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Chapter 5 — The photodissociation and chemistry of intdast€O isotopologues

Abstract

Aims. Photodissociation by UV light is an important destructioaamanism for carbon monoxide
(CO) in many astrophysical environments, ranging fromrstelar clouds to protoplanetary disks.
The aim of this work is to gain a better understanding of thglidependence and isotope-selective
nature of this process.

Methods. We present a photodissociation model based on recent speapic data from the lit-
erature, which allows us to compute depth-dependent atapiseselective photodissociation rates
at higher accuracy than in previous work. The model inclsggishielding, mutual shielding and
shielding by atomic and molecular hydrogen, and it is the $seh model to include the rare iso-
topologues &0 and*3C'’0O. We couple it to a simple chemical network to analyse CO dhnoes

in diffuse and translucent clouds, photon-dominated regions;ieswnstellar disks.

Results. The photodissociation rate in the unattenuated intessteddiation field is B x 1071°s™,
30% higher than currently adopted values. Increasing tléation temperature or the Doppler
width can reduce the photodissociation rates and the igps®lectivity by as much as a fac-
tor of three for temperatures above 100 K. The model repmsigolumn densities observed to-
wards difuse clouds and PDRs, and ffers an explanation for both the enhanced and the reduced
N(*?CO)/N(*3CO) ratios seen in ffuse clouds. The photodissociation dfO and**C'’O shows
almost exactly the same depth dependence as thdfef &hd'3C*80, respectively, s&’O and'O

are equally fractionated with respect'f®. This supports the recent hypothesis that CO photodis-
sociation in the solar nebula is responsible for the anonsaf® and*®0 abundances in meteorites.
Grain growth in circumstellar disks can enhance K{&CO)/N(C''0) andN(*2CO)/N(C*®0) ra-

tios by a factor of ten relative to the initial isotopic abandes.
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5.1 Introduction

5.1 Introduction

Carbon monoxide (CO) is one of the most important molecul@sfronomy. It is second
in abundance only to molecular hydrogerp)tnd it is the main gas-phase reservoir of
interstellar carbon. Because it is readily detectable &ednically stable, CO and its less
abundantisotopologues are the main tracers of the gasipiezpstructure and kinematics
in a wide variety of astrophysical environments (for recexamples, see Dame et al.
2001, Najita et al. 2003, Wilson et al. 2005, Greve et al. 20@%50y et al. 2005, Huggins
et al. 2005, Bayet et al. 2006, Oka et al. 2007 and Narayanaln 2008). In particular,
the pure rotational lines at millimetre wavelengths aremfiised to determine the total
gas mass. This requires knowledge of the COaHundance ratio, which mayftér by
several orders of magnitude from one object to the next (led@l. 1994, Burgh et al.
2007, Parti et al. 2008). If isotopologue lines are used, the isotogiiprenters as an
additional unknown.

CO also controls much of the chemistry in the gas phase andadm gurfaces, and is
a precursor to more complex molecules. In photon-dominagidns (PDRs), dark cores
and shells around evolved stars, the amount of carbon lagkedCO compared with that
in atomic C and C determines the abundances of small and large carbon-cludécules
(Millar et al. 1987, Jansen et al. 1995, Aikawa & Herbst 19B8ywn & Millar 2003,
Teyssier et al. 2004, Cernicharo 2004, Morata & Herbst 20@g) ice on the surfaces
of grains can be hydrogenated to more complex saturatedcoletesuch as C4#OH
(Charnley et al. 1995, Watanabe & Kouchi 2002, Fuchs et &I92Go0 the partitioning of
CO between the gas and grains is important for the overathats composition as well
(Caselli et al. 1993, Rodgers & Charnley 2003, Doty et al.£2@arrod & Herbst 2006).

A key process in controlling the gas-phase abundanééa® and its isotopologues
is photodissociation by ultraviolet (UV) photons. This @avgrned entirely by discrete ab-
sorptions into predissociative excited states; any ptessitntributions from continuum
channels are negligible (Hudson 1971, Fock et al. 1980 dltetzet al. 1987, Cooper &
Kirby 1987). Spectroscopic measurements in the laboratbirycreasingly high spectral
resolution have made it possible for detailed photodisgmei models to be constructed
(Solomon & Klemperer 1972, Bally & Langer 1982, Glassgoldlef.985, van Dishoeck
& Black 1986, Viala et al. 1988, van Dishoeck & Black 1988 edter vDB88), Warin
et al. 1996, Lee et al. 1996). The currently adopted phosodiation rate in the unatten-
uated interstellar radiation field isx21071° s,

Because the photodissociation of CO is a line process, uthgest to self-shielding:
the lines become saturated at%CO column depth of about ¥®cm2, and the pho-
todissociation rate strongly decreases (vDB88, Lee et98l6)l Bally & Langer (1982)
realised this is an isotope-selectiv@eet. Due to their lower abundance, isotopologues
other than?CO are not self-shielded until much deeper into a cloud oeotbject. This
results in a zone where the abundances of these isotopalegeaeduced with respect
to 12CO, and the abundances of atorki€, 1’0 and!®0 are enhanced with respect to
12C and*®0. For example, the €O-2CO and G20-*?CO column density ratios towards
X Per are a factor of five lower than the elemental oxygen @ot@tios (Shéer et al.
2002). Thet*CO-2CO ratio along the same line of sight is unchanged from theeteal
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Chapter 5 — The photodissociation and chemistry of intdast€O isotopologues

carbon isotope ratio, indicating thi&CO is replenished through low-temperature isotope-
exchange reactions. A much larger sample of sources sNgt#WE€0)/N(*2CO) column
density ratios both enhanced and reduced by up to a factarofelative to the elemen-
tal isotopic ratio (Sonnentrucker et al. 2007, Burgh et @072 Shéer et al. 2007). The
reduced ratios have so far defied explanation, as all modetkqgh that isotope-exchange
reactions prevail over selective photodissociation inghacent clouds.

CO self-shielding has been suggested as an explanatiohdartomalous’O-20
abundance ratio found in meteorites (Clayton et al. 1978yt6h 2002, Lyons & Young
2005, Lee et al. 2008). In cold environments, molecules ssolater (HO) may be en-
hanced in heavy isotopes. This so-called isotope fradiimmarocess is due to theftir-
ence in vibrational energies offD, H;’O and H®0, and is therefore mass-dependent. It
results in'0 being about twice as fractionated'd®. However!’O and*®0 are nearly
equally fractionated in the most refractory phases in nréteso(calcium-aluminium-rich
inclusions, or CAIs), hinting at a mass-independent foation mechanism. Isotope-
selective photodissociation of CO in the surface of theyearcumsolar disk is such a
mechanism, because it depends on the relative abundanttes isbtopologues and the
mutual overlap of absorption lines, rather than on the méskeoisotopologues. The
enhanced amounts 0 and'®0 are subsequently transported to the planet- and comet-
forming zones and eventually incorporated into CAls. Reobservations of?CO, C’O
and G20 in two young stellar objects support the hypothesis of Catgdissociation as
the cause of the anomalous oxygen isotope ratios in CAlst{Sebial. 2009). A crucial
point in the Lyons & Young model is the assumption that thetptissociation rates of
C'70 and CG®0 are equal. Our model can test this at least partially.

Detailed descriptions of the CO photodissociation proeesslso important in other
astronomical contexts. The circumstellar envelopes olvedostars are widely observed
through CO emission lines. The measurable sizes of thesgdop®as are limited primarily
by the photodissociation of CO in the radiation field of barckand starlight (Mamon et al.
1988). Finally, proper treatment of the line-by-line cdmitions to the photodissociation
of CO may drect the analysis of CO photochemistry in the upper atmogst@frplanets
(Fox & Black 1989).

In this chapter, we present an updated version of the ptregodiation model from
vDB88, based on laboratory experiments performed in thetpasty years (Sect. 5.2).
We expand the model to includeé"®© and**C'’O and we cover a broader range of CO
excitation temperatures and Doppler widths (Sects. 5.3ad)d We rederive the shield-
ing functions from vDB88 and extend these also to highertakon temperatures and
larger Doppler widths (Sect. 5.5). Finally, we couple thedeldo a chemical network
and discuss the implications for translucent clouds, PDORiscaccumstellar disks, with a
special focus on the meteoriitO anomaly (Sect. 5.6).

5.2 Molecular data

The photodissociation of CO by interstellar radiation asdhirough discrete absorptions
into predissociated bound states, as first suggested byoH{#i871) and later confirmed
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5.2 Molecular data

by Fock et al. (1980). Any possible contributions from coatim channels are negligible
at wavelengths longer than the Lyman limit of atomic hydmo@eetzelter et al. 1987,
Cooper & Kirby 1987).

Ground-state CO has a dissociation energy of 11.09 eV andeheral interstellar
radiation field is cut f at 13.6 eV, so knowledge of all absorption lines within ttzatge
(911.75-1117.80 A) is required to compute the photodissioti rate. These data were
only partially available in 1988, but ongoing laboratorynwdas filled in a lot of gaps.
Measurements have also been extended to include CO isotppsd, providing more
accurate values than can be obtained from theoreticalpsotelations. Table 5.1 lists
the values we adopt fdfCO.

5.2.1 Band positions and identifications

Eidelsberg & Rostas (1990, hereafter ER90) and Eidelshexg @ 992) redid the experi-
ments of Letzelter et al. (1987) at higher spectral resotudind higher accuracy, and also
for $3CO, Ct®0 and**C'®0. They reported 46 predissociative absorption bands kestwe
11.09 and 13.6 eV, many of which were rotationally resol\éithe of these have a cross
section too low to contribute significantly to the overaisliciation rate. The remaining
37 bands are largely the same as the 33 bands of vDB88; bamab2 @t the latter are
resolved into four and two individual bands, respectivélfaroughout this work, band
numbers refer to our numbering scheme (Table 5.1), unlassimbherwise.

Thanks to the higher resolution and the isotopologue da&R®0Ecould identify the
electronic and vibrational character of the upper statesermaliably than Stark et al. in
vDB88. The vibrational levels are required to compute thsitmms for those isotopo-
logue bands that have not been measured directly. Nine #2B&88 bands (not counting
the previously unresolved bands 1 and 2) have a rewisealue.

The Eidelsberg et al. (1992) positiong Or 1p) are the best available for most bands,
with an estimated accuracy of 0.1-0.5¢mSeven of theit?CO bands were too weak
or diffuse for a reliable analysis, so their positions are accuraligto within 5 cnr?.
Nevertheless, we adopt the Eidelsberg et al. positiondfeetof these: bands 2A, 6 and
14. The former was blended with band 2B in vDB88, and the dtvershow a better
match with the isotopologue band positions if we take theestokrg et al. values. For the
other four weak or dfuse bands, Nos. 4, 15, 19 and 28, we keep the vDB88 positions.
Ubachs et al. (1994) further improved the experiments,inintg an accuracy of about
0.01-0.1 cm?, so we adopt their band positions where available. Fineleyadopt the
even more accurate positions (0.003¢rar better) available for th€1, EO, E1 andLO
bands (Ubachs et al. 2000, Cacciani et al. 2001, 2002, Ga&idbachs 2004}.

Band positions for isotopologues other tHABO are still scarce, although many more
are currently known from experiments than in 1988. TieandE1l bands have been
measured for all six natural isotopologues, and Bfeband for all but**C'’0O, at an
accuracy of 0.003 cm (Cacciani et al. 1995, Ubachs et al. 2000, Cacciani et al1200

