e e e b e gl

{

T M“%-‘a = Mmlv_

2

[ =y '

1 3 @_5 Te Ny /A.B =/V B! caw 3 regledle
‘;I S : TS da A=
|| b *% /(5/ 73 :

VU S i T e e

Hosmtnd Loaikso o & =)"|1l‘(a~ ; __Pc.e_ei"«j.__ )

i } .{J{_ ﬂ\c qu .ef\a'l"ns : Y‘no&'}'. h q“wu :...., \[‘- _"ﬁ VQ{HM

J — 8./ &

|
T :
| ¥

i'LOm. Joea m!-HI' J&M P~ )

m

] SN 3 m

[l “ov e fn
! o

‘i' 5 ‘:; ! oo ‘Tb y‘\. & S

F . SF!"‘”_ Ne

{

i H"‘\‘LL [ '-‘...}MQS{- ’C\t\v l\m_:\rc.g Qﬂ';\\ "Mn. \f\q‘-:-... ﬂ"@
cohase fm-¥~:-:, fk-nﬁ.“; AL P NP

.*@{-Qu- Bl s Joos O vy .‘m,’L‘_‘_,J; e’-\a'&-\&

S Tmeh X skl T8 bR 4 ?m.“z;—ft;wt’,,
= =

| B G Gl C—Qlﬁzca VAR [ ﬁ ;—‘5 E‘:e A\ts <3 ﬂ

e "
NG Pl ewm&l il




ﬂ—u:k’—a -\-QO-Q"-\«J o HIT &.@T.«-.S

cbor’i‘ ! heahing by abserbing  sidlor | B radbem
| L\c.e..:‘-\ﬁ by %Sserb.iy Lo
Co o\ ,3 Lj S ey = - T
= T3 ~=2e T § PR AR (L

CHAE et s S s A"‘"t— e -\-é:-\nv TH ~ \CT*B
- L N 1 e = e o ANY | CE:.‘-_:;_- L—_'r;_
S ,,_ g flmaheo.ir._cjr.‘c. %L:%}.‘_._ &l g -Cﬂ,... PSR
A RS Cos ol oot o b iat)
Q_ng\,:\g_ LJ_ L e.m:ss,;
_ Spectt o eur B onelila y ok et vegy el AN e
| S T m To ot -
T | TRy N 1.1 1:!_3.CAL(.?Q.:MS...L@‘L-_Q“J O 0 e S i
_ : _ h.._a-rrs,*m.»ﬁ.( Roovalesse T ~ O,00me (..?)
ok b petmad L oviyole fbnt e (v 4 e Sxe bl
I of ML om (Ofs 7S5 %8 um ) oW (25um) oI (o.30)
g in S o o) ST (0.9,12, 23 4y
Visib@ Laes s g Hemschds =) T~k

‘hn‘L! -&( \'\QdY\,_‘_ y L\Ln_“\cf -(-c:ao[m.j dhL

‘ I’
) Ly T L,h (=Y r] ﬂ
L he < ) j ™

Sty B s - ol s . R SR Ls o Pade
ﬂ‘ﬂ'\“cﬂ C&e o=~y (&—(-Li L'\QJ‘_ J&:
’-'-Dt-a y m!.‘tea ==l 3&5 U‘\Lb ('JJ“L"'Q é\J ‘LS

Al 8.".'-;\;,*- % ._)‘.\' ]a-rq...._,.—s ?




.}effm_ lﬁ.x.\_f\'.j = DY .

(',"-

5 |

e Sf2asay 3

AD o Cahf'-:-\-l

,i SQ C {-Q.‘Ij 'Qq-n-« ”'\_’L-J Z aal . nd dﬁ‘ﬂ. AE e ani

ng‘tr.w ’&[(J e

ﬂ&.af'nj A

TITSn Phesas
e R b AN e Hr + g N e Ll
byt g o g &L?_ je N e M i
TR T el Ia:h..)m..&:t:m_-.—______.
bk 2% o CA.'I:‘_ éamﬁ_.!tﬁ.:hn__ \:-u 5 -z:f = [l -&L\r/ 3
USRI ~TeaTked 2xcact LA Mmelse. o tlaods
(ﬁf( QﬁLl'_mL:ELJ.r_'LQQ_._L{vmn'L N o £ Ne )
e ¥ ) ) wry R
Lo tic Eavack  fhase 5. maat leis s -'Ln.Lgo i
gus.-.i:._—;a R 5 R .W_,Lmﬁ.gmh ik
: CRAXE Unpotait q;[:‘cx%L_._._-SL‘QLE.IL':)
&E“n c>/u -
- Cngu,.,___‘._ﬁfs'.-u- L Tl Colalbinnl tlee cteuds ). .
: 0 b et ek PR eR .l
& -~ —
C’---I_‘—%—a.;l'__go s oy g |t e ot | IL“' g -
5N <__xﬂ.,,.(£;:t)ﬁ__.\ -3 ._
Bace. 1. T aansds o 2 YJ_‘E.‘-__PJE‘I{_
L R =
£ etk oW f-F '{”ga "-a“/&_"l“l?- ki
heehzg ¢+ nlh o gwn @ (Feet asyo e cr L.;:k;; ) A
e - B ey £ V& 30 Wi 55 st PG
e W L e L i< _{/&__gf i _h)_?! ".u%“_. o Tl e e e A T
i ol o o milc. el | W ine o,
* : ;:,H A \’}zr- f‘: e =0 SO e T el &, =1
i"" 4\} : c—m.&f“ p_
- -/
: P T
= E e




