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PREFACE

Foufteen‘yearé agb (halﬁ'of;myclife); a;véry;good friend . of ﬁine
invited7‘me:fto 1ook,,thr0ugh his small.1" refractor at Saturn. Having
nothing else té,do,-Ivaécepted.ry By ~the,1énd¢ éf_uthe ;summer, I had
devoured moétk of the aStronomyﬂbodks in the‘local;PubliéfLibrary. I
will always,ﬁhank Russeli‘Schmunk/ for  his;»invitaticn. i A few years
later, I had the opportunity to attend»an introductory astronomy course
at the loecal Universitylr I wish to thank Dr. Arthur Norberg for his

patience and encouragement. ' -

. By this time I had"decidedl to - pursue a -caréer, in Astfonomy,
although I,héd»absolﬁtely nO'idea of what‘an,Astroaner actually did for
a living, besides lookinglthrough’léhge teiescqus.' HQwever, this did
not deter mev and‘ij steadfasﬁiy clung ﬁo the hopes éf Joining their
ranks;' It is dﬁring‘these; my eéflkaigh School. years, that I must give
credit to my parents. .wDespitegthé faé§ that'my father, the late Dr.
Arnold J. Lien,~wanted me tobgo’into buSiness or accounting - (something
tb make - bucks at),'both ﬁy parents’aéceptedfmy desire to pursue my own
career, For their ‘help,. encouragement, financial, and spiritual

~

support, I will always be in debt.,

I entered the University of Wisconsin at Madison, Wisconsin still
not knowing ,exactly what an ,Astronomer “does. I‘wish to thank Drs.
Anderson, Cassinelli,. Mathis, ' and Nordsieck for their help in my

astronomical education. As a graduate student at the University of
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Illinois at Urbana—Champaign, I had the opportunity to work for and with
a great ensemble of talent Particularly, I wish to thank Dr, Lewis
Snyder for his assistance, both financial and astronom1ca1, in leading
me towards the material which is contained in this volume. I especially
wish to thank Dr.  Richard Crutcher,,for without‘hiS«help, I wouldn’t be

writing this.

I have made many friends and acquaintances during my tenure in
Urbana—Champaign. Foremost among them is Dr.‘kéhil‘Jewell who now
knows more about the details of.UV and optical absorption line studies
of the ISM than he probably really cares to. For this I am deeply
grateful And of course, thanks are due to the Basement Crew.

Most of all, I wish to thank my wife, Molly, Without her, I

probably would have gone into shipbuilding.
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e INTRODUCTION -

1.1 Diffuse Interstellar Clouds =

fi:M?st ofiouf,uﬁderstén&ing;of the nature of,diffuse‘cloudsvhas come
f?bﬁigétailed>oﬁservationsiﬁdwérds a few 0louds.7 With: the advent of the
Copernicus’satéllite, f&ﬁrféompréhénsive studies have been.done.as have
a.larger number of‘lessicomplgte'sﬁudies."The diffuse interstellar
médiUm%(ISM)'téwardsﬁAlphé Virf(York and’Kinahan,Vi979); Gamma Vel
(Mortoniand'Bhavsar;“1§79)5;Gammé §as (Ferlet, Vidal-Madjar, Laurent,
1980)5.15 Mon. (Shull, 1980), Chi Oph‘(Frisch, 1979,k1980), Lambda Sco
(York, 1975a), Delta SCO‘ﬁSmitﬁ, 1974),‘ahd Gamma Ara (Morton and Hu,
1975):have.had‘partialzanélyses;, A‘more-complete:analysis was done on
Zetazpﬁp (Morton, 1978), but the tﬁree(méjér ahd comprehensive studies
have'Be;n ofathe cloudsltdwards Zeta Oph (Herbig, 1968; Morton, 1975),
Zeta‘Perf(Sndw,f1977),rand 0micron Per'(Snow,F1975, 1976).»’After Morton
ﬁublished,his paper oﬁ Zéta Oph;“a'numbér of :subsequent: papers- came out
which either‘modified the’original‘conclusiOhsvor’added‘nedeata;
Discﬁssions of OrI (de Bber,31979); C I:(de Boer:and Morton, 1974),:CO
,(ultfaviolet'[UV];>Shith,’KrishnaVSwamy5:Stechér,11978;.Wannier,
Pénzias;fand Jenkins, 1982; radio,fCrutcher, 1976; Liszt, *1979; Crutcher
and Watsqn,:198i)5‘K*I;(Crutcher,‘1978),vNa I (Crutcher, 1976), C2 (uv,
Snow,f1978);,oﬁ.(uv,_Crutcher.and.Watson, 1976),‘H I (H-alpha, Reynolds
and Ogdén,‘1982),‘Rb I (Juravand Smith;.1981),:Sc II (Snow and Dodgen,

1980)} other velocity components (Snow and Meyers, 1979), 12cy+ , and




13CH+ (Vanden Bout and Snell,.1980,»1981),1weak near-UV lines (Shulman,

-Bortolot, and‘Thaddeus, 1974),fand‘a detailed model of'the diffuse cloud
(Black and Dalganno,v1977) nave been published. For Zeta Per, the UV
observations (Snow, 1977) give'parameters'similan\to the Zeta Oph cloud.
Obsenvations,ofecab(IR, Hobbs, 1979a; Chaffeefet,al;,,1980), Ti IT
(Hobbs, 1979b), CH and CHf,(Federnan,[1980), 0 I (de Boer, 1981), Na I
and Ca‘iI (Hobbs, 1974), and the near UV lines_(Chaffee,‘1974) have been
made, A detailed;model of the Zeta Per cloud (Black,aHartquist, and
Dalganno, 1978) has also been made."The;UV‘observations towards the
cloud in front. of Omicron Per (Snow, 1976 1977) have been augmented by

observations of Cz (IR Hobbs, 1981), 0T (de Boer, 1981), and radio CO
observations (Crutcher,n1976).

For the various clouds, usuaily more than one, velocity component
exists; The theoretical models for Zeta Oph and- Zeta Per suggest that
both clouds have a cold _dense inner core, and a warm, diffuse outer
shell. The range of temperature and density for Zeta Oph is
(n,T) = (2500 cm’3,,22eK);nand9(506‘cm‘3, 110.K) (Black, Hartquist, and
Dalgarno, 1978), for. the inner‘and»outen region, respectively. Crutcher
and Watson (1981).note1that7the,data aresalso consistent with one cloud,
having (n,T) = (Zbo'cmf3,‘65 K),fand;that‘the,newerfdatavappear to
require that there;be no celd very'dense core.e,The‘inner and outer
values for the Zeta Per cloud are (267 en~3, 45°K), and (110°cm™3, 120

K), respectively (Black and Dalgarno 1977).

IR T T T Y TR 7Y Y s R W AT P-R-C 5y NTAY VY




~ Figure 1-1 shows the range of depletions for the three stars, Zeta
Oph, Zeta Per and 0micron Per. It 1s 1mmediately obvious that some
elements have essentially a solar abundance (s, 0, N, Ar), whereas other
elements have very ‘large depletions (Tl, Fe, Al) In other surveys, it
 was found that, in general 0 (de Boer, 1981) and Zn (York and Jura,
1981) have roughly solar abundances whereas Fe (Savage and Bohlin, 1979)
has very large depletions. The initial results of a C I survey by
Jenkins and Shaya (1979) suggest that carbon can be depleted by up to a

,factor of ten: over the solar value, although Liszt (1981) shows that if

CIis compared with N(HZ) and not N(Htot)’ then carbon is. essentially
undepleted ~.Since the C I and the H2 are probably coex1stent ‘this is

; probably a good assumption to make. Crutcher (1975) also argued that C
may be essentially undepleted The problem of‘ too few grains for too

" much depletion (Greenberg, 1974) has been solved in the sense that the
initial suggestions of large depletions of carbon and oxygen were

s'

incorrect.

The ‘three clouds, which have similar color excesses (E(B-V)_.3),
also have approximately 50% of the hydrogen in diatomic form. The rise
in the far-UV extinction curve in all three clouds is also similar. The
velocity parameters "b" (/2 times the Maxwellian velocity dispersion)
for the two regions (Zeta Oph and the two Perseus stars) have values of
(0. 9 km/s; 6.5 km/s) for Zeta Oph, and (1.5 km/s; 10 km/s) for the two
Perseus stars, where the values in parentheses are the veloclty
parameters for the neutral and ionized species, respectively. Hobbs

(1974, 1979a) and Liszt (1979) point out,that higher spectral resolution
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Flgure 1-1. The observed depletions (yl_og})vtowar'd‘s ¢ Oph, o Per, and g Per.




1indicates3that smaller velocityﬁparameters should.be used-for the
neutral components for both Zeta Per (Hobbs, 1979) and Zeta Oph (Liszt,

' 1979). 031ng ionization equilibrium considerations Morton (1975) found
o that'n '-‘0 7'cmv3'for Oph' although if Crutcher and Watson (1981)

lare correct ne ='0 8 cm 3; The value for n, derived by Mopton from

. neutral and singly ionized iron is. over: :an- order of magnitude smaller
(closer to the value suggested by Crutcher and. Watson [19811). This
discrepancy is. probably a result of .the. unequal depletions. between the
different velocity components in Zeta. Oph (Snow and Meyers, . 1979) The

'ratio of N(C I)/N(CO) is roughly constant at a value of =10 over large

“,~variations in- extinction (Federman, Glassgold .Jenkins, and Shaya,

‘1980) The correlation between CO and Av, first noted by Dickman .
(1976), is. found to extend to very. small values of Av (Federman,
VGlassgold -Jenklins, : and Shaya, 1980) heoretical abundances for. simple
molecules towards Zeta Oph and Zeta Per. (Black, ‘Hartquist, and Dalgarno,
(1978 Black and Dalgarno, 1977) agree reasonably well with the.
observations, .except.for. the well known difficulty in accurately

predicting the CH*}abundance.y_1,(

ﬁecause of the’possibilitylof:observing theueffects of
nucleosynthesis,in thevrelative~abundancevof;a particular isotope,
various isotopes of a number ‘of molecules have been searched for. In
‘ particular, 12CO and 13CO are very ublquitous, and. 12CH and. 13CH can
be;observed. uUnfortunately,‘there,existsJavchem1ca1«fractionationv
" process by which‘the j?COj/ jgcotratio;can,increaSe over the true

~isotopic C ratio‘(Watson,LAnicicb,~and,Huntress,ﬁ1976), Towards Zeta




oph, ‘the 120 / 130 ratio is 55 *11 (Wanniler et al. :1982) or >50

(Crutcher and Watson, 1981),dand‘the_,12CH+/ 13cH* ratio 1s 77 (+17,-12)
(Vanden Bout,and’snell 1980 1981) This suggests that perhaps

chemical fractionation has occurred~

There are still a number of - uncertainties about . the physical : -
structure of diffuse clouds," particularly as ‘the clouds- become more
,opaque. ‘A number of uncertainties arise because of the integral nature
of the observations. If the diffuse cloud can bebcharacterized by a
-constant density,‘pressure andtradiation field uthen-the observed

column densities can be used to accurately calculate these same physical
properties.¢ Any variation of these parameters will be reflected ‘by a
modification of. the column densities of  the: atoms and molecules. It is
‘not immediately obvious,whether thevderived;temperature:and;densities
will reflect7theftrue,physicaliconditions.: Additionally, other .
processes may he affecting‘the local;densityfof‘a,particular;species.
For- example, the accretion rate onto IS grains may be: a function of
depth into the cloud and may also be different for each stage of
ionization.~ The depletion of .an element can- be.inferred from both the
dominant stage ions and: the neutral species., These may. may. be different

if the neutral and ionized species are weighted differently.«cv,,

".Another‘problem.concerns the'velocity'parameter of ‘the -gas. - If the
bulk of the material is infone.region«of;space,at.aurelatively'high
density, then why do the neutralxandfsingly ionized species: show

~different velocitj parameters? The’neutral species can exlst in the




intercloud medium’(lCM), hence ‘the reason cannot be that all the

~ neutrals are only in the center of the cloud.

" The existence of molecules in diffuse ‘clouds ‘has been attributed to
ion-molecule reactions. This suggests that as the cloud gets darker and
the density‘gets higher,-more[molecules»will be found. ‘Hence it is
important to not only‘find-them, but to attempt to infer where they are

in the cloud.

To answervsome‘of thesepquestions, I have observed the diffuse cloud
alongvthe'line ofvsightktowards X Per. This analysis differs from
,previous studies in that’I am usingithe combined‘data from the CV,
optical~ and radio”to analyée the physical parameters of the cloud.
Previous: studies have primarily focused: elther on the UV and optical, or
on the radio. Additionally, the extinction towards X Per is almost a
factor'of“two greater than,the most heavily reddened stars previously

analyzed in detail.

~In Chapter 2, I discuss the stellar propertles of X Per. . Chapter 3
presents the uv, optical and radio data. Chapter U discusses the
various analytical techniques which;were used ‘to derivekthe atomic and
:molecular column densities (Chapter 5) and some of the. ‘physical
parameters of the diffuse cloud (Chapter 6). Chapter 6 includes the
analysis. of the depletions, the electron and hydrogen densities, the
kinetlo temperature. it also disousses the isotopic ratios of carbon and

oxygen.,




‘I have devéloped,a model-fofﬁtheidiffuse‘cloud‘towards X Per; This
ﬁodel aécurately‘predicts thé édlumn densities of all observed lons and
neﬁtrals as well as the diatomic hydfogen column density, the atomic
 finé1$trﬁcture>population, and the mean electron density. The few
diécfepanciés cah all be explained; .This model 1is presented in Chapter

T.:. I conclude with a summary:and discussion of the results: in Chapter

: 80’ ’




2. STELLAR PROPERTIES OF X PER

2.1fStellar Parameters

,"iX PeranD2453u)iis a,variable 6th magnitude starowithjan\intensity
~variation:of about‘0.6’magnitude;(Moffat,iHaupt, and Schmidt-Kaler,
1977).. It has been classified as a Be star, with aispectral type of
i either BO (Ramsey,1950, Mendoza, 1958; Brucatan and -Kristian, 1972) or
Ope (Delhaye and Blaauw, 11953;" Hiltner, 1954 Harris, 19563 Cohen, 19735
l Moffat 'Haupt and Schmidt-Kaler,‘1977). X Per is .unusual in that the
variation:in magnitude 1s much larger than found in normal Be . stars
(Moffat,aHaupt,,and<Scmidt4Kaler,,1977) Only Gamma Cas has a similar
magnitude of*variation; fBecanse‘of the uncertainty in the spectral
classification, the E(B-V) color excess 1s not well known. The color
excesses in the literature range from O 55 (Moffat Haupt “and -
‘ Schmidt-Kaler, 1977)Mto 0.62'(Harris,u1956;<Cohen, 1973).
‘rotational’velocitypof;X*Perlisiusofkm/s:(Hutchings,,1§77).f X'Per is
also a spectroscopic binary, with a“period of 584 days (Hutehings, 1977;

'Kemp, 1982)

| Braes,andeileyf(1972),’BrucataniandvKristianf(1972), and Van;den
.Bergn (1972),have shown that»XbPer 1ies‘Very close;to the,center of the
errorvtox for the X-raj source 3ﬂ 9352430,‘ The total X-ray luminosity
‘of X Per is‘5 x {033 erg/s_(Garavoglia'and Treves, 1§76; Mushotzky,

Boberts,vBaity and Peterson, 1977;vMoffat, Haupt,~and Schmidt-Kaler,




1973; Mason et al;' 1976'1Frontera 'Fuligni'fMorelli and Ventura,

1979) The X—ray flux is also variable, with a period of -13.924 minutes

'(Mason et al, 1976)

A recent model for the X Per system suggests that the 13 982 minute
period represents half the rotational period of an X-ray pulsar which

is orbiting X Per with a period of 584 days.

The current picture of the X Per system (White et al, 1982) is a
’widely separated binary containing a B0 star with a stellar wind and an
?,accreting neutron star. The observed X—ray spectrum can be fit by a 10
kev thermal model. The mass loss rate derived by White et al (1982)

: ~ -8,
is M 8 x 10 VBMG

per year where v is the terminal velocity of the
wind tn units of 103 km/s. : T

.3

The stellar uv spectrum of: X Fer shows an ionization structure
expected for a 30 OOO K atmosphere.( Lines arising from He II C II
'C IV N III N Iv N v Mg II Al III Si III Si IV Mn IV Fe III
Fe IV and Fe IV have been identified None of the line profiles show
}any evidence for mass loss. Optical stellar lines (Woffat et al. 1973)
‘1nclude H I He I He II C II N II N III, O I, o III Ne II Mg II, '

'i'Al III Si III Si IV S II S III A II and Fe III. ‘
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3. INTERSTELLAR OBSERVATIONS

-This chapter describes the radio (3.1),}optical (3.2), and UV;(3.3)

» observations taken for this work Section 3.4 describes the previously

’ published IS observations of the ISM towards X Per.p

3.1 Radio

Microwave emission lines from the J=1= 0 rotational transition

f~of 12CO and 13CO the J 2—1 rotational transition of 1ZCO and the
' X2

3/2 F 2—1 hyperfine transition of the ground rotational state of OH

‘were observed towards X Per., Upper limits were placed on emission from

,thepq=150 rotational transitions of’ qufvand HCN, and the C 850

recombination line. Iable 3-1blists the atom or molecule, the

: transition, observed radiation‘temperature, LSR velocity, line width,

integration time, spectral;resoultion, and the‘telescope used to obtain .

“the data.

'The'data onbthe‘J—1-0 rotational transition of 12CO and 13CO were

- obtained using the 117'm radio telscope at Kitt Peak. Orthogonal senses

of polarization were directed into. either the 250 kHz filter bank or the

100 kHz filter bank. Frequency switching was used instead of position

switching, primarily_because of the spatial -extent of the molecular




' RADTO EMISSION

“.TABLE 3-1- "

'LINE OBSERVATIONS OF X PER:

12

‘aNationaleadio Astronomy Obsefvatory v\ '

bMillimeter Wave Obseryatory,:University of Texas at Austin

“R. M. Crutcher,”private communication (1982)

Molé., Irads :T; g :Av»_‘ffkvLSR”v~ Ieléscope . Intl Res.
® () (kn/s) _ (km/s) (min)___(kn/s)
1200 . J=1-0 »3-4 ,,‘ 0.2 2.08  7.75  wRao® 1" 30 0.26
2o . ge2-1 18 02 19 7.73 o’ s™ 30 0.08
Beo 1m0 0.36  0.05  1.63  7.95  NRAO® 11™ 60 0.27
oH® F=2-1 0.09.  0.05 1.2 7.9 .NRAO® 140'  NA NA
,cssa n=86-85  --- ‘0.005 “"--- —— NRAQ? 140' 120 0.14
Hoy Jel-0 - ‘ 0.13f e e wa0* 1™ 45 0.3
‘HCOT  J=1-0 -~ 0.08 === - A ™ 30 0.34




calibrated by u31ng a mechanical chopping vane. -The J =1-0

13

acloud around the Per 0B2‘aSsociation (Sancisi et al) The spectra were

Acalibrated using a mechanical chopping vane (Ulich and Haas, 1976

Kutner and Ulich, 1981, hereafter KU) Additional calibration: checks

bwere made by observing several standard sources. The X Per data were
“nthen scaled by the ratio of the true antenna temperature to the observed
'3’antenna temperature of the standard source. Table,3-2 lists‘the

»standard sources used, along with their antenna temperatures.

'The-iT m radio telescopebuas;also used in the aforementioned

observing mode to put upper limits on ‘the J=1- 0 rotational transitions

of HCO* and HCN. - These limits are reported in Table 3-1.

; The 3:2-1,rotationalitransition of 12¢0 was observed using the 4.9 m

- radio telescope‘of the'University'ofvTexas'fMillimeter Wave Observatory.

,The 62 5 kHz filter bank was used in frequency switching mode, and was

1200

" and 13co and ‘the J=2-1 12co emission lines are shown in Figure 3-1.

‘The NRAO iho' radio telescope at Green Bank, W. Va,, was used to

' ‘observe the VGiS Fe2-1'hvperfine transition of OH and to obtain an

3/2

upper limit on,the C 85a ,recombination line. These data are also

‘presented in.Table'3—1.




o TABLE 3-2
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" RADIO CALIBRATION SOURCES

‘Source -

a

- *
S . ,TR

"g

Av

W3 (OH)
M17SW

W51 ..

M17SW

W3 (OH)

950)

h,.,m

2%23%16%7

18"17™26%5

1972172750

- 18"17726%5

h

- 2"23™16%7

. -16%14154" 39.5

(1950) . (K) -

1200

61°38'54"  16.1

" 59°39'00" 2814
o Beo

2 o\ |k 'i",LA .
~16%1454" 13.7

61°38'54" 7.1

\Y
® (a8} Tkm/s)

1.3 “47.4 6.8

0.5t 19.4 0 26.7

2.1 571 1245

1.1 194 5.6

0.6 - -47.4 6.4




] s | T |

s 6. .1 .8 9 10 1
e LSR Velocity (km/8) ' s

Figure 3-1. The“J=110;rotational transitions of 12CO and 13CO and the
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J=2-1 rotational transition of_12CO toward X Per. The ordinate of the latter is

on the right. ’




| 3.2v0ptical',

T obtained three high resolution (= 2 £/mm)- spectrograms using the -
4 m telescope with the echelle spectrograph ‘at “Kitt: Peak National
Observatory.v The RCA 33063 image tube was attached to the blue long
focus camera. The spectrograms were taken on IITaJ plates, baked for 2
" hours at 65 Cin forming gas, and developed for 5 minutes in D-19 at
v20 C. ‘A thorium—argon hollow cathode tube was used for a comparison

source. The comparison spectrum was exposed for 3 minutes,

- The 79e63°:echelle"grating andf22642 cross~disperser were used. The
entrance aperture;was'set.atv70,microns, and.the spectra were widened to
1 55 mm (decker 3) Calibration spot plates were given exposures

.similar to the stellar exposures and were -developed: with: the stellar
- spectra. ‘Only two ofrthe three;plates;were suitable for analysis. The

'spot7p1ates;and echelle:orders containingvcatl, Ca II,'CN, CH, and

TVCH+‘linesbwere digitiied‘using»theiPDS microdensitometer at KPNO'
headquartersﬁin~Tucson. Arizona. - Thevcalibration'piates werefused'to ‘
‘construct‘a characteristic curve, which was~then«used to convert the
3 digitized'spectra from?densitj to relative intensity. 'The‘spectra‘were
'icalibrated in wavelength by the use of the comparison spectrum, and the

;relative intensity was plotted against the wavelength for each of the

: orders mentionedvabove. RS




The equivalent widths were extracted from the plots with a

- planimeter, and are‘presented in Table 3-3. The error in the equivalent

b width is the equivalent width of a ‘noise feature which appeared to have

i ‘«a‘14~« variation»in intensity. Figure 3-2 shows -the intensity tracings

' for all the lines listed in Table 3-3. '

- _3.3letravioletk

The uv data were obtained with the International Ultraviolet

- ‘Explorer (IUE) satellite. A detailed description of the satellite and

'il,the;data isfpresented in Appendix B.

| Ten éﬁ?‘and eight LWR:(short wavelength'prime and long wavelength
‘;pvredundant:cameras,‘respectivelyj cf Appendix B for‘a detailed |
,‘description of the IUE) high dispersion spectra of X Per were obtained,
1mThe image sequence numbers, dates, ‘exposure times; and other salient
data are'listed;in Table 3-4. 'These‘spectra,were processed as -described |
in Appendix B.: The datavfrom each useable order were‘shifted in

wavelength. and co-added.

Each summed order was then searched for possible IS lines, ' Lines
whose identification as real features were in doubt were examined in
“detail by the identification methods discussed 1n Appendix B. ,Thé’”
,equivalent width for each line: which passed the identification test was

then extracted. A cubic spline was fit to a number of p01nts which were
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‘TABLE 3-3

OPTICAL ABSORPTION LINE OBSERVATIONS

 Mole/Line T .  Lambda -v‘Eqﬁivalent Width f-value
' ® B lo EW lo
o Plate 1 Plate 2

oy it -oxht |
R, (0)+7Q,, (0) 3874.608 20.9 1.1 .20 1.5 . 0.0173
P (4%, (1)  3875.763 11.1 0.9 7.3 1.0  0.0058

Ry(4R ()47, (1) 3873.998 6.4 0.9 7.3 1.1  0,0115
R; (2)4R,(2)+7q,;(2) 3873.369 1.3 1.1 1.0 1.0  0.0104
. 2 P L . a o a ..
PLM2, @4 qp, () 3876.310 1.0 L~ -2 0.0069

:2

cH AZA'#vX T, o

A 1e2 (1)+R1f2f(1)‘ ,4300f32 331 1.4 - q,qlzo
b |
BIT - X II;2 ‘ S

Q12(1)+R (1) 3886.65  14.2 1.1 =-== -— . 0.0032
ci" Aln - x'z’ |
R(O) = - | 423254 <10 3.1 -— —-  0.0136
Cal ' . 4226.728  10.1 2.0 == == = 1.75
Call. . 3933.663  184.6 1.6 -— —-  0.6819

3968.468 . 133.2 1.7 == ——— - 0.3305

ano tracings available




Cal 4226728 A

-7  Call 3968.468 A

Call 3933.663 A -

N

Figure 3-2 The line profiles of the observed optical atomic and molecular tr‘ahsitions. Relative
- i{ntensity scales for each line are on the left side of each figure: a) Ca II 3933 £; b)Ca II
3968 R; c) Ca I U226 B; ~ §

61




3873.369

3873.998

R(O) 3874.608

cH AA-XM,,,
4300.32

. o

: © ]

. N~ [fo]
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: ] ~~ 22

oy o w 2]

. E M _

. by o~ —

: 8 g T T '
| cu 8%,

3| 388665 - .. . -

Figure 3-2 The llne proflles of the observed optical atomic and molecular transitlons.
intensity scales Cor each line are on the left side of each flgure: d) CN 3874 f; e) CH

Relative
4300 R;.f) CH 3886 R.

N
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 TABLE 3-4

IUE SPECTRA

21

. Image Sequence: Number

- Exposure

‘ ; Year -~ Day.
(ISN) - (s)y = e
svp 2834 1440 78 275
3892 2400 79 12
3893 2400 79 12
- 3894 2400 79 12
6805 1319 79 282
8305 2700 80 80
8306 711800 - 80 80
8307 1620 80 80
8308 1200 80 80
8309 1620 80 80
LWR 3462 - 1800 79 12
3463 2700 79 12
3464 1800 79 12
7252 . 1500 80 80
7253 1200 80 - 80
7254 720 80 80
7255 500 80 80
7256 1200 ‘80 80




22

- . chosen as representative of continuum values.. The equlvalent width of a

ylline is the area of the region bounded by the‘absorption feature and the
ccntinuum and is expressed:in wavelengthvunits. - Numerically, it is the
Sum cf~afsetiof trepezoids cbnStructed from adjacent discrete wavelength
points., Let C 'and D represent the 1ntensities at the ith wavelength
of the continuum and data, respectively. The equivalent width can then
be- written as -

(C; =Dy +Cipy = Dyry) (3-1)

(€5 +Cipp)

where Ali = Ai+1 - Ai' Di'and Cy are in units of FN (flux number).

To a first approximation, equation 3-1-can. be rewritten as

-1 (C.-D.)
W=z —— ' (3-2)

The first order error’eetimete is then (Bevington, 1978)

W W

@y? o @ _
(dwi} (a—ﬂ dax ) + (—— dc, ) -+ (— dD, ) . (3-3)
©and..-
n .
(@2 = : (dwi)? =0l (3-4)

; Eveluating.the partial derivatives and substituting them into equation

3-3 yields




: 2
’(dwi)

2 By oo 2 Pi 2 2 =22 )
= @np? ¢ ) (e (C?)Exi +@)” ()7 m? .3

1
The‘photometric noise (N) for a gilven flux (FN) is approximately N =

d/FN, where_a = 10; Hence, dZCi = 100 x Ci’ and dZDi = 100 x Dy.

Equationl3-5¢is then

2
R o D, D,
2 2 i,2 2.,2, 71 i L - °
(dwi) = (dAAi) (1—;52) +a Aki( C3,+ E;) (3-6
A iovi o

P-‘jwlwp
[w

1+ Ei)‘

(dwi)2 = o“ax ,
| : c”

- (3-6

where. I have assumed that the error in the wavelength is much smaller

than any other source of ‘error. . For weak lines, Ci =D 17 and equation

3L6 takesythe simple form

2 _ ° .- |
@w)- =t (2a AN )/c s ol (3-
i=1 ) :

The UV eduivalent widths were calculatedbusing equation 3-1, and the

errors were calculated using equation 3-6 and 3-4), where A} = 0.007.

_ Figure 3-3 Shows the 2852 R and 1707 8 lines of Mg I as examples of

strong‘and weak lines, respectively. The 2-0 error is shown for each

line . )

Table 3-5 contains the equivalent widths of all atomic species

observed. with the IUE Also included are the laboratory wavelengths,

h‘the oscillator strengths (if known), and the calculated error, - Lines

23

5)

a)

b)

7)
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C50KpR e e A L

50 K

o

Flgure 3-3. .The Mg I lines at 2852 R and 1707 R showing examples. of
strong and weak lines. The vertical bars represent twice the standard deviation
of the noise (2-0). : s s ~ : '
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' TABLE 3-5

Ion Level X(E) f-Value E.W. 1-0 Comments
‘B II 0 1362.46 0.827 : 2 2
CT 0 1656.93 '0.075 133 11 Bl CI**1657.008
CcI 0  :1560.31 0.06 17 3
CcTI 0 1328.83 0.063 5 2
CI 0 - :1280.14 " 0.049 44 2
CcI 0 1277.25 0.0646 - 101 3 Bl C I*1277.282
CcI 0 1276.48 ‘0.0124 37 2
CI 0  1260.74 0.02869 =~ .40 2
-CI 0 1193.93 " 0.0094 55 6
CI 0 1193.03. -0.081 ..~ 70 5
CcI 0 1192.22 .0.0027 51 -2
CI 0 1188.83 '0.0168 33 3
CT 16 1657.91 0.025 . ‘49 8
CT 16 1657.38 '0.0188 ' y7 8
CI 16 1656.27 :0.0313 --30 8
CcCI 16 1560.71 -0.0149 " 73 3 Bl C I*1560.683
CI 16 1329.12 0.0158 - 73 2 Bl C I*1329.1, 1329.086
CI 16 1280.60 - 0.00998 27 . 2 :
C.I 16 1279.89 0.0125 28 3
CI 16 . 1279.06 0.0016. 15 2
- CI 16 1277.51 0.0162 65 2 Bl CI** 1277.55
CI 16 1276.75 0.0016 31 3
CI 16 1261.12 0.012 ; . 82 ' 3
‘CI. 16 1194.,41 0.000782 4o 6
cI 16 1194.,23 '0.00236 17 6
cI 16 1193.68 0.003919 . 31 5
CI 16 1192.45 0.0021 | 5
CI 16 1189.25 0.007 Ly y
CI 16 1188.99 0.0056 38 y
CI 43 1658.12 -0.0188 30 7
CI 43 1561.37 0.0059 ' 54 y Bl CI**1561.438, 1561.341
CI: 43 1329.60  0.0158 4y 3 Bl CI** 1329.578
cCI 43 1280.85 0.0075 14 2 Cot
CI 43 1280.33 0.0225 il 2 Bl C I 1280.404
.CI 43 .1279.23 0.0038 -6 2
. CTI 43 1277.95 '0.00062 10 2
CI 43  1277.72 0.0098 17 2
CI 43 1261.55 :0.0215 © 15 2
CI / 43 1261.43 0.0072 14 2
C-I- - )43 . 1194.69 ;.0.008 [ 221 e Y
1 .
Equivalent widths less than 2-0 are not considered detections,
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TABLE 3-5 (CONT.)

1845.52

0.152

Ion  Level “A(A)  f-Value EW. 1-0 Comments

C1I. 43 1189.45 0.0042 8 2
C1II ~0 . . 1334.53 0.1287 288 3
C.II 0 - 2324.69 0.00000007 10 10

CII 63 1335.71 0.1159 170 y Bl CII** 1335.662
C.Iv 0 1550.77 0.0952 39 3
CIV 0 - 1548.20 0.1911 (! -3
NI 0 1200.71 * 0.0594 144 .5
- N.T . 0 1200.22 0.1144 136 5
N:I 0 1199.55 0.178 199 5
NIV 0 1486.50  0.00000077 5 5
NV 0 .- 12U2.80  0.0783 2 2
NV - 0 1238.82 0.1569 2 2
0I .0  1302.17 0.0503 2u2 . 8
0OI 158  1304.86 0.051 2 2
0:I - 226 1306.03 . 0.0506 2 2
0TI - 0 1355.60  0.00000063 =5 5
MgI 0 = 2852.13 1.81 - 2m0 4
Mg I 0 2025.82 -0.112 1 L
Mg I 0  1827.54 0.0238 18 5
Mg I 0 1747.81 0.00898 14 3
Mg I 0  1707.10 0.00433 -8 3
MgI .0  1683.51 0.00246 oy 3
Mg II 0 - 2802.70 0.3061 . U496 5
Mg II 0  2795.53 0.6091 521 5
Mg II 0 1240 .40 ~0.00032290 " 14 2
Mg'II -0  1239.93 0.00064530 30 2
AL T 0. 3082.15 0.1794 - 5 5
Al I -0 2652.48  0.014 5 5
ALI - 0  2567.98 0.0455. 3 2
Al I 0 2367.05 0.1209 5 5
AL T 0 . 2263.U46 0.0148 E -5 5
Al IT 0 1670.79  1.83 ..+ 205 y
AL II 0 1862.80 0.2772 76 4
AL IT -0 ~1854.72 0.5569. 110 )
Si.I .0 2514,32 0.1584 25 6
Si1I 0 2207.98 0.0412 18 1
SiT 0 1977.58 -0.0308 5 -5
0 11 8

1 - .
Equivalent widths less.than 2-¢ are not .considered detections. .
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TABLE 3-5 (CONT.)

Ion Level A f~Value . = E.W. 1;0 Comments

© 1841.15 - 0.0136
1255.28  0.218 -~
1562.05 0.0001
1568.62 - 0.0001
1572.71  0.0001
1614.57 0.0174
2211.74 0.017

- 2210.89 0.0508
1847.47 0.114
1846.11 0.0

- 1843.77 0.0
1808.00 0.0
1526.72 0.1303°

. 1304.37 0.0918 172
1260.42 0.9525 269
'1193.28 0.5077 = . 265
1190.42 - 0.2931 200
1264.73 0.827 -
1197.39 0.15
1206.51 1.695
-1402.77 0.2236 -
1393.76-0.4502
1787.68 ~0.051 -
1782,87 0.102

- 1774.99  0.1537
1679.71 0.0247

"16T4.61 0.0168

"~ 1671.68 0,0082
1532.517 0.00951 - .
1301.87..0.0381"
1334,87 . 0.0294

~1900.27 0.000036
1807.34 - 0.1116
1474.57 0.001232
1474.39 0.0163
147401 = 0.075
1473.00 0.017
“1425.24- 0.00215 -
1425.23 0.03

1 1425.07 0.1918"

N
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Equivalent widths less than 2- g are not considered detections.
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TABLE 3-5 (CONT.)
Ion Level A (A) = f-Value E.W. 1-0'1 Comments
SI = 0 1401.54° 0.0161 5 2
ST - O 1316.62  0.000411 43 6.  BlLSTI1316.61, 1316.57
SI .- 0 1303.42 . 0.0293 ‘ 1B y
SI. 0 1296.14 0.0408. 19 y
ST 0 1295.66. 0.1233 - a1 y
ST 0 . 1247.17 0.0 . "9 2
SI 0 1262.83 0.0 . 5 2
SI 0 1270.78 0.0073: 19 3
SI- 0 1381.57. 0.000093 -8 2
ST 0 1388.46: 0.00016 10 2
ST -~ o 1h44,.32  0.000814 ‘9 3
S'II 0- 1259.52: 0.0121 . 133 y
SII 0. 1253.81 0.0099 - 106 3
S'IT 0 1250.59. 0.0054 79. 3
S IIT 0 1190.21. - 0.0224 83 8
SV, 0 1199.13 0.0~ 12 4
CLI 0  1379.53 0.0031 6 2
“ClI 0 1347.24 0.114 25 y
Cl1I 0 1188.77- 0.074 .20 4
‘CaT 0 2721.65 0.2 -9 3
CaII 0  1341.89 0.00080980 9 3
TL IT.- 0 . 1903.46 0.0 14 6
Ti1 IT - 0 - - 1298.67 0.1 6 . 2
Ti IT 0O 1295.88  0.071 3 2
VI 0 2677.01 0.0 33 5
Cr.I: O 2365.91  0.0046 3 2
CrI 0. 2366.81 0.0041 28 5
Cr I .0 2364.73 0.0057 - 20 5
Cer I -0 -2094.93 0.00099 31 6
CrI- 0 2095.39 * 0.00073 17 5
CrI- 0 2095.88: 0.00053 - 15 5
Cr II 0. = 2065.46 0.08 13 5
CrIT 0O  2061.54 0.12 B 13 5
CrIT O 2055.59 0.17: .6 5
MnII "0 2605.70° 0,158 = 79 3
"Mn IT 0 2593.73. 0.223 14 3
 ‘Equivalent widths less than 2-0 are not considered detections.
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TABLE -3-5 (CONT.)

