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Line Profilc Analysis of Carbon Molecules in the Sun
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Abstract

‘Thirican molecular lincs of ON, 0, and OH have beon photoalecirically observed ai six disc positions
tach, The observed tiands [kl Into two categaries; one for strong linos and another for weak linos, m

iive ol the moleculo of their origin, Detalled profile culculations have boen made for gix selected lines, LTE
methodology and an anisotropic modal of ti bulence have boon amumed. In tho rogion of line formation for

theas moleculas (7=0.1100.04) Lmy, and ¥.,a8r0 3.0 :n::[/m end 3.6 km/woc reapectively, An interest-
ing variation of the factor F. usod for fiting contral intenalties with pis found. It s strongly suspectod
that important physlcal reasons underlio this variation,

et S

Lver since Peckers cqu (1949, 1950, 1952) studied the cenire-limb variation of
equivalent widihs of resolve ancP unresolved CN, and G, lines, the problem of correctly
Interpreting these variations has remained. Calculations based both on pure scatiering and

Eure absorption mechanisms of line formation have predicted cquivalent widths that are
rger than the observed oncs sl the Hmb.

Thc following idcas have been put forward Lo remove the discrepancy:

() ILxistence of non-LTE cffecls as arc present in the formation of atomic Jines
(Pecker and Praderic 1960).

and (b) Presence of unsuspected polyatomic molecules involving carbon (Laborde 1961).

Although thesc have changed the equivalent widihs in the right direction, the agree-
ment hag not been improved significantly,

This problem has been heightend by more recent observalions by Newkirk (1957
Laborde (1961) and Cowlcy 1964)—3. Newkirk’s analyxis of exeellent observaiions of
tines has shown that the Aller-Picrce model along with the mechenism of pure absorption
cx;lﬁ:]':ins the G-I, observations very satisfaclorily, Using Minneert’s photospheric model,
Laborde predicts the C-L variation of MgH lines corrcctly, while for G, the observed and
predicted variations arc very different,  Cowley’s results For CN proves that LTE calcula- °
tion of cquivelent widih is cntirely adequate for the centre of the disc observations. We
are led to conclude, therefore, that:

(i) A conventional model of the photosphere is acdequate for both a molecule like
MgH formed rclatively lower in the atmosphere (<, (MgH) > 0.1) and a
molecule like CO formed higher up (7, (CO) «.01)
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(ii) Calculations bascd on 2 similar framc work are also correct at w=1.0 for mole-
cules like CN (7, (GN}=0.06

(iii) IL has noé been ible io predict the C-L variations of CN, CH and ,;on
the basis of LTmLhodology, coupled with conventional models,

It is evident that the cause for the discrepancy lics in a  dircclion that has not yel
hecn explored and a re-examination of the Froblcm is necccssary. The crucial gqueation is,
why is LTE mecthodology inadeqguate for all ohscrved carbon constituent molecules except
CO? In fact CO being formed in the highest layers, should be alfected more by deviations
from LTE. Also is Toe# Ta the only way in which non LTE cflects cnter the molecular
problem? Thesc are the questions that must be looked into.

Another aspect of intercst regarding carbon molecules, arises from the fact that
they exist in a narrow layer in the (ransition region between the photosphere and the
chromospherc. This enubles one to usc these molecules for siudying the structure of this
region; especially of intcrest is the determinalion of turbulence velocity as can be appre-
ciated from Fig. 1. 1In the hatched region there arc no velocity dclerminations and it i
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Flg !, The known variation of turbulent veldcitis with height in tho volar
aimasphare. 1110 shaded oren ju the rogion of [nisrel I thls Invosd-
gation; irianglo rapresmt Unno®s rosulty and crclm the results of other

preciscly here thal the molecules are formed. In his finc analysis of GN lines, Cow
states that his results are insensitive to both (he modcl of turbulence and its magnitud
While this may be true for equivaleni widths, profile shapes arc scnsitive to hoth,

The object of this investigation has, therefore been:

(1) 1o study differentially, G-L variation of linc profiles of the Garbon molccul
CN, CH and G, |

(2) to derive turbulence velocity from these profiles, on the basis of LT£
methodology.
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OBBERVATIONS

"The solar tower telescope of 38cm aperture of the Kodaikanal Observaiory has
been used in this work. 'This gives a 34 c¢in image (scalc 57 arc/mm). The image it
guided by an clectro-mechanical systemn, with respect o a pattern of circles drawn as
specific p. valucs, and mounted st Lhe plane of the focussed image.

The 18.8 meter Littrow spectrograph has a 200 x 135 mm Babcock grating. The
4&;,0 5th aFd 6th orders were uscd 1n this study. The dispersion in the 5th order at 50004
is 10 mm/a.

The profiles were traced  photoclecwically,. The scanner had a speed of 3mm/
minute so that scanning ralc of 5niA fsce i8 achicved. At the dispersion used the scannin
slit isolated 3mi of the spectrum. The output was amplified by a D, C. amplifier an
fed to a Brown recorder with a ] scc time constant. The sky Lransparency was monilored
'by a stationary photomultiplicr tube, centred on the nearby continuum.

