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ABSTRACT

Charge transfer can affect both the ionization and thermal balance of astrophysical plasmas. Using the most
recent rate coefficients and energy defects, we calculate the heating/cooling rates for charge transfer reactions
between hydrogen and elements up to Z = 30. We incorporate these values into the photoionization code
CLOUDY. Results from models approximating a wide range of astrophysical objects and conditions suggest that
charge transfer can make a significant contribution to the heating near the H ionization front, particularly in
objects with a hard ionizing continuum or enhanced abundances. Charge transfer heating can also be important
in regimes in which the usual heating/cooling agents are suppressed, such as the emission-line clouds near quasars.
We list those reactions that are most important for determining the thermal balance, in the hopes of facilitating

improved atomic data.
Subject headings: atomic data— atomic processes

1. INTRODUCTION

An accurate understanding of the emergent spectra of emis-
sion-line objects requires detailed modeling of the atomic and
molecular processes affecting conditionsin the gas. While such
processes as collisional excitation and photoionization have
long been incorporated into nebular models, charge transfer
reactions of the type

X9+ Ho XD 4 HY 4 AE )

have received somewhat | ess attention. The reasons for thisare
twofold. First, until relatively recently, accuraterate coefficients
were available only for a small number of reactions at tem-
peratures typical of astrophysical plasmas. Second, unlike ra-
diative recombination, charge transfer is highly state specific.
That is, depending on the ions involved, a given reaction may
have several, one, or no accessible channels.

Several researchers have discussed the importance of charge
transfer reactions for calculating line emissivities and deter-
mining the ionization balance of astrophysical plasmas (see
Field & Steigman 1971; Williams 1973; Baliunas & Butler
1980; Péquignot 1980; Dalgarno & Sternberg 1982; Shields,
Dalgarno, & Sternberg 1983; Allan et a. 1988). Far lesswork,
however, has been done on the thermal effects of charge trans-
fer. Kinetic energy can be gained or lost during the exchange,
depending on the specific states involved. Kallman & McCray
(1982) included charge transfer heating in models of gas il-
luminated by X-rays. However, since the thermal balance in
their models was dominated by Compton heating and brems-
strahlung cooling, they did not explicitly discuss the detailed
effects of charge transfer heating.

In light of a significant increase in the number of reactions
for which accurate data are available, wefeel that it isimportant
to address in detail the issue of charge transfer heating. In
§ 2, we describe the basic concepts and the incorporation of
the data into the CLOUDY photoionization code (Ferland et
al. 1998). In § 3, we discuss genera and specific results ob-
tained from a number of astrophysical models.
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2. ATOMIC DATA

In this Letter, heating and cooling are measured with respect
to the continuum rather than to the ground state. In this system,
the energy gained or lost per unit volume per unit time for
reaction (1) is simply equa to n,ny-eac;AE, where the n's
are the densities of the parent ions, a.; is the rate coefficient
for the reaction, and AE is the energy defect, either positive
or negative, depending on the reaction. We therefore need to
obtain a¢; and AE.

Fits as a function of temperature to rate coefficients for re-
actions between H and al ions with charge g = 1-4 up to
Z = 30 are given in Kingdon & Ferland (1996 and updates
and addenda).! These sources also list fits for reactions between
several atoms and H*, the reverse of equation (1). For ions
with charge q> 4, we use the Langevin rate coefficients of
Ferland et a. (1997). These data are aready stored in
CLOUDY's database. In al of these reactions, we assume that
interstellar conditions apply, namely, that both reactants arein
their ground state. Therefore, reverse reactions involving ex-
cited states cannot be important.

The determination of the energy defects requires a bit more
discussion. As mentioned in 8 1, for some reactions, there are
severa levels of the recombined ion into which the electron
can transfer. Unfortunately, most sources of charge transfer rate
coefficients do not give state-specific data, but only tota rate
coefficients. While it is our eventual goa to input al state-
specific data into CLOUDY, for the purpose of this Letter we
shall only utilize total rate coefficients. Thus, for reactions hav-
ing multiple channels, we must use mean energy defects. For
those reactions for which state-specific results are available
from the literature, the mean energy defects are derived directly
from the individual AE’s for each channel. For reactions for
which no state-specific data exist, we make use of the fact that
for charge transfer involving only one electron, one obtains
large rate coefficients only for channels having avoided cross-
ings between roughly 7 and 13 bohr (see Neufeld & Dalgarno

! Updates and addenda are listed at http://www-cfadc.phy.ornl.gov/astro/jk/
ct.html.
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TABLE 1
ENERGY DEFECTS FOR CHARGE TRANSFER RECOMBINATION

AE AE AE AE

lon (eV) lon (eV) lon (eV) lon (eV)

He' ...... 10.99 | He* ...... ..

