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Abstract. We study the influence of a group of chemi-ionization and chemi-recombination processes on the populations of
higher states of hydrogen in the layers of a stellar atmosphere. The group of processes includes ionization: H∗(n) + H(1s)=⇒
H+2+e , H∗(n)+H(1s)=⇒ H(1s)+H++e, and inverse recombination: H+2+e=⇒ H∗(n)+H(1s), H(1s)+H++e=⇒ H∗(n)+H(1s),
where H∗(n) is the hydrogen atom in a state with the principal quantum numbern� 1, and H+2 is the hydrogen molecular ion
in a weakly bound rho-vibrational state of the ground state. These processes have been treated within the framework of the
semi-classical approximation, developed in several previous papers, and have been included in the general stellar atmosphere
code. We present results for an M dwarf atmosphere withTeff = 3800 K and find that the inclusion of chemi-ionization
and chemi-recombination processes is significant in the low temperature parts of the atmosphere.
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1. Introduction

For several years we have studied the chemi-ionization atom-
atom collisional processes and inverse chemi-recombination
processes that may influence the populations of the hydrogen
atom Rydberg states in the weakly ionized layers of stellar at-
mospheres (Mihajlov et al. 1996a, 1997). In the case of hydro-
gen, these processes are:

H∗(n) + H(1s) =⇒ H+2 + e, (1a)

H∗(n) + H(1s) =⇒ H(1s)+ H+ + e, (1b)

H+2 + e=⇒ H∗(n) + H(1s), (2a)

H(1s)+ H+ + e=⇒ H∗(n) + H(1s), (2b)

where H∗(n) is a hydrogen atom in a state with the principal
quantum numbern� 1, and H+2 is a hydrogen molecular ion in
a weakly bound rho-vibrational state of the ground electronic
state. In the case of ionization (1a,b), the lower limit of the
Rydberg state range that was considered was set ton = 4
(Mihajlov et al. 1996a, 1997). The block of rho-vibrational
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states with a dissociation energy less than 1 eV has an essen-
tial role in the case of formation of the molecular ion (pro-
cesses (1a) and (2a)) and within the range of quantum numbers
that was considered. In the case of cool stellar atmosphere lay-
ers (3000 K≤ T ≤ 5000 K), the block of such weakly bound
rho-vibrational states can be considered to be in equilibrium
with the collisional H(1s)+H+ complexes, without the require-
ment that the lower rho-vibrational states of molecular ion are
in equilibrium (Mihajlov & Ljepojević 1982; Mihajlov et al.
1992). This fact makes the description of recombination pro-
cesses (2a) and (2b) easier, since it enables us to avoid the di-
rect determination of the density of molecular ions in weakly
ionized rho-vibrational states.

In our previous work (Mihajlov et al. 1997, 1998) we es-
timated the influence of the processes (1a,b; 2a,b) for the low
temperature layers of the Solar atmosphere. We compared the
ionization and recombination fluxes with and without inclusion
of the above processes and found a significant difference in the
population of the H∗(n) atomic states with 4< n < 8.

Here we discuss the importance of these processes in stellar
atmospheres of lower temperature. This paper is organized as
follows: in Sect. 2 we summarize the theoretical framework and
in Sect. 3 we describe the changes in the stellar atmosphere
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code and parameters of the test model atmosphere.
We present our results and discussion in Sect. 4 and draw our
conclusions in Sect. 5.

2. Theoretical remarks

Let I (a,b)
i (n) and I (a,b)

r (n) denote ionization and recombination
fluxes affecting population and depopulation of excited hydro-
gen atom atomic levels due to reactions. By definition, ion-
ization fluxes I (a,b)

i (n) determining the rate of depopulation
of H∗(n) states are given by

I (a)
i (n) = K(a)

i (n) · N(H) · N(H∗(n)) (3a)

I (b)
i (n) = K(b)

i (n) · N(H) · N(H∗(n)) (3b)

whereN(H) andN(H∗(n)) are H(1s) and H∗(n) atom densities,
andKa

i (n) andKb
i (n) are rate coefficients of the reactions (1a)

and (1b) respectively. The recombination fluxI (a)
r (n), determin-

ing the velocity of population of H∗(n) states due to the reac-
tion (2a), is given by definition as:I (a)

r = Kdr · N(H+2) · N(e),
whereN(e) andN(H+2) are the electron density and the density
of molecular ion H+2 in the abovementioned weakly bound rho-
vibrational states, andKdr is the corresponding rate coefficient
of the dissociative recombination reaction (2a). The expression
for the recombination fluxI (a)

r may be written by:

