APPENDIX A: CHEMICAL NETWORK

In Tables A1-A14 we list the chemical reactions included in our model of primordial gas, along with the rate coefficients
adopted and the references from which these rate coefficients were taken. Some of these reactions are discussed in more detail
in Section 3.1. In these tables, T is the gas temperature in K, T3 = T//300 K, and T is the gas temperature in units of eV.
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Table A1l. Chemical processes: collisional ionization (CI).

No.

Reaction

Rate coefficient (cm3s™1) Ref.

CIl

CI2
CI3

Cl4

H+e — Hbt4e +e~ kcr = exp[—3.271396786 x 10! 1

+1.35365560 x 10! In T,

— 5.73932875 x 10°(In T¢)?
+1.56315498 x 10°(In Te)3
— 2.87705600 x 10~ (InTe)*
+3.48255977 x 10~ 2(In Te)®
—2.63197617 x 10~3(InT¢)®
+1.11954395 x 10~ 4(InTe)”
—2.03914985 x 10~%(InT,)®]

D+e” — Dt +e e kcrz = ke 1
He+e~ — Hep+e™ +e”  kcors = exp[—4.409864886 x 10! 1

+2.391596563 x 10! In T
—1.07532302 x 101 (In T¢)?
+3.05803875 x 10°(In Te)3
— 5.68511890 x 10~ (In T, )4
+6.79539123 x 10~2(In T,)®
— 5.00905610 x 10~3(In T )¢
+2.06723616 x 10~4(InT)”
— 3.64916141 x 10~ %(In T¢.)®]

Lite” —Lit+e” +e™  kou=311x 107879103 exp (—62700) 2

T

Notes: T is the gas temperature in K, 73 = T/300 K, and T is the gas temperature in eV.
References: 1 — Janev et al.(1987); 2 — Voronov (1997).

Table A2. Chemical processes: photorecombination (PR).

No. Reaction Rate coefficient (cm?s~1) Notes Ref.
PRI H* 4+~ —H+y  hpry = 2.753 x 10714 (815614) 1500 g o 4 (1151880407 2,20 1
PR2 Dt +e” - D+ ¥ kpro = kpr1 1
PR3 Hep+e~ — He+~ kprsyr,a =10"11T7705[12.72 - 1.615log T Case A 2
—0.3162(log T)? + 0.0493(log T)?
kpra,re,p = 10717705 [11.19 — 1.676log T Case B 2
— 0.2852(log T)? + 0.04433(log T)? |
kprs,ai =T~ 1% [5.966 x 10~ exp (=235500) 3
+1.613 x 104 exp (ﬂ
—2.223 x 1075 exp (=228200) ]
PR4  Li* +e~ —Lity  hkpras = 1036 x 1071 (Z2) "7 Ll.O + (%)0'5} o 4
0.5 —1.388
< [0+ (o)
kPR4,di =715 [2941 x 10~5 exp (w 5

+6.068 x 1075 exp ( —192400

—7.753 x 10~ 7 exp (@)]

Notes: T is the gas temperature in K. Note that the recently revised values for PR1 and for the
radiative recombination portions of PR3 and PR4 presented by Badnell (2006b) do not differ
from the older rate coefficients quoted here by more than a couple of percent at the temperatures
of interest in this study.
References: 1 — Ferland et al. (1992); 2 — Hummer & Storey (1998); 3 — Badnell (2006a); 4 —
Verner & Ferland (1996); 5 — Bautista & Badnell (2007).
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Table A3. Chemical processes: dissociative recombination (DR).

No. Reaction Rate coefficient (cm3s™1) Notes Ref.
DRI Htp+e” —H+H kpri = 1.0 x 1078 T<617TK 1
=1.32x10767-076 T > 617K
DR2 HDT+e” -H+D kpre = 7.2 x 10787705 2
DR3 Dj+e” —D+D kprs = 3.4 x 1097 04 3
DR4 H +e” —Ht+H kpra = 2.34 x 10787 052 4
DR5 H; +e- —H+H+H kprs = 4.36 X 10—8T3—0A52 4
DR6  HoDT +e” - H+H+D kpre =4.38 x 10787, 5
DR7  HpD* +e” —Ht+D kpr7 = 4.2 x 107975 %5 5
DR8  HyDT +e” — H+HD kprs = 1.2 x 1073792 5
DR9 HDJ +e” »D+D+H  kpro=4.38 x 107375 %7 6
DR10 HDJ +e” — Dy +H kpRr1o = 4.2 x 1097, *5 6
DR11  HDJ +e” —HD+D kpRri1 = 1.2 x 1087, 0 6
DRI2 Dy +e” — D2 +D kpRriz = 5.4 x 10797, *5 7
DR13 D:,J)r +e~ —=D+D+D kpris = 2.16 x 10—8T370.5 7
DR14 HeHT +e~ — He+H kpri4a = 3.0 X 10—8/]13—0447 8
DR15 HeDt +e~ — He+D kpris = 3.0 x 1078T50A47 9
DR16 He; +e~ — He+ He kprig = 6.1 X 10711T370.9 10
DR17 LiH*t +e” —Li+H kDRl? =3.8X% 10_7T3_O‘47 11
DR18 LiDt 4+e~ —Li+D kpris = 3.8 X 10*7T3*0'47 12
DR19  LiHj +e~ — Li+ Ht kpRrio = 1.6 x 10777, %5 13
DR20 LiHJ +e” — LiH+H kpRao = 2.0 x 1087, 05 13
DR21  LiHj +e” —»Li+H+H  kprai = 2.0 x 10787, % 13

Notes: T is the gas temperature in K, and 73 = 7'/300 K.

References: 1 — Schneider et al. (1994); 2 — Stromh6lm et al. (1995); 3 — Walmsley et al.
(2004); 4 — McCall et al. (2004); 5 — Larsson et al. (1996); 6 — Roberts et al. (2004), based
on Larsson et al. (1996); 7 — Larsson et al. (1997); 8 — Guberman (1994); 9 — Stancil et al.
(1998), based on Guberman (1994); 10 — Carata et al. (1999); 11 — Krohn et al. (2001); 12 —
same as corresponding H reaction; 13 — Thomas et al. (2006), C. Greene (private communication).
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Table A4. Chemical processes: charge transfer (CT).

