Lecture 5
Excitation of coronal spectra



Excitation of lines

Corona and transition region are regions of hot
gas (or plasma = ionized gas) which emit
mostly emission lines.

The emission lines are formed when the
emitting ions are excited by collisions with
free electrons.

The free electrons mostly come from the
lonization of hydrogen (H) and helium (He).

For the corona, the main particles are protons
(H atom nuclel),He nuclel, and free electrons.



lon fractions

In the corona, transition region, and
chromosphere, temperature T determines how
much of a particular ion of an element is
present as a fraction of all the other ions of this
element ¢ the ion fraction.

Density and other conditions (e.g. flows) do not
have a large effect on ion fractions.

How much of an ion Is present depends on all the
lonization processes and all the recombination
processes that are present when in
equilibrium: the ionization equilibrium.



lonization and Recombination Processes in
Corona

In the solar atmosphere (chromosphere, transition
region, corona):

Collisional ionization (plus auto-ionization)
IS balanced by:

Radiative recombination plus
dielectronic recombination
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Notation: e = free electron, X an element (e.g. Si, Fe) @nd = an
lon of element X withm electrons missing.

lonization (rate coefficient 8, is by collisions with free electrons:

e +XMY Xtl+e-+e, (e loses energy, imparting it to ion)

Recombination(rate coefficient-R) occurs byradiative processes
e + X*M1lY X+ h3 (h3 = photon, removes excess energy)
and by dielectronic processegrate coefficient R)):

g + XMLy (rmyex (** = doubly excited ion)



Pictorial representations of coronal
lonization and recombination processes
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Coronal ionization equilibrium

In equilibrium, the rate of ionizations from iortXper unit volume
IS balanced by rate of recombinations from iofi*Xper unit
volume.

That is, N(X*™) N, Q. = N(X*™*1) N, (R +R,).
The ratio ofN(X*™) to N(X*™*Y) is therefore given by

N(X™) R +R, radiative+dielectrom recombinabnrate
N(X ™) Q. collisionbionizatiorrate

(1)

So the ratidN(X*™M/N(X*™*4) normallyonly depends on electron
temperature T, not density.

The ratio of the number density of a particular (E¢™) to all

other ionization stages N(X*™)/ & N(X*'), which can be
calculated from all the ratios given in Equation (1).



Example of Fe ions

Take example of Fe ions in the quiet corona, i.e. 1MK to 2MK.

We can calculate N(F&/N(Fe19) from recombination coefficients
R(Fe'0Y F &) and ionization coefficient®(Fe™® Y F €9 as a function
of T,.

Then we can calculaté(Fe19)/N(Fet) from recombination
coefficientsR(Fet'1 Y F €9 and ionization coefficient®(Fe0Y
Ferll) .

Similarly N(Fet1Y)/N(Fet1?), N(Fer')/N(Fetld), ... N(Fel5)/N(Fetls).

Then we can calculaté(Fe™®)/N(Fe), N(Fe'19)/N(Fe) ...N(Fe'15)/N(Fe)
as a function of..

Note:N(Fe) meansZ™=16__. N(Fe'™).

m=9
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lon notation:
9 = Fe®
19 = Fel9etc.

Note: for corona, Fe8to
Fetl4are abundant
lonization stages.

Based on Mazzotta et al.
(1998) 0



Spectral line excitation in the corona

Spectral lines are emitted when ions in the corona,
transition region, or chromosphere are excited by
collisions with free electrons.

Consider an ion that has a ground level (0) and one

excited level (n). 1
Collisional rate coefficient for excitation TCOl
= Cy; (units: cm3 s1). 0

Let v = electron velocity, and suppose the electrons have
a Maxwell-Boltzmann distribution f(v).

Let U = the cross section (cm?) for excitation (U,,) or de-
excitation (U,,).
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Spectral line excitation (continued)

Consider a tube containing ¢
free electrons with —

e AN eL
Maxwell-Boltzmann
distribution f(v) striking
an ion, cross section .

Tube length = v, 1.e. the length an electron
would go in 1 second if it was directed
towards the target ion.