Inatrumeninl Profile

The instrumental profilc was derived by (racing an iodine absorption linc at
5318.6104 in the 5th order. A 10 cm column of iodine vapour was placet}) in the Solar
beam just ahead of the slit. The pressurc of Iodine was controlicd by visually cxamining
whether ve‘g closc doublets at (A)=10mA) al 5330.10 , 538033 and 5333.57a werc
well resolved. The half width of the instrumental profile with a 2.4 normal slit was 18mA.

The obscrved profiles were corrected for finite resolving l:owcr by the graphical
nethod suggested by Bracewell (1955), which is quick and of useful accuracy. TE; maxi-
num correction to the central intensily for resolving power wes 0.89% of the continuum
ntensity.

icattered Light

If g’ gives Lhe cxeess acaitered light, the true relative inlcnsity at any point on
he profile is given by

lws=( Lot /{ s cmtrotu—E)

Diffusc scaticred light was taken into account by regisicring the signal ' with the
wled area of the grating masked and the scanning slit centred on the conunuum. This
ignal was used as the reference dark level, over which all measurements  were made.

To correct for Rowland ghosts, g is obtained from the above equation combi-
ung the obscrved central intensities of Hy, Mg b, and Na D, and D, in the 6Lh,w5 and 4th
wdecrs with the Sacremento Peak double pass observalions of the same ‘lines (White 1962,
Waddell 1962 and 1968). To check the accuracy of this method, ‘g’ was cvaluated from
he central inlensity of Mgb, and the other paris of the line  were corrected using this ‘g’,
Double pass and the corrected single pass profiles, coincided with each other, over the entire
wofile, within one percent.

Table I sets out the details of obscrvations, The profils were mesasured in all
sagea with respect to the local continuum which is the same as the gencral continuum given
by the Utrecht Atlas cxcept for CN lines at 8864k and 3879a. Profile measuremcnts for
these iwo lines were referred 10 an arbitrary continuum which matched the general conu-
awum of Utrecht atlas, 'This amounted Lo changing the residual intensilies referred to the

local continunm by a factor of 0.95.
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Pencilled copics of (he profilc on transparent graph shects were obtained and
measured al cvery millimeter, dispersion on the traces ranging from .007A /mm Lo
005 /mm. The average of atleast six such iraces was plotted to a large working scale
and corrected for instrumental profile and scattered light.

Description of the observed profiles

3864.307A CN: Thin is aclosc spin doublet with a separation of less than 15mA
and rotational quantum number K=14, The central intensity incrcasca from cenire Lo
limb, slowly at first and stecply later. The hrlf width also increcases towards the limb, so

that the equivalent width remains nearly constant. The profile Lakes a characleristic
U-—shape towards the limb.

3879.579A '
3879.661A » CN is a (riplet of the 0—0 vibrational transidon; K=9, 48
8879.716A | and 48 respeclively.

Towards the limb, the profiles become shallow and brond keeping the total absorption
due to the three lines clfectively constant. .

41929174 CN comprises of threc lines of 4192, 898A . 4192.89084 and 4192.962
of thc 0—1 vibrational iransition.

The latter iwo have K=40 of the P branch and the former K =0 of the R brauch.
The profile has a pronounced red asymuinetry, as is lo be cxpecied in view of the ];‘rt:sencc
of the 4192.9623 line. Central intendity decreases in  going towards the limb. The hall
widths, howcver, incrcase and the profile becomes U shaped towards the limb.

4207409+ lincof CN is a doublet of 4207.399 and 4207.4685. Ccnlral intcnsily

riscs steeply with decreasing . Al the limb, the profiles arc U shaped, broader and
shallowcr.

4212.2154, 42122754 and 4212,3094 arc CN lincs with AV=:—I1. The first
two are spin doublets with K=388 and 4212.9994 hes K =7, The G-L decrcasec of the
central intensity of the unresolved spin doublet is more rapid than that of 4212.899a.

42109707 of CH has K~16 and isa doublet of Rusand R,y componcnis, The
linc has 2 violet asymmetry. Like the strong lines of CN, r., the central intensity increasca
towards the limb and the profilc is once again U shaped at the limh, 4218.726a of CH
is 2 doublet comprising of tﬁc R4 and the R.,, componenis of K==15, This has a slight red
asymmetry and has the same characteristic C-L variation of central intensity and half
width as the 4210A linc of CH.

4281974\ of CH also bechaves almilarly on going from centre to limb. This line
comprises of the Q 4+ Q11 components of K—=22.