No. Reaction Rate coefficient (cm3s~1) Notes Ref.
CT1 H+Dt —-D+Ht ko1 = 2.06 x 10~1070-396 oy (—%) 1
+2.03 x 107970332

CT2 H+D - D+H™ kore = 6.4 x 10797941 2
CT3  H+Htp — Ht+Ht kcrs = 6.4 x 10710 3
CT4 H-+HDt - HD + Ht kcma = 6.4 x 10710 4
CT5 H+DJ — Dy +Ht kcrs = 6.4 x 10710 4
CT6 H+Hep — He+Ht ++ kcre = 1.25 x 107157925 5
CT7 H+Hel - He+He+Ht  kory=1.0x10"° 6
CT8 H+LiHt — LiH+ H* kcrs = 1.0 x 1071 exp (— 82290 7
CT9 H+LD' - LD+ Ht kcre = 1.0 x 1071 exp (— 82200 4
CT10 D+ H+t —»H+D+ kcTio = 2.0 x 10710770402 gy (7%1) 1

—3.31 x 1017148
CT1l D+H- —H+D— kcri1 = 6.4 x 10797941 2
CT12 D+ Htp — Ht+D+ kcTie2 = 6.4 x 10710 4
CT13 D+ HDt — HD+D+ kcTiz = 6.4 x 10710 4
CT14 D+DJf — Dz +DV kcria = 6.4 x 10710 4
CT15 D+ Hep — He+DT 4+~ koris = 1.1 x 1071579-25 8
CT16 D+ Hej — He+He+D*  korig =7.5x 10710 9
CT17 D+LiHt — LiH+ D+ kcrir = 1.0 x 107 exp (— 57900 4
CT18 D+LiDT — LiD + D+ kcris = 1.0 x 1071 exp (— 57900 4
CT19 Ht+H* — H+ Htp ko9 = [—3.3232183 x 10~7 10

+3.3735382 x 10~ 7 InT

—1.4491368 x 10~ 7(InT)?

+3.4172805 x 10~8(In T3

—4.7813720 x 10~ 2(In T)*

+3.9731542 x 10~ 19(In T))5

—1.8171411 x 10~ (InT)%

+3.5311932 x 10~ 13(InT)7]

X exp (%“715)
CT20 Ht + D+ — D+ Htp kCTQO = kCTlQ 4
CT21 Ht+ Hep — He + Htp kcror = 7.2 x 10715 11
CT22  Ht+ Hep — He+ H+H*  koray =3.7 x 10 M exp (£2) 11
CT23 Ht+ Lit — Li+ Htp koras = 3.0 x 1071075 1 exp (—%) 12
CT24 HD+Ht — H+HDt kcroa = ke 4
CT25 HD 4+ Dt — D+ HDt+ kcT2s = kcTio 4
CT26 HD + Hep — He + HDt kcrog = 7.2 x 10715 4
CT27 HD+Hep — He+H' +D  koror = 1.85 x 10~ M exp (22 13
CT28 HD+Hep — He+H+ DV korog = 1.85 x 10 M exp (22 13
CT29 HD + L1+ — Li + HD+ k‘CTQQ = kCT23 4
CT30 D2+ HT — H+DJ kcrso = ko1 4
CT31 Ds+DT =D+ D2+ kcors1 = kcTig 4
CT32 Dj + Hep — He +DJ kcrse = 2.5 x 1014 14
CT33 Do+ Hep—He+DT +D  korss = 1.1 x 107137, 0 14
CT34 Do+ Lit — Li+DJ kcrsa = koo 4
CT35 He+ Ht — H+ Hep kcrss = 1.26 x 10797075 exp (7127%) T <10000K 15

=4.0 x 107377474 T > 10000 K

CT36 He + Dt - D + Hep kCT36 = kCTSS 4

(© 0000 RAS, MNRAS 000, 000-000



Table A4 — continued

No. Reaction Rate coefficient (cm3s™1) Notes  Ref.
CT37 Li+Ht — H+Lit korsr = 2.5 x 10740779 exp (_TTm) 16
CT38 Li+H* > H+Lit +5 korss = 1.7 x 107183770050 exp (— Lo 17
CT39 Li+ Dt — D +Lit korag = 8.0 x 10722768 exp (7%) 18
CT40 Li+Dt - D+Lit +v  korao = 1.1 x 1071375 %% exp (—% 19
CT41 Li+ Htp — Ht + Lit kcrar = 3.0 x 1010718 20
CT42 Li+ HDt — HD + Lit kcra2 = kcTa1 4

CT43 Li+DJ — Do + Lit kcras = korar 4

CT44 LiH+HT - H4+LiHT  kopas = 2.0 x 10715 21
CT45 LiH4+ DT - D+ LiHt  Ekcpgs = 2.0 x 1071 21
CT46 LiD+HT - H+LiDT  kopae = 2.0 x 10715 21
CT47 LiD+Dt - D+ LiDT  kcmar = 2.0 x 10718 21

Notes: T is the gas temperature in K, and 73 = 7'/300 K.
References: 1 — Savin (2002); 2 — Dalgarno & McDowell (1956), scaled by D reduced mass; 3
— Karpas, Anicich & Huntress (1979); 4 — same as corresponding H reaction; 5 — Zygelman et
al. (1989); 6 — Estimate by Stancil et al. (1998), based on Stancil et al. (1993); 7 — Stancil et al.
(1996); 8 — Zygelman et al. (1989), scaled by D reduced mass; 9 — As ref. 6, but scaled by D
reduced mass; 10 — Savin et al. (2004); 11 — Barlow (1984); 12 — Estimate, based on low-energy
extrapolation of cross-section in Wutte et al. (1997); 13 — total rate coefficient from Barlow
(1984), branching ratios from Pineau des Forets et al. (1989); 14 — Walmsley, Flower, & Pineau
des Forets (2004); 15 — Kimura et al. (1993); 16 — Kimura, Dutta, & Shimakura (1994); 17 —
Stancil & Zygelman (1996); 18 — Kimura, Dutta & Shimakura (1994), scaled by D reduced mass;
19 — Stancil & Zygelman (1996), scaled by D reduced mass; 20 — From detailed balance applied
to inverse reaction; 21 — Bodo et al. (2001).
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Table A5. Chemical processes: radiative attachment and radiative association (RA) .