1 All transitions in our model arise from the¢’=0 level of the electronic ground state. We use a shorthand tha
only identifies the upper state, wi@l indicating theC 1=+ v'=1 state, etc.
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N Table 5.1— New molecular data fo?CO2
(03]
Band® ER9C Ao Yo ID v fuo Aot n B, D, w, weX, References
# # A (cn?) (s (cm™) (cm™) & notes
1A 7A  912.70 109564.6 B 0 3.4(3) 1(10) 1.00 1.92 5.9(-5) 2170 13 1;c
1B 7B 913.40 109481.0 ()=t 1 1.7(-:3) 9(10) 1.00 1.83 1.0(-5) 2214 15 1,2:d
1C 7C 91343 109478.0 p®)m 1 1.7(-3) 1(10) 1.00 196 1.0(-4) 2214 15 d
1D 7D 913.67 109449.0 ¥+ 2 27(-2) 9(10) 1.00 1.78 5.4(-5) 2170 13 1,2,3;c
2A 8A 91573 109203.0 (61 O 2.0(-3) 1(11) 1.00 158 6.7(-6) 1563 14 ef
2B 8B 915.97 109173.8 (&)!z* 0 7.9(-3) 1(11) 1.00 1.69 1.0(-4) 2214 15 3;d
3 9A 917.27 109018.9 T 2 23(-2) 5(11) 1.00 1.67 7.2(-5) 2170 13 2:¢
4 9B 919.21 108789.1 €)=t 0 2.8(-3) 1(11) 1.00 214 46(-5) 2214 15 45:d
5 9C 920.14 108679.0 I’(5sr)!z* 1 2.8(-3) 1(11) 1.00 1.91 6.0(-6) 2291 0 g
6 10  922.76 108371.0 )T+ 0 6.3(-3) 3(11) 1.00 1.97 6.3(-6) 2214 15 dh
7 11  924.63 108151.3 3+ 1 52(-3) 1(11) 1.00 1.87 4.0(5) 2170 13 ¢
8 12 925.81 108013.6 W(3sr) 'l 3 2.0(-2) 4(11) 1.00 1.65 1.1(-4) 1745-4  6;g,i
9 13 928.66 107682.3 T 2 6.7(-3) 4(10) 1.00 1.94 3.1(-5) 2170 13 123;c
10 14  930.06 107519.8 m 2 63(-3) 1(11) 1.00 1.82 26(-5) 2170 13 ¢
11 15A 931.07 107402.8 I 0 6.0(-3) 1(11) 1.00 1.65 1.0(-5) 2170 13 ¢
12 15B  931.65 1073359 (@) O 1.2(-2) 3(11) 1.00 1.87 4.3(-5) 2214 15 2;d,]
13 15C  933.06 107174.4 (&)= 0 2.2(-2) 3(10) 1.00 2.13 1.0(-5) 2214 15 1,2:d,i
14 16 935.66 106876.0 ¥+ 2 3.8(-3) 3(11) 1.00 1.95 0.0 2170 13 5;c
15 17  939.96 106387.8 I'(5s0)s* 0 2.1(-2) 1(12) 1.00 2.04 88(-5) 2291 0 4:.gj
16 18  941.17 106250.9 W(3ss) 'l 2 3.1(-2) 1(11) 1.00 1.62 -1.3(-5) 1745 -4  1,6;g,i,k
17 19 94629 105676.3 @)=t O 7.6(-3) 1(11) 1.00 1.90 1.7(-5) 2214 15 1,2,3;d
18 20  948.39 1054423 L(4pr)l 1 2.8(-3) 1(10) 099 196 1.0(-5) 2171 0 g
19 21  950.04 105258.4 H(4pos)lz* 1 22(-2) 1(12) 1.00 1.94  4.4(-5) 2204 O 4 g,
20 22 956.24 104576.6 W(3s0)T 1 1.6(-2) 7(11) 1.00 157 58(-5) 1745-4 6;g
21 24 964.40 103691.7 J(dsr)lTt 1 2.8(-3) 3(11) 1.00 192 9.0(-6) 2236 0 g
22 25  968.32 103271.8 L(4pr)l 0 1.4(-2) 2(9) 096 1.96 7.1(6) 2171 0 789 g,k
23 26 968.88 103211.8 L’'3dr)'m 1 1.2(-2) 2(11) 1.00 175 1.0(-5) 2214 15 12,3,9;dk
24 27  970.36 103054.7 K(4pr) Tt 0 3.4(-2) 2(10) 099 1.92 6.0(-5) 2204 0 1,239 g
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Table 5.1- continued.

Ban® ER9C® Ao Yo ID v fo Aot n B, D, w, weX, References

# # A (cn?) (s (cm™) (cm™) & notes

25 28 972.70 102806.7 W(3sr) I 0 1.7(-2) 1(10) 097 1.57 9.7(5) 1745-4 1,3,6,0,i K

26 29 977.40 1023123 W(3sr) 31 2 1.8(-3) 4(11) 1.00 1.54 8.0(-6) 1563 14 1,2,3:fk

27 30 982.59 101771.7 F(3do)!z* 1 4.8(-4) 3(11) 1.00 1.85 1.4(5 2030 0 g

28 31 985.65 101456.0 J(4sr)!z* 0 15(-2) 1(12) 1.00 1.92 5.1(5) 2236 0 49,

29 32 989.80 101031.0 G(3dr) 1 0 4.6(-4) 1(11) 1.00 1.96 1.1(-5) 2214 15 d

30 33 100259 99741.7 F(3ds)lz* 0 7.9(-3) 3(11) 1.00 1.81 22(-4) 2030 O g

31 37 105171 95082.9 E(3pr)ill 1 3.6(-3) 6(9) 0.96 193 6.6(-6) 2239 43 10,11,12,13;k
32 38  1063.09 94065.6 C(3ps)lrt 1 3.0(-3) 2(9) 056 192 6.3(-6) 2176 15 14,1516

33 39  1076.08 92929.9 E(3pr)lll 0 6.8(-2) 1(9) 0.80 1.95 6.3(-6) 2239 43 13,1517,18;k

References: Ao, vo, ID andVv’ from Eidelsberg et al. (1992) arfgho, Awt, B}, andDy, from ER90, except these: (1) andvo from Ubachs et al. (1994); (Zot from

Notes:
8 Many values are roundedfdrom higher-precision values in the references. The rmat{b) in this and following tables mearzsx 10P.

N — — TOQ - 0 QO O T

Ubachs et al. (1994); (3, andD;, from Ubachs et al. (1994); (4) andvo from vDB88; (5)B;, and Dy, from vDB88; (6) f,»o and Ayt from Eidelsberg et al.

(2006); (7)A0, vo, B}, and D}, from Cacciani et al. (2002); (8ot from Drabbels et al. (1993); (%o from Eidelsberg et al. (2004); (1Q), vo, B, and D},
from Ubachs et al. (2000); (11f).o from Eidelsberg et al. (2006); (12} from Ubachs et al. (2000); (13)s, weX, from Kepa (1988); (14)0, vo, Awt, B}, and
D{, from Cacciani et al. (2001); (15), from Federman et al. (2001); (16}, weX from Tilford & Vanderslice (1968); (17)o, vo, B, and Dy, from Cacciani
& Ubachs (2004); (18Awt from Cacciani et al. (1998).

The numbering follows vDB88. Their bands 1 and 2 are spld four and two components. The corresponding ER90 indieealao given.

wg andweXg from the CO ground state (Guelachvili et al. 19838}y, andwez, (not listed) are included in the model.

w}, andweX,, from the CO" X 2=+ state (Haridass et al. 2000).

B/, andD;, from the CO" A?II state (Haridass et al. 2000).

w}, andweX,, from the CO" AI1 state (Haridass et al. 200@)ey, (not listed) is included in the model.
Vibrational constants derived from thef@irentyvg in one of six vibrational series: bands 30-27, 28-21, 253808, 24-19, 22-18 or 15-5.

B, andD}, from the CO" X2+ state (Haridass et al. 2000).

Aot depends on parity ayat rotational level (see Table 5.3t andn are listed here fod’=0 andf parity.
B, andD{, computed from the &0 values of ER90.
B{, andD;, depend on parity (see Table 5.2); values are listed heré parity.

e1ep Je|Nd8joN 2°S



Chapter 5 — The photodissociation and chemistry of intdast€O isotopologues

Cacciani & Ubachs 2004). The positions of 6@ band are especially important because
of its key role in the isotope-selective nature of the CO pHisociation (Sect. 5.3.3).
Positions are known at lower accuracy (0.003-0.5%rfor an additional 25 €0, 30
13CO and 9%C*0 bands (Eidelsberg et al. 1992, Ubachs et al. 1994, Cacetaali
2002); these are included throughout.

We compute the remaining band positions from theoretiagbfsc relations. For
bandb of isotopologue, the position is

vo(b,i) = vo(b,*?CO) + [E[(b,i) - E} (X.1)] -
[E/(b,**CO) - E[/(X,**CO)| , (5.1)

with E/ (b, i) andE} (X, i) the vibrational energy of the excited and ground statepae-
tively. Hence, we need the vibrational constamt§, weX;, . ..) for all the excited states
other than th&€ '=*. These have only been determined experimentally foEthg state
(Kepa 1988). For the other states, we employ this scheme:
e ifitis part of a vibrational series (such as band 30, for vattle corresponding =1
band is No. 27), we can derivg, from the diterence inv;
e else, if it is part of a Rydberg series converging to ¥#&* or A2I1 state of CO, we
take those constants (Haridass et al. 2000);
¢ else, we take the constants of ground-state CO (Guelaetali 1983).
The choice for each band and the values of the constantsweeigi Table 5.1.

5.2.2 Rotational constants

The rotational constantd8{ and D;) for each excited state are needed to compute the
positions of the individual absorption lines. ER90 prodds, values for most bands,
at an estimated accuracy of better than 1%. TBgivalues are less well constrained
and may be fi by more than a factor of two. However, this is of little impante for
the low-J lines typically involved in the photodissociation of CO. Maaccurate values
(B, to better than 0.1%D;, to 10% or better) are available for 12 states from higher-
resolution experiments (Eikema et al. 1994, Ubachs et 84 12000, Cacciani et al. 2001,
2002, Cacciani & Ubachs 2004). Again, the data for isotogoés other that?CO are
generally scarce, so we have to compute their constantsfeonetical isotopic relations.
This increases the uncertainty®) to a few per cent. In case of bands 12, 15, 19 and 28,
ER90 reported constants fot®D but not for'?CO, so we employ the theoretical relations
for the latter. We adopt the vDB88 constants for bands 4 anthdeause they are more
accurate than those of ER90. No constants are availableyfdivd?g bands 2A and 6, so
we adopt the constants of the associated Gates A2IT andX 2X*, respectively).

In seven cases, the rotational constants of the P and R b(ampetity) were found
to differ from those of the Q branch (arity; Ubachs et al. 1994, 2000, Cacciani et al.
2002, Cacciani & Ubachs 2004). For these bandsftparity values are given in Table
5.1. Table 5.2 lists the fierence between theande values, defined ag, = B . - B ;
andp, = Dj¢— D ;. The uncertainties i, and p;, are on the order of 1 and 10%,
respectively.
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5.2 Molecular data

Table 5.2— Parity-dependent rotational constants*f@O.

Band q, p,®  Refs?
# (cnmh) (cm™)
16 -2.7(3) — 1
22 2212(-2) 7.9(-6) 2
23 3.0(-2) — 1
25  -7.0(-4) — 1
26 -1.11(-2) — 1
31 1.14(-2) 3.0(-8) 3

33 1.196(-2) 2.1(-7) 4

@ Dashes indicate that no measurement is available, so wé adejue of zero.
b (1) Ubachs et al. (1994); (2) Cacciani et al. (2002); (3) Utsaet al. (2000); (4) Cacciani & Ubachs (2004)

5.2.3 Oscillator strengths

ER90 measured the integrated absorption cross sectigysfor all their bands to a typ-
ical accuracy of 20%, but they cautioned that some valuggadéally for mutually over-
lapping bands, may befdby up to a factor of two. The oscillator strengtis{) derived
from these data areftierent from vDB88 for most bands, sometimes by even more than a
factor of two. In addition, there areftiérences of up to an order of magnitude between the
cross sections 0?CO and those of the other isotopologues for many bands shatsw
of 990 A. The isotopic dferences are likely due in part to theffdiulty in determining
individual cross sections for strongly overlapping barulg,isotope-selective oscillator
strengths in general are not unexpected. For example, they also observed recently
in high-resolution measurements of KG. Stark, priv. comm.). For CO, the oscillator
strengths depend on the details of the interactions bettheeh, v’ levels of the excited
states and other rovibronic levels. These interactiortsirim depend on the energy levels,
which are diferent between the isotopologues. We adopt the isotopetisel@scillator
strengths where available. In case of transitions whersatojpic data exist, we choose to
take the value of the isotopologue nearest in mass. This tfieeclosest match in energy
levels and should, in general, also give the closest matokdillator strengths, which to
first order are determined by the Franck-Condon factors.

For ten of our bands, we adopt oscillator strengths fromistuthat aimed specifically
at measuring this parameter (Federman et al. 2001, Eidglehbal. 2004, 2006). Their
estimated accuracy is 5—15%. The oscillator strength fEthband from Federman et al.
(2001) is almost twice as large as that of vDB88 and ER90, vgpears to be due to an
inadequate treatment of saturatidfeets in the older work. The 2001 value corresponds
well to other values derived since 1990. Federman et al. raksasured the oscillator
strength of the weake€l band and found it to be the same, within the error margins,
as that of vDB88 and ER90. Recent measurements oKihelL0 andE1 transitions
and the foulWV transitions show larger oscillator strengths than thosd#88 and ER90
(Eidelsberg et al. 2004, 2006). The new values correspaselyl to those of Stiker et al.
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Chapter 5 — The photodissociation and chemistry of intdast€O isotopologues

(2003), who derived oscillator strengths for eight band§ting a synthetic spectrum to
Far Ultraviolet Spectroscopic Explorer (FUSE) data takevetrds the star HD 203374A.
Lastly, the Eidelsberg et al. (2004) value for thel band is 33% lower than that of
vDB88, but very similar to those of ER90 and $lee et al. (2003), so we adopt it as well.

We compute the oscillator strengths of individual linestesgroduct of the appropri-
ate Honl-London factor and the oscillator strength of theesponding band (Morton &
Noreau 1994). Significant departures from Honl-Londongrvatt have been reported for
many N lines, sometimes even for the lowest rotational levelsri&aal. 2005, 2008).
The oscillator strength measured in one particulabBnd for the P(22) line was twenty
times stronger than that for the P(2) line, due to strong mghxaf the upper state with a
nearby Rydberg state. For other bands where deviationsHtant-London factors were
observed, thefect was generally less than 50%Jat10. Similar deviations are likely to
occur for CO, but a lack of experimental data prevents us frmtading this in our model.
Note, however, that large deviations are only expectedgecific levels that happen to
be strongly interacting with another state. Many hundrddevels contribute to the pho-
todissociation rate, so thdfect of some erroneous individual line oscillator strengshs
small.