I (a)
r (n) = K(a)

r (n) · N(H) · N(H+) · N(e) (4a)

whereK(a)
r = Kdr[N(H)·N(H+)/N(H+2)]−1. The advantage of ex-

pression (4a) for the recombination fluxI (a)
r (n) is the fact that it

introduces a new effective rate coefficient of the reaction (2a). If
the ionization rate coefficientKa

i (n) is known, theK(a)
r (n) may

be determined directly, under assumption of the equilibrium be-
tween H+2 weakly bound rho-vibrational states and the H+ H+

collisional complex (Mihajlov & Ljepojevi´c 1982; Mihajlov
et al. 1992). This makes the treatment of the problem easier
and enables us to avoid the determination of theKdr(n) rate co-
efficient. The recombination fluxI (b)

r (n), determining the rate
of population of H∗(n) states due to the reaction (2b), is given,
by definition, by:

I (b)
r (n) = K(b)

r (n) · N(H) · N(H+) · N(e), (4b)

whereK(b)
r (n) is the rate coefficient of the reaction (2b). The

influence of the processes (1a,b) and (2a,b) on H∗(n) atomic
states populations may be estimated using only theN(H),
N(H∗(n)), N(H+) andN(e) populations.

Rate coefficients for the processes (1, 2) have been deter-
mined within the semi-classical theory described in the previ-
ous papers (Janev & Mihajlov 1980; Mihajlov & Ljepojevi´c
1982; Mihajlov et al. 1992). This theory takes into account
atomic collisions, where the H∗(n) + H system in the pro-
cesses (1a,b) as well as the e+ H+ + H system in the pro-
cesses (2b) go through the phase where they may be treated
as a (H+ + H) + e system. Here, (H+ + H) denotes that the
ion-atom subsystem may be treated as a quasi-molecular ion-
atom complex under assumption that its electronic states may
be described as superpositions of the ground and the first ex-
cited states of the H+2 molecular ion. Furthemore, this means

that during the quasi-molecular phase the average electron dis-
tance from the center of mass of the H+ + H subsystem is
much larger than the internuclear distance between H+ and H.
Consequently, the dipole interaction between the (H+ +H) and
an electron (Smirnov & Mihajlov 1971) is the origin of the
chemi-ionization/recombination processes (1a,b) and (2a,b).
One can notice that within the frame of this approach, the pro-
cesses (2a) and (2b) may be described practically in the same
way. Expressions for the rate coefficients in the processes (1a,b)
and (2a,b) which are used here as well as the method of de-
termination of the rate coefficients are described in details in
Mihajlov et al. (1996b).

3. Modeling

We included procesess (1a,b) and (2a,b) into the general stel-
lar atmosphere code described in Hauschildt et al.
(1999), Short et al. (1999), Baron & Hauschildt (1998).
 solves simultaneously the equations of hydrostatic
equilibrium, multi-level and multi-species statistical equilib-
rium and NLTE radiative transfer. The major advantage of
 is that it uses extensive atomic and molecular
databases and can be used for modeling of very cool objects.

The main change in the code is in the addition of a new
term in the statistical equilibrium equation which describes ad-
ditional collisional processes. This change allows us to treat
chemi-ionization/recombinationprocesses consistently with all
the other processes. Due to limits of the semi-classical ap-
proach, we include additional collisional term only for levels
larger thann = 4.

We use for our calculation the plane-parallel, static op-
tion of  which has been adopted for use in “chro-
mospheric” type of problems. As a test atmosphere we use a
“schematic” chromospheric structure with an effective temper-
ature of 3800 K, logarithm gravity of 5.0, logm0 = −2.5 being
the column mass at temperature minimum, and logmTR −4.8,
mTR standing for the column mass in the transition region. The
choosen parameters represent a typical M0 dwarf of weak ac-
tivity. The procedure of building this model is identical to that
described in Jevremovi´c et al. (2000) and its structure is shown
in Fig. 1. As we are interested in behavior of hydrogen popula-
tions, we solve the NLTE problem for the 30 lowest levels. The
standard collisional data for hydrogen are those from Vriens &
Smeets (1980).