No. Reaction Rate coefficient (cm3s~1) Notes Ref.
RA1  H+4e —H ++~ krar = dex[—17.845 4 0.762log T T < 6000 K 1
+0.1523(log T')?
—0.03274(log T)?]
= dex[—16.420 + 0.1998(log T')? T > 6000 K
—5.447 x 1073 (log T)*
+4.0415 x 1072 (log T)9]
RA2 D+e” = D7 +vy kraz = kra1 1
RA3 H+Ht — Htp++~ kras = dex[—19.38 — 1.5231log T’ 2
+ 1.118(log T)? — 0.1269(log T)3]
RA4 H+Dt - HDT ++4 kraa = 3.9 x 107197} 8 exp (%) 3
RA5 H+D —HD+xv kras = 10725 [2.80202 — 6.63697 In T 10 < T < 200K 4
+4.75619(In T)2 — 1.39325(In T)3
+0.178259(In T)* — 0.00817097(In T)ﬂ
= 1072% exp [507.207 — 370.889 In T' T > 200K
+ 104.854(InT")2 — 14.4192(In T)*
+0.971469(In T)* — 0.0258076(In T)5]
RA6  H+Htp — HI ++ krag = 1.5 x 10717718 exp (22 5
RA7  H+HDT — HoDV 4+ krar = 1.2 x 10717718 exp (2 6
RA8 H+DJ — HDJ ++ kras = 1.1 x 10717718 exp (£ 6
RA9  H+Hep — HeHt +~  kraog = 4.16 x 107167 %3 exp pﬁ) 7
RA10 H4+Lit — LiHT 4+~ kraio = dex[—22.4 + 0.999log T 8
—0.351(log T)?]
RA11 D+ Ht — HDT 4+ kra11 = 3.9 x 10719718 exp (22 3
RA12 D+D* —DJ +4 kratz = 1.9 x 107197} S exp (22 3
RA13 D+ Htp — HaoDT 4+ kraiz = 7.0 x 107 18T} 8 exp 279 6
RA14 D+HDT - HDJ +v  kraia =5.2x 107187} S exp (22 6
RA15 D+DJ — DI ++ kra1s = 4.3 x 10718718 exp (22 6
RA16 D+ Hep — HeDt 4+  kraig = 5.0 x 1071675037 exp (7%) 6
RA17 D +Lit — LDt ++ krai7 = 1.5 x 1072275 %9 exp (fTT00 9
RA18 Ht+H* — HI +4 kraigs = 1.0 x 10~16 10
RA19 Ht+ DT — HoDT +~  kgraio = 1.0 x 10716 11
RA20 Lit +Ht — LiHJ +v  krago = 1.0 x 10722 12
RA21 HD4+H* - HyDt 4+  kgraoy = 1.0 x 10716 11
RA22 HD+Dt — HDJ +~  kpase = 1.0 x 10716 11
RA23 Dy +Ht — HDJ +~ kra2s = 1.0 x 10~16 11
RA24 Do +Dt —DJ +4 kraza = 1.0 x 10716 11
RA25 He+HT — HeHT +7  krass = 8.0 x 107207 ** exp (— ;1 13
RA26 He+ Dt — HeDT 4+  kraze = 1.0 x 1071975 " * exp (— 145 6
RA27 He+ Hep — Hel +~ kraor = 4.76 x 10720782 exp (%) 14
RA28 Li+e~ — Li~ ++ kra2s = 6.1 x 107177058 exp (— Lo 15
RA29 Li+Ht — LiHT +~ krage = 4.8 x 107147049 16
RA30 Li4+ Dt — LiDt 4+ kraszo = 6.4 x 10~ 147—0-49 6
RA31 Li+H — LiH 4~ krasi = 10720 {3.22 + [0.0657(T/1000) ~2-45 17
+6.3 x 1073(7/1000)°-837] -1 1
RA32 Li+D — LD+~ krasz2 = 5.5 x 1072075 9 exp (- 155 ) 9

Notes: T is the gas temperature in K, and 73 = T7'/300 K.

References: 1 — Wishart (1979); 2 — Ramaker & Peek (1976); 3 — Ramaker & Peek (1976) and
Frommbhold & Pickett (1978), scaled by D reduced mass; 4 — Dickinson (2005); 5 — Dalgarno
& McDowell (1956); 6 — Same as corresponding H reaction, but scaled by D reduced mass; 7
Kraemer, Spirko & Ju?rek (1995); 8 — Dalgarno et al. (1996); Gianturco & Gori Giorgi (1996); 9
Stancil et al. (1996), scaled by D reduced mass; 10 — Gerlich & Horning (1992); 11 — estimate,
based on Gerlich & Horning (1992): highly uncertain; 12 — estimate - see also Section 3.1.11; 13
Jutek, Spirko & Kraemer (1995); 14 — Stancil et al. (1993); 15 — Ramsbottom et al. (1994); 16
Dalgarno et al. (1996); 17 — Bennett et al. (2003).
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Table A6. Chemical processes: associative detachment, dissociative attachment and associative
ionization (AD) .

No. Reaction Rate coefficient (cm3 s~1) Notes Ref.
ADl  H+H™ —Ht+e™ kapi = 1.5 x 10797, %1 1
AD2 D+H™ —HD+e kap2 = 1.5 x 1079173 % 2
AD3 H+D- —HD+e" kaps = 1.5 x 10797, 2
AD4 D+D~ —Dy+e” kaps = 1.6 x 10797, ! 2
AD5 Ht4+e~ — H+H- kaps = 2.7 x 10787127 exp (- 43000) 3
AD6 HD+e” — H+D- kape = 1.35 x 10797 ~1-27 exp (— 43000 4
AD7 HD+e” —D+H™ kapr = 1.35 x 10797 ~1-27 exp (— 43000 4
AD8 Dy+e” —D+4D- kaps = 6.7 x 107117 =127 exp (43900 4
AD9 Ht+4+H- — Htp+e~ kapg = 6.9 x 10~97—0:35 T < 8000 K 5
=9.6x 1077 0-9 T > 8000 K
AD10 Ht+D~ — HDt +e- kapio = 1.1 x 1079754 2
ADI1 Dt 4+H™ — HDt fe~ kapii = 1.1 x 10797, 04 2
AD12 Dt +D~ —DJ +e" kapiz = 1.3 x 10797, 04 2
AD13  Htp+H~ — H +e” kapis = 2.7 x 1071075 %% exp (37155) 6
AD14  Htp+D~ — HoD¥ +e”  kapis =224 x 1071075 %% exp (5555) 6
AD15 HD* +H~ — HoDT e~ kapis = 2.9 x 107107 0% exp (572 2
AD16 HDT +D~ — HDJ +e~  kapis = 3.7 x 1071075 0" exp (52 2
AD17 Df +H™ — HDJ +e” kap17 = 3.0 x 1071070485 exp (2 2
AD18 DJ +D~ —Dj +e” kap1s = 3.9 x 1071075 % exp (1 2
AD19 Li+H — LiH+e™ kapig = 4.0 x 10710 7
AD20 Li+D~ — LiD+e~ kapz2o = 4.0 x 10710 2
AD21  Li~+H— LiH+e™ kap21 = 4.0 x 10710 7
AD22 Li~+D —LiD+e™ kap2z = 4.0 x 10710 2

Notes: T is the gas temperature in K, and 73 = T7'/300 K.
References: 1 — Launay et al. (1991); 2 — Same as corresponding H reaction, but scaled by D
reduced mass; 3 — Schulz & Asundi (1967); 4 — Xu & Fabrikant (2001); 5 — Poulaert et al. (1978);
6 — Naji et al. (1998); 7 — Stancil et al. (1996).
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Table A7. Chemical processes: collisional detachment and collisional dissociation (CD) .