437891524 of QH is in the P branch of 1—] vibrational (ransition with K=15
and is made up of the Py, and the P4 components. The line has a G-L variation of r, and
half width slmilar to the weaker lines of CN, i.e., 4192 and 42124

5086,251A, 5086.399A arc partially resolved G; triplet of the Swan system.
5086,251 ia the unresolved Ry(37) line and 5086.3994, the R.f(s'l linc, The lines are
broador and deeper towards the limb, following the pattern of the weak lines of CN.
5094029 of C, compriscs of the unrcsolved P (62) at 5094.002 and P,(62) at 5094.025.
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This weak linc has a central intensity of 91.7 %, at the centre, which decreases 1o 90.6% at

=0.25. Again the balf widih incresses towards the limb and the profile becomes mar-
tcdly U shaped on going from . ==0.85 to p=0.25. 5147.106A of C;18a R,(11) line and
is blended on both wings. The slight violet asymmetry may be an atomic blend cffect.
Necither the central intensity nor the half width increase very much until 1=-0.35. From
1==0.35 to p=0,25 the increase in r, and half width is relatively morc marked.

5159.467a and 5759.609n of GC,are P»(28) and P,(28) lines of the Swan aystem.

Their C-L variation followa the same pattern sct by other weak lines of CN and C, descri-
bed above.

The observed profiles are given in numerical form in Table II, Fig2, gives the
observed G-L variation of central intcnsities r, for strong and weak lincs. Summarising the
general trends, we find that lines are broader at the imb than at thc centre in all cases.
T, shows a decrease up o p.=0.45 and then increases slowly for weak lines. For all strong

lines irreapcctive of the parent molecule, r, increases slowly up to p=0.7 and then increases
more steeply,

._\.\_"0_{. 4378A |
0-6f
4207 A
- 4201 A
4210 A 8004 A
- 090 4212 &
4210A 4192 A
» s78A [ D147 A
3864 A goaea
E/"_A_/ i
03 0-82}
1 1 1 | 1 | ] 1 1 1 1 | 1 | | 1 | J
-0 05 O 05 O

Fig. 2. Obwerved varistion of contral intonsitios for strong and weak Unes,

The generality of the trends indicates that the G-L varialions arc characteristic of
the physical structure of the solar atmospherc rather than a property of the particular

molecule concerned. Some factor affecting all three molccules identically could, “however,
be the reason for the similarity in the (-L variation.
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TABLLE 11—Conid.

A 18]

AR fo mA

B=1-00 F=0-80 i=0-60 Pa0-43 [t=D+35 U285
3070 118A* ON
0 0.843 0,817 0,435 0.840 0.817 0-82%
20 0.815 D 849 0.833 0.847 0.040 0042
10 0.80 n.847 0.6831 0.810 0.810 0.833
G0 0.892 0.830 0.820 0.81% 0.823 0-812
80 0.810 0,80% 0,760 0.760 0,762 0+ 740
100 0.72 0,730 0,875 0.043 0 660 U 620
120 0,57 0,313 0.515 0,485 0,525 0 93
140 0.400 0.390 0.377 0,385 0.405 0 410
160 0.933 0.330 0,160 0,360 0,385 0-350
LAD 0420 0-380 0-390 0-371 0.390 0.410
200 0+475 0-432 0-410 0-395 0-402 0.412
290 0-895 0.390 0.370 0,360 0.370 0.987
240 0.355 0,330 0+355 0+344 0.355 0,382
260 0,390 0.365 0-955 0380 0-302 0 290
280 0.575 0850 0.372 0372 0,380 0,405
300 0383 0-385 0,420 0425 0.420 0 435
820 0.51% 0,480 04570 0,595 0- 360 0 583
34 0+790 0+ 600 0:720 0-720 0-600 0,725
300 0,850 0.780 0,805 0,600 0-791 0.810
380 0-850 0.812 0845 0-812 0.820 0815
100 0-760 0:760 0-a10
42)2-116A * ON

0 0-980 0-983 0.9m 0.062 0.97 0.076
20 0.892 0.985 0.p88 0.084 0977 0.977
40 0580 0-977 04981 0974 0 904 0:072
60 0-970 0-962 0902 0+957 0-618 0-931
80 0-959 0+949 0:846 0:948 0-092 0-928
109 u-240 0 920 0031 009 0-922 a9l
120 0-014 083 0931 0-928 0910 0-004
140° 0:951 0-940 0035 0029 0924 0610
160 0.961 0-032 0:918 0942 0-938 0 923
180 0-B72. 0966 0+962 0-902 0-033 0958
200 092 0979 0977 0-p89 0960 0-978
220 0+988 0888 0+588 0-986 0903 0,983
240 0-581 0-070 04873 0+977 0968 0968
%0 0-503 0-952 0:097 0-857 0917 0:851
280 0-950 0-031 0+949 0847 0+998 0-838
300 04961 0-070 0- 504 0-pG8 (151 0-052
%20 0-880 0.0 0+078 0-678 0975 0-071
340 0-993 04995 0-094 0852 0-952 0-991
LT 0898 1-000 1+000 1000 0'098 1-000

380 14000 1000

*Indicaies that revidual In—;mlﬂ linve boeu messurad from this posliion, in ateps of 20mA towards the long wavelength,
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TABLE II—Canid,

