Kodalkanal Obs, Bull. Ser. A (1981) 3, 756-83

EFFECTS8 OF VELOCITIES ON Ca Il H AND K LINES

K. E. RANGARAJAN, D. MOHAN RAO and A, PERAIAH

ABBTRACT

Call Hand K (3808, 3633) and Infrared triplet lines AA\ 8488, BAB2, 8642 ware oeloulatad In a vary
slowly expanding methium. Fivo level atom with nontinuum was considered. Radlist ve transfer equatlon and
siatistioal aqullibrlum squatlons were solved aimullanesously In tha siar's rest frame within the frame work of the
disorete spaos ihsory teohnique of Grant snd Paralah (1972). Profilss ware compuled for the systematlo
sxpanding velooitien 0.0, 0.8 &nd 1.0 (exprossad in mosn thermal units)  Even though the velociiles are small,
they eaam to affoot the shape of tha H and K prohien quite conslderably. A single emission psak Instsad of &
double peakod amission for the K lines was obtalned when V=1, and 8t p=0.79. Thess amall valocities do
not affeot the Infrared riplot lines eignifioently.

1. Introduction

Linaky and Avrelt (1970) reviewed theoretloal end observational etudles of the profiles of Ca Il H and K
and Infrered triplet lines In tho Sun. Thoy took flve levals plua continuum as thelr etomic modsl to represent
Ca Il lon. Integral equatlon approesch was used for the caloulstlon of line source function. Complete
redjetributlon was essumad In their computations. Shina s a/. (1976) studled the effect of partial {raguency
redletributlon on the formatlon of Ca |l H and K lInes In the solar atmosphare. Thsy found the P.R.D, raeults
to be In better agreamant wlith obeervations. The calculations descrlbed above were besed on the assumption
of a statlc atmosphers. Congequsntly the computad proflles were symmatric.

Asymmetric proflles with a elngle peak emlsslon of the K lines wore observed at high spatlal resolution
studles. (Pasachoff, 1970). To aocount for the saymmetrlo profiles, Athay {1970) essumed veloolty fleids In
the raglone of line formation. He concluded that to obtaln ke enhancemsent, elther the laysrs whera Ky |9
formed are moving upward with veloaities of 3-7 kms™! or the Ky layers are moving downward with velooltlea
of 10-20 km 8”1 but he tends to favour the second alternatlve. He essumed a 3 level atom model with
continuum. He usaed the Integral equation technlque generallzed for a8 multi-jevel stom. Recently Baer! ot a/,
{1981) used e comoving partiel frequency tedlatributlon code to mode! the outer atmospheres of cool type
stars. They obtained a highly asymmetrlo proflle of Ca Il K llne which agress with ths obasrvation of thle
line [n £ Dre.

Wa Investigated the effact of velooltles of tho order of 2 km 8™ (V= 0,5 case) and 4 kme™ (V=1) on H
end K end Infra-triplst linea, Wa extended the formalism of Grant and Perelah (1872) for the two level atom
modoel to that of 6 five lavels with oontinuum. To solve tha radlstlve tranafer equetion In the atar's rest frame
wa used Peralah’s code (1978). This code contains the expllolt treatment of veloclty flelds. In sectlon (2)
of this paper we glve the stomic model ochoeen and the method of caloulation of varlous rates. We discuss the
c omputational procedura in sectlon (3). Sectlon (4) contalns the reaults.

2, Atomle modsl

The atomlc model ohosen |8 rapresented In figure 4, Wa took tha 44 Sy/; ground level, 42 Py/y and 4* Ps/y
upper levels, 3% Ds/y and 32 Dyjq metastable levels end the continuum, Temperature (T.) and eleotron numbet
denaslty (n.) distributlone for our atmoaphere are glven In Flgures (2) and (3).
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Colllslonal end radlatlve excitational end de-sxcitetional processea betwesn &ll the hound levala were
oonsldarad. Photo-lonizetlon, photo-racomblnetlon, colllslonal 'lonlzatlen and ra-combinatlon bstween the
contlnuum end all the levala were also Includad.