The collisional rate coefficient
C=N{lv) vdv 1




Spectral line excitation (continued)
We will first consider collisional de-excitation,

l.e. from level O to level n.
1

Cross section with energy
O v N

E
G; = Ndv) ,vdv cm3st (1)
We neglect relativistic effects, so
Ell oy2Y O (2)
or dv = dE/mwhere m = electron mass. (3)
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Spectral line excitation (continued)
Maxwell-Boltzmann distribution IS

/2
.I: (V) _ Z\F kr-T: — E e—E/kTe
7 (KT,) (4)
We define collision strength m:
&10 - Gi 9 cn (5)

where ~ a,° is the area of the 15t Bohr orbit and =
energy in Rydberg = E/2.18 10! with Ein erg.

First, we will calculate the collisional de-excitation
coefficient. For this, we use this relation:

Mg =My = Q (6)
which Is because of the symmetry of the collision.
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Spectral line excitation (continued)

_ constant tEe ™' constant

C,.,= d(E/kT)= 3
oTgmy £ CED T (@)

where o
3=]q e “Td(E/KT)
T (capital Greek letter upsilon) isthe
cgal EgSHASANIYISRe O2ftt A
For collisional excitation, rate coefficient = C,,

O, _aE/kT
C..=C . —=e
01 10 go (8)

with g, and g, = statistical weights of ground level
and excited level 1. 1




Spectral line excitation (continued)

Collisional rate coefficient for excitation of an
lon from ground level 0 to excited level 1 is

go-l-llz € (9)

where nEis the excitation energy (i.e. the
energy of level 1 above the ground level 0).

To exgite a que, an electrgn mus’E havg at least a
auUKNBaK2zft Reg SYSNHezZ2 )
NE.
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Spectral line excitation (continued)

The reason for introducing collision strength min
place of the cross section Is that the cross
section has an approximately 1/E
dependence,somf O2y adl yi

The Upsilon value T+ my,,...oq - A for collisional

excitation Is
M

Ike this:

\_,\ g does not vary much,
unlike cross section

E

+

Threshold energy = qE
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Excitation of ion with 2 levels for corona etc.

Collisional excitation (rate coefft. G,): Xo+teY X+e

is balanced byadiative de-excitation (rate A,)): X, Y X+ h3
NoNeCor1 = NiAg =115 cmss?

whereA,, is the radiative transition probability (it I, 1s the

photon emission rate (chis!). N, = electron density\,, N, = number
densities of ions in levels 0 and 1.

So photon emission rate when ion@eites = collisional excitation
rate in a simple 2evel ion.

Nl _ NeC01

N, Ao

This ratio is always < 1lin coronal equilibrium. 17



Level diagram for 2-level atom

3 Level 1
Collisional Radiative de-excitation
excitation Rate = N, A, cm3 s
Rate = N, N, Cy,
cm3st

i Level O
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Optically thin emission lines in the coronal spectrum

More generally, for any upper leveland lower levell, the
probability of spontaneous emission of a photo#igs™).

Let number density of atoms (cn?) in excited level isnj (also
called thepopulation of level j), so the totakmissivityis:

g = hvji A;N; ergcms?

So from a volume on the Sugiy (cm?®), theflux of radiation at Earth
from a spectral line emitted by transitions from level j to level i is:

1 > |e;dV  erg cn¥ st (10)

AV

F, =

whereR is SunEarth distance = 1 astronomical unit (At))
150,000,000 km. ,



Optically thin emission lines in the coronal spectrum (contd.)

Number density of ions in excited leyet n, can be expressed in
terms of other known solar parameters:

N = NJ I\Iion Nel N
| I\Iion I\Iel NH N

HNe

e

(11)
where:
N; /Nion is therelative population of the excited level;

Ni.,/Ng is theionization fraction (from ionization equilibrium
calculation, and is a function of T);

No/Ny is theabundance of the elementelative to H;

N/N, is approximately 0.8 (electrons supplied by H and He atoms)



Optically thin emission lines in the coronal spectrum
(contd.)

So the total flux is given by:

hv,A; N N
_ JI J ion H
Fji_ 47TR2 jN N Aél e NdV el‘gcmzsl
Il n a Acoronal approximati ono

are so small thatractically all ions are in the ground state.

