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Abstract. In this paper, the importance of H*(n) + H(1s) collisional ioniza-
tion as well as the influence of inverse recombination processes in different
environments has been investigated within the regions 2 < n < 20 and 4 000
K < T < 20 000 K. The interpretation of this influence is based on existing
method of describing inelastic processes in symmetrical atomRydberg-atom
collisions. These processes have effect on ionization and the populations of hy-
drogen excited atoms in moderately ionized plasma layers. From the results it
follows that the investigation of these processes is of interest for the research
and modelling of such medium.
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1. Introduction

The processing of line spectra with radiative transfer calculations requires spec-
troscopic data as well as collisional data (e.g., cross sections, rate coefficients,
atomic parameters, etc Baron & Hauschildt 1998; Mihajlov et al. 2011a; Ignja-
tovié¢ et al. 2014; Sreckovi¢ et al. 2018a). The fact that the ionization processes
which involve highly excited atoms (Mihajlov et al., 2012; Sre¢kovié et al., 2017)
influence the ionization level and atom excited-state populations, could influ-
ence the optical properties of the weakly ionized regions (Mihajlov et al., 2011b)
of very dense parts of the clouds in broad line region (BLR) of active galactic
nuclei (AGN), and potentially be important for the spectroscopy and modeling
of such environment (Crosas & Weisheit, 1993; Osterbrock & Ferland, 2006).
Consequently, it is essential to find out at what plasma conditions such pro-
cesses become important and to eliminate uncertainties of the rate coefficients
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due to hydrogen collisions (Barklem, 2007; Sreckovi¢ et al., 2018a), so that they
can be properly included in numerical simulations (Ferland et al., 1998, 2017).

If an atom is in a state of sufficiently high principal quantum number n it
means that the valence electron is far from the ionic core, and such atom appears
hydrogenic. It is commonly accepted to call such atoms as Rydberg atoms with
electron excited into a high lying Rydberg state, with large principal quantum
number. For Rydberg atoms even inelastic thermal collisions can be sufficiently
energetic to lead to ionization reactions (Gnedin et al., 2009; Mihajlov et al.,
2012). These types of reactions are collisional ionization processes of associative
ionization and the non-associative ionization

+

H+H" +e 2)
and the corresponding inverse recombination processes where H*(n) represents
a high n Rydberg state of an atom H and e is a free electron, where H = H(1s).
Here the processes (1) and (2) are theoretically considered as factors of influence
on the populations of excited atoms in the weakly ionized hydrogen plasmas.
It means that the efficiency of these processes should be compared with the
efficiency of the collisional processes H*(n) + e < H' + 2¢ and H" + ¢ =
H*(n)+ex. For the considered conditions of weakly ionized hydrogen plasmas the
rate coefficients for collisional ionisation and collisional recombination processes
are calculated as well.

8000

6000 2,
N =

Figure 1. The ratio N(H")(n)/N(H;,)(n), as a function of height h. The index "eq”
denotes that excited atom densities correspond to thermodynamical equilibrium con-
ditions for given T'.
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Let us note the fact concerning (1) and (2) collision processes. Namely the
considered processes strongly influence to the excited state populations and
the free electron density (Mihajlov et al., 2011b). As the consequence of these
facts, the significant change of the shape of the hydrogen atomic spectral lines
is expected in different environments (see e.g. Gnedin et al. 2009). Also, let us
emphasize the fact that the importance of these processes for non-local thermo-
dynamic equilibrium (LTE) modeling of different atmosphere should be further
investigated. In Fig. 1, deviations of non-LTE populations of excited hydrogen
atom states with 2 < n < 8, in solar photosphere are illustrated (see Mihajlov
et al. 2011b). One can see that these deviations are particularly pronounced for
n = 2. This deviation is noticeable, illustrating the importance of taking into
account the considered processes ab initio in the modeling.

