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ABSTRACT

Krstic has carried out the first quantum mechanical calculations near threshold for the charge transfer (CT)
procesH” + H,(X'E; » = 0 J = 0)— H(1s) + H} . These results are relevant for models of primordial galaxy
and first star formation that require reliable atomic and molecular data for obtaining the hydrogen chemistry of
the early universe. Using the results of Krstige calculate the relevant CT rate coefficient for temperatures
between 100 and 30,000 K. We also present a simple fit that can be readily implemented into early universe
chemical models. Additionally, we explore how the range of previously published data for this reaction translates
into uncertainties in the predicted gas temperature anelitive abundance in a collapsing primordial gas cloud.

Our new data significantly reduce these cosmological uncertainties that are due to the uncertainties in the previously
published CT rate coefficients.

Subject headings: atomic data — early universe — galaxies: formation — molecular data —
molecular processes — stars: formation

1. INTRODUCTION mation at this epoch of halos with viral temperatufigs >

10" K. This process dominates until a collapsing cloud of pri-
mordial gas begins to emit ionizing radiation internally or until
the background extragalactic UV radiation field has reached sig-
nificant levels. Then the dominant destruction mechanism be-
comes photodissociation through the Lyman-Werver bands via
the two-step Solomon process (Haiman, Rees, & Loeb 1997).

Because of the fundamental importance of reaction (1), re-
liable rate coefficients for this process are needed for our un-
derstanding of the formation of structure in the early universe.
However, as discussed below, the various rate coefficients
adopted by the astrophysics community for this process differ
from one another by orders of magnitude. This translates into
order-of-magnitude uncertainties in the predicted relative abun-
dance of H at key epochs. Furthermore, this uncertainty di-
rectly affects the predicted properties of collapsing gas clouds
during primordial galaxy and first star formation.

To help address the need for accurate rate coefficients for
reaction (1), Krstic(2002) has recently carried out the first
guantum mechanical calculations for this process at collision
energies relevant for the cosmological formation of structure.
His results are appropriate for current models of early universe
chemistry, which treat all molecules as being in their ground
rovibrational state. These models have not yet evolved to the
point where they take into account the electronic and rovibra-
tional distribution of molecules (e.g., Oh & Haiman 2002; Lepp
et al. 2002). Throughout the rest of this Letter, only ground
electronic configurations are considered.

In § 2, we give a brief review of the previous experimental
and theoretical work for reaction (1). A short description of
the theoretical calculations by Krstf2002) is given in § 3. In

Molecular hydrogen is an important coolant during the epoch
of primordial galaxy and first star formation. Model calcula-
tions indicate that radiatively induced cooling due to collisions
of H,, primarily with H, dominate the cooling of collapsing
primordial gas clouds from temperatures beginning = K
and going down te~5 x 10? K (e.g., Saslaw & Zipoy 1967;
Abel & Haiman 2000; Nakamura & Umemura 2002).

The importance of Hin the early universe is supported by
the recentWilkinson Microwave Anisotropy Probe (WMAP)
measurements which suggeaj that reionization occurred at
high redshift andlf) a large Thompson scattering optical depth.
These results require star formation at this redshift to produce
the ionizing radiation, which implies that,Hooling is im-
portant for early star formation (Spergel et al. 2003; Haiman
& Holder 2003). Given the pivotal role that,hks predicted to
play, an accurate understanding of its formation and destruction
in the early universe is crucial for understanding the formation
of hierarchical structure (Haiman, Thoul, & Loeb 1996; Abel
et al. 1997; Abel, Bryan, & Norman 2002; Galli & Palla 1998;
Flower 2002; Lepp, Stancil, & Dalgarno 2002; Nakamura &
Umemura 2002; Ricotti, Gnedin, & Shull 2002).