5.2.4 Lifetimes and predissociation probabilities

Upon excitation, there is competition between dissocéadind radiative decay. A band’s
predissociation probability;§ can be computed if the upper state’s total and radiative
lifetimes are known:np = 1 — 1yt/Trag-  ER90 reported total lifetimes (A for all
their bands, but many of these are no more than order-of-inagnestimates. Higher-
resolution experiments have since produced more accuattes/for 17 of our bands
(Ubachs et al. 1994, 2000, Cacciani et al. 1998, 2001, 20@z|dberg et al. 2006).
In several cases, values thatfdr by up to a factor of three are reported foffelient
isotopologues. Where available, we take isotope-spedfices. Otherwise, we follow
the same procedure as for the oscillator strengths, andhakealue of the isotopologue
nearest in mass.

The total lifetimes of some upper states have been shownpendkon the rotational
level (Drabbels et al. 1993, Ubachs et al. 2000, Eidelsbeai. €006). In case ofIl
states, a dependence on parity was sometimes observed ag/@hclude theseféects
for the five bands in which they have been measured (Table 5.3)

Recent experiments by Chakraborty et al. (2008) suggésiisedependent photodis-
sociation rates for th&0, E1, KO andW2 bands. These have been interpreted to imply
different predissociation probabilities of individual linddtte various isotopologues due
to a near-resonance accidental predissociation proces#gaiSeffects have been reported
for CIO; and CQ (Lim et al. 1999, Bhattacharya et al. 2000). In this proctsspound-
state levels into which the UV absorption takes place do woipte directly with the
continuum of a dissociative state. Instead, they first fearsopulation to another bound
state, whose levels happen to lie close in energy. For th&eCGtate, this process was
rotationally resolved by Ubachs et al. (2000) for all nallyraccurring isotopologues and
shown to be due to spin-orbit interaction with th&ll v'=6 state, which in turn couples
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5.2 Molecular data

Table 5.3— Parity- and rotation-dependent inverse lifetimes'f@oO.

Band Ao 12 Aot RefsP
# (sh (s

8 3.6(11)4.0(9x 1.6(11y1.3(10x 1
1 3.4(10)+7.3(10x — 2
16 1.0(11¥1.8(9%  1.0(11)3.4(9% 1
22 1.83(9) 1.91(91.209x 3
25  1.2(10) 1.2(10)2.4(9K 1

a x stands ford’ (3’ + 1).
b (1) Eidelsberg et al. (2006); (2) Ubachs et al. (1994); (Jtbels et al. (1993).
¢ This is al=* upper state, so there is no distinction betweemd f parity.

with a repulsive state. The predissociation rates oBhestate are found to increase sig-
nificantly due to this process, but only for specifidevels that accidentally overlap. For
example, interaction occurs at=7, 9 and 12 for*?CO, but atJ’=1 and 6 for'3C!80.
Since the dissociation probabilities for thel state due to direct predissociation were
already highy; = 0.96, this increase in dissociation rate only has a very miti@ce
(Cacciani et al. 1998). Moreover, under astrophysical gt a range ofl’ values are
populated, so that thdfect of individual levels is diluted. Since Chakraborty etditl
not derive line-by-line molecular parameters, we cannstlg@corporate their results
into our model. In Sect. 5.6.3, we show that our results dachahge significantly when
we include the proposedfects in an ad-hoc way.

The radiative lifetime of an excited state is a sum over theagénto all lower-lying
levels, including theAIT and B1L+* electronic states and the0 levels of the ground
state. The total decay rate to the ground state is obtaineslibyming the oscillator
strengths from Table 5.1 for each vibrational series (Mo&Noreau 1994, Cacciani
et al. 1998). Theoretical work by Kirby & Cooper (1989) shaWwat transitions to elec-
tronic states other than the ground state contribute al¥éuifthe overall radiative decay
rate for theC state and about 8% for the state. No data are available for the excited
states at higher energies. Fortunately, the radiativeydeta from these higher states to
the ground state is small compared to the dissociation sat@n uncertainty o£10%
does not fect then values.

The predissociation probabilities thus computed are jmatt identical to those of
vDB88: the largest dierence is a 10% decrease for @kband. This is due to the larger
oscillator strength now adopted.

There have been suggestions that@lestate can also contribute to the photodissocia-
tion rate. Cacciani et al. (2001) measured upper-stateniés in theCO andC1 states for
several CO isotopologues. For tiie-0 state of*CO they found a total lifetime of 1770
ps, consistent with a value of 1780 ps #6€0, but diferent from the lifetime of 1500 ps
in 13C80. Although the three values agree within the mutual unigits of 10-15% on
each measurement, Cacciani et al. suggested that the siespaeiest>C'80, has a pre-
dissociation yield ofy = 0.17 rather than zero if the measurements are taken at face valu
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and if the radiative lifetime of th€0 state is presumed to be 1780 ps for all three species.
The accurate absorption oscillator strength measured dgriean et al. (2001) for the
CO0 band, 0123+ 0.016, implies a radiative lifetime that can be no longer th&&8lps

at the lower bound of measurement uncertaintf;ifi Taken together, the lifetime mea-
surements of Cacciani et al. and the absorption measursmEReéderman et al. favour a
conservative conclusion that the dissociation yield i® Zer each of these three isotopo-
logues. We assume ti0 band is also non-dissociative it@©, C80 and'3C'’0; this

is consistent with earlier studies (e.g., vDB88, ER90, Mi& Noreau 1994).

5.2.5 Atomic and molecular hydrogen

Lines of atomic and molecular hydrogen (H ang) Hbrm an important contribution to
the overall shielding of CO. As in vDB88, we include H Lymands up tan=50 and H
Lyman and Werner lines (transitions to tBéx; andC 1, states) from the”’=0, J”"=0—
7 levels of the electronic ground state. We adopt the lindtipas, oscillator strengths
and lifetimes from Abgrall et al. (1993a,b), as compiledtfoe freely available Mupon
PDR code (Le Bourlot et al. 1993, Le Petit et al. 2002, 2G06round-state rotational
constants, required to compute the level populations, doone Jennings et al. (1984).

5.3 Depth-dependent photodissociation

5.3.1 Default model parameters

The simplest way of modelling the depth-dependent phasodiation involves dividing
a one-dimensional model of an astrophysical object, iatedi only from one side, into
small steps, in which the photodissociation rates can heaasd constant. We compute
the abundances from the edge inwards, so that at each stepowetlke columns of CO,
H, H, and dust shielding the unattenuated radiation field.

Following vDB88, Le Bourlot et al. (1993), Lee et al. (1996)d_e Petit et al. (2006),
we treat the line and continuum attenuation separatelye&ohn of our 37 CO bands, we
include all lines originating from the first ten rotationavels §”’=0-9) of thev’=0 level
of the electronic ground state. That results in 855 linedgmopologue. In addition, we
have 48 H lines and 444 Hines, for a total of 5622. We use an adaptive wavelength
grid that resolves all lines without wasting computatiotime on empty regions. For
typical model parameters, the wavelength range from 91tb.7517.80 A is divided into
~47 000 steps.

We characterise the population distribution of CO over thational levels by a single
temperatureTe(CO). The B population requires a more detailed treatment, because
UV pumping plays a large role for th#’>4 levels (van Dishoeck & Black 1986). We
populate the)”=0-3 levels according to a single temperatirg(H,), and adopt fixed
columns of 4x 10%, 1x 10, 2 x 10 and 1x 10 cm2 for J”=4-7. This reproduces
observed translucent cloud column densities to within &ofaaf two (van Dishoeck &

2 httpy/aristote.obspm MIS/pdypdrl.html
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5.3 Depth-dependent photodissociation

Black 1986 and references therein). T}e-4 population scales with the UV intensity,
so we re-evaluate this point for PDRs and circumstellardisiSects. 5.6.2 and 5.6.3.

The line profiles of CO, Bland H are taken to be Voigt functions, with default Doppler
widths @) of 0.3, 3.0 and 5.0 knT$, respectively. We adopt Draine (1978) as our standard
unattenuated interstellar radiation field.

5.3.2 Unshielded photodissociation rates

We obtain an unshielded CO photodissociation rate.®&2101° s™1. This rate is 30%
higher than that of vDB88, due to the generally larger ostwill strengths in our data set.
The new data for bands 33 and 24 (E@andKO transitions) have the largedtect: they
account for 63 and 21% of the overall increase. Clearly, #te depends on the choice
of radiation field. If we adopt Habing (1968), Gondhalekaale{1980) or Mathis et al.
(1983) instead of Draine (1978), the photodissociatiombacomes 2.0, 2.0 or< 10710

s71, respectively. The same relativeffdrences between these three fields were reported
by vDB88.

5.3.3 Shielding by CO, H and H

Self-shielding, shielding by H, fand the other CO isotopologues, and continuum shield-
ing by dust all reduce the photodissociation rates insidewdoor other environment rel-
ative to the unshielded rates. For a given combination afrooldensitiesN) and visual
extinction (Ay), the photodissociation rate for isotopologug

ki = xko,i®; expyAv), (5.2)

with y a scaling factor for the UV intensity arld; the unattenuated rate in a given ra-
diation field. The shielding functio®; accounts for self-shielding and shielding by H,
H, and the other CO isotopologues; tabulated values for typicalel parameters are
presented in Table 5.5. The dust extinction term, exp{,), is discussed in Sect. 5.3.4.
Equation (5.2) assumes the radiation is coming from allatioes. If this is not the case,
such as for a cloud irradiated only from one sikig,should be reduced accordingly.

For now, we ignore dust shielding and compute the depth+ibgre dissociation rates
due to line shielding only. Our test case is the centre of tffegk cloud towards the star
£ Oph. The observed column densities of H, HCO and**CO are 52x 1070, 4.2x 10,
2.5x10% and 15x 10" cm? (van Dishoeck & Black 1986, Lambert et al. 1994), and we
take G’0, Ct®0, 13C!70 and*3C'®0 column densities of.4 x 10, 1.6 x 102, 5.9x 10°
and 23x 10 cm?, consistent with observational constraints. For the esoitthe cloud,
we adopt half of these values. We 5(E0) = 0.48 km s andT.(CO) = 4.2 K (Shefer
et al. 1992), and we populate the kbtational levels explicitly according to the observed
distribution. The cloud is illuminated by three times theae field § = 3).

Table 5.4 lists the relative contribution of the most impaitbands at the edge and
centre for each isotopologue, as well as the overall phssodiation rate at each point.
The column densities are small, but isotope-selectivddihigalready occurs: th#CO
rate at the centre is lower than that of the other isotopaeadpy factors of three to six.
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Table 5.4— Relative and absolute shieldinffects for the ten most important bands in th@ph cloud?

Band 33 28 24 23 22 20 19 16 15 13 Tétal
Ao (R)P 1076.1 985.6 970.4 968.9 968.3 956.2 950.0 941.2 940.0 933.1

lZCO
Edge (%] 322 47 8.7 3.0 3.6 3.4 4.3 5.1 35 3.1 7.8(-10)
Centre (%) 2.8 0.4 5.7 9.3 0.8 12.1 13.8 6.1 11.0 7.0 7.5(-11)
Shielding 0.0084 0.0072 0.063 0.30 0.022 0.34 0.31 0.12 0.30 0.22 0.10

c'’0
Edge (%) 32.0 4.7 8.7 3.0 3.6 34 4.3 51 3.5 3.1 7.8(-10)
Centre (%) 22.0 0.1 5.3 3.5 0.8 8.7 10.3 14.2 9.1 2.4 2.4(-10)
Shielding 0.21 0.0067 0.19 0.36 0.065 0.79 0.74 0.85 0.81 30.2 031

ct®o
Edge (%) 315 5.1 6.2 15 49 37 47 5.2 38 34 7.2(-10)
Centre (%) 35.3 0.1 4.7 2.6 7.8 3.3 7.7 8.1 5.9 3.0 3.7(-10)
Shielding 0.58 0.0067 0.39 0.88 0.82 0.46 0.83 0.80 0.81 0.450.52

13CO
Edge (%) 28.1 6.5 8.3 1.8 5.2 3.4 4.3 4.9 3.9 2.4 7.8(-10)
Centre (%) 18.5 0.0 5.3 4.4 11.2 41 10.7 4.4 9.1 0.8 2.8(-10)
Shielding 0.23 0.0007 0.23 0.87 0.76 0.42 0.87 0.32 0.83 0.130.35

13cl7o
Edge (%) 28.0 6.3 8.3 1.8 5.2 34 43 49 39 24 7.8(-10)
Centre (%) 325 0.0 7.4 2.9 75 5.0 7.2 8.5 6.1 1.0 4.2(-10)
Shielding 0.63 0.0007 0.48 0.88 0.79 0.78 0.91 0.94 0.85 0.240.54

13cl80
Edge (%) 30.1 7.0 5.9 15 47 36 4.4 5.0 4.0 2.4 7.5(-10)
Centre (%) 39.0 0.0 5.8 2.4 5.7 1.7 7.5 8.5 6.3 1.7 4.1(-10)
Shielding 0.71 0.0007 0.54 0.87 0.67 0.26 0.92 0.94 0.85 0.380.55

sanbojodolos! Q@isequl Jo Ansiwayd pue uoneloossipoloyd ayl — g Jardeyd



5.3 Depth-dependent photodissociation

The EO band is the most important contributor at the edge. Thisalss found by
vDB88, and the higher oscillator strength now adopted méla@sen stronger. Going to
the centre, it saturates rapidly fCO: its absolute contribution to the total dissociation
rate decreases by two orders of magnitude, and it goes frestithngest band to the 12th
strongest band. The five strongest bands at the centre asartteeas in vDB88: Nos. 13,
15, 19, 20 and 23.