Phato lonlzation rates waere oalculated according to the formula

ﬂl:-‘hrj -dh—:;-a, (v)Jv (2 (1)
¥

| denotes the lower leval and k refers to the continuum. Z Ie the helght of the atmospheric layer. We approxi-
mated Jv (Z)} =By (Z) where Bv (Z) Is the Plenck functlon. g {¥) Is the photo lonizallon cross-section and

was taken from Peach’s tables (1887) : Recomblnatlon ratee follow from the dstalled balance erguments and
It Is glven by

Rur - (:: ) .Rll @)

where (ny/ng) * Ia the L.T.E. populatlon denslty ratlon obtalnad from Saha-Baltzmann equatlon,

Colllelonal recomblinatlon rates wets calculated from ihe formulas glven In Linsky's Ph.d, thesls (1888)

with the corrections for the Inclusion of both the D levels, Datalled balance arguments glve the collielonal
lonlzatlon rates by the formula

Cik= Cyr (-:-:-It) * (3)

Spontaneous emisslon iates (Elnsteln A values) betwaeen the bound lavels were taken from the Wiese
tablea. Colllslonal excltetlon and da-oxcitatlonal rates were calculated eccording to Glownal!l {1867).
Multiplet reletions wero used to get tha rates for tho sub lavels. To celculate the {Ine etructure transition rates
C (42 Ps/s-42Pyg) and C (32 Dpfs - 3% Dyfs), Dumont's (1£87) cross soctlons were used and they wera derlvad
by treating the collislons to be alastlo and colllslona with protona to be dominant.

The total number density of Ca* lon was assumed to ba 107,

3. Computational procsdure
The equatlon of transfer la glven by

al (x, nu. 2)

T 3z wKufz) [A1 9 (0 p,2)] [S (6t 2)~T (%, p1,2) ] (4)

and for the apposltely directed beam

"”:_:("-‘ﬂrz)'l‘- (x) B+ (x,—p,2}] [8 (%~ 2 2) =1 (x,— 2, 2} ]

where | (X, g, z) Is the epeciflo Intenslly atan engle coa™' u (ue [0, 1]) st the polint Z and frequency X =
(v~v.) /Ay, Aibelng some standard frequency Interval. The quantity £ is tho ratlo K/K. of opaclty due to
continuous absorption per unlt Interval of X to that In the line, )

The aquatlons (4) ware transformad Into the optioal depth soale where

dr =K. (z) dz--4—|:—r'-' —(M () Bu—nu (2) Bap) dz (5)
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A, being the Doppler width s equal ta -‘;—'(-z—:;l)i

ni (z) and n. (2} are the number densltles of the lower and upper lavels of the transitlon.

The source tunctlon S {x, £ u, z) Is glven by

stn- SR

S. and S« refar to the source functlon In the line and ocontlnuum respectively. (p (x, 4, z) 1s tha profile
function. Complete redistribution with Volgt proflle function H (&, x} was assumad. When thera Il velocity
fleld, the frequenay of the !lna photon le shiftad by

x=x +v{r)p )

Wasra V (1) Is tha valoclty of the gas In maan thermal units at the point r. Line sourse function for a multl-
laval atom for th) transltion batwasn the lowar lavel 1 to the uppsr leval u Is glven by (Mlhalas, 1878)

= [ £ ¢adedet (400 BY M) [ 1 (1 ék w) ®)

where ¢ glves the number of photans that are destroyed by oolllslonal deexcltation following photoexoltation
and [a deflned by

« =Cy (1 _e_h"[ﬂ)l Asl (8)
The effects on radlation fleld due to other linea e described by tarms % and 0. They are desorlbad hy
%= [ag 83— (g1/@o) 01 84] / [Au1 (02 +24) ] {10)
- —hv/kT
0 [n: B1 &4 (1 -8 i )]l [na :\m (og+ay) ] (1)

whara
a~Au+Cu+2 AnZu+ 2 CyYy
l<l 1<jru

ga=m Ru+Cu)+ 3 mAIZu+3 = Cu Vi
1<) <]

Ay

83=Fuy + Cut+ % AuZy+ Z Cq Yy
umlsl u<)

ti=ne ReatCat) +Z  MAWZ+E i Ch Via
u<] ux>|nl

end the net radlative bracket Z;; and the net colllslonal brackst Yy are defined by
Zn=1-Jy (n By—ny By) / n; Ay (13)

i being the mean Intensity jn the line and By, By are the Elnstein emisslon and absorption cosliiclents
respactivaly.
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R
Yy=1-1hc (14)

The statletical equilibrilum equatlons for a multl-level atom are glven by

M _ H _
n (“L_'l (Bia J1u+Cio) +Ric F Cix ) - E'I'Iu (Aci +But Jio+ Cot) Fna {But FCui)

M
L mtm-N (16)

(=1
hare N Is the number of Ca* lons, end M la the number of levale conaldersd.