Anin mA a=1.00 p=0.80 12=20,60 p0.13 i =0.33 w5
3083.071A* C,

) 1.000 0,094 0.5058 0.950 1.000 1,000
20 1.000 1,000 1,000 1.000 0,998 0.99%
40 0 899 0,904 0.998 0.998 0 09t 0.992
60 0,809 0.991 0,891 0.v98 0.8 0.960
80 0.984 0,982 0.976 0.970 0.970 0950
100 0,968 ¢ 964 0-9534 0.948 0.4 0-934
170 0-816 0-041 0981 0:912 0-912 0-914
140 0.912 0911 2900 0-976 0.803 0,881
160 0-a88 0.881 0.8 0+860 0:850 0-B&1
180 0-a71 0:871 0863 0-852 0-840 0852
200 0-886 0-881 0-B73 0063 0 858 0-B62
2H) 0900 0.906 0-804 0-B62 0-880 - B34
240 0:929 0,927 0Bl 6010 0-901 o0l
260 091G 0-918 0.932 0-931 0§22 002
280 0-051 0-9H 0-f49 a-910 0.993 0-B13
300 0-931 0-947 0.913 0,99 0.9%4 o-9M
320 0,842 0:938 0-91l 0.926 0.02 a-927
340 0.042 0-938 0-9%7 0.991 0-929 0.919
860 0.919 0950 0-940 0.942 0994 0-9%%
280 0.961 0063 0.989 085 0.951 0.04
400 0.979 0.978 0-97 0971 0-969 UL
120 0-980 0-908 0,986 0004 0,983 Q.83
£10 0-9049 0983 0-9a5 099} 0,993 0.

480 1.000 0,998 0,958 0-909 0-908 0999
480 {000 1.000 | .000 1000 1-008

5199:927A% (4

0 0.041 0-p6d 0965 0-988 0.964 8-963
20 0.9+ 0964 0.BGd- 0-Dg3 0,983 §-500
40 0-B6l 0-961 0-938 0.659 0-038 550
GO 0-838 0837 0.948 0,048 0-938 LR M
B0 0.530 0,84 0.922 0.0% 0-9508 2.910
100 0.910 0907 0-8% 0B 0.882 930
120 0.881 0-872 0-89 0-803 0.855 0.84
140 686l 0,681 0-8qy 0-A59 0.843 08l
160 0-877 0371 0:-072 0.862 0.8H Q-84
180 0500 0-885 0,838 0879 0-874 0-8%

200 0.920 0:912 0-908 0:899 0:80% o-M7
220 0.928 0:820 0:814 0910 0.800 0+ D00
240 o-92) 0-918 0:-910" 0.904 0 esa. 0.9
260 0.902 0-908 0-80% 0.894 0.890 .41
280 0-910 ¢.902" 0.898 0.892 0.088. 0.064
300 0-928° 0-908 0.9%06" 0-90¢ 0.900 0.0
0 0.847 0-030° 0-929 0-918 0.914. 0,91t
340 0.83! 0-p48° 0.839 0.923, 0.945. 0.5%
360 0-535° 0-954° Q-G 0-841- 0-8937. 9, H0
30 0,854° 0'818* 0-917 0.942 M

*Indlcnie that reshlual lnreraitles have hoon mensured from this powition, [n sieps of 20m\ lowards the long wavebmgih
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THEORETICAL LINE PROFILES

Calculation of linc profiles recuires that I, (),) the continuum intensity and

I, (>,) the line intensity he computed. These calculations have been based on  the
assumplion that:

1. Local thermodynamic cquilibrium condilions arc valid in this problem.
2. Lincs are formed hy pure absorption,

3. Molccular lines are not aflected by damping, so thal only pure Doppler pro-
files arc calculated.

Conttmnim Intensily

In choosing the model atmosphere two faclors were considered. Fh‘etb{l that the
carbon constituent molecules arc formed in the transition region belween the pholos-
phere and the chromosphere and all three molecules under study have been observed in
emigsion, Therefore, Lhe modcl atmosphere covering very amall values of optical depth is

uired.  Sccondly the abilily of standard photespheric models to cxplain observations
of €0 and MgH molccules indicate that cold models with T=3900° K advocated by Pecker
(1957) are probably ruled out. Also an analytical model based on ohscrvations is more sui-
table. Therclore, [om log t,.=—1.6 o log v,=-+0.6 Pierce—Wnaddell (1961) model
was used. This model was extended beyond log 7,:-—1.6 hy combining it with the
model given [or the lower Chromosphere by Thomas and Athay (1961). This extends upto
log T,=—5.0. Tablc [II gives the adopted model. The'last column gives the Lotal
absorption cocflicient Ki per atom of neutral Hydrogen in the continuum,

TABLL ITL
Plerie - Waddell 1TAQ Model

o7 1" Indegrom K Pgin v 104 Ia ln |O® Kin @ - "™ pur neutral
oo " '-rYﬂl'li""n'l dynesfem hytlrogen niom

-5.0 G150 0.0071 0.0010 0. 1402
—d,0 6060 0.0089 0- 0030 n,1n87?
-4 0 940 00128 o-“g:m 0-1al4