No. Reaction Rate coefficient (cm3s~1) Notes Ref.
CDI H 4e¢ —H+e +e kcp1 = exp[—1.801849334 x 10* 1
+ 2.36085220 x 10° In T
— 2.82744300 x 1071 (InTs)?
+ 1.62331664 x 1072(In Te)?
— 3.36501203 x 10~ 2(In T, )*
+ 1.17832978 x 10~2(In Te)®
— 165619470 x 10~3(InT¢)®
+ 1.06827520 x 10~ 4(In Te)7
— 2.63128581 x 10~%(InT,)®]
CD2 H +H—-H+H+e" kcpa = 2.5634 x 10797178186 T. <0.1eV 1
= exp[—2.0372609 x 10! Te > 0.1eV
+1.13944933 x 10° In T
— 1.4210135 x 1071 (InT¢)?
+ 8.4644554 x 1073 (In Te)3
— 1.4327641 x 1073 (In T, )4
+2.0122503 x 10~4(In Te.)®
+ 8.6639632 x 10~2(In T)®
— 2.5850097 x 1075 (In Te)7
+2.4555012 x 1076(In T¢)®
— 8.0683825 x 10~8(In Te)?)
CD3 H +D—-H+D+e™ kcps = kcpe 2
CD4 H +He— H+Hede kcpa = 4.1 x 1071772 exp (7%) 3
CD5 D +e” —D+e +e™ kCDS = kCDl 2
CD6 D +H—-D+H+e™ kcpe = kcpe 2
CD7 D +D—=D+D+e™ kCD7:kCD2 2
CD8 D~ +He—D+He+e" kcps = 1.5 x 1071772 exp (— 19870 4
CD9 Ht+H-H+H4+H kopg = 6.67 x 10712705 exp [—(1 4 93308 v=0 5
= k1 /K LTE 6
5.996x 1030741881 54657.4
CD10 Ht+Ht — H+ H+ Ht KCD10 = (0 06T X075 65T EXP (—248274)  p =0 7
= krpa/K LTE 6
CD11  Ht+He — H+ H + He kopin = dex [—27.029 + 3.801log T — 29457 ] v=0 8
= 6.6 x 1071070115 exp (52000 LTE 9
CD12 Ht4+e —H+H+e™ kcpia = 4.49 x 10797011 exp (—% v=0 10
=1.91 x 10~970-136 exp (—%) LTE 10
CD13 HD+H—-H+D+H kCDlS = kCDQ See §?? 2
CD14 HD+Ht —H+ D+ Ht kcpia = kebio See §77 2
CD15 HD + He — H+ D + He kCDlS = kCDll See §?? 2
CD16 HD+4+e  — H+D+e™ kcpie = 5.09 x 107970128 exp (— 103258 v=0 11
=1.04 x 107970218 exp (— 23070.T) LTE 11
CD17 Ds+H—-D+D+H kcpir = kcbo 2
CD18 D2+ Ht—D+ D+ Ht kcpis = kcpio 2
CD19 Dg + He — D+ D + He kcpio = kepi1 2
CD20 Dyo+e~ —»D+D+e kcpao = 8.24 x 10~970-126 exp 7%) v=0 10
=2.75 x 107970163 exp (- 23339-T) LTE 10
CD21 LiHt+D — Lit+H+D kcpar = 1.0 x 1072 exp (— 1420 12
CD22 LiHt +D — Li+Ht +D kcpaz = 1.0 x 1079 exp (— 220 12
CD23 LiHt+D —Li+H+Dt kcpas = 1.0 x 1079 exp (— 2200 12
CD24 LiDt+D —Lit+D+D kcpaa = 1.0 x 1079 exp (— 1490 12
CD25 LiDt+D —Li+DVt+D kcpas = 1.0 x 107 exp (— 2290 12
CD26  LiHj + Ht — Lit + Ht + Ht  kcpag = 1.0 x 10~ % exp —%) 13

Notes: T is the gas temperature in K and T is the gas temperature in eV. K is the equilibrium
constant relating reactions TB1 and CD9, and reactions TB2 and CD10; its value is given in §77.
References: 1 — Janev et al. (1987); 2 — Assumed same as corresponding H reaction; 3 — Huq
et al. (1982); 4 — Same as corresponding H reaction, but scaled by D reduced mass; 5 — Mac
Low & Shull (1986); 6 — determined from three-body rate coefficient by detailed balance (see
Section 3.1.7); 7 — Martin, Keogh, & Mandy (1998); 8 — Dove et al. (1987); 9 — determined
from the Walkauskas & Kaufman (1975) rate coefficient for reaction TB3 by detailed balance;
10 — Trevisan & Tennyson (2002a); 11 — Trevisan & Tennyson (2002b); 13 — estimate — see also
Section 3.1.11.
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Table A8. Chemical processes: mutual neutralization (MN).

No.

Reaction

Rate coefficient (cm?s™1)

Ref.

MN1

MN2

MN3

MN4

MN5

MN6

MN7

MN8

MN9

MN10
MN11
MN12
MN13
MN14
MN15
MN16
MN17
MN18
MN19
MN20
MN21
MN22
MN23
MN24
MN25
MNZ26
MNZ27
MN28
MNZ29
MN30
MN31
MN32
MN33
MN34
MN35
MN36
MN37
MN38
MN39
MN40
MN41
MN42
MN43
MN44

Ht* +H- - H+H

Dt +H- -D+H
H*+D- - D+H

Dt +D- —-D+D
Htp + H- — Ht + H
Htp+H- - H+H+H
Htp + D~ — Ht + D
Htp+ D~ - H+H+D
HDt +H- — HD+H
HDT+H- —-D+H+H
HD* +D~ — HD+D
HDT +D- - D+H+D
Dy +H- — Dy +H

Dy +H- - D+D+H
Dy +D~ —D2+D

Dy +D~ —=D+D+D
Hf +H- - Ht+H+H
HI +H~ — Ht + Ht

Hy +D- - Ht+H+D
H7 + D~ — Ht + HD

HoDt +H- - Ht+H+D

H,Dt +H~ — Ht + HD

H,Dt +H- - HD+H+H
HsDT +D- — Ht+D+D

HoDt + D~ — Ht + Do

HoDt +D- - HD+4+H+D

H2D* + D~ — HD + HD
HDJ + H~ — Ht + D»
HD] +H~ — HD+H+D
HDJ +H~ — HD + HD
HD; +H™ — D2 +H+H
HDJ] + D~ —HD+D+D
HDJ + D~ — HD + Do
HDJ] + D~ — D2 +H+D
DI +H~ — HD + Dy

Dy +H™ — Dy +H+D
Dy +D- - Dy +D+D
Dy + D~ — D2+ Dy
Hep+H™ — He+ H
Hep+ D~ — He+ D