Cuc —'(ve(o@a_& L_:) « oVt C_nQ‘J;g ?
QLJ s L:} o C.a;‘_lm Mnn—"‘g\;j (J.-.S'L___. TR 5 I;l
e [FAWS W, i 4_4- Snall (YS J'OII{'."j’ ) P HIT f"'-a PR ]
0 n > H i =y~ :a’a
Y'\g-ﬁ_.(_l:‘.lﬂ:_)_u)c_Cu_a«) b(g’_ Y'Jgr b thF\
2) Y(OH--&T\ > ¥ (o-4)
Wl Lo bty todanm
ki k. rma‘_q_ég_a)v ‘fcuz—- Q4 xS
e g b B é; P
Hom Negct pos
37
TR Verds e  Digt b
5 R
L i dP
Y. a8’ A < = 1 pune———t =
< A& J_{Q
o il St P= I
g An )
—_— s ges Ty
e
i T
= = 0 s A+ H = 5-;___:‘ Cgi:ns_le_‘a”‘-l
T aelee. on é\e-nkg_‘[\:-v- ATS.E_ ‘:}aé-&.
c;l - é o,
g — iy 2 n
A L A= R .
1
| -2 /?_Hz' > =1
§ T=rr~=Trre : e
. L G = S EERIhE L D CLSP IR 2 "
ISR Tl el W St SR
s et 8__._.___ 2 XS G g @ R 8—‘/\ E_r_,._ /é: S SRS SN
He¢emm) ~ e e . S8
| s 9 ”Ag ?‘""
H Hlwom) ~ 2papc

Blao sk = 1’0*“"_""’ 8l 0 "Bes




!

+#* Sn

. & T I b L S

e S e | i e...’_l:\__'-'ds___mc_n-;;__ ﬁ‘ U\ "_"‘__‘)1. a™ LTSo\ e B0 o 1T x:e.H_J:xn._(a %

VRIS TS oL JRE TS o T S > L 0
-
.L.C:.IC_L Jﬁné_.:,"'l (.. Paiia

_____ CkLmL:Lﬂ"%:_ élmp_(u. ma.t$_s.u_LL.a ),_.r::b-g_ﬁgl.t_ fa...._.c..bljn__

'L;{ \3;{— P ST N SR o » \g::.L ) A Q&Laxﬁ_&éh_ g

R R .“;..-ﬁm.m.w .;.._,__._;__._____.441__;F R Dt Hl4e” EDoiE
AL TSRO
S ave st {HNeCo s feats H “ES ne)
HE v & = Yo +H Cas pham)
41 s 2 O 'mﬂg““‘*"}cft Dove //h T ‘""’;EF =//n %
T e . i e G 9‘&;,,.,: v\n-‘x:,__"_ﬁ.._._&e_a_&f!;m PR SO e S

i g

=t ora v TN o T R O RO e

ckea B H (gis = Bea) . | La/k e )

| =2 \k.... \e
- S (o =80 = R S I S8y )( l?: )

l




SD;J \ 5@,}_’_,‘__&3:3__6_”5 : [

Vo b A ¥ '
o= = f;_sz_cu___g B PO T M, B
I e

% {twer A il sl -S(-M...B ~ |\ et

S2e et AT
=S Sy ag s
By <08

e

;:D:. cQ:‘ScA_r'é-‘wb MR oS ra
£ e ¥ oo catuh 2
i : O, 2 7"'6. pcf
| B r!_ oo i R e
] i S aeiEe )y P ce8

Y I iy

50 Pl s, 5‘\)!1 ‘)‘ 4R ("L“ﬂ'\ ‘Q"'L:‘-q-'-'e.'teu /1_11—3

S
—




Hovemlec uler ocllhts kL X)‘Qef}b__

{

B . B 22 = PO L - SR Sl = T O R W

AN 3. e — o )

L 3
— ﬁ
L = 1 8 H“|L 2 S :Lg ST = o

3t ‘Ldtm&m 542.\{-1

Ey-= he MJ Cl o) = = -\_jﬁ‘% Av

o= Gtpe ana' (2.4, .\ + & 23810

'be,.,.__. o L e

,Jk\d

SRR F‘m".&_"{h L&%Sa_t._“'&a_r_hﬁmlq_ = ("""[\ Z

- -0 S B T r"‘A_?_._;_L 4:.9;_,_,_..A_E-__L\;—BA,-_H_..-,,....-.@:acm..___-_._._éh- Bk Y sl

AQi=*t2 o (ﬁm&me.-i;_x.i%m&__wi\) )
° 3§, S

s kit st sl acionloet. - L 3
Vibr abSsal bovels  oscallioace X4 (/TL e ¥
atesht S Nleconal ad ,

STl RN, o m.éLw_a,:g.,._ﬁ-_ P e -~ AN v -

. P Dapetcliafl b rim oo~

sl 158 SRR a0 SN LR Rt SO 4 B

3 Pl 10 *1* P 5 R N LRI - W W T NG N B R G

- 3:.._.3_ lwaa_f\::f_ 'Qu axasC el —E-{&‘:'l':ug;-.l— es| Wi = NI R M

C..,Ht_ et ba g aaee  nlee

4 Foad b fecfioais Tal G L., Rl ol o
wihahia lembe tecd B @ el o hic
, P Ao:aeq, o 4+ Coue S ik L Bk

| ra




“if2olog

e R A
G&‘H‘N\s_ }hpe/‘h‘u 6(: /‘b‘ewlov- :

® C(ow_b :R'roa\ Olgervchoay

_.-H.»-......‘_..

- Binplre™

af_‘khl'&kma (193>, QIeAs 24, uy

MeaSwy. Flax ot me subma N Eb&l/!(@

Use. Chee fo dowe T,

/
2. Eshmle tre tewperwhury [ 7 Hw
4
L{

Nu—d& = Congt X _ty . wlwc do wt 9£f' ConsE?

g (Ql,wﬁ/(;g!,L from  PDR

b. @\Rﬁéﬂiu-u-u- fras . LUV grdeihion + th

T Balene £ lodinleat

MQJMCL ol ~ Dust Extwcho~

NIBR ~ Lombardi & Alwes w0t AQA 317000

CJ‘CH KY”’Vaaf L= Mean wlw e
L Shees i Pee R L\ZIUC vy hﬂ-’(. raeﬂu‘/

g‘h’rdﬁ/ﬂ /‘{Adgnmj c,vV'V‘CJ jW(, ('19(4 4:;/6;.&'[@).