Figure 5.1 illustrates the isotope-selective shieldinge Teft panel is centred on the
R(1) line of theEO band (No. 33 from Table 5.1). This line is fully saturated380 and
the relative intensity of the radiation fieldl/(o, with Io the intensity at the edge of the
cloud) goes to zerot3CO and G20 also visibly reduce the intensity, tglg = 0.50 and
0.72, but the other three isotopologues are not abundaniéno do so. Consequently,
these three are not self-shielded in th®ph cloud, but they are shielded BRCO, *CO
and G80. The weaker shielding 3fC’0 and'3C*0 in theEO band compared to'¢0
is due to their lines having less overlap with #8€0 lines.

The right panel of Fig. 5.1 contains the R(0) line of @ band (No. 20), with the
R(1) line present as a shoulder on the red wing. Also visibldhé saturate@13 R(2)
line of H, at 956.58 A. ThéV1 band is weaker than tHe0 band, sd?CO is the only
isotopologue to cause any appreciable reduction in thatiadifield and to be (partially)
self-shielded. The shielding of the other five isotopolagigedominated by overlap with
the>?CO and H lines. This figure also shows the need for accurate line iposit if the
13C180 line were shifted by 0.1 A in either direction, it would nantger overlap with the
H> line and be less strongly shielded. Note that the positicghe#1 band has only been
measured fot?CO, 13CO and G20, so we have to compute the position for the other
isotopologues from theoretical isotopic relations. Thasises the €0 line to appear
longwards of the &0 line.

5.3.4 Continuum shielding by dust

Dust can provide a very strong attenuation of the radiatielal fi This dfect is largely
independent of wavelength for the 912—-1118 A radiationlalsse to dissociate CO, so it
affects all isotopologues to the same extent. It can be exprassan exponential function
of the visual extinction, as in Eq. (5.2). For typical intetkar dust grains (radius of 0.1
um and optical properties from Roberge et al. 1991), the etitin codficienty is 3.53
for CO (van Dishoeck et al. 2006). Larger grains have lesigpa the UV and do
not shield CO as strongly. For ice-coated grains with a madius of 1um, appropriate
for circumstellar disks (Jonkheid et al. 2006), the eximttodiicient is only 0.6. The
effects of dust shielding are discussed more fully in Sect. 5.6.

Table 5.4— footnotes.

See the text for the adopted column densities, Doppler widtkcitation temperatures and radiation field.
12CO band head position.

Total photodissociation rate insat the edge and the centre, and the shielding factor at theecen
Relative contribution per band to the overall photodisatien rate at the edge and the centre of the cloud.
Shielding factor per band: the absolute contribution attémre divided by that at the edge.

® QO 0T o
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Figure 5.1— Relative intensity of the radiation fieldi/{o) and intrinsic line profiles for the six CO
isotopologuesd, in arbitrary linear units) at the centre of th€®ph cloud in two wavelength ranges.

Photodissociation of CO may still take place even in hightyreted regions. Cosmic
rays or energetic electrons generated by cosmic rays cate é%g allowing it to emit
in a multitude of bands, including the Lyman and Werner systéPrasad & Tarafdar
1983). The resulting UV photons can dissociate CO at a rasdotit 10%° s (Gredel
et al. 1987), independent of depth. That is enough to inerédas atomic C abundance
by some three orders of magnitude compared to a situatiomenthe photodissociation
rate is absolutely zero. The cosmic-ray—induced photodiation rate is sensitive to the
spectroscopic constants of CO, especially where it cosdbmoverlap between CO and
H> lines, so it would be interesting to redo the calculationS&oddel et al. with the new
data from Table 5.1. However, that is beyond the scope ofttiapter.

5.3.5 Uncertainties

The uncertainties in the molecular data are echoed in theehtedults. When coupled
to a chemical network, as in Sect. 5.6, the main observabtatuped by the model are
the column densities of the CO isotopologues for a giverophiysical environment. The
accuracy of the photodissociation rates is only relevaat specific range of depths; in
the average interstellar UV field, this range runs fromAgrof ~0.2 to~2 mag. Photo-
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processes are so dominant at lower extinctions and so slbwgla¢r extinctions that the
exact rate does not matter. In the intermediate regime, thetlabsolute photodissocia-
tion rates and the ffierences between the rates for individual isotopologuesgrertant.
The oscillator strengths are the key variable in both casdgleese are generally known
rather accurately. Taking account of the experimental daicgies in the band oscillator
strengths and of the theoretical uncertainties in computie properties for individual
lines, and identifying which bands are important contribbs{ Table 5.4), we estimate the
absolute photodissociation rates to be accurate to ab&at Zhis error margin carries
over into the absolute CO abundances and column densitidsfa, ~ 0.2—2 mag range
when the rates are putinto a chemical model. The accuradyemates and abundances of
the isotopologues relative to each other is estimated tdbata 0% when summed over
all states, even when we allow for the kind of isotofieets suggested by Chakraborty
et al. (2008).

5.4 Excitation temperature and Doppler width

The calculations of vDB88 were only done for low excitatiemperatures of CO and,H
Here, we extend this work to higher temperatures, as redjfiirePDRs and disks, and
we re-examine theffect of the Doppler widths of CO, +and H on the photodissociation
rates. We first treat four cases separately, increasingrélith(CO), b(CO), Tex(H2) or
b(H2). At the end of this section we combine thes$iets in a grid of excitation temper-
atures and Doppler widths. As a template model we take theecehthe/ Oph cloud,
with column densities and other parameters as describeglin 53.3.

5.4.1 IncreasingTe(CO)

As the excitation temperature of CO increases, additiastational levels are populated
and photodissociation is spread across more lines. FiguPeand 5.3 visualise this for
band 13 of'2CO. At 4 K, only four lines are active: the R(0), R(1), P(1) &@) lines
at 933.02, 932.98, 933.09 and 933.12 A. The R(0) and P(13 lame both fully self-
shielded at the line centre. Going to 16 K, the R(0) line ladesut 70% of its intrinsic
intensity and ceases to be self-shielding. In addition,R(®), P(3) and highed-lines
start to absorb. The combination of less saturated Jdimes and more active highekr-
lines yields a 39% higher photodissociation rate at 16 K camagto 4 K.

A higher CO excitation temperature has the same favourdiaetdéor'3CO, which is
partially self-shielded at the centre of th®©ph cloud. Its photodissociation rates increase
by 16% when going from 4 to 16 K. 80 is also partially self-shielded, but less so than
13CO, so the favourablefiect is smaller. At the same time, it f8ers from increased
overlap by*?CO. The net result is a small increase in the photodissociatite of 0.2%.

The two heaviest isotopologué$C'’O and3C*®0, are not abundant enough to be
self-shielded. Theid”’ <2 lines generally have little overlap with the correspodfCO
lines, especially in thé&€0 band near 1076 A. This band, whose lines are amongst the
narrowest in our data set, is the strongest contributoregtiotodissociation rate at the

139



Chapter 5 — The photodissociation and chemistry of intdast€O isotopologues

1.0 (60] (60]
0.8 [ Band 13 1L Band 13 ]
P(3)
o 0.6F 1t .
N
~ 0.4} 1 ]
P(2)
0.2} 1 ]
0.0 R(O): P(1)
.é 16 K 3 km s
=
E
o)
~
=
TA 4 x4 . x4
ot
T3t 1t ]
Qﬁ
o 0 X .
932.6 933.0 932.6 933.0 933.4
X (A)

Figure 5.2 — lllustration of the &ect of increasingl(CO) (left) or b(CO) (right) in our Oph
cloud model (Sect. 5.3.3). Top: relative intensity of thdiasion field, including absorption by
12CO only. Middle: intrinsic line profile for band 13 (933.1 Aj £CO. Bottom: photodissociation
rate per unit wavelength, multiplied by a constant as irtdita

centre of the cloud fol*C’0O and'3C80 (Table 5.4). In fact, its narrow lines are part of
the reason it is the strongest contributor. THe-3 and 4 lines that become active at 16 K
do have some overlap witRCO. Without the favourableffect of less self-shielding, this

causes the photodissociation rate 2’0 and'*C*80 to decrease for higher excitation
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Figure 5.3— lllustration of the &ect of increasing «x(H-) (left) or b(H,) (right) in our Oph cloud
model (Sect. 5.3.3). Top: relative intensity of the radiatfield, including absorption by tbnly.
Middle: intrinsic line profile for band 30 (1002.6 A) 4fCO. Bottom: photodissociation rate per
unit wavelength, multiplied by a constant as indicated.

temperatures. The change is only small, though: 0.4%%®Y O and 2% for*C'80.
Finally, C’O experiences an increase of 18% in its photodissociati@n tts lines

lie closer to those of?CO than do thé3C'’O and3C*0 lines, so it is generally more

strongly shielded. At 4 K, most of the shielding is due to tarigated R(0) lines dfCO.
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These become partially unsaturated at highgfCO), so the corresponding R(0) lines of
C’0 become a stronger contributor to the photodissociatitey even though the shift
towards higher lines make them intrinsically weaker. Overall, increasipg CO) from

4 to 16 K thus results in a highef@ photodissociation rate.

5.4.2 Increasingb(CO)

The width of the absorption lines is due to Doppler broadgmind natural (or lifetime)
broadening. The integrated intensity in each line rem&éiasame wheh(CO) increases,
so a larger width is accompanied by a lower peak intensitye fEsulting reduction in
self-shielding then causes a highé€O photodissociation rate, as shown in Fig. 5.2 for
band 13. However, thefiect is rather small because the Doppler width is smaller than
the natural width for most lines at typichlvalues. Natural broadening is the dominant
broadening mechanism upCO) ~ 6 x 1012Ay;, with both parameters in their normal
units. The R(0) line of band 13 has an inverse lifetime 8110 s (Tables 5.1 and
5.3), so Doppler broadening becomes important at about 1-knFsom 0.3 to 3 km &',
asin Fig. 5.2, the line width only increases by a factor of Ingegrated over all lines, the
12CO photodissociation rate becomes 26% higher.

The rates of the other five isotopologues decrease alond(@i®) interval due to
increased shielding by thEO lines of?CO. With an inverse lifetime of only % 10°
s™1, Doppler broadening is this band’s dominant broadeninghaeism in the regime of
interest. A tenfold increase in the Doppler parameter froét6 3 km s? results in a
nearly tenfold increase in the line widths. At 0.3 knt,sthe EO lines of*2CO are still
suficiently narrow that they do not strongly shield the linestaf bther isotopologues.
This is no longer the case at 3 kmts 13CO still benefits somewhat from reduced self-
shielding in other bands, but it is not enough to overcomeehdeced strength of tHe0
band, and its photodissociation rates decrease by 2%. Tneate is 13% for £0 and
26-28% for the remaining three isotopologues. The relgtsmall decrease for €0 is
due to itsEQ band being already partially shielded 3O at 0.3 km s!, so the stronger
shielding at 3 km st has less of anféect.

5.4.3 IncreasingTex(H>) or b(H»)

Increasing the excitation temperature of, lhile keeping the CO parameters constant,
results in a decreased photodissociation rate for all sbologues. The cause, as illus-
trated in Fig. 5.3, is the activation of more lines. AtTe(H2) = 10 K, the R(1) line of
the B8 band at 1002.45 A is very narrow and does not shieldFéand (No. 30) of the
CO isotopologues. (The continuum-like shielding visilid=ig. 5.3 is due to the strongly
saturated38 R(0) line at 1001.82 A.) It becomes much more intense at 3@dvadens
due to being saturated, thereby shielding part ofRBdand. The same thing happens to
other CO bands, resulting in an overall rate decrease oP®b66- There is no particular
trend visible amongst the isotopologues; the magnitudeefdte change depends purely
on the chance that a given CO band overlaps with afirté.
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5.4 Excitation temperature and Doppler width

Similar decreases of one or two percent in the CO photodetsoe rates are seen
when the H Doppler width is changed from 1 to 10 km's As the H lines become
broader, the amount of overlap with CO increases acrosattire &avelength range. As
an example, Fig. 5.3 shows again the 1002.0-1002.8 A regjoexe theB8 R(1) line of
H, further reduces the contribution of tié® band to thé2CO photodissociation rate.

5.44 Gridof Tegandb

We now combine the four individual cases into a grid of exmtatemperatures and
Doppler widths to see how they influence each otfiggCO) is raised from 4 to 512 K
in steps of factors of two. The’=1 vibrational level ofCO lies at 2143 cm" above
thev’=0 level, so it starts to be thermally populated~&00 K. No data are available
on dissociative transitions out of this level, so we choaoseta go to higher excitation
temperatures. We increase the range of rotational levets d(p=39, at 2984 cm* above
the J”=0 level for?CO. At T¢,(CO) = 512 K, the normalised population distribution
peaks at)’=9 and decreases to/x 10™° at J”=39. The H excitation temperature is
set to [Tex(CO)J*® to take account of the fact that its critical densities farthalisation
are lower than those of CO. Where necessary, absorptionthtiaal levels above our
normal limit of J”=7 and by non-zero vibrational levels is taken into accoumt{f@wski
1984, Abgrall et al. 1993a,b). All frovibrational levels are strictly thermally populated;
no UV pumping is included. The grid is run for CO Doppler wislthf 0.1, 0.3, 1.0 and
3.2 km s; we setb(H,) = V14b(CO) andb(H) = V28b(CO), corresponding to the
differences appropriate for thermal broadening.