Lit +H- > Li+ H
Lit+D- - Li+D
Li-+Ht - Li+H

Li- +DT - Li+D

kvt = 2.4 x 10-67-1/2 (1.0 +5.0 x 10*5T>

kynz = 1.1 X kvNa

kvng = 1.1 X kvt

kyna = 1.3 X kN

Evins = 1.4 x 107715795
kmne = 1.4 x 1077, %0
Eving = 1.7 x 10771,7%3
Eavins = 1.7 x 10777,705
knno = 1.5 x 10777, 05
kyvNio = 1.5 X 1077T370‘5
kvnit = 1.9 x 10777, 02
Eviniz = 1.9 x 10777592
Eviniz = 1.5 x 107775 02
knvnia = 1.5 x 10777, 02
kyvnNis = 2.0 X 1077T370‘5
knnie = 2.0 x 10777, 02
Evinir = 2.3 x 107775 92
Eavinis = 2.3 x 107775 02
knnio = 2.9 x 10777, 02
kvNzo = 2.9 X 1077T370‘5
knnzi = 1.6 x 10777705
kynNge = 1.6 X 1077T3_0‘5
Evings = 1.6 x 107775 02
knnza = 1.5 x 10777, 02
kyvnNes = 1.5 X 1077T370'5
knnoe = 1.5 x 10777, 02
kyvneor = 1.5 X 1077T3_0‘5
Eaings = 1.2 x 107775 02
kninog = 1.2 x 10777, 02
kvnso = 1.2 X 1077T370'5
knnst = 1.2 x 10777, 02
Evinaz = 2.1 x 10777592
Evinas = 2.1 x 10777502
knnsa = 2.1 x 10777, 02
knvngs = 2.4 X 1077T370'5
knnse = 2.4 x 10777, 0P
kymns? = 3.3 X 1077T3_0‘5
Evinas = 3.3 x 10777, 02

Evinao = 3.03 x 107775 252 exp
kninat = 2.93 x 10777, 0477
kninaz = 2.06 x 107775 %% exp (
Evinag = 1.8 x 107775 0477
kninaa = 2.06 x 10777 0% exp (

kningo = 2.32 x 10777, 052 expé I ;

22400
T __
22400

€XP \ 33200
15500 )
18300
T
€XP \ 23200

18300

N N RN DN OO0 OO0 OO0 OO0 OO0 O ENDNNDNDNNDNDRNDNDNWWNDNDND -

Notes: T is the gas temperature in K, and 753 = 7'/300 K. Some of the mutual neutralization

reactions listed here also include dissociation or transfer in the process.

References: 1 — Croft et al. (1999); 2 — Same as corresponding H reaction, but scaled by D
reduced mass; 3 — Dalgarno & Lepp (1987); 4 — Dalgarno & McDowell (1956); 5 — Le Teuff et al.
(2000); 6 — As 2, with the additional assumption of equally probable outcomes; 7 — Peart &
Hayton (1994).
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Table A9. Chemical processes: three-body association (TB).

No. Reaction Rate coefficient (cm®s~1) Ref.
TBl H+H+H-Ht+H See §277? —
TB2 H+H+ Ht — Ht + Ht See §77 —
TB3 H + H + He — Ht + He ktgs = 6.9 x 10732704

TB4 H+D+H-—-HD+H See §77 —
TB5 H+D+Ht— HD+ Ht See §77 —
TB6  H+ D+ He — HD + He krge = 6.9 x 10732704 2
TB7 D+4+D+H—-Dy+H See §277? —
TB8 D+ D+ Ht— Dy + Ht See §7? —
TB9 D+ D+ He — Dy + He ktBo = 6.9 x 10732704 2
TB10 Ht+H+H— Htp+H krB1o = 1.203 x 107297-1.041 3
TB11 DT +H+H-—HDT+H krg11 = 1.203 x 107297-1.041 9
TB12 Ht4+D+4+H - HDT +H krp12 = 1.203 x 1072971041 2
TB13 Dt +D+H—-DJ +H krpis = 1.203 x 107297-1.041 9
TB14 H* +Ht+H—HJ +H krp1a = 1.0 x 10728 4
TB15 H*t + Ht + Ht — Hi + Ht krg1s = 5.4 x 10729 5
TB16 HY + Ht + He — HJ + He krB1s = 1.07 x 10—28 5
TB17 DT +Ht+H — HyDt +H kri7 = 1.0 x 10—28 4
TB18 D%t 4+ Ht+Ht — HoDT +Ht  krpig = 5.4 x 10729 2
TB19 D%t +Ht+He — HoDt +He  kppig = 1.07 x 1028 2
TB20 Ht+HD+H — HDT +H kTp2o = 1.0 x 10—28 4
TB21 Ht +HD+ Ht — HoDT +Ht  krpoy = 5.4 x 10729 2
TB22 Ht 4+ HD+ He — HoDt +He  krpap = 1.07 x 1028 2
TB23 DT +HD+H—HDS +H krpos = 1.0 x 10728 4
TB24 DT +HD+Ht — HDJ +Ht  krgaq = 5.4 x 10729 2
TB25 DT +HD+He— HDJ +He  krpas = 1.07 x 10728 2
TB26 Ht 4+ Ds+H—HDJ +H krpog = 1.0 x 10728 4
TB27 H*t 4 Ds 4 Ht — HDJ 4 Ht krpor = 5.4 x 10729 2
TB28 H*t + D3 + He — HDJ + He kTpas = 1.07 x 10728 2
TB29 DT +Dy+H—DJ +H krgag = 1.0 x 10—28 4
TB30 DT + Dy +Ht — DI +Ht kr3o = 5.4 x 10729 2
TB31 DT +Dj+He — D7 +He krps1 = 1.07 x 10728 2
TB32 Li+H+H-—LH+H krB32 = 2.5 x 1072971 6
TB33 Li+ H+ Ht — LiH + Ht krp3s = 4.1 x 1073071 6
TB34 Li+D+H—LD+H krB3a = 2.5 x 1072971 2
TB35 Li+ D+ Ht — LiD + Ht krg3s = 4.1 x 1073071 2

Notes: T is the gas temperature in K.
References: 1 — Walkauskas & Kaufman (1975); 2 — Same as corresponding H reaction; 3 —
Krsti¢, Janev, & Schultz (2003); 4 — Estimate; 5 — Gerlich & Horning (1992); 6 — Mizusawa,
Omukai, & Nishi (2005).
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Table A10. Chemical processes: isotopic exchange (IX).