A= 1837 [k -t ]
I Use badygrond chas (2488 lor guwn imeqes)

i SQa\-ﬂﬂg Gverag  colers.
3 Mihe e WV Ba vk




e

2 Advnbagu [ dised untoges

: mez'h’wé/ 3, Column denih, oF molews /Mq

We meesue a T ~d Av

Tov: 1 7 3 ar L IG0W P
C?..

i

c3
Loy =z 2% By N

| Ay =¢ \/ﬂ — diple  oment

ot cplunm Qasil, gy &

(WA -2 1(‘.11*!)/1;1-:[

N ih 5 %

U s P pw*\{*—a gu'\u’\M = =

7 1% £ W<
ad . LTE. .

J

This 1 5 for MHQL’(,_ CIPO« _wa do

we.. gx Yo AL T

A Twounh exhnchoy, -

b W o/ th

&) [ 0 S(o)

al CO CLJ'O/‘PH):\ Ires .
. o B s G o Gh W Niles |

: S S """*:"'“""wad'— ,L*._..:?b'Q— ) T ot <<l _ ;_

et e LIS i L LY ) k o TR T et L S L X 2
R S e



o e

B s e g A AR i ne R ot Y] i,

el = e e

L Previows _‘_PNL‘Ia)

| pelode i vwdd e

e | b

heaswe  cdowd 32 ¢ wd o e

Gt asey /éuaémw.s <

Metvod R CO Masu /lMMIQ'/

NH-Z,—/T = Conyt+ X ZND wt (g

Malore & Usde (AL

How calbelg) ¢ — v Aetnd “1 +2

¥ ray(

rsPlfu»j.(u V‘Q.F ./Vl,(,anﬂg e "”.Xtﬂ'a_ﬂ:{_srlwaa J J-Cﬂ,g_gf‘""‘"[ __ﬁ

__ Oeten/dududegs | T



B LRI T TR S RS S e SR MU I SO S 0% ]

bt -

TZ . Dugk Jewperstre

8.

Mecsure Sy vs 3
but  note thak (& B, = const

OML T e a|-uI"' nNeVY,, K 409«1"&'-4'-

Tﬂﬂibmﬁg}. B sl T s a Paeho

CP(: the VYV @ ui‘lbla ADL __ mgeswrl .

; La)lag u ‘]\«f-f?-

L Meed 4 Meamswre pa DQ""LMﬂg Ml ing, -

ng,___..):! wht dou___ pmeaun, = O'e:t)-@__

T fiaya Te 4y bty a2

(_Q) Beam p er panw\

b Sowe dppiat Gl bean

l . &) 'Eahlefgld.-— :fm.g affmfcs;\éhk M" WLL

'_ — exowgl Q£ CT | g v toll dad,

_; [d) _r;:;_)g = T\L

—

OB

ML'nO(L A .Cfd.\,m..g‘lﬁl- Top, or UHZ Sawvegoa (e

: S TF\C)L Y ‘(‘0 \% Cod—-efhwmi wir\‘
= ag Veskblp dmlﬂou M—D" AAM iyt L"j‘"ﬁl)
o o R RIS et N Nan - L1 gﬂ_cb
T Peblumet  Chemishiy £ facdmbi T

St B Bk e
L e ey Aot Grunsty Fmghen




o L B e et

e R DQA& cﬁ_/_\__,_____.___,___m_ CRadna
Melod 4 ¢ Column Aw és /fq@
Meiwd 7. M“.-E_ZUDMM _____ SLOREA Tt
Mehod 3. Alﬂ_y_g 1 —  noa-LTE & B R

b MLary E)p.,fl |\d—\_1__ d{'pL ﬁf\i‘{" n wpls

glebs T Mk ot bl s
Ckcpmbtl-
Wzt © mefod 3 glott alusy  ave
i bggy nvels  fa,  pelgebs 142
How  Con R e " 55
(©Y dbtepse bo-A  cple che, .
W‘Nr" (s J’?
(Jb) -'PLuﬁn'IMP- QH&} — quué « Mot ]

; YO || Cloud Y mahe

@5 TW\“""V'CQ o o re—waram

44N

&) Dopglty Uoedsuny  Forn = o

l,“\ v/e""' ‘U '-(-f‘

SR oMb 2 Spt vty wL.aéL@w-f— e

t) O,_A-'I'F'Low) .-' L_ﬁp?lq{]é
D) ot

B Tofll - ophde Pk e ssta




—— Ei . . —

— CQ PoS——

it Rl SRy s | T T I e P R S sl

m Ele:xW lﬂon.c\au-‘

Who flen 2k A 147




\/ 2

3

(e .26 . R
< T
Q.?'
_—S —
N '-T_ \, = L% \ "'1_'1_;
e 3R 2 A I~ Crev . P
T
(. 9Q Ma-= _3_‘( — 1 A {\“DK-E— el

(Q‘E_q‘q. 7-‘-‘-“‘) -1-:\1';_&_

coyam e i o R W 1 3%y W\I:&gﬁ&(. §£;§3=

3
ol ve |y

R My
Nﬁlf
N, = i - )

) R

_TJ‘L(I.‘: : x_. Y = ( 3.K|-"—‘-} ’Cﬂ‘“

o b

L [ a

|
i =) X, = &£ cx --'S_ = tla™ Ca
| T e T >
| -
] Ll B ~ Z¥ .\
"I ‘J LA ] a
i
;L\-La J-_ e 20 P { = 1\Ja_h-- 0.
| i s s o
i
#
&\ -(.. s ( N
X a 2o lu ~ ‘:‘_ug._J L 7 Ta——




9.4 Electronic structure of diatomic molecules

were ignored, the two functions E4(R) and E,(R) would coincide, the resulting
curve being repulsive at all distances.

