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OPTICAL EMISSION FROM SOLAR CORONA

P K Raju
Indian In titute of Astrophysics
Bangalore 560 034, Incia

Abstract

In this article the methods to probe the solar corona are briefly described The dis~

cussion 1s confined to continuum and lme radietion in the “optrcal” wavelength region
~03pum to 11l um

1  Introduction

The ma t unpre ive feature of solar echipses 15 8 larminoua halo, sirrounding Lhe
occulted dise of the Sun, known ns corany Ineplte of difficuliies 1 iLs observation and
interpretation the corona presents some of Lhe mosl engaging problems In solar physics

The brightress of corona amounls to only ebout one mtlhonth of Lhe brightncss of
the solar dic U decrea es oulwards wiry gradually such that no actual 'limat' can
be indicated Thoern 13 probably a continuous Lran 1tion from tho corona to the zodiacal

Iight Because of 14 extremely low surface brightness, the corona 13 best abserved at
total solar eclip es

2  Optical Corona

I et us cxamiie 1n some detail the caoronal radiation In the optical 1egion The
gpectrum of light ¢milted by the corona consists of a faint continuous background similar
Lo that of the visual Sun and o number of sharp bright lines superimposcd on Lhe hack
ground continuum  Thus, coronil optical tadiation comprisos of three components danoted
by L, K and | The hnc radiation (1) mostly in the inner and middle corona constitute
only about Lwo porcent of the total intensity The 'white light' which has nearly the
gsame energy di Irtbution as the visual Sun ls composed of o patially palarised caontintcu
component (K) and an unpolarised or 2 weakly polarlaed faint () vomponent that shaws
Fraunhofer hnes Figure 1 shows Lhe brightness of K and I coronas as a function of radial
distence from the solar center

3 Optical Continuous Spectrum

As slated carlier most of the optical radiation from tho corona ia in the form of a
strong parLially polarised continuous gpectrum The importance of polartsalbion measure
ments of the corona was first emphasized by Schuster 1n 1879 Schuster pomnted out
that such investigation mighl give informatiort on the size of scattering particles In 1905
Schwarschild altributed the polarisalion af K cowona to Thomaon scatiering by coronal
elelclrons Thomson calttering 18 wavelength independent and pradicts that C veclor in
the electromagnetic wave should be In Lhe direction perpendicular to the radius drawn
from the Sun center |ot Iy be the intensity of tantentially polarised component IR be
the Intensity of the component whose C vector is along the radial direction The degree
of polarislation may then be defined ag
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Fig.1  Brightness of the K and F continuum

coronas relative to the solar disk and adjacent
sky brightness The abscissa i1s in units of the
solar radlus (van de Hulst, 1953, Source
University of Chicago Press)
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i 1

where ICl = lT + IR

In reality, the coronal continuum teceived by an obterver 1+ only pairlinlly polarn ed
This s because the Sun nol belng o point soutec, Lhe contrtbutions from volume clement
along the line of sight add up Lo gve rie to padial polarisalian The digrec of polaiisa
tion In practice never exceeds nboutl 45%

Figure 2 hows the compari on of caltulated and measured values of percentage
of polarisalion as obtained by Ncy ¢t al (1961) during the Oclober 1959 celipue The
rapid decrease of polarisation with distance incdicales that some  oulce gthet than clece
tran scattering 1s responsible for conbinuum from putor coiong

If the partially polarised continuum of Lhe anner cotona arises primartly fram
electron scattering, s 1ts faithful reproduction of the photospheric  pectrum would inds
cale very large election velocitics woald bo nocded to wa h out completely the dark
Fraunhofer lines The H «and K hines of Co Il sre alimoat completely obliterato d  Howe ver
the depression in the solar energy disltthution be yond A 3800, caused by crowding tagelhen
of many trong dark hine, 1o roproduced o the coronal  pectrum ALl individual D s
appear to be smoothed oul by Tasl moving  catloring clictton o Ciotrian {1934) oblained
a theitmal width for the scattering electron of the ordir of 60 R Lo oxplain the observed
eftects Th |mpfh an clectron temporturo of at e st 3 x 10°K

