
N

o
o
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DEM / EM

I(/lﬂ) = fZVeNHA(X) G(A’e, T, /l],)dll
h

If there is a continuous distribution of densities and temperatures along the line of

sight, then we can define the column Differential Emission Measure (DEM) and total

emission measure EM:

DEM (T) = N.Nyp% J[em K™Y

dl’

EM = [, N.Nydh = [,, DEM(T) dT  [cm™]

I(4;5) = A(X)f G(T) DEM(T) dT
T

The DEM(T) gives an indication of the amount of plasma along the line of sight that
Is emitting the radiation observed and has a temperature between T and T+dT. Itis
also used for measuring chemical abundances. Note that in the literature many
different definitions of DEM, EM, and approximations can be found, for example:

DEM(T)= N2(dT/dh)"".
EM = [ N2dh = [ DEM(T)dT
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Effective Te (Del Zanna & Mason 2014)

log DEM [ em™K™ ]

lon fraction

Parkinson (1975)

22

—T f{obs | obs Tma_x Tcﬁ' R lon

1355 0.163 698 647 059 Neix
1370 0334 656 647 092 Neix
13.82 0.174 680 6.51 1.01 Fexvm
1421 0098 690 657 085 Fexvm
Fe Xvi
16.78 19 674 650 1.15 Fexvhn

Parkinson (1975)

oy LT PR——— T v rr—r——— ——
12 [ T . . 1 L "
6.2 6.4 6.6 6.8 7.0 L
log T [K] 21
3
lonization equilibrium for Fe €
0.8 T L B O L
L s 20F
XVII = i
J
- O -
0.6 n 8‘ L
I = 19f
0.4 . ]
XVIIL [
L ]8 -
0.2 n
e Test = f G(T) DEM(T) T dT/ f G(T) DEM(T) dT
log T (K) - -
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Spectroscopic filling factors

If one assumes an homogeneous slab of plasma of thickness dh, once elemental
abundances are known, and a line intensity measured, one can obtain an average
<EM> = <N.2> dh from which the path length dh can be estimated once N, is
measured from e.g. a line ratio. Dere et al.(1987) used HRTS transition region C IV
intensities and O |V densities form a line ratio to obtain path lengths of 0.1-10 km,
much smaller than the observed sizes of the spicular structures (2400 km).

12

" Dere et al.(1987)

In other words, average <N.2> obtained from 10 - -

the measured EM and estimated dh are much 8 |- _

smaller than expected from the averaged 2.1 _
densities obtained from line ratios. 2 ]

T . i

— | 4

B (N2) (EM) T
<i\’re>2 <;N‘re>2 Ah 81.5 —1l —0{5 :) o.ls : 1.5

logyo PATH LENGTH (km)

For coronal loops is close to 1 (SOHO/CDS: Del Zanna 2003, Del Zanna &
Mason 2003; Hinode/EIS: Tripathi et al. 2009)
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EM loci

lii = ff Ab(Y) Gii(Te) N.” dh =
Ab(Y) [ GiTodT < [ N.* dh/dT >
lobs

EM = fNe(h)zdh

Ab(Y) Gji(Te)
Del Zanna (2003) re-introduced the EM loci

. . L L . L L L
5.4 5.6 5.8 5.0 5.2 5.4
log T [K]

For each line and temperature T, the value |, / G(T;) represents an upper limit to the
value of the emission measure at that temperature, assuming that all the observed
emission |, is produced by an isothermal plasma at the temperature T..
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Anomalous ions

log EM [em™]

Lines from Li-like and Na-like ions are
stronger (factors of 2-5) than predicted.
These lines are the strongest in the UV !

SilVand C IV

li= [ AB(X) GH(T2) N
EM = fNe(h)zdh
LEMLocr =

lobs
Ab( X)) Gji (7e)

& Ne VI

4.5 :

5.5 6.0 6.5

Sun-as-a-Star (Judge+1995,
Del Zanna& Mason)

wwv I
R “ /L 2N B

zef- \ \ ‘ 'L‘ ’ gze.—

275— \;‘/j}' 3 27:_
: ‘normal’ ions :

e

4.0 4.5 5.0 55 6.0 6.5 7.0 7.5 4.0 4.5

Del Zanna+(2002):
first to show that
the problem is
present also in UV
stellar observations



Chemical abundances

EM Loci or EM, DEM curves have been used since 1963 to measure
the relative abundances in the corona, which are different than
photospheric. There is a correlation with the FIP, indicating that the
process occurs in the chromosphere (hard to model !), see one of the
possible explanations in Laming, Sol. Phys. Living Review.

Abundances relative to H can be measured using the continuum.

For a review of key results see our Living Review, as many in the
literature are incorrect for various reasons, one related to how the
plasma is distributed in temperature.
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Chemical abundances in CH plumes

The Widing and Feldman (1989) approximation imposes a continuous
distribution of the values DEM, plotted at the temperature of

maximum ion abundance.

Incorrect abundances (by a factor of 10) can be obtained when plasma

is isothermal as in CH plumes.

Plumes in coronal holes

Widing & Feldman (1992)

G. Del Zanna - Solarnet school - Jan 2021

FIP=0
NF T 1 T T 1 T T T
: M Mg VIl hiar Al
29:_ Ca IX
o Ca x
28
— e V|
N
2 27F Mg VI
255—
245. | .|.,|...|...|E
5.4 5.6 5.8 6.0 6.2 6.4
log| T [K]
Te of maximum || Zanna et al. (2003)
emissivity in
lonization Actual
equilibrium Te




FIP BIAS in AR loops (Skylab)

Ne/Mg abund = 0.85 (FIF = 3.7)
——

200 T T

28,5

T\
N/

log EM [em™®]

27.0F

2651

vk FIP_
" bias=3.7

L 1 L L

The EM Loci curves are consistent with an FIP

bias present but 4 times lower !
(Del Zanna 2003)
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Continuum

Free-free (f-f) produce a continuum of photons with energies E=0-
1/2 mv?2)

Free-bound (f-b) produces photons at energies 1/2 mv? - E;

with E; the final energy of the atomic state. F-b depends on the
chemical abundances.

Continuum is present at all
wavelengths

CHIANTI — coronal abundances — Mazzotta et al.{1998)} ion eq.
soxigl 4T T T T T .

Note that the expressions found
in the literature for the f-f and f-b
normally assume Maxwellian
electron distributions.

5.0x10!3

T T T T l T T T T I T T T T I T T T T

o

Wavelength (A}
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END

Thank you
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