The top set of panels in Fig. 5.4 shows the photodissociatitsnof the six isotopo-
logues at the centre of theOph cloud as a function of excitation temperature for the
different Doppler widths. The rates are normalised to the ratekat The'2CO rate in-
creases from 4 to 16 K, as described in Sect. 5.4.1. At higgmpeératures the increased
overlap with B lines takes over and the rate goes down. As long as the CCasgait
temperature is less tharl 00 K, the'?CO rate remains constant upliCO) = 0.3 km s*
and increases a%CO) goes from 0.3 to 3.2 knt’ (bottom part of Fig. 5.4). At higher
temperatures there is so much shielding byttt reduced self-shielding in the CO lines
has no discernibleffect on the rate. Instead, the rate goes down Witlue to stronger
shielding by the broadened,Hnes.

Thel3CO rate also increases initially witfe,(CO) and then goes down as shield-
ing takes over. The rate increases frbgC0O) = 0.1 to 0.3 km s?, but decreases for
higher values as described in Sect. 5.4.2. For the remafaingsotopologues, the plot-
ted curves likewise result from a combination of weakerlslivig by 2CO and stronger
shielding by H. At CO excitation temperatures between 4 and 8 K, the ragsally
change by a few per cent either way. Going to higher temperstall rates decrease
monotonically. Likewise, the rates generally decreasatda/higheb(CO) values.

A change in behaviour is seen when increadiggCO) from 256 to 512 K. Itis at this
point that thev”>0 levels of H become populated. Less energy is now needed to excite
H, to the B andC states, so absorption shifts towards longer wavelengths dauses
even stronger shielding in the heavy CO isotopologues, fmmtheEO band at 1076 A
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ki(Tey:b)/ki(4 K, b)

ki(Tex’b)/ki(Tex’ 0.1 km S_l)

Figure 5.4— Top: photodissociation rate of the CO isotopologues asetifon of excitation tem-
perature, normalised to the rate at 4 K, at fodfedient Doppler widths, for parameters correspond-
ing to the centre of th& Oph difuse cloud. Bottom: photodissociation rates as a function of
Doppler width, normalised to the rate at 0.1 km,sat four diferent excitation temperatures. The
other model parameters are as in Sect. 5.3.3, exufép) = V14b(CO), b(H) = v280(CO) and
Tex(Hz2) = [Tex(co)]l's-
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5.4 Excitation temperature and Doppler width
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Figure 5.5— As Fig. 5.4, but with all rates normalised to tH€O rate.
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Chapter 5 — The photodissociation and chemistry of intdast€O isotopologues

is still an important contributor to the photodissociatiate, at least as long d§CO)
does not exceed 0.3 km's TheEO band is strongly self-shielded tACO (Table 5.4), so

the shift of the H absorption to longer wavelengths does not reduce its darion by
much. In fact, the weaker Habsorption at shorter wavelengths allows for an increased
contribution of bands like Nos. 13 and 16 at 933 and 941 A, iogus net increase in
the 12CO photodissociation rate from 256 to 512 K. The situatioanges somewhat
when the CO Doppler width increases to 1.0 kther more. TheEQ band of the heavy
isotopologues is now much less of a contributor, because shielded by the broader
12CO lines. The shifting K absorption does not cause any additional shielding, so the
rates remain almost the same. Furthermore, thérés are also broader and continue to
shield the!>CO bands at shorter wavelengths, preventing its photociistson rate from
increasing like it does in the lolw-cases.

The main astrophysical consequence becomes clear wherowatithe dissociation
rates of the five heavier isotopologues with respect to th&@0. Figure 5.5 shows this
ki/k(*2CO) ratio as a function of¢,(CO) andb(CO). The ratios generally decrease with
both parameters: a higher excitation temperature and arl&gppler width both cause
less self-shielding if?CO, so the rate dlierences between the isotopologues become
smaller. Shielding by Klincreases at the same time, further reducing theminces
between the isotopologues. This means that photodisgwtiat CO is more strongly
isotope-selective in cold sources than in hot sources.

5.5 Shielding function approximations

It is unpractical for many astrophysical applications tatlde full integration of all 5622
lines in our model every time a photodissociation rate isimegl. Therefore, we present
approximations to the shielding functio®sntroduced in Eq. (5.2). The approximations
are derived for several sets of model parameters and am aaloss a wide range of
astrophysical environments (Sect. 5.5.2).

5.5.1 Shielding functions on a grid ofN(CO) and N(H,)

The transition from atomic to molecular hydrogen occurs imeioser to the edge of the
cloud than the €-C-CO transition, so the column density of atomic H is roygiunstant
at the depths where shielding of CO is important. In addjtibshields CO by only a few
per cent. Therefore, it is a good approximation to compugestiielding functions on a
grid of CO and H column densities, while taking a constant column of H. Iiiisient
to express the shielding of all CO isotopologues as a funaifdN(*?CO), because self-
shielding of the heavier CO isotopologues is a smfka compared to shielding by
2co.

Table 5.5 presents the shielding functions in the same mmasneDB88 did, but for
somewhat dferent model parameter(CO) = 0.3 instead of 1.0 km3, T(CO) = 5
instead of 10 K, an@ex(H,) = 5*° instead of 16° K. The present parameters correspond
more closely to what is observed inflilise and translucent clouds. The column density
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5.5 Shielding function approximations

ratios for the six isotopologues are kept constant at theneial isotope ratios from
Wilson (1999): [2C]/[*3C] = 69, [°0]/[*®0] = 557 and {20]/[*'O] = 3.6. A small
column of 52x 10* cm~2 of H, at J”=4-7 is included throughout (except at IN(H.) =
0) to account for UV pumping (Sect. 5.331)Shielding functions for larger values bf
andTey and for other isotope ratios are given in the online appetudike paper that this
chapter is based on (Visser et al. 2009). For ease of use, weedlsn set up a webpate
where the shielding functions can be downloaded in plaih figemat. This webpage
offers shielding functions for a wider variety of parametegsitis possible to include in
this chapter or the paper. In addition, it uses a gridN¢*CO) andN(H,) values that is
five times finer than the grid in Table 5.5, allowing for more@@te interpolation.

For column densities of up to 20cm2 of CO and 18' cm 2 of H,, our shielding
functions are generally within a few per cent of the vDB88uesl when corrected for
the diference inb andTey. Larger diterences occur for larger columns: we predict the
shielding to be five times weaker B{CO) = 10*° cm™? and more than a hundred times
stronger alN(H,) = 107 cm 2. The 912-1118 A wavelength range was divided into 23
bins by vDB88, and most lines were included only in one birpieesl up the computation.
We integrate all lines over all wavelengths. As the linesgaingly saturated at high
column depths, absorption in the line wings becomes impbriiehus, H lines can cause
substantial shielding over a range of more than 10 A, whileli@&s may still absorb
several A away from the line centre. The binned integrati@hmd of vDB88 did not
take thesefects into account, so they underpredicted shielding aelbebgcolumns and
overpredicted shielding at large CO columns (Fig. 5.6)httidd be noted, however, that
photodissociation at these depths is typically already®e a process that it is no longer
the dominant destruction pathway for CO. In addition, ada@D column is usually
accompanied by a large;i¢olumn, so the twofects partially cancel each other.

5.5.2 Comparison between the full model and the approximatins

Despite being computed for a limited number of model paramnsethe shielding func-
tions from Table 5.5 and the online appendix to Visser eP8l00) provide a good approx-
imation to the rates from the full model for a wide range of@shysical environments.
Section 5.6.1 presents a grid of translucent cloud modeigrevthe photodissociation
model is coupled to a chemical network and CO is traced as etitumof depth. This
presents a large range of column densities, with the ragbsden the isotopologues de-
viating from the fixed values adopted for Table 5.5. The gaders gas densities from
100 to 1000 cm® and gas temperatures from 15 to 100 K, while keeping the atiait
temperatures and Doppler widths constant at the valuesfos€able 5.5. Altogether, the
grid contains 2880 points per isotopologue where the plisgodiation rate is computed.
Here, we compare the photodissociaton rates from the appabx method to the full
integration for each of these points. The sensitivitk@fCO) to theN(*>CO)/N(**CO)
ratio can be corrected for in a simple manner: we use thedshgefunctions from Table

3 Although not mentioned explicitly by vDB88, their tabuldtghielding functions also include this extra column
of J'=4-7 H,.
4 httpy/www.strw.leidenuniv.nfkewingphoto
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Table 5.5— Two-dimensional shielding functiot®{ N(*?CO), N(H.)].2

logN(H,) log*?CO (cnT?)
(cm?) 0 13 14 15 16 17 18 19

12CO: unattenuated ratg; = 2592x 10710 st
0 1.000 8.080(-1) 5.250(-1) 2.434(-1) b5.467(-2) 1.362(-23.378(-3) 5.240(-4)
19 8.176(-1) 6.347(-1) 3.891(-1) 1.787(-1) 4.297(-2) 2(8) 2.922(-3) 4.662(-4)
20 7.223(-1) 5.624(-1) 3.434(-1) 1.540(-1) 3.515(-2) Q(23) 2.388(-3) 3.899(-4)
21 3.260(-1) 2.810(-1) 1.953(-1) 8.726(-2) 1.907(-2) 4&(f8) 1.150(-3) 1.941(-4)
22 1.108(-2) 1.081(-2) 9.033(-3) 4.441(-3) 1.102(-3) 2@B4) 7.329(-5) 1.437(-5)
23 3.938(-7) 3.938(-7) 3.936(-7) 3.923(-7) 3.901(-7) 3@®) 3.890(-7) 3.875(-7)

CY0: unattenuated ratg; = 2.607x 1010 st
0 1.000 0.823(-1) 8.911(-1) 6.149(-1) 3.924(-1) 2.169(-12.167(-2) 2.150(-3)
19 8.459(-1) 8.298(-1) 7.490(-1) 5.009(-1) 3.196(-1) ©0@F) 3.509(-2) 1.984(-3)
20 7.337(-1) 7.195(-1) 6.481(-1) 4.306(-1) 2.741(-1) ®B5) 2.645(-2) 1.411(-3)
21 3.335(-1) 3.290(-1) 3.039(-1) 2.293(-1) 1.685(-1) @@4B) 1.460(-2) 6.823(-4)
22 1.193(-2) 1.191(-2) 1.172(-2) 1.095(-2) 9.395(-3) B(E3) 1.183(-3) 2.835(-5)
23 3.959(-7) 3.959(-7) 3.959(-7) 3.959(-7) 3.958(-7) &(0QB) 3.924(-7) 3.873(-7)

C'80: unattenuated ratg; = 2.392x 1070 st
0 1.000 9.974(-1) 9.777(-1) 8519(-1) 5.060(-1) 1.959(-13.764(-2) 1.742(-3)
19 8.571(-1) 8.547(-1) 8.368(-1) 7.219(-1) 4.095(-1) 1(58) 2.224(-2) 1.618(-3)
20 7.554(-1) 7.532(-1) 7.371(-1) 6.336(-1) 3.572(-1) 2(37) 1.889(-2) 1.383(-3)
21 3.559(-1) 3.549(-1) 3.477(-1) 3.035(-1) 1.948(-1) 1I(7®) 1.071(-2) 6.863(-4)
22 1.214(-2) 1.212(-2) 1.199(-2) 1.105(-2) 8.233(-3) a(32) 6.148(-4) 3.225(-5)
23 4.251(-7) 4.251(-7) 4.251(-7) 4.251(-7) 4.249(-7) 8(@3) 4.180(-7) 4.142(-7)
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Table 5.5— continued.

logN(H,) log*?CO (cnT?)
(cm2) 0 13 14 15 16 17 18 19
13CO: unattenuated ratg; = 2.595x 107 st

0 1.000 9.824(-1) 9010(1) 6.462(-1) 3547(-1) 9.907(-A.131(-2) 7.591(-4)
19 8.447(-1) 8.276(-1) 7.502(-1) 5.113(-1) 2.745(-1) 2(68) 8.635(-3) 6.747(-4)
20 7.415(-1) 7.266(-1) 6.581(-1) 4.451(-1) 2.360(-1) @(2Z) 7.187(-3) 5.429(-4)
21 3.546(-1) 3.502(-1) 3.270(-1) 2.452(-1) 1.398(-1) B8(F8) 3.973(-3) 2.703(-4)
22 1.180(-2) 1.177(-2) 1.153(-2) 1.023(-2) 6.728(-3) 5@8) 2.665(-4) 1.471(-5)

23 2.385(-7) 2.385(-7) 2.385(-7) 2.384(-7) 2.379(-7) 3(@3A) 2.310(-7) 2.292(-7)
13CY70: unattenuated ratg; = 2.598x 10710 s?

0 1.000 9.979(-1) 9.820(-1) 8.832(-1) 5.0942(-1) 3.177(-1).523(-1) 3.885(-2)
19 8.540(-1) 8.520(-1) 8.374(-1) 7.469(-1) 4.901(-1) Z(6¥) 1.302(-1) 3.135(-2)
20 7.405(-1) 7.387(-1) 7.254(-1) 6.439(-1) 4.198(-1) 3(3B) 1.142(-1) 2.607(-2)
21 3.502(-1) 3.494(-1) 3.434(-1) 3.076(-1) 2.214(-1) B(38) 6.941(-2) 1.195(-2)
22 1.279(-2) 1.278(-2) 1.267(-2) 1.198(-2) 1.045(-2) 3B(a) 4.088(-3) 4.581(-4)

23 2.370(-7) 2.370(-7) 2.370(-7) 2.370(-7) 2.369(-7) B(38) 2.359(-7) 2.312(-7)
13C180: unattenuated ratg; = 2.503x 1010 s?