4.4 1520 0.0182 0.00%8 0.1753
--4.2 8475 0.0279 0.0085 0 1034
-4.0 5885 0,0427 0.0038 0.2084
--3.8 5400 0,0046 0.0036 0.2106
--3.0 3300 0.0077 0.0038 (1. 2200
—~3.4 1280 0.1413 0.0037 0.2
—1.2 5140 0.2130 0.0040 0-2088
-3.0 5050 0.9167 0.0045 01.3642
~2.8 4945 B.4385 - 0084 0.4700
- 2.0 4970 0.5957 0,0062 0.3603
--2.4 4790 0.7843 0.0072 0.7310
--2.2 £720 1.0720 0.0087 0-p407
—2.0 4680 1.4150 0.0108 1.2119
—1.8 4690 1.5520 0.0132 1.4508
--1.6 4740 2.3090 0,0164 1.7901
—L.4 4842 2,8240 0.0211 2.0447
--1.2 1078 3.7700 0.0284 2.4891
—~1.0 8141 4.88N0 0.0404 5.0148
~Q.8 399 6.800 0.050% 8.7045
—0.8 5875 8.0540 0.0944 5,187
—0,4 2805 10-0000 0,1880 7.6028
-0.4 6130 11.9000 0-3200 12.0860
—0.0 G406 19.9800 0.6622 20 5280
$0:2 130 15.6700 1,4660 96.2100
+0.4 7962 17,2200 9.5240 45, 9500
+0.6 8005 18- 4500 9.3760 18] 2600

41 DAQK/,
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K, =— Ry (H).PetEn (H) (1)
Ky (H) were taken [rom Gingerich (1960)
K (#) and Ka (H) arc the absorption coefficienls duc o Hi and H respeclively and Pe
the eleclron pressurc.

Pl

x ’

K\ (H) =S (I—e_%) BT R o GO
NV St BXKT
is evaluated lor cvery level of the model.
The emergent intensity in the continuum is given by )
Io (v ;1)= /;a-?i} dT, /4
Y ' ®)
where 8y is the source funclion
Replacing 5. by By the Planck funclion,
o b
Io(NH) =/B; ¢! dT /1
° (4)

T
. K
with  dT, = %d'ro , T,\r:[-E:-d‘To.’

%, being the optical depth at A = 5000°A

o T,
/ K, 4T,
L(NK) A B,e K. P (5)

The integration is performed over log 7, rather than «,. Numecrical inicgration was per-
formed wsing Gregory's formula upio the first differcnce. It is secn from the expression for
T that to obtain v at any level, it is necessary o integrate over all overlying layers, 1A ‘s
have, therefore, becn calculated only for log v, = —4.,2 and downwards.

Tablc IV gives the continuum intensitics so calculated.

‘TABLE 1V
Cantimom Intsities, Te(A)x(0—*

Wavalength ye=1.00 y=0.80 u=0.60 =045 p—0-33 pe fu'.as
3RG0A" 2.097 1.861 1.509 1-840 1139 0.9)3
43704° 2,408 2.108 1.893 1.608 1.381 0.1
S000A° 8 019 2,709 438 2,115 1.889 1,508
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Line Intensity

The emergent intensity in the linc i3 given by

@ I
r,(X,uh/ B, e ¥ at, s (6)
o

L, the line optical depth is defincd by

df, = (1 +7,)dT, My = xan 7K, )

aa) the line nbsorption cocflicient at a distance g\ from the line centre A, is cxpressed in
terms of the Doppler width A as

“;;."-‘/—E—cgf f " l:ﬁ exp(-i—i) .—Aé’ﬂ % and §2=2|EI+ E: (8)

£, being the line of sight turbulence velocity; other symbols have their conventional
mcaning. The assumption of a Maxwellian distribution for turbulence is one of convention.
Further this sccms reasonable in 8o far ai it provides a numerical cstimate of turbulence
velocity, for cddy sizes of the order of L; here L is the length of the line forming region.

[ values adopted for ON, Cz und CH were ,026, ,024 and .005 respectivcly. For
-CH the arbitrarily low value of .005 had 1o be chosen following Pecker and Praderic (1960

buecanse with fur = .06 idc Jager and Neven 1957) the absorplion cocficients obtaine
were high by a factor of 100,

The [raction of molccules capable of absorbing the frequency corresponding to the
line of inlerest, Nan

N = ixp(ap S exp (B JU-HD) hefkT (9)

where

p (AB) — Partial pressure of AB = (A) x p(B

Z (AB) — Partition function
i — Strength factor depends on the coupling scheme

Bj — roialional consiant
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TABLE V