Fraunhofer dark lLines re eppear boyond shoul one golar 1adin They are weaker
than in the solar speclium bLul e of the gome widih s though a simple eelloclion
of the solar pectrum were uperimposed upon a continuum € rotitan (19%4) attributed the
the F continuum Lo scattering by mall particles reloted Lo Lhose Lhal cause zodiecal
light If onpe can as ume Lthat parlicles 1osponable Tor T continpum do not polose the
radiation then onc can u e polul allanp mrasuoments to scpatale K oand 7 components
To carry out Lhis separation, an additionn] regunement would bo the as umplion abaoul
density gradient of Lhe K corone

We have ccn above how ome can infor, 1athol roughly, the Lemparaluie of the
¥ corona from the ab ceved o (fects of scatloring K coronal eleclrans on the Fraunhofer
spectrum Lel u now cxamine a sumplificd approach (Allor, 1963) Lo obiain elrction den
sity distribution from the continuum dale In his (lassic paper Van de Hulst (1950) found
that the mtcnaily di tribution n the wner covong, afler gubtracling the continuum
of F corona may be represcnted by an oxprossion of the Torm

112 2 265
Py = = 2« D’,; (2)

Figure 3 depicls Lhe observing aspoet and Lhe varlous variables mvolved Rp s

the radius of the Sun | el &0y} be the cmissivily per unil volume per unil solid angle at
a distance y from Lhe centre of Lhe Sun I

e(y):A.YalAzyb (3)
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With reference to figure 3, w have

2A1
F‘r J Sec 2 4e) do

1L{P)

- /n Ma 3) A ()

- T(a}zj pé 1
Similarly we get an expression for I2(P} in the form

B T }) A (6
Using Cquations (2)  (6) we get for the emissivily funclion the expre sion
} 115 4157

E(Y) = JZE%[ = .YB + Yla (7)
However the actual values of Ay Ap, a and b may vary from eclipsc Lo eclipit

Here we have adopted a milionth of the Suns brightnes as the umt of lmimn ity

and the solar radws as the umt of length For 1sotropic radiation the catlening 1o 3
section per electron 15 065 x 10 Mom? and the corresponding cattering cocFicent poi
unit length (solar radius) s

5 066 x 102 R, N

0 e
= 460 x 101 N ()

The total amount of scattered energy follows from an integration of Lhe ineidonl inkensily
aver all directions

wy) = 5 S 1dR = 4msly N

15 the solid angle subtended by the Sun at the point yin thc corona, and 1,18 thi
incident intensity  When Ig 15 computed, Mg may be found from Cquitton (7) Incax of
spectfic studies of solar eclipses reference can be made to van de Hul L (19.0), Ny
et al (1961) Durst (1982) and Sivaraman et al (1984)

4. Opticel Line Emission

In the preceding section we had examined the continuous pectrum of the optical
corona We now consider the diagnastics of the optical corona using emi sion lines
On the faint continuous coronal spectrum are superposed a number of bright lincs which
drd not seem to coincide with the emisston spectrum of any known element In an aliempt
to explain the origin of these mysterious lines, astronomers went so fa1 as Lo sugqgest
the presence on the Sun of a new hypothetical element 'coromum' unknown on the ( arth

The identification of the coronal emission lines was an outstanding aclyavemant af
spectroscopy The most conspicucus ot these radiations 1s the green hine A 5503A chacave rad
independently by C A Young ,and W Harkness at the total solar echipse of 1869 Th
other strang lines were ) 6375 A and )\ 6702 K three 1nfrared lines at X 7892 ﬁ, A 10747
and A10798 4&, and ane 1n_ the ultraviolet ak ) 3388 Mare Lhan thirty lines have boen

1delnt1fled between X 3328 A and 111000 A Many lines have been found In the far uitra
viclet
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The mystery of these hines was explained by Swedish physicist B, Cdien in 1940 He
ascrtbed these lines mostly to Iron, Nickel and Calcium stoms exeitod under rather
unusual circumstances These are forbidden lines of highly onized atoms  The high
level of tonization and large line widths are all ndicative of gas kinetie Lemperature of
about a milhon degree The absence of other 1ome stages of Iron, Nickel and Calcium arc
due to the fact that the relevant tramsitions fall in 1naccessible part of the spectrum o
transition probabilities are low Although othel olements are prosent in the corona undor
coronal conditions these elements have no forbidden or permitted tranulion. i the
optical range