; i , - 1
Ion . Level . 3 (A) = f-Value EW. 1-0 Comments
Mn IT - 0 2576.11 0.288 113 y
Mn IT - 0 1201.12 0.058 ~ 16 5

" Mn'IT - 0 1197.17 - 0.096 . -l 5
FeI 0  2966.90 0.0439 5 5
Fe I 0  2719.03 '0.1207 14 3
FeI -~ 0 2522.85 0.2767 < - 25 5
FeI.. .0 . 2u483.27 0.553 . .~ .22 . ..3

FeI 0 2166.80 0,1478 10 6

" FeI 0 2132.00 -0.0052. = - 10. 6
FeIT: 0 2599.40 0.2249 332 u
Fe IT = 0 2585.88 0.0573 235 6
FeII 0  2382.03 0.328 288 5
FeIT 0 2373.73 -0.0395 166 7
Fe IT 0 2366.86  0.000117 “ 3 2
Fe IT 0  2343.50 0.108 .2u6 7
Fe II .0  2260.08 0.00698 69 7
Fe IT 0 2249.18 0.00129 = 32 6

- FeII: 0  1608.46 0.22 © 118 L
Co I 0 2365.06 0.012 ‘ 4 3
NLI O 2320.03 0.680 DR | u
Ni I 0~ 2310.95 0.0 6 )
Ni T 0 . 2207.74 0.0 20 6
NLII 0  1773.96 0.0 5 3

NLII 0 1741.56 0.0 15 3
NLII O 1809.60 ~ 0.0 18 4
N1 II 0 1703.41 - 0.0 7 2

- NLII 0.  1467.85 0.0 2 2

~NLII O 1393.33  0.54 6 2
NI II 0 1370.20 0.1 24 7
NL II 0 1317.38 0.0 15 2

~NLIT 0 1317.22 0.121 1 2
CuIl 0 2181.72. 0.0713 5 5

~ Cul 0 -2178.94 0.13 16 5

“CulIl -0 1358.76 0.54 9 2

“CuIl O 1472.40 0.0 5 3
ZnI . 0  2138.56 1.459 8 8
In I 0 . 1589.76 0.0 11 3

-Zn IT. .0 2062.02 0.202 49 y
In IT 0 2025.51 . 0.405 73 5
GaII 0 114,40 1.69 12 2

1 : : L
Equivalent widths less than 2-o are not considered detections.
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TABLE 3-5 (CONT.)
o : s : 1
~Ton. . Level . A(A) .f-Value.. .E:W. ' 1=0. .. - - Comments:

" Ge II 0  1237.10.0.8718. - 19 3
Ge IT 0  1602.50 0.1309 5 5
‘Xe'I. 0 1469.60 0.28° o5 o2
ASII 0 1263.78 0. - 6 2
BrI 0 1488.60  0.0001 8 3

Equivalent widths less "chan 2 are not considered detections.
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which weré seafched forrbut noﬁ détected are indicated(in Table 3-5 by
equél equivalent width; and‘erfo£$, where the'quoted errors are 1-0
err§rs,‘ Table‘3-6‘lists;the saﬁe information for all molecuiar lines or
bands 6bsé£ved_w1th‘theyIUE;randiiasle‘3-7 1ists the same information
fof,a,nﬁ@berxof“unidéhtified UVft;ansiﬁiéns;‘,figure BQH(afh);shows the

~ observed profileé for the data presented in Tables 3-6 and 3-7.
3.} Data in Literature

: 3,4}1 Radio

" The line of Sightitowards X Per was included in the H I survey of
. the Per 0B2 asséciétion (Sahcisi‘et al. 1974). The peak»ﬁémperature,
‘LSR velqeityvanducolumn density were interpolated from H I maps

“presented by Sancisi;ret al. (1974), and are presented in Table 3-8.

Cd towards X‘Per'Was‘fibStfdetected by Knapp and Jura (1976). Their
reéults are;alsé‘bfésenied iniTable 3;8."Knapp and Juha (1§7é) also

yébserved:the foﬁf §érdinal points at a distance of 2 arcmiﬁutes from X

.Per. The line Widths7remained3constant, and there was a slight |

‘> Qériation in’TR}kéEO%S. To a‘?irsﬁ approxiﬁation, the cléué’iﬁ front of

X éer does not'éhow émall-scale structure.  This assumption: is. very

useful, as it implies that the radio and UV data are measuring the same

Vphysiéal conditions and it aids in the radio data reduction in the sense
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“TABLE 3-6. -
~ UV MOLECULAR ABSORPTION LINE OBSERVATIONS.

'Mole/tine ip'fv_  Lambda Eq. Width 2-0 Error f-value
. Vib.Bamd . @ . @ @d
1200 alp - xlt
00 1544.45 125 8 0.02
1.0 - 1509:75 123 8 0.038
2.0 - 1477.57 140 6 0.0429
S 30 - 1447.36 125 . 6 0.036
40 1419.04 . - 102 6 0:0251
5-0 . 1392.53 . 79 6 0.0155
6-0 1367.62 78.. 6 ~0.00848
7-0 7 134418 88 10 ©0.00437
8-0 - .. 132215 . 50 4 0.00217
9-0 1301.40 . - 28 6 10.00i08
C10-0 . 1281.87 . 34 . 6 0.0005
11-0 - 1263.43 23 &+ 0.00025
12-0° 1246.06 14. 6 0.00013
13-0 1229.67 21 6 0.000068
B alnloglpt
1.0 1510.45 108 6 0.038
2-0 1478.68 39 6 0.0429
3-0 149,04 33 8 0.036
40 142121 - 28 6 0.0251
5-0 139515 18 6 0.0155
6-0 © 1370.61 12 6 0.00848
7-0 1347,51 8 4 0.00437
8-0 . 1325.76 <10 4 0.00217
9-0 ©1305.25 <10 6 0.00108
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' TABLE 3-6 (CONT.)

‘Mole/Line.iD!.4‘,, .Lambda . .. .. Eq._Widthv, - 2=-0 Error_;h  f-value
~vib.Band . & @R @R

0-0 ~ 1341.63 35 8 0.104
1-0 1314.25 = 5 10.063
Hzo‘» ‘E¥B1 - Xl - |
000-000 . 1239.728% s b 0.018
000-000 - 1240.949° 7 4 0.0082

Ao _
| ~110—900Jrot§ti?nél ;ragsitionf
brbO o1 . 5

. ...700 "10 rotational transition
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TABLE 3-7

UV UNIDENTIFIED ABSORPTION  LINES

7 Wavelength Wavenumber: - Eq.'Width’ 2-0. Error Log Nf
SO S SR R R -2y

2512}75 307849 3 6 1165
2510.98  39813.1 0 6 11.25
1543.12  64803.61 39 ‘o 12.27
v1510.45",4  66205.44 5;:;70 B s 12.542

1619.49 . 70447.84 = 33 4 12.27

®blend with 3co at 15108




8 9 | ; '
. i 10 | " 1

Figure 3-la. Normalized '2CO 1line profiles for the first 12 vibrational bands of the A-X
electronic transition (v'=0-11). The thin . horizontal 1line 1in each box represents a relative
intensity of 1.0. The expected position of the R(0) line for each band 1s shown; the length of the
line represents twice the standard deviation of the noise. The width of each box i3 1 £.

13




1421 4-0 | 1395 __5-0]1370 6-0 [134a7 - 7-0

Figure 3-U4b. The same as Figure 3-la, except for 13CO.
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O‘, - : 1 ‘ ; : 1 1 i
R 1338~~~ 1340 . 1342 o "|3’44
| Wavelength (A) R

Figure 3-lc. The expected position and extent of the (0-0) band of the F-X system of C,, The
vertical.bar represents a 2-0 variation in the noise. The (7-0) band of 12¢0 1s also ingicated.
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Wavelength :
Figure 3-4d.. The expected positions of the 1 - Opyo and the 044 -
rotational 1lines of the C-X system of HZO' Also shown are the Mg II 12&0
R.

R éoublet and the Ge IT line at 1237.1
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2514.32
- (Sil)

251098 - 251276

Flgure 3-Ye. Two unidentified lines at 2
shown is the Si I line at 2514.3 §.
‘variation in the noise.‘ :

511.0 & and 2512.8 A. Also
The vertical bar represents a 2-¢




1543.16  1544.45
CO (0-0)

FiguTS 3-4f, An unidentified line at ‘ISU3 2 .  Also ‘shown 1s the
CO band ’ o ’




150975 151036  1510.45
'2¢co (1-0) *co

Figure 3-Ug. An unidentified line at-1510.4 R. Also shown 1s.  the
1-0*<CO band. The ‘expeqted position of the head of the 1-0 130 band 1is
also indicated. o :
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1421.21
,I3C(),
1419.52
1419.04
’co (4-0)
Figure. 3—Qh. %%entified line at 1“19 5 R. Also shown are the

4-0 bands of "O and

7
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- TABLE 3-8

- PUBLISHED RADIO EMISSION LINE OBSERVATIONS

Spegles yT:ans. TR g Ay _VLSR Res. Ref.

U ® Gals)  (afs)  (a/s)

o =10 2.6 0.5 0.9 7.2 0.65  Kaapp and Jura (1976)
) : . i »

HI "stijé 40, 4. 8-10 5.6 2 Sancisi et al (1974)
| F=1-0 B |




_ that the beam couples smoothly»teithe source (ef,

. ;

Appendix A.).

3.4.2 Optical

Optical absorption lines of X I, Ca IT, Na I, CH and CH+ have been
: -observed towards X Per. Table 3-9 lists the species wavelength and
- the published values of the equivalent width, its error and the column
denSity.’ The 4232 2 line of .CH* was only marginally detected by Adams

'(19u8) and Cohen (1973)

3.4.3 Ultraviolet

The UV‘spectrometer aboardﬂthe'Cepernicus‘satellite (Rogerson et al,
1973) was used to measure the equivalent width of neutral hydrogen
(Lyman ) and the J=0 and J= 1 rotational lines of the A-X transition of
H2' (White et al. 1976). ’0nly the column densities of the H2 lines
were glven: they'are N(JeO) = 6.Qi1.5 x 1020 op=2 and
N(J = 1),=»5.d i1.5‘2 102°’¢m-2, respectively. The atomic hydrogen
column densitvaas‘derived fhom‘the FWHM (Eull width at half maximum) of

. Ly a, where the equivalent width is related to the FWHM by




TABLE 3-9

* PUBLISHED OPTICAL AND UV ABSORPTION LINE OBSERVATIONS

,'.Spé'cies : tambda “ Equdth Error ‘y I;.og’,i\l : | .; :I’{eferie”nce
@ @ @D

HI S 1216 8000 2 8 20.3 £0.1 White et al (1976)

ﬁz =0 - - - 20.78£0.11 White et al (1976)

R SR - - 20.70%0.11 White et al (1976)
Call 3933 150 - 15% 12.5 Cohen (1972); b=5 km/s

= 3968  '"116‘- l 151 125 Cohen (1972): b=5 kau/s

CH A-X 4300 200 1 133 Comem @972y

it ax 4232 12 10m@  12.7 Cohen (1972)
KI 7698 124 1228 12.03£0.9 Chaffee and White (1982)

177 ’

10mf

12.03£0.9 Chaffee and White (1982)
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W= L.48xFWHM } , : (3-8)

(Lorentz broadening only) The equivalent width of Ly a 1s 8 2 8,
corresponding to a neutral hydrogen column density of

2.0 £0.5 x 1020 op -2,

3.5 Extinction

Figure 3-5 shows the absolutely calibrated short wavelength low
resoltionYSpectrum of X Per. 'Ly o can clearlyjbe seen at 1215 R, as

can the Si IV doublet at 1400;9;:

'FigUre 3-6 shows the ektinction.curve for X Per, plotted as:
E(x-v)/E(B;v5 for E(B-V) = 0.6. HD 36512 (BOV, V = 6.04, E(B-V) = 0.02)
was used as the comparison star for Figure 3-65 Also shown in Figure
3-6 1s the "standard" IS extinction eurve of Savage and Mathis (1979).
The dashed line is, this same curve decreased by an amount corresponding
to the. amount the extinction curve for X Per would inerease if

- E(B-V) = 0.52.




X Per. ‘ ‘ ey
Toled & : ~ . . o | v ’ ks . k o

sTIAT)

5x10"

Flux (ergs em-2

1 ] 1 | 1 | ‘ 1

1200 - 1400 o 1600 1800
Wavaelength (A) :

Figure. 3-5, Absolutely callbrated (ergs cm_23-1ﬂ"1) SWP spectrum of X Per. .Line from Si IV
(1400 X) and Ly a (1215 R) are clearly seen. R signifles the position of a reseau.

Ly
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0 }=
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6 kb , e . //
| | E(B-V)=05 P
\ A A\ A A —— W E(B-V)=052
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X (em™) 8

Figure 3-6. Extinection curve for

galactic extinction curves for £(B-V) = 0.6 and E(B-V) - 0.52.

X Per from 5 pm‘l to 8.5 ﬁm'l.. Also shown are

the mean
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4. ANALYSIS

4,1 Curve of Growth

‘The structure of a diffuse cloud can only be determined by the
anaiysis'Of thé'radiationfabSOrbed or-emitted by the gas and-dust within
the eloud. “Tokinterpret“the”Obéervedldata; the factors which determine

’the’flux as a function of frequency must be understood. For absorption
studies, these factors are the absorption coefficient (K ), the column
density of the gas (N), and. the distribution of the absorbers as a

function of frequenecy ($(v)).

it Pé-emission by the gas is negligible, then the equation of

radiative transfer can be written as
"de‘, R R TR (4=1)

Equation 4-1 can be integrated very easily if it is expressed in terms

of the optical depth, T; where dr = des. This integration yields

Iv(rv5‘= Iv(O) e v (4-2)

where
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N | (4-3)
) o

The .absorption coeff;cient can be rewritten as

kK, = .mS . = n(@v)SO;

(4-4)

where n i1s the volume density of the absorber, SO is the atomic

absorption‘coeffiéiént, and ¢(v) iskthe normalized line profile

(f¢(v)dv = 1). In terms of basic atomic parameters,
| , i o g , : IR |
Ik dv :-.——fn,a,nJé dv. = n§S j& dv (4-5)
v me v of "v
Thus
s .= =
o me

L } e S s . (4-6)

where £ is the oscillator. strength, and the other symbols have their

‘usual meaning., Finally,;the‘optical~depth,‘rv, can.be rewritten. in

terms of the.column density, N:
| | re’ (4-7)
T, f jmvds = J;So¢vds,= S°¢vJ;ds =;;E_ fN¢v

The normalized‘obsefved.flux is
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o ey
I, () _ me“fNe ,
Y\)\zﬁ- = e mc. Vo . : , (4-8)

If .¢(v) and Iv(o) are known, then a measurement: of Iv(Tv) can be:
translated. into a column«density.f Unfortunately, the resolution of most
- spectrographs is usually not high enough to measure Iv(Tv)‘ However,

the equivalent width (W) defined as

| 1(0)-1(1)’ I(t.) _
”\)’J f(l -2 du = [(l-e V) dv (4-9)

I_(0) I_(0)

is easy to measure., The equivalent width is usually measured in

wavelength units,,WA,”uhereTx

L2

A
w = e
A c:‘w

§ -~ (4-10)

' To derive the column density from an. equivalent width measurement the
frequency distribution function (¢(v)) of the absorbers must be known.
‘The three distribution functions normally used in IS studies are the
Gaussian~or.Doppler.pbofile, tne,Lorentz’profile, and the Vcigtiprofile,
which 1s a convolution of’e Lorentzian and a Doppler profile. The

distribution function for Doppler ‘broadening is

v | . | 3
¢v]=(/55 c)~l'ef1( o ) (4-11)

where ¢ 1s the dispersion of the gausssian., If ¢ is written in terms

of the velocity (v), and defining b = o¢v2, then
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b= @m e (4-12)

b is referred toras the velocity,parameter, and 'k is the conversion
factor betweenmvelocity:andrfrequencyfunits.’ The full width at half

maximum of a Doppler profile is

FWHM = 2b/Tn2 = 20/21In3 | (4-13)
The equivalent width is then
SN % o -
- o -1
W o= J}l - WA e P Ty 4 (
where b has been converted to frequency units. If T,X< 1, the exponent
can be expended,»and the integral solved:

V=v

| . s o Yoy2
W%,=:jzl -e v)‘dv.:j;vdv, =L/ \e b = SN ‘ (4-15)
In wavelength units,
o 42 ' 2 .2
Wy = ASN =me" Mf (4-16a)
A c ° =z ,

8.85x107°! na?  (4)

2 .
u

(4-16b)
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When . Tv> 1, equation 4-14 must be numerically integrated. For very
large optiecal depths, the line profile is saturated in the core, and the
broadening mechanism is due to natural broadening (Lorentzian profile)

instead of Doppler broadening. The Lorentz line profile is

wL/n

v (\)—vo)2 + wi/Z

where w o= T/2 = FWHM -of -the Lorentz profile, and
o PR : (4-18)

ta1yand“ti1‘aﬁe'the lifetimes of the upper and lower electronic

~states, respectively.

) Foﬁ intermediate optical depths, the line profile is the convolution
of the Lorentz and Doppler profiles, called the Voigt. profile.

Following the development of Armstrong (1967), the Voigt profile is

\

In2,!}

= AN\ 73 .
bp() = Moy GR7HGy). e O (4-192)
where .
HGx,y) = X/“f e o | . (4-19b)

-C0

&+ (-0)?)
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L
3. (n2)* (4-19¢)
D
v-v_ |
y==®a* S RS (4-19d)
D .
Also,
- = ! \ 2.5 ,
¢y = HWHM = v /c{1n2(2kT/m + V©)}* (4-19e)
The normalization of ‘equation U4-19a is
f“’u(v)d(v-vo).= Lo s S : (4-19f)

The Voigt function,"H(x,y), doeslnot have an -analytic solution.
However,'it does deseribe the_line profile'under:a wide variety of
astrophysical situations.. Because of this, a number of methods have
been found to efficiently numerically integrate H(x,y) (Whiting, 1968;
Penner, 1969; Drayson, 1976 Pierluissi et -al. 1977, and Humlicek,
1979). Armstrong (1967) glves a good review of the various forms which
are used to approximate H(x,y) and discusses the-various computational
procedures. To calculate the equivalent width for a V01gt profile,
(V) must be evaluated at each frequency, which involves an integral
from plus to minus infinity. Theoretically, the 1ntegral over frequency
(equation 4-9) is from zero to infinity. Tabulations of H(x,y) and
equivalent widths for various values of x and ¥y have been published (Van

de Hulst and Reesinck,'1947; Posener, 1959; Jansson and Korb, 1968).




55

Rodgers and Williams‘(1974) and Hi1ll (1979) nave parameterized the

equivalent width, as a function of N and b, in terms of the expected

DOppler and Lorentz equivalent widths (Rodgers and Williams, 1974) or in
terms of the optically thin 1imit (Hill, 1979). These tabulations are
only useful if the absorbing region can be parameterized by a single

value of x (equation 4-19b).

Towards‘X Per, the Mg I curve of growth suggests that the neutral
magnesium has more than one velocity parameter, hence tabulated values
for either the equivalent width or' the normalized line profile cannot be
used. Equation 4-19a must then be numerically integrated. A very
cleverfempirioal'approkimation to the Voigt profile has’ been developed
by Whiting (1968). He\found'that the normalized Voigt profile.could be
characterized by a linear function of the Doppler and Lorentz profiles.
A leasthQuares‘fit to the tabulated data of Posener (1959) showed that

the normalized line profile can be written as

(1) N =2.772(—) - 0,2.~-1
==l - w ful) e w + w fu_ (1+4{—1D)
I(0) L°D v LD mv (4-20)
| | -0. 4(7\ 0y2-2 AAo 2,251
+ 9'016(;,TML/9D)(ML/mD) e wy - 10(¢10 + { m —9 )

‘ \'4
Equation 4-20 apbroximates the: true Voigt profile to better than 5%.

For convienience, I will rewrite the important definitions:
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2 .
. /27 A
W, = -0 @A) |
Poeetd (4-21a)
U)D = ‘ZVan b AO/C (u_21b)
wy = %(1.06920" + /O BEEIIRL TI52T) (@)
By T 2R 1 Rttt ) D ' (U=21e)
= e 1085 + 0,447 o f + 0.05500 foaPl
I, =-— N~,(QV{17 55 + 0.447 o, fuy, + 0.0 .wL v’ 7 (4-21d)

The number 2.772‘13'(2¢1n2)2,‘and_comes from changing b to wy. The

number‘1,065,13‘ ﬂ/2/1n2..'f

In the limit w ‘=0,

2 =" ;
I = me” Nf-e: ' :b LT A S R (4-22)
A mc bvr ‘ ’ '
i = “4k.A;A .
—I—l = (L 4 (22 y Lol el L e (4-23)
Ad ~ Yy

This is. equivalent to equation 4-17:
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$(v) = 5 (4=-24a)

o (A—ko)z + (0 /2)

11 1 | ' .
o(v) = = e | | (4-2Ub)
' o wL/2 (1 +‘{A AO}Z)
- mL/?  g
: I , -1
p(v) = w /2 “1 + l’,( Wy ) ‘ (4~2lc)

and 1/(wLﬂ/2) is absorbed into ¢(v) to form IA/IO. In fact, the

constant in the @enominatqf when Wy = W, is wLn/Z = 1.57‘L.

| I héve compared the eéuivaient widths derived from equation 4-20
with very accurate publishedytables of equivalenﬁ widths (Jansson and
Korb, 1968). Figure 4-1 shows the-curve of growth from Jansson and Korb
(filled circles) and the curve ofagroﬁth calculated from equation 4-20
for FWHM = Zkﬁ/s (b = 1.2 ka/s). ‘fhe‘agreemept is excellent. T have

‘used equation 4-20 for all line profile calculations,

Thé curve‘of growth is a graphicai reﬁresehtation of the
relationship between thé equivalent width ané the column density of the
@gterial along the line of sight. The unknown parameters are the column
A,density and the liné broadening_parameter. An'important step in this
work 1is the usé of the radio line widﬁhs of CO and OH to infer the form
of the line profile; A seriés of curves of growth can be conétructed by
numeriecally integfating equatidﬁ‘4-9 for various velocity parameters,

Figure 442 is an example of the results for b = 10 km/s'and b = 1 km/s.




— Equation 4-20

* Jansson 8 Korb (1968)

1 ' 1 : 1
-1 0 Lc>g T | 2

Figure 4-1. Comparison between the curves of growth calculated from equation }-20 and published
equivalent widths (filled circles). Three different damping parameters are shown.

8¢
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Figure 4-2. Theoretical curves of growth for velocity parameters of b = 1 km/s and b = 10 km/s.
A damping constant of 107 5=1 vas used.




To use a‘"fcurve of growth, the observational:points are.plotted as
log(fA) on the abscissa;<and log(w/x) on the.ordinate. Since a given
element‘may have,mofe.than‘One transition, with differing f values, the
. hesﬁlt?will usﬁaliy be‘a serieS'of’poiﬁts:in the log(W/X) - log(fi)
plane.:.These:data,are then placed on the theoretical curves and. slid
horizontally_until,a;reésoﬁable~fit iS;achieved;iAIf the data have a
‘largé fange in £}, then_the,exaét velocityfparaméter,and~column density
can be«éxtracteq.- The‘log of,the:éclumn_density~is'the,value on the
‘abscissa of ' the theoretiéai curve of growth: which corresponds to log

fA- = 0 on the abscissa,of'the'daﬁalplus a.constant.(14.824). Since the
velbcitjvparametér is'not a priori.known;‘thére is often a large amount
-of ervor;involved in extracting coluﬁn.densities. ‘For most atoms, the

nmumber of observable multipiets i1s'small, as is.the range of f). With

»obsérvatibnai_errors'included;«the~possible range of 'N ‘and :b are often
“quite large. However, by using the radio data to constrain the range of

b, the range in permissible column densities can be greatly reduced.

‘ The defailséof the}curveiof'gréwth<analysis vary from one study to:
anothef;f.In»manyVCases,‘certain advhéc assumptions’are made:to make the
analysis problem ‘more tbactable;,lProbably‘the greatest single error is
the aésumbtion that the:bulk»offthe absorbingimaterial‘has one set of
characteristics,which caA be séived for, and that all other absorbing
materials do not significantly;affeét the results., If each line of
sight contained only the diffu$e'cl6ud and: if the cloud had one
characteristic temperature;'deﬁsity, and MaxwéllianjvelOCityrf_

distribution, then the extraction of column densities from the curve of
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growth would be‘straightforward. This 1s usually not the case. As an
illustrative‘example, assume that the diffuse cloud consists of a few
_ smaller cloudlets, each with a different radial velocity and a different
velocity parameter. All the cloudlets have the same temperature,
;density , and composition. As long as the total optical depth from all
”dclouds is small the total equivalent width is the sum of the equivalent
’;widths from each cloud However, as the product of the column density
—and the oscillator strength'(Nf) increases, the cloudlets with the
?smallest velocity parameter'will become optlically thick and will no
’longer significantly’add to the total equivalent width. Eventually, all
";the cloudlets will become optically thick, and the total observed
-equivalent width will remain approximately constant with increasing Nf .
If the difference in radial velocities of the cloudlets is. greater than
for equal to the FWHM of the cloudlets, then the observed velocity
’parameter.is‘just the sum}of the'individual velocity parameters. If the
1velocity spacing between'the'cloudlets is less than the FWhM, then the
effective velocity parameter’will be.intermediate betwen the sum of the
:individual,b values and the largest single b value. This was quantified
bnyork (1975b),;who showed the effectsvof varying the separation

" between the cloudlets and of varylng the amount in each cloudlet.

’ Althoughiiork‘(1975b) calculated the resultant‘curve of growth for a
rvariety‘ofyvelocity parameters,‘all the cloudlets for each model had the
same’velocity parameter.i Figure'44§‘shows}a‘theoretical curve of growth
assuming that‘95% of the material'has a velocity parameter of 1 lkw/s,
the'other 5% having.bk= 10 km/s. Qualitatively, Figure 4-3 can be

described/as two normal curves of growth, with the one with b = 10 km/s



b=10 km/s

!
H

Log (W/\)

]
. .

J N
2 3

‘Log (7)

Figure 4-3.

The same as Figure l-2, along with a 95/5 curve of growth.
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shifted to the right by an. amount approximately equal to the inverse of
the log of the fraétion in~the 10 km/s component.: The 10 km/s component
in Figure 4—2,15'shifted‘to~the;right by an amount equal-.to

(log(O.OS))'1'='1.3 to form the composite curve of growth of Figure U-3.

'M.2 Curve of .Growth fob X Per - . ERN I S

From ﬁhe préviouSysection,,it is clear that: the curve of growth
‘depends‘¢n‘§he,veloci£y parameter and ‘the abundance of each cloudlet,
The,empiriéal‘neutral cur#es of " growth for.C:Oph'(Mortbn,m1975), o Per
(Snow, i976),‘and z: Per (anw,“1977),cannot be’completely'fit by a
single'veldcity*componen£ cﬁrve»of‘gfowth.;tThe neutral curve of growth
for'; Oph~(Morton,x1975)’meshes’quité'nicely-with the curve of growth

for both H, and the dominant stage ions.

“. 7 The curve of:gtowth fothhe‘dominantfstage ions towards T Per (Snow,
"1977),shows*an‘infléction‘poin£ similar]to the theoretical curve of

- growth in Figure U4-3, 'Snow (1976) used two separate curves of growth
for the dqminant«stage»iéns towards'o«Per,talthough‘he'stated that a-

, multiple-component curve of growth could have been used.

The‘cufvefof,growth“for the dominant stage ions towards o Per
typifies. the majorfproblem‘in a curve of growth analysis: how:to
identifyathe‘existénce of ‘a multiple velocity parameter component curve

of growth.’ To-completelyaidentify*the curve of growth in Figure 4-3,
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v‘fourﬂpoints are needed§ one‘on the linear portion'of the 1 km/s
component,toneion the saturated part of the‘Tfkm/s"component3’one on the
" linear part of the'10'km)s"component,’and‘the last one on the saturated
‘part of the 1O'km/s/component7“1Thisfcorrespondsfto a range in fA of
'fivé orders of magnitude;‘ Excluding forbidden lines, none-of the:
elements observable with the IUE have this range in fA. This is a major
problem, because the 10 km/s part of the curve of growth in Figure 4-3
is almost indistiguishable from the 10 km/s‘curve~offgrowth of Figure
42, eHowever,itherabundances'derived'from the two curves‘of growth will
vary byia factor of 20! From Figure 4-3, the range in log(W/X) covered
: by the saturated‘part'of‘the 1 km/s,component is' very small; hence the
-probability of‘a-particular"line;being within:this range. is small, - For
’examble,‘Snow (1976) found that'the'dominantnstage ions towards o Per
’could>be‘fit by two separate velocity,parameterS'of“u‘km/s and 9 km/s,
In this case, none of the elements which are described by-the 9 km/s
curve of growth have lines which 1lie below the saturated part of the y
km/s curve'of“growth; ~None~of ‘the elementSvdescribed‘byrthe 4 km/s
“curve of - growth have lines. which lie 'significantly above the saturated
part of the 4 km/s curve .of growth although ‘the Fe II curve of growth

~appears to turn off the,saturated part: of :the U4 km/s curve of growth.

“An important question in‘determining the proper curve: of ‘growth is
the spatial distribution of the material with the different veloclty
parameters. For: example, the ‘line :of sight- towards stars with
relatively little reddening show ‘b 6—15 km/s, which suggests that

'perhaps'the‘intercloud medium contributes to the curve of growth.




- (360 pc, Blaauw, 1954). Assuming 0y
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1.1 x 1020 em~2 towards X Per

Assuming-nH‘: 0.1 Cm-3y then n; (ICM)

5.6 x 102VE(B-V) (Savage and

n

Mathis, -1979), nH(ICM)/nHi=;O.04 for E(B-W) =-0.52. For the line of

-sight towardé X -Per then, the curve of ‘growth could be described as

belng a superposition. of the:curves of growth for the diffuse .cloud and

~the ICM.

- The relative amdunt,ofeICM will decrease as the color -excess
increases, although this is clearly.dependent on the distance to the
star, ‘If.a,normal-JO_km/s curve .of growth 1is. used instead ‘of the

multiple-component curve of gfowth,tthe‘derived column density will be

" lower than the true column density, and this difference will increase as

the fraction of the material in the ICM decreases. The erroneous
conclusidn_would,be'thatwthe-depletion»of,all’elements increases as a

function ‘of color excess.

..~ The problem then is to identify'the‘proper curve of growth to use
for each ion of each element. . The column density-in 'each component is a’

convolution of ' the mass distribution, ionization structure,: and :

'depletion of: the element."These parameters can:change between

b—componentsiA,Since the distribution of the dominant stage ions closely

- mimics thé masé distribution of the element, then the curve of growth

for all the dominantrstage_iohsvwill bé‘the same. This generaliztion
will not work if the depletions withinithe-different;b—componentsfdiffer
between elements.m~The;cohstruction of an empirical curve of growth

using the  curves of~growthvfob the individual .elements is therefore
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Justified for dominant stage ions.

,Figdre Y-lUa shows an empirical curve of growth for the dominant
stage ions‘towards X Per. The empirical curve of growth can be fit by a
rtheoretical,curve‘of grovth with b= 10 km/s. The fit is quite good,
'7—Thé-only discrepeneies‘areithe weak Mn II lines near 1200‘ﬂ. These
lines are'weak and probably have 1arger ernors than shown due to:the
seneitivity of the echelle orders and the order overlap probiem (cf
1‘Appendix'B). - There 1s no overlap between the ions which determine the
satufated’16 km/s comoonent‘and_theilowest section ofjthe lineardoart of
’ thevcuhve‘of grthh.’ Thie,problem is similar to the aforementioned

Per curve of growth.

“Figure u;ub ehows the curve of growth for Mg I andeC1 I. There’is a
‘;‘clear indication of multiple velocity parameter components;, The solid
: line through therdatavis a theoretieal curve. of gnowthjwith/b = 1 ko/s
for 95% of the material and b = 10 kn/s for the other 5%. ~.’Hencef“‘orth, I
S will uSe;thetnotationiN/M‘to denote the percentages in the 1 ku/s
, component (N) and-in the 10 km/s component (M), The theoretical curve
X of growth in Figure H—Hb is a 95/5 curve of" growth I'have used a 95/5
: curve of growth to extract the" equivalent widths of the dominant stage

,. ions. The rest of this sectlon will explain how this choice was made.

The existenoe of a’104km/s oomponent to the dominant stage ion curve
of growth 1is evident from Figure H-Ha. Both Fe II and Si II have

equivalent widths which lie on both the saturated and linear sections of
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Figure 4-lYa. The empirical curve of growth for the dominant stage ions with the condition that
they correspond to a 10 km/s curve of growth (line).
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Figure U-Ub. Mg I (open circles) and Cl1 I (fillled clrcles) curve

of growth. The thin 1llne
corresponds to a 95/5 curve of growth, )
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the 10 km/s éurve“of growth, “The‘empirical’curve.of grdwth for the
highly ionized»speéies can also be fitvbycé’10 km/s curve of .:.growth (cf
5.2).

4Thé ekistencé of maferial ﬁith'b =1 km/s 1is also ob#ious, the
primaryféﬁidenéeabéing the line’width’ofvthé'rédio CO lines. “Additional
eVidence is’provided'by‘the-cufve of~growth‘f6r the neutral -species (eg
Mg I, Figure,ﬁ-ub). ?waévér;'the‘distribution of neutral magnesium does
| not necessarily reflectfthefﬁass>distribution of magneSigm, henée'there

is no reason to assume thatball ions will fit a 95/5~curvé of growth.

'The tota1 célﬁmn densityzbf ﬁydfogeniis'Z.SZ x 1021 om=2 (of 5.1),
“with a fraction f‘ﬁ.ZNﬁz/NH=.O.88 offthefhydrogénfihTthe'form‘éf Hs.
' Since there:is“a’godd éorrélétion’betkéen CO and HZ'(Diékman,”1976); it
is;réééqhébleﬂto suggeSt‘that;a majority‘of the‘HaAhas the same velocity
parametér'aS*CO;:’Empirical H2»¢urve5‘of'growth towards ¢ Oph (Morton,
'1975)’,0 Per (SnOW;*1976f; and ‘g Perf(Snbw,>1977)icannot'be\completely
: describe@ by afsingié‘ééﬁponent éurve‘of growth. The published curves
sﬁggest fhat‘the curvé~of‘grow£h doeSVinitially saturate ‘at small
vélbcity’barameterslffl have esfiméﬁed{thatr=80% of “the H2 has- the
véldciﬁy parameterfsuggestéd‘by'thefcurveiof‘grthh befpre«the turnoff

from saturatic‘;n‘, For X Per, the minimum amount of Ny o with b = 1 k/s
;é ‘70%,'assﬁming thaﬁ 80¢% ofuthe H2~has b = 1 kn/s. The the total
‘percéhtagé of hydrogen with b = 1’km/sfis probably ‘larger, as there is
atomic7hydrogen’mixed'with the ﬁoleéular,hydrogen;,iThe curve of growth

 towards X Per can'thﬁs be constrained to lie between 70/30 and 100/0.
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As the percentageiin the 10 km/s component decreases, the range in f)
which the saturated part of the 10 km/s curve of growth covers
fdecreases. The maximum'curve of growth_allowed by the observed fA range

of Si IT and Fe II is 99/1. .