Woe divided the medium into B sheila. Veloclty st eaoh shell I8 given by
V{r}=V(A)+ (\_’ (B)EV (é)—) Xn

hara A, B are the Inner and outor radll of the etmosphere. * denotes the number of the shell and N la the
tal number of layers. We have aet V (A)=0and V(B) -0, 0.6 and 1, f was tsken to be zero, Demping

rameter ‘e’ was apsumaed to be 107, We solved equations (4) end (16) with the following boundary
nditlons ;

18 Incident radlatlon at the top of the aimosphere was zero. The Incldent radletion at the lower layer of the
mosphere waa essumed to be By (T,- 4620 K)

16 ebove equellons ware solvad [terallvely. We chose LTE number danslties to bae Inltlal values for caleulating
e opllical depth from tha relatlon (6). To omlculste the radlation fleld In any line, & and * have to be
iseliled which depsnd on tho radlation fleld of other Iinea, To compute the H-lIne radletion fleld, wa essumad
diatlon {leld In other linea to be Plancklen. While computing the K-line, wa substitutad tho computed H-lIne
tensitles, kesping the unknown radlation flelde In infrared triplet linea as Planckian, This procedura was
mitinued tlll the Intensltles of oll the flve lines were oelculated.

To get the number densities [n the levels, we substituted mean [ntensitles of all the five lines In the
allstical equlllbrium aquations. Thle new number densities were used to orloulste the opilcel depth. Since
‘s know radletlon fleld In all the linas, we substltuted those values to computa the Inteneltles of eil the [Ines

seoond lteratlon. [teratlone weare continued tlll the number dansitles converged up to a daviation of lesa
isn 1% of ths previous lteratlon values.

Results

Emergant Intensltles of K line for the varlous velooltlas when u=0.79 are plotted In flgure 4. The totzl
ptical depth at the line centre was 618. Wa find a symmetrio profile with a double pssked emlsslon for the
allc case and for non zeto velocities, we find e blua shift and asymmetry In the profiles. When the valocity
{ the auter boundary (8 one mean thermal unlt, enly asingle pesk In the red alde (K:} with a blue shiit of
i minlmum was obialned. Kj abaorption feature broadsns with veloclties. A simllar trend le seen In the limb
10,21} aleo (flg.6). We aleo find Kgr > Kee when V=0,8. The emergant flux proflies for the above
sdlocltlu are plotted In flg. 6. Asymmetry la more pronounced In the fiux proflles.
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Emergent Intensities of H line 8t 4 =0.79 for varlous velocitles are plotted In flgure 7. H Iine Intansitles
are conslstantly higher than K {ino intensltles. This Is due 1o tho leseer opilcal depth of H line which la only

322. Both H and K Ilnes oxhlblt slmllar trands.

Neirow emlsslon peaks occur for V= 0.6,
Intenaltioa of 8662 Ilne for u=0.79 and 0.21 ere glven iIn flgurea 10 and 11.

Emargent
Figuras 12 and 13 show the

emergent Intenaltles of the llne 8542 for 4 =0.79 and 0.21 respactively. Emergent Intenslty proflles of 8488

are plotted In figures 14 and 16.
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All the Infrarad triplat 1lnes have deep absorption proflles except for 8488 line at 4 =0.78. This lIna 1s the
weakest dua to the least optical depth at the line centrs. With velocities, we find all the Jinea to be blue
ghifted. Near the limb the valoolty affects on the [Ine proflles are neliglbla.

Conolusion

WIith the chosen model atmosphere, we find double psaked emisslon for H and K lines In the stetlc medium.
Our results show that the aystematic velaclty flelda do play a significant role In determining the shepe of the H
and K profilea. The small velocltles did not affact the Infrared triplet finea signifleantly. When there le a
valoclty towatds the observer of the arder of 2.13 km e™¢ In the K llne, only & gingle peaked emlealon on the
rad alde {Kz) and & blue ahift of the K3 minimum wara obtelned,

For matching tho thaorstical results with the observatlons one has to conslder 8 more reallstlc mode|
atmosphere, The efiecis of sphetlcal geometry snd the angle dependent partlal {requency redistributlon
functlona on the [Ine transfer have to be investigated eapaclally fof the cool super glants.
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