0 1.000 9.988(-1) 9.900(-1) 9.329(-1) 7.253(-1) 3.856(-1).524(-1) 2.664(-2)
19 8.744(-1) 8.734(-1) 8.656(-1) 8.164(-1) 6.403(-1) 3@:) 1.347(-1) 2.491(-2)
20 7.572(-1) 7.562(-1) 7.492(-1) 7.047(-1) 5518(-1) B8©D) 1.185(-1) 2.224(-2)
21 3.546(-1) 3.542(-1) 3.506(-1) 3.283(-1) 2.638(-1) B(66) 6.887(-2) 1.149(-2)
22 1.561(-2) 1.560(-2) 1.550(-2) 1.475(-2) 1.235(-2) DE3) 3.416(-3) 5.290(-4)

23 2.490(-7) 2.490(-7) 2.490(-7) 2.480(-7) 2.487(-7) 2(4B) 2.471(-7) 2.421(-7)

@ These shielding functions were computed for the Draine ) €&diation field ¢ = 1) and the following set of parametetfCO) = 0.3 km s°%, b(H,) = 3.0 km
sandb(H) = 5.0 km s'1; Tex(CO) = 5 K andTey(Hz) = 51° K; N(H) = 5x107° cm2; N(*2CO)/N(*3CO) = 69, N(*2CO)/N(C'80) = N(*3CO)/N(*3C!80) =
557 andN(C'80)/N(C70) = N(13C80)/N(*3Cl70) = 3.6. Self-shielding is mostly negligible for the heavier mmologues, so all shielding functions are
expressed as a function of th&CO column density. Continuum attenuation by dust is notited in this table (see Eq. (5.2)).
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Figure 5.6 — lllustration of the &ect of limited integration ranges. Solid black curve: rigkat
intensity of the radiation field &(CO) = 10'® andN(H,) = 10?2 cm2 for the parameters of Table
5.5, computed with a full integration of all lines over all wvedengths. Grey curve: the same, but
computed with the binned integration method of vDB88. Dwttarve: attenuation due to ti@8
R(0) line of H,, centred on 946.42 A. This line was not included by vDB88 whemputing the
shielding in the 938.9-943.1 A bin, thus overestimatingghetodissociation rate in th&/2 band
at941.1 A.

8 of Visser et al. (2009) when the ratio is closer to 35 thartcaid those from Table 5.5
(this chapter) otherwise.

The rate from our approximate method is within 10% of the I'resgte in 98.3% of all
points (Fig. 5.7). In no cases is thefdrence between the approximate rates and the full
model more than 40%. Perhaps even more important than tluédphotodissociation
rates are the ratiof, between the rates 6fCO and the other five isotopologues/O:

R Cele)

Q= k(Z2CO)

(5.3)
The shielding functions from Table 5.5 and Visser et al. @00gether reproduce the
ratios from the full method to the same accuracy as the atescdites. At 98.4% of all
points in the grid of translucent clouds, the ratios affeby less than 10% (Fig. 5.7).
Similar scores can be obtained for models of PDRs or other@mwents if one uses
shielding functions computed for the right combination afgmeters. Otherwise, the
accuracy goes down. For example, the shielding functiara ffable 5.5 can easily give
rates df by a factor of two when applied to a high-density, high-terapgre PDR.
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5.6 Chemistry of CO: astrophysical implications
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Figure 5.7 — Histogram of the absolute relativefidirence between the approximate method (see
text for details) and the full computation for the absolutetodissociation rateg(black line) and

the isotopologue rate ratio®( grey line) in a grid of translucent cloud models. The dataalb

six isotopologues are taken together, but @ealues for*?CO (which are unity regardless of the
method) are omitted.

5.6 Chemistry of CO: astrophysical implications

Photodissociation is an important destruction mechan@nCO in many environments.
In this section, we couple the photodissociation model tonallschemical network in
order to explore abundances and column densities. Spdlgifizsa model the CO chem-
istry in translucent clouds, PDRs and circumstellar disks] we compare our results
to observations of such objects. The photodissociati@srate computed with our full
model throughout this section.

5.6.1 Translucent clouds
5.6.1.1 Model setup

Translucent clouds, with visual extinctions between 1 amaa), form an excellent test
case for our CO photodissociation model. Two recent studfisgveral dozen lines of
sight through difuse @y < 1 mag) and translucent clouds provide a set of CO apd H
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column densities for comparison (Sonnentrucker et al. 28@@fer et al. 2008). These
surveys show a clear correlation betwed¢H,) and N(*?CO), with distinctly diferent
slopes for H columns of less and more tharbX 10?° cm™. Shefer et al. attributed
this break to a change in the formation mechanism of CO. Theidels show that the
two-step conversion from Cto CH* and CO,

C" + H, - CH" + H, (5.4)

CH* + O —» CO* + H, (5.5)

followed by reaction with H (forming CO directly) orHforming HCO", which then re-
combines with an electron to give CO) is the dominant pathatdgw column densities.
However, the highly endothermic Reaction (5.4) is not fastegh at gas kinetic temper-
atures typical for these environments to explain the oteskabundances of Ctand CO.
Suprathermal chemistry has been suggested as a solutibis foroblem. Shiger et al.
followed the approach of Federman et al. (1996), who argheidXlfvén waves entering
the cloud from the outside result in non-thermal motionsveen ions and neutrals. Other
mechanisms have been suggested by Joulain et al. (1998)#ynd: Falgarone (2000).
The dfect of the Alfvén waves can be incorporated into a chemicalehby replacing
the kinetic temperature in the rate equation for Reactiof)(&nd all other ion-neutral
reactions by anféective temperature:

V2

Tar = Tgast ’;—kg . (5.6)
Here, kg is the Boltzmann constant, is the reduced mass of the reactants ands the
Alfvén speed. The Alfvén waves reach a depth of a fed? t@n2 of H,, corresponding
to anAy of a few tenths of a magnitude, beyond which suprathermahidtey ceases
to be important. CO can therefore no longer be formgéutiently through Reactions
(5.4) and (5.5), and the reaction betweeh ahd OH (producing CO either directly or
via a CO intermediate) takes over as the key route to CO. The ideatiific of these
two different chemistry regimes supports the conclusion of Zsargéederman (2003)
that suprathermal chemistry is required to explain obse@® abundances in filuse
environments. Suprathermal chemistry also drives up th®H&bundance, confirming
the conclusion of Liszt & Lucas (1994) and Liszt (2007) thaZ®t is the dominant
precursor to CO in diuse clouds.

We present here a grid of translucent cloud models to see helwtwe new pho-
todissociation results match the observations. We set hvéspeed to 3.3 kms for
N(H.) < 4 x 10°° cmi™2 and to zero for larger column densities (8keet al. 2008). The
grid comprises densitiesy{ = n(H) + 2n(H,)) of 100, 300, 500, 700 and 1000 cigas
temperatures of 15, 30, 50 and 100 K, and relative UV int@ssfy) of 1, 3 and 10. The
dust temperature is assumed to stay low for all models5 K), so the H formation rate
does not change. The ionisation rate gfdiie to cosmic rays is set to a constant value
of 1.3x 10717 571, Attenuation by 0.um dust grains (Sect. 5.3.4) is taken into account.
The Doppler widths and level populations are as describ&eat. 5.3.1, with CO and H
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5.6 Chemistry of CO: astrophysical implications

Table 5.6— Elemental abundances.

Element Abundance relative tp, Element Abundance relative iy,
He 100x 101 160 310x 10
12c 140x 10 1o 155%x 1077
3¢ 203x 107 180 557x 1077

excitation temperatures of 5 an#®K. Taking otherb or Tey values plausible for these
environments does not alter our results significantly. Adidels are run to ak, of 5
mag; results are also presented for a range of smaller ¢xtirsc

The models require a chemical network to compute the abuedaat each depth
step. Since we are only interested in CO, the number of retesgecies and reactions
is limited. We adopt the network from a recent PDR benchmérklys(Rollig et al.
2007), which includes only 31 species consisting of H, Henh@ @. We duplicate all
C- and O-containing species and reactions'f@r, 'O and'®0. Freeze-out and thermal
evaporation are added for all neutral species, but no guaiface reactions are included
other than H formation according to Black & van Dishoeck (1987). We addimolecule
exchange reactions such as

12O + 18C* = 2C* + 13CO + 35K, (5.7)
H12CO* + 13CO = 12CO + HBCO* + 9K, (5.8)

which can enhance the abundances of the heavy isotopolo§@€sand HCO (Watson
et al. 1976, Smith & Adams 1980, Langer et al. 1984). The teatpee dependence of
the rate of these two reactions was fitted by Liszt (2007)alternative equations from
Woods & Willacy (2009) give the same results. Tlikeetive temperature from Eq. (5.6) is
used instead of the kinetic temperature for all ion-neutattions, including Reactions
(5.7) and (5.8). Altogether, the network contains 118 sgeaind 1723 reactions. We
adopt the elemental abundances of Cardelli et al. (1996)samtdpe ratios appropriate
for the local ISM (f2C]/[*3C] = 69, [*°0]/[*®0] = 557 and }20]/[*’O] = 3.6; Wilson
1999); the complete list of elemental abundances is giveiable 5.6. Chemical steady
state is reached at all depths after Myr, regardless of whether the gas starts in atomic
or molecular form.

5.6.1.2 2CO

The left panel of Fig. 5.8 showN(*2CO) versusN(H) for all depth steps in our grid.
These and other column densities are also listed for a setleftedA, values in the
online appendix to the paper that this chapter is based @s€¥et al. 2009). The scatter
in the data is due to the fiiérent physical parameters. For a givé(H,), N(*?CO) is
about two times larger &igas = 100 K than at 15 K. The formation rate obkhcreases
with temperature; through the chain of reactions startiit Reaction (5.4), that results
in a larger CO abundance and column density. UNgH>) = 10°* cm2, increasing the
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Figure 5.8— Column densities dfCO versus those of H Left: data for all points withA, < 5 mag
from our grid of translucent cloud models. The vertical gbeyd indicates the range over which
photodissociation ceases to be the dominant destructichanésm of*?CO; the dotted line is the
median. Likewise, the horizontal band indicates the range which'2CO becomes self-shielding.
Right: 100-point means of our model results (black squafé@sd with two straight lines. Also
shown are the fits to the observations by Breet al. (2008, grey lines) and the results from the
translucent cloud models of vDB88 fgr= 0.5, 1 and 10 (dashed lines, left to right).

gas density by a factor of ten increa$$($>C0O)/N(H,) also by about a factor of ten. This
is due to the photodissociation rate being mostly indepeinafedensity, while the rates
of the two-body reactions forming CO are not. Photodisgmrieceases to be the main
destruction mechanism for CO deeper into the cloud, so @simgny has a smallerféect
there. Increasing the UV intensity from= 1 to 10 has the simplefiect of decreasing
N(*2CO)/N(H,) roughly tenfold forN(H,) < 10°* cm2. For larger depths, changing
only has a smallffect. These dependencies on the physical parameters aristenhs
with the observations of SHer et al. (2008).

The full set of points already gives some indication thatdh&a are not well repre-
sented by a global single-slope correlation. The right paifeig. 5.8 shows the 100-point
means of the full set, revealing the same two distinct regiagefound by Sheer et al.
(2008). Taking the uncertainties in both the observatioastae models into account, the
two sets of power-law fits (indicated by the black and gregdinare identical. The break

154



5.6 Chemistry of CO: astrophysical implications

between the two slopes occurshiH,) = 2.5 x 10?° cm™ and is due to the switch from
suprathermal to normal chemistry. It is clearly unrelatetihe switch from UV photons to
He* or H; as the main destroyer &CO, which does not occur unfil(Hz) = 1-2x 107
cm 2. When we extend the grid to high&k (not plotted), we quickly reach the point
where thet?CO abundance equals the elemeht@l abundance and the plot N{*2CO)
versusN(H;) continues with a slope of unity. The model results from vBR8ashed
lines, corresponding tp = 0.5, 1 and 10) do not extend to low enoulyfH>) to show the
suprathermal regime, but they do show at the upper end thsitien to the regime where
all gas-phase carbonis in CO.

5.6.1.3 3CO

With our model able to reproduce the observational relatigmbetween bland*?CO, the
next step is to look at the heavier isotopologues. Sonnekenet al. (2007), Burgh et al.
(2007) and Shiger et al. (2007) together presented a sample of #8sk and translucent
sources with derived column densities for b&#80 and'*CO. These data are plotted in
the left panel of Fig. 5.9 (grey crosses)NME&3CO) versusN(H,). The 100-point means
from our model grid (black squares) agree with the obsewratio within a factor of three.
The model results are again best fitted with two power lawstHat3CO observations do
not extend to low enougN(H>) to confirm this.