The electron probability density in the states ®g and ®, is given by |®,|? and
|®,|%, respectively, so that the corresponding charge densities are pg = —e| D,
and p, = —e|®,* (or p; = —|®,J? and p, = —|®,[? in atomic units). If the
charge density p, is evaluated at points between A and B along the internuclear
line, it is found to be greater (in absolute value) than the sum of the densities
due to two isolated H atoms with their protons placed at A and B, normalised
so that half an electron is associated with each proton. It is this excess of
negative charge between the protons which causes the binding (or bonding).
On the other hand, if the charge density p, corresponding to the antibonding
case is evaluated, a deficiency of negative charge is found between the
protons. This is clearly seen in Fig. 9.10 where the wave functions ®; and P,
as well as the absolute value of the charge densities p; and p, are plotted
along the internuclear line. :

The exact binding energy of H; is a little greater than the result obtained
above, with D, = E |, — Eg(Ro) = 0.103 a:u. = 2.79 eV, and the true equilib-
rium distance is Ry = 1.06 A. The principal failing of the approximate wave
function ®,(R; r) given by [9.47a] is that at small separations ®; should
approach the wave function of He"(ls), the ground state of the positive
helium ion with nuclear charge Z = 2, and in the approximation [9.47a] it
does not. This defect can be remedied by using orbitals of variable charge,
such as

*3\1/2
“ls(z*} r) = (_) B [9.58]
D, e
(aM -
A B A B
|D,|?
(C)M

A B B

9.10 Wave functions ®, and ®, and charge densities | ®,|?, |®,|? for the hydrogen molecular ion
H7, plotted along the internuclear line to an arbitrary scale. The points A and B represent the
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electronic state, R and J are identical. Rotational levels are normally denoted
by N and are assumed to be split into three components if S is 1.

The energy of each state is written (Herzberg 1950, Huber & Herzberg
1979) as an expansion in the quantum numbers (called a term value):

TwN) =T, + ,(v +3) — wox.(v + 3+ 0y.(v+)+ ...
+B,NWN + 1) —DN*N+ 1))+ HNN+ 1) + ....

T. is the electronic energy corresponding to the minima in the potential curves.
B,, D,, etc., are further expanded as power series in (v + 1). The constants of
the expansion are determined empirically from spectra of the molecule and are
usually given in cm™' (Fink et al. 1965, Beck et al. 1979). Use of the formula
for very large v or N can lead to errors; some authors prefer to calculate 7'(v,N)

(Serpm
(Do caee

| | |
1 e 3

R (Angstroms)

Figure 1 Total energy as a function of internuclear separation for low-lying states of H,.
Horizontal dashed lines denote total energy of two H atoms at infinite separation (both atoms in
ground state; one atom in ground state and the other in the first excited states).
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1297 EVERETT ET AL.: THE H, PEAK IN ORION

Ao (arcseconds)

Fic. 2. An image of the brightest H; emission and continuum in the central
parts of the region shown in Fig. 1. The image is centered on the BN object
with north at the top and east to the left. The position of our slit is shown by
the box. The three stars marked with plus signs are, from north to south,
IRS2, the BN object, and #'C Orionis.

Gaussian profiles to the blend components, except in cases of
lines too closely spaced in wavelength. Errors in the relative
line intensities are primarily due to uncertainties in the esti-
mated continuum level and the flux calibration of the stan-
dard star spectrum. The former affects the weakest emission
lines, while flux calibration errors affect all of the lines. For
the flux calibration to the standard star spectrum we assume
an error of £5% in the relative strengths of all lines, while
the continuum uncertainty is estimated independently for
each line. The total error adopted for the individual line in-
tensities is computed from the quadrature sum of these two
sources of error. The line intensities relative to H, 1-05(1)

Lo LT I I L B B L IELEEL L TR LI L e L

relative intensity of 1-05(1)
w
I

1 ,;_ j.j H, extraction aperture =
u el I. L1 1 : Ll 1 I Lkl I Al i L ' Ll L.l I ek
L] 5 10 15 20 25 30 ]
position along slit (arcseconds)

Fic. 3. A plot of the intensity of the 1—0S(1) line along our slit is shown as
a solid line. The dotted line shows the same region extracted from our
continuum-subtracted H, image of Fig. 1, using an aperture at the slit posi-
tion as shown in Fig. 2. The intensity scale has been normalized by an
arbitrary constant for both plots so that the intensities match near their peak
values. The limits of our 1271 spectrum aperture is shown.

1297

{01 +3-10(1)

g 4
5
g , i
= 1
w
]
04
1.24 1.26 1.28 13 1.32 1.34
wavelength (um)
'-l T I LI | L} T I L L Ll I T L | L] I L LI L T %I T T l-
2E ® - SREP
; s
T sl = 4
?E- E % i g
Do : %9
—_ T @@ 0 - -
ut 555 © 5}
05 =
& ]
o B Ll I Ll 1.1 i Ll 4 1 1 Al 1 1 I L4 i 1 1 L1 1 1-
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'B L L 'I T 11 7 i T T I L I L L L l L L DL
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Fic. 4. Spectra of Peak 1 extracted from the slit spectrum as described in the
text. The relative intensity has been normalized so that the 1—05(1) line in
(c) has a peak intensity above the continuum of 1.

are listed in Table 1 along with their uncertainties and dered-
dened values (see Sec. 3).

3. EXTINCTION
Our spectra cover a long wavelength baseline with an

accurate relative flux calibration. This allows accurate ex-
tinction estimates to be made using appropriate line ratios.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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fluorescence models, H, is formed primarily on grain surfaces
and destroyed by the process of spontaneous radiative disso-
ciation as described above. The abundance of H, is assumed to
be in steady state. The calculation solves the equation of trans-
fer for 22,445 absorption lines simultaneously in a plane-
parallel cloud illuminated on one side by an external
ultraviolet radiation source. This type of simple geometry is
not intended to reproduce the actual distribution of material in
AFGL 618. It should, however, produce results which are good
averages of the conditions actually present. Also, such models
can aid in line identification and verify the presence of fluores-
cent emission in addition to providing an estimate of the level
of excitation by UV photons. Statistical equilibrium equations
are solved for the populations of 211 vibration-rotation levels
in the X 'Z ' state, 629 levels in the B 'L} state, and 476 levels
in the C 'TI, state. Multiple steps are taken through the cloud
at each of which the cascade of 2937 vibration-rotation tran-
sitions in the X T} state is calculated.