The early universe chemistry of,Huring the epoch of pri-
mordial galaxy and first star formation has been reviewed re-
cently by a number of groups (e.g., Abel et al. 1997; Galli &
Palla 1998; Lepp et al. 2002; Oh & Haiman 2002). These authors
have found that the relative ,tabundances are determined by
only a handful of processes. Of particular interest, Oh & Haiman
(2002) point out that the charge transfer (CT) process

H® + H,(X"Eg, » = 0,3 = 0) > H(ls) + H; 1) 8 4, we present our new rate coefficient, provide a simple fitting
) ] ) . . formula that can readily be incorporated into early universe
is the dominant destruction mechanism of diring the for-  chemistry models, and comment on our results. Lastly, in § 5,

we briefly discuss some of the cosmological implications of
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of Abel et al. and Galli & Palla differ so dramatically in both
L B L A L temperature dependence and absolute magnitude.

- = E Linder, Janev, & Botero (1995) have presented a recom-
mended cross section for reaction (1) that we have integrated
to produce a rate coefficient using the method discussed in
§ 3. Their cross section is based primarily on published ex-
perimental work for both this reaction and the isotopically iden-

E Mitchell & Deveau (1983) ——
_11 [ Shapiro & King (1967) —_ 7

a(T)*e'8/ T (cm?® s7Y)
[y
=)
T

? Hollenbach & McKee (1989)———'»" ’,’ _§ tical reaction
I Donahue & Shull (1991) 7=, ]
10 | Linder et el (1996) Py -
E Abel et al. (1997) ——— E D"+ D,(» = 0,J = 0)—D(1s) + D3. (2)
_13 [ Galll & Palla (1998) ! o —
10 F Ichihera et al. (2000) /’I---- E . L.
o | Procent remutts , = But as pointed out by Krsti¢2002), several eV above the
10 20' — '2'5' R '4'0' — ‘45 threshold, the recommended cross section of Linder et al. is

over an order of magnitude larger than the measurements of
Holliday et al. (1971). So the relative agreement between the

Fic. 1.—Recommended rate coefficients faf+ H* > H: + H . All data rate coefficients of Linder et al. (1995) and Galli & Palla (1998),
have been multiplied bgxp (1.83kT) to remove the effects of the 1.83 eV despite their being based on cross section data sets that differ
threshold for this process. significantly from one another, is surprising.

_ o More recently, theoretical calculations have been carried out
kT < 1 eV, wherek is the Boltzmann constant. Hence, it is the using the classical trajectory-surface—hopping (TSH) model of
behavior of the cross section just above threshold that is mostichihara, lwamoto, & Janev (2000). In Figure 1, we have plot-
important for primordial chemistry. The only cross section mea- ted their results as a function of plasma temperature for.an H
surements in this energy range have been carried out by Holtemperature of 0.1 eV. We expect that at thistemperature,
liday, Muckerman, & Friedman (1971). A rate coefficient mea- their results are nearly equivalent to the results for ground-
surement for the reverse of reaction (1) has been carried outstate H. The TSH method, however, is expected to provide
ata temperature df = 300 K by Karpas, Anicich, & Huntress gonly qualitative results for center-of-mass (CM) energies
(1979). Rate coefficients for reaction (1) have been presentede_ ' < 10 eV. Early universe chemical models need rate co-
by a number of different groups. In Figure 1, we present the efficients for these reactions at temperaturd€\ K. This cor-
various published data multiplied kexp (1.83KT)  to remove responds tdE,, <1 eV.
the effects due to the threshold for this reaction. To summarize, it is clear that more sophisticated theoretical

Mitchell & Deveau (1983), Shapiro & Kang (1987), and Hol-  calculations and new laboratory measurements for reaction (1)
lenbach & McKee (1989) appear to present data derived usinggre needed.