So levelj is populated exclusivelyy collisionsfrom the ground
statei and depopulated exclusively bsadiative de-excitation:
collisional deexcitation and radiative excitation are negligible.

For nNnresonanceo (very strong
excited level are important for calculating the line fiuthis is

the 2-level approximation.

21



Flux of spectral line in a two-level approximation

This is the case we saw before, applying to resonance (inésional
excitation balances spontaneous radiative dexcitation. So:

NeNCo1 = N, Ay em?s?

The flux in the line is:

_ hvgg
Fio = AR A.\[NeNionCo_deV erg cm? st
8.63x10°Q,, _ (—AE,,
where C,; = 0 73 exp[ = cms sl

C,, Is the collisional excitation rate coefficier®,, is the collision
strength of the transitiog,is the statistical weight of level G&,, is
theexcitation energydifference in energy between levels 0 and 1)
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Flux of spectral line in a two-level approximation (contd.)

The 2level approximation simplifies the calculation of
emission line fluxes (in reality, a complete set of level
population equations is normally required ).

 hyy, 8.63x10°0)
A7R? do

|:10

el

010.8A, j N2 Nion 142 exp[_ AEOl)olv
3 N kT

erg cn¥ st ...(12)

whereN,/N,~ 0.8 and the integral is taken over a small
volume of the corongV.

The temperaturdependent terms in Equation (12) are groupe
togethertoformth&( T) ( A G cootfibutibro ) or

function: N. ~ AE,
G(T)=—T e L
(T) N, Y\D[ T ) ...(12::,)




CHIANTI can calculate G(T) functions

t dzii GOKAIlI YUAE |a 2yS ;
SSW IDL version, then run

IDL> ssw_path,/chianti

L5[H F2FOYyZIQFSyYmMHQIGS)

to get the following plot:
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..which is the G(T) for the Fe Xl 195 A line (the
largest contributor to the TRACE/EIT 195 filter).

ey

Ceonstant-Bensity = 1.00e+010



| then used CHIANTI to plot both Fe XII and
Fe X G(T) functions

Solid line =
Fe X
Dashed
line = Fe XII




Here are the CHIANTI commands | used:

IDL> gofnt,'fe 10',165.,175.,temperature,g,desc
... then select the most intense line (174.53A)
IDL>t felO =temperature & g fel0 =g

IDL> gofnt,'fe_12",190.,200.,temperature,g,desc

... then select the most prominent line (195.199A)

IDL>t_fel2 = temperature & g_fel2 =g

IDL> plot,t_fel0,g fel0,/xlog,/ylog,tit="Fe X and Fe Xl
G(T)' xtit="Temp (K)', ytit="G(T) in cgs units'

IDL> oplot,t_fel2,g fel2,line=2



Contribution functions for some high-temperature
coronal X-ray resonance lines
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Emission measures

Combining Eg. (2) and Eq. (3):

F,= 2—;;‘; A, x constank I G(T)NZdV

ergcm2st (14)

If gV Is Isothermal, temperaturd s Eq. (14)

becomes:

hv

F — 10
P AR
NBI.2dV is the(volume) emission measure

(units cm3).

A, xconstank G(T,) x I NZdV
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Differential emission measure
Equation (14) Is:

hv,,
AR
Sometimes, we can substitute a temperature-

dependent function for N2 dV=" (T)dT(certain

Fo= A, x constank I G(T)NZdV

conditions apply for this).
So:
h3,
F tank |G(T)a(T)dT
0= R2 > A, xconsta f (T) G(T) (15)

We can determine the differential emission measure
(DEM) . (T) using functional forms. Simple forms are
better if there is only a small number of lines from
which to determine the DEM.
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In summary ....

Emission measure IS a property of the emitting
region on the Sun, assumed to be isothermal,
It Is a measure of the amount of material in an
emitting region in the corona: N> V.

It IS not the same as the number of electrons or
lons In the emitting region = NV
Differential emission measure describes the

temperature dependence of the emitting
region if it is not isothermal: . (T) = N,2 dV/dT.

G(T)is a property of the spectral line (not the
solar atmosphere).
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