Lit ... Lit2 ... 3.02 | Li*®
Be"....... Be'?....... Be™....... Be™....... 10.59
B*........ B2 ........ 246 | B ........ B™........ 11.00
Cr....... —234 | C*2 ... 401 | C™ ... 573 | C™........ 11.30
N* ... 094 | N*2........ 456 | N*3........ 6.40 | N*........ 11.00
O ........ 002 | O*2........ 6.65 | O™........ 500 | O™........ 8.47
Fo. . F2 . ... . F . 560 | F*“ ........ 11.80
Ne' ...... Ne™ ...... Ne™ ...... 582 | Ne™ ...... 8.60
Na" ...... Na™? ...... Na™ ...... 6.25 | Na™ ...... 11.00
Mg* ...... Mg ...... 144 | Mg*...... 573 | Mg™...... 8.60
Al* L. Al*2 . Al L 817 | Al** ... 8.00
St SiT? .. 272 | ST .. 423 | ST ... 7.49
PY . P2 ... 345 | P L. 729 | P 9.71
St —324 | ST ... . S¢E o 573 | S™ ........ 8.60
Cl* ... Cl*2 ... CI™ ... 800 | CI™ ....... 9.00
Art o Art? . Arts 573 | Art* ... 8.60

K™ K*2 .. ... K* ... 6.00 | K™........
Ca ....... Ca?....... .. Ca™@....... 6.60 | Ca™....... 9.90
SctLL Sct? ... . Sctd L. 350 | Sc*t....... 10.61
Tit ... Tiv2 ... Tiv® ... 430 | Ti™* ... 5.30
Voo V*2 o V* o 470 | V™. 6.20
Crt....... Crz ... 289 | Cr3 ... 540 | Cr*....... 6.60
Mn* ...... Mn*2 ... 204 | Mn™ ... 6.00 | Mn™ ...... 7.00
Fe" ....... Fe'? ....... 256 | Fe'?....... 6.30 | Fe™ ....... 10.00
Co' ...... Co*™? ...... 290 | Co*™® ...... 6.00 | Co™ ...... 10.51
Nit ... Ni*2 ... 300 | Ni*®....... 520 | Ni**....... 10.0
Cu" ...... Cu*? ...... 344 | Cu™ ... 560 | Cu™ ...... 9.00
Zn* ... Zn*? ... Zn"3 780 | Zn™*....... 11.73

1987). Then, by assuming a mean avoided crossing distance
of 9.5 bohr, we can, to a good approximation, derive mean
energy defects that depend only on the parent ion charge g.
This same method is applied to the Langevin rates of Ferland
et a. (1997). The energy defects determined in this manner
should generally be accurate to much better than 50%.

For some reactions, no significant channel exists. In these
cases, charge transfer can proceed through the emission of a
photon (Butler, Guberman, & Dalgarno 1977). While the en-
ergy of this photon is strongly peaked at the difference in
ionization energies between the initial and fina state of the
transferred electron, some partitioning of energy exists, re-
sulting in a continuous spectrum (see Stancil & Zygelman
1996). The effects of this radiative charge transfer are thus
difficult to properly model. However, because of the very small
rate coefficients of this process (~10* cm® s™*; see Butler et
a. 1977), its effect on our results should be negligible, and
thus we have not included it here.

If charge transfer occurs to the ground state of the recom-
bined ion, the nebular physicsinvolved isfairly straightforward
since no radiation is produced. If, however, the transfer occurs
into an excited state, additional photonsare produced. Although

TABLE 2
ENERGY DEFECTS FOR CHARGE TRANSFER
IoN1ZATION
AE AE
lon (eV) lon (eV)
Li®........ SO 0.12
C° o 234 | St ... —2.72
NO ........ —094 | S.........
o ... -0.02 | Crf....... —2.89
Ne ....... =174 | Mn* ...... —2.04
Mg ...... 152 | Fe' ....... —2.56
Mg™ ...... -144 | Co" ...... —3.49

any photons emitted in a radiative cascade to the ground state
are not counted in the thermal balance in our system of book-
keeping, they will contribute to the diffuse field and may be
capable of ionizing H. These diffuse photons will in most cases
be negligible, and we do not consider them here.

Additional complications arise at very high densities. If, after
transfer to an excited state, the atom is collisionally excited or
de-excited, rather than radiatively decaying, our calculated en-
ergy defects must be modified. However, as discussed in the
next section, reactions between H and singly or doubly ionized
ions yield the maximum percentage charge transfer heating.
The only astrophysically important ions for which transfer oc-
curs to an excited state are C'?, N*?, and O*2 Some state-
specific information is available for al of these ions. In all
three cases, the predominant reaction channel involves transfer
into a level that can resonantly decay to the ground state of
the recombined ion. Thecritical densities (the densitiesat which
the collisional de-excitation rate equals the radiative rate) for
these levels are on the order of ~10™ cm™3, many orders of
magnitude larger than the densities found in gaseous nebulae.
Thus, neglect of these collisional processes should have a neg-
ligible effect on our results.