QSince snlfor‘and ainc_are generally thought to be undepleted‘in
diffuse clouds,tthe reverse qnestion can be asked: what fraction must be
inithe 10dkm/s,comoonentvfor these elements to have solar abundances?
The answer is Qé/éifor S~Ii and 93/7 for Zn II. This line‘of reasoning
' isinot actualiy.proof, astsnlfur and zinec may he depleted.

“lThe Si’II.curQexof growth‘pronides the best evidence for'a 95/5
: eurvefof\gfonth' The. 1190 R and 1194 £ 1ines of Si II have large

natural damping constants (1" 2l x 1093 ), whereas the other lines have

r'< 109571 Figure 4-5 showsfthe observed curve of growth for Si II. The

. solid. lines are'foria 95/5 theoretical curve of growth. Because of the

.difference in- damping constants, there are two curves of- growth° one for
'the 1190 R and 119H R 1ines and the second for all the other lines.

The. damping part of the curve of _growth is’ relatively unaffected by the
contributions from different b-components, and hence the column den51ty
of Si II is determined by the strengths of the 1190 Q and 119H 2
lines.'wThe 1808 )3 line*of Si II:lies,on“the linear part‘of‘the 10
km/s‘curve of‘growth Once the total column density of Si II is set
vthe theoretical curve of growth must pass through this line. Only a
95/5‘curve of growth will fit all the Si~II data for the assumed column

density. Errors-in the oscillator strength of the 1808 & line result




- SiIl

‘LogN=l6.18cm™ SRR
R ['=43109

..95/5cog

I 2 3 , 4 S 5
Log T - ' : ‘ 3’

-6

Figure 4-5. 95/5 curve of growth with the empibical Si II curve of growth. - The theoretical
curve of growth for the two most important damping parameters are shown. The~verblca1 line
represents a 2-0 varlation in the equivalent width.
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in'a,range fronf93/7,tot96/u,fornthe;curve of growth.: For points which
lie on'thevlinear or satnrated part of the 10 km/s component of the
curve of growth, the‘colnmnddensity.decreases'by’a‘factor of two. if. the
" curve offgrowth‘is reducedrtola’90/10 curve;of.growth, and it increases
be a factor of two for a 97. 5/2 5 curve of growth. The cholce of a 95/5
curve .of growth for the Si II data is- almost completely determined by
the fit of' the 1190 Q and 119H R equivalent widths. The sensitivity

jof the IUE drops precipitously shortward of Ly a. Additionally, the
order;oyerlap'problem isithe worst in this: wavelength region (ef .
Appendis‘B). *The‘equivalent widths of;the;1190 ® and 1194 R lines

of Si II‘GOuld thds'have muoh larger errors than shown.in Figure U4-5,
It is possible that the dominant ‘stage: curve of- growth could be very
different from a 95/5 curve of growth, although most of the data
presented in this section suggests that the range lies somewhere-between

a’80/20xcurve of growth and a 99/1'curve:of growth, .. °

- I have used a 95/5 curve of -growth to extract the column densities

for the dominant stage ions towards X:Per.-

4.3 Profile Fitting

The normal curve of growth analysis can be used to extract the
‘column density of an element ‘as long as the line(s) being used in the
analysis are free of overlapping absorption from another line of the

same multiplet,or another element. In cases where more-than one line
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<~ lies within one!reSolution element of the spectrograph, other methods

| must be usedfto derive the column density. I will not address the

general problemvofyoverlappingyabsorption'lines from different species,

- Rather, ’I will briefly desoribe what can be done when the overlap is due

to lines within a given multiplet having an intrinsically small

separation (C I), or due to the rotational structure of simple molecules

(co, CZ)

N The“gronnd state of the neutral carbon atom is split into three
fine~structure components} The two upper levels are separated by an
equivalent energy of 24 K- and 63 K for J=1 and J= 2 respectively. For a
given multiplet,of carbon, many of the flne structure lines are blended,

‘not onlj with‘lines'arising fron theysame level, but often with lines
arising from a different level. The levelvpopulations are determined by

the temperature and density of the cloud (Bahcall and Wolf, 1968; de

Boer and Morton, 1974 Smeding and&Pottasch? 1979). Since the relative

‘populationskare_not initially knovn;kthe’curve of growth“method will not
yield useful'results.“ However;'the overlao ean be explieltly handled by
calculatinnghat the line profile would look like under different

physioal‘conditions.w

If-the.seoaration'betweenisuooesive rotational lines in a molecular
'band is equal‘to or less than the resolution’of‘theASpectrograph,*then
the individual’ rotational lines will’ be blended together, unless only
"the lowest rotational level is populated The wavenumber of a

rotational line is (Herzberg,; 1950) -




T4
VRIS H Y ST P (1)
Thevdifferépce 5etwéen'suc¢eéive Q branch rotational lines is
Av = F' ("J-'i-‘l‘)“-,}-’ 'E"(J+1) - (F @) - FI(DY - L  (4-26)
Sinqe F(J) § B J(3+1);_e§uation‘4—26 can be rewritten as
Av = 2(J‘1\91)"(B'--,k. .B,"), 1 B e e | o (W-2])

:}* The;rotatiqnal,lines in the-vibrational band will be unresolved for

B' - B"| <.(2R A (J'+ 1) x 1078 po o (U-28)

where R 1is the resolutibn of the spectrograph, and A is in Angstroms.

AX = |B-B"]| = 0;32 for the (0~0) band of the A-X transition of CO. The
SWP. spectrograph has ayresolution of 1.2 x 104 , hence the righthand
side of equation 4-28 1s-1.39.: The vibrational band is not resolved

into rotational 1ines; as observed. For C,, the Q branch does not exist

27

(T-Z transition),'and since the nuclear spin of the carbon atom is zero,

odd J levels do not exist. The difference between the R(0) and R(2)

line can be found by substituting the appropriate J” and J" in equation
4.26. The left hand side of equation 4-28 will then be 10B -6B" = 7.3

cm"2 For the (0,0) band of the D-X transition and 10B“~-6B" = 6.5

en™2 for the (0,0) bahd of the F-X transition. The corresponding values
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“for the spectrograph are 3.3 em™2 and 6.2 cm'z, respectively. The D-X
transition 1is resolvable,'whereas the F-X transition is almost

”rresolvable.

k The physical parameters needed to calculate a theoretical line
profile are the velocity parameter (b), the column density of each level
'(Ni), and the instrumental response function.‘ Appendix B discusses the
instrumental response function. Given that b and Ni are known for all
levels, thé optical depth (Ti)‘can4be calculated using the methods
described in section u.i. Theinormalizedfline profile is then
exp(-ZTi) at each uavelength ’lhe separation between adjacent
wavelength steps is less than or .equal to one tenth the dispersion of
the line profile (b/2) The theoretical profile is then convolved w1th

‘the instrumental response function, andythe result is plotted.

: Figure 4-6 shows examples of the theoretical, convolved and observed
~line profiles for the 1657 R multiplet of CI (Figure Y- 6a), the 3-0
vibrational band of CO at 1477 R (Figure 4= 6b), and the 0-0

vibrational band of C2 at 1341 R (Figure 4—6c).




Figure U4-6a. Theoretical; convolved and observed (filled circles) line
rofiles for the 1657 R multiplet of C I. The individual transitions
are’'labeled with the upper and lower J value.




Figure 4-6b. .The same as Figure U-6a, except for the 3-0 band of ti
A-X system of 1‘2CO. :

1e




The same as FiguréJn;Ga, except for the 0-0 vibrational
band of the F-X electronic system of Cs.

Figure u-éc.
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5. ' OBSERVATIONAL RESULTS -

~ 5411 Hydrogenﬂ'll‘

“ The moleéular‘hydrogen«column density in the J=0 and:J=1 rotational
; levelstafe'6.0 1.5 x 1020]°m-2 and 5.0 *1.5 x 1020 on~2, respectively
(Mason et al. -1976; cf 3.4 and Table 3-9). The H, J=1-0 rotational

. temperature’ (equation C-16) is-

CF@H) - FQ@) o __ F()

T = _ ,
$ N ' ¢ N (5-1)
JJ . [eRle)
1n(————) In( )
B LS R %N

where'E(J) 1s expressed in Kelvins (E/k). Since F(J)=J(J+1)B=2B,

¢§‘=“1/u, ¢, = 3/4, and B = 85 K,
_ 170K
’T =— ; 71 £8 K (5-2)
ln(?ﬁo/Nl)V

Thisyis verj similar to the value of :75 K found.for ‘¢ Per (Snow, 1977)
and . close to :the 48 K for © Per (Snow, 1976), especlally when the errors
are'considéred.‘ The total.partitiontfunction‘is Quot = 0.45 (equation
C-Q); of which less- than 0.1% comes from J=2 and above. ' The total
column density is then just the sum of theiJzo and J=1'rotational

2

levels: NHE = 1;1 0.2 x 102} em™2.
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The neutral atomic.hydrogenvéolumn-densityAis:3.2i 0.2 x 1020
em2 from. my IﬁE data, and 2.0 #0.5 x 10?0'cm_2 from Mason et al.
(1976).’ For my data, the major uncertalinty is the placement of the
continuum, which is difficult té asgertain due to the rapidly changing
response of “the detector near 1215 R and the echelle blaze response,
waever; my data hés avhigher S/N (=50) than the measurement of Mason et
al. (19763 S/N=10). If the atomic hjdrogéﬁ 21 cm line is optically -
thin, then Ny 1 = 7.5 20.5 x 10%% en™2 (Sancisi et al. 1974). The
optical depth in the 21 cem line implied by my UV measurements is
(Spitzer, 1978)‘, 

iywr) = o0.14 (5-3)

T =‘5,49x10-
' ' Tovn

for 0= 0.94FWHM, FWHM = 10.0 km/s, anduTe,=’70 K. -The 21 cm line is

therefore optically thin.

. The,eqﬁivalent width of Ly o 1s lafge'enbugh that the column density
1s independent of the ?elociﬁy pahameter, or any combination of velocity
parameters as'long'és the maiimum b is less than about 50 km/s. Thus,
material:in the 1 km/s component is not "hidden" in the 10 km/s
,componént. ~The equivaientzwidth correspondingfto‘the radio H I column
densiﬁy‘is*23iﬂ. Even wiéh a‘large. error in’the continuum, the
equivalent‘ﬁidth of Lfya 1s:§ 20 2., Since only the column density
was publiShed,,and not the profile, I assume that the factor of two
difference between the column densities is either due to érrors in the

radio analysis or due to H I behind X Per, Clumping within the radio




Ly o (Log Ny 1= 20.51 cem™
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beam could also increase-the observed 21 :cm hydrogén column density. I
will use the hydrogen .column density derived from my. UV measurements. of

2)

‘The~total.hydrOgenfcolumn density is

' : 21 -2
Ngo= Nt NHZVj?N'Z.SZ +0.3 x 10,.2 cm ; (5-4)
and
2N : :
£=_M = 0.87 x0.10 (5-5)
NH '

The averagé tota1<hydrogen column. density is- (Savage and Mathils,

. 1979)
5.8x10 -2 -1 - 21 -2
NH =‘_ER%:VTT"Mcm “ mag b A_}3fOXIQ em © . (5-6)

for E(B-W) = 0.52 (of 3.5)

If the éverage hydrogen . volume: density in the ICM is 0.1 em™3
(Myers, 1978), then the column density of atomle hydrogen towards X Per
is (D = 360 pe, Blaauw, 1950) ny = 1.1 x 10°° cn™®, One-third of the

atomic hydrogen may be in the ICM.
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-

Limits on.thefvelocity.parameter of the H2 caﬁ be inferred from the
CO data., Dickman (1976) has‘éhown that CO is a good tracer of Ha, hence
it is reésonable;td:assume‘that:the co and,H2 veloeity parameters should
be similar.“Observationallyvhowever; the H2 has a larger velocity
pahameter than both: the CQ-and’the neutral -elements. For:example, the
da#a to@aﬁds,é Ophy(Morton,i1975) are b(CO0) =0.9 km/s (Crutcher, 1976),
b(neutrals) = 0.9 km/s,.and b(H2)'= 3.8 km/s. A similar pattern exists
towards o Per (Snow, 1976), where b(CO) = 0.9 km/s. (Crutcher, 1974),
'b(neutrals),='1.5ukm/s,'and'b(Ha);=w3,o‘km/s. ‘It 1s possible that more
than 50% Of?the.H2 can have 'b=b(C0O) without~caﬁsing a major shift in the

curve of . growth;

‘.;‘The»resuit,ofithismsection\is that the total column density of
hydrogen towardSVX Pér‘is 2.5 #¥0.3 x 102! cm’z; with =904 of the
hydrogen:inhthe form,of,Hé.t The. velocity parameter of the H24is assumed
to be the samé as the velocity: parameter of the CO (b =1 km/s),
although higher velocity parameters are not ruled out.  The atomic
hydrogen- has b -=8-10 km/s, wi£h~smaller;velocfty parameters.also

possible.:
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5.2 Highly Ionized Specles

Absorptioh lines of C IV, Si III, Si IV S III, and Al III were
observed. The previous lonization stage of all of these ions have
ionization po£éntials grea@er than 13.6 eV. Figure 5-1 shows the
empirical cur#é of growth derive§ from the observations, along with a
theébetical cﬁrve of growth with b = 10 km/s. The empirical éurve of
growth was derived by finding the'sﬁoothest curve which fit all the
daté, particularly the C IV, Si IV and Al III doublets. Table 5-1 lists
'theicolumn densities derived from Figufe 5-1., The errors were
detérmined by fiﬁding thé maximum and minumum column densities which fit

the 10 km/s curve pf growth. The‘velocity parameter can also have

values from 9.5 km/s to 11 km/s and still be consistent with the data.

?Thé equivalent widths bfVSi III‘and C IV in Figure 5-1 are weak
,,enoﬁgh Eo sﬁﬁﬁ the effects of the two component curve of growth shown in
Figure 443.‘kThere is no indicaﬁion in the data that a curve of growth
with more than= 50% of the maéef;al‘having b = 1 km/s is needed. If a
50/50 curve of growth were uéed, the column densities.in Table/5—1 would
increase by a factor of 2 (0.3 dex).

;A,numbef of;othermlines_of sight have Si;iIvand C IV absorption
reatures (Black et al. 1980, hereafter BDHR; Cowie et al. 1981,
hereafter CTY) BDHR and CTY point out that if the C:S1:0 ratio is solar,
then the Si IV and C IV lines are too strong to arise from the same gas

 which produces the 0 VI absorption (T >105 K).
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. Figure 5-1. Empirical curve of growth for the highly lonized species toward X Per. Also shown

is a theoretical curve of growth with b = 10 km/s.




- TABLE 5-1
ATOMIC COLUMN. DENSITIES

85

: Log Co1umn;Density:(cmfz)

“Element Ionization Stage

S L It IIT /v
95/5 90/10 |
L1 <13.3 — — — -
Be — <11.4 —_ — -
" <11.6 - - — ,
ror  15.58.1  15.2%.1 17.65£.05  <17.9 13.45:.05 IV
, S - : (<18.5). - o -

c®. 15.12¢,1  14.7+.1 17.63%,05

¢ 15.125,1 14,751 . 16.25%,05

™ 16.7%5,1 + 14.5%.1 |

N 16.42¢,05  17.1%.05*  (<18.2)° <17.9 <12.3 v

0 17.50:,05  17.9%,05%  — (17.m% —
«17.7) -

Na 13.26%.05  12.95:.05 @ — = — —

Mg 14.08%,05  — - 16.33t.2  — —

AL <12.3 — 15.02+.05  13.07%.05  —

ST T Riesy - |

s1 12.72+.05  12.43+.05  16.18+.05  14.706%.15  12.85:.05 IV
S o K16.35) - (K15.8)

P 12.4%.2 12.0%.2 14.1 - 13.5 <13.5 —

s 13.92:.05  13.92%.05  16.65£.05  14.75:.08  —

c1 14.2%.1 14,241, — — —
12.R+.1 12.5+.1 —_ _ —

Ca '10.6%.1 . 10.6x.1  13.7*.1 — —

1 (13.4:.1)€

13100/0 curve of growth

BLimic:-x derived from fine structure lines

c90/10<curve of growth -




TABLE 5-1 (CONT.)

o ng"Colmh Dgryx's.mit::y (cm-z) ‘

13.1 - 12.6

Elemenﬁ F Ionization Stage £

, , : , 11 I11 /Y
°95/5 90/10° ~ ~

Sc —1 —_ 2<11.9 0 <L12.4

T4 - —_ - <11.7 12.7 .2

vy  <11.6 — 13.8%.,15 —

croo<e o — 12,7825 —

Mn <uaal . — oo 143+1 0 —

Fe 0 12.32+,08  12.32%#,08  15.58+,06 —

Co <11.7 — <11.5 —_

Ni <11.5 = 135+ —

Cu - <12.3° — 12.3+,1 -

Zn <11.7 - 13,97+.05  —

Ga -— — 12.0t.1 -

Ge - . : 1 —_—




.. BDHR ‘and CTY suggest that the observed -abundances: are due to

photolonized gas, and that they are-not assoclated with the coronal

éomponeﬁt of the ISM. The photoiqnizaﬁion occurs around the hot -
background stér.uséd és the background.éontinuum.fdCTYfalso suggest the
. possibiliﬁy thatkthekline pf sight passesuthroughkthe Stromgren sphere
© -~ of another star,vcaUSing the absorption;>or‘£hat the StarfiSQan L-ray
sourcé, which\Augeb-ionizes C IIVand‘Si¢II to’producevc IV and Si IV,
An atom undergoes an Auger‘or radiationleSS\ionization,when'a KorlL
shell ‘electr_on-‘ is photoéjected by. the absorption' 6f an X-ray, and the
subseduent,decay of an‘ouEér‘shell electron intoche hole releases »
enough .energy to eject a second electron. ' The modification to the ISM
5yva‘galac£ic X—fayuéource has also been discussed by‘McCray, Wright,

and Hatchett (1977) and Kallman and. McCray (1982, hereafter KM).

If the C IV and Si IV were produced in an'H II region, then
N(C IV)/N(S1i IW) < 1 for-all stellangeffectivé'temperatures‘less than

50,000 K. .The observations towards.X Per;(TE'F =.30000 K) give

F
N(C IV)/N(Si IV) = 4 +0.2. The predicted column densities of C IV and
S1 IV for a BO star with n_ = 1 cm > are N(C'IV) = 5.7 x 10’2 and

N(SL1 IV) .= 7.8 XV1013 (CIY); The column. denstities scale as ne1/2.

-For
ng = 1‘cm'3,;the Stromgren‘radius i§ 1.5vx 1020»cm,wwhich‘gives an
emissioh*méasure/of EM'=‘ Ihzdi;SO cmf6)pc.;~The,Palomar'Sky,Survey,-
which:ié sensitive to emission measures of thiS*maénitude,‘does not show
any évidence for an‘H II‘region:élong the line of sight. towards X Per,
élthough extinction?by“thé‘cloudtin front of,the'star:might‘account for

“this.  There is a small patchﬂof'nebulpsity approximately:1” away from X
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Per (ef Brucato and Kristian, 1972 for‘a~magnified’PSS print'of‘X Per),
however, the star does not'shou any evidence for an H II region
surrounding‘it; Additionally,:the'emisSion measure‘Of the ‘entire region
.surrounding.X Per 1s 10 cm~Spc (Reynolds -and Ogden, -1982). This
suggests‘that né‘igiless thanf1"em-3: which would lead to lower column
bdensities”of‘C‘IV and Si IV.7(If the star were also an X-ray source with
| a soft X-ray flux of~2000¢‘(¢;is a scaling~facton) photons cn~2 per
second‘perAkeV at 296 eV-and 15000¢ photons em™2 per second‘per kev at
125 eVj; then N(C IV)/N(Si Iv) = 3. 3 for an effective stellar temperature
'tOf 30000 K and n,6 =1 em” -3 (CTY); However, the predicted column density
is an order of magnitude lower than observed In the case of a soft
X-ray flux, the-column density scales as n, 1/2. By :decreasing the
electron’density,;the-oolumn density of C IV and Si IV would increase,
“while the‘emisSion measure would decrease}~ However, the column density
:scales as'the X-ray‘flui’sealing faetor ‘. ‘For X Per, ¢ = 16'3 to

10*” (White et‘al.‘“1982).3;The electrontdensity would then have to be

prohibitively small to reproduce the observed column densities.

‘MoCnay, Wright, and Hatchett (1977) suggested that a galactic X-ray
source would create a zone of highly ionized material around it. They
”showed that the column density of ‘the ions’ scaled as K(nL ) , where n is

the hydrogen volume density, L is the X—ray luminosity, and ¢ and K
are-constants for each:ion. Further refinements in the theory were
presentediby’KM} ‘The'ratio of c IVlto Si IV is independent of the
density ‘and the X-ray luminosity (0= 0.5-for all elements, KM), and
/A

depends solely on the ratio AK. v','where A is the abundance of

c IV SilI
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lthe}element with respect to hydrogen. The,value for K depends on the
input X—rayygpectruh.  For:aa1O kev,thermal Speétrum (Ihe X-ray specrum
~of X Per can be described by a 1Q keV thermal spectrum; White et al.
1982, cf 2.1)Vand'solar abundances, the ratioybf‘AKC 1v/AKgs 1y 1s 2.5,
which is close to the observed .value of 4 considering the number .of
'assumptiohs made. A 10 KeV thermal also.gives‘N(NuV)/N(C,IV)‘= 0.13,
which iskconsisteht‘Withvthe observedﬁupper,limit of 0.22. Hence, for
volume densities between 1 and 1000, the model of KM predicts the quite

- accurately the ratios of C IV, Si IV and N V.
The-column density is predicted by the equation

M= AK Gt R o (5-7)
Given that L, 1s 5.0 x 107 ergs ™3 57! and the observed column
IQensities‘(Iabley5f1),-eqﬁation 5-7 can beléolved,for the hydrogen
‘volune density, n:
i'N* R ERET R ‘

I Y -3

:n,—'(A‘.K.v)‘"LX(!'38)'\ em.. T o ‘ : R (5-8)
ii : :

The value of K changes as a function of density, so the process of
solving,equétion_5-8~is an:.iterative one. The result is that the
B = -3, 1 - -3 <13 om™3
knC»IV»' 13 cm » Ngy qy = 27 em -, and o V>< 13 em~. The densities
will increaSe’as the element becomes more depleted. Given the

generalizations of the theory (McCray, 1982), the densities are

essentially the same.' The only possible problem is if the gas is
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totally ionized, as the emission measure data would prohibit large
densities, unless a very-smallvdistancekwas involved The closest
theoretical model of KM to the X Per conditions suggest that the gas
around the star 1s fully ionized out to 1016 cm. One can envisage a
51tuation in which the edge ofithe cloud 1s_£ar enough from the star
that a negligible H II region forms, but where the modification to the

ionization structure of C, N,. and Si are. such as to produce the observed

"~ column densities. Clearly, more work needs to be done on the problems

of a X-ray source modifying the ISM.

s

An alternate‘proposal is that the gas is colllsionally ilonized at a
temperature of 50000 K (Bruhweiler et al. 1980). Table 5-2 lists

-108(N1/N), where N is the total column density in the 10 km/s component

( 0.05N; + 0.05 Nyp + NIIIHfMNIV)!;.IheQPQtica; ratios (Shull and van

Steenberg, 1982) are also listed for relevant temperatures. The
ionization‘fraction for each‘element matches quite closely to the
theoretical fractions for‘log T eH.S to 4.7 XK. This was also the
conclusion presented by Bruhweiler et.al. (1980). Although these data
are-consistent nith the ICM being collisionally excited at 50000 K,

other observational evidence suggests that this 1s not the case.

If the gas were‘collisionallyviOnized at T = 50000 K, then the

" veloclty parameter range should change by almost a factor of two between

Fe IT and Mg II. The exact decrease depends on the amount of turbulent

broadening. The total velocity parameter is




B o TABLE 5-2

FRACTIONAL ATOMIC ABUNDANCES
Log _Tot Observed
‘ 1 Theory
Element . - T " Ionization Stage ‘ Log T, ;¢
I I I1I w v (K)
c 2.40 0.0 =0.25 4.2
2.3 .. 0.1  0.64 . . 4.57 4.6
N 0.0 e <4.1 ,
2.2 0.10 0.72 4.48 6.0 4.6
si 3.85 0.0 1.47 3.32
] 3.34 ©0.56 0.14 3.72 4.7
s . 2.5 0.0 1,91 . .
‘ 9 1.86 - 0.05 1.04 A
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; 2 2 5
B = Gy Bygy)” ks (5-9)
where b2 _ ﬁ2kT/m.' For carbon at T = 50000 K, bkin "=z 8.3 km/s, The
observed velocity parameter of 10 km/s sets Do rb ¢
- 2.2 s |
Prurb = (7 byt = 5.6 ka/s (5-10)

From equation_5-9,.theiexpected veloelty: parameter for Fe is bFe = 6.8
k km/s.. The curve ofigrdwth clearly-shows a contribution at b = 10 km/s.
This strongly suggests'that‘the;gas is not collisionally ionized at

T = 50000 K.

Althougﬁ thefionization structure of C and Si match quite nicely
with the theoretical calculations, this is not the case for Mg. The
ratio Mg I/Mg II‘for T >50000 K is log(Mg I/Mg II)<~2.33, whereas the
absolute minimum obserQed.value 1s -2.25. Although the observational
errors. encompass the theoretical value, two problems exist. The first
is that the analysis ofrthe;dominant stage ions (5.3) suggest that the
Mg IIgabuhdance 1s less than that needed: to produce the agreement,
”Hence,;theng I/MéfII;ratio‘incréases-to an,absoluté maximum of °
ilog(Mg“I/Mg II) = ;1.5, where all the Mg II is in the ICM. This ratio
‘is too‘large to be coliiéionally lonized for T ~10000 K.. Even if the
minimunivalue.isicorfect,»ﬁhe implication is that Mg III is the dominant
stage of ionization, not Mg II. gFor.T = 50000 K, Mg III/Mg II = 1000,
which implies thét the column density of ‘Mg III 1s more than 30 times

the solar abundance of'Mg,“and‘all of it is in the ICM, which, if it has
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54 of the mass, contains more than 600 times the solar abundance of Mg,

 Since Mg is thought to be depleted in the ICM (Bruhweiler and Kondo,

- .1982), the existence of a collisionally ionized gas at T = 50000 K is

highly. improbable.

The main results for this section are the identification of the
 highly ionized species and . their connection: with the 10 km/s velocity
‘parameter component Additionally, I have shown that a modification of
the ICM is needed to give the observed C IV/Si Iv ratio "and that a

' c011151onally ionized=gas at T = 50000 K can be ruled out ¢ The most

probable cause of the enhanced C Iv/si 1Iv ratio 1s through the

: modification of the ionization structure by X-rays, presumably from the
stellar X—ray Source. . However, the theory has not been. developed far

‘ enough to be conclusive.‘

5.3 Dominant Stage Ions'

Diffuse clouds are opaque to all wavelengths with energles greater
than 13.6 eV but are transparent to most photons with energies less than
13.6 ev. Since a number of elements have ioniZation potentials less
than 13.6 eV, they will exist primarily‘in a singly (or’doubly,‘eg Ti
h; and Ca) ionized form in the diffuse ISM. - Only in very dense IS clouds,
| where the grains and other absorption mechanlsms cut off all 1on1z1ng
photons, will the dominant stage of ionization be: the neutral species.,

. Figure 5-2 ‘shows the ionization_potentials for the first 26 elements and
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where the ionization potential i1s less than 100 eV. A horizontal line
,Vls drawn at 13 6 eV, -The dominant stage of ionization can be found by
going vertically from 0.0'eV'at the position of the element of interest.
The element is neutral until an ionization potential is crossed If the
:.ionization potential 1s crossed after the line at 13.6 eV 1s crossed,

the element_willybe neutral in the diffuse ISM. Otherwise, the atom has
lost as many electrons as ionization potentials cfossed before 13.6 eV
‘is reached, The‘dominantﬁstage of;ionization can be thought of as the

" lonization stage‘in which an element exists at 13.6 eV in Figure 5-2.

5.3.1 Dominant Stage Ions: Curve,of Growth

In section 4 2, I discussed the reasons why the line’ of sight could
be Separated into two velocity components where b = 1 km/s for 95% of
the column density and b = 10 km/s for the other 5%. Since the
distribution of dominant: stage ions appear to reflect the mass
- distribution of the element in diffuse IS clouds, I have used the 95/5
curve of growth to extract all dominant stage ion column densities.
These data are presented in Table 5-1.. "Figure 5-3 shows the curve of
érowth for the dominant stage ions,‘along with a 95/5 theoretical curve
of growth. Thelehrors in Tablev5-1 areianmeasure of thewgoodness of fit

of the data to the 95/5 curve of growth.
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A number of dominant stage ions have forbidden lines which might be
observable with the IUE (Cowan et al., 1982) These lines were searched
forvand not*detected The upper limit on the column density implied by
the non-detection of the forbidden lines is also included in parenthesis
| in Table 5-1 under the tabulated column densities. In no case is the
ivupper limit implied by the forbidden lines less than the observed column

‘ density.l.-

There are two ions which do not fit the 95/5 eurve . of growth very

well: Fe. IT and Mg II.

‘Kuruez: (1982) ‘has produced a table: of semi-empirical log gf values
- for Fe II. There are a: number -of weak: permitted and semi-forbidden
'.lines which should be observable if a 95/5 curve of growth is-used.  One
of these, at 2366 %, has never been seen. in an. astronomical source
before, and;questions have been raised‘as~t0»its-true‘oscillatorv;
strength (Lugger et al, ..1982). . If the,oscillator strengths of Kuruez
(1982)Lare‘reasonably accurate,»then the largest fraction which the.
“"Fe . II. curve of growth can have is 90/10 ‘which reduces. the total column
bdensity by a factor: of. two from that derived with a 95/5 curve of
R growth. Two new Fe II lines have been. Seen:. the a6D zuD ‘1line at 2249.18
,R and,the'aGD- uFﬂline»at 2260.081;8,; The oscillator strengths from
Kurucg (1982) are 3.24 X’10'3.and 2 79 x-10'3‘;brespectively. The
, oscillator strengths are essentially the same, although- the observed
equivalent widths differ by almost a factor of two.-»Using»the‘95/5

curve .of growth, I derive oscillator,strengths of 1.29 X’10f3vand




6.98 x 10'3 for the 2249 8 and 2260 R lines, respectively. Accurate
laboratory oscillator strengths would be extremeley useful as they
would help determine the exact fraction in each velocity parameter

, cloud.

' mThebratio ofithe equivalent widths of the 1240 2 doublet: of Mg II
is 52,'which sugéests that they are on the linear portionjof the curve
of‘growth. However; the equivalent widths of the two lines place them
above the 1 lm/s turnoverffrom thick to thin, These data are consistent
with a composite curwe of growth in which no more than 50%'of the Mg II
has b 1 km/s., indicates a factor of ten reduction in the abundance of
Mg II in the 1 km/s cloud This is either a true depletion or an
artificial one caused by a shift from Mg IT to Mg I as the dominant
'stage.of ionization;* The Mg II curve of growth is shown in Figure 5-5
where the.obserwationalidata’are shown twice: once for the best £it to
the 95/5 curwe of growthh; again‘for the;best fit to a 0/100 curve of
growth. ,Ihe“columnfdensity derived from the 0/100 curve of growth is
'also listed in Table 5-1. If all of the observable Mg II were in the 10
km/s cloud the total abundance in the 10 km/s cloud would still be less

than the solar abundance, and is 6M II"O 12,

where g log(Ni/NH) - log(Ni/NH)®. The magnesium abundance"

in the 10 ‘km/s cloud: would ‘be solar if 75% of the magnesium is Mg III,

the other 25% being Mg II. Since,the ionization potential of Mg II 1is

very close to that of Si II.(Figure 5-2), the relative amount of Mg III

‘should be'comparable‘to the relative amount of Si III, which is less

than 10% of the Si in the 1kam/s,cloud. This suggests that Mg III will
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Figure 5-5. Thebretical curves of growth for fractions of 0/100, 50/50, and 95/5. The observed
MgII data are shown for two seperate column densities.
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not be abundantvenough to reduce: the depletion to 0.  The suggested
depletion in the 10 km/s cloud, if all the observable Mg II exists in
it, 1is less'thanvthe.depletions;in the general ICM, as observed towards

- a.few . nearby white‘d&affs,(Bruhwéiler'and Kondo, 1982).

,,vRegérdléssibffﬁhe actﬁal curve of 'growth used, the abundance in the
10 km/s cloud remains constantﬁias the ratio of the 1.km/s cloud to the
1Q km/s'¢10ud decreases,~the tofal’column density decreases. - However,
the~relétive émount‘in the ib km/s cloud increases at exactly the same
ratejés thé total column density decreases. Hence,; the column density
inbthe 1kam/s‘com§onent remains»constaht;for curves of growth with
fractions leSS'than‘99;95/0§05."This iimit depends’on~the damping

COnstant used to calculatevthe‘theOretical5curvé*Of~growth.;:

; A;poﬁentialvproblem:exisﬁsifor the £he identification of the correct
ffaction‘fdr,the-cﬁrve of growﬁh. :IfIthe dominant,stage of lonization
islnoﬁ the'samé_for“the tﬁq‘(or‘mdre) components, then the ‘lonization
" ‘balance must béidetérmined; as ‘the ‘curve of growth is' a measure of the
relative number of ions in each ‘cloud, not ‘the relative mass. For the
line offsightftoﬁards XTPer, noné oé;the‘observable,higher stages ‘of
ionizaﬁion‘have‘more'thén/10% the'columnfdensitj7of theimplied column
density"ih the 10~km/s'cloud (eg, 5% of the:total. column density), and
r hénéé éll have a negliéibléféffe0t76n;the-curvefOf-growth;~ Oxygen and
niﬁ’rogén (also ar'igon,‘tneo‘n,*and fluorine) are potential problems. In

the diffuse ISM,: the neutral species is the dominant stage of

“ionization. .Howe&er, this may not be the case forfthé ICM (and
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especiallv-for‘an‘H IIlregion).lwhere N IT and O IT will be the dominant
stage of,ionization.. Indeed both N I and O I are compatible with both
‘a 95/5 and a 100/0 curve of growth (the upper limit on 0 I is set by the
absence of the 1355 R intersystem line) ' The column densities for 0 I
"and N I using a 100/0 curve of growth are also included in Table 5-1.
The errors quoted in Table 5-1 are a measure- of the goodness of £it of
the data to the 95/5 curve of growth. ‘The errors will, of course, be
larger if I make some guess as to the error in using the 95/5 curve of

" growth,

Absor'ption from the P3 /2. level of C II (ref.‘erred to as C II") 1is
observed, whereas the similar transition in Si II 13 not seen. Since
,these levels are populated by collisions, the ratio of the column

and P levels can be used to put limits on the

172 ~3/2
: temperature and density (cf 6. 2, and 6 3) The problem is choosing the
proper curve of‘growthpforﬁthe CaII- line. - The curve of growth for any
excited’stateIWill reflect'the velocity parameter distribution of the
fpressureiconvolved with the distribution of the ionization stage. Si II
has a number of observable UV multiplets, hence observatlons of the fine

structure lines arising from the P. /2 level of Si II could be: used to

3
construct a curve of growth to be used with Si II. Unfortunatley,
absorption‘from~the P3/2 1eve1 of S1II is not observed. Fiéure 5-6
_shows the curve of growth for c r* with ecloud fractions of 0/100, 95/5,
9971 and’100/0. The horizontal 1ineycorresponds to the observed
equivalent width of 170iv4 ok, The’C Ir* abgorption line at 1335

)¢ consists‘ofltwo,lines:>P3/2'-;D5/2 at 1334.6627 R and




% 4

Log N (em?)

A 14.70
B 15.99
C 1657
"6 D 17.42 n
! SN 1 , . !
| 2 3. 4 . s

Log T

Figure 5-6. Column density of C i as a function of the theoretical curve of
different curves of growth and respective column densities are shown.
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P3/2 _/D5/2>at_1335,7o7778.; The lines are separated by 10.3 kw/s,
and thus are unresolved byAthe‘IUE.‘ The oscillator strengths are 0.0118
and 0.1159, respectively.,;The‘curve of . growth was calculated with the

line,profile techniques discussed in 4.3.