detailed balance between the forward and reverse directions of
reaction (1) and the rate coefficient measurement for the reverse
direction by Karpas et al. (1979). However, reading their papers
and their cited sources, how their data are actually derived is Cross sections for vibrationally resolved CT of protons with
unclear. Donahue & Shull (1991) state explicitly that their data H,(») and of atomic hydrogen with Hy,) have been obtained
are derived from detailed balance between the forward and re-by solving the Schiinger equation for the nuclear and elec-
verse directions of reaction (1) and the measurements of Karpadronic motions on the two lowest diabatic electronic surfaces of
et al. Yet, as shown in Figure 1, these four recommended rateH; (Krsti¢ 2002). The calculations were performed using a fully
coefficients all differ from one another dramatically in both mag- quantal, coupled-channel approach by expanding the nuclear
nitude and temperature dependence, despite their all apparentlyave functions in a large vibrational basis of all discrete
being based on detailed balance between the forward and reversd,(» = 0-14)and H ¢’ = 0—18) states and corresponding dis-
directions of reaction (1) and despite the use of the same singlecretized continua pseudostates (altogether 900 states of positive
temperature laboratory measurement. and negative energy). As a consequence, all inelastic processes
We note that the application of detailed balance is only (CT, excitation, and dissociation) were calculated on the same
strictly valid for state-to-state reactions, i.e., whenithe level footing, enabling both proper population dynamics and normal-
of the reactanand product molecules are known. While typical ization of the fullSmatrix (Krstic 2002; Krstic& Janev 2003).
laboratory conditions are such that= 0  ahib likely to be Discretized vibrational continua and large configuration spaces
small for the reactant, the produgt)  is usually unknown. For (40 atomic units [a.u.] in length) were used along with the bound
example, Krstic(2002) finds that for the reverse of reaction states to account for transitions through the “closed” channels
(1), the product His primarily formed intor = 4 , nov = and for nuclear particle exchange. The price paid for using a
0. Therefore, estimation of reaction (1) by the application of diabatic vibrational basis is the large number of closed channels
detailed balance to the measured rate coefficient for the reverseeeded to achieve the convergence of the cross sections (typically
reaction gives the rate coefficient forl = 4), which can be 200 at lower energy to 600 at the highest energies considered

3.0 3.5
Log(T) (K)

3. THEORETICAL METHOD

as much as an order of magnitude larger than fgp H= 0). here). This is partially a consequence of the large number of
Rate coefficients that are estimated by detailed balance argguasi-continuum states for representing particle-exchange chan-
therefore suspect. nels, which are certainly present in the larg@,a.u.x 40 a.u.

Some groups have derived the needed rate coefficients usingjuantization box.
the cross section measurements of Holliday et al. (1971). Abel The main approximation used was the sudden approximation
et al. (1997) integrated the recommended cross section data ofor rotations, often referred as the Infinite Order Sudden Ap-
Janev et al. (1987), which are based on the measurements bproximation (IOSA). This technique freezes target molecule
Holliday et al. Galli & Palla (1998) directly integrated the data rotations during the collision and then post-collisionally av-
of Holliday et al. Hence, it is unclear why the rate coefficients erages the cross sections over all possible molecular orienta-



No. 2, 2004 RATE COEFFICIENT FOR H+ H, CHARGE TRANSFER L169

TABLE 1 5
FiT PARAMETERS FOR EQUATION (4) E R T ]
Parameter Value 4 L ]
U 2237150604 -~ L ]
Do e —3.3232183E-07 gt 1
By v 3.3735382E 07 S8k ]
D e —1.4491368E-07 S ¢ 1
By 3.4172805E 08 C 1
By e —4.7813720E-09 2r ]
Ds oo 3.9731542E-10 C ]
By v —1.8171411E-11 1 I F—F— } F—F— I —t+— I f
By v 3.5311932E-13 or |
Note.—The units fora are K, and the units fob, r ]
are cni s7*. i i ]
E | i
S s .
G | i
tions (Pack 1974; Secrest 1975; Chu & Dalgarno 1975; Kup- & r i
perman, Schatz, & Baer 1976; Schatz & Kupperman 1976; ~ i ]
Khare 1978; Kouri 1979; Baer 1985; Baer & Nakamura 1987, -10 —
Sidis 1989). This approximation sets the lower limit of the r | T
appropriate range for calculations to a fraction of eV. In prin- 10 12 14 16
ciple, there is no upper limit. With the IOSA prescriptions and log(t/sec)

by expansion of the nuclear functions in the vibrational basis, ,
the resulting system of coupled second-order ordinary differ- F¢- 2—Calculated gas temperatutierj) and H relative abundancebgt-