The observations show considerable scatter ilNitéCO)/N(*3CO) ratio, with some
sources deviating by a factor of two either way from the l@amental?C-13C ratio of
69+6 (Wilson 1999). It has long been assumed that the enhantiesl ase due to isotope-
selective photodissociation and that the reduced ratmslae to isotope-exchange reac-
tions. However, no answer has been found so far to the questiwhy one process
dominates in some sources, and the other process in otheresailLanger et al. 1980,
McCutcheon et al. 1980, Sfier et al. 1992, Lambert et al. 1994, Federman et al. 2003,
Sonnentrucker et al. 2007, Sfer et al. 2007). Chemical models consistently show that
isotope exchange is mordfieient than selective photodissociation for observed cloud
temperatures of up te60 K. The models can easily reprodug€?CO)/N(*3CO) ratios
of less than 69, but they leave the ratios of more than 69 Uaiqul.

Our grid of models suggests that the answer lies in suprathlechemistry. The
right panel of Fig. 5.9 shows a plot &§(*2CO)/N(*3CO) versusN(H,) for the obser-
vations (grey) and for all depth stepsfat < 5 from our models (black plus signs). Also
shown are the 100-point means from the modféet by a factor of three for clarity. The
N(*?CO)/N(*3CO) ratio initially increases from 69 to a mean of 15NgH,) = 4 x 10?°
cm 2, then decreases to a mean of 51 at10°! cm~2, and gradually increases again for
larger depths. The turnover from the initial rise to the daghiop is due to the transition
from suprathermal to normal chemistry.

At an Alfvén speed ofi, = 3.3 km s, the dfective temperature for Reaction (5.7) is
about 4000 K, so the forward and backward reactions are lgcfaat. Photodissociation
is therefore the only active fractionation process and tagiwes the amount dfCO
relative to'3CO. As we move beyond the depth to which the Alfvén waves réd@H,) =
4 x 107° cm2 in our model), suprathermal chemistry is brought to a halte Torward
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Figure 5.9 — Column densities of*CO (left) and column density ratios 6CO to **CO (right)
plotted against the column density of HGrey crosses: observations of Sonnentrucker et al. (2007)
Burgh et al. (2007) and SHer et al. (2007). Black squares and straight lines: 100tpoieans
from our grid of translucent cloud modeldfset by a factor of three in the right panel. Dotted line:
median depth at whicl*CO becomes self-shielding. Black plus signs: model dataliquoints
with Ay < 5 mag. Dashed lines: data from the translucent cloud model®B88 for y = 0.5, 1
and 10 (left to right).

channel of Reaction (5.7) becomes faster than the backwarthel and isotope exchange
now reverses the fractionation. When we reach a depM(f) = 1-2x 10°* cm 2, the
13C+ abundance drops too low to sustain further fractionatiahtagN(*>CO)/N(**CO)
ratio gradually returns to the elemental ratio of 69.

The observations show a downward trend inK{&CO)/N(*3CO) ratio in theN(H,)
range from X 10%° to 2x 107 cm2. This supports a rapid switch from selective photodis-
sociation to isotope-exchange reactions being the dorhfrectionation mechanism. A
firm test of our model predictions requires observation#h @ both smaller and larger
N(H) than are currently available.

5.6.1.4 Other isotopologues

Moving to the next two isotopologues!© and G20, the number of observed column
densities goes down to three. Lambert et al. (1994) detemrarratio betweeN(*?CO)
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andN(C!0) of 1550+ 440 for the; Oph difuse cloud, some three times larger than the
elemental®0-180 ratio of 557+ 30 (Wilson 1999). An even higher ratio of 30836500
was recorded by Sfier et al. (2002) for the X Per translucent cloud, along with an
N(*2CO)/N(C*0) ratio of 8700+ 3600. The elementaPO-180 ratio is about four times
smaller: 200Q: 200.

The H, column density towards X Per (HD 24534) i$& 10°° cm 2 (Sonnentrucker
et al. 2007, Shier et al. 2007). Our grid of models givé*>CO)/N(C'®0) = 680-
3880 (median 1080) and(*2CO)/N(C'’0) = 2520-10600 (median 3660) for that value,
consistent with the observations. Out of the three parais#iat we variedy affects the
ratios most strongly. Both ratios decrease by a factor ofshieny is increased from 1
to 10. The onset of self-shielding &1CO, and with it the onset of isotopic fractionation,
occurs deeper into the cloud for a stronger UV field. Theef(12CO)/N(C*®0) and
N(*?CO)/N(C*70) are smaller at any given depth.

In order to further explore the behaviour ot’© and G20, we take a more detailed
look at our results fony = 300 cnt3, Tgas= 50 K andy = 1 (model C2 from Table 12
of Visser et al. 2009). This also allows for a comparison Wi@'’O and**C'®0. Both
of these have been detected in interstellar clouds (Larigdr 8980, Bensch et al. 2001),
but column densities have not yet been derived.

The photodissociation rates of CO and fér this combination of parameters are
plotted in Fig. 5.10 as a function of depth) {nto the cloud. The isotope-selective nature
of the photodissociation is clearly visible. At a depth d #c Ay = 2.3 mag,N(Hy) =
1.7 x 107t cm2), *2CO photodissociates about 7 times slower th#20O, 15-18 times
slower than ¢’0 and G80, and 23-26 times slower th&*C'’O and'3C*®0. At depths
between 0.4 and 3.4 p&{ = 0.3-2.0 mag), the photodissociation ot®0 proceeds
faster than that of £O. The lines of the latter lie closer to those'&€0 and are therefore
more strongly shielded, as was the case for tlfuse/ Oph cloud (Table 5.4). As the
CO column grows larger in our model cloud!®0 becomes self-shielding and its rate
drops below that of €0 around 3.4 pc.

The extent to which each isotopologue is fractionated cailyebe seen from the
cumulative column density ratios when they are normalisé8@0O and the isotope ratios:

NA(*C¥0) [**C] [**C]

R = Nzco) el ol &)
with [Z] the elemental abundance of isotapand
N,(*CO)(2) = f ‘ n(*Cc’0)dz (5.10)
0

the cumulative column density. A plot &{*3CO) as function of depth (Fig. 5.11) shows
the same trends as the model data in Fig. 5.9: the amod#Eafis reduced® < 1) up to

a certain depth and is enhanc@X 1) farther in by isotope-exchange reactions. We only
seeR < 1 for C’0O and G80 becausé’O* and*®0O* never become abundant enough to
convert G%0 in a reaction similar to Reaction (5.7). Photodissocratieases to be the
dominant destruction mechanism fot’O and G0 aroundz = 4 pc (Fig. 5.10), so it
can no longer cause substantial fractionation®&mpiadually returns to unity.
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Figure 5.10— Photodissociation rates obldnd the six CO isotopologues as a function of depth into
translucent cloud model GTable 12 of Visser et al. 2009) witty = 300 cnT?, Tgas = 50 K and

x = 1. Attenuation by dust is included. The diamonds and cooeding markers on the bottom
axis indicate the depth at which Héakes over from UV radiation as the dominant destroyer for
each isotopologue.
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Figure 5.11— Cumulative column densities of the CO isotopologues ntisewh to *>’CO and the
elemental isotopic abundances (Eqg. (5.9)) as a functiorpfidinto translucent cloud model €2
(Table 12 of Visser et al. 2009).

The remaining two isotopologueSC'’O and**C'®0, experience the fractionation
of 13C and*’0/*80 simultaneously. Isotope exchange enhances their abceslasiative
to C'’0 and G280, in the same manner that it enhances the abundan@€6¥ relative
to 12CO. However, isotope-selective photodissociation is ansfer é€fect for the two
heaviest isotopologues, $oremains less than unity. This result holds across our entire
grid of translucent cloud models.

5.6.2 Photon-dominated regions

Photon-dominated regions (PDRs) form another type of ¢djpbere photodissociation

is a key process in controlling the CO abundance. Their tlessare higherr{y up to

~10° cm3) than those of dfuse and translucent clouds and they are exposed to stronger
UV fields (y up to~10°; Hollenbach & Tielens 1997). Observation#licgts have mostly
gone into mapping the structure of PDRs, so CO column dessatie tabulated only for

a small number of sources. For most of these the column geoisiteutral carbon has
also been determined. There are no direct measurementsooftinn densities; instead,
N(H,) is usually obtained from(*>CO) using a typical abundance ratio between the two
species (e.g., Frerking et al. 1982).
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Figure 5.12— Column density of?CO versus that of?°C on two diferent scales. Black: results
from our grid of PDR models withy = 10° cm 3 (plus signs) and Focm (diamonds). The line
traces the results for fierent depth steps af = 10° cm3, Tgas= 50 K andy = 10°. Grey squares:
observations of Beuther et al. (2000), Kamegai et al. (2088mer et al. (2008) and Sun et al.
(2008).

We present here the results from our combined photodissmtand chemistry model
for a grid of physical parameters appropriate for PDRg:s = 50, 80 and 100 Kny =
10°, 104, 1% and 16 cm™3, andy = 10°, 10* and 16. The excitation temperatures of
CO and H are set equal tdgas Where necessary, we expand the number of rotational
levels of CO beyond the default limit df’=7, and likewise for H (see Sect. 5.4.4). UV
pumping increases the population in ¥ie=0, J’>3 andv’>0 levels of H. However,
this does not fiect the CO photodissociation rates at these temperatwebeslevel
population of H is simply taken as fully thermal. The models are run taAgrof 30 mag
and are otherwise unchanged from the previous section.

Figure 5.12 shows the relationship between the column tiesisif2°CO and'C for
a large series of depths steps from our grid. The datagoe 10* and 16 cm3 are
omitted for reasons of clarity. Overplotted are column dersdetermined towards a
number of positions in dierent PDRs (Beuther et al. 2000, Kamegai et al. 2003, Kramer
et al. 2008, Sun et al. 2008). Figure 5a of Mookerjea et aD§20@ontains additional data
for several dozen positions in the PDRs in Cepheus B. In nétleese cases was the
12CO column density measured directly; instead, it was ddrivem the*CO or G20
column density using standard abundance ratios. The spréath the model predictions
and the observational data is large. The columtt@ffor each individual model is nearly
constant foN(*2CO) > 3 x 10'7 cm2, as shown by the solid line connecting the various
depth steps fony = 10° cm™3, Tgas = 50 K andy = 10*. The observations seem
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Figure 5.13— Column densities of 0 (left) and'3CO (right) versus that 0?C. Symbols are as
in Fig. 5.12. See text for references to the observations.

to correspond more to the lower-density end of the model @hie plus signs), but the
sample is too small and is too scattered to be conclusive.

The onset of shielding is seen to occur arolN@CO) = 10* cm™2 in the mod-
els. From that point onwards, the low-density models gaimenaomic carbon than do
the high-density models. For a given column'8€0, the photodissociation rates (or, in
other words, thé?C formation rates) are roughly independent of density, beidestruc-
tion of 12C occurs faster in higher densities. The same argumentiagpléhe density
dependence of thid(*2C0O)/N(H,) ratio in the translucent clouds.

The two isotopologues for which column densities have betarchined directly are
C'80 and!3CO (Loren 1989, Gerin et al. 1998, Plume et al. 1999, Beuthat. 2000,
Schneider et al. 2003, Mookerjea et al. 2006, Kramer et &1828un et al. 2008). Again,
both the observations and the models show a large spreatlimeaensities (Fig. 5.13).
It seems the observations do not trace the high-extinc#gnx 10 mag), high-density
(ny > 10° cm3) material shown in the upper left corner of each panel, bubsende-
tailed study is required to draw any firm conclusions on tligp N(*2CO), N(C'®0)
andN(*3CO) are mutually well correlated in both the observations #re models, but
significant deviations can easily occur at specific deptlestdihe diferent photodissoci-
ation rates. When using standard abundance ratios to dagveolumn density of?’CO
from that of another isotopologue, as was done for all cas€sg. 5.12, the result will
generally be accurate to at best a factor of two.
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5.6.3 Circumstellar disks
5.6.3.1 Model setup

Low-mass stars like our own Sun are formed through the grtoital collapse of a cold
molecular cloud. As the young star grows at the centre, ligatpart of the remaining
cloud material into a circumstellar disk. It is inside thiskdthat planets are formed, so
its chemical composition is of great interest. The physétalcture of the disk may be
simplified as consisting of a cold, dense region near the laidp covered by a warmer
region of lower density. This surface layer intercepts tiag'sradiation and shows many
similarities to common PDRs.

We adopt the standard disk model of D’Alessio et al. (1999)pse chemistry has
been studied extensively (Aikawa et al. 2002, van Zadékioal. 2003, Jonkheid et al.
2004). The star, a T Tauri type, has a mass ofM5 a radius of 2R, and an fective
temperature of 4000 K. It is surrounded by a disk of mass 04@7and outer radius
400 AU. The disk is accreting onto the star at a constant @@ M, yr-* and its
viscosity is characterised hy = 0.01. We focus on a vertical slice through the disk at a
radius of 105 AU, where the surface is located at a heiglat-0f120 AU. This slice is
irradiated from the top by a radiation field with affiective UV intensity of 516 times that
of the interstellar radiation field. Following van Zadefhet al., we adopt two spectral
shapes: the Draine field and a 4000 K blackbody spectrum.afttex s very weak in the
wavelength range where CO is photodissociated. We adopt #gachemical network
from Sect. 5.6.1.1, and we set the gas temperature equad thudt temperature from the
D’Alessio et al. model. Given the high densities{20* cm at the surface and more
than 16 cm™2 at the midplane), we also u3gasfor Tex(CO) andTex(Hz). As in the PDR
models, UV pumping of lidoes not iect the CO photodissociation rates, so thddvel
populations are taken as fully thermal.