The intensity of the radiation field at the molecular bound-
ary is parameterized by the factor Iyy, such that ¢ = 4.5
x 10~ %I, photons cm~2 s~ Hz ! at A = 1000 A. In regions
where the Lya flux is large, enhanced H, excitation might
occur due to accidental resonances with the B 'T}-X T4
v = 1-2 P(5) and R(6) transitions, provided that v = 2 level in
the X 'T} ground electronic state is already significantly
populated. To explore this possibility in AFGL 618, we have
examined the effect of a large Lya flux on the IR fluorescence
spectrum.

Thronson (1981) determined an H, vibration-rotation exci-
tation temperature based on line fluxes in the 2 ym region that
were not corrected for extinction. To minimize error in the
thermal model of H, emission, we have corrected the fluxes
presented by Thronson for 4, = 3.0 mag and a standard
extinction law. We have determined a new excitation tem-
perature based on the corrected fluxes, even though the change
was expected to be small. Assuming a Boltzmann distribution
and including all 15 available lines in a least-squares fit to a
plot of N /g, versus T, = E /k (see, e.g., Thronson 1981), we
found that T,, = 2250 K. However, as was also shown by
Thronson, the four v = 2 — 1 lines all appear to be systemati-
cally stronger than would be expected for thermal equilibrium,
based on the v = 1 — 0 lines. Since these are also the weakest
lines in the spectrum, this might be a result of measurement
error. In addition, scatter in the N /g, versus T, diagram is
much larger in the v = 2 — 1 lines. It therefore seems prudent
to leave these lines out of the fit (as was also done by
Thronson) and determine a T, based only on the v =1-0
lines. For such a least-squares fit, it was found that T, = 1942
+ 200 K. This can be compared to the value found by Thron-
son of T, = 1950 + 200 K. The difference between the two
estimates is completely negligible.

Results of the modeling are presented in Figure 4. A thermal
model appears on the bottom, and a fluorescent model is dis-
played directly below the data. Both models extend into the
2 ym region, and have been adjusted to give the same intensity
in the v =1 - 0 S(1) line as that given by Thronson (1981).
This results in an H, column density of Ny, =52 x 10'*
cm~? for Ty = 2000 K. Characteristics of the spectrum are
unchanged if Ty = 1942 K. The fluorescent model has been
calculated for Iyy = 200, ny = 10% and Ty = 2000 K. This
value of Iy is for a UV radiation field appropriate to a BO
(SC81) star embedded in an H 11 region, extinguished by about
A, ~ 1.5-2.0 mag, and diluted over a distance of r ~ 107 cm,
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FiG. 4—Spectrum plotted in Fig. 1 compared with spectral models of
thermal and fluorescent emission from H,. The data appear on top, the fluo-
rescence model in the middle, and the thermal model on the bottom. Param-
eters for the models are T,, = 2000 K and Ny, = 5.2 x 10'® cm~? (thermal),
Iy = 200, ny = 10%, and T = 2000 K (fluorescence; see text). The predicted
fluxes have been corrected for A, = 3.0 mag. The flux scale is referenced to the
data.

which is comparable to the linear scale of the near-IR lobes in
AFGL 618. Both models include A, = 3.0 mag along the
observer’s line of sight. (We are thus assuming that the extinc-
tion to the lobes derived in § 4.1 is entirely interstellar.) It is
important to note that these sources of attenuation are
separate from the attenuation internal to the lobe, which is
calculated using a total gas column density to visual extinction
of N, /Ay = 6.36 x 10?° cm~2 mag™". This is consistent with
the gas-to-dust ratio for carbon stars as found by Jura (1986).
satisfactory fit to the strongest emission lines is produced
by the thermal model alone, but the strengths of the weaker
molecular hydrogen lines require a fluorescent component. At
least four features appear stronger in the data than predicted
by either model. These lines include v = 3 — 1 §(5) (1.152 ym),
31 S(3) (1.185 pm), 3 -1 S(1) (1.233 gm), and 2 -0 Q(3)
(1.247 pm). The last two are in a region crowded by other lines.
Several models were calculated in which the value of Iy, was
varied over many orders of magnitude. A better fit than that
presented was not obtained. It is possible that these lines are
confused with unidentified atomic and/or molecular features.
Also, the plane-parallel geometry used in the models might be
an inadequate representation of AFGL 618.

In addition, it is important to note that at least three lines
are predicted to be stronger by the fluorescence model than
observed in the data. These are the v = 3 — 1 §(6) (1.139 um),
3 — 15(4)(1.167 ym), and 4 — 2 S(4) (1.242 um) lines. Compari-
son with a model calculated for a large Lya flux suggests that
these lines can be enhanced by Lya pumping. Therefore, it
would appear that the Lya flux used in the model shown is too
large. The value chosen was based on a simple estimate of the
leakage of Lyx photons from the H 1 region and could easily
be an overestimate for a region where dust competes effectively
with resonant scattering. A full range in Lya flux was not
explored, however.

While the model fit might not be exact, it is important to
note that everywhere a feature is predicted, one is seen. In some
cases the detection is marginal, but no anticoincidences are
found. If we assume that the discrepancies between the model
results and the data are due to the complicated geometry
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MEASUREMENT OF THE H,:CO RATIO
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ABSTRACT

Vibrational absorption by H, and CO has been searched for toward infrared sources embedded in molecu-
lar clouds. H, was detected toward NGC 2024 IRS 2 and possibly toward NGC 2264 (GL 989). CO was
detected toward both sources. The results are consistent with the H, ortho: para ratio being equilibrated at

the cloud temperature. Toward NGC 2024, H,:CO = 37003333

(2 ¢ limits), and toward NGC 2264,

H,: CO < 6000. Approximately one-third of all carbon is in gas-phase CO.
Subject headings: infrared ISM: lines and bands — ISM: abundances — ISM: molecules

1. INTRODUCTION

Molecular hydrogen is undoubtedly the most abundant
molecule in the interstellar medium. Nevertheless, its abun-
dance has been directly measured only in diffuse clouds, which
can be probed by ultraviolet absorption lines. The reason for
this is well known; the absence of dipole rotational or vibra-
tional transitions, coupled with the weakness of the quadru-
pole transitions, makes the opacities of H, lines very small,
even through dense molecular clouds. In addition, the small
moment of inertia of H, results in widely spaced rotational
levels, which can be excited to emit only under unusual condi-
tions. Because of the difficulty of observing H;, CO has gener-
ally been used as a stand-in, and molecular abundances are
typically quoted relative to CO or an assumed H, abundance
~ 10* times that of CO.