. : . . L tom) for a parcel of gas starting with a density of 10Eém . In the top (bottom)
ential equations irR (the distance from the_ projectile to the_ plot, the lower (upper) set of curves corresponds to a nonexternal UV field,
molecular CM) reduces to uncoupled equations for each partialand the upper (lower) set of three curves corresponds to a field8f ergs
wave{ of the projectile CM motion. These were solved using s* cm? sr* in the Lyman-Werner bands of H1.2-13.6 eV). The short-
as many partal waves as needed i convergence ofthe roses Jrves 122 1 e el o, ook 0 o Sepis 3 ke,
section was achieved (going up fo= 600 for the highest solid curves us%s the present results. See § 5 for further details. ’
value ofE). The proper plane-wave boundary conditions were
applied at the entrance-exit of the reactant configuration (i.e.,
atR = R,,., = 40 a.u.), utilizing multichannel logarithmic de-
rivatives, for both open and closed channels (Johnson 1973). We have calculated the rate coefficient for reaction (1) for
The open-open submatrix of the resultidgnatrix is thenused  temperatures af0?-3 x 10* K. This covers the range of tem-
to obtain theS-matrix for eacht . peratures for which reaction (1) is cosmologically important.

A number of different definitions of the plasma rate coef- We present our results in Figure 1.
ficient exist in the literature. Here we have calculated the rate  The calculated CT rate coefficient has been fitted using
coefficientsx(T) by taking the Maxwellian average of the cross

4. RESULTS AND DISCUSSION

sectiono(E) over the relative energy distribution of the H and 7 _
H, particles using o(T) = exp (a/T) X, b(log,, T)". (4)
i=0
1 2 3/2
oT) = = (—) f o(E)E exp (—E/KT)dE, (3) The best-fit values are listed in Table 1. The fit is accurate to
Vau \KT/ e, better than 4% fol0? K< T<3 x 10* K.

Our calculated results represent the most sophisticated the-
wherey is the reduced mass of the systefn, is the threshold oretical treatment of reaction (1) at the present time. Previous
energy for the considered process, & pv’/2 is the CM rate coefficient calculations, based on detailed balance or the
energy. Our calculated data ferextend from 2 to 9.5 eV. We  TSH method, are unreliable for the reasons discussed in § 2
integrated from 1.83 to 9.5 eV, by assumiaf¢f,) = 0 . A and cannot be used to verify the validity of our results. Sim-

spline-fit parabolic curve was used to interpolateetween the ilarly, Linder et al. (1995) raise questions about the reliability
calculated values. We estimate that the cutoff of the integrationof the laboratory measurements by Holliday et al. (1971).
at 9.5 eV introduces a less than 1% error in our results. Hence, in our opinion, rate coefficients derived from the cross

Further details of this calculation can be found elsewhere section data of either Holliday et al. (1971) or Linder et al.
(Krsti€ 2002). Also available for both the*'H+ H, and H + (1995) cannot be used to verify the reliability of our calculated
H, collision systems are the final and initial vibrational state results. In short, new laboratory measurements are needed to
resolved cross sections for CT (Krsf002), excitation (Krsfic benchmark our new calculations.