No. Reaction Rate coefficient (cm?s™1) Notes Ref.
IXI Htp+D— HDt +H krxi = 1.07 x 107979:962 exp (—ﬁ) 1
IX2 Htp +D — HD + Ht krxe = 1.0 x 1079 2
IX3 HD++H— Htp+D krxs = 1.0 x 10— 9exp( 104) 3
IX4 HDt +H — Ht + DT kixa = 1.0 x 1079 2
IX5 HDt+D—DJ +H kixs = 1.0 x 1079 4
IX6 HDt +D — Dy + Ht kixe = 1.0 x 109 2
IX7 D +H—HD' +D krx7 = 1.0 x 10~ 9exp( 472) 4
IX8§ DJ +H—HD4+Dt krxs = 1.0 x 1079 2
IX9 Ht+Dt —HD+Ht kixg = 4.17 x 10710 4 8.46 x 10~ 0 log T 5
—1.37 x 107 1%(log T)2
IX10 Ht+Dt — HDY +H kixio = [1.04 x 1079 +9.52 x 10~9 (15555 ) 6
—1.81 x10~° (W::oo)ﬂ exp (—&;00)
IX11 HD+H* — Ht+ D+ krx11 = 1.1 x 1079 exp —‘*Tﬁ) 5
IX12 HD+Ht — Htp+D krxi2 = 1.0 x 10~ exp —212‘%“)) 2
IX13 HD+Dt — Dy +HT krxi3 = 1.0 x 1079 4
IX14 HD+D+ —D} +H kixia = [3.54 x 1079 + 7.50 x 1071 (755) 6
—2.92 x 10710 (mTW)Q] exp (—24199)
IX15 Dg+Ht — HD + DV kixis = 2.1 x 1079 exp (—42% 4
IX16 D +H* — HDt +D kixie = [5.18 x 10711 4+ 3.05 x 1079 (15555) 6
—5.42 x 10~10 (ﬁf] exp (—2400)
IX17 Ht+D > HD+H krx17 = dex [—56.4737 4 5.88886 log T T <2000K 7
+7.19692(log T')?
+2.25069(log T)3
—2.16903(log T)*
+0.317887(log T)°]
=3.17 x 10710 exp (— 2217 T > 2000 K
IX18 HD+H — Ht+D kixis = 5.25 x 10711 exp (— 2430 T < 200K 8
=5.25 x 10~ exp (4430 4 173900 T > 200 K
IX19 HD+D—Dy+H kix1g = 1.15 x 107 exp (— 3220 8
IX20 Dy +H — HD+D krx20 = dex [—86.1558 + 4. 53978 logT T<2200K 7
+33.5707(log T')?
— 13.0449(log T)?
+1.22017(log T)*
+0.0482453(log T)? |
=2.67 x 10710 exp (—2%12) T > 2200 K
IX21 HI +D — HDt +H krx21 = 1.0 x 1079 9
IX22 HoDT +H—HI +D kixaa = 1.0 x 10~9 exp (—%52) 10
IX23 HyDt+D — HDJ +H krxes = 1.0 x 1079 4
IX24 HDJ +H — HoDT 4D kixas = 1.0 x 10~9 exp (—522) 4
IX25 HDJ +D — DI +H krxas = 1.0 x 1079 4
IX26 D +H — HDJ +D kixze = 1.0 x 10~9 exp (—£22) 4
IX27 HI +HD — HoDt + Ht krxer = 3.5 x 1010 4
IX28 Hi +Dg — HoDt +HD  kixog = 3.5 x 10~ 117,019 11
IX29 Hy + Dy — HDJ + Ht krxao = 9.64 x 10~ 10T*° 024 11
IX30 HoD*t +Ht — Hf +HD kixao = 1.4 x 10710 exp (—232) 4
IX31 HoD*t +HD — Hf + Do krxa1 = 1.75 x 1071175 %19 exp (—%) 12
IX32 HoDt +HD — HDJ +Ht  kixse = 2.6 x 10710 4
IX33 HoDt 4+ Dy — HDJ +HD  kix3s = 8.5 x 10710 4
IX34 HoDt +Dy — D +Ht krxsa = 8.5 x 1010 4
IX35 HDJ +Ht — Hj + Do kixss = 2.0 x 10719 exp (,w) 13

T
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Table A10 — continued

No. Reaction Rate coefficient (cm3s™1) Notes  Ref.

IX36 HDJ +Ht — HoDt + HD  kix3s = 1.0 x 10~ exp (——) 13
X [1.0+exp( %)]

IX37 HDJ +HD — HaDt + D2 kixzr = 1.0 x 10~V exp (7 10 ) 13
X [1 0 + exp ( %)]

IX38 HDJ +HD — Dj + Ht krxss = 2.0 x 10710 4

IX39 HDjJ +Dy — Dj +HD krxsg = 8.7 x 10~10 14

IX40 DI +Ht — HoDt + Dy krxao = 1.5 x 1079 exp (— 2422 13

IX41 DI + Ht — HDJ + HD krxa1 = 1.5 x 1079 exp (— 233 8; 13

IX42 Dy +HD — HDJ + Do kixas = 3.75 x 10710 exp (- 155) 13
X [1.0+2.0exp( T) +exp( 86)]

IX43 HeHt +D — HeD* +H krxaz = 1.0 x 1079 3

IX44 HeD* +H — HeHT +D kixas = 8.0 x 10710 exp (—468) 3

IX45 LiHt +D — LiDt +H krxas = 1.0 x 1079 2

IX46 LiD* +H — LiHt +D krxag = 1.0 x 10~9 exp (7%) 2

Notes: T is the gas temperature in K, and 73 = 7'/300 K.

References: 1 — Linder, Janev & Botero (1995); 2 — estimate; 3 — Dalgarno & McDowell (1956),
scaled as in Stancil et al. (1998); 4 — Walmsley, Flower & Pineau des Foréts (2004); 5 — Gerlich
(1982); 6 — Our fits to cross-sections from Wang & Stancil (2002); 7 — Our fits to Mielke et al.
(2003); 8 — Shavitt (1959); 9 — Millar, Bennett & Herbst (1989); 10 — Pineau des Foréts et al.
(1989); 11 — Moyano & Collins (2003); 12 — Derived from forward reaction, using equilibrium
constant from Ramanlal & Tennyson (2004); 13 — Flower, Pineau des Foréts & Walmsley (2004);
14 — Derived from inverse reaction in Walmsley, Flower & Pineau des Foréts (2004).
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Table A11. Chemical processes: transfer reactions (TR).