The column densities'corresponding to the intersection of the line

and the four curves‘of growth are 0/100: log N(C ™) = 14.7 cm'z; 95/5:

log N(C IT*) = 15.99 em~2; 99/1: log N(C II*) = 16.57 cm~2; and 100/0:

-log N(C II*)' 17.42 gm’a, The column density changes by.a factor of
500 depending on . the curvevqf growth used, . The collisional excitation

and assumed golumngdensity‘for,CuII* is discussed in more-detail in 6.3.

5.4 Neutral Atoms

'Most'of‘the first 30 elements in . the periodic table exist

predéminantly’aS‘singlj ionized atoms in the ISM. If electron

recombination does notvoccur, then the neutral species of these atoms
will never be-seen} :quever,lelectron,recombination does occur, and the

~amount of the neutral specles can yleld information concerning the

velectron;density andkthe radiation field along the line of sight.
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5.4.1 Ionization Equilibrium -

;The density of the‘neutral species and their first ions are related
through the equilibrium of ionization and recomblnation rates.
) ~Mathematica11y, this can be written

Fhi_= nn +1a(T) B | ' - (5-11)

where n. and n, are the volume densities (cm™ 3) of the neutral species
and itS first ion, n, 1is the" electron density (em” 3), I is the
photoionization,ratea(s 1,),uandba is the,recombination,rate‘(cm'3s'1).
akveries_roughly‘as T-0.7, Ahpendix Dvdiscusses the calculation of the

‘photolonization rate in more detail.

The ratio between the‘heutrai,and lts first ion 1s

ng/ng

=na(M/T (5-12)
fyFor a given cloud, ne.is a constant, but I'/a vahies with the specifile
ielementt(I am assuming-that each:cloud canebe described by one unique
value for’all. physical parameters); The ratio N1/Né is thus. different
- for each element; fSince.the conditions'ih the 1 km/s and 10 km/s cloud
are different, it‘isVuseful¥to\lookfaththe;behavior;of the ratio of. the
densities~of.the two cloﬁds;:,The ratio. between the ionization ratio

(equation 5-12) in the 1 km/s and 10 km/s components can be written
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n,(M/a, (1) a (Da(T)/T,

0 A0/, A0) T a 0e(T /T, (5-13)
or
“1(1)‘ ;‘ ne(1>f;a(T1)/r1v' n, (1)
n1(10) T 'ne(10) a(rlo)/rlo n, (10) | | (5-14)

Note that 1f a depléﬁion exists in the 1 km/s cloud, it affects both

N, and n, equally, and hence the ratio N;/N, is unaffected.

If the ratio of the dominant stage lons (n2) between the two
veloci£y7parametér COmponents reflects the mass ratio of the two

components, then

a (1) e (1) - a(T)/T -
et =19 = \ 37T (5-15)
n, (10) ne(10) alT;4)/Tyq

where 19 1s'95/5. Note that:the ratio n,(1)/n,(10) may be less than 19
if the Mg II column density is'diffefent from that derived by a 95/5

curve of growth (ef 5.3.1). -

As discussed in Appendix D, the value of I' depends on the
extinction. The deﬁails of Ehe integration depend on the scattering
properties of the/graiﬁs and the geohétry of ‘the cloud (Roberge et al.,
1981, héreaftef RDF). The grain scattering properties in the far UV are

very uncertain (Savage and Mathis, 1979; RDF; Anderson et al. 1982).
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A major uncertainty is the choice for the temperature of the 10 km/s
-b—component. If the absorption oceurs in the ICM then T 7000 to 12000
~Ke If‘the'majority of “the absorption occurs at lower temperatures at
'the edge of the'cloud, then T =20 to 120 K. The ratio of

[a/T(1)1/[e/T(10)] is

a/T (1) -

_ ,I(10)\n I (10) oy
T - GO Tm N o : (5-16a)
for the ICM and - .
a/T (1) _ o rao
a/T(10) .. ' T() S S (5-16b)

if the 10 lm/s is part of the diffuse cloud. p 1is tabulated in Table
D-1, and T(1) and T(10) are.the temperatures of the 1 km/s and 10 km/s

+ components, respectively.? Equations 5-16a and. 5-16b were evaluated

~»’using the photoionization rates of ' RDF' (model 2 and. model 3 only, cf

Appendix D) for T(1) = T(10) and T(10) 200T(10) (T(1) 50.K,
T(10)'= 10”‘K- or T(10) = 50 K) and are listed in Table 5-3. r is

assumed to be equal to its unshielded ICM value for both temperatures

?;(rbl cf Appendix D, Table D-1).

Both Mg I and C1 I seem to fit a 95/5 curve of growth (Figure 4-14b),

hence




TABLE 5-3.

PHOTOTONIZATION RATIOS ANDVFRACTIONAL CURVES OF GROWTH

Elemgnt'uf(ZOO)n :~F0/a B ,:3; _(200)“?0/9 R Percent in 1 km/s comp.
Model: . . 2 3 2 3 2 3 2 3
T(1)=T(10) T(10)=200T (1)  T(1)=T(10) T(10)=200T(1)

C 27,3 4,39 1,86 119.8 39,3  97.6 .95.3 92,3 85.5
Na 53,2 ¢ 6.12 . 2,89  1325.6 153.7 98.3 97.6 97.3 95.8
Mg 92,8 .+ 2.03 . 1.35: ~188.4 '%25.3f~ 95.00 95.0  95.0 95.0
o 09® (0.78)%  (0.0053)*(0.0079)
st 26,2 2,44 1.25 59,0 30.3 95.8 94.6  85.6 82.0
s - 28.2 4.02 1.42 113.4  40.0  97.4 95.2 91,9 85.7
c1 40,8 7,41 - 1,68 3023 _68.5 _98.6 95.9 96.8 91.1
| o (0.13)® (0.59)% (L0033)% (.015)° ’
K 59,1 ..2.37 1,37 140.1  81.0 . 95.7 95.1  93.4 92.4
ca  117.7  2.61 1,93 307.2 227.2  96.0 96.4  96.9 97.1
ca’ . 69.3 - 5.25.  1.64  363.8 113.7 98.0 95.8  97.3 94.5

Fe = 112.3 2,11  1.18 237.0 - 132.5 95.2 94.3 96.0 95.2

"mean - 96.8..:95.5 94.3 91.4
s.d. 1.4 0.9 3.7 5.2




108

‘ne(l) a(Tl)/Ifl
Re (10 alTio)/Tg

|
—

(5-17)

Table 5-3 ‘also lists (in parenthesis, under ‘their respective values of
[a/T(1)1/[/T(10)1) the'valuesfbf‘né(1)/ne(10) for Mg I and C1 I. The
largest discrepency is for T(1) = T(TO)f(medel 2) where the derived
value of ne(1)/ne(10) for Mg I is four times the value derived for Cl I.
Chlorine may be a bad example, as its photoionization edge occurs at 950

2. The exact fraction 1in each stage of ionization thus depends on the
specific details of the grain properties and the IS radiation field in

the region where the least is known.

Using equation 5-15 and the'n_(1)/n (10) from the Mg I calculations

(Table 5-3), the percentagetin the 1 m/s cloud can be calculated by

I 100 o . I L o

P(L) T+n (10375 SO R , (5-18)
These values are listed in Table 5-3 for T(1) = T(10) and

T(10) = 200T(1) evaluated for models 2 and 3. The fractional abundance
in the 1 km/s component is independent of the exact Mg II curve of
growth, since the product 5
n2(10) ne(10) : n1(10):

/T (1) o 1
_(a/P(IO)) (5 )

is a constant for the particular model and temperatures ‘chosen, although

~

ne(1)/ne(10) increases by the ratio 19 n2(1)/n2(10);




The non-detection of the HOUY R doublet of X T and the 2800
8 doublet oé Na' T limit their‘reépective>curves of growth to less than
95/5 and 99/1. ' The Na Ivlimit 1s met by all combinations of models and
temperatures. The K I curve of growth for 'T(1) = T(10) is 95.6/4.3 or
95.1/4.9 for models 2 and 3, respectively but 1s less than 95/5 for both
models and T(10) =v2ddT(1). This suggests that the temperature of the
10 km/s component 1s closer to the temperature of the diffuse cloud than

ks

‘to the temperature’of the ICM.

Qualitatively, the‘peréentages in the 1 km/s component can be
'described‘as”follows; The decrease in the percentage going from model 2
té‘model»3 is ‘because of ‘the increase in-the forward scattering and
albedo of the grains,”and hence ﬁhe'center of the cloud is brighter for
model 3 than for model 2. As the temperature increases in the 10 km/s
.combonent, recdmbination'becoges more efficlent, 'increasing the neutral
- fraction in the 10 km/s component. This reduceskthe percentage of the
observéd neutral'speéies‘in the 1 km/s component .  The best model
,’appears,td be model 3 with T(10) = T(1), particularly in ﬁeeting the
requirements of the Na'i‘andVK I cufve of growth. Both models can be
made to fit the constraints exactly if the temperaturé of the 10 km/s
~qompdnent is ‘allowed to rise above the temperature of the 1 km/s

eomponent, ¢ Tl i

o The ‘"mean" curve of growth from all elements for each model and
ftemperatubeviéginciudedAin”Table 5-3. From these averagés, I have

concluded that the neutral curve of growth lies somewhere between a
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90/10 and a 95/5 curve of growth, There is:a factor of two difference

in the co;umn dénsities derived from these two curves of growth,
providing that the data for an individual cﬁrve of growth does not lie
on the linear:portion of the 1 km/s curve of growth. Figure 5-4 shows

both a 90/10 and a 95/5 curve of growth.

5.4.2 Neutral Column Densities

I have extracted the column densities of the neutrals using both a

. 95/5 and a 90/10 éufvéfof growth, These data are listed in Table 5-1.

- Equivalent entrieéliﬁdicate that the element has at least‘one line which
; lies on thg iinear pért{of;the 1. km/s cﬁrve,of growth.  The quoted
TIerrors are errors .in the fit to the particular curve df growth. Figure

. 5-7 shows the 95/5 curve of growth and the data fit to it.

The curve of growth used‘tolextract the column densitiy of the fine

~ structure levels of CI is'agaiﬂ;not well defined (cf 5.3), as the

- relative population in the twoAcoﬁponents is a function of the deﬁsity
i in the two components. Unlike C ii; the fine structure lévels of CI
- are not easily populated by collisions with electrons. Ir the 10 xm/s
}*component is almost fuily ionized, then the amount of C ;fin the J=1 and ;g»
: J=2 levels will be almost negligible unless the density is extremely “
large, which does not abpear to be the.Case.v An wper liﬁit on the

- ecurve of growth is set by the fact that the largest‘relative population &f

of the J=1 level to the J=0 level is set by statistical equilibrium, and
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Figure 5-1,

95/5 and 90/10 curves of growth,

Log T

The damping Is shown for C II and O I.
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is thé'ratié cf the degeneraciés (3) The minimum ratio of

n(J 1)/n(J 0) is. set ‘by the IS radiation field (de Boer-and Morton,
1974), . and is n(J=1)/n(J= 0) =-0. 02. ‘This lower 1imit'cannot~be reached
by even a: 0/100 curve of growth ‘while the upper limit corresponds to a

' maximum fractional curve of growth of~97/3.

The dagaifor.both‘c I and ¢ T™ appear to fit both the 90/10 and
95/5 Curve7of growth (Figure 5-7). Since collisions populate these
levels; this suggests that the material in the 10 km/s component has the
Same preséure‘as the‘J*km/s‘compbnent}"since to first order,'the‘ievel

populations are determined by-the pressure.

- Since there is no clear indication of ‘the proper curve of growth for
therfine'sﬁfucturellines,,I,haVé‘uSed the same curves of growth as for
the ground state neutrals (90/10 and 95/5) to extract the column

densities. These data are also presented in Table 5-1.
5.5.1 Radio CO
‘,The‘éxcitatioh temperatures for the optically thick J=z1-0.and- J=2-1

Iines areT, o(J=1- 0) = 6. T 0.2 K, To(J2 22-1) = 5.9 0.3 K, (equation

‘ A-18).




information on the-column density can be derlved from the radio 12¢0 : i

method{described in Appendix'h. From the datavin Table 3-1, equation

- A-21b gives 0. 11 as the 13CO optical depth From equation A 15¢ then,

,system of 12CO and eight vibrational bands of 13CO were observed in

' absorption towards X Per. The structure of the A-X CO band system is
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Figure A-1 shows that for T = 5 K, the optical depths in the J=2-1
and J=1-0 lines should be equal if the levels have the same excitation

temperature.‘ Figure 5-8 showsfthe relationship between T*1 and

™
2 for various values of Nco/v and Te (ef Appendix A and Figure

A-2) . The point for the observed J= 1 0 and J=2-1 1s also shown, Figure

'5-8‘shows that: the CO lines arelnot in thermal equilibrium, and hence no

emission lines.
If the excitation of the J=1-0 13€0 line is the same as the 12C0O
J=1-0 line, then the-column density of the 13co line~can beyfound’by the

N¢ 13co) = 3.1 % 101” (103 N( 13co) = 14.5%0.1)

5.5.2 UV CO Line Analysis =

Twelve vibrational bands‘((O 0)-(11 0)) of the A'm - Xx'5* electronic

very simple, consisting of one'Q P, and R»branch (Simmons, Bass, and
Tilford,‘1969) Since the wavelength separation between rotational
lines is less than the resolution of the spectrograph (cf 4 3), the
individual lines in the three branches are convolved into one band. Two

methods can be used to~determine\the*column~density: profile fitting (ef



. ‘ N A’L

Figure 5-8. Ty, versus Ty, for different values of T, (thick lines)
'11 The heaviest 'line on the righg corresponds to an

and N/ v (thin lines). _
coluzn density. The observed excitation temperatures are shown

infinite
- as the cross,  where the jlengths of the lines represent a 2-c¢

varlation in the measurement.
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4,3) and normal curveﬂbf.growthvteghniques (cf 4.1).  In.practice, I
have found that each 1s 1lnadequate in itself, mostly due to
observational errors. However, a unique solution can be found using

both- techniques.

Thé theoretical curve of(gréwth was calculaéedfby,aSSuming that one
‘exeitation iémﬁefaiure,describe3~therievél;populations,‘and fhen
',calculating;the,band prbfilé as-deseribed in 4.3. I only considered
lines arising from the first four'rétatiqnal;ievels (J=0-J=3) in
calcﬁlatinghthe ﬁrofiles;;as the»oBservedulinerprofiles dld: not 1indlcate i

a contribution,from,botational levels J>3. :The initial guess for the W@

ekcitatiqn‘température‘was that derived from the J=1-0 12¢0 radio

emission line (T_ = 6.7 K; of 5.5.1). -

'1The-cufvé of growth for CO is interesting in the sense that it never

completelyusaturates.,gFor‘any‘level with ‘a non-zero population, there

is'a minimum column;denSity after which absorption from that level will
~add to;theftqtal’equ;§aléﬁt;widthfof the band.. . For example, for Te'
; 4.5:thé-equivalent;widbh‘fop,low”column densities is determined by the
J=0 and J=1_1eveiseéxclusively,_ As the*goiuﬁn density increases, .the
absorption ffom theselleveis~saturate;and,add a,negligible amount .to the

equivalent width. However, absorption from J=2 becomes important, and

"the equivalent«width continues to increase. This becomes exbtremely

useful, as it makes the determination.of the column density much more
accurate. A problém~eiists‘in,that there is a range of,Te ,column

‘densities and've1ocity parameteré which yleld the same curve of growth.
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The line profiles resolve this problem, as they put stringent limits on
the possible values fOP b and T,y as well as suggesting the need for
other additional parameters (eg a component with a-larger b).  An
initial guess for the column density can be made by calculating the
‘column density assumingvthe,equivalent width,comes from optically,thin

| lines. These data are presented in Table 5-4 for both 12c0 and '3co.
The oscillator strengths are from Lassettre and Skerbele (1971). Only
the last three vibrational bands of 12co and 13CO appear to be optically
gthin, which is substantiated by the theoretical profiles.

Unfortunately, these lines have the largest errors), and only a very

k_ imprecise value for the column density can be obtained.

o The initial parameters suggested by the data are b = 1 km/s, log
N¢ 12c0) = 1546 = 15.8 en"2, T .. - u to 8 K, and log N( '3€0) = 14.5
cmfz.g These data were used in an iterative two-fold process to

,,determine‘the final.column;densities of 12C9'39d 13C0.. The first step
fl consists‘of calculating‘the line profile for!the first eleven

' vibrational bands and comparing them,with,the observed line profiles.
The line shape is a strong-function of the temperature and can be used
to find T ff for the higher rotational levels. The shape of the band
»profile is a function of both the temperature and the product of the
‘column density and the band oscillator strength (ef-4,3), For the first
'tfew vibrational bands -of 12CO the line profile is determined almost
"completely by the effectivegtemperature'of the higher rotational states
<for a constant veloclty parameter). ’This‘occurs because the lower

- rotational levels are-completely ’saturated and hence do not vary from
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g
one band”tO'another. -For 'higher vibratlonal bands, the optical depth in e §
the higher rotational states becomes: negligible, -and the shape. of the %
line profile is determined by absorption from the first two rotational lhd

Alevels.~ In principle, the rotational temperature of .each level can be
uniquely determined by - the analysis of the line profiles,  The analysis
fdoes yield: the rotational temperatures of the: higher rotational levels,
Tsince,the line~profiles~for the first few vibrational levels are

: dependent almost exclusively*on,the T £f forzlarge J. For. higher
vibrational levels, the lines are- significantly weaker, The line
profiles hence are less reliable -and, although limits on the rotational
temperatures can be found, the range is so large that the limits are
practically useless.‘ For the X Per -line profiles, the range for the
excitation temperature of the J=1-0 level is 2 K to 10 K. This range
~1ncludes the J 1 0 rotational temperature determined from the radio
,‘analysis (6.7 K, of 5.5.1). ThebUVrline-profilesfare~consistent with a
‘;single rotational:temperature,ofru.s;“O.S'K; The rotational: temperature

Jfor the lowest . three. rotational levels could be higher and still be

consistent with the- UV line profiles..f'

The major problem in using the line profile to determine the column
,density 1s that it is hard to. get a global idea of the goodness of fit

from visual comparison of the theory and data, The fit might be good

for a few vibrational bands, but it 1is much worse for others. To il
circumvent this problem,fI‘compare the theoretical and observed curves
of growth since, in this case, it is easy to visually determine the

global goodness of fit.



120

- The column density derived from the curve of growth analysis of

the 12co vibrational bands 1s 7.0 x 1015 =2 (log N = 15.85 £0.05
cm"a). Figure 5-9 shows the observed 12C0 line profiles (ef Figure
3-Ua) plotted over the theoretical line profiles. Thebfit is well
within the observational errors. Eigure 5-10 ‘shows the theoretical
curve of growth along with the observed 12C0 and’13C0 data. ' The 13CO
equivalent width derived from this curve of - growth 1s 1.0 x 1014

2 (log N = 14.00 +0 05 cm 2). The error 1n the velocity parameter is
- 0.1 km/s for 1ZCO and 0 3 km/s for 13co. The ‘conclusion is that if
the 13CO radio column density is correct, then $1/3 of the 13co 11es in

front of X Per.

'kf The 12c0/13co ratio 1s 70 +8 This ratio is 23 *10 with the

radio 13CO column den51ty. ‘The curve of growth ‘of diatomic hydrogen can
have higher b value than the neutral species (cf 5 5.2). This suggests
‘ that there is a higher fraction of HZ than neutrals in the higher
_velocity parameter component These co data suggest the opposite, that
lthe percentage of neutrals in the 10 km/s: component 1s much greater than
the percentage of CO in the 10 km/s component ' It appears then that
although CO 1s generally a good tracer of HZ' 1t may not be so in a

detailed sense.‘
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5.6 C

, There are two electronic systems of C2 in the uv. Thé
D1z+ x1z+ (Mulliken band- Huber and Herzberg, 1979)
and the F1 X1 + (Herzberg et al, 1969) The R(o) line of the D-X

system has been observed towards o Per by Snow (1976)

i’Cé is a homonuclearidiatomic molecule, hence there is an intensity
variation between absorption from symmetric and antisymmetric rotational
levels (Appendix C) ' I=0 for C,, hence the lowest rotational level of
the ground state is symmetric (+) Equation Af34a gives ¢ = 1 for
’symmetric levels and ¢ =:0 for antisymmetric levels. Thus only;
lrotational levels wilth even J exist Under most - diffuse cloud
conditions, the collisional rate is much . larger than the quadrupole

decay rate for- excited state c Hence one would predict that the

2°
: level populations would reflect the kinetic temperature of the gas.

. However the. level populations can be pumped through the

v»A1H x1z; Phillips system (Ballik and Ramsay, 1963;
van: Dishoeck and Black, 1982 hereafter vDB). Since this‘transition is
in the infrared the effect of pumping by the  diffuse IS radiation field

can be significant (vDB).. o . S E

Figure 3-lc shows part of the order which contains the 0-0 F-X
' system., The positions Of bOth the C2 and CO bands are indicated, and
the short vertical line indicates-a 2-0 variation in the signal. Figure it

5-11 shows the normalized line profile for the 0-0 and 1-0 vibrational
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bandstofbthe;F-X‘electronic system of C2~ The (0,0) band is clearly
‘seen, although-the (1,0) is probably not. This is consistent with the

"relative strengths of the vibrational bands as determi.ned by calculating

_the Franck—Condon factors using the empirical formula of Nicholls
t‘(1973) VDB find a much larger value for q;4 which is still. marglnally

. in accordance with the upper limit on the 1-0 band profile. 3&

. The region containing the D-X 0-0 v1brational band 1is shown in lﬁg |
Figure 5-12, along with the expected positions of the first four lines
in the P and R branches. There is no Q‘branch, as J#0 for aI-I 7 }Kh f
transition (ﬁ.z).‘allthough the data are suggestive, there is no clear

 evidence that the D-X system has been detected.

The column density of C, was determined by profile fitting. The b
hi_oscillator Strengths were;determind from the square of the sum ofgdipole

matrix elements, 1$Re1; anduthe,Franck-Condon factors calculated by vDB,

and yielded fo; = 0.104 and.f,, = 0.063 for the 0-0 and 1-0 bands of the

k,fF-X»system of CZ’

~nl I originally assumed a thermal model for the level populations, and

;found that the 0-0 band could be fit with an excitation temperature of

40 K and a column density of between 2. 0 x 1013 and 4.0 x 1013 2, ﬁ%
Figure 5-13 shows the theoretical line profile for N = 3 x 1013 cm'
AA-(T»: uO K5~superposed:on thefobserved“line profileJ(filledﬂcircles). ‘g
For the,Franck-Condon factors,of vDB, the 1-0 band should be seen; The g

observed upper limit for the 1-0 band 1s consistent with the




Figure 5-12. The spectrum of X Per in the reglon near the 0-0 band of the D-X electronic system
of C2~ The expected positions of the first seven rotational lines of this system are indicated.
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Frank-Condon factors‘of of Nicholls.(1973). Quantitative laboratory

work is needed for;this system.qu;'

A list of the expected}equivalent widths for the first four
rotational levels of . the 0-0 D-X system is presented in Table 5-5,
; assuming N(CZ) = 4 % 1013 om=2 and fOO a 0 045 for the D-X system (vDB).
Also listed are the equivalent widths of the features near the expected
positions of the rotationalflines (Figure 5-12) The measured and
predicted equivalent widths suggest that ‘the D~X system may have been

detected although all detections are at the 1-¢g level.-

5.7;¢N

I have detected ‘three lines of the 0-0 band of the B'y* - x'g*
: electronic system of CN. Eigure 5-14 shows the energy level diagram of
Vv,the B1 + "X1z+‘System of CN. All’permitted transitions observable from
the first-threeqrotational levels are shown, - Note that it is spin
splitting which separates each N (for N40) into two components: J=N+S
and J= =N-S, where S =1/2. It is clear from Figure 5-14 that all of the
'observed absorption lines are really blends of two or three rotational
’lines. The oscillator strengths for each observed line are given in
iTable 3-3. The equivalent widths are such that the lines are all either
thin or on the 1 km/s part . of the 90/10 curve of growth (Figure 5-4),
The derived column densities are log N(N=0) = 13.1 i0.1, cm‘a, log

© N(N= =1) = 12 67 to 13. 13, cm cm2, and log N(N=2) < 12.1 em™2, The ratio of




TABLE 5-5-
C2 D-X COLI.TI‘ﬂ\I’,D‘r':‘.NS]'.T]'.‘r':'.S1

 Transition = Lambda - f-value - - Eq Width = - Eq. Width
| ' ‘ (X)' Coenee e oe - Theory v - Observation
’ @y (mR)

R(O) 2312.45  0.045. 11 | 12

R(4)  2311.66 . 0.025 = 15 14

- R(6) ','23;1‘1.28”“4.5,0.024,;.,.ﬂ S5 -
P(2) 2313.04  0.018 | - 15 10

P(4) . 2313.42  0.020 - 12 16

R6) . 2313.82 0,021 . 4 : 4
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: the-equivalent widths of the two lines-arising from the N=1 level are
opposite to the ratio of the oseillator strengths.~ This is most ifﬂ
certainly an observational error. and is not due to an anomalous
population of the J=1/2 and J= 3/2 rotational levels, since both of the

' observed lines arise from a blend of lines from both rotational levels

(Figure 5_14) o : . ) ;vyt - | A

Using equation c-16, [N(N-1)]/[N(N 0)1 = 3e75-%T _ 4 15 to 0.10.

whieh glves T)o 5.6 to 2.7 K and [N (N=2)1/ [N (N= o)] = 5e'%3T < 0.1 (s

or < 4 2 K. This is consistent with excitation by the 2. 8 k ﬂf

2
background radiation field although the upper limit on the level

population in the N 1 level suggests that collisions may be important

I have detected the R<1)1e2 + R(1)1f2f line of the 0-0 band of the

B AZA - X2H1/2 system and the Q (1) + R12(1) line of : the 0-0 band of the

2 X2H1/2 system of CH. Figure 5-15 shows the energy level diagram

of the A-X B—X and C-X electronic transitions of CH, it also shows a
jfew of the possible electronic transitions. CH is- intermediate between
Hund s case a and b. (cf Appendix C), with the added complication of a

~ switeh in polarity of the lowest rotational level in the2H ladder.

1/2

This. makes it a member of the F2 ladder (2 ). The state is split

3/2
‘due to A-type doubling, and the three  permitted radiofrequency

\‘transitions between the hyperfine split A doublet are shown. Since the
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N=1 level:of- *ché‘iF‘1 (2H3"/2)ladder-is 26-K -above the ground state, it is

'normally not populated under diffuse cloud conditions, and, indeed,

‘absorption from this levelfis!not'seen.' CH has been:detected in the

iradiottowards stars:with.optical“absorption lines (Rydbeck et al. 1976;

Hjalmarson_et‘al 1977), and the column densities generally agree with

the optical column densities. The radial velocity of the optical and
radio lines also agree. - CH is often observed as'a weak:maser (Rydbeck

et:al; 1976 Hjalmarson et al, . 1977);

I wish to digress for a moment on this last point concerning. the

- maser.: characteristics of CH Four different lines arise from the ground

state.of ‘the ;A doublet in' the B-X and C-X electronic transitions (Figure

5-15),Jandrtwo lines;arise~from%the ground rotational level in the A=X

’tranSition. The two lines from the- A—X transition are:not resolved.

However two of the four lines from the ground- rotational level in the
B-X and -C-X transitions are resolved, with ‘the: other two. lines being

| observed as-a blend The important point to note is that the two.

blended lines“arise'from the same level, and the two unblended lines

arise from the other half of the A doublet. - Hence between the two 0-0

bands -of "the B-X and C- X systems, there are a. total of six absorption

o .lines, three from each parity level.of the' A doublet. The oseillator

strengths are different*enough to be'able to‘construct a relatively
' accurate curve of growth especially if it 1is only the relative level

' population which is of interest : Thus we have in CH a way of

o unambiguously measuring the relative level populations of -a system which

is- observed as a maser at radio frequencies.
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‘ This discussion rai;es*tﬁq points about the CH column densities in
the'literéture.»lTheqcolumnfdensitieS derived from the 4300 £ line f$ 
measures ihe totai column.density; whereas~the,column.density derived i

” fhom the33886’8‘1ihe is oniy'abOut half the total:co1umn density, as fis

'-:the'3886‘9 line only samples the lower half of the A doublet.

Anstherlproblem‘existS'in the‘pfoper oscillaton,strenéths to usé for
the Various iines; ~For the J=1/2 (N=1) level of CH, J <A+ S
yf(=1‘+\1/2);ihenée thefdegeneracy'df'thefgrouhd rotational state is less
than 25+1 (Schadee, 1975; cf AppendixfC‘for a discussion of first
”rotétional iines);‘ The sum of~the.ind;vidual Honl-London factors is U4
(équétion’CQB).forxthe"J:lewlévéi/of CH. 'The sum rule includes a

.Summation‘over:parity;,as eachftransition'fromieach parity (A doublet) ‘Qﬁ‘

level is definediaS{a‘rotationalﬂline;VAThe-4300 £ line then actually

~consists of two}separate‘botational»lineé; each with an oscillator

- strength of £ 5y = fyogn = B/2/2 = £ . 4 (Schadee, 1975). At the
expense'of’being-redundant,’each line of the 4300'R transition has f =
f,-gn The total oscillator sthength for the 4300 £ transition is

'thus twice: the band oscillator strength The‘valﬁefof~the;6scillator
‘strength‘used“in the literature is‘just one times the band oscillator
strength.j Hénee,tﬁe Eotal column densityvhas‘been\overestimaﬁed by a
factbr-df,two;' Similarly, the 3886 R transition:1s composed:of two

rotational lines with individual oscillator ‘strengths of: f(Q )

vZJp

' : Q - ‘ . b
2/3fv’V“ and f( 12)nszp 1/3f L ". ~The total,oscillator strength of b

the 3886 f transition is the sum ‘of the individual osecillator

- strengths, or\fv,v“; again, this is twice the value quoted in the




1itera£ure.;.Since“the,388613;transition results in only half the
tqﬁal colﬁmn.density,;the'litergtﬁrefvalues,are reaSonably~accurate.
Théy are ﬁwice,aswiargeldué'td the_o;cillapoy_strength error but are
half.asﬂlafge‘sinég thgy,failjto,consider;the:upper,halfiof~the

A doublet.

For X{Per,zﬁhe;RBOOvR transition ylelds log Ny300 = 13.57 en™2 and
"log N3886‘= 13.52;cm'2._fA high dispersion spectrum of X Per was

. 6b£ained with the coude spectrograph (Crutcher, 1982).  The equivalent

' widthsiéf tﬁe5389O R and 3876 R lines of CH from this spectrum are
'774,m3'ahd.3.0 mR,,reSpéctively. 5These equivalent widths correspond
ﬁoilpg cplumn;denSitiés,of 13.46 cm‘z and 13.37 cm'z,‘respect;vely.
;‘Wiﬁhin the_érfors,éf phe measurement;,.bhesefcd;umﬁ densities are the
'fséﬁe;:although Ehe,diffefence:betweeﬁ the ¢Qlumn densities of -the upper
;and”lgﬁeh hal#eé-éf the A~ddublet may be real. The total column density
isfthé.sum gflthe pwo indi?1dua1 column.densities, on‘log(NB_x)w= 13.79
' cmf2-  Clearly, th§ total‘colﬁmn dehsities.frqm‘the‘4300VR and 3886
’X,transitions diségreé."For,the’column,densities to agree, I find

‘that eithep‘thevband‘oécixlatQPQStbépgths,fopjthe;two,transitions musf
be equal or‘that;ﬁhefvelocity,paraméteb»ofnthe CH curve of growth is
less than 1 km/éQ, Hinze:et;al.,5(1973)mca1éulated theorétical’
osciilatdr Strengthslforithe knowsoptical~systems}f‘From their
discussion,‘the oscillatéﬁ,stréhgths, boﬁh;théqretical;and éxperimental,
are,not‘eéual._,ThiSVSuggQSts;then that the. velocity paramgtef of the CH

-eurve of growth is less than 1 km/s. I find that for b = 0.75 km/s, log
2 2

Ny30g = 14.0 om™* ‘and log N g = 13.62

and log N3886’F 13'69 cm” 3890+387
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cm‘?.’ The sum of" the column densities is =14.0 cm 2. The line width of

13CO J=1-0 line is between 0. 9 and 0.8 km/s (Figure 3.1), hence it
- is possible for bCH 0. 75 km/s. This is further Support for the
existence of a velocity parameter gradient and is also consistent with

’mostuof>the‘CH‘being in the centralzpart of the cloud.

‘Although»the line Strength analysis for CH presented in this section

’is correct, more work needs to be done to interpret the implications of
both the difference in oscillator strengths and the difference in level
-;ipopulations. Lines arising from the both halves of the p doublet have
.been observed towards ; Oph(Herbig, 1968) and ¢ Per (Chaffee and White,
1974) . The historical error in determining the CH column density is
‘typified by Chaffee and White (1974), who averaged the column densities

derived from the‘two:halves of;the1A doublet instead of adding them,

Herzbergkand“JohnS»(1969);have‘found a number of new electronic
.-transitions of CHrin the~vacnum'UW;f‘They suggeSt that the G-X (3d -
complex with an unknown electronic structure) near 1370 2 would be the
strongest system in the UW _ However, they were'not able to make
‘rotational 1line assignments, hence the lines arising from the ground

‘ rotational level are not known. Table 5 6 lists the expected positions
of the Is lines arising from the J=1/2 level of the2H1/2 ladder. These
lines were searched.for ‘but'were not seen. There appears to be a weak
‘.(2-0) line at 1369.4 &, which corresponds to one of the rotational

lines‘listed by Herzberg and Johns (1969). However, since the

:rotational;aSSignments of this system are unknown, no .conclusions can be




TABLE 5-6

- CH ULTRAVIOLET ABSORPTTON LINES
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Systém

| Line - - 'Wavelength ()

2

2 - ‘
D°m - X7,
o Ty Ty

S

SR G 1695.34

I ¢ P R S B
R21(1) 1693.24

Q, () 7 1557.58

SR G 1557.13

CSoiay |
o Ry1Cs) . 1558.88

CoQ ) 1549.62

'R, G) 1549.05
. S ' o .
Ry, Cs) 1547.87
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drawn.

5.9 CH*

The CH* line at 4232 R (R(0) line of the 0-0 band of the Alm .

'X1£+ electronic system is normally much stronger than the: 4300 R 1line

of -CH, mostly because of “the oscillator :strength, - The column density of
cy* is normally 1essithsn haif the-column density of CH (Dickman et al.
.1981). ; Coheni(1973) observed'only a trace, and my maximum equivalent

' width is:10 m® (Table 3-3, Figure 3-2). The maximum column density is
NbH+ < 5 X 1012 (log Neg+ < 12. 7), assuming that the line 1s optically
thin.‘ The CH+/CH ratio- is consistent with that found toward other stars

- d(Dickman et al. 1981)

fi.The'badio”observations‘of OH (Table'341) and-the relationship -

14.

NOH “2¢3'x°10 aAv T (Sancisi et al. 1974) gives N

oH =
2.5 x 1013 op=2 (log Nyy = 13.4 %0.1). Assuning that all the OH is in
the“gronndfrotational'state‘(J=3/2 X n3)2)' the equivalent widths for
the UV absorption lines arising from this level ‘are 0.56 mR (Q2(3/2)
0-0 025 *x2n3,2,ix 1222.07 £) and 0.92 nR (q 2(3/2) 0-0 A%t

G H3/2, A= 3079 ,33 R), both of which are below the detection limits

of the IUE. - Indeed, a search for the 1222.07 % and the 3079.33
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R lines yleld onlytupperolimitssfor,the“eQuivalent~widths‘(5 nf and

10 m®, respectively).: e A A - ﬁﬁ

PV L e R o ;

UV absorption from the C(O 0,0)-%X(0, 0,0) and the ¥(0,0,0)- X(0,0,0)
electronic transitions :of H50 have been: searched for towards z Oph
(Smith and Snow, 1978; Snow and Smith, 1982) and 6 Seo (Smith and Snow,
1978).. . The onlyhUV system: of H,0 ‘accessible to the TUE is- the C1B1 -

x1A1 system at 12uo ? (Johns, 1963).