Although the bulk of the H, in molecular clouds cannot be
observed in emission, it is possible to observe it in absorption
against bright embedded infrared sources. Both rotational and
vibrational absorption lines of H, may be detectable, with the
vibrational lines being more favorable, due to their greater
strengths. CO can also be observed in absorption, through its
v = 0-1 and v = 0-2 vibrational bands. The v = 0-2 band is
preferred for comparison with H, for two reasons: its wave-
length proximity to the low-J H, lines avoids problems with
observations at different wavelengths probing different depths
into infrared sources, and its relatively small bandstrength alle-
viates uncertainties in a curve-of-growth analysis. Black &
Willner (1984) and Black et al. (1990) attempted to observe H,
v = 0-1 and CO v = 0-2 absorption toward NGC 2024 and
NGC 2264. They detected CO and set limits on H,, requiring
H,:CO < 1.2 x 10* toward NGC 2024.

We have repeated the observations of Black & Willner and
Black et al, and detected H, absorption toward NGC 2024
and possibly toward NGC 2264. We use these observations to
make a direct determination of H,: CO toward these sources.
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2. OBSERVATIONS

Most of the observations presented here were made with
CSHELL, the facility echelle spectrograph at the IRTF
(Tokunaga et al. 1990), with W33 observed with CGS4 at
UKIRT. CSHELL was used with its 256 x 256 HgCdTe detec-
tor array, a dispersion of AA/A &~ 1.2 x 10~ pixel ~*, and a slit
image scale on the detector of 0728 pixel ~*. The slit width was
0”5, giving a spectral resolving power of ~40,000. Observa-
tions were made at the wavelengths of two H, lines, S(0)
(4497.84 cm~!) and S(1) (4712.91 cm™*), and 15 CO lines R(0)-
R(8) (4263-4292 cm ™) and P(1)-P(6) (4235-4257 cm™?).

Observations were attempted of seven sources: NGC 2024
IRS 2, NGC 2264 (GL 989), Elias 16, Mon R2, W33A, S140
(GL 2884), and VI Cygni No. 12. Of these sources, only NGC
2024 and NGC 2264 provided useful results for this project;
Elias 16 showed a complicated photospheric spectrum, pre-
venting any study of interstellar absorption, VI Cygni No. 12
showed no interstellar lines, and Mon R2, W33A, and S140
showed H, emission.

Comparison stars were chosen to be free of interfering spec-
tral features, while being as close as possible to the embedded
sources and at least as bright. There are no high spectral
resolution surveys of stars in the K band, but visible wave-
length spectra show atomic and molecular lines to be present
in stars later than AO. Earlier type stars show only hydrogen
and helium lines. High (n’ > 20) Pfund-series lines fall in the
region of the CO 0-2 band but are very broad and are not
apparent in any of the comparison star spectra. We chose { Ori
(BO I, K = 2) for a comparison star for NGC 2024, and { Ori
and y Gem (Al, IV, K = 2) for comparison stars for NGC
2264. 15 Mon (07 V, K =~ 5) and n Tau (B7 III, K = 3) also_
were observed. Comparison of these stars showed two absorp-
tion lines in the A1l star y Gem near the H, S(1) line, but not at
the frequency of S(1) in NGC 2264. Otherwise, no features were
seen in the comparison star spectra.

The observations were made cn the nights of 1993 January
24-26, all of which were clear, and October 31-November 2,
most of which were cloudy or foggy. Of the results presented
here, only the CO P-branch spectra and a confirming S(0)
spectrum were obtained on the latter run. Approximately 1 hr
of on-source observation time was spent on each of the H,
settings on each of the embedded sources. About half as much
time was spent on each of the CO settings and on the compari-
son stars.
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FiG. 1—Fully processed (including fringe removal) spectra of CO R(6, 5, 4,
3), R3, 2, 1,0), (1,2, 3 4), and H, S(0) and S(1) toward NGC 2024 IRS 2. The
horizontal scale is vy gy for the H, lines and is arbitrary for the CO lines. The
expected Doppler shift (v s = 10 km s~ ) is marked on the H, spectra. Note
the differing vertical scales and offsets.

The data were reduced with Snoopy (Achtermann 1992),
a program written for reduction of infrared spectroscopic
data. Standard procedures were used for flat-fielding, optimal
weighting, and division by comparison stars. In addition,
the final spectra were divided by a slowly varying function to
remove interference fringes. Spectra of NGC 2024 are shown in
Figure 1.

3. INTERPRETATION

Since all lines were unresolved, the information in the
spectra is contained in the equivalent widths. In the case of
CO, the presence of unresolved interfering telluric lines
required a correction to the measured equivalent widths in
addition to the division by comparison stars. To determine this
correction, we modeled the telluric transmission, using the
program Atmo (Grossman 1989), adjusting the water vapor
until the model, convolved with the CSHELL resolution func-
tion, matched our observations of comparison stars. We then
multiplied the measured equivalent widths by the ratio of cal-
culated transmission at the wavelength of the observed CO
lines to the convolved transmission. This procedure should
correct for the actual telluric transmission in the case of very
narrow interstellar lines, as we conclude the lines in NGC 2024
and NGC 2264 are.