The line at ) 5303 rg\ has been observed ta chenge by a factor of two in an hour
The level of excitation of the corona uually changes relatively slowly Waldmewer
found this green line to be especially useful as an indicator of coronal excitation The
total emis ton 1n A 5303 A and A 6374 A closely follow sunspol cycle, although Lhe A 6374 12\
maximum at the solar cycle maximum 1s more irrlegul ar, and less prongunced than o
X 5303 A The intensity of ermssion i the linca X 5303 A and A 6374 18 detormined
mostly by electron density, even though bo h electron denaily and temperature wa
higher at sunspol maximum than al mimimum  Based on coronagraphic stucie  Lyot and
Waldmeier showed that coranal lincs have differgnt spalial di tribution There are reqons
of relatively low excilation where the A 6374 E Ir eX] line 18 praminent, so called Lhp
red regions Then Lhere are regions, so called the green regions, wheie the X 2503 }\
[FeXIV] hine and other tugh excitation lincs are prominent

Table 1 shows the grouping of prominent caronal hines inte threo groups in relation
to solar activity
Table 1

Representative Line Grouping by Relation to Solar Aclivily
{Courtesy, E G Gibson, The Quiet Sun, 1973, NASA SP 303, Wostunglon, D C }

Group Character 1stic WavalengLh 4%\ Ion c}ﬂg;;‘;‘;'gr&
I Prominent during solar minimum 3533 vV X 206
and 1n quiel regtons 5987 Me Xl 262
6374 {red hino) o X 23,
7892 e XI 2462
11 Prominent during solar 3308 Mo XII 330
maximum and in active reglons 3643 N1 XTI 350
4232 NI XII 321
5303 (greon hne)re XIV 355
7060} e XV 390
8024 NI XV 430
10747 e XIII 330
10790 Me XIII 350
11 Promtnent 1n reglons ol very 3327 Ca XII AL
tngh exeitation, 8 g daring 3601 Nt XVI 455
flares or above large spols 4086 Ca X 6o
4351 Co XV 412
4412 A XIV 687
046 Ca XV 820
5694 (yellow Jine)Ca XV 820
6740 K XV 717

Let us examine 1n some speciflic form the diagnostic aspects of line ermisalon al
optical wavelengths

a) Temperature diagnostics ¢ One can infer temperature of corona from spectroscoplic
data connected with processes such as 1omzation, excitation, line broadering ete The

temperature we speak of 1s the kinetlie temperature of 10ns or eleeirons Since collisions
influence all the above mentioned proresses
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1) One way of inferring kinetic temperature 1s to perform 1omzation equilibrium caley
lations Here we obtain the relative abundance of various 1wonic stages of an element as »
function of kinetic temperature From such calculations we find that a given ionic stage
18 abundant over only a narrow temperature range Therefore the presence of lines of a
given 1on say, Fe XIV in the coronal spectrum would specify the value of the kinetie
temperature though not precisely, of the coreanal emission region Migure 4 1llustrates
the relative abundance of Iron 1ons and Caleum 1ons as function of temperature abtned
by 1omzation equilibrium calculations (Landim and Monsignori Mosst 1972)

1) In another method kinelic temperalure can be inferred from line width measure
ments Lane profile of an opticelly thin line can be expressed as

(A3 = Lexpl (227 (o)
T ®PL Mg
where
]
A[2kT _/m 17
0 1an on
Mg = S (1)

AAp 1s Doppler widthy mgn 15 1onic mass, Agis rest wavelength But obscrvationally, one
finds that T gn 1s somewhat larger than Tg, the eleletran temperalure 1c¢ hine Aare
nonthermally broadened To explain excess broademing the a tronomers have intioduced,
for want of better information, a microturbulent thermal broadcning pecified by
an RMS speed Zyyrh One then writes for the modified Axp the expres jon

l0 / 2kTe 2
l!”\D = i m * z;I:urI:a (12)