20 is= split into an ortho-H20 and a para-H20 by symmetry, with *f”
transitions between ortho and. para:levels: forbidden by symmetry (Green,
';1980) The paPa—H20 contains the ground rotational state, Ogp+ The
next rotational level, 110,.is of ortho symmetry and is 34.2 K above the

‘ ground state. The population of the two levels should be thermal, as

radiative transitions between the two levels are forbidden. The

expected relative population is N /Np Qe 34/T_ 3.8 for T =40 K. The a

two_lines arising from theseotwo rotational levels are the .1 -0

11~ %o 5
(1239.728 R) and 0, -,110 (1240.949 R).. -Smith et al. (1981) ;ﬂl
‘estimate: the oscillator strength for: the 1239 8 11ine ‘as:f. 0 =70.018,
and measure the osclllator strength of :the 1240 '8 line as f1 = 0.0082,
Assuming the lines are- -optically thin, then the ratio of the equivalent gy}

widths for T = 40 K is W,/ 1.4,

0°
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Figure’3-4d shows the expected positions of the 1239 and 1240 lines
of Hy0 .i The equivalent widths of the two lines are 5 +4 mﬁ and 7 U
nf, respectively (2-0 error) ‘ The ratio of the 1240 R equivalent
 width to ‘the 1239 R equivalent width is 1. 4 +0 7. Figure 5-16 shows
the 1240 R region for the individual spectra._ Vertical lines are
‘drawn at the expected positions of the two rotational lines as well as
‘for the positions of the two lines of the Mg IT 1240 3 doublet ‘The
S/N for each spectrum can be estimated by the strength of the Mg 1T
lines. A feature clearly exists at 1239, 73 R for all well exposed
spectra. The 1240 949 '8 line also appears in most of the spectra.q
These data strongly suggest that the identification is real The total
column density of ortho-Hzo 15 105 N(optho) 13 8 +0 1 om -2, and the
column density of para-H20 is log N(para) 13 3 0.1 cm 2, which is

approximately three times the column density of OH (5 10)

5.12 Unidentified Lines

An order by order search of the stacked spectra yielded a number.of
» possible unidentified (ui) lines‘which were'more-than‘3-0 above the
noise, A more detailed analysis ‘has shown that most “of these features
: lare due ‘to a reseaux or the superposition of many strong systematic
noise features. Four lines were observed which cannot be attributed to
any form of noise and are thus considered real, Table 3-7 lists the
central wavelengths of the feature, the equivalent width of the line,

and the log of the product of the column density times the oscillator
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strength--log Nf.. Figgré-3-4(e-h) displays plots ofthese.features.

: The éxistehce:of.a fifth Uifcap»be inferred the following way. The

k oScillat§b“Strengths §f-lihés;of the isotoplc species 13co0 are the same
:as'forithe‘species 260, The rélativevstréngth of each band is then j}
determined‘sblely;by,the~optical‘depth,‘eg‘the'column*density. Figure  ?
’5-10 Shows thé obser#edkénd prédicted,curves of growth’for both 12¢0
and 13C0.f Note that Ehere is one,aberrént'point 1n the 13C0 curve of
gﬁowth:,the’140 band at 1510.45 8. The equivalent width of this line
isialmost the same asithe 1—6 band of '2CO (Figure 3-4g). The 13¢0 2-0
and 3-0 bands have 1/4 the strength of the:corresponding 1?Cofline.
This phenomené‘is,seen in two ordefs and does not appear to~éhift when jg
the spectrum iS'Shifted?ih wavelength space (eg, focused‘oh a: different

o péft‘of}the KC1 target, cof Appendix B). ‘'Additionally, the-centroid of
ﬂthé~bahd‘is'shiftediby about 0.1 R from the 13c0° band’head.” Since the
band'heédﬂis‘itsélf;O.1vE £bithe blue of the R(0) 1300 1line, the

wavelenéth sépahatidn’ﬁetweén fhe‘éxpected and observed centro%ds is

tk largerithan,the resoiutioh“of,the Spectrogréph.- I conclude that there Fx

is another stfong line Superposed on the 130 1-0 band at 1510.45

R A iower bound on the equivalent width can be determined by using

the theoretical curve ofigrowth‘in'Figure 5-10 to determine the true 1-0

equivaienﬁ widthlandisubtracting it:from the observed equivalent width.

ThiS'givés;IOB'mR -.38.m8f= 70 nf for the minimum equivalent width

ofbth15~line;i'In prineiple, the equiialent width could be a§ large as _ fg %

108 mf if the optical depth were large enough.
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I,have'done an exhsustivefliterature searchvfor molecular UV
abSorption features.~ It'is'surprisiné how‘little»information exists
,aboutlthe‘Uv Spectra;of”mostjmciecnles.*‘Evenvmolecules with well
' ’studied'opticsl~spectra“often?havevlittle:orfno UL data. Even if the UV

spectrum is known, quantitative work has.seldom been done.

'The results ‘of the search were negative for the 1419 R, 2512

f, and 2511 R lines, .

The photoelectrcn spectrum of CO (Asbrink et al. 1974) shows the
existence of - an exclted state of 'CO* near 1543 ®. It is probably a &
. state, . The wavenumber of the band: 1s 64800 cm‘1 (Huber 'and Herzberg,
k1979), which corresponds almcst €xactly with the observed wavenumber,
,6M803 6 em” However, no UV absorption: spectrum of .this system has
’been o»btained. If.‘v:’the cscil_lator strength Jof ‘this band 'ls 0.1, then the
column’density is log N = 13 é em™2 and N(COT)/N(CO) < 2.5 x 10f3-

Neither the A°T - X2yt (4325.18 B) or the B2 *

- X%z (2190.52 B
‘(2190 52 £) 1ines of CO ‘were detected. However, with oscillator
strengths of -0, 00035 and 0. 005, respectively, the implied equivalent
‘widths are 1.1 mf (4325 £) ‘and 4-mf (2190 R). Both lines are -

belcw the detection‘limits~of:thevinstrument : These'equivalent widths
would ‘be even-.smaller if the oscillator strength of ‘thé 1543 & 1ine

were greater than 0.1. .




144

The other posSibility‘is that the 1543 R ane 1510 R lines are
the 0-0 and 140 bands of‘the é’z* - xlyt system of CS (Donovan, Husain,
‘andﬂsteuenson, 1970).. The laboratory analysis shews two strong bands
near'the ebserved‘Ui lines. ~-The resolution: of the laboratory data is
not,wery«high 'and it is not clear whether the reported wavelengths are
the origins, bandheads “or simply the center of the absorption feature.
If the published wavelength (15u1 +1, 5 £) is the bandhead, “then the
- low J levels could oceur around 15u3;2; A high resolution.spectra of

this system would determine if indeed my Ui line is CS,

The 1-0 band of the B-X system has a published wavelength of 1510.0

g, well within the measuremental errors of my Ui line at 1510.45

. Q waever, Donovan- et al (1970) state that the 1-0 band is weaker

than the 0-0 ‘band. With a minimum equivalent width of 70 mR the 1510
ﬁ, Ui line is twice the strength of the 15”3 Ui line. If_ the 1543 8 and

. 1510 Rui line are due to CS then the column density 1is log N
1

cs ~©
13 3 for fCS .1.' The R(0) line of the Alm - ¥zt system of CS lies
at'2576.63 X,’very»near the 2576.1 & line of Mn II. Figure 5-17

shows the wavelength region'near 2576 2. The Mn II line is clearly

‘ Aseen, and there is a weak line at the expected position of the R(0) CS

. line, The equivalent width of this weak feature is 8 mR, which is

near the 2- deteetion limit of the LWR camera. The strength of the
2576;Qi11neffor log N = 13.3 is. 20 nf for £, y = 0.0036. The
prehlem is that a singleurotational line 1is not,expected for the A-X
.systemvof CS. The J-l‘level 1s 1.2 K above the J=0 level. From

-1.2/2.8

equation C- 16 N(J= 1)/N(J 0) = 3e = 1.97: the J=1 level will
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have a larger equivalent width than the J= 0 level. Additionally,

IB°~B"|- = 0.04 cm™1, which is less than the effective wavenumber

}esoiution of the IUE (=1.4 cm™1, equation 4-28), and hence the band f*ﬁ
willibe*uhhesolved;"“A'banu*s&stemzis‘cleariy‘not seen at 2576 R,

although the 1543 £ line is degraded to the red (Figure 3-Uf). The

:2576 ® line of CS is not seen towards X Per; and the identification of

the 1543 % and 1510 R UL lines as CS cannot be verified.

With ‘the discovery of IS C towards X Per (cf 5.6), two other
molecules with carbon bonds could be visible: 2H and C3. Ab initio
calculations of C,H (Hillier et al. 1975; Shih et al. 1979) show ﬁhe
~ existence df:a2i+:sta£e at =7.3 eV’( 1700 R; Shih'et al. 1979) or
71900 em”! ( 1390 Q Hillier et al, 1975) ‘above the" ‘ground state,
Absorption from the : ground state to this state is expected to be strong bﬁ;
(f = 0 9, Shih et al, 1979). " The range "in-energies for 'this state
eneompasses all»three of"the SWP'Ui lines.' Theoretical calculations of
~ the abundances in diffuse IS clouds suggest that C. H is more’abundant
‘than CH (ef 6.5). CZH has been detected at ‘millimeter wavelengths in
dark clouds (Wooten et al. 1980) Clearly, ‘laboratory spectra of

CZH in the- 1500 £ region are needed.

- Romelt et al. -(1978) predict a~1z; state between 8 and 8.14 eV

(1550 & = 1523 £) above the ground state for 'C3. Although the

expected>OScillatof‘strength is near 0.9, it may be distributed over a

number of vibrational bands. I have looked for the 4050 ® band of

C3 on my KPNO plates of X Per, but was unable to deteet it. I would
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_strongly‘suggest that a much higher 'S/N spectra be obtained of X Per in
the visible to search for C3,

‘ Clearly, ‘high resolution laboratory spectra of these and other
’molecules must be obtained if ‘the composition of ‘the diffuse ISM 1s to
be‘understood;' The ‘need for such 'spectra willﬁgreatly increase when the

Space Telescope is launched in 1985. . . .

 5.13 Molecular Line Search . .. - .

4 ’Tahle 5-7ulistsfthe molecule, electronic 8ystem, wavelength,
’oscillator strength (if . known), and .upper 1limit on.the column density
for molecules with transitions in: the uv. The upper limits on the

‘_,column density were derived by assuming a maximum equivalent width of 5
mk for the SWP camera and 10 mﬂ for the LWR: camera, and solving
'equation 4-16b for the column density. If the. oscillator strength is l;
not known, then the last column . in :Table 5- 7 contains  the product Nf.

~ For electronic transitions, the oscillator strength for permitted

l transitions typically ranges,between-0;1’and 0.001. It is-clear that a

number7of.very importantkmoleculeSzhave transitions in the‘UV, and that
they are not observed because (1) :the oscillator strength of. the
transition is too low; .or: (2) the column density of the molecule is not

.high enough to be detected
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6. DISCUSSION

'Stl‘Depletions~,f:

‘lhe‘lineyof sight'towardqu‘Per appearsvtovcontain' =5% ofwthe
material in the»form~of ionized or partially ionized hydrogen with a
velocity parameter of ‘10 km/s. For silicon and sulfur, less than 10% of
the material is'in the higher stages of .ionization (more than two
electrons ejected) As discussed in 5.3,’I concluded that the mass
distribution.follows that of the hydrogene 95% of the material has b = 1
/s, the other-S% has’b-— 10 km/s. One of the assumptions of the
choice of the curve of growth was that the depletions in the two
‘ components are equal For the most part I will ignore the details of
- the structure of the 10 km/s component, as the conditions which favor
the existence of hlgher stages of ionization are not well understood and ;M
are better handled by detailed modeling.' Table 6-1 1ists the
,recommended cosmic abundances of the elements (Engvold, 1977) in the
form Ai = log(Ni/NH)o.f Except for Cl I (Table 5-1), the column density
of - the dominant stage ion has more than a factor of 100 times the column
density of the lower stage ofvionization. Depletions can thus be
measured by comparing the- column density of the dominant stage lons with
the expected column density of the element, assuming a total hydrogen
‘:Z“column density of 2.5 x 1021 cm‘a. Table 6-2 1lists the depletions of ﬁf
the elements, 61 , where 8y = log(Ni/NH) 'Ai' and loghy = 21.4, The |

discussion in 5 1 suggests that the error in the total hydrogen column
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. SOLAR ABUNDANCESZ -
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Element

Element

He
Li

Be

F1
Ne =
Na

Mg

st

'Ci o

Ca
Sc

Ti

lCr

Fe’k‘
Co
Ni
Cu

Zn

Cca

Ge

®Engvold (1977)

i
i
{
j
i
i
H
i
i
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. TABLE 6-2

DEPLETIONS FROM DOMINANT STAGE IONS

~Element

kg

Logé . Element ‘Logs

TR <z.é‘"'i;'  ““ ““‘  ‘-5;  : <009
=y 1‘  0.1 ‘;‘ ‘  - v 0.27 s
f§  L 0.7 ;k% ';.n‘ R ~2.43 |
- V ?, ﬁ ﬂMn;: L os3

I -0.90 (-0.20) |
o o0 030 ke Lz
B X

 §1, ::HH :;°'58" o wm aas

P o313 za 017
| k‘s ‘,; ,  “ ;’i0.65>“” ,h u Lol B *G;c;;“ e _6.23“2
Ca ot e oo 0us

o Ca E —2:28 ) :

,,;De:iveQZfrqm,a 100[0icu:vg of growth

2Derived from C1I
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density‘could be large ‘mostly due to the fact that the majority of
hydrogen is in molecular form, and the H2 column density was measured
with rather poor S/N (Mason et al. 1976) ’ However, a check can be made
in that the depletions of both sulfur and zinc appear to be negligible
‘(York and Jura, 1982' Snow,‘1977) From Table 6-2, ss = 0. 05, and

GZn =_0,17, The error in’ the hydrogen abundance is probably no more

: than‘Q.Zhdex,‘assuming that_these elements,are undepleted. I will
assume, then, that the~ernorrin thevdepletions is 0.15 dex, unless the
efror‘in the‘column‘density is‘lafger;"Figure’641 displays the data in
Table 6-2. Figure 6-2 displays the difference betneen"myvdepletions and
'those towards ; Oph (Morton, 1975) T use the ; Oph data instead of the
0 Per or C Per data (Snow, 1976 Snow, 1977) because both sets of data
suggest a multiple velocity component curve of growth, and it»is not

e clear how this affects the published depletions. l will point'out,
however, that the large depletions found towards o..Per by Snow(1976) are
probably due to- the fact that a: composite curve of growth was not used,
whichddrastically reduced the column. densities of -the dominant‘stage
-vions.l:My depletions'(Figune>6-2)lappear to be‘closer to solarnvalues
than those towards C Oph.k This may be due’ to an improper choice for the
i curve’ of growth, either on my part or on the part of Morton (1975).
Velocity component,structnre (Qrutcher, ]975) suggests that Morton

ovefestimatedlmanyndepletions;“

As discussed in 5.3, the nitrogen and oxygen column densities may be
1arger if the contribution from the 10 km/s cloud isfsmaller for these

‘elements, Indeed,’if a 100/0 curve of growth is used, both N I and 0 I
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e,come to within a factor of 2 (0.3 dex) of being solar. The equivalent

.'width of the O I line may be larger if the broad damping wings were not
effectively included in the line profile. However “1f ‘the oxygen were
undepleted then the equivalent width of the 1355 R inter-system line
would be 16 mR, and it is not seen to a. limit of 5 mf. This upper

1imit is consistent*with;bhe observed -column density.

The aluminum abundance deserves special attention. From Figure 6-2,
it appears as though my aluminum abundance is 300 times the abundance
in.C~Oph..'As,part?of my ‘program to correct the background problem with
the TUE (ef Appendix é),‘I'measured~the:equivalent width of ‘the Al II
line at 1670 8. I found that the ‘equivalent width for- ¢ Oph, after

vmodifying the background, was approximately three times the equivalent
width quoted:by Morton’(1975).“ This translates to an ‘increase in the

‘Al.II column density by a factor of 50, which reduces the

GX Per (A1) ~ GC Oph (A1) in Figure 6-2 to 0.8 dexi

Anvalternate:methodﬂfon finding the depletions 1s to compare the

ratio of the column densities of dominant stage’ ions as predicted by

their neutral species. Since.

=]
I
nl =1
[

II IL_", L S L S A PR O (6-1)
. o . ‘

s o

then the ratio nIIA/nIIBViS
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npp(A) ~ ) ra) , (6-2)
nII(B) nI(B) G/F(B);wj o ,

Since sulfur is generally considered to be undepleted in the diffuse ISM
:i(Snow, 1977), I have used it as the standard. Table(6-3~lists the

observed values ‘of : the neutral ratio, ni/ns I and the calculated
kdepletion, 6, derived from equation 6-2 and the ratio of the solar

'abundance of sulfur to hydrogen (- 4 8 dex)

‘Table:6-3 also lists the ohserred‘neutral ratio, n, /ng i, and the
- calculated depletion of the element. for. the diffuse IS radiation field
,‘Fd) and for the radiation fields of modelkZ and model-3 (RDF, cf
V’Appendix‘D) The depletions all have been calculated using theé column
densities from the 95/5 curve . of growth. The value in parentheses are
" the depletions derived from the column densities‘obtained‘with a 90/10

curve ofigfowth. - R oo - ; s

e The dominant stage and neutral depletions of C Si and S are within
the estimated error (0. 15 dex) of the column densities for the 95/5
: curve of growth and model 3. .The,Ca dominant stage depletion was

calculated by assuming that all of the Ca is visible as Ca II.

The Mg IT and Fe II dominant stage depletions are less than the g
‘depletions estimated from the neutrals. The curve of growth for these .

. ions, however,'may be different from a 95/5 curve of growth (of 4.2).

The depletions derived from the two methods will match for magnesium 1if

the Mg II column density is derived from a 90/10 curve of growth for “f




'TABLE 6-3

- - DEPLETIONS FROM NEUTRALS

95/5
-90/10

No1

‘Model: D

Element Log Ni ‘ , Log F/ai
A : 2 I‘/aS‘I,

9.

“Log

depletion (§)

2

3

o
Na

Mg

s1

Cl.

Fe’

1,55

1.25
~0.64
-0.95

."0.18

- ~0.97
. 0.66

=111

- =0.98 .

-0.24

=0.40

© -1.38

o =0.67

=0.67

- 0.88

-0.74

-3.19

=0.44

-1.25

-0.05

F=0.39:

~0.40
e
'50;95
0,72
-1.47

-0.95
313

-0.58 -

- ~0.35

-0065
-1.13‘
-1.43

-1.19

. 0.89.

0.79 -

=0.06. .
~0.36

-2.62

~2.67
-2.37

- =2.67"

-0.39
-0.69

-1.00
-1.30

~0.89

-0.70"

0.33 -
0.23
.0,18
-0.12

~2.43

~2.77
—2.47

-2.39

-0.35
-0.65

-1.13
-1.43

-1.17

©=0.86

0.53

0.43

-0.03

~0.33

- -2.75

-2,71

=2.41

- =2.38
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model 2 or an -80/20 curve of growth for model -3.  Similarly, a 70/30

curve of growth for Fe~II will mateh the two depletions for model 2, or

a 60/40 curve of. growth for model 3. The observed curves of growth for

Mg II and Fe: II are consistent with either curve ‘of growth, Indeed, the

60/40 Fe II‘curve of growth is theronly;one which agrees with the .

non-detection,ofqthe12366 - line‘of'Fe II.

From the discussion of multiple component curves of growth in
»section 4.2, the fraction of the material in-each veloeity: component is
a function of the ionizatidn‘and abundance of -the element. For dominant
stageiions,iprointed‘out that the-fractional'curve of: growth reflects

: the mass distribution of. the element and that, if the depletion in each
velocity parameter component is the same for each element the
fractional ‘eurves of growth will be : the same for all dominant stage
ions. . The smaller curves of growth implied for: Mg IT ‘and Fe II suggest
then, that these elements are preferentially depleted within the 1 km/s
component, ' If this is: actually the case, then it appears that only.
magnesium and iron are actnally'depleted;onto grains in situ in diffuse
clouds, - The fractional curve of growth for oxygen and carbon cannot  be
determined with the present data, 30.no conclusion can be made about the
differential depletion of these elements. Silicon does not_appear to
have this Same differential depletion.; This suggests that perhaps the
core of the grain is, primarily made “of Ssilicates, perhaps in the
'atmospheres of red giants, and then coated with a layer of molecules
which consist of Mg, Fe, and others (Ti, Ca, Cr, ete). - 4gain, 1t is not

clear as to how' the oxygen and carbon depletion (if they are even




depleted,fCrutcher, 1975; .Liszt, 1981) fit into this scenario.

Chlorine appéars to be overabundant, although the solar abundance of
chlorine‘is not well known (Engvold, 1979).: With a 95/5 curve of
growth, potassium appears to be undepleted. -Chaffee and-White (1982)

find that &, = -0.5.over a wide range of extinctions and lines of sight

.although the écatter 1s large.

'With‘the reasonable égreement between the neutral depletions and the
dominant stage~dépletions,“it'is-hard to:understand the. discrepency for
calcium.» A~maJor‘pboblem might be that the ionlzation balance between
.the‘two veloelty parameter;éqmponents_changes;suchyas to. greatly modify
the‘percentage of rthe ion 1n: each component. . Although part of the
disérepahcy‘might;be dué“to impfeciselphotoionization cross sections,

_ ﬁhe,moré’probable reésoﬁvIS'that-the distribubioh of the three stages of
vionization'betweentthe,tWO,b—éomponents 1s very different from the
distribution of - ions with only two possible ionization: stages in. the
ISM. . This might also be a problem for'titanium,‘since the: lonization
potential‘bf‘Ti IT ié less: than’13.6 ev.  Qualitatively, I would expect
that  the curvevof growth for Ca I~would‘bé larger than 95/5 (eg 99/1),
“and the-curve of groﬁth for.Ca II be much:smaller then 95/5 (eg 40/60).
Thisvwould increase the dominant~stagev(Ca,II) depletion, making it more
commensuraté with the neutral depletion. For eiample, if’Ca IT is the

) dominant,stége of ‘lonization: in both b-components, then. the depletion
derived ffom Ca i matche$ the_observed depletion (Ca IT):for Ca II

curves. of -growth of .85/15 (model 2) or 60/40 (model :3).  Observations of
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the weaker UV multiplets of Ca II might solve this problem. Appendix D

contains a discussion cf the photoionization rate (T).

- The depletion‘is a measure of the relative amount of the element in
‘the gas phase, assuming that it should have a solar composition. The

~fraction of the element not in’the‘gas“phaSe‘is -
£ o=1-68" o e (6-3)

where § > 0, and the'value forleach element is listed in Table 6-2.
fgr 13 the fraction of the gas that is tied wp in either grains or
molecules. The values for fgf:are presentedtfcr each element in Table
6-4. The values with asterisks have been derived using the depletions
calculated from the neutral Species (Table 6-3) What 1is of interest is
the absolute number of atoms of a particular element in the grains. The
' thira colﬁmn of Table Sfu liets the'numberlcf atoms not in the gas phase
per zinc atoﬁ!in the gas phase. Zine was chosen because it appears to
be essentially undepleted~(chk:and Jura, 1982) .The minimum nitrogen and
oﬁygen depleticns were also uéec; The depletion of nitrogen and oxygen
caleulated frcﬁ column densitiee}derived from the 95/5 curve of growth
would more thaﬁ double the the‘nnhber of nit;ogen atoms in Table 6-4,

but would only\increase’the number of oxygen atoms by 2/3.

It is immediately obvious that the carbcﬁ'and oxygen supply the
majority of the atoms 1in the grain and that they are approximately equal

“in abundance. Similarly, the relative number of atoms of N Mg, Si and




o TABLE 6-4"

. FRACTIONAL -ATOMIC -ABUNDANCE  IN GRAINS: -
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Element . . ..Element 4

1.0 - .1_06  Atoms/(Zinc atom in gas)

FL
“‘;Na

Mg

a

Si

el

. Ca .

T

Cr o

Fe
~Cu

- Zn

S 0.66 - 13170
0.37 .. 1170 - 2760
. 0.50 . 12560 - 20110
0. o 2
0.9 . 79
079 . 1252
. 0.83 83
0.84 . . 1331 . .

10.85 - 0.96 11 - 12

0.9 . 6
098 79
098 AL
. 0.996 ; vfzo,
0.7 7
09 135

S 0.94 . 0.47

1Derived from neutrals
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Fe are all the same, A third set of atoms (Ca, Na, and Al) also have
equal contributions in the grains. Assuming that these three sets of
elements are the primary consituents of the grains, the chemical formula
| would be (Ca Na Al)1(Mg, si Fe N)15(c 0)150 or, ignoring the minor
consituents, (Mg, Si Fe, N)1(C 0)10.\ Table 6-5 1ists the name and
’chemical composition of a number of terrestrial minerals. The largest
ratio of (Mg, Fe, Si) to 0 1s e1/ﬂ and not the 1/10 that is needed-
hence 60% of - the ) and an even larger percentage of C is still
unaccounted for, assuming that the grains have compositions similar to
terrestrial minerals. Greenberg (1974) discusses'this prohlem‘in
detall, and includesba\good‘discussion of the‘optical properties that
the‘compounds must‘haye; and'uhat combinations‘of atoms will fill these
reduirements. Graphite grains might account for the carbon; although
5 the existence of graphite.grainsfis still'unsubstantiated (Czyzak et al.
1 1982). The abundance of CO (=1/40 C) is not large enough to account for
the remaining atoms‘ofVC and 0. The upper:limit on the Oélabﬁndance is
16.8 dex, which may contribute to the oxygen depletion iftthe'column
density is"just belou,the'upper limit, Another possible element which
could tie’up large amounts of C and O is carhon suboxide—C302,' C3bé is
interesting for a number of reasons. "It contains almost equal amounts
'of carbon ‘and oxygen, which could account for the similar depletions of
thetwo elements. Two or threemolecules of C302 for every mineral
molecule would accountkfor the depletions of all the major elements., It
is also interesting to note that'C302 exhibits continuous absorption
'shortward of 2300 %, and it has a low extinction coefficient

(Thompson, 1936) which suggests that large amounts need to be present




TABLE 6-5 .

CHEMICAL CQMPOSITION,QF ?ERRESTRIAL‘MINERALS

:‘Name

o Ccmpositiqn o

Name

Camposition

Anthophyllitev
Brucite
.. Cristobalite
f,-Enstatiﬁe :
,jForstefitgb
 Graphite
Hydromagnesité
Magnésite-
- Moissanite
’, Opal '
fPericaisé; :
;f,SideriteAgw

. Tridymite

’CMg,Fe)]Si 0

‘MgSi0

-.'¥gCo
SiC .

.~ S40,uH,0

" FeCO

g0 (OH,F)

138(05)2»._nu L

510,

3

}:H825;04 ,“*

Mg, (OH) , (C0,3H,0)

3

272

3

Sioz TR

Almandine

Chondrite

Cqmmingtqnite

Fayalite

Geothite
Hematite

Lepidocrocite

;)Magnet;te
‘k__Olivenee

.. Orthopyroxene

Quartz |

Talc ,

Mg(OH,F)ZZMgzsiO

..Fe

510

Fe3A12813012

4

(Mg,Fe),Sig0,, (0H),

Sio

27774

- FeO(OH)

Fezo3
Fe0(0H)
Fe304
(Mg,Fe)S10,
(Mg,Fe)SiO3

2,

Mg351,015(00),
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before it canube'observed 302 also polymerizes when exposed to UV
wavelengths. Platt (1956) suggested that a large molecular aggregate
_grown by accretion of IS atoms and. ions would: be neutral, and exhibit
many of the- requisite properties for 15 grains. Such Platt particles
'could'in principle»be.composed_mainly‘of a\C3Q2«polymer,;and perhaps
this,is the eause of the far UV increase in the extinction curve (Savage

' and‘Mathis,z197§);\

“Duiey,(19825 has suggested that the diffuse IS features are caused
b&,Cr3+.and‘Mn4+ fons at cubic sites in Mgo‘solids. Finely divided Mg0
"solids“also Showtan_absorption feature around 2200 8. Both Mn and Cr
are depletedkbyran amourt;which could be incorporated into the grains as

defects.. -

‘The main,problem with myrdepletion study'appears to be‘the excess
amount of. carbon and oxygen depletion that I find. de Boer (1981)
suggests that oxygen is not depleted towards other. stars .by: as much as I
measure towards X Per, and carbon shows similar tendencies when examined

'1n detail (Crutcher, 1975; Liszt, 1981). Detections of the 1355 &
iine Ofvoilband~the 233443;line.of‘C IT would go far in answering the
depletiookproblem. Additionally, it would be very useful to obtain.a

better. column density for both neutral and diatomic hydrogen.
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6.2 Temperature\pa Sy

- The population of the fine structure . levels of :C I,.C IT, Si I,
si II, and. O I is a function of both the temperature and the density
(Baheall,and Wolf, 1968, hereafter BW; Smeding«and Pottasch, 1979,
hereafter‘SPl;‘lIn principle; the two effects can .be separated.
observationally;-'HoweVer;,in practice, the observational errors limit
the analysis‘suchrthat.only the .product of the temperature and the
density (pressure) can be found, and some other way,must‘be'used to

separate out‘the‘individual quantities, .-

The diseovery of absorption from homonuclear diatomic molecules in
the ISM has been very useful finding the temperature independently from
»the density. ‘Electronie transitions between adjacent rotational levels
. in afhomonuclearrdiatomie”nolecule'are‘absolutely~forbiddenvby symmetry
rules. . Electric quadropole transitions eankoccur.betweenfevery other
Arotational-level; but the transition probability 1s 'so-small ‘that, under
' diffuse cloud'conditions; the eollisional‘rate far’exceeds the radiative
rate’ . Hence,‘the:levelipopulations,'especially betﬁeen the lowest two
rotational'levels,,is'only a function of the kinetic temperature. For
‘»_‘the diffuse clouds studiedfto date, this appearS»to«be the case.
However,rthe'bigherirotational:levels often sbow an enhanced population
over whatvis,expected thermally (Spitzer, 1978). Spitzer and Zwiebel
(1973) have suggested that this can be caused by a combination of photon
pumping and: excess energy left over from the formation of the H

" molecule, The temperature from the lowest rotational levels ranges
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between =50 K and 100 K (York, 1975b) ‘The dlatomic hydrogen
observations towards X Per (Mason et al 1976) give a rotational
'(kinetic) temperature‘ofr71 iS-K.f Unfortunateiy,~the S/N of - the H2 data

is #ery poor ...

I‘have detected a differeat:homonuclear oiatomic,molecule (CZ) which
canrbe,used'insteadiof;HZ for”determining the temperature, as the IUE
does not cover the spectral;region containing the Werner bands of HZ'
The F-X'0-0 band system at 1341.6 B (Figure 5-11, of 5.7) shows an
~‘unresolved vibrational band profile. Using the profile fitting
'jtechniques from 4.3, I was able to fit the F-X 0-0 line profile with a
: rotational temperature of uo K and a column density of 2-U4 x 1013

2 (log Nf = 14.0.cm72).

hRecently,:yan,Dishoeck and Black (1982, VDB) presented a detalled
ahalysis(ofttheﬁlevel’population'of CZ.;OBeeauseiof,the‘permitted,,
’“electronic!transitioauin the IR (Phillips band; 'A-X); the diffuse IS
radiatioh‘fieid'in”the Ichan‘significantly«alter the level populations
for low densities. BecausexOf the need.for an-accurate temperature, I
;busedatheir aniafsis»and techniques . to: re-calculate the F-X band profile
" when the level popolations~are therﬁalized. -I wrotefa:coﬁputer'code to

solve the set of’lineartequationsf:<'
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n_(A + w I+C (A

5,52 7, J+2 C5,0-20 = ol gt Chp )

(6-4)

TN
n3-2%; 2,3 + i, WyiIng YT, )

- for the first eleven (J<20) levels of C2 for any combination of

‘ temperature and density. nJ is the relative level population of ‘level

J. C(K;L) is ‘the collision rate, where

O 1 5 SO | , ;
! | 6- |

Cr2,5 7 CJ -2 O s (o)

Gl 2045 -AE(342,3)/kT -1 : (6-5b)
Cr002 = cJ+2 3. (2J+1) s s °

\ Lo 1. . B » ‘ - . : o .

c. .;___,‘104 T’i"n' g g -l e v (6-5¢)
2,0 o c. o

n, is the effective density of the colliding particle (n HT* nHZ)’ and
5 ‘

‘.05 is the collisional cross section in m™%. VDB find experimentally
o that:oo ='2,x~1o16 2, which is the value that I have used‘ ’WJ (=

5.7 i 10'9T 1), is the rate of absorption out of level J through the
Phillips band W; is the same for all J. I 1s the scaling parameter
"for the radiation field if it is different from that in the diffuse ISM.
The Einstein A’s and radiative excltation matrix (Y(J3° »J)) are tabulated
,by vDB. The effect of. the IR radiation field is to populate the higher
rotational levels, which will‘broaden the line profile and decrease its
maxinnnxahsorptionv‘\For:eianple} Figure 653 shonsithe calculated F-X
line’profile_for T.= 4o X for both ‘high and low densities. The low

density line profile does'not'fit the data (Figure 5-11). Since the




N=3x10" ecm?
I
\ Drelh’s’iiy |
> High | Density
1341 ‘ _|i314

Figure 6-3. Theoretical. line profiles fér the 0-0 and 1-0 bands of the F-X system of C : for
high densities (n = 2000 cem~3) and low densities (n = 1 em~3). N = 3 x 1013 cm‘z, T = 40 X, and b =

1 km/s.
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effect of low density is to broaden the profile, the maximum temperature
for.the minimum broadening (high density) that the observations allow is
.T'<f50VK'i’Howeverm a louer Eéﬁpéréhuéékéﬁd densitjmoould be acceptable.
Figure 64 shows the best fit to the 0-0 F-X profile for T = 20 K. The

vlower limit on the density for whieh the fitted profile is still

acceptable is\uoo cm 35'

The conclusion is that the lkdnetic temperature in the ‘eloud

eontainins the C2 absorption is 40 +1o K.

6.3.1 Eléotroh Density

The electron density -can. be derived through-the: ionization
equilibrium equation equation 6- 1. Rewritten in terms of n, , equation

er1s
n = a (6-6)

Table 6 6 lists the electron densities derived from the column densitles
'listed in Table 5-1 and the values of <r>/a listed in Appendix D for the
diffuse ICM radiation field ‘and models 2 and 3. The.95/5fcurve of
growth,neutral column densities were used, The electron density from

the 90/10 curve of growth for C I is also included in Table 6-6.