No. Reaction Rate coefficient (cm3s~1) Ref.
TRl  Htp+Ht — HJ +H krr1 = 2.24 x 107979042 exp (—ﬁ) 1
TR2  Htp+HD — Hf +D krr2 = 1.05 x 10~9 2
TR3  Htp+HD — HD+ +H kTr3 = 1.05 x 10~ 2
TR4  Htp+ Dy — HyDt +D krra = 1.05 x 1079 3
TR5  Htp+Ds — HDS +H krrs = 1.05 x 1079 3
TR6  HDt +Ht—HI +D ktre = 0.5 X kTR1 1
TR7 HDT + Ht — HoDT + H krr7 = 0.5 X kTR1 1
TR8 HD*+ +HD — HoD+ +D krrs = 1.05 x 102 3
TR9 HD* +HD — HDJ +H kTR = 1.05 x 10~9 3
TR10 HD* 4Dy — HDj +D krrio = 1.05 x 1079 3
TR11 HD*t+Dy; — DI +H krri1 = 1.05 x 1079 3
TR12 DJ +Ht — HoDt +D krriz = 1.05 x 1079 3
TR13 DJ +Ht— HDJ +H krriz = 1.05 x 109 3
TR14 DJ +HD — HDJ +D krri4a = 1.05 x 1079 3
TR15 DJ +HD — DI +H krris = 1.05 x 1079 3
TR16 DJ +D; —» D +D krrie = 2.1 x 1079 3
TR17 Hj +H — Htp + Ht krriz = 7.7 x 10~% exp (—L;GO) 4
TR18 H;’r + D — Htp + HD ktrr1s = 0.5 X kTR17 5
TR19 HJ +D — HD* + Ht krri9 = 0.5 X kTR17 5
TR20 HDt +H — Htp + HD ktr20 = 0.5 X kTR17 5
TR21 H,Dt +H — HDT + Ht krro1 = 0.5 X kTRr17 5
TR22 H2D+ + D — Htp + D2 kTro2 = 0.333 X kTRr17 5
TR23 HyDt +D — HDt + HD kTRr23 = 0.333 X kTR17 5
TR24 H.Dt +D — DJ +Ht kErroa = 0.333 X kTR17 5
TR25 HDJ +H — Htp + Da kTros = 0.333 X kTr17 5
TR26 HDJ] +H — HD* + HD kTr26 = 0.333 X kTR17 5
TR27 HDJ +H — DJ +Ht krro7 = 0.333 X kTR17 5
TR28 HDJ +D — HD* + Dy krrog = 0.5 X kTR17 5
TR29 HDJ +D — DJ +HD kTR29 = 0.5 X kTR17 5
TR30 DI +H— HDT + Dy krrso = 0.5 X kTr17 5
TR31 DI +H — D} +HD krrs1 = 0.5 X kTr17 5
TR32 DJ +D — DJ +Ds krrs2 = kTR17 5
TR33 He+ Htp — HeH+ + H krrss = 3.0 x 1070 exp (7%) 6
TR34 He+ HD*T — HeHt +D kTR34 = kTR33 7
TR35 He + HD+ — H6D+ + H kTR35 = kTRgg 7
TR36 He + D;r — HeDT 4+ D kTr36 = kTR33 8
TR37 HeH+ +H — Htp + He Errar = 1.04 x 10797913 exp ( 33{00) 1
TR38 HeH* + D — HD* + He krrss = 8.5 x 10~ 10T0 13 exp (— 33250 9
TR39 HeH' + Ht — HJ + He krRr3e = 1.53 X 10~ 9T0 24 exp T 1
TR40 HeH' 4+ HD — HoDt +He  krrao = 1.20 X 10~ 9T0 24 exp 2

)
:zzz%
o

TR41 HeH* + Dy — HDJ + He krra1 = 1.1 X 107 QTO 2 eXp 14800 10
TR42 HeDt +H — HDT + He kTraz = 9.1 x 107 10T0 e 33100 9
TR43 HeD* +D — DJ + He krr4s = 8.5 x 107 mTO 1% exp *33100 1
TR44 HeD* + Ht — HyD* +He  krgras = 1.24 X 10~ 9TO Hexp (- 14800 2
TR45 HeD* + HD — HDJ +He  krgras = 1.2 x 10~ 9T° **exp (~ 17800 10
TR46 HeD* + Dy — DI + He krr4e = 1.1 X 107 ng **exp (~ 17500 10
TR47 LiHt +H — Lit 4+ Ht kTRr47 = 3.0 x 10710 12
TR48 LiHt +D — Lit + HD kTRag = 3.0 x 10710 13
TR49 LiD* +H — Lit + HD kTR40 = 3.0 x 10710 14
TR50 LiDT +D — Lit + Dy kTRs0 = 3.0 x 10710 14
TR51 LiH* + H — Li+ Htp krrs1 = 9.0 x 10710 exp (—56200) 12
TR52 LiHt +D — Li + HD+ kTrs2 = kTRs1 13
TR53 LiDt +H — Li+ HD* kTRs53 = kTR51 14
TR54 LiDt +D — Li+DJ kTrss = kTRs1 14
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Table A1l — continued

No. Reaction Rate coefficient (cm3s™1) Ref.
TR55 LiH+ H* — Lit + Ht  krrss = 2.0 x 10715 15
TR56 LiH+ Dt — Lit + HD  krrsg = 2.0 x 10~15 16
TR57 LiD+H*T - Lit +HD  krrsy = 2.0 x 10715 16
TR58 LiD+Dt = Lit + Dy kprss = 2.0 x 10~15 16
TR59 LiH 4+ Ht — Li + Htp kTRrso = 1.0 x 1079 12
TR60 LiH+ Dt — Li+HDt  krreo = 1.0 x 1079 16
TR61 LiD+H*T — Li+HDt  kpgre = 1.0 x 1079 16
TR62 LiD+D* —Li+DJ  krrez = 1.0 x 107° 16
TR63 LiH+H — Li+ Ht kTRes = 1.55 x 10~ 11704247 17
TR64 LiH+D — Li+ HD kTresa = 1.2 x 10~ 1170-4247 11
TR65 LiD + H — Li+ HD kTres = 1.54 x 10~ 11704247 17
TR66 LiD+ D — Li+ Dy kTres = 1.2 x 10~ 1170-4247 11

Notes: T is the gas temperature in K, and 73 = 7'/300 K.
References: 1 — Linder, Janev & Botero (1995); 2 — Stancil et al. (1998); 3 — Walmsley, Flower
& Pineau des Foréts (2004); 4 — Sidhu, Miller & Tennyson (1992); 5 — estimate, based on Sidhu,
Miller & Tennyson (1992); 6 — Black (1978); 7 — Stancil et al. (1998), based on Black (1978); 8
estimate, based on Black (1978); 9 — Linder, Janev & Botero (1995), scaled as in Stancil et al.
(1998); 10 — Estimate, based on Stancil et al. (1998); 11 — Same as corresponding H reaction,
but scaled by D reduced mass; 12 — Stancil et al. (1996); 13 — Stancil et al. (1998), based on
corresponding H reaction in Stancil et al. (1996); 14 — estimate, based on Stancil et al. (1996);
15 — Bodo et al. (2001); 16 — same as corresponding H reaction; 17 — Defazio et al. (2005).
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Table A12. Chemical processes: background radiation induced photodetachment, photodissoci-

ation and photoionization (BP).