1on
with two or more line profiles Ly pp and Ty can be scparated  Since they influence line
width separalely depending upan the ionic mass

mj A very reliable and powerful method, though not at optical wavelengths (o obtain
the kinetic temperature of the corona is to observe the width of scattered Lyman ¢ line
of hydrogenr This 15 so because the hydrogen atom being light their thermal motions
contribute more than non thermal motions in broadening Lhe srattered L yman o hne
Kohl et al (1980), Withbroe et al (1982) have obtaned Lyman o hine profile’ al several
heights 1n the corena using a rocket borne spectrograph, and on analy 1 have oblained
variation of coronal proton temperature with height

) We may estimate electron kinetic temperature from line intenaity ratio  Fere the
requirement is that the energy interval between the upper levels of the two Lransilions
should be greater than the energy equivalent of the temperature being measured This
method 18 nat particularly useful for coronal condilions at optical wavelengths For details
one may refer to the paper by Dwivedi (1987) 1n these proceedings

b) Electron density diagnosties  Line intensity ratios provide a powerful tool to infer
electron densities in the emigsion regions For sake of iltustration, let vus consider lines
emitled by Fe XII This 1on has five levels in the ground state The varjous important
hines 1n the optical range are shown n the figure 5 Assuming steady state conditions one
can compute ground term level populations after considering the relevant excitation and
de excitation processes, as a fuonction of electron density and temperature Knowing
the level populations we obtain the various line intensities Flower and Pineau des Forets
(1973) have obtaned intensity ratios for Fe XIII 1on as a function of elsctron dengity at
Te = 2 x 10°% (Figures 6 and 7) Knowing the ohserved ratios one can read off from these
curves the electron density value for the emission region
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Fig.4.  Relative abundance ot Iran lons and CaXV 1on as a function of
electron temperature (Landint & Mansignari Moss1, 1972)
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Fig.5 Term diagram for the 3s23p? configuration
of Fe XllI The transitions which have been
identified in the coronal spectrum are Indlcated
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Fig.6. Ratio of the intensities of the
infrared bines 1A 10747)/1(\ 10798) as a
function of Ngf{em *) for a range
of values of W (dilutton factor} and for
Te= 2 x 10°K (Courtesy DR [lower
and G Pineau des Forets, 1973)
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Fig.7 Ratio of the ntensities of the
lines I(A 3388)/I(\ 10747) as a function
of Ne {cm %) fo a range of valucs of W
{dilution factor) and Tg= 2 x 1D%K
(Courtesy, DR Flower and G Pincau
des Forets, 1973)
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Fig.8 Continuous curve rep
_‘ resents computed ralios of
the line flux to the square of
A continuum flux as a, function
of radial distance far eX
{6374 A) line at coronal tem
perature for 16 x 10°% Fillad
=1 circles indicate the observed
rattos for the average corong
Dotted curve represents com
-~ puted ratlos for the line flux,
due to collisional excitation
only, to the square of cont

nuum flux (Raju & Singh, 1987
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In anplher method we examine The ratio of Line nlen ily and Lhe continuum flux
The continuum flux 15 duc Lo catteied phatospheric radlqtmn by coronal clietion
in the emi sion regon The line flux |+ proportional to Ne and the continuum flux varies
hinearly with electron den ity The Line to conlinuum flux would tnen vary bnearly with
electron density This melhod 13 u ¢ ful only for isolated emis 1on region wilh constant
electron density and lemperiture and whon the linet excited purely by clectron colly 1ons
When the above constraint  are temoved Lhen Lhis melhod cinnot he wed Thie s
clearly demonstraled i Figure 8 (Roju nd Singh, 1987)

In conclu 1on, various method  have boen outhined n this arlicle for probing the
solar corona using conlinuum and line radiation, at optical wavelenglhs IL might be
appropriate 1t thh lage, Lo eite a very recent review article on Lhe apectio copy of Lhe
solar corona by Zirker (1987)
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