T=20K  n,=400

N=3x103c¢m2;

C2 cm-‘.3' : o ‘
1341 1314
0
Figure 6-4, Theoretical C line profiles for N = 3 x 1013 cm—z, T = 20 K, abd b = 1 km/s.
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“TABLE:6-6""" -

. ELECTRON DENSITY FROM IONIZATION EQUILIBRIUM

Element -  Log §£‘w>’ S . ém—3.
Mg | e
ST Model: 0 v 20 3

c =215 .~ . . 0.076 0.017 ' 0.053
(-2.43)% . (0.038) (0.009)  (0.027)

Mg . =225 - . 0.016 0.008  0.012

| -1.o1)° © (0.036) (0.017).  (0.026)
st -3.46 . 0.043 0.017  0.034
s -2.75 . 0.048 0,012  0.033
ca  -2.80 . . 0.025 0.009  0.013
0 (=3.100% - (0.012)°(0.005) - (0.006)

“Fe <328 0.036 0.001  0.003
o e® 0 (0.022) (0.010) (0.019)

ane for CI with a‘90/10 curve of growth
bne for MgII with an 80/20 curve of growth -
vcne fof‘CaII with a 90/10‘Eurve:df‘groﬁth‘

;dne,fbrkFeII,vithﬂa 60/40 curve of growth
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The error in the electron density is hard to assess, primarily
because the exact,form‘ofathé curve of. growth is,unknOWn.,:Addibionally,
Cthe’gfain propehties are noﬁ'knéﬁn which;;forxthe mbdels,used, can-alter
the electfon‘density byigﬁsto‘a factor .of three. :This is,perhéps the
bes£ indicétion~of‘théﬂefror in:the~electron density.:vThere“is very'
‘good‘agreemeAt between'the,electron“densities;derived from Si, S,.and C
for.modéls;z-and 3;]vIn’séction;6.1,fI,stated that ' the:-Mg II and Fe iI

: curves»df growth muétipe sﬁallér,than 9§/S,in order to match the
. depletions.derived from the neutrals,. Since the neutral depletions were
- tied to the S I depletién and the sﬁlfur electron density matches the
silicon aFHVCarbon electron denSities; the Fe II curve of growth (60/40)
“and Mg II;curve,of'growthc(80/20) will yield electron. densities which
aré'similar.-’These electron densities -are:0.019 cm™3 and 0.026 em™3 for
Fe‘and Mg;iresﬁectiQeiyyiiThe méan electron density,éésuming a-95/5
cﬁrve,oflgrowth:foﬁ5all ions<anddneutraleisv<né>~= 0.019 +0.014

@53’, (model 3), and}<rié> Z'0.0087 £0.0055 cm™3 (model 2). If the curves
6fdgrowth fof.Mg II and Fe IIgare‘differentvfromr95/5,"then <ne>"
;t0;025r£0;608 cm'sr(modelv3),‘<né>~= 0.014 =0.004 cm-3‘(mode1 2), and
<ny = 0.03§-i0.010 cm-3¥(no extinction).i Similarly;~né frbm caleium is
increased {:‘q»n'e; 0.034 (mbdel:“s) and ng ~,=;,o.‘0281cm'3 (model 2) for
’ Ca II_¢urves;of‘growth of*60/40 and{85/15,,respectively. These curves
of gféwth also equa£§ the neutral and dominant stage depletions (cf
6.1). ‘Theymean"electron densities for r Oph:and r Per are <ne> = 0.7
(Morton; 1975)jand‘<ne>§=¢0.12»(Snow, 1977), respectively. Crutcher and

Watsqn (1981)Asuggest&that‘forcoph, <ﬂe> =.0.075 cm_a.
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%F E Table 6-7 llstsyﬁhe'oredicted‘column‘densities for unobservable ions
’whose neutrals cén<he“ohserred; ;The_meén n, from each model was used to
i calculete the abundahoes;i Note that 'Ca I, not"'Ca’III is:-the dominant
hstege ofriohization.'_The impliedvdepletions*are also listed. Chlorine
epoeers tohbe’fromlﬁwortohfive.tlmes overehundentbfrom thie’oalculahion.
’However, the value ofr<f> for ohlorine is extremely susceptible to the

radiation field, as the lonization edge is'at 958 R. Hence, any

shielding at all (eg H, ;“H’i, ete) will drastically reduce the
'radiation field in ‘the ISM which is reflected in a major change in <p>.

6Cl could easily be an order of magnitude smaller.

Eleetrohsiin diffhse clouds come from the ohotoionization of trace
;elehents‘(eg c, Sl; ehe) and the Cosmic Ray (CR) ionizatioh of hydrogen
(either atomicror moleculer).: For small depletions, carbon supplies
moeh‘ofdthe electrons; The oontribuﬁion from other metals is
ihslghificant.’vCR ionizétioh becomes relatively more important as the N %
extinetion,inoreases‘or aefcarbon1becomesvmore depleted, For example, :
a CR ionization:of’hydrogen oontrihutes =50% of the electrons for a
hydrogen density of 100 and 5 = 0.3 and less thah 1% for 4= 1.0
r o= 10-16 ).‘ The'hydrogen’density implied: by the’mean electron ;ﬁf |
‘density and the observed carbon depletion is n < 100 cm -3, :
The electron density of the 10 km/s component can be obtained from
_the ratio né(i)/ne(1o) (ef 5.4.1). For T(1) = T(10), ng(10) = 0.028

3 (model 2) and n (10) 0. 033 e3> (model 3). For T(10) = 200T(1),

ne(1o) = 2,6‘cm -3 (model 2) and n (10) = 3.2 cm"3 (model 3). The column




' TABLE 6=7 =

. COLUMN DENSITIES OF UNOBSERVABLE IONS .

Element

e wLog:CdlumnvDensity,(cmfg)! - Log Depletion“z‘:
Model: 0

2 3 ‘ ‘ 0 2 3

- Solar Abun.

ANaII;«
clII.
RII

" Calll

14,77
115.98
14,73

13.53.

14,68 14,75 . -0.93 .-1.02  .=0.95
15.20  15.60 . +1.08 +0.30  -+0.70

14,76 14.75 . 40.13 40,16 +0.15.

13,22 -13.48. 0 -2,17  -2,48 -2.22
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density of hydrogen in the 10 km/s component- is 1.3-x 1020 op=2, If the
hydrogen is fully ionized;(nH = n,), then the thickness of this region

1S AR = 1.3 x 102°/ne

= 15lpc.‘-The emission measure would be EM = 140
‘ cm'spc. iAdditionallyizthe(highyelectron,density and. temperature yield
' loS(NSi’lI*(10)) = 11.04 cm-2 for'the column'density of St II'. The
'upper limit on the:Si II column density is log(NSi TT*) < 11.6, which
is consistent with the- calculated column density. Regardless of the
temperaturé, the analysisiof section 6.1 indicates that the electron
density in the 16vkm/s’component«is~greater-than‘the~electron density in
the 1 km/s ‘component. . This can occur if (1) the particle density is
’greater in theo10 km/s component - or: (2) the particle density in the 10
'km/s is small,‘butcwith a - higher fractional ionization. ' The ratio
e(1)/ne(10) will increase by an amount equal to 19/R, where R is the
iratio of ‘the fractions in the A km/s -and :10 km/s components. For
‘example, the 80/20 curve of growth yields R = U4;-hence, ne(1) is
increased by a factor of 19/4 4,75. For T(1) = T(10), n o(10) = 0.0059
cm’3 and 0.0069 cm™3 for models 2 and 3, respectively. For T(10) =
20011, n_(10) = 0.56 cu™3 and 0.67 em™3 for models 2 and 3,
respectively; fhis reduces the emission measure to within the
observational limits, particularly if -the hydrogen in .the 10 lkm/s
- component isfnot:completely ionized.,  If the 10 lkm/s component is in the
Iéﬂrat T(10)t=‘200T(1),;then,the'hydrogen density is ‘greater than or
equal to the‘electron density quoted above. Although a hydrogen density
of =1 em™3 1is large for~the'ICM, it is not impossible. For T(1) =
T(10),'the hydrogen density is =10 cm—3 for no depletion of carbon, or

=40 cmf3 for a carbon depletion of 0.3.
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The results of this section are that the electron density: is 0,02
em™3, the eﬁact yalue depending on the grailn scattering properties. I
havé als§ shown that thé‘upper limits on the emission measure precludes
thelmaterial7in the 10 km/s compbnent from being hot (>104K), unless the
Mg II curve of’gyowth is lessbthah a 95/5 curve of growth, If the
absdfbing gas 1s behind thékéloud; then the extinction could account for
the’ emiSsion~measuhe limits. The smaller Mg II curve of growth
also eQualiies the neﬁtral and dominant stage depletions, as well as
ﬁringing the electron density derived from the Mg.I/Mg IT ratlo into
,line with’othernelectron density indicators. If indeed the Mg II curve
>iof gfowth 1s less than 95/5, then there is not enough information to
determine whetﬁer thevmaterial,ié hot and diffuse (T = 10%K, nH =1
~'cm73), or éo¢1‘and d;nse kT‘; 50 to 200 K, n, =10 to 40 cm'3). The
observations of highiy‘iohized.species {ef 5.2) could fit both ﬁodels,

although the latter suggests lonlzation by X-rays.

6.3.2 Hydrogen Density .

 If the electrons come primarily from the photoionization of carbon,
then the hydrogen density 1s the mean electron density,times the ratio
of hydrogen to carbon. 1For ng = 0.02 cmf3 and GC = 0.3, Ny = 130

cm73;'
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- .For a two level,system,,thé~relative‘populations‘can be determined

by statistical equilibrium (BW):

21
Rig T Yy ey
g P .V‘\
%1 - AE.,/kT
Qo = o % 12
2 o
'8 = ZJi + 1

" where J is the total angular momentum of level 1, AE is the energy

(positive) difference between the two states, 0, is the density of

(6-7a)

(6-Tb)

(6=Tc)

(6-7d)

(6-T¢)

colliding‘particle k, and:<9v>:is the cross section for collisions with

particle k. 'wiJ is the photoabsorption rate (Iva12> or the radiative

decay rate’ (A;). For the fine structure levels of C II and Si II,

W12 is negligible for absorption by the 2.8 K microwave background., UV

bumpingﬁcan be important fbr the level population of the Si II fine

: . ; . ; * ;
structure level (Flannery et al. :1980). Since Si IT is not ‘seen, this

complication can be:ignoréd. .In this seetion, I will refer to the
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colliding particle density elther as n, from electrons or as Ny for

neutral Species. In most cases of interest in this work the colliding

~neutral particle iS HZ ‘The total hydrogen volume density is 2nys +

7‘,,“31- For a three 1eve1 system, the population of the levels with

- respect to the lowest level can’ be shown to be (BW)

n, Ry; (Ry;  + Ryg) + R

ol 02 21;;.~,‘ c - : (6-8a)
o Ro®y *R o) * R20 12
B2 z(R1z +.R o) t R01 12 | | (6-8b)
T RpoRyp * Ryg)  RigRy
B where the R, 137s are defined through equations 6-7b-6-Te. Table 6-8

- contains values of Aij' <ov>, is 83y and AE; 1j for all the levels of

interest I have .also included the value of <ov> for electron

vexcitation in the form of the parameter Q, where

Ly L6 |
covs,, = £:629x107 0 | | (6:9)

'The value of <gv> for collisions with hydrogen is also given. If n<igv)>

<L A21, then equation 6-7a reduces to i

22 A | (6-10)
~ nk<ov§./421 o .
The broblem,with the fine structure lines is that the percentage in the i

two clouds is unknown,ﬁ The C I lines have serious blending problems,

~and I will treat this Separately at the end of this section}' The other
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'~ TABLE 6<8

ATOMIC COLLISIONAL EXCITATION PARAMETERS

] R

Elem. St. Wt. : Til : "T3J.‘ 'A21 A A32 ' ov

g0 1.2 ® ® (s ) oY (¥ h

cI 135 236 624  7.9-8)% 1.9(-14) 2.7¢-7) - 3.5(-8)

CIT 2 4 = 91,3 —  2.36(<8) . . 1.33 8.4(-10)

-

oI .5 3 228-0i 325.9 8.95(=5) 1.0(-10) 1.7(-5) - 7.2(-10)

SiII 2.

e
{

1306 = 217(-4) = = 7.7 6.1(-11)

: ‘a’rhe"‘nmnber in parenthesis ‘indicates the power of ten: to which ‘the number is raised
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fine stbuctube 1ines»are theA’3P3/ét1evels of C ITand Si IT and the

3, and 3P, levels of 0 I. The 3P, level of O I is 325 K above the

P ground state level;’andiI’will ignore its effect, thus treating 0 I

‘as a two-level system, ~ This assumption breaks down-at high densities

and_where<Uprhoton pumping‘occurs;" Since neither 0°I" nor 0 I** have

been detected»towards,x Per,.this,is probablyfnot a bad: assumption.

The observed columnsdensities'of‘the fine structure lines 'of C II

and Si IT are log(NC Ii§)15n15,3 cm-?'(95/5) and 1°g(NSi‘II*) < 11.6

cm;Z.K,The range=ofue1ectron’densities for T =,~10)4 Kis 2.0 - 0.5

em™3, and depends on the Mg II curve of growth (cf 6.3.1). The

o predictedfcolumn densities‘for the fine structure lines for T = 10% K

are 1og<NSi II*)~- 10.2-10. 9 en2, and. Log(Ng 11#) = 14.4 - 15.0

=2

cm <, assuming that 5% of the total column density in the ground state

~1isin the.JO km/s'component;'uThe larger‘column densitiesvare'derived

fnomlﬁhe larger electron densities (langerng~II“curve of grcwth) The
minimm observable log(Ng %) is 14.7 cn™2, suggesting that the
observed C II  column density can be explained by a material at T =

104 K and n n>51'0 cmf3. OtherLdatal(emissicn‘measure and: Mg:II. curve

of growth arguments) suggest that the electron density is:less than 1
' cm;3<(cf 6 3.1). “This suggests that electrons are probably not the

~,primary excltation mechanism.

V.For T =,50 K, <ov> increases by a‘faector of 14 through the 7=1/2
dependence, but decreases through the exponential in equation 6-7d by

factors of 3 x 103 for Si-II and.6 for C II. The:conclusion for the
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coolerfcloudrisfalso‘the“Same,lthatrelectrons are not-the primary -

éxeiting particle,

Neutral Species have very low'eross sections for exceitation ‘by
,electrons (BW) . If the hydrogen density is: the electron density times
'the H/C ratio, ‘then: nH <130 em” 3 »The~expected‘column;densities/for
the: fine structure lines" are log(NC II*) = 15.46 cm 2, log(NSi'II*)
= 7.46‘cm'3,,andvlog(N *y = 12,01 o~ .The upper.limit on 0 I*
12;8\dex,«which'is consistent with the above caleulation. Because of
the larger separation ‘between the fine structure levels, S1i IT is
: affected more by the electron density 'than the neutral density for
diffuse clouds.c The calculated C. It 'abundance is‘commensuratefwith the
observediabundance foria 80/20’curve‘of”growth‘ The upper- 1imit on the
hydrogen density can be found by assuming a:100/0 curve of growth for
C,II o The upper liqits implied by 0 I* and Si II -as welI as C II are
(0 1) < ™3, 0 (st I1) <'1.3 x 105 'en™3, and, ny (C II) < 3221
om™3., Clearly;rthe O,I-limits the density of the region to <500
'cm'3.j'Assuming that'the"collisions‘areprimarily‘dueu’co'H2 y the total
- volume density is~“1000‘cm-3."The1CzII* column density for oy = 500

2

em™3 and T =‘50‘K-is'log'(NC by *) = 15.8 em <, which corresponds to a

curve:of growth of 85/15 for c II'.

The physical parameters ‘of the 10 km/s cloud: are not-as ev1dent as
_those of the 1 km/s cloud.’ If the 10‘km/s:cloud'is~the ICM, and is-
,collisionally ionized at T,=110000‘K, then the C II and Si II fine

structure?lines~can be used ‘to determine the-electron density. The
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ratio of the log of the column densities of the fine structure levels
are —3 3 and -1.6 dex for Si II and C II, respectively. The ratio for
‘thej10,km/S“cloudvstays the same irrespective of the actual~curve of
growth used, except for»a»100/0 curve,of»growthv CThisfis because as the
ratio decreases, the column density decreases, but. the percentage in the
,‘10 km/s. cloud increases at -the: same rate resulting in the same total
column:density. .The‘implied:electron ‘densities are=ne(si II) < 0.68
cn=3 and ne(c II) = 1 em™3+ Within the errors,‘these numbers are
protably the same, and the Si II lines should almost be observable.,
Indeed, on SOme‘of the‘individual‘well4exposedvspectra there 1s. a

: suggestion of a line at 126u R, which would correspond ‘to: the

'strongest expected Si.Il‘:line. ‘However, . the stacked spectra do not
,“snow awsignificant feature{there;»dA major.discrepency‘is implied by
this large:nei; askthe‘emission measure, assumingvno\clumping; would be
26Q“cm;6pc,,nhich:is much*laréerfthan the observed value . of =10
| (Reynolds and‘O.gden-, 1982). A f1lling factor of 5 x 10‘2,- 1% 107 -4
’ would reduce the EM below' the limits imposed by optical observations.
‘ An-alternative possibility isvthat there"is ‘an outer shell:of gas at the
'edge ofﬁthe~clond.which has a lower density and Which»contains a-
velocity,parameter gradient “Since the' C IvlineTprOfilesineed a
‘veloelty: parameter component of greater then 2 km/s to account for the
Aobservations,\this is a definite possibility.. The: temperature in this
shell would be 100 K't0’1000 K. - The ICM: would contribute nothing to the
excited fine structnre levels and would contribute less than 5% to the
total'column density; _For.thls range in temperatures, and assuming a

predominantly neutral ga3)~the implied electron densities would be




n.(C 1II) = 0.3 to‘O.u, and‘ne(Si”II)7< 0.67 to 0.15 cm >, and the
v'impiiedohydrogen'densities would be g (C IT) = 40 to 90 em™3 and
(st II)r<-0;06056ktov1300'cm*3f The large range of ny, from
Si'Ii*!is due to the temperature’dependenceiin equation 6-7. The
;‘smalier sise of»the shell and the lower n, implied by the Si II are now
consistent with the emission measure data. Unless hydrogen 1is mostly
ionized, it makes the dominant contribution to the execltation of

c II .

Neutral carbon has a 3P“ground state with three fine structure

levels the upper two at. 24 K and 62 ¥ above the ground state. The

e ,excitation of the C I fine structure 1evels as a function of den31ty has

"been discussed infdetail by BW, derBoer and Morton (1974), SP, and
Jenkins and Shaya:(1979);eyThe data are‘usually not precise;enough to
independently determine both the temperature and the density. For X
; ‘Per, the temperature is'uth, derived by other methods (ef 6.2), and
| thus'the'C I'leVelipOpulations‘can«be used to determine the density.
‘Equation 6‘;7'was ‘used- to calculate the reiative level  populations. The
atomic parameters used are listed in Table'6—8. The atomic hydrogen
coliisional eross sections:are from Launay and Roueff (1977), and
'“assumed to be the same for H The C' I'multiplets at 1660 £, 1560

R, 1328 8, 1280 R, 1277 R, and 1260 & were then calculated

using the‘methods«described in section 4.2. The oscillator strengths
 are listed in Table 649. Iable'6-10 lists the:relative,strengths for
| each band’within-the’multipiett ‘This number is multiplied by the

multiplethoscillator strength to yleld the oscillator strength for each




TABLE 6-9°

- CI MULTIPLETS

: mu}tiplet i#. Ierm_:t  ¥xWaYi§§n8th'»"“*“fmultiplet*

2 %% 1 oors
R lh 1sa  0.06
4 - w008
s k=% 100 003
7 B T R 0.0646

9 o 121 0.0286

" TABLE 6-10 - | |
- CI RELATIVE LINE STRENGTHS |

B s 73 EEE R & G A rel

o 1‘\M = 1 :f» ;,0;251‘,WA o 1 o ' 0.333
i em o.230

2 1 o0 1 0.417

Moo

: 2 oam a2 0.250

2. 3 o080 2 2 0.75
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line. The relative values are from Russell (1936). Figure 6-5 shows i
’the comparison between the observed and calculated profiles for NC 1=
3.0 xv1015v(15.3 dex)land 5H7= 500 cm~3. A 95/5 velocity parameter
distribution was used. The 1260 £ multiplet of C I is affected by
both.the wing of the strong Si II 1260 R line and an apparent stellar

- line, resulting in a very large error in the choice for the continuum.

The predicted CO excitation temperatures for the first three levels

of CO (Smith et al. 1978) are Tio = 6- 3 K T,y = 4.8 K and T32 = 6.TK

for nH =330 cm‘3 and Tki = 40 K. LThis-is reasonably close to the.
»observed values of T10 = 6 7 K T21 = 5 9 K and T32 = M 5 K lhe F& i
theoretical excitation temperatures for oy = 1000 cm 3 and T = 40 K are ff ?
10 = 18 y K T21 = 6 8 K, and T32 = 8 1 K. The excitation temperatures
observed suggest a density between 300 and 1000 cm 3. Smith et al,

(1978) did not include any form of photon trapping, which would modify

the level populations, espectally at larger column densities (de Jong,

Chu and Dalgarno, 1975; White, 1977;VLeung and Liszt, 1976).

f:i haveiealeulated the CO leveljpopulations with self absorption
using a- program developed by M, kElitsur‘éElitzur, 1978). The progran
utilizes the Sobelev approximation for calculating the radiation
‘transfer. - My calculations agree with those of Smith et al. (1978) for
optically thin CO., For column densities on the order of 1.0 x 1016
: cm'a, the observed level populations are consistent with hydrogen

densities of 200 cm™3 and 400 em™3 for T = 40 K, and between 100

cm"3 and 200 cm-3 for T = 80 K. These results lie between the low




1280 1277 1260 °

Figure 6-5. Theoretical _and observed (filled circles) line profile for the strongest UV C I
multiplets for n, = 500 em °, b =1 kn/s, T .= 40 K, and assumlng a 95/5 curve of growth,

981
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hydrogen density derived from the electron density and the higher

density derived~from the.C I level populations,

The hydrogen volume density depends on the method used to derive it,

I found that g (ng) < 100 cm™3;  my(12C0)= 200 to %00 em=3; and ng (CI) =

- 500 cm -3, All.densities are for T = 40 K- . The" discrepancy’ between the
various densities probably arises because ‘the different probes are
sensitive to different,environments. If there is a density gradient
within the'cloud, the integral over. the line of sight will also be
differentkfcr'each probe; The data also suggest' the existence of a
warmer outer shell. with Ny -‘50 emf3,din,which'a velocity parameter
ngradient might exist, The density picture which arises from this
analysis is. a warm, diffuse outer region (nH =50 cm 3), :developing into
a denser,vcooler central region, where the maximum density is at least
500 cm 3;‘ The central density could be much higher, since only the mean

kdensity can be ascertained

6.4 Isotopic Ratios: '2co/'3co

: From 5.5. 2, the log of the 12¢0 and 13c0 column densities are 15.84
£0,05 and 14, 00 £0. 05, respectively. The 12c0/13co ‘ratio is 70 *8.

This number is reasonably accurate,?as both 12¢c0 and 13co have
'absorpticn iinesﬂwhich anexalmcst opticallyxthin. ‘The'*12C/13C ratio is
not the same as the 1200/1300~ratio, as chemical fractionation can occur

(Watson et al, 1976,,hereafter WAH). The relationship between




126/13¢ and 12¢0/13c0" 1s (WAH) -

3¢o h—1 (1 0 B
12¢0 "1 B =+ Xh~ )

X = Pﬁu[1ZC+], h=1 2 35/T , T 'is . the CO:photoionization rate; a 1s the
’reaction rate for thelinterchange“of~‘120'and 3¢, and ['2c*) is the

» voiume,density of .singly 1onized carbony(‘ne),

b':RDF'élso calculated'the photolonization rate of CO for theilr grain
models. Using the methods outlined in Appendix D, I find that <T> =
2.02 x 10712 5=1 £or model 2 and <T> = 7.72 x 1012 =1 for model 3.
Wiﬁﬁ’the measuredvréaction-rate‘bffa 7 10710 em3s~1 for equation
6-11, X = 0 14 and X = 0. 55 for models: 2 and 3, respectively. I have

used the mean n for each model (Table 6= 6)

For T 40 K,

12 41 12 :
_C ._ h (aX) €O _ . (6-12a)
13, :

a+xn Yy 3eo

for modél 2 and

12 '
_Co : (6-12b)
»13CO

| e 126413 13 | »
for model 3.. F C0/ ' “CO = T0+ 8, CO/ CO'=.136. +15.for model 2

CO/13C0 = 118 +13 for model ‘3.,
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Both 12C/13C ratios are above the solar value of 89. Observations
~ of dark clouds (Wannier, 1980) suggest 12c/13¢ = 60. The implication
of this is that chemical fractionation may not be:important in the
diff‘use ‘cloud towards X Per.: ;A simil‘ar;conclusion was drawn by Wannier,
Penzias,\and.Jenkinsy(1982)~for the t‘Oph eloud, It is-interesting to
note that,Olivejand Sehramm.(1982) have suggested that the young solar
nebula was iﬁjéctedeithJProeessed material’fromnnearby swernovae (SN).

Thelr calculations imply that 'the sun may have overabundances of oxygen

and"TEC‘relative~te;their IS values.

Novother‘isotoﬁieqspecies has been -observed. . An upper limit .to
the180 isotepe‘df»coecan be derived.by assuming a 10 mf ﬁinimum
. equivalent width for the 2-0 band (£ =0.04), or log N80y <
1.3 x»1013. This -implies that the observed C180/C160 <1/570, whereas
the;solar value'is =1/500, ,A cloud :with a slightly large column density
_of. CO sheuld make‘ﬁhe C180 detectable. Additionally;~the species

17O should be observable with ‘the Space Telescope towards more heavily

reddened stars. SORERR

6.5'Abundances s

- The existence of molecules in IS clouds indicates the exlstence of
: chemical,reactions,xeither;in~the‘gas phase'or on the surface of gralns.
-~ Yarious reaction mechahisme have been proposed for molecular formation

and destruction, and a numbervof'authors have solved the coupled set of
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linear equations for various input parameters relevant to diffuse IS
clouds (Mitchell et al. 1977, Glassgold and Langer, 1974,; Black and
Dalgarno, 1977, Black et al. 1978 Prasad and Huntress 1980a, 1980b;
and Henning. 1981). The results from each of these studles differ
llmainly due to the initial conditions imposed on the model Because of

: this similarity, I have chosen to compare my results with those of
'Henning (1981) Additionally, his Model 4 matches quite closely the
,physical parameters which T have ‘derived for the line of sight towards X
‘Per (T = 40 K, Dy = 1000 cm 3;’Tv = 1. 9) The major differences are
that his fractional abundance of H 1s 0 1, whereas mine is 0. 9.
.‘Henning also predicts ne =0, 03, whereas I observe 0 02 cm 3. Table

'6 11 lists the observed or upper limit of the fractional abundance of a
constituent and the calculated fractional abundance. An important point
in the theory is that for 2.4 < log n < 4, the abundances are very
~sensitive to the density. Henning refers to this density regime as the
il'"Reactive Zone" For example from nH = 800 em™3 to 0y = 1400 cm 3,

;, n(Hzco ) changes by 12 orders of magnitude. The last column in Table
‘d‘:6-11 lists the range which the fractional abundance takes from nH = 800
an™3 to 1uoo cm™3 (eg, 2co would be given the value of 12 in column
3). This gives a rough estimate of the error, I have also included a

“lnumber of theoretical predictions in Table 6-11 for which no
Aobservational data are available. All molecules with fractional
abundances less than,-10 dex have been excluded from Table 6-11. This
,corresponds to a column density of <1011 cmfz. A footnote is used to
‘indicate the upper limits based on Nf, where the oselllator strength is

" not known (of Table 5-7).
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TABLE 6-11
I'RAC.TIONAL ABUNDANCES

| T=50K m=1000 cm =2

Molecuie e : Log fi } o sxAl-opﬂe . Element P Log f_:_L_ ' slope

6.8 1 cit <87 ‘116 1

co, . — . 4 Heo — a4 s

HCN =94 8. o <46 ~11.4 1

es <80 =83 3 so <-7.5  -lo.4 3

HCl  <-8.1  -8.6 4

3 value estimated at 0.1
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The agreement between the observations and the data are quite good,
especially when the value of the gradient 1is taken into account. The
major discrepency is with the prediction that the neutral and singly
'ionized abundances of carbon and sulfur should be equal, where I find

them to be almost two orders -of magnitude apart. Mitchell et al (1978)
alsohpredicts a large‘fraction‘offneutralvcarbon.i‘The column”density of
neutral carbon could‘be”increased‘if‘a 99/1'0r’99“5/‘5 curve of growth
‘were used, but. the data are not good enough ‘to ‘distinguish between the
»different curves of growth Again,~the calculated abundance of CH* 1is
orders. of magnitude below the observed abundance which 1s not a new
gproblem (ef Watson, 1978) " The OH/H,0 ratio 1s >1, whereas I observe a
'ratio of less ‘than 1, if my:-identification of Hzo 13 coppect My uppep
j"limit on CS is- very close to the: predicted limit, suggesting that-
hperhaps the identification of the 1510 £ and 1543 Roui lines with CS
is correct Alternatively, the large abundance of both C H and C H
’also indicate that perhaps one of “the three strong lines: in' the 1500
)X reglon could'be»attributed to C HV(cf‘S 12), The large abundance of

HCN and HCO suggest ‘these molecules ‘might be: observable also,

In conclusion,'except’for CH+ ’ the observed molecular abundances

" ean be explained by a combination of gas phase and grain induced
chemical reactions. Additional evidence would be the detection in the
diff‘use ISM of such species ‘as HCO “HCN, HCO and C o However a great 13‘1“'?‘
deal of" laboratory work must be done in order to identify the Spectrum I

and to extract quantitative values.'" '
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. A DIFFUSE CLOUD:MODEL -

7.1 The Model

"To a first approximation, the. line of -sight towards X Per contains a

0. 8 pc thick cloud of gas and- dust at a kinetic temperature of 40 K and

- a hydrogen density of 1000 em=3, with the hydrogen primarily diatomic.

. ~The question to be asked then is: Are these parameters physically

pocssible, and do.theéy really describe the material along the line of

- slght? For~examp1e, the ‘diffuse IS radiation field decreases with depth

- intOtthé cloud;‘whichfdecreases,the photolonization rate., . If ‘the cloud

'can"be{characterizedvby;a singie density, then the electron density will

decrease towards theicenter,tand‘the neutral fraction 'will increase.

Siﬁilarly, the mdlecular‘abundahce alSo”increases'towards the center, if

- by no- other reason other than a decrease in-the’ photodestruction rate.

The temperature and density may also change as a function of depth,

particularly,if’pressure equilibrium with the ICM is invoked and heating

is due to outside sources. Clearly, serious consideration must be glven

to the actual meaning of;the physical parameters derived from-the

observed column“densities.dv

The observed‘celumh<density,is~the integral of the” volume density

over the line ofbsight. ‘This Integral could be differentkfor each ion

because of differences 1n the distribution of thelr volume densities.

Moreover, pressure indieators, such as the fine structure levels of C T




and c II may be difficult to interpret accurately., The C I fine

structure analysis of 6 3 2 has this problem, as the observed level
populations oannot;bezdescribediby:a¢singlewdensity and temperature.
Similarly, the:differenees between the hydrogen density derived from. the
C’Irfine,structure levelsfand;by.soaling the electronydensity by the
\carbon‘to hydrogen ratio indicates- that the -line of sight oannot be

described by a_single;set,of‘parameters.

- . A more appropriate method for»determining the physical conditions
along~the line of sight is to construet a model of the‘cloud(s),
: requiring:it to matehithe observed . column densities. For the line of
sight towards h‘fer, the_majordobservations to be explained are the
diatomie;hydrogen,abundanee,,the column;densities‘ofvthe neutrals and
their ions; and‘the column-densities\of the fine structure levels.
Additional limits are suggested by the level population of C (T = U0 K)

and by the non—detection of the fine structure levels of S1 II and O T.

I haye'constructed a simplé model of the line of sight towards X Per
’p whieh‘satisfies the'aboye requirements. The density distribution within
nthe cloud is described‘by the plane parallel cloud model of de Jong et
al.‘,(1980) They assume ‘that -the cloud is:in: hydrostatic equilibrium

jand that,the cloud is supported by turbulent -pressure of a gaussian

?nature, withfa dispersion of .b/v2. The central pressure is
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e A Coag e A T ) S (7=1) E
?o —-_P1 + 4.34xi0_ AVO”, K en‘>
where P1 is the pressure (em=3K) ‘of the ICM, and ﬁb is‘the" visual
extinction at. the center of the cloud.: - The pressure at' any: visual
extinction (AV) into the eloud -is
r'P}'lr ‘P 4 34x104( i— )2 Kem=3: 7 o0 o Sl (7-2) :W
‘ ‘—V/' o s ‘AVO AV
The density is related to the pressure by
= 0.0L8P  ‘emw> o - (7-3)
: ‘_ b2‘
ifwhere blis'in‘km/s.f I have“used'b +1'km/s for all" calculations- and ]
“have: assumed that the density described by equation’ 7-3 is the particle f
. |

- density n (- g +enH2).

The rate of formation of diatomic hydrogen is
-18 -1

Lo ~
nHT2 K x10 =7 " g Lo , ; (7-4)

';(Hollenbach Werner, and Salpeter, 1971, hereafter HWS; BD; Federman,
Glassgold and Kwan, 1979, hereafter FGK), where K 1s a constant used to

absorb uncertainties. ‘BD«found»K = 2.86 towards ¢ Oph.
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‘The destruction: Of H, is a two step’ process (Stecher and Williams,

»i1967, HWS).  The first step: involves ‘the: excitation of .an electron by
theiabSOrption of»a UW-photon in-any one ofythe‘permissible Lyman - or
‘ Wabner bands, ' The electron then decays back into the gr'ound electronic
,state, where the particular vibrational band it - decays to 1s deseribed
A ‘~by‘the Fr'anck-Condon pr'inciple. The decay into the ground state
| vibrational continuum is permissible and has a non-negligible
Franck-Condon factor. This factor 'is then the probability that an

H H, molecule dissociates>after an electron.reaches the particular .excited

“level. ' The total dissociation'rate'is*thenithe”rate of absobption to

that'level times the probability-that the level-decaysfto,the'ground

state vibrational continuum, Weighed by the initial population of the

lower level, and summed over-all possible transitions.. The 'absorption

oscillator strengthsihaveibeen calculated byfAllison:and Dalgarno:

(1969), and the decay probabilities by Stephens and Dalgarno (1972).

Numerically, the rate of destruction is

bk

R = i l?iki ); (};i(v)ﬂcri(v) dv

(7.5)

where 1 Siguifies the appfopriate quantum numbers for a single

'~,tfansitiou,

94(V) is- the cross section for excitation, normalized to

w . 2 \
'S ci(v)dv = %%é fi : T P L I ST ] , : (7.6)
0. :

fi'iS'the absorpticnloscillatortatrength,~hi is 1/4 or 3/4, depending on

 the symmetry of the lower r'otational‘level,-andki 1s the fractional
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probability that the»decay dissociates the molecule. G(v) is the
radiation: field at the par'ticular' point within the cloud.  The radiation
- field is attenuated by absorption by dust and by the ‘absorption of line

photons. ‘HWS;expresses'G(v) as -

| G(\)k) - i de e-(Tg +~T1) : ‘ » (7-7)
T bw , y
4where’Tgr is the optical depth of the dust, and T is the optical depth
of the line due to .the surrounding Hz" The calculation of. equation 7-5
is very time consuming, as- there are ‘more than 54 B-X (Lyman)
"transitions from the first two. rotational levels of H2 ~HWS. and BD
, .- state that dissociation from C-X (Werner)- ‘transitions is negligible. BD
‘fsuggesteduthat'equation‘7-7‘cou1d'be rewritten(in,terms‘ofuthe
.equiVaient,uidth-of;thenline;ﬂ;éince there exist approximations to the
curve of growth,ithe‘equivalent'width_(W)Nofaa line can- be determined at
a fraction:of:the‘cost_it'would;take'to calculate”the>exact line profile

"~ (ef 4;1); ~Equation can then be rewritten as (BD)

S &

a where Ni.is thé;columnzdenSity‘offthe molecule.in the lower etate of
tranSiﬁion,i,:and,Wi,ishthe’equivalent width of the line.. FGK point out
that equation 7Q8,is an'incorrect expansion'ofiequation 7-5, and that

/dT should replace W, in equation 7L8 for the two expressions to be

, equivalent ~The derivative,of-the equivalent width can be»found almost

as easily:as the equi&alent WidthAfrom approximations.toﬂthe-curve of
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~‘growth.

' The best approximation for the curve ‘of ‘growth is by Rodgers and
Williams (1974) - They find‘that»the~equivalent width of “a line:can be

| approximated by

W ‘=‘ v(‘wiﬂ% wg - {w W /Wt )f (7-9)
whereow'is:thetequivalent‘widthﬁof‘an optically thin line (of 4.1), and
Wb'and Wt are expansions for the eQuivalent width of a gaussian 1line
‘profile and a Lorentz line profile, respectively. I have used equation
”7-8 with the modification suggested by FGK to calculate the
photodestruction rate Of HZ I included absorption from only the J=0
~and . J =1 levels' of H FGK show that the photodissociation rate’
‘increases by 15% to 30% when higher levels are included ~especially if
. account is taken of the overpopulations of the higher rotational levels

observed towards most reddened stars (Spitzer, 1978).