Relative Parilal Preswures—CN, CH and G,

Loq T, Poulpy Ponifpx o oy
-3.0 98, 8E—11 106-0E—~12 162,15~ 14
--4.8 590, 7E—I4 170.2E—I12 249.E—11
—4.6 913, 5B—14 2608.3F—12 197, 7E--14
—4. 4 226.2E—11% 181 BE—I2 841 6F--14
—4.2 118.7E—I13 880.1B—12 178-0% 13
—-4-0 102.4E—12 157.7E—12 311-28~13
-3 206, 48%—12 278, IE—11 060 18- 13
—B8.0 140.3E—12 489.TE—11 132 7R-- 12
—3.4 109, 3E—11 900, 8E—I1 80 UK -12
—3-2 212 . 0E—11 158.2E—10 582.78. -12
—5.0 120, 8E—11 273 ,0B—I10 108, SK --IL
—2.8 088, 7E—11 446.1E—10 199, 88—
—2.8 156, 9E—10 711.4E—10 Mmoo 1
—2:4 284 . 8E—10 110.2R—0D 6I11.IE I
~-1.2 508, 6E—10 |'70,01—01 103, 7% -1u
-2-0 T _B—I10 241, 7%—09 155,8E- 1D
-1.8 7%, 21E—10 311.1E—0D 196,08 - 10
—1'6 102, 0E—09 342 .9¥—09 214, 0K-- 10
—1.4 844, 0F—10 364, 71:—09 107,68 —10
—1.2 G61 ,BE—10 3268, BE--09 I 61--10
—I0 478.6E—10 359.26—09 127.1B--11
—~0.0 521 .8E—10 338, 7E—00 Mo K11
—0-8 109 -98—10 30].88—-09 603,76 11
--0.4 128 9E—I10 272, 6F—00 479,28- 11
0.2 a76.8F—11 216,78 of 85,6B—1E

0.0 359 2E--}] 171, IE—09 17298 --12

0-2 180.9E—11 128.2E- 09 98808 -12

0.4 798,.3B—12 9011810 01,02 -9

0.6 300 4K—12 54 .7E—10 200 1L

and K= g, g,

wherc fctitious pressures I' (H), P

ir

2TmkT, _h
(—I_')'ﬁﬁ“

assumed abundances (Goldbcr

ion potentials D were taken

om P.G. Wilkinson (1

Table V gives ihe partial pressurcs calenlatcd by solving simuliancously the equalions,
P(H = p (H) [(14-2 p(H)] /K (H) )
P(C) = p (O [(1+p (H)I/K(CH)+p(O)}/K(CO))

= p (N) [(1+2p(MN)]/K (N;)+p(H)/E(NH)

= p (0) [(1+p(C)]/K(CO)+p(H)/K(CH)

- e‘%q% e--l‘%

SNer and f?])lermllgﬁ

(In
(n
12
9

(14)

P (O) are derived from a system of

0) of these elemenis. The dissociat-

)-
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Turbulence

Since the elfective layer of molecular line formation i narrower than (hat of atomic
lines, a depth independent anisotropic model was chosen.

(16)

.ElE’ E.:. - “E‘E':n - gfu) el ii' (%;Iﬂ+-§)

c

e 18 oblained Dby fitting the observed and calculated profile at ¢ = 1,0 while &,
was fixed by a [it at & = 0,25.

The calculation of line contours for doublets or triplets werc esscntially the same
excepl that for eech level the absorplion cocllicients of constituent lines were added, with
the appropriate wavclength shift, I[AX, is the scparation in wavclength between iwo lines
at A ; and A ; then the lotal absorplion coellicient agx at 42 from A, i given by

% 3=, 0Xp[-(an/an ] + o, exp[- (ah Targ /aX]
(17)

%, and «;, are the absorplion coefficients al the Lwo line centres, This involves no approxi-
mation; in all cases of molecular blending, the two lines have very close initial and final
coergy states.  So the blending lines have identical conditions of cxcitation and the total line
a.bsorftmn cozlicient al any wavelength i3 the sum of all the absorption cocflicients al that
wavelenglh

It is important to note thal AX is not measured from the cenlral wavelength of the blend, but
from the centre of onc of the constiluent linei, With an IBM 1620 Compuler calculation of
a single residual intensity took 225 seconds for a singlet and 290 seconds for a doublet.

Galculntions and Comparison with obaexvations

Trends in observed centre—limb variations emphasise thal these variations are very
similar for sirong lines on the one hand and weak lines on the other, irrespective of the mole-
cule of their origin. So computations were performed for a restricted set of lines, so that
characteristic fcalures of the observed variations could be studied. The CN lines of 38644,
and 4207A, C, lincs of 5094A and 5147A and CH lines of 4210A and 428]1A werc selected

for extensive computation.

Each of these lines is a spin doublet except 5094.029A of G, which is a triplet. The
h e structure of alomic lines widens the line considerably and simulates the effect of
turbulence. Therefore, fine structure due Lo spin doubling has to be properly accounted for
in order o arrive at the correct values for £,
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The construction of an unresolved doublet profilc to which the correct turbulent velo-
city must be fitied is complicated. The contour is very sensitive to the scparalion between
the lines and a very smn.l.F change in this separation changes the profile considerably, Prelimi-
nary calculations also indicaled that the uwae of the riﬁvrous doublet approach is neces-
sary for separalions larger than about 25mA. Also the relative inlensities of the two com-

ponent lincs is very important in reproducing exaclly the asymmetrics observed and the loca-
tion of the central wavelength,

Published data on scparations for spin doubling are probably accurale upto 10mA
corresponding Lo 0.75 km/sec at 4000A. Also the smallest resolvable scparation in wave-
length is 15mA. Therelore, a spin doublct of separation of 15mA or less may bc rcated as a

coincident doublet with the absorption cocflicients of the two lines added, without any
wavelength shifi.