If a line is optically thin, the column density in the lower
state of the transition may be calculated straightforwardly
from the equivalent width:

Njem~%) = wlem™1)/S, jov.s

Vol. 428
where S is the line strength factor. For CO,

P _ 8 , max ., )
ki lans "R T

where v is in cm ™Y, and pq., = 6.66 x 10™2! esu cm (with a
weak dependence on J; Goorvitch & Chackerian 1994). For
Hz, SS(O] = 8.2 x 10_16 cm_ljc!nuz, and Ssu] =48 x 10_26
cm~*/cm ™2 (Turner, Kirby-Docken, & Dalgarno 1977). For
optically thick lines, a saturation correction, or curve-of-
growth analysis, is required. We assumed the lines to be Gauss-
ian, and used numerical integration to determine the curve of
growth.

The S(0) line of H, was detected in absorption toward NGC
2024 IRS 2 with an equivalent width of (2.4 + 0.5) x 1073
cm ™!, It was observed on three nights, with consistent results,
including the expected Doppler shift change between January
and November. The line was centered at vy g = 9.5 +2 km
s~1, in agreement with the CO lines. A possible S(0) absorption
of (0.7 +£ 0.6) x 1073 cm ™! was seen toward NGC 2264 (GL
989). The S(1) line was not detected toward either source. The
H, lines must be optically thin; the S(0) equivalent width
toward NGC 2024 corresponds to 0.16 km s~ *, whereas the H
thermal linewidth at the temperature of the CO is 1.0 km s~
(FWHM), requiring a line-center optical depth <0.16. Derived
column densities are given in Table 1.

The measured CO equivalent widths are given in columns
(2) and (3) of Table 2. The quoted errors are based on the noise
between the lines and our estimates of the uncertainties in the
correction for atmospheric absorption, with lines measured
on only one night or during poor weather (in November)
given higher errors. Column densities, derived assuming the
lines to be optically thin, are given in columns (4) and (5), and
in Figure 2.

In the case of NGC 2024, the column densities derived from
the P- and R-branch lines disagree systematically, in the sense
expected if the lines are saturated. We fitted the observations
with equivalent widths calculated for a thermal distribution of
rotational-state populations and a Gaussian-line curve of
growth. A mixture of gas at two temperatures was tried but did
not improve the fit. The best-fitting linewidth (e~ ! half-width),
column density, and temperature, and the allowed 2 ¢ ranges
(over which ¥* < x2,, + 4) are b = 6.9(5.1-8.6) x 1073 cm ™!,
Neo = 9.1(6.1-30) x 10'® cm~2, and T = 45(35-54) K. The
best-fitting distribution of column densities is given in column
(6) of Table 2.

The data for NGC 2264 were fitted in the same way as for
NGC 2024. In this case the P: R equivalent width ratios do not
require saturation, but again the best fit to the shape of the
w,(J) distribution was obtained with a single temperature, with

| Hymy [2em ™t /em™2) ,

TABLE 1
H, EQUIVALENT WIDTHS AND CoLUuMN DENSITIES

NGC 2024 NGC 2264
J wlem™") N(10**cm~?) wfem™') N(10*? em™?)
i o 0.0024(5) 2.9(6) 0.0007(6) 0.9(7)
oot 0.0000(5) 0.0(10) 0.0000(8) 0.0(17)
e T L 2 Rty 3.5(7) 1.1(8)

* 1 ¢ uncertainties in the last digits are given in parentheses.
® Total H, column densities assuming a thermal population distribution at
the CO temperature.
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SNt 3.38 9.07 155 — o =
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0 s 0.025(1) o 0.31 0.43 £ ]
t5ee 00193) 00432) 073 080 107 SE 3
o 0020(3) 0036(2) 065 073 124 B Y
q 0024(3)  00291) 074 06l 1.00 i 1
4 5 00X ... 0.50 0.62 B
i oK) .. &W 031 C |
G 0.003(1) ... 0.07 0.12 e | TR SRR e SO0 BN
Shmes 3.50 470 LisE Py 7 ps
J+1)

* Measured equivalent widths, with 1 ¢ uncertainties in the last
digits, based on the estimated uncertainty in the correction for telluric
absorption, given in parentheses.

® Column densities derived assuming the lines to be optically thin.
Sum includes only observed states.

¢ Column densities for the best-fitting thermal population distribu-
tion, assuming a Gaussian-line curve-of-growth. Sum includes all
rotational states.

saturation causing the curvature of the distribution. For NGC
2264, b=20(1.5-26) x 102 cm™!, Ngo = 4.7(4.0-5.8)

x 10'8 cm™~2, and T = 30(28-32) K. Black et al. measured the
CO linewidths toward NGC 2264 tobe b = 2.5 x 10”2 cm ™%,
in agreement with our curve-of-growth analysis. Toward both
NGC 2024 and NGC 2264, our CO results are in good agree-
ment with those of Black & Willner and Black et al.

Several systematic errors may affect our results. For H,, our
main concern is with possible filling-in of absorption with
emission. Extended or broad-lined gas would be easily recog-
nized, and was not seen. Probably the worst case would be if
narrow S(1) emission (like that toward Mon R2) just canceled
the absorption. However, even in this case the effect on the 5(0)
line would be small. In emission, S(0) is typically 3 times
weaker than S(1), whereas in absorption at the temperatures
we observe, it should be ~ 10 times stronger. Consequently, the
ratio of emission to absorption for S(0) would be ~ 1/30 even
in the case of equal emission and absorption for S(1). For CO,
the main uncertainty is in the assumption of a Gaussian line. A
line with stronger wings than a Gaussian would require a
greater line-center optical depth to reproduce the observed
P:R equivalent width ratios, and so a greater CO column
density. Since our CO column densities are surprisingly large
(see below), this seems unlikely. To fit our data on NGC 2024
with smaller optical depths would require a line with weaker
wings than a Gaussian, but even in the extreme case of a
rectangular line, our preferred value of Nco would only drop to
750 103 cmi— 2.

Fi1G. 2—Values of log [N (thin) = w,/(2J + 1)5,] vs. J(J + 1) for NGC
2024 IRS 2 and NGS 2264 (GL 989). Results from R-branch lines are shown as
squares; results from P-branch lines are shown as crosses (and are offset to the
right for clarity). Results for NGC 2264 are offset downward by 1.0. If unsatu-
rated and at a single temperature, the points would fall along a straight line.
The curves through the data are calculations assuming a Gaussian-line curve
of growth. For NGC 2024, b =69 x 103> cm™, N = 9.1 x 10'® cm~2, and
T =45 K. For NGC 2264, b =20 x 10"2cm~', N = 4.7 x 10'* cm~?, and
T =30K.