4. Results and discussion

In Figs. 2–4 we present the behavior of population ratiosζ
without and with inclusion of chemi-ionization (1a,b) and
chemi-recombination (2a,b) processes for the levels 3 to 20.
The ratios are close to unity forn = 3, and start to differ
for n = 4 and 5 (Fig. 2). Forn = 5 the largest difference is
around 10%. This is to be expected as we include the procesess
for n ≥ 4, which is based on the validity of the semi-classical
approximation. The population of lower levels (n = 2, 3) is
influenced by other processes included in the statistical equi-
librium equation.
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Fig. 1. Temperature and electron density structure for the model of test atmosphere.

Fig. 2. The behaviour of the population ratioζ(n) for 3 ≤ n ≤ 9 as a function of the column mass.

As expected, the additional collisional term in statis-
tical equilibrium brings the solution closer to local ther-
modynamical equilibrium (LTE). In terms of our popula-
tion ratios, in the parts of atmosphere where populations,
determined in our calculations using, are larger
than LTE populations (departure coefficients bi > 1),
our parameterζ is larger than one. This means that in
such a case, chemi-ionization processes depopulate excited
states and dominate in comparison with chemi-recombination

processes. The result is that populations determined with pro-
cesses (1, 2) included are smaller in comparison with popula-
tions calculated without them and consequentlyζ is larger than
one. In the reverse case (bi < 1), parameterζ is smaller than
one, which means that in this case chemi-recombination pro-
cesses dominate over chemi-ionization ones and increase the
population of excited levels. As a result, in both cases, pro-
cesses (1, 2) act as important factors closing the difference be-
tween the calculated and LTE populations.
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Fig. 3. The behaviour of the population ratioζ(n) for 10≤ n ≤ 15 as a function of the column mass.

Fig. 4. The behaviour of the population ratioζ(n) for 16≤ n ≤ 20 as a function of the column mass.

As can be seen from Fig. 2, the behaviour ofζ(n) for 6 <
n < 9 shows a tendence to converge to a pattern, which may
differ up to 40% from unity. For higher levels (Figs. 3 and 4)
the convergence to a pattern is complete and it can be under-
stood by assuming that highly excited hydrogen level popu-
lations have quasi-Boltzman distributions different from dis-
tributions for partial LTE. It is not suprising that the popula-
tion ratios for the levels up to 30 and the proton density show
the same behaviour as levels withn > 15. One also has to

remember that in the layers with temperatures lower than
4500 K the main electron contributors are metals so, as ex-
pected, there is very little change in electron density.

5. Conclusion

We have demonstrated the importance of the inclusion
of chemi-ionization (1a,b) and chemi-recombination (2a,b)
processes in modeling of atmospheres of late type stars.



A. A. Mihajlov et al.: Influence of chemi-ionization/recombination processes 791

In previous work (Mihajlov et al. 1996a, 1997, 1998), it had
been assumed that these processes were important up ton = 10.
Here we have demonstrated that inclusion of processes (1a,b)
and (2a,b) significantly changes the population of all Rydberg
levels due to PLTE. However, in some atmospheric layers self-
consistent modeling shows differences of up to 40% between
calculations with and without inclusion of these processes.

We plan to continue these investigations for atmospheres
with different effective temperatures, including stars with
higher Teff, such as the Sun and Sun-like stars. Namely, on
the basis of our previous results and those presented here, one
could expect that for such stars, processes (1a,b) and (2a,b)
should influence not only the population of higher levels of hy-
drogen, but also the electron density. Furthermore, we plan to
include in  the chemi-ionization/recombination pro-
cesses similar to (1a,b) and (2a,b) in the He(1s2) atom which
would be used in modeling of helium-rich stars.

Also, there is a need for a developement of a theory of pro-
cesses similar to processes (1a,b) and (2a,b) for the lower lev-
els of hydrogen, with the principal quantum numbersn = 2
and 3. This extension would enable more sophisticated mod-
eling of stellar atmospheres as the population of lower levels
may significantly alter the electron density and consequently
the atmospheric structure.
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