The 3864.307, line of CN has a spin scparation of leas than 15mA,, &, was
firat calculaied by choosing the apgropriatc numerical fitting faclor F, to match Lhe
observed central inicnsily. F would generally give a measures of the uncertainties in the
transition probabilitics, ¢ value of was then adjusted io give thc best fit for the
entire profile, The adjusted value of §.,= 3 km/sec.

With this &, and F, the observed half width at p = 0.25 was matched by
ndjusting £... A good overall fit was difficult lo obtain, becausc if the hall width were
exactly matched the ceniral intensitics were too low. §,, giving the correcl central inten-
sity at (»=0.25 was improbably large and gave very broad profiles. In order (o fix §,, there
forc, ihe observed C-L variations of the profile over the disc, had 1o bc considered. The
optimum value ol €., giving thc observed trends was 3.6 km/sec (Fig.3). When the
numerical fitting factor F was changed to fit the cenlral intensily at every p and Ky =3
km/fsec and £, =3.6 km/sec were used in computing profiles, thc thcoretical profiles
matched the observed ones remarkably well. A plol of Fy versus p is s straight line
with F | o S4T 495 This is a surprising resull in as much as F was expecled to characteriss
uncertainties in physical consiants. This also indicates that a change in the assumed
turbulence velocity [icld will not improve the agrecment significanily and in fact the values
derived for &, and £, above are certainly the appropriate ones.

_4207.409 of CN and 5094.029% of G, were chosen for detailed multiplet
calculations as thesc scemed to have the most rcliable aeparations available in literature.

l(“i:;wt)he first line, wavelengths of the constituent lines were measured by Heurllnger
[

Detailed calculations showed that this separation of of 69mA could not reproduce
the observed profile exactly, for any value of £,, al the centre of the disc. Turther calcula-
tions showed that with this scparation, the best overall maich was obtained with £y =3
km/sec, So, lo improve the agrecment, the only other aliernative was to change the value
of the separation. Tor A, = 60mA the fit at the centre of the disc is very good. Thata

decrcse of 10mA in A%, improves the fit to such a large extent, emphasizes the nced for
knowing these separations very accurately.

As in the case of 3864.307s of CN the fit ai p = 0.35 could not bc madc exactly
and £, = 3.6 km/sec provided the best over-all agreement from cenire to Limb.

The 5094.0204 line of G, consists of a triplet of the P branch J =62, 1:),95{) and
P, (62) are coincident for all practical purposes and P, (62) is 98 mA away at 5094, 095}

* I am Indebted to Mrs. Moore-Slttordy for kanlog a copy of Haurlngee's'iéeults from hiy Lund theshs,
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Fig. 4a gives the computcd and obscrved profiles, for the Lwo lines, at (lnce
disc positions.
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Detalled calculalions of doublets showed that:

(1) the half width and shape of a profile is fixcd by & unique combination of A,
e and &

(2) the actual value of AX, i3 very critical in exactly reproducing the observed
profile, if AA, is the same order of magnitute as AAp S 50mA.

(3) AM < 20mA lcads (o a situation where turbulence broadening dominates end
the linc mey be treated as single.

(4) For AM> 80mA, doublet calculations correctly reproduce, the asymmetries in
the wing and the half widlhs arc not affected.

Considering the fact that spin separations arcso ill known, time consuming
doubiet calculations on a medium speed computer were not justiied, The rest of the
sclected profile were caloulated as singlets, As a te-in with the doublet calculations,

and £, were re<lciermined for 4207 £ CN and 5094 & G, trealing them as single lincs.

=4 kmfscc and Ea=>5 km/scc were obtained for the best fits, This incidentally shows
that the ratio of §,4/§ . has remained more or less the same in bolh cases giving an anisotro-
py factor of 1.2, This is an indication of the reality of the cxistence of anisoiropy in the
transition region between the pholosphere and the chromosphere.