4. DISCUSSION

At temperatures below 100 K, essentially all H, is in the
J = 0and J = 1 states. Consequently, the H, ortho: para ratio
is given by the ratio of the populations of these two states. Our
limit on the J = 1:J = 0 ratio toward NGC 2024, <0.8 (2 o),
is significantly less than the expected ortho:para ratio of 3
when H, first forms, and is consistent with the value of 0.2
expected if it is thermalized at the temperature of the CO. Two
processes are thought to be most important in modifying the
ortho: para ratio in cold clouds: proton exchange reactions
with H* and H7, equilibrating ortho: para at the gas tem-
perature, and interaction with magnetic impurities in grains,
equilibrating ortho: para at the grain temperature (Burton,
Hollenbach, & Tielens 1992). These processes are expected to
equilibrate ortho: para in a time short compared to the lifetime
of a molecular cloud. Our observations are consistent with this
prediction.

For the purpose of determining the most probable value of
Ny, (H,: CO), we assume that J = 1:J = 0 is thermalized at
the CO temperature; estimated grain temperatures are about
equal to the gas temperatures (Thronson et al. 1984; Sargent et
al. 1984). With this assumption, and using only our S(0) mea-
surement, we obtain Ny, = (3.5 £ 1.4) x 10??> cm~? toward
NGC 2024, and <2.4 x 10?2 cm~2 toward NGC 2264 (2 ¢
uncertainties).

To determine the H,: CO ratio, we fitted the H, and CO
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equivalent widths simultaneously. Toward NGC 2024 IRS 2,
the best-fitting value of H,: CO is 3900, with an allowed (2 o)
range of 1300-6800. The value of x* for the fit is 10.6 for 12
degrees of freedom, indicating that the model fits the data well
and the noise was estimated reasonably . Toward NGC 2264,
the best-fitting value of H,: CO is 1800, but Ny, (and so
H,: CO) differs from O only at the 1 ¢ level. The upper limit on
H,: COis 5200.

There are few other determinations of H,: CO with which
we can compare our measurements. Frerking, Langer, &
Wilson (1982) compare the column densities of various CO
isotopes with A,, and obtain Nciso/4, = 1.7 x 10'* cm™? in
cloud interiors (4, > 4). This corresponds to N¢o/A, = 8.3
x 10'¢ cm~2, and H,:CO = 12,000 if the low-A, ratio of
Ny/A, = 1.9 x 10*' cm~? (Bohlin, Savage, & Drake 1978) is
assumed. Watson et al. (1985) made a direct measurement of
H,: CO = 8000 in the shocked gas in Orion, but it is unlikely
that the abundances of H, and CO there are typical of molecu-
lar clouds. Wilson et al. (1986) observed warm gas in the same
region, and obtained H,: CO = 20,000. Most other papers on
the subject (see van Dishoeck & Black 1987), discuss Ny,/Ico,
not Ny,/N co, and bypass the determination of Ico/N co.

It is also of interest to compare Ny, and N to estimates of
A, toward our sources. The extinction to NGC 2264 (GL 989)
is highly uncertain, with values in the literature ranging from
A, = 5to A, > 35. McGregor, Persson, & Cohen (1984) point
out the complexity of the source, which in the near-infrared has
diffuse extended emission and a pointlike condensation that is
not coincident with the mid-infrared source.

Jiang, Perrier, & Lena (1984) measured 4, =21.51 5 to
NGC 2024 IRS 2, based on modeling to speckle interferometry
and photometry. About half of the extinction may be due to
circumstellar material (which may or may not contain H, and
CO), as Maihara, Mizutani, & Suto (1990) used Bry/Bra to
derive A, ~ 11 for the extended ionized gas surrounding the
source. Assuming A, = 21.5, we obtain Ny,/4, ~ 1.7 x 10%!

cm™? and Ngo/d, ~ 4.3 x 107 ¢cm~2, with uncertainties of
factors ~2. Our Ny/A, is about 1.8 times that measured by
Bohlin et al., whereas our N¢o/A, is about 5 times that mea-
sured by Frerking et al. These results suggest that the gas-to-
dust ratio toward NGC 2024 is nearly normal, and that it is the
CO abundance that is surprising.

The N¢o/A, ratios through the NGC 2024 and 2264 molecu-
lar clouds can also be estimated from longer wavelength obser-
vations. Toward NGC 2024 FIR 5, Graf et al. (1993) derived
Nco = 2 x 10*° em ™2 from CO emission, and Thronson et al.
(1984) derived A, ~ 100 from 60 pum dust emission, givin
Nco/A, 2 x 10'7. A similar Ngo/4, ratio, 2.2 x 107,
through NGC 2264 is obtained from the results of Sargent et
al. (1984) and Kriigel et al. (1987). Both numbers are less than
our determination, but probably not significantly so given the
large uncertainty in the interpretation of the continuum obser-
vations.

Finally, our H,: CO ratio may be compared to the solar
H: C ratio of 2500 (Grevesse et al. 1991). Assuming all H to be
in H,, we conclude that about one-third of all carbon is in
gas-phase CO. Although uncertain by a factor ~2, this is a
considerably larger fraction of carbon in CO than previously
estimated. The column density of solid CO toward NGC 2024
is small (Tielens et al. 1991), but gas-phase C and C* together
may be comparable to CO in abundance (Jaffe et al. 1994),
suggesting that graphite and carbonate grains may contain
only about one-third of all carbon.

We are grateful to D. Griep and W. Golisch for assistance
with the observations, T. Greene for assistance in the use of
CSHELL, and J. Achtermann for modifying Snoopy for
reduction of CSHELL data. We also than the referee, S. P.
Willner, for pointing out a significant error in the original
Letter, and E. van Dishoeck and G. Mitchell for helpful dis-
cussions. This work was supported by grants from the NSF
and USAF.
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