2002), dissociation (Krsti& Janev 2003), and elastic transport

(Krsti€ & Schultz 1999, 2003). The three-body association rate 5. COSMOLOGICAL IMPLICATIONS

coefficients for H + H + H forming H, in the temperature ] ) ]
range 200-20,000 K have also been calculated (Krdtinev,  Using the models of Oh & Haiman (2002), we have inves-
& Schultz 2003 tigated how our new results for reaction (1) affect the predicted

gas temperature and,lrelative abundance of a collapsing gas

5 Al the cross section data can be downloaded in tabular and graphic form cloud during the epoch of primordial galaxy and first star for-
from http://www-cfadc.phy.ornl.gov. mation. Calculations have been carried out first in the absence
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of any external UV field and then assuming an external field figure, for times between 10and 10° s, both the predicted gas
of 10?* ergs s* cm? s in the Lyman-Werner bands gf H temperature and the,Helative abundance are highly sensitive
(11.2-13.6 eV). The flux chosen for the UV field is roughly to the rate coefficient chosen. These timescales are short com-
that needed to reionize the universe (Haiman, Abel, & Reespared with cosmic timescales but could well be relevant for the
2000). When using an external UV field, we assumed a hy- formation of the first stars (Haiman et al. 2000). For example,
drogen column density of #dcm2 to mimic the interior of  10s corresponds to the dynamical time for gas at overdensities
a dense, initially neutral clump. We used a cosmic H/He ratio of a few times 10 relative to the cosmic mean at redslzft
of Y. = 0.24 For reaction (1), we have used the adopted data 20, and the actual star formation process may proceed on even
of Shapiro & Kang (1987), Abel et al. (1997), and our new shorter timescales (Abel et al. 2002). Our new theoretical results
results. The rest of the chemical network is from Oh & Haiman for reaction (1) significantly reduce the uncertainties in the pre-
(2002). dicted gas temperature ang kelative abundance that are due
In Figure 2, we show the predicted gas temperature and H to the adopted rate coefficient.
relative abundance using these three different rate coefficients.
We note that using the rate coefficient of Galli & Palla (1998)
yields results similar to those using our new data. Here our model D. W. S. was supported in part by the NASA Space Astro-
follows a parcel of gas at an initial density of 10 ém . This is physics Research and Analysis Program grant NAG5-5420 and
about 18times denser than the background intergalactic mediumthe NSF Galactic Astronomy Program grant AST 03-07203.
at a redshifz= 20 . Assuming that= 20 &t= 0 s, then the P.S. K was supported by the US Department of Energy, Office
evolution of the gas is followed until = 10'® s. Using the of Fusion Energy Sciences, through Oak Ridge National Lab-
WMAP results and the LCDM cosmological model of Spergel oratory, managed by UT-Battelle, LLC under contract DE-
et al. (2003), this corresponds to a final redshifzef 5 . The AC05-000R22725. Z. H. was supported in part by the NSF
asymptotic values for the predicted gas temperature gnelH Extragalactic Astronomy and Cosmology Program grant AST
ative abundance are little affected by the atomic physics uncer-03-07291. P. C. S. acknowledges support from the NSF Ex-
tainties (a well-known result; e.g., Abel et al. 1997; Galli & Palla tragalactic Astronomy and Cosmology Program grant AST 00-
1998; Oh & Haiman 2002). But as can be readily seen from the 87172.
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ERRATUM: “RATE COEFFICIENT FOR H + H,(X'E;, » = 0,J = 0) > H(1s) + H; CHARGE TRANSFER
AND SOME COSMOLOGICAL IMPLICATIONS” (ApJ, 606, L167 [2004])

DANIEL WOLF SAVIN, PREDRAG S. KrSTI¢, ZOLTAN HAIMAN, AND PHILLIP C. STANCIL

In equation (4) of the above-mentioned Lettdad;, " should be replaced wviith “ " so that it reads
7
a(T) = exp a/T) >, b(n T). (4)
i=0

Also, the second sentence of the caption to Figure 2 of the above-mentioned Letter should read as follows: “In the top (bottom)
plot, the lower (upper) set of curves corresponds to no external UV field, and the upper (lower) set of three curves correspond:s
to a UV field of 102 ergs s* cn? st in the Lyman-Werner bands of(HL.2-13.6 eV).”
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