 The photoionization rates for the atomie specles are discussed in
Appendix D, where I have uSedvequation D-2 to describe the decrease as a
. funetion of extinction;‘yl have only‘considered model 2 and model 3
(RDF;>cf Appendix D)vcalculated‘forva centra1~optical depth of 0.5. RDF
: point out that‘the photoionization rates depend not only on the
specifics of the grains but also on the total extinction through the
Acloud. ‘Their analysis show major variations between central optical

‘depths of 0.3 and 0.5. From RDF, it appears then that the
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photoionization rates for X Per (T "~°°8)fWill be lower than just a
,simple extension of the rates for T = 0. 5 For example, the
»Vphotoionization rate decreases by . 50% between T =. 0.3 and T = 0.5 for
chlorine. This 1is the largest variation the others changing by less
_than 20%. I have: used the photoionization rates for T =.0.5,

- extrapolating them ‘to T 0.8.»

Photoionization of ‘carbon and CR ionization of hydrogen are the

| primary‘sources;ofdelectrons;in;diffuse clouds. At any point in the
'Vb cloud,
) (7-10)

Sofg *TIagr = m "o Cplyrr + Schory

where Eo = 10'16- 1 is the CR ionization rate, T is the photoionization
rate, and aH and aC are the recombinatlon rates for hydrogen and carbon,

respectivelx.“The identities:

(7-11)

and

(7-12)

can be. used to express equation 7—10 in terms of ., Ny, and ng
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T S T S
L- i i - = "‘1
aL + neFa ne(goa n,+n FaH) can 0 (7-13)

3
Be %H%c H" c's T B¢ H

The electron density is the first root of equation 7-13.

’ZJ:Ihe‘tempefgtufe‘qf the gaafis; in principle, an ehuilibr;um between
',heating and ;6oling‘procésses. Many of these processes have beeh
bjdiscﬁésedfin detai1*by Field'(1971), Dalgarno and MeCray 1(1972), Dralne

(1978), and othefs. ,Therimportant heating mechanisms appear to be

photoéjecﬁion of electrons from dust grains (Watson, 1972; Draine, 1978;

. RDF)?;; Lo
"Péo?o#épiza?iénfof‘éérbon'kEielq{‘1971)
S.O#IO—ZZ‘nenCI;éfTUV T;0'624 erg ;m—B s (7-14b)
Ldosmiclray’iéﬁIZat;oh‘(Fiéld, 1971) -
(7-1l4e)

4.5x107 o (0 /10718 ergen 7L

H, formation (Barlow and Silk, 1976)
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-28 =3 -1
1.65x10 “° anHIxergncm» s ' (7T-14d)

and chemical heating (Dalgarno and Oppenheimer, 1974)
3.0x10%9 ﬁH nH‘ei?UV - erg cn 3 bl , : v (7-14e)

RDF‘éalculated the:bhotoelelectric'heating for thelr different grain

modeis. The heating rate for model 2 is

9.0x107% g e 2eT3T 0 31 S p1sa)

and the‘heating rate for model 3 is

TR L (7-159
4.5x10_27 n"efo'g}T"‘_erg cm T s

"The’primary]eoolingfmeehanism‘is'the'energy lost by the radiative -

Vfdecayvpf'the f3Pé}2 leveidof‘C:II,5and oceurs at a rate of

2.5x% 10 ?4 '91‘3/? nCIIfiihi<6V>i - erg em S gL (7-16a)
where ni is the density of colliding particle i, <ow is thé collisional
»cross section in units of 10'10 cm? ‘and T 1s the temperature. The
_collisional deexcitation»rates‘for’HfI are from. Flower and Launay
‘(1977a) and from Flower and Launay (1977b) for H

2 These cross sections

can be approximated quite closely by '
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<ov> = 4.83 +0.678 In(T) . . (7-16b)
on = 23 s 0 e
<ov> = 3.05 +0.471 In(n)’ - (7-16d)

in units of 1010 cmZ.for>atomic hydrogen, para- and ortho- diatomic

hydrogen, respectively. :: The cross section for deexcitation by electrons

’is,j

<ov> = 5.74x10° T (7-17)

_ also in units of 1070 en®.
. If the cloud is warm, the fine structure levels of 0 I are efficient
coolants, where theé cooling rate 1is

24 /6 A o=228/T -3~ (T-18)

8. 4x10 Ny Mg erg cm: .S .

~To, calculate the equilibrium temperature for a given density, the

heating rates are summed and .equivalenced with ‘the net cooling rate by

o iteratively'selvingﬁforlthe temperature.




The ¢loud was separated into 50 zones of equal extinetion., The
input parameters are the external pressure (P1) the depletions of the
'relements (C Mg, Si S Ca, and Fe) the velocity parameter, and the
total color excess of the cloud where I assume AVO' 3/2E(B-V) - At ‘each
‘;Vshell the equilibrium temperature, ionization,-and H2 abundance are
‘ ’calculated I cannot fit the theory to the observations for any
5'combination of the input parameter.v This appears to be because the
B equilibrium temperature is too smail.
To check this, T have recalculated the model with an arbitrary
fvtemperature distribution. I find that I can fit all of the observed
i column densities by using a linear temperature distribution of the from
T - (T - T) 5 v | (7-19)
e
where T1 and To“are the temperatures at the edge and center of the

" cloud, respectively.vt,

.1Table 7-1 lists the calculated column densities for a cloud with the
following parameters-'b = 1 ; Pi’— 3000 cm'3K T, = 200 K, T = 35

K TE(B;V) 0.52. The depletions of the elements are 85 = 0.3,

= 0.0019. The

GMg =

Fe
depletions for C si, and S are from Table 6-2, whereas the depletions

0. 05, 85y = 0'15; 8g = 1.0, &g, = o 0015, and §

for Mg II Fe II and Ca II are from the analysis of the electron

densities (6 3 1) and the neutral depletions (6. 1) The total Fe column

: density is (log) 14 6 cm'2 which is 50% of the total column density from




204
. TABLE 7-1

" IS DIFFUSE CLOUD MODEL

Hodel Parameters: Pl ='3066 K émfg'Ava- 200Jt6J3$kK b =1 km/s E(B-V) = 0.52%

Depletions: C = 0.3 Mg = 0.05 Si=0.15 §=1.0 Ca=0.0015 Fe = 0.0019

Hodel;‘-;"  oObserved

u Caw .
HI 20046 20.51
By, .21;05{ = 21.04 -
£ o0.88 . 0.87
B 3e0 20.67 ©20.78
gel 209 . 20.70
J-£g  1938
:J-3f oamss
b f16.38:”\,‘

J=5 . '14,78ff,1. | o o
R L 0.047 . 23 - B Lo
CcII Tot~_.«‘f-17.57n | ;g~ 17.65

*J=gﬂ, ' 17.55 o . 17.63
32 1622 1625
cxé”&ac:‘fj,,is.4s‘ f T:?:‘ L“ 15.50
J=0  15.06 . 15.12
J=l 1513 s 15.12

CJ=2 .- 14,53 - 4.6 - 14.8

¥“ lExcéptvfor f and n_, the quoted numbers are Log (Column Density) cm-z.
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. TABLE 7-1 (CONT.)

'Modell‘ '[ © % Observed

 MgII. S '15;e9i~_" o .16.3 - 15.72
Mgl 1403 . 14.08
ST Tor 168 168
M5 1627 1618
J=3/2 “ 10.73 12,72
s 1292 1292
‘511‘:‘» _‘«“}6.60 o 16065 -
ST 1406 1390
. carrn | 12.40 .
Call - 1270 . 1340
Cal ~ 10.57 .,_, '1_‘,«: ;0,60
1 Fell | ..'v14;za~ o 15.60 - 14.3°

Fel -~ 12.24 o 1230

lExéept for f and ne,_the;quoced aumbers are Log (Column Density) cm-z_

2Column densitnyor~an,70/30-curve of growth'.

“Column density for a 50/50 curve of growth .
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a,50/50 curvefof,grouth This curve of growth.is. consistent with the
upper 1limits on .the. 2366 ¢ line of Fe:II.- The Mg column density is
'v(log) 15 9 cm 2, which 1is 70% of ; the column density of a - 70/30 curve of
growth, .The Ca'II depletion was' derived empirically by finding the
depietion which~resulted’in:anjaccurate calculation of.the Ca‘I column
:denSity.“The?correspondingtCafII curve‘of‘growthdlies between'an 70/30
~and. a. 50/50 curve of . growth ‘which 1s the same range as suggested in
6.1. . The’ Hy fudge-factor (K) was set equal to 1, although its value is

probably,larger, since,I did not includefabsorptions,from ‘the higher

rotationalvstatesiof‘Ha Ir ‘these absorptions were ‘included; the

o photodissociation rate. would increase, resulting in a lower H2 column

- density.

: ‘The externalipressure of:3000iCm'3K 1s ‘similar to the mean ICM

‘pressure of ~103 ~3¢ (Myers, 1978)

”Thevphotoionization‘rates:from model 3 (RDF, 'of Appendix D) were
fusedfin‘the.model" I cannot match the: observed .and ' theoretical column
densities for any: combination of” input parameters using the:
vphotoionization rates. of modeliz.,'The difference between the models is
‘that. for A <1500 %, the grains of ‘model .3 have a much- higher albedo
and have a large asymmetry parameter, indicating that they are strongly
forward scattering.x The‘calculated~atomic and diatomle hydrogen column
vdenSities agree’with‘the;observations quitefwell} even‘though the model
parameters:were chosen Specifically to matchfthe‘column densities of the

neutrals and the'cOIUmn densities;of the C I fine structure levels.




'vIndeed not only is the total H2 column density accurately predicted

.- but the column densities of the J=0 and J=1 levels are within the
v-observational errors. Figure 7-1 shows the calculated column density of
: the rotational levels of H2 (scaled by their statistical weight) versus
;the excitation energy of the level above th ground state. The
interesting feature of Figure 7-1 is the fact that the-calculated
Populations of the H rotational levels cannot be fit by a single
rotational temperature. The line drawn through the first three
rotational levelsicorresponds to a rotation temperature of 110 K,
: whcrcas;the lastythreeplevels can be fit by a rotation temperature of
170 K;. Thevlatter5temperature is a strong function of the'choice of the
’initial temperature at the edge of the cloud (T1) The upper level
rotational populations will be different from those shown in Figure T-1
:if a complete analysis of the statistical equilibrium of the rotational
‘]levels were included (FGK) The H2 level populations of & Oph (Morton,
’1975), o Per (Snow, 1976), and T Per: (Snow, 1977) ‘all show the same

qualitative structure as Figure 7-1. The important point 1is that this

. .model reproduces the general trend of the H2 level populations observed

towards other stars wilthout invoking an overly large radiation field,
The c I level populations neutral column densities ‘and hydrogen column
vdensities remain within the observational errors if there is no

Vtemperature gradient within the cloud and T, = T0 = 75 K. The only

1

_real reason I~inc1ude the temperature gradient is because the Cz'data‘

.- cannot be explained by temperatures greater than =50 K (6.2). In this

model ‘then, the 02 would exist only in the central core of the cloud (T

-7

‘.< 50 K), and N(CZ)/N(H) 1% 10 . For a central density of ng = 700




. Figure' 7-1, ~Predicted
- levels of H,, The observed J=0 and J=1
indicated. " The " solid  lines 'are
densities for the indicated excitation temperatures,
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theoretical predicitions of the column
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3 theoretical calculations show log Cz/nH -6”to;-8 (Mitchell,

- ‘lGinsburg, and Kuntz, 1977)

?iSure‘7-2 shoWSinﬁ';an I nH2 ,*and‘n' as‘a function of Visual
extinction intorthe>cloud' The change from atomic hydrogen to diatomic
:_hydrogen is very: sharp (< 4 X 1017 cm), and ocecurs at AV 0.08% into
© the cloud (= 2. 3 x 1018 cm) This is slightly less than halfway to the

center of the cloud as “the half thickness of the cloud is

5.4 x 1018 cm. Although oy doubles, the total particle density

‘(nH I * nHz) remains constant The electron density doubles in this
region, as- it is related to. Dy , and not to n. Also, ng, is beginning to
1’decrease in: the center of the eloud, even though the total density is

7'still increasing. This is due to the decrease in the photoionization

-. rate' Figure 7-3 shows the total hydrogen column density and the column
: densities of the neutral elements as a function of visual extinction.
'"The crosses on each line represent 5% of the column density. Except for

Ca II and Ca I these all fall at roughly the same depth into the cloud.

The fractional extinction (F) 1nto thé cloud is shown at the top of the
: graph.‘ For’ the neutrals, 95% of the column density lie within the
central 75% of the: cloud (F corresponds to the fractional hydrogen
”column density to the center not the actual physical distance). The

, ,fact thatkmost ofrthe neutral column densities scale with depth

kapproximately the same way’suggests that the use of a single empirical

5 curve‘of growthrfordallbthe neutrals reasonable; This same curve of

growth should not be used for either Ca II and Ca I or Ti II and Ti I.

In this model 0 I and N I have the same curve of growth as the dominant
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:stage ions. A possible interpretation of Figure 7 3 is that the

~velocity parameter of the cloud is 10 km/s in the first 25:% of the
‘t cloud ‘and 1 km/s further in. ‘The data are not inconsistent with a
| velocity parameter gradient existing in this region. The problem is
A‘that this implies that ‘the dominant stage ion curve of growth is 75/25,
‘:instead of - the 95/5 which was. used Although section 4'2 outlined the
\-reasoning behind the- choice of a 95/5 curve of growth the data are not
inconsistent ‘with the curve of growth being dlfferent from 95/5,
particularly since the choice of the dominant stage ion curve of growth
is independent of the choice for the neutral curve of growth (5 1.
“'Moreover the Fe IT and Mg II curves of growth already suggest such a
reduction, although it 1s at’ odds with the Si II and S II curves of
‘ growth The percentage of .Ca II interior to the cloud at F = 0.25 is
'85% ~The mean electron density for an 85/5 Ca II curve of growth is
v 0. 016 cm"3 and 0 020 cm'3 for model 2 and model 3, respectively. These
- are identical with thevmean electron densities derived for each model in
section‘6 3.1. This‘strongly“suggests that there'is a velocity
parameter gradient, and that -=75% of the cloud (95% of the neutral
"column density) has a velocity parameter less than or equal to 1 km/s.
Clearly, more work needs,to_be.done both theoretically and

observationally to reduce the number of free parameters.

Figure 7-4 shows the‘column densities of the fine structure levels
‘of:C'I (units on the left) and CQII‘(units:on‘theiright);as a function
-of extinction. The tick marks again indicate the point at which 5% of

‘the column density is on the‘exterior of the cloud and 95%‘is on the
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Figure 7-4.  The same és Figﬁre 7—3; except for the colunn density from
the fine structure levels of C I and C II.
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interior. ‘ThéIS%‘level‘of,the‘upper levels of C I oceur: at .the same.
_‘depth as the ground staté; This is very interesting, because 1t
:\suggests that the same curve of growth can be used for the excited
vlevels of C I as’ for the ground state, which in turn is the same for
most of the neutral species.i The same statement cannot be sald for the
J-3/2 level of C II, where 5% of the column denslty lies twice as far
into the cloud as 5% of the J=1/2 level, . The maximum population of all
excited levels (C I and 'C II) ocecurs approximately 50% of the way into
: the cloud. Even though the central density increases towards the
- center, the higher temperature further out - makes up for the lower

N density., Figure 7-5 shows the theoretical and observed C.I.multiplet

iprline profiles for the predicted column densities (Table 7-1). I have

_assumed that 5% of the column density has b 10 km/s and the remaining

95% with b=1 km/s.'_The fitrisfquite good.

Figure 7-6a and 7-6b show the energy input and output rates (ergs
cm‘3 ? ) as a- function of depth into the cloud. ; The major heating

sources are: CR ionization (c = 1016 '1), H formation (at the edge of

2
vthe cloud), photoelectrons from gralns; and chemical heating. The major
‘ cooling mechanism is the collisional exC1tation of the J 372 level of

e’/C II with hydrogen (H I and H2 ) collisions being the dominant

excitation mechanism. Excitationfby collisions with electrons also

appears to be important. Cooling by O I fine structure emission is

negligible,
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-~ Figure 7-5.° The predicted C I line proflles as comparedkwith the observaticns.
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Fiéurev 7-6a;‘ Predicted heéting rate,as a function of A, for heating by
cosmnic rays (CR), photoelectron ejection from dust grains (D+e”), formation

of H, (H, form), chemlcal reactions (Chem), and from the photoionization of
carbon (C+hav). ‘ '
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Figure 7-6b. Prééicted coolihg rate as a function of A, for cooling by
~ electron (CII+e”) and hydrogen. (CII+H) collisions with C II, and for

 hydrogen collisions with 0 I (O I+H).
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Figure 7-7 shows the equilibrium temperature calculated for the

: model cloud (T o). At the H I-Ho interface ‘the. relative importance of
electrons in exciting the J=3/2 level of C II becomes more important
and the heating from the formation of H2 goes to zero, the net result
being a large drop in the temperature. - Also included in Figure 7-7 is
the. temperature distribution which was used (Temp)' Figure 7-8 shows
the total hydrogen»density as a function of the depth (em) into the

cloud, where the-center of the cloud;is at 0 cm.

The mean electron density derived from thefobserved column densitiles
is_ne = 6.02 io.o1.cm‘3.' Thekmean electron density derived from the
’model is thebsame if the same average photoionization rates are used (cf
Appendix D). However the mean electron density of 0.02 is not at all
rindicative of the true,electron densities, For example, the electron
density is greater than 0;09~for more than 50% of the cloud (total
hydrogen column density) -ThekarrOWS‘on the electron density scale:of
Figure 7-2 show the mean electron density of 0 02 cm~3 derived from
ionization equilibrium, and the electron distance-weighed electron
density of <n &> = o ou7 em™3 (= fngdr/ fdr). In this model, the
B electron density ranges from 0.015 cm‘3 to 0.111 cm 3,H The mean -
electron‘densityvin this model has no real significance, particularly 1if
derived from ionization equilihrium. Similarly, nH was found to range
between 500 and‘1000 cm"3,»although from Figure 7-2, the mean ny has

‘little meaning.
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'Figure T7-7. Predicted'temperature from equating the heating and cooling

rates (Tc). Also shown 1is the empirical temperature used (T

H
ordinate on the right). P
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Figure 7-8. Hydrogen density as a function of linear distance out of the cloud (cloud center =
0 cm).




In this chaptef,.I'have preéented‘a'model>which accurately

reproduces- all of the 6bserved ion and neutral column dénsities. The
ébserved Ca II column density'can be made to match the theoretical
coiumnfdensity‘by reasonable avguments cohcerning 1ts curve of growth,
The dénsity disﬁribution'of the model was derived by assuming that the
cloud wasyin’hydhostatiéfequilibrium, supported by gaussian turbulence.
Thé external,préssure (3000~cm‘3K~) iSasimilarlto the mean pressure of
the ICM (1006'§m‘3K ’ Myers,‘19f8). ;Except for the temperature .
distribution,.which was chosen because it .fit, all other ‘input to the
modei are obsefved‘quéntities, such as the color excess, the depletions,
and the velociéy’péraméter. The result is a model which reproduces all
Qf théiobSefvéd datas. .the column densities of the idns and neutrals, the
fragtion of;hydrogeﬁ in-diatomic“form,:thefcolumn densities of the two

rotational levels of H ‘Bheecolumn»densities of the C/I and-C IT fine

2 9

: : , .
structure lines, and the-column density of Si II , which is not

'observed, and" predicted not to ‘be.  The model also leads to the .

conclusion that;;eXCept»for caldium, it‘is reasonable to use the same
empirical curve of growth for all neutrals,: even the fine: structure

lines of C I;) In a similar fashion, ‘the model suggests that the column

‘dénsity for C II* should not. be derived using the domlinant stage curve
- .of . growth.. The model also suggests that the neutral and dominant stage

Zcurves’of‘growth should be ‘different if the larger velocity parameter

compohent is ¢ontainted in the outer edge of. the cloud.,  Clearly, work

needs to»be doneton.thé variety of veloclty parameters observed along a

single line of sight, partigularly concerhing the location of the

" material with the different veloclty parameters.:




. 8;'rSUMMARY‘AND CONCLUSIONS

8.1 Summary. -

~In this‘dissertation,:I'have'used-UW, optical,:and radio data to
infer the physical conditions in the diffuse cloud along the line of
sight towards X Per; 'Additionally,~my studies.have pointed out a number

| : : of,problemsfin‘deriving these properties from: the basic observational

, data. -

The integrated volume densities along: the line of. sight towards X
Per .can . be characterized by two velocity parameters, where b = 1 km/s ‘f
v"for 952 of the material, and b = 10 km/s for~the~other 5%. For the
dominant stage ions, the percentage‘in“each component corresponds to the
mass distribution of the gas. with respect -to the: veloelty: parameter
along the line of sight ~The atomic curVes~of!growth‘do'not,indicate
whether this separation'is a‘physical'separation, where there: are two
, distinct clouds'withtdifferent‘velocity parameters or whether there is
only,one,cloud with a‘velocity parameter gradient. The radio 1ZCO
and 13CQ Suggest the latter, as the'line,widths are greater ( 1‘2CO) and
lessl('13CO)ithan'1“km/s. ‘This could be due to optical depth effects.
'~The analysis of the CH data- indicate the need for b= 0.75 km/s,‘which is
similar to‘the~13CO line width. The CH data may have other problems,
and work~is‘innproéress to:determine the implications of this and other

CH data. I have also constructed. a model. for the X Per: diffuse cloud.,
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The,model,predictsfthat the ‘density near the edge of the ‘eloud is = 35

cm‘3.».1hisvis:very,elose to theé hydrogen ‘density predicted by matching
the;obsevved column=densities;of c I1v, Si‘IV,,NLV;(upper 1limit) with
those pnedicted by‘an'X—rayASOUrcefembedded\infbhe;ISM:: Since b = 10
km/s for the highly ionizedvspecies,ennve,ofagrowth, this suggests that
-eindeed, hhe;cloud»edge:haéfa,higher~velocity-parameﬁer., Alternatively,
at‘least;1/3 oflthe material -with:b =-10-km/s.can be accounted for by
just'theKICh along the line of sight. . The date do not:glve an
unanibiguous answer for the question of “the relative positions of the 1

km/s and31o~km/s;9elocity parameter components. .

- Another point brought out -wasthat -the most neutral specles fit the
a nnique ‘eurve of growth ‘and that.most. dominant stage ions fit another
curve=of growth In the case’ of X Per, these two:curves of growth have
~the- same shape, although this. is probably not common, . This coneclusion
was‘reached through ionization equilibrium calculations and by the
model; \The model also showed that the fine structure carbon lines used
-ﬁhe sSame. curve of growth aslﬁhe neutral species.‘hCa IT was shown to be
an exception, both by the model and by the ionization -equilibrium

arguments.

I derived a mean electron density from ionization equilibrium of
n, = 0.02 cm’3-: I found that‘the electren density for all observed ions
and neutrals would agree if the curve of growth used to derlve the

Mg II,'Fe IT, .and Ca II column‘densities were different from a 95/5

. curve of growth. Indeed,‘when the depletion derived from the 1 km/s
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columnldeﬁsity of ﬁhese threeiions was‘igput intoﬂthe‘model,‘the neutral
;édidmnbdénsities wéré accurately predicted.  In all three cases, the
néutral column'density‘is’independent of the curve of growth used. The
‘Ca-II:cuEQe of growth can be justified by noting that Ca III is the
"_dominaht,stage-ion in thé iCM. This clearly modifies the fraction
'1texpected in eéch,ﬁelocity parameter component, “ Ti II probably behaves
-in‘a similar manner;’iThe cﬁrveS‘of*éfowth for Mg IT and Fe II-can only
be Justified if Fe and Mg are preferentially depleted in thé 1 km/s
component. ' Since S1 II does not- show this same behavior, but:is itself
dépleﬁed,-one'cah infer that the grain' cores are primarily silicates,
vwhereas the'méhtlesﬂéﬁpear to1be Mg-Fe .compounds, : -Clearly, other lines
of'éight muét be analyzed to substantiate this. I have also pointed out
j'chaﬁ an'ihcdrféctvcufve;of-gréwth wilI~resﬁlt ina higher derived
"deﬁietion,~aﬁd\thatﬂﬁhe¥depletidn‘will%appéar‘to=increase as a function
| df the éxtinctiong?aithoughvthe specifics depend on the particular line

of sight.

“The. difference between the photoionization rates of model 2 and
modeli3,(RDF, cf Appendix C) is almost negligible when the rates are
usedwto defive the‘eleptroh density and describe the general ionization
tfénds within the éloud.iﬁHoweven;”only‘the\rates»Of mode1*3‘will work
in the model:, TThéyrates 6f model- 2 resﬁlt in heutral column densities
" which ére'éver an order of magnitudé,larger than observed. 'The gralns
‘of model 3 havé'large albedoes and are strongly forwérd“scattering

shortward of 1500 R. '




,'Thé notion of an average,temperature,‘density, and pressure was
questioned in this dissertation.,uFor;exa@ple,Jthe«eléctron‘density
. derived from ionization‘equilibrium is a factor of 5 smaller than the f;‘
electroh deﬁsity ofxthe reglon which contains the‘the majority of the |
haterial. Indeed, the‘model;shows:that the electron density varies by i
over an 6rder»6f'magnitude{ffom tﬁe edge of the cloud to the center.
This: also occurs fér‘théfhydrogen,voluggidensity.} Clearly, the mean
- density is dependentfopjhow the data are weighted. .The mean.electron
density is weighed by,the;physical_distance,jand‘hence‘is a measure of
:théﬁouter,partsxof;thé»éloud; :C0.1s.a relatively hardy molecule and can
exist near the edge;;,Thé?hydrogen density-from‘the CO data are thus
rliweighed;by,both distance~énd density.; Neutral'carbbn 1s easily
déStroyed,,hence the fineLstfucturevlines are-more indicative of the
centfai.density.1*Iihav¢;foﬁhdﬁthat in order:to.duplicate .the
témperature;and;density:indicators, a;temperature;gfadient must exist
k" in the model.‘ Irf I ignofe the 02 observations, I can fit all the
',obéervations to a”modei with'T“=;75 K, .which 1is theﬁtemﬁeratuhe,derived

from the H, data. ..

| Observa‘cions-of/H2 along other lines of sight show two different

, ybphenor‘nena‘.’ First, the cufve of growth appéars to lie between the
neutrél‘and the‘dbminant stage ion curves of growth ; and second, that
the rdtatidﬁal temperﬁturevof the high J states 1s higher thah the

rotational temperature of -the low J states. The temperature and density

- gradient of my model emulates this effect. There is no indication in

the 12¢0 curve of growth which suggests the existence of a 10 km/s curve
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of ‘growth, ' This suggests that 1260 and H2 are not completely

co-existent, and that the H2 extends further from the center than the

co.

~.I have found a new: transition of 02 in absorption, which makes this
fthe first conclusive .detection of C2 in the UV.' I'have also detected
‘two lines of H,0 at the 1-2° level. This would be the first detection

of gaseous H20 in a diffuse cloud., The level ‘of detection is not high

enough to conclusively report a detection.,\I have searched =
unsuccesfully for'a'number*ofaothgr molecular features, although I have
- depected S;unidentified féatures. Ifha#e‘discussedathe possible
f:_identificatibns:Qf th¢ three.strongest“lihes witb CS,rCZH and C3. As an

aside, I find it very inﬁébesﬁiﬂg that the:three strongest Ui lines lie
within 1 R of 5,12C0‘band, that two of them (1419 and 1543) show

definite band structure, and that each one 1s shaded to the red.

The only isotopic species found was 13CO , and the 12c0/13c0 ratio

. of T0 8 seems to suggest that chemical fractionatlon has not occured,

k although the electron density is high enough that it should be seen.




- 8.2 Conclusions

Many problems still exist in our understanding of d1ffuse IS clouds.
In this dissertation, I have pointed out many of them, and have,
perhaps, answered some of them.' I have also introduced a number of new
uestions.,,To answer the questions and»solve,thé problems, it is
necessary‘to conduct‘similar analyses for other diffuse clouds, as well
as building more sophisticated models. I think that the next steps
should be in opposite directions. an analysis of a more heavily reddened
star; and,the analysis of a star whose reddening is primarily due to a
large‘pathlength through the ICM. These analyses will probably be

crucilal in determining the velocity parameter structure of the ISM and

: perhaps the true dynamical structure of the ICM and of diffuse clouds.
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" APPENDIX A: Radio Data Reduction

Consider a warm, opaque cloud of IS gas. The power radlated per

unit volume is given by the Planck function

Cgaai3 o ‘ ; o ;
" 8nhv : . T A S S ; o
wen »o (A-1)
R

In the limit hv<<kT, the energy emitted per solid angle is

P o= kgh%— av o _ (A-2)

often referred.to as the Rayleigh—Jeans approximation. The direct
relationship between the emitted energy and the temperature of the
emitting,cloud indicates,thatpwith proper calibration, a radio telescope
measures the:temperature of’the emitting reglon, providing that it
radiates like a black body. Even if the flux’is non-thermal, a
temperature can still be associated with the total power emitted, even
though it is not the actual.temperature. This temperature is referred

to as the equivalent‘brightness temperature, and it 1s the temperature

~ that that the eloud would have if it were radiating like-a black body.

T For shorter wavelengths, the Rayleigh-Jeans approximation does not hold.

In this case, equation A-1 describes the relationship between the
temperature and the emitted power. Since only the exponential is
affected by a change in the temperature, an effective source radiation

k'temperature can be defined as




JOv,T) h37ﬁ§
e -

( 1)

(KU, 1981). J(v,T,) is the parameter observed in the millimeter radio
’régidn; from Whiéh T, can be found. Since J(v,Tg) is usually measured
‘as the height'above»the'COntinuum, any continuum emi$si§n,mﬁst be
accounted,fof bef°Pe Tefcan‘be evaluated. - At millimeter wavelengths,
'the'major‘sour¢e of C§ntinuuh emissionﬂis‘the‘2.7sK'(;Tbs)‘cosmic

. background radiation.. For.a cloud of optical depth t, the observed line

sdunce radiation temperature J1 is

Jp = J("’T‘,Q(vl,-»efr)* Iv,T, e ((A-1))

and the background:source radiation temperature5'Jblis

* The difference is

Ty 1" %

i L g e
’(l—ek ){J(v,Te) - J(v,Tbb)}

» The observed antenha temperatﬁre is a convolution of the beam
pattern and the distribution of TR in the sky (Kraus 1966; KU). Let n
be this norﬁalized coupling factor, Then, the quantity which is

observed is




. ‘where n is often close to unity for ektended'sources‘(KU).

kTo get T;,‘the output from the telescope must be corrected for the

opacity of the atmosphere (1), the forward spillover and scattering

_ efficiency (nfss),

the rearward spillover and scattering efficiency

( pss), and the radiation efficiency ("n). The observed antenna

temperature, TA is

T = T* e-TA n
A R = nfssnr rss , (A-8)

where A is the airmass., For the J= 1 0. transition of 12CO and: 13CO

jobserved with the NRAO 36 foot telescope, ”fssnr”rss = 0.71, and for the

J= 2-1 transition of 12CO observed with the MWO 16-foot telescope, the

' .product 1is equal to 0.83.

Using the-chopper‘wheel calibration method (KU), the relationship

between the observed voltage and antenna temperature can 'be calibrated.

The antenna temperature uncorrected for the atmospherlc opacity, can be

written as -

(A-9)

Tamb Vl/Vcal

v Tanb is the ambient temperature, Vl is the voltage of the line,
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A (r. : f T:ﬂ'$T” . . (A-10)

fG‘is,the gain of the feceivef,,Tsky-is%the‘temperature of blank sky, and

 (a-9) and (4-8),

T mp is the temperature of the chopping vane., From equations (A-10),

W T

: *
, TR oA R (A-11)
‘ Ness "r Mrss

* , . e

A.;s often;the reporteé quantity, a; the product s rless changes

with frequency and telescope configuration.

»frThé observation of a'fadiofemission,line yields~T; and Av.  There
are two unknowns_from;équaﬁion A-10:.Te-andgThe‘optical depth, t.:1v 1s

related to the'column density in-the,jthgrotational~level (N;) by

Vv

grdv =T Ay =

.‘ M o “C \. v .
" 8 3 2\', \ S, ;hv/kT L (J4D) e e -(A-12)
= (1-e o Ny Bwy

3he ~ J 23+

.- where v is thekFWHM‘inkvélocity units, p-is the dipole moment, T, 1is
the line center: optical depth, and the rest of the symbols have their
uédal meaning, The total column density, NT » 1s related to Ny by (ef

. Appendix C for. a more complete discussion of -this)
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N

N 2141y & (4-13)
Ny o= @r+1) e T GEDB/T, 3
- rot

~where B 1s the rotation constant and the partition function Q is defined

as

Qop = £ (2541) & TEHFLIB/T, (A-14a)
J=0 . | , |
ot = Te - (A-14b)

B:

in LTE. ’Fob'séail T , equation A-14b overestimates Q. Howevéf, CO is
norméily‘not'in LTE,’andftheipopulétibn"pf each level will not be given
'by_équatibn'A-12); »An‘alterhativé way of ;tating this non-LTE effect is
that eadh rotétiona1 sta£é1has ité\own charééteristic Té~3 and it this
Te(J) which1ﬁﬁstfbé used in'bbﬁh eéuations (A-12) and (A-13). Dickman
(1976)‘ca1cu1atéd various véiués of Q for CO fob various temperatures
‘and denéitiéé;-'He~us¢d-tpéViarge'velbcity“gradient~meﬁhod (Goldreich
and‘Kwan,’1974) to mbdel the radiation transfer. For a wide range of
temperatures and densities, equétion A-1U4b 1s a better appfoximation

than equation A-14a.

'1.USing'equation,A;14b for Q, N, can be solved for in terms of the

- known quantities:
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3T0 AVTe h eJ(J+1)B/Te

T = : ~ = o, D (A-15a)
82y B+ (1 - & HV/KTy o
- which can be rewritten for any .rotational level of 'CO as
B T S . J+> -
~ 2.309x1014‘T0AV Te‘“e2 761 J( ,1)/Te cmfz (A-15b)
‘N, = — o
. T,‘ (L - e hv/kTe)
- which for’the‘J=1-0.transition is-
200t e owr o2
Noe o '"e . 'cm e LS (A-15¢)
' (1= 3—5'534(Te)‘” o
A For largé dptical-depth,_the’exponentialain equation-A-6b 1is. ...
_efféctively zero, hence .
ey \ "~ JO,T k); (416)
TR';_ (v,Te) - ,(vf bb):

For small optiéal:depths;~thefexponential'can‘be‘eXpanded, and- equation

A-6b 1s then

R i ey e Ty (a17)
| TR  = r{;(v,Te) J(v,Tbb)}
Clearly,,én;optiéaliy thick: line:will return the excitation temperature

(equation A-16)kbutiwill not give any information about the column
density of the material. An optically thin line yields a convolution of
the column densitykand the excitation:temperature (equation A-1T7). If

the ekcitation.temperature were known for an optically thin line, then
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e;ﬁher equgtiOn A-6b or equation AQ17;can‘be,solved for , which in turn
yiélds the,column’densif&. In pracﬁice; the 120 J=1-0 line is usually

optically thick.y'SoIVing‘equation (A-16) for T, yields

B
% I

| Te,_élwhv/g {ln(

s o
B I - (4-18)

,'The 13C0‘J=1;0'ling is usually optically'thin, and if‘the excltation
temperature of the twé transitions are eqﬁal, equations (A-17) and
(A-15¢) yield thélcolumn density;foh T3C0.  The column density of 12¢0
1s then the 13C0”‘collumn"density times the 12C0/13C0-rati§ for the region
.(solar=89;‘ISM Mb;«wanniér,51980). There;is‘a'uégful relationship for
determining the optical depth of the 130 J=1-0 line. Solving equation
‘ A-6b'fqr 113;yie1d$;qu‘.‘k o |

- St "‘T*‘
T
= =ln(l'-

13
T3 T) = T, Ty

13

whererthe(ffequenéy'is that of the corresponding 12¢0 line, Assuming

that

J(\)13,Te) - ‘J(V13',Tbb)‘ = J(\’IVZTe) - J(\’IZsTbb) (A-20)

equation A-19 can be rewritten as




T = =1n(l - T /T

13 13 R

There is an interesting relationship between the optical depths for
»the J =1=- 0 and J 2-1 transitions. Let the subseripts 1 and 2
differentiate between the two transitions. -The Optical depth oan'be

written as

o I (@HDB/T, o 32 . (- BV /KT S f(v ) a2y

C : : o :

Ty = vJ(J+1) N

where (v J) 1s the normalized ‘line shape function. Since T, = 2T1, and
assuming that the line shape function does not vary between frequencies

(over the interval from v1;to v2)5 > is related to 11 by‘

- C-2B/T. -
T, = le e /Te a - e‘hv/kTe)

or since 2B = h91/kv: T,y

| =T /T
271 e 1/Te (1 -e Il/Te)

as T, > , Figure A-1 shows To/T4 as a function of T.." Note that for

Te=5,T5= 1




Limit Tes@

Figure . A-1. - The ratlio of the J=1-0 and‘J=2-1 optical depths:asta function of the eicitation

temperature. The limit for large T, is indicated.
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In a similar fashion, JO,T) = 2 JO,T)/(1 + eT1/Te), Figure A-2 is

" a plot of T;'versus T; for various values of T, and N/AV, where

Tbb=‘2'8 K. T; was calculated using equation A-6b, and

-15 g_“(l‘- e-Tl.v/’Te)’( ‘ | ‘ (A-24)
S oAy T,

T, = 4.33x°10

1

and 12113 given by equétion,A;23,f LinéS of consﬁant T, are denoted by

thin lines, and lines of constant N/AV»aré'denoﬁea by thick lines.