In reality, disks are notirradiated by the Draine field or aggalackbody. For example,
T Tauri stars typically show UV emission in excess of thesgpét model spectra. Many
of them also emit X-rays from accretion hotspots. As showrvéy Zadelhd et al.
(2003), the photochemistry of the disk can be sensitiveaalttails of the radiation field.
Moreover, the excess emission can be concentrated in a fegifisplines such as H
Lyman-. CO cannot be dissociated by ly-but it can be by the kLy-y line at 972.54
A through overlap with th&Vv0 band at 972.70 A (No. 25 from Table 5.1). A detailed
treatment of thesefkects is beyond the scope of the current work.

5.6.3.2 Isotopologue ratios

The depth dependence of the dissociation rates in the diskjnated by the Draine field,

is qualitatively the same as in the clouds and PDRs from SBdisl and 5.6.2. Several
guantitative diferences arise because of th&atent UV flux and the higher densities.
The profiles of the normalised column density rati@{Eq. (5.9)), do not show any en-
hancement itCO (Fig. 5.14). Moving down from the surface, suprathernhaistry
initially prevents the formation 0fCO from*2CO and'3C*. The Alfvén waves penetrate

to N(Hz) = 4x10?°cm2 or a height of about 50 AU. The absence of suprathermal chem-
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Figure 5.14— Cumulative column densities of the CO isotopologues ntisewh to*>’CO and the
elemental isotopic abundances (Eq. (5.9)) as a functioreigfit at a radius of 105 AU in our disk
model with the Draine field and dust grains of @uh (left) or 1 um (right). CO freezes out below
24 AU. The diamond symbols indicate wherg tdkes over from UV photons as the main destroyer
of each isotopologue.

istry below that point allowsR(**CO) to increase again. However, th&* abundance
decreases at the same time, &(#CO) never gets above unity. This is consistent with
the N(*2CO)/N(*3CO) ratios of more than 69 determined for the disks around Hil, T
AB Aur and VV CrA (Brittain et al. 2005, Schreyer et al. 2008nigh et al. 2009).

In terms of local abundances, our results show a trend ogptsithe model by
Woods & Willacy (2009). Moving up vertically from the midpla at a given radius,
their n(*2C0)/n(*3C0) abundance ratio initially remains nearly constantp ttieps to a
lower value, and finally shows a shallow rise for the remairaie¢he column. We also
find a constant ratio at first, but then we getise (equivalent toR(*3CO) < 1) and a
gradual decrease back to the elemental ratio of 69. Tiiereice is due to the absence
of suprathermal chemistry in the Woods & Willacy model. Stpermal chemistry ef-
fectively shuts down the isotope-exchange reactions,igaphotodissociation (which
increasesi(*2C0O)/n(*3C0O)) as the only fractionation mechanism. Additional olsaer
tions of 2CO and3CO in circumstellar disks are required to ascertain whewope
exchange or selective photodissociation is the key prdcessntrolling the ratio of the
abundances of these two species.

For Ct’0 and CG80, R is ~1 from the disk surface down to 70 AU. It then gradually
drops to~0.1 due to their dissociation being faster than thaf@O. Shielding of 'O
and C80 sets in around 32 AU, so photodissociation no longer casséspe fraction-
ation andR increases again. However, it does not reach a value of uBépw 24 AU,
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the temperature is low enough that most of the CO freezesrtattbe dust grains. The
tiny amount remaining in the gas phase does not add to thencodiensity, s&R is effec-
tively frozen at 0.75 and 0.73 (Fig. 5.14). The correspogdiolumn density ratios are
N(*2CO)/N(CY"0) = 2700 andN(*>CO)/N(C'80) = 760, consistent with the degree of
fractionation determined for the disk around the T Tauni ¥ CrA (Smith et al. 2009).

5.6.3.3 Model variations

If we illuminate the disk by a 4000 K blackbody (spectrum Cnfrgan Zadelhf et al.
2003), it does not receive enough photons in the 912-111$éderéo cause substantial
photodissociation of CO. Instead, the non-isotope-seteatactions with He and Hj
are the main destruction mechanisms even at the top of oticaleslice atR = 105 AU.
The normalised column density ratios therefore remainyuatitall heights. Adding the
interstellar UV field afy = 1 to the 4000 K blackbody spectrum allows CO to be pho-
todissociated again in the surface layers. The isotopéidration returns, but only par-
tially, because the UV field is still weaker than in the orggjinase. Freeze-out now locks
R(CY0) andR(C*®0) at 0.86 and 0.85 instead ©0.75. Clearly, some UV component is
required in the irradiating spectrum to get isotope frawiton through the photodissoci-
ation of CO, but it does not have to be a very strong compotteatnterstellar UV field
already has a significanffect in this model.

Another parameter to be varied is the grain size. The diskaisal far contained
small dust grains, with an average size of prt. Grain growth is an inevitable step
towards planet formation and is indeed known to occur ingl{san Boekel et al. 2003,
Przygodda et al. 2003, Lommen et al. 2007). Larger grainsecéass extinction in the
UV (Shen et al. 2004), so CO can be photodissociated degpahmdisk. Grain growth
also dfects the H formation rate: the rate is inversely proportional to apirately the
square of the grain radius (Jonkheid et al. 2006). The righepof Fig. 5.14 shows the
normalised vertical column density ratios at a radius of AQ5or an average grain size
of 1 um. The onset of fractionation occurs at a lower altitude timatine 0.1um case:
55 AU instead of 75 AU. The slower formation rate of Has a direct influence on the
formation of CO through the pathway starting with Reactib@). There is less Hand
CO in the disk’s surface layers when we increase the gra& siz we have to go down
deeper befor&CO becomes self-shielding and isotope fractionation setatithe same
time, the weaker continuum extinction allows the UV radiatio penetrate deeper, so the
isotope-selective photodissociation goes on to lowetuakis. The spike iR(*3CO) to
1.4 at 30 AU is due to a narrow zone where the temperaturedatwely low (35 K), the
Alfvén waves do not reach, and thtC* abundance is high enough to convE 0 into
13CO. The model with 0.Lim grains also has a narrow zone with a ht{§@* abundance
and no suprathermal chemistry, but the kinetic temperaituttds zone is 50 K. There is
still some conversion d?CO into'3CO at that temperature, but not enough to show as a
spike in the normalised column density ratio.

The bigger dust grains alsdfact the fractionation of €0 and G®0. The point at
which photodissociation ceases to be the main destructeErhanism now nearly coin-
cides with the point where CO freezes out (Fig. 5.14). Bo#cis haveR ~ 0.15 when
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this happens, so the ratios are locked at that value. In tladl-slust model, the ratios
were locked at-0.75. Observations of face-on disks in principle probe GQhal way
to the midplane, so our model predicts that grain growth ffbinto 1um can increase
the observed fractionation of'@ and G80 by a factor of five. The fractionation in the
local abundances, which is relevant for incorporating matéto comets, increases by
the same amount from 0.1 tquin grains.

All the results so far in this section are for a T Tauri diskriblg Ae/Be stars are more
massive and more luminous and tend to have warmer disksgv@@may not be frozen
out at all. That would preverR from being locked as it is in Fig. 5.14; instead, it would
rapidly return to unity for all isotopologues. Observasgrobing the midplane of such
a disk would not find any fractionation #fO and*®O relative to'®0.

5.6.3.4 Implications for meteorites

Regardless of the grain size and the absence or presenaepéfout, the model shows
170 and'®0 to be nearly equally fractionate® has very similar values for ‘GO and
C80. The equal photodissociation rates implied by this remelpartly due to our choice
of molecular parameters. Spectroscopic data Hi©Qire still very scarce, so we assume
many of its oscillator strengths and predissociation podligzs to have the same value
as for C®0 (Sects. 5.2.3 and 5.2.4). Still, two importantféiences remain. First, the
elemental abundance 80 is higher than that df' O, resulting in some self-shielding for
C80 (Fig. 5.1). Second, the shifts of thé’© lines with respect t6°CO are generally
somewhat smaller than those of thé?Q lines, so ¢’0 is more strongly shielded by
12C0O. Both ¢fects are minor, however, and the photodissociation ratdsuprbeing
nearly the same.

According to the experiments of Chakraborty et al. (2048 ,ghotodissociation rate
due to theEO andE1 bands may be up t940% higher for ¢’O than for G20. If we
mimic this by artificially increasing th&0 andE1 oscillator strengths of €O by 40%,
the overall change iR(C’0) is less than 10% at any depth. When the two oscillator
strengths are doubled from their standard vaiS:’0) changes by at most 20%. In
both cases, the changeR(C'’0) is largest at the top of the disk and gradually decreases
for lower altitudes; it is less than 1% below 50 AU.

Observational evidence for equal fractionatiort® and*®0 in disks was recently
obtained by Smith et al. (2009) for the T Tauri star VV CrA. Trhanalysis points to
isotope-selective photodissociation of CO as the moshlikgplanation, although they
cautioned that more observations are needed to confirmdhatision. Meanwhile, their
observations are consistent with our model results.

A long-standing puzzle in our solar system involves the &fjaationation oft’O and
80 in the most refractory phases of meteorites (Clayton et@3). Current evidence
points at isotope-selective photodissociation of CO ingiblar nebula playing a key role
(Clayton 2002, Lyons & Young 2005, Lee et al. 2008). It is gailg accepted that the
resulting atomic oxygen eventually makes it into the refsacmaterial to produce the ob-
served isotope ratios, but it remains unknown how this digthappens. Any additional
mass-independent fractionation during that process naulitrtited, because photodisso-
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ciation of CO already reproduces the observed isotope amnaedratios (Young 2007).
One important requirement here is to hav€é@ and G20 photodissociate at the same
rate, an assumption that had gone untested up to now. Our waa@ms they do so in
many diferent environments — includingftlise and translucent clouds, PDRs, and cir-
cumstellar disks — even when allowing for the isotoffe@s suggested by Chakraborty
et al. (2008).

Equal (or nearly equal}’O and*O fractionation also occurs for other oxygen-
containing molecules in the model, such as water. The eqaefidénation is a clear
sign of CO photodissociation playing a key role in the fracttion process. Other frac-
tionation processes, such as isotope-exchange readtifiusion, freeze-out and evap-
oration, depend on the vibrational energies of the isotugues and are therefore mass-
dependent. Specifically, such processes would leddQdeing 0.52 times as fraction-
ated as'®0 (Matsuhisa et al. 1978). If mass-independent fractionapirocesses other
than isotope-selective photodissociation play a role iournstellar disks, they have not
been discovered so far (Clayton 2002, Yurimoto & Kuramot®4£0Lyons & Young
2005). Recently, Kimura et al. (2007) did report on a set efattal experiments yielding
mass-independently fractionated silicates, but they weable to identify the underly-
ing reaction mechanism. Hence, it remains unknown if thisildidoe relevant for disks.
Self-shielding in @ (Thiemens & Heidenreich 1983) is unimportant becausenéver
becomes abundant enough to become a significant sourcenoitaio

5.7 Conclusions

This chapter presents an updated model, based on the mdtlkiad Dishoeck & Black
(1988), for the photodissociation of carbon monoxide (C@) iéss heavier isotopologues.
It contains recent spectroscopic data from the literatnceproduces a photodissociation
rate of 26 x 10719 s71 in the interstellar medium, 30% higher than currently addpt
values. Our model is the first to includé© and3C'’O and we apply it to a broader
range of model parameters than has been done before. Theenalts are as follows:

e Self-shielding is very important fo#CO and somewhat so for'®D and*CO. The
rare isotopologue$C'’0 and*3C'®0 have the highest photodissociation rate at most
depths into a cloud or other object. The rates bi@and G20 are very similar at all
depths, but details in the line overlap and self-shieldiag cause mutual fierences
of up to 30% (Sects. 5.3.3 and 5.6.1.4).

e When coupled to a chemical network, the model reproducastaoldensities ob-
served towards €luse clouds and PDRs. It shows that the large spread in olaserve
N(*?CO)/N(*3*CO) ratios may be due to a combination of isotope-selectitqulis-
sociation and suprathermal chemistry (Sect. 5.6.1.3).

¢ Photodissociation of CO is more strongly isotope-seledtivcold gas than in warm
gas (Sect. 5.4).

e The results from the full calculation are well approximalyda grid of pre-computed
shielding functions, intended for easy use in various othedels. Shielding func-
tions are provided for a range of astrophysical paramegsst(5.5).
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5.7 Conclusions

e Grain growth in circumstellar disks increases the vertiaage in which CO can be
photodissociated. If photodissociation is still impottatithe point where CO freezes
out onto the grains, the observable gas-phase column geaisitsN(12CO)/N(C'’0)
andN(*?CO)/N(C*®0) may become an order of magnitude larger than the inital is
topic abundance ratios (Sect. 5.6.3.3).

e Without a far-UV componentin the irradiating spectrum, phetodissociation of CO
cannot cause isotope fractionation. The interstellaratamh field can already cause
substantial fractionation in disks (Sect. 5.6.3.3).

e The isotope-selective nature of the CO photodissociaéeults in mass-independent
fractionation of}’O and®0. Column density ratios computed for a circumstellar
disk agree well with recent observations. Our model supgba hypothesis that the
photodissociation of CO is responsible for the anomalé@sand*®0 abundances in
meteorites (Sect. 5.6.3.4).
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