For completeness, we list in Table 1 the energy defects
adopted here for charge transfer recombination reactions in-
volving ions with q < 4. For ions with higher charge, we use
amean energy defect equal to 2.86q eV, based on the discussion
above. Energy defects for charge transfer ionization reactions
are given in Table 2. In most cases, null entries in these tables
correspond to ions for which the reactions proceed by radiative
charge transfer.

3. RESULTS

Using the energy defects given in Tables 1 and 2, we have
modified the spectral synthesis code CLOUDY to include the
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effects of charge transfer heating/cooling in its calculation of
thermal balance. This is included in versions 90.05 and later
of the code. In order to examine the importance of charge
transfer heating/cooling in a wide range of astrophysical en-
vironments, we have run numerous models, including several
from the CLOUDY test suite (Ferland 1996). These include a
planetary nebula, the Orion nebula, an old novashell, anarrow-
line region, and a broad-line region.

Although the nature of charge transfer heating/cooling and
its relative importance to the thermal balance will depend
strongly on the physical parameters, we have been ableto glean
several genera points from our model runs:

1. Charge transfer is primarily a heating mechanism. That
this is the case is easily verified by a cursory examination of
Tables 1 and 2, which shows that the vast mgjority of the
reactions are exothermic.

2. The effect is strongly localized in the H/H* transition
zone. This is because charge transfer involves species of dif-
ferent ionization potentials, so that there is usually arelatively
small region in which the reactants coexist in significant
numbers.

3. The relative importance of charge transfer to the total
heating increases with harder ionizing continua. As the radi-
ation field hardens, more highly charged species can coexist
with neutral H. Because charge transfer reactions between such
ions and H generally have both larger rate coefficients and
larger energy defects, the contribution of charge transfer to the
resulting thermal equilibrium is increased.

4. Charge transfer reactions can be very important in de-
termining the thermal balance in situationsin which the normal
heating/cooling agents are suppressed. For example, the charge
transfer heating rate easily reaches 10%—20% of the heating
in BLR clouds such as those modeled in Ferland et a. (1996).
Our tests indicate that under these circumstances, charge trans-
fer heating is dominated by reactions involving ions with low
charge.

As an example, we present amodel of anovashell in which
the thermal effects of charge transfer are very important. The
model consists of gas at a density of 3 x 10° ¢cm 3, located a
distance of 3 x 10 cm from the ionizing source, which is
taken to be a blackbody with a temperature T = 1.25 x 10°
K and a luminosity equal to 10*® ergs s *. The abundances of
the elements are solar, with the exception of N and O, which
are taken to be 100 and 10 times solar, respectively, asistypical
of novae (see the extensive reviews presented in Howell,
Kuulkers, & Woodward 1998).

Figure 1 depictsthefraction of thelocal heating dueto charge
transfer reactions as a function of depth for this model. This
fraction reaches a maximum of ~60%, dominated by the re-
action N + H — N + H". The minimum fraction obtained
is ~1%.
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Fic. 1.—Fraction of heating due to charge transfer vs. depth for the model
discussed in the text.

The results of this Letter indicate that charge transfer re-
actions can play a significant role in determining the thermal
balance of many nebulae, both locally and globally. It isthere-
foreimperative to have accurate state-specific values of therate
coefficients and energy defects. From our tests, we find that
the most important reactions are C*%, C™3, N*, O", and O™
reacting with H, and O° reacting with H*. Quantal calculations
exist for al of these reactions, so that the rate coefficients
should befairly reliable. The state of affairs for the two oxygen
reactions has been heretofore less than ideal (Kingdon & Fer-
land 1996). New quantal calculations covering a temperature
range more appropriate for astrophysical plasmas are in prep-
aration. Preliminary results (P. C. Stancil 1998, private com-
munication) give rate coefficients at 10,000 K that are ~80%
larger than those used here, increasing the importance of these
reactions.

The authors acknowledge useful discussionswith P. C. Stan-
cil, C. Knigge, E. R. Capriotti, and K. MacAdam. Thisresearch
was supported in part by the Office of Fusion Energy Sciences,
US Depatment of Energy, under contract DE-ACO05-
960R22464 with Lockheed Martin Energy Research Corp. and
by an appointment for J. B. K. to the Oak Ridge Nationa
Laboratory (ORNL) Postdoctoral Research A ssociates Program
administered jointly by ORNL and by the Oak Ridge Institute
for Science and Education. CLOUDY has been generously
supported by the National Science Foundation and NASA.
G. J. F. would like to thank the Canadian Institute for Theo-
retical Astrophysics for their hospitality during his visit.
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