' Figure A-2. Tp
and N/ v (thin 1ines).— The heaviest line on the righ% corresponds to an
infinite column density. '

‘versus T*Z for different values of T. (thick lines)
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:-APPENDIX‘B:TThe IUE. Satellite

The IUE has two spectrographs which effectively cover the

.wavelength ranges Of 1190 ﬂ to 2100 R (Short Wavelength Prime; SWP),

and 2000 8 to 31 oo R (Long Wavelength Redundant; LWR). Each

| »spectrograph has the capability to act in either a low dispersion mode (
" 6to8 R resolution), or a high dispersion mode (=0.1 R resolution,

or ~25 km/s) The format of the high disper51on spectrograph is that of
an echelle spectrograph This format makes efficient use of two
dimensional image detectors.b The IUE uses SEC-Vidicons for imaging and
‘readout , Each spectrograph has two cameras, a Prime and a Redundant.
'-The mechanics of an: SEC vidicon are as follows. An UV- to visible
'converter changes the input v image to an image at optical wavelengths.
‘This image is then fiber-optically transferred to the front of the
SEC-Vidicon where it is changed into photoelectrons, which are then
accelerated and focused onto a target of potassium-chloride (KC1) which
. causes secondary electrons to be ejected from the target. These
electrons are drawn off by a +12 volt bias. Thus, an image 1s stored on
the target as a positive charge.> The charge distribution on the target

is roughly gaussian in nature.

After the exposure has been completed the Vidicon Sends ‘a pulsed
beam of focused electrons onto the back of the KC1l target The change
in the capacitance 1s a measure of the charge density at the position of

' the electron beam, which in turn is a measure of the intensity at the
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ff&nﬁ'df*the UV-to-Visuai converter, A set of flat field exposures of
 varying intensities gives;theifelationship between  the measured charge
aﬁd the input flﬁx: The Vidicon scans.the KC1l target in a grid of 768
7by;768'positions.~ Eachaéapacitance‘is‘converted into an integer from 0
 toa255;andvis'teiemétefed in real time. - The data are ‘collécted and

: processed at,either,GSFCvoerILSPA, Spain.

Thé.current (April;11982; see JUE Newsletter #18 for new processing
: ,Eechniques) processing-technique isas follows., Because of the
distortidns inherenfrin‘mégnetigally‘and electrostatically focused image
tﬁbés, the Qutbﬁt array: of data numbers (DN) are distorted with respect
'to the input 'i»ma‘gé."‘.,rq'detérmine the magnltude of this distortion, the
;fiSen-optiCSjbeﬁween‘the*ultravioletvto»visual~converter and the image
‘tﬁbe ¢on£ain a sét 6f1b1ack reseaux, whose relative positions are
’accuratelyﬁkhoﬁn.r;Afbilinear interpolation is then performed on the
érray of'DN%s,ﬂﬁh;ch‘then corrects the'image for all geometric
idistortions;‘ A sét_of exposures: of ‘known intensitieS‘ié used to
construct:an-intensity.transfér function (ITF). - Each pixel has its own
iTF; and due,to the nature of -the KC1l target, adjacent pixels can have
| :significaﬁtly differenEvITEfs.<’The result .of the ITF acting on a DN 1s
a flux mm;ber.»:(FN’)’,: which is the relatively calibrated IUE flux.
‘ Dépending 6n thg’nature of the spectrum (high or low dispersion, point
séurée; trailed spectrum or extended object), the next procedure is to
éxtract‘the intenstiy at each point along a glven order, This is done
by passing a "pseﬁdo-Slit" across. the image, along an order, This slit

| consists‘of,summing the intensitlies of the three pixels on either side
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| ~of thé‘cenﬁral»pixéi; perpendicular to the direction of the dispersion
(the number on either side’dependsfon the type of spectrum; the examples
";béiﬁg‘givén arerfbr'a high'dispersiOn spectrum of a point source).
| Ad&éd t6~thié is the average of ‘the two columns of pixels on elther side
”and baréilel‘to”the‘previouS‘eolumn'of*pixels. This 1s done from one

 end of each order to the other.

‘?"fAfprevious exposure to a platinum hollow cathode lamp allows the
-position of the slit to be assoclated with a wavelengﬁh. All SWP
,\ﬁavelengths*are,vaCuum'Wavélengths,*and all LWR wavelengths are air

wavelengths. -

The'interorderfbaékground-forfthe high dispersion spectra 1s
bbtaihed byltakiné the average'of'two”pixels‘halfway between the order
1being measurediand‘thé two adjacent ‘orders. - These background data are
scaled to théisame'slitTareaf(g'square pixels) as the extraction slit,
'vand*eventually aﬁe,émoothéd~by'a median filter before being subtracted
. from' the "groés"\spedtrum ﬁo yleld the "net" spectrum. The photometric
quality~of'éértain‘pixelsfiS»known-tofbe rather poor, This can occur
' fof pixel$ nearra}beseaux~andfoverexposed plxels. These pixels are
ﬁarkedfby givingrtheﬁ'a“quality factor. This quality factor, often
called ah’"EbSiloh",*indicates7to the guest observer that the net flux

may be in error., -
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A "The'basicrIﬁE data1reduction procedure 1s as.follows..  After the
imégé has been_con&erted to relative flux units (FN), the pseudo-slit is
'.,péssed along each_order; The result 1s six arrays.for each order. Each
"farray‘ihdg#:correspondsxtbﬂtheusame wavelength along the order. The
arraySvcqﬁsistyofﬁtheigrosslflux,_thefbackground flux, the wavelength
associéﬁed with eaéh pixel,~the7quality,control value (epsilons), the
’net,fiux (grpésfbackgrounq), and' the net flux corrected for the echelle

' ripple.:

~The curfent?(January, 1982) data extraction procedures were used to
prdduce ﬁhé magnetic tape glven to the guest observer (Turnrose et al.
1§79). ‘AllVSpéctra have been processed with the current (Jﬁne, 1980)
;ITF.l:Thé'nofmal procedure is to subtract the background flux (B) from
‘A £hé grosé'flux;(G), yieldingrthe net flux (N),for each wavelength point.
 These fluxes qénvbe;obﬁained1from the extracted spectrum file on the
déta tape.. Fiuxés derived¥1n thisﬁmanner,_however, tend to be too low.
Boégéss et al, (1979);ndted.that,the equivalent widths of IS absorption
Vlfeatgres'in\the speétrum of . Zeta-Oph were larger than those published by
: Mortoh (i975).:.Because,of the proximity of the orders near the short
vfwavelength raﬁge of each camera, the position used to extract the
backéroupd flux 1s contaminated by the spectrum. Thus, 1t 1s more
Qérrect té thiﬁk of the background as being too large than as the net
flux ﬁeing Eoo small,_fThis,conclusion is evidenced by the existence of

zero or negatiye‘residual fluxes for. strong, narrow (FWHM = 10km/s) IS

absorption“lines'which‘are/not.resolvednby=the IUE (FWHM = 25km/s).
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“In order to quantify the effects of ‘the excess background, I have
madefa~déﬁéiled;éomparison»betWeen IUE  and Copernicus observations of
 Zéta Oph (Morton,-1975), Zeta Pef*(Snow, 1977), and Omicron Per (Snow,
1975, 1976); \Using,the definition of the equivalent width and assuming
that“both‘the éqhtinuumfénd background flux do not vary across the
absorptidn featufe, one‘cén show that the background which should be
subﬁractéd fromAthg gros$ iUE flux such that the resultant equivalent

‘ width'agreesfwith‘the'pubiished Copernicus data is

B é.G(l‘f ;&)f! S ‘ L (B-1)
e ‘
~Whe?eiG‘is‘thé'IUE»continuum from~§he‘gross flux, Wg is the equivalent
‘width'calcﬁiatedfffom'the‘gross flux, and Wc is the published Copernicus
: équivalent widthif.ItiiSuinteresting to note that the value of B
;ostaiﬁed from3(§éf) 1s .greater than the extracted background flux,

‘BO, fof;all 1ihes measﬁred and for both cameras. The only exception is
“the Al'Iifline at 1670 £, where B < 0 for Zeta Oph. The result of the
analysis was‘thatféhe IUE and‘Copernicus equivalent could be equated

‘ within the observational error if the background were modified by:
fiBt“ F CHE®B O L | (B-2)
“Bt is ﬁhewﬁtrhe“'backgfound which should be used instead of the observed
baCkaOUHdide; 'C 1s the value of By at the long wavelength end of each
 order;.and f‘is a‘éQnstaﬁt,”equa1‘té 0.7 for both cameras. The

. équivalent widths' extracted from the modified net spectrum for each of
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~;£he three stars were within the observational error of the published
- values. The'Bo-C térm in (B -2) is a measure of the amount of order
-overlap andrscatteringfwhich 1s affecting thé background. For large C
(1038 é*POSUfGS);HBtV=-Bo;t“waever, for small C (short exposures), the
'~§rder overlap énd,scattering;are the largest contributers to the
Qﬁservedlbackground and .are correspondingly reduced by (B-2). Equation
2 isfthe7éahé fbrm;as'the equation used by Lien et al. (1980), which
was derived by equating the values of the equivalent widths of lines
whichgwere measuréd in more than one order of the program star spectra.
‘Lign et al."found a value of 0.6 for f by comparing the equivalent
‘; widths of the sémelline observed in. two orders. Since this was an
‘;internal calibratidn,.the~errors,are larger,-and £ = 0.7 is the
'préferred vaiué.n‘Allgequivalent wldths. quoted 1n this analysis have
 ibeen,éxtrécted from-thevnetiflux modified by subtracting the altered

'backgrouhd from the gross flux.

The poﬁaséiﬁm-chloride.(KCI) target coupled with the Vidicon scanner
~,séems(to prddﬁdé syétematic,noise features in the extracted fluxes.
Héncé; the signél—to-noisezratio (S/N)‘reéulting from co-adding spectra
:  wi11 thy ipcrease to.the point where.these systematic features are the
ﬁajor:contribu£ersAto @he BMS noise. Even though the S/N will become a
éonstant,'weak features‘cén‘befdetected if the position of these

| i;features can be:determined.  Independently, Jura and York (1982) and I
have foundﬁthaﬁithese features are not only time dependent but may also

bénposition,dependent. Jura and York suggested observing a standard

star of .1little Peddening,to\he}p‘idéntify and correct for these




features. =

‘Probably the best way to detect and account for these nolse features
”is to make'multiple éxposures of the same star through different
'J;bésitions inlthe;laréedaperture; This has the effect of shifting the
?stellar’andvinterstellar linesVin\wavelenéth. Noise features inherent
;tobthe KC1 target‘willlremain at the same physical position, and, hence,
:at the same absolute wavelength as defined by the weekly comparison
,fspectrum exposure.a Exposures taken at different times of the year will
‘}also yield the same result in that a weak feature can be identified as
‘ fnoise if it does not appear in both spectra. Since the projected
',_{velocity towards the star is probably different between the two
lexposures, the spectral lines will also be shifted with respect to each
faother. Again, this aids in determining whether a feature is real., A
jfew weak features towards X Per have been conclusively identifled as
'rreal or artificial by u51ng a combination of these three identification

.4~methods.

Figure B-1 shows a. theoretical view of the face of . the KC1 target.
M;The grid is .a. representation of the horizontal and vertical scans the
‘TVidicon camera makes on.the target. - The dashed lines are the centers of
[the orders (for specific order numbers labeled alongside the line; SWP

-;and LWR invparehthesis) ~The orders are inclined at an angle of about

‘50°iwith respectrtopthe~horizontal scan lines. The thick semi-rectangle
is the representation of the slit on the camera face. The single

cross-hatching indicates the‘pixels with a welght of 1/2, and the full
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Figure B-1. Idealized representation of the KCl target. The grid represents the indivlidual
pixels; the dashed 1ines and solid 1lines Indlcate the center and edge of an echelle order,
respectively. The order number 1s indicated for the SWP and for the LWR 1in parenthesis. The
filled dots and open clrcles represent the center plixel of the slit and the posltion of the
background pixels, respectlvely. The thick line represents the outline of the pseudo-slit,
where the hatching indicates plxels glven a weight of 1/2, and the full cross hatching Ilndlcates
~ pixels with a wieght of unity.
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hatching is for pixels whose intensities are given full weight (unity).

The“dark'doté‘indicate the center of ‘the slit as 1t "moves"™ along an
order,:and'the open-circles show the position of the pixels used for the
background.:fBecause‘the,orders are not at an angle of U5° with respect
to the scahvlines, a vehtical plxel shift must occur every few

v wgvelength‘steps for the slit to stay on the order. The normal
wavéiength step corresponds to dvé, where d 1s the width of a pixel.

The perlodlic upstep has a wavelength step of half the normal step-size
(dVQ/Z). The exact wavelength at which this half-step occurs depends on
-a mpltitudgidf,pafameters'and 1s usually not even constant for
sequential expésures. The problem comes from the fact that spectra are
co-added by an index number, .and are-not.the absolute' wavelength. This
will teﬁd to broaden the:.line profile, particularly since the flux
',betﬁeen the°two’pixels separated by the half-stép have similar fluxes,

: asﬂaimostké third of the slit pixels are added into both slits. Over
the whole”ofder, £his binning problem averages out. It is only for line
pfofiles which are not resolved for which this line broadening is a

major problenm,

“'Qualitativelyg this binning broadens the wings and flattens the
' cores>§f‘the absorption line. The net effect on the line profile 1s
’also‘a‘funétion of the‘number of co-added spectra. In practice, it
appéars théﬁ‘a gausslan profile‘adequately represents the instrumental

response function. The gaussian can be characterized by a dispersion o.
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I determined the dispersion (which is a function of wavelength) by
first fitting gaussians to the emission line wavelength calibration
, specﬁra,bzI then modified the dispersions to the summed data by fitting

) the line profile to weak, néutral IS features. For the LWR camera,

o _ . : - (B-3a)
opm = 0176 % T |
and
G =8 93“6x10_5‘)\ ~-"ob.ossvs‘ A (B-3b)

for the SWP camera. Although no formal errors were calculated, I

“estimate that bhé error 1s less than 0.025 R.




- APPENDIX C: Molecular Band Structure

Most of the following material on molecular structure is taken from

Herzberg (1950, 1971)

The ground state of a simple diatomic molecule is that state where

‘the electron distribution has its lowest p0331ble total energy. If the
molecule were to rotate, solutions to the Schroedinger equation imply
, that there are only discrete energies‘which the molecule may have.
-Similarly, if the molecule were to vibrate along its internuclear axis,
‘ only discrete vibrational periods are allowed. Different electronic
benergy levels exist when the total energy of the electronie distribution
1is non-zero.‘ Molecular electronic states are 51milar to the atomie

'energy levels delineated by the quantum numbers n and L.

The vectorvsum of’the individual components of the electronic
angular momentum projected onto the internuclear axlis is called the
total orbital angular momentum, A. A is an integer when expressed in

' units of h and 1is denoted by £, I, A for = 0, 1, and 2. Since A 1s the
vector projection of the orbital angular momentum onto the internuclear

axis for A % 0, the electronic state is doubly degenerate.

V.The,Spins'of the individual electrons also add vectorially, and the
magnitude of the resultant spin vector 1s denoted by S. S can take on

halffor whole integral values, depending on whether the number of
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electrons in the;#alence_orbital~is odd or even, respectively. S also
determines the huitiplicity (ZS+1) of the electronic state. For
hom§nu¢lear,diatomic molecules, the electronic eigenfunctions are either
| even (g) or odd,(u), depending on whether there is an even or odd number
~of‘antisymmetricvorbitals. If the electronic wave function is symmetric
(antisymmetric);with,respect‘to reflection~by any plane through the
'internucleah‘axis,fthen it 1is denoted as + (-). For p # 0, each state
is doubly degenerate, where one degeneracy has a + character, and the

~other a - character.: For example, the ground state of the diatomiec

_carbon molecule (92,)fis designated as X1H;, where S = 0 (2S+1 = 1),

.énd‘Af= 0 (z).

The individual rotational levels are,characterized by thelr parity:
a rotatiohal ievelvis,positive (+) or negative (-) depending on whether
~ the‘sigﬁ‘of the total electronic eigenfuncﬁion remains the same or
chgnges undef,the;inversion operator. For I states, the rotational
levels al£erﬁate between + and -, The character of the lowest

rotational level is determined by whether the state is a 1+ or r~. For

A‘ého,reachwrotational level has both parities. The form of the
,éoupling‘between the orbital motions of the electrons and the rotation

of the molecule can split this degeneracy. This splitting is known as
'A-Eype doubling, Each split level then has either a + parity or a -

parity.




There are two major ways in which the spin and the total angular

electronic angular momentum can couple., The first (Hund“s case a) is
where both tﬁe spin‘and Qrbitél angular momentum couple to the
ihternuclear axis (Figure C-T). The net angular momentum is Q@ = I + A,
The‘rbtatiqnal ahgular momentum (N) couples to Q to form the total
éngulan momentum (J). J can take on values Q + N, where N=1, 2, 3,...
.Clearly, J‘is never léss than Q. An example of the ground state of a
Hund“s case a moleculevis,the X2n ground state of CH (Figure 5-15).
The multiplicity is two, héqge CH has two "ladders ", a 2n3/2 and a

‘ 2H 1)2. OH‘is another example, excépt that the 2H3/2 has the lower

energy. OH 1s an example of an inverted Hund’s case a.

The second cése (Hund“s case b) occurs when the spin is coupled to
‘thé rbtationalnﬁnéula?umomentum'ihstead of the internuclear axis (Figure
C-2). The resultant:momeﬁtﬁm vector 1s called J, which can take on
values from N-S‘to N;S;“ All  states are by definition case b, since
there 1s no elecironic angular momentum for the spin to couple to.
Ekamples‘of Hund“s case b éfe the B2:™ and the c2rt systems of CH
(Figﬁre_5-15), where eacﬁ N is split into two components (S = 1/2; 2S+1

2.

Most states (A 4 0) are intermediate between case a and case b, The
 ratio Y=A/B, where A 1s the coupling constant and B is the rotational
constaht; caﬁ‘bé[uséd to meaéuré the amount of coupling. Figure C-3
shows how the'various levels correlate as Y ranges from 0 (case b) to

large values (case a).’
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Hund's case (a)

Figure C-1. Vector representation of Hund’s case (a). The symbols are
defined in the text.
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Hund's case (b)

Figure;»C—Z; Vector representation of Hund’s case (b). The symbols are
defined in the text. ‘
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Figure C-3. Converaion from Hund s case (a) into Hund’s case (b) as a function of the ratio of
the spin splitting (A) and the rotational (B) constants,
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The selection‘rulés‘for electric dipole transitions between
.electronic states are: AA'= 0,*1 and AT = O, For transitions between
electronic states,‘thére is no restriction on the change in the
vibrational quanﬁum number (Av).  For rotatiénal transitions, AJ = 0,%1,
except J=0+J=0, and J=0 does not exlst for I-I transitions. The parity
."mustfchange_sign, ie 4+ & - odly.‘ For homonuclear diatomies, g e u., The
‘selécﬁion fule for the hyperfine: components 1is Af = 0,+1, F=04F=0, where
F=J+1 +1I,, and Ii'énd I, are the nuclear spins of the two atoms.
With bhese selection rules, the total rotational, vibrational and
electronic spectrum of any molecule can be predicted. For studles of
’diffuse'clouds,~only the lowest vibrational level (v= 0) in the ground
électronic‘étate is bf'ihportance,“which greatly simplifies the

resultant observed absorption spectrum.

The cdnvention for writing molecular transitions differs from that
.'of'atomic,transiﬁions in that the upper state is written first, then the
loﬁer} Ir é genéral~formula”for a transition is written, the upper
states are denoted by single primes (eg, v°) and the lower states are
denoted by double primes (eg, v"'). From the rotational selection rule
‘AJ =’0,i1;4the three possible values of AJ are indexed P, Q, and R for
AJ = =1,.0, and +1, respectively. The difference is always calculated

- by subtracti@g the lower state from the upper state (eg, AJ = J =J").
The value of Jﬁ is enclosed in parenthesis: R(3), where J” = 4 and J" =

"3,
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The particular vibrational transition is usually written as (v7,v").
éach electfonié‘étaté can be describe by its electronic orbital angular
momentumb(A),,its multiplicity (= 2S+1), and, for case b, Q (= A+I ).
Sihce many different states within a molecule can have the same term
stfucﬁure, the different electronic states ‘are also indexed with a
capitol letter (for states with the same multiplicity as the ground
istate). X.is reserved for the ground electronic state. For example,
the absorption line of CH* at 4232 R is written as R(0) (0,0) aln-
XTZ+._ I have desceribed the term structure of some of the molecules

studled in Chapter 5. .

;“‘Since,an electronic transition in a diatomic molecule is split into
vibrational and rotational terms, 1t seems reasonable that the
osciilator strengths, which determine the efficiency of absorption, are

also split into rotational and vibrational terms.

‘Let felxbe.the electronic oscillator strength for a transition
between two electronic: states. The strength of a particular vibrational
band 1s determined: by the square of the overlap of the elgenfunctions of

the -upper and lower vibrational states:

a2 o (c-1)
q'V'\}" = |<\Pvul\l’vn>| o

Qi is called’ the Franck-Condon factor and has the property that

'qu,v“ = 1. The oscillator strength for each vibrational band is then
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fv'\'r":: fe‘l‘ qv'v"' (c-2)
Equation (C-f) is only valid if the Born-Oppenheimer approximation is
‘valid}? Unfqrtunatély, the Born-Oppenheimer approximation is usually not
a' good apﬁroximation'over7all vibrational bands., Hence, first order
.-esﬁimates are‘ail‘that équation“C-1 is useful for. Kuznetsova et al.
(1974) and Kuznetsova et al. (1979) have published values for foy for
many systems of astronomical interest. Nicholls (1962) presents a

bibliography of Franck-Condon factors of astrophysical interest, and

Nicholls (1973) pbesents an approximation formula for calculating
qvaﬁ. The useful Quantity,iand the one usually reported in the

~ literature, is f - n,

" Whiting and Nicholls (197#)_Qefine a rotational line as the sum of
all Zeemaﬁ_éomponants‘betﬁéeﬁ ﬁﬁo J levels. A very important point is
that the Avdoubiet‘is made up of two rotational lines. This definition
of a rotational level corresponds to the definition of an atomic line
(Condon and’shortley, 1935; p237).  The oscillator strength of an atomic
liné within‘a mdltiplet is Just the multiplet oscillator strength times
_some normalized line strength factor (Russell, 1936). In a similar
; fashién, the'osqillatorrstrength for a rotational line is fv'v" times a
 normalizéd line sthength factor, called the Honl-London factor (HLF).
Whiting and‘Nicholls'(1974) show that the sum of all possible rotational

transitions to (or from) all rotational levels with a given J" is
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o= (2 - GO,A,+A")M"(2J"+1) (C-3)
* where M" = 25+1 and SEHp'is the HLF for the rotational line. Schadee
(1975) noted that both M" and the HLFs for the first rotational lines of
. some transitions change due to the fact that there are fewer than 25+1
rotational levels for the lowest J value. The lowest rotational level
éf CH falls into this catagory, Schadee (1975) showed that for p - S £ J
<A+ S,‘M" =J+ 8 +'1 + Ay and if J <8 -p , M" = 2J+1, otherwise, M"
'=VZS+1. The oscillator strength for a single rotational line,
characterized by the electronic orbital angular momentum (), the

vibrational quantum number (v), the spin (r), the rotational quantum

number (J), and the parity (p) is

(Z_GOLA") fV Ty"

D (23"+1)

fA"V"Z"J"p" = (C-u)

)
ZIIJ" "
(2—60 A'HA! °

‘where'SzJp is the normalized HLF (equation C-3). Tables of HLFs are
glven in Kovacs (1969), Tatum (1967), Schadee (1964). Most of the

tabulatéd HLFs are not normalized.

iiThe column densiéj'found from using the oscillator strength from
eauation_C-u in the curve of growth analysis (ef Seéction 4.1) is not the
total columh[dénsity of the molecule, Rather, 1t 1s the column density
of the number 6f molecules within a particular rotatlional level. To
determine total column density of a particular speciles, the relative
population of all rotational levels must be known. Tatﬁm (1967)

discusses 1n detall the relative population of rotational, vibrational




259

. and electronic states in diatomic molecules. He points out that the
angular momentum coupling case (Hund”s case a or b) determines the exact
form of the statistical weights used in the Boltzmann equation. For
electroﬁic‘staﬁe’h, vibrétional state v, spin state I, rotational levels

N and J, and parity p, the population of a single rotational line for

case a‘is
o o _heep +G(v)+A2A+f(J))
N(avE o) (28 ;) ¢(25+1) 2F+1)e” KT e s
 Npop 0150 () fi emhe/iT AT
and for case b is
N(nvNJg),;_ ;(2‘50,A) ¢<2N+1>l§§§ii§<zN+1>'e—hC/kT( Te+G(v)+F(N)) s
"ot %1% ip0roc ®

where for N=0 of a t state, the quantity in square brackets in equation
C-6 is 1. Te, G(v), F(N), and F(J) have their usual meanings (Herzberg,
1950), and are expressed in cm-1. The unit of he/k is em, For

equations (C-5) and (C-6), the partition functions (Q) are

Q= I (2-5_ ,)(28H) ©-7)
- 2Hees
vmax

Quqp =T e e/kTet (C-8)

“ =0




S S =he/KT F(J)
Q:ot(a) §=1A+Ef2J+l) e, (C-9a)
' i o ~he/kT F(N)
. qut(b.) = ;=A (2N+1)e (C=9b)

¢ = 1/2 (=1) for heteronuclear molecules with A %0 (=0)., For
homonuclear‘molecules,~ alternates with symmetric (s) and antisymmetrie
(a) rotational levels. For integral nuclear spin,

T+1 v I
}¢»=, STH (s); ¢ =35 (a) (C-10a)

For half integral nuclear spin,

I+1
¢‘ = Z_]I:-_*-—]-.- (s); ' o= 2Tl (a) (C-10b)

For‘hémonuélear molecules, both Qrot(a) and Qnot(b) are split into two
seﬁarate sums, one for antisymmetric levels, the other for symmetric
levels. ¢ must also be incorporated into the rotational partition
function. The total partition function is the sum of the symmetric and
‘antisymmetric partiél partition functions. Under usual diffuse cloud
édnditions, a-diatomic molecule is in its ground electronic state and
its lowest,vibratioﬁal level, with only spin splitting (case a) and
rotational ﬁérms to consider. Equations (C-5) and (C-6) can thus be

rewritten as




-he/kT(AZA + F(J))

N(avidp) _ ¢(2J+1)

Ny - T % ® T e A e
‘ ’ L=-s

for case'a, ‘and

N (nvNJp) - »¢(2N+1)|(2§42,1T;'25+1)| e he/KT FMD (c-12)
“ror Q. (®

~ for case b. The quantity in square brackets is 1 for N= 0 of a I state.

Fdr'éaSes intefmediate between case a and case b, F(N) should be

replaced by F(J) until the spin splitting (A) becomes large. For small
A (close to case b), - 2 ehC/k(AZA) = 2S+1, hence the two forms are

L=-s
equivalent in the-limit.

. For low excltation temperatures and unresolvable doublets,

equations (C-11) and (C-12) reduce to

Nawd) _ (2541) e Pe/KT F() (c-13)
Tot Qe (@)

for case a, and

N(nvNI) - _ (2_]'+1) e‘hC/kT F(N)

- v (C-14)
N (Zs+1) q__ (®) .

for case b, where.(2J+1)/(2S+1) = 1 for N=0 of a r state., For case b,
i1f the spin splitting is small, then the J levels wil be unresolvable,

hence
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I -he/kT F(N)
| g(nvN) = (2NHL) ’8 NO) : (C-15)
Tot rot

Equatipné (C-13) or (C-15) are the Boltzmann equations usually found in

‘the literature.

The rdtéhionai témperatufe between two levels can be found by taking

éhelratio
NGav...J") ) 050 (23141 -he/KT(F(I') - F(I™M) (C-16)

N,(nv. ] .J"’) ¢J"(2J"+l)

and solving for the femperaturé, T. Because of the low densities in
diffuse clouds, spontaneous emission depopulates thé upper rotational
levelsyfasteb than collisions populate them, hence the rotational

temperature‘is usually less than the kinetlc temperature,
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APPENDIX Di‘Photoionization and Recombinatlion in the ISM

~ Most of,the first thirty elements of the periodic table have first
~lonization potentials less than 13.6 eV. Consequently, most elements

éxisthas singly ionized atoms in diffuse clouds. The photoionization

rate 1s
, ;,:§912 PR
~ o(uv)
r = _c\vo;‘ T «";.dv (D~1)

~ where T i35 the photoionization edge, yu (erg en™3 Hz"1 ) 1s the energy
density of the IS radiation field, and 5 1s the photoionization cross

section (em?).

ArThelevaiuapioﬁ:§f_e@ugtion D-1 is difficult because (1) the
photqionizétioq cross section (o ) 1s often either not well known or not
‘kﬁownvat all;‘and,(g} the absolute value and functional form of the IS
: radiation‘fiéld\is_not’weli known, particularly shortward of 1500
R (de Boef et»glt”1973; RDF). Using the radiation field of Witt and
Johnson (1973), de Boer et al (1973) calculated the photoionization
pateswfqr a number;ofAelements whose cross sections were known in 1973.
BD agq BHDVused pheyresults‘of de Boer et al. to calculate the
photoipnizatioﬁwrate‘as a function of optical depth into a cloud which
.was_assuméd to}be made up of isotropically scattering grains. They

, found that the photolonization at any depth could be written as




wherevro is the photolionization rate for the undiluted radiation field,

and A is a constant for the particular element.

RDF have re-analyzed the photoionization rate in diffuse clouds
- using a more detailed,radiative transfer approach, and including more
realistic grain properties, such as anisotropic scattering, They used

the IS radiation field deseribed by Draine (1978).

RDF show that tne photoionlization rate is a function of the grain

properties (albedo (m ), extinction (T ), and asymmetry parameter (g M,
and more surprisingly, on the Optical depth to the center of the clOud
,(Tc) The dependence on T, has the effect of making the value A in
equation D-2 a function of T,. RDF calculated the photolonization rate
for three different grain models. Of these, model 2 and model 3 are
B ’suggested to be the most appropriate for diffuse IS clouds. Model 3 and
; model 2 have equivalent extinctions and equivalent values of w and g
from A = HOOO £ to 1500 R For)<1500 8, model 3 has gx+ 1.0 very
quickly (strongly forward scattering grains) and the albedo goes from
0.6 to:0.8.‘ For model 2, the albedo remains constant at 0.6, and gk ,
the asymmetry parameter, drops to and remains constant at 0.5. Table
1D-1 lists the undiluted IS photoionization rates (I;), and the value of
‘A in equation D=2 for Tc = 0.5 for both models 2 and 3. For X Per,
= 0.78 or I, = 0.84. From the

v
discussion of RDF, the photoionization rates calculated for Tc = 0.8

E(B-V) = 0.52, which corresponds to A
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TABLE D-l

PARAMETERS FOR PHOTOIONIZATION AND RECOMBINATION RATES

‘ Element | ; '1'91 | . A(Z) ‘- ‘5(3) ug . ‘ n
(s 7). B (em™s )
c ‘/ \,r;.5é¥%0_10\ “3;08 0.91  4.7x1073 0.624
" ya Losizo S 368 2,30 2.1x1073 0.75
Mg me ™ La 0.69 1.4x10713 0.855
st 2,oox10‘9 - 1.98 0.56 5.9x107 2 0.601
s 3sux10720 z94 0.82  4.1x107 0.63
aa® ’1.251::‘10"lJ 4,05 1.20  2.50x107° 0.7
x® o 5;55116;11  1,89 0.74 2.11x107°  0.77
ca : z,siglo‘io 22 147 1azd0TC 0.9
cat 1260722 3.0 1.5 6.8x1070° 0.8
re 11200730 1.70 0.41 1.42x10723 0.891
aAss@ed values fof fecoaﬁination coefficient
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- will be smaller than the rates calculated for 0.5 or 0.3 (The only two
central optiéal‘depths published by RDF). Since the extrapolation of
the A values of equation D-2 to higher values of T, is difficult from
the published data, T have used the values of A corresponding to Tc
= 0.5 for all photoionization calculations

: Table:D-1 also contains values for the recombination coefficient ¢
(cm3s=1). The recombination coefficients are a function of the
temperature,,and are tabulated in Table D-1 as t, and n, where
| . .tT ) -
a = aoG——Z) n ems g1 (D-3)
: 10t
T is,in Kelvins, All recombination coefficlients are from Shull and van
'Sﬁeenberg (1982), except for K and Na, which are from Jenkins and Shaya

asre).

 05servationally, what 1s observed 1s the integral of the volume
deﬁéity dvef‘the”thickness of the cloud: [ndl. Ionization equilibrium
relates the density in two adjacent stages of ionization to the
photéionizatién rate the recomblnation coefficlent and the electron

density

“(T; n (D-1)
e

17T

The neutral column density to the center of the cloud is
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N =,-S;) nIds = J(-) nir M a(T)/T(s) ds

I (D-5)
If Nir, ong andv a(T) are.constant, and the photoionization rate 1s
" written as
I'(S) - vro' e-ATcS/L _ (D~6)
‘then
N N ‘ L . '
_ N AT s/L
N, = n;qn a(T) e e ds (0-7)
: ‘ r :
: : o . 0
"N n -
AT T (e - 1),

o
If'the cloud is symmetrical about its center, equation D-7 is the same
for the whole cloud; Equation D-T can be re-written in terms of the

mean‘photoionization rate (Kp),

a(Ti

Ny = Ny o1 (D-8)
where
<T> = T AT
~ Toe (D-9)
e ATe -1)

- Téble D-2 1ists <I> for the elements of Table D-1 for models 2 and 3,
along with values for Fo/a and <I'>/a for T = 50 K and Tc = 0.8,

corresponding to the 1 km/s component towards X Per.




TAELE D-2

'IONIZATION EQUILIBRIUM PARAMETERS

Element

<l s < T/ a(40K)
Model: 2 3 ‘ 0 2 3
¢ 3.6x1070 1.1x10710  10.8 2.4 7.5
Na 4.1x1072 8.3x0™2 113 0.37 0.78
g 2.2¢1070 331070 2.9 1.40  2.10
s1 8.2x1071%  1.ex10® 123 50.3  98.2
s 8.8x107 2.5x10720 27 6.6  18.8
o1 1.7x1072 0 zusx07? 24 0.14  0.63
K 1.5x107 2 2.ex107H 2.8 1.2 2.1
ca Couexio™t 1.ax10? 15,6 5.9 8.1
ca’ 2421073 7.7:10723  0.022  0.0043  0.014
Fe 5000 gusac ™ s.s 2.7 4.9
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