The samc set  of turbulence velocitics were used in obtai:ﬁnﬁi fits for the linea

42!0Abof CH, 4281A CH, and 5147A of Ci,. The results arc given in Fig, 4b, Fig. 5a, and
Fig. 5b.
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Fig. 3(b). Qalculated nnd obwervod profiles en the ilnglel sesumption,
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The computed profiles for positions other than the centre are b
than observed onef, A]gxough the trends of C-1. variation of central intcrr?ﬁgz :-::1 sgln-tﬁ[;crr

they are by no means identical (Fig. 6).
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Fig. 8, Varlatlon of contral hicusiils with ¢ oluervod—continyme curvo; caloulated-dashed curve
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Once again if ¥ was ch d to fit the central intensily at cach y
combination of iy

normalised variation of I'n. versus p. has been plotied for each line in Fig 7.
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Vig. 7. Variation of normalised “[Iking Mcion'' rom cmire o ilmb.

iLion, the

==5.1 km/sec and §,,,=4.0 km/sec gives strikingly good profile fits, Ty
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DISQUSSION

i The results prescnted so far draw attention to three facts, First of all the calcula-

tions for lincs 38644 CN, 4207, CN and 50944 C, cstablish that £,,=3 km/sec. 'The
value 3.6 km/sce for &, i8 less ccrlain, although it represents the C-L variation of the
profiles best,

The second result of interest is that, calculations based on the singlet assumption
lead to higher values for £;; but the same valuc of 4 km/scc and 5.1 km/scc for £, and
& sccms to fit all the observations uniformly well, in spite of the fact that the scpara-
tions (which arc not known) arc certainly not the same. In order to umderstand this
resuli, it ia nccessary 1o recall that although the value of AR, is8 very critical in achicving
an exact fit with thc obscrved profile, for any given AXA, F 15 mA of the lruc A, one
unique valuc of &, gives the best over-all fit. This is borue out by Lhe fact that both 4207A
CN (A\, = 60mA) and 50943 G, (A, = 93mA) give best fis for E,, =4.0 km/sec and
£ = 5.1 km/sec. Ii must however he pointed out that these conclusions are strictly valid
for doublet lines whose intensitics arc almost the same, as is true for molecular spin
doublcts of high J. These conclusiona arc not valid for atomic hyperfine structurec where
there is a wide range of intensities for the component lines.

The [act that a change in F for different p positions results in reproducing  Lhe
observed profile almost cxa.cLﬁ; is striking. Of course changing I with g removes the
onc physical restriction imposcd on comparing a scl of theorciical profiles with the
obse proflic, But in fitting profile aEa cs rather than equivalent widths, changin
F with p, docs not make the maiching calculations cnlirely arbitrary, On the other han
such a systcmatic variation of F with u may very well have some physical significance,

The only plausible factor that could causc the variation in F, must arisc [rom
variations in parlial pressures of the molecules. Since all threc molecules are similarly
aflected, the amount of free carbon available for the formation of C;, GN and CH must he
a parameler affecting the G-L obscrvations. This leads us Lo question ithe assumption (hat
T pumcetes = Te. Nowlark (1957) has reached the intercstng conclusion that de Jager's (1952)
model with hyper dissociation Td % Tec cxplains the G-L varlation of GO lines as well as
do the Aller-Picrce or the Minnacrt models. The cxplanation of the CO obacrvations on
the basis of Td s Te is important in as much as a similar treatment of G, GN and CH
might provide a unified cxplanation for all the four molecules, CO with its high
dissocialion potental and high concentration al the very highest layers of the Sun is capable
of depleting the free carbon supply considerably and, thercfore, affect the partial preasurcs
of the other carbon constitucnt molecules very significantly, The variation of T p has most
Probably a bearing on this question,

SUMMARY AND CONCLUSIONS

By carrying out detalled line profile calculations for selecled molccular lines of
CN, CH and C; on the basis of LTE and an anisotropic moddl of turbulence the racdial
turbulence vclocity is cutablished to be 3.0 km/sec, 1{) tangential turbulence velocily of
3.6 km/sec prov:c{cs the best descripiion of the G-L variation of the profiles, Thesc values
pertain to the region v, = .04 to x,~=0.1 of the solar atmosphere.

It has been shown that if the scparation duc to spin doubling is neglected the
velocities derived are oo high. This increase, howcver, is independent of the separation
AA, 8slong as the two blending lines are of comparable intensity and AM, 18 of the order
of Alp, the doppler width, Singlet calculations of £, end E. based on this conclusion
provide additional confirmation in the values 8.0 km/sec and 3.6 km/sec respectively.
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A very interesting variaiion of the ﬁtlinﬁ factor F with p ie observed. There is
striking similarity of these variations from line to linc. Although no quantitative confirma-
tion is available, it is suggested that the explanation of this variation ought to be associated
with the inequality T aucina % T oo -

Exccllent matching obtained at the centre of the disc between observed and
computed profiles prove that the asumption S5x=Bx for the molecular carbon lines is
certainly adequate, a fact that is also borne out by consistent values of Touuame obtained
for these molecules. Reparding the treatment of dissociation cquilibrium, however, the
implicit assumption of LTE is queationable. Furtber work is planned for examining this

ucstion quantitatively. Ttis hoped that this would throw further light in explaining the
-L observations of the carbon molecules.

It is a pleasurc to thank Dr. M. K. V. Bappu [or his constant intercst and encoura-
gement. Extensive help rendered on many aspects of the Eroblcm by Dr. A, Bhatnagar is
E-atefully acknowledged. The rcsearch was carried out during the tenure of a Senior

esearch Scholarship of the Ministry of Education, Government of India, tenable at the
Kodaikanal Obsecrvalory.
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