No. Reaction Rate (J2_11 s~ 1) Ref.
BPI H +y—H+e" Rpp; = 1.36 x 1011 1
BP2 D~ +y—D+e" Rppz = 1.36 x 1011 2
BP3 Htp++y— H+HT Rpps = 4.11 x 10712 3
BP4 HDt 4+~ - H+Dt Rppy = 2.05 x 10712 2
BP5 HD* +~ - D+ Ht Rpps = 2.05 x 1012 2
BP6 D} +~y— D+Dt Rppg = 4.11 x 10712 2
BP7 Ht+~y—H+H Rppr = 1.3 x 10712 £}, 1y 5
BPS HD+~vy—H+D Rppg = 1.45 x 1072 fop yp 6
BP9 Dy+~y—D+D Rppg = 1.3 x 10~12 7
BP10 Hj ++v— Htp+H Rppio = 2.4 x 10716 8
BP11 HJ ++v— Ht+H*T Rpp11 = 2.4 x 10716 8
BP12 HD* +~ — Htp+D Rppia = 1.2 x 10~16 9
BP13 HyDt 4+~ — Ht+D+  Rppiz=12x10"16 9
BP14 HyDt +~ - HDT+H Rppiy=12x10"16 9
BP15 HyDt 4+~ - HD4+Ht Rppis=12x10"16 9
BP16 HDJ +~ — HDT +D Rppig = 1.2 x 10~16 9
BP17 HDJ 4+~ — HD +D¥ Rppi7 = 1.2 x 10716 9
BP18 HDJ 4+~ —DJ +H Rppis = 1.2 x 10716 9
BP19 HDJ 4+ — Do +HT Rppig =1.2x 10716 9
BP20 D} +~—DJ+D Rppao = 2.4 x 10716 9
BP21 Dj +~ — Dy +D% Rppor = 2.4 x 10716 9
BP22 HeHt 4+ — He+H*T  Rppas =1.0x 10717 10
BP23 HeDt 4+ — He+ Dt  Rppgz =1.0x 10717 10
BP24 Hel +~ — He + Hep Rppos = 1.0 x 10712 11
BP25 Li+~y— Lit +e™ Rppas = 1.4 x 10712 12
BP26 Li~ +~ — Li4+e™ Rppog = 1.2 x 10711 13
BP27 LiHt +~4 —Lit +H Rppa7 = 5.0 x 10~18 13
BP28 LiHt 4+ — Li4+Ht Rppog = 9.3 x 1079 13
BP29 LiD* 4+~ — Lit +D Rppag = 5.0 x 1018 2
BP30 LiD* 4+~ — Li+ D% Rpp3o = 9.3 x 1079 2
BP31 LiH+~y—Li+H Rpp31 = 4.4 x 10714 14
BP32 LiD+~—Li+D Rpp3s =4.4x 10714 2

15

Notes: 7 represents a photon from the external background radiation field. The listed reaction
rates were computed assuming that this background has the spectrum of a 10° K diluted
black-body, cut-off above hv = 13.6 €V, as described in Section 3. With this spectrum, reactions
with threshold energies greater than 13.6 eV do not occur and are not listed in the table.
fsh,ue and fg, gp are the self-shielding factors for Ht and HD photodissociation, respectively
(see e.g. Glover & Jappsen 2007). Note that in this paper, we consider only the limiting cases
fsnut = fenup = 0 and foh e = fon,up = 1.

References: 1 — Wishart (1979); 2 — assumed same as for corresponding H reaction; 3 — Dunn
(1968); 4 — total rate assumed same as for corresponding H reaction, individual outcomes assumed
equally probable; 5 — Draine & Bertoldi (1996); 6 — Abgrall & Roueff (2006); 7 estimate; 8 —
van Dishoeck (1988); 9 — estimate, based on van Dishoeck (1988); 10 — Roberge & Dalgarno
(1982); 11 — Stancil (1994); 12 — Verner & Ferland (1996); 13 — Galli & Palla (1998); 14 — Kirby
& Dalgarno (1978).
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Table A13. Chemical processes: cosmic ray ionization (CR).

No. Process Rate (¢;/Cu)  Reference
CR1 H+CR. - HT e~ 1.0 —
CR2 Ht+C.R.— Htp+e™ 2.09 1
CR3 Ht+CR. - H+H* +e 0.09 1
CR4 Ht+CR.—H4+H 3.26 1
CR5 He + C.R. — Hep + e~ 1.09 1
CR6 D+CR. - Dt e~ 1.0 2
CR7 HD+CR.— HD" +e~ 2.09 2
CRS8 HD+CR. - H+ DVt e~ 0.04 2
CR9 HD+CR.—H"+D+e" 0.04 2
CR10 HD+CR.—H+D 3.26 2
CR11 Dy +CR.—DJ +e” 2.09 2
CR12 D3+ C.R.—D+Dt +e- 0.09 2
CR13 D2+C.R.—-D+D 3.26 2

Notes: C.R. represents a cosmic ray. (g, the cosmic ray ionization rate of atomic hydrogen, is

an adjustable parameter in our models.

References: 1 — Walmsley, Flower, & Pineau des Foréts (2004); 2 — assumed same as corre-
sponding H process.

Table A1l4. Chemical processes: cosmic ray induced photodetachment, photodissociation and
photoionization (CP) .

No. Reaction OX,eff,Ht (Mb) OX,eff, H (Mb) Ref.
CP1  H +7va —H+e™ 5.0 5.8 1
CP2 D™ 4+9ax —>D+e” 5.0 5.8 2
CP3  Htp+ e — H+HT 5.0 6.6 3
CP4  HD* 4~y — H4DF 2.5 3.3 2
CP5  HDT +~o —D+HT 2.5 3.3 2
CP6  DJ 47 — D+ Dt 5.0 6.6 2
CP7 Li+ ver — Lit + e~ 1.0 1.3 4
CP8 Li~ 4~aq —Lite™ 1.0 1.0 5
CP9  Hel +ver — He + Hep 5.0 5.0 6
CP10  LiH* 4 e — Li+ HT 100 100 7
CP11  LiD* 4 ¢y — Li+ DT 100 100 2

Notes: vcr represents a secondary photon, produced by cosmic-ray induced excitation of H or
Ht, as described in Section 3.3. The references listed are the sources from which we have taken
our photodissociation or photoionization cross-sections. The emission probabilities Pyt (v) used
to calculate ox o mt are rough estimates based on the emission spectra given in Sternberg,
Dalgarno, & Lepp (1987) and are likely accurate only to within a factor of a few.

References: 1 — Wishart (1979); 2 — assumed same as for corresponding H reaction; 3 — Dunn
(1968); 4 — Verner & Ferland (1996); 5 — order of magnitude estimate; 6 — estimate, based on
Stancil (1994); 7 — rough estimate, based on thermal rate in Galli & Palla (1998).
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