2. The collisional ionisation/recombination data

As in the previous papers (Mihajlov et al., 2011b; Mihajlov et al., 2012), for the
hydrogen Rydberg states (n > 1) we will treat processes (1) and (2) on the
basis of dipole resonant mechanism. Such processes are considered as a result
of resonant energy conversion within the electronic component of the collisional
system H"(n) + H(1ls), which is realized inside the region R << r,, where
the collisional system can be presented as [H' + H(1s)] + e,, and which is
caused by the dipole part of the interaction of the outer electron e, with the
subsystem [HT + H(1s)]. The parameter r,, ~ n? is the characteristic radius of
Rydberg atom H*(n) and R is the inter-nuclear distance in the collision system
H*(n) 4+ H(1s). The processes (1) and (2) for the 2 < n < 4 will be considered
separately as in Mihajlov et al. (2011b), due to the behaviour of the adiabatic
potential curves of atom-atom collisional systems. Here we presented a brief
description of the method with the basic theory (for details, see Mihajlov et al.
2012; O’Keeffe et al. 2012).

The aim of this work is to find out at what plasma conditions collisional
ionisation/recombination become important and to update values and eliminate
uncertainties of the rate coefficients due to hydrogen collisions (Barklem, 2007;
Srec¢kovié et al., 2018a) in order that they can be properly included in numerical
simulations and modelling (Ferland et al., 1998, 2017) as well as in the A&M
databases (Vujci¢ et al., 2015; Dubernet et al., 2016; Marinkovi¢ et al., 2017).

The corresponding partial rate coefficients of the collisional ionisation/ re-

combination processes (1) and (2) are denoted here with K ﬁf ’cbr) (n;T), where T
is the temperature of the considered plasma. Using these partial rate coefficients
we determined the total ones K; o (n,T), namely,

Kci,cr(n7 T) = K(a)

ct,cr

(n,T) + K, (n,T), (3)

which characterizes the efficiency of the considered collisional processes together
(for details see Mihajlov et al. 2011b). Here we will consider collisional ionisa-
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tion/ recombination processes within the regions 2 <n < 20and 4000 K < T <
20 000 K. Relative contribution of associative and non-associative channels i.e.
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Figure 2. The calculated values of rate coefficients for collisional ionization and re-
combination K¢;(n,T') and Ker(n,T) .

partial collisional ionisation/ recombination for given n and T' can bee char-

acterized by corresponding branch factor i.e. ratio Kc(f’b) (n,T)/Kci(n,T). This
provides important information about presence of molecular ion H;r

The total collisional ionization I.;(n, T'), and collisional recombination I...(n, T')
fluxes caused by the processes (1) and (2), can be expressed as,

I;(n,T) = K¢ (n,T) - N, Ny, I,(n,T) = K¢ (n,T) - NyN;N..  (4)

This is performed under the standard assumption that in e.g. photosphere plas-
mas T, = T, = T, where T, and T, are the electron and atom temperatures
and T is their common value. Let I;.eq(n,T)= Keoq(n,T) - NyNe, Irieei(n, T) =
Keei(n,T) N;NeN, and I.,p(n, T)= Kpp(n,T) -N; N, are the fluxes caused by
ionization and recombination processes where Ny, N,,, N;, and N, are, respec-
tively, the densities of the ground and excited states of a hydrogen atom, of ion,
and of free electron in the considered plasma with given T'.

. . e . Iu(n,T
Using these expressions, we can calculate quantities i.e. flux ratio %

which characterize the relative efficiency of partial ionization processes (1) and
(2) together and the impact electron-atom ionization in the considered plasma.
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3. Results and Discussion

The values of the total ionization and recombination rate coefficients K;(n,T)
and K.-(n,T), obtained in the described way, are presented in Fig. 2. These
results cover the regions 2 < n < 20 and 4000 K < 7" < 20000 K which are
relevant for moderately ionized plasma layers in different environments.

In order to allow for a faster usage of the calculated results we provide a fit
to numerical results of the form (Sahal-Bréchot et al., 2014)

log(Keier(T)) = Y ai(log(T))". (5)

=0

The fits are valid over the temperature range of 4000 K < T < 20000 K (see
Mihajlov et al. (2011a); Srec¢kovié et al. (2018a); Sreckovié et al. (2018b)). This
enables the easy inclusion of these processes in the modeling not only the very
dense parts of the clouds in AGN BLR but also moderately ionized layers of
the Sun and solar like stars. The parameters are provided in Tab. 1 for selected
excited states (n = 4, 5).

Table 1. The fits of the Eq. (5) to the rate coefficients (Mihajlov et al., 2011a;
Sreckovié¢ et al., 2018a). A portion is shown here for guidance regarding its form and
content.

n (o7)) aq ag
Kci

4 1991758  -15.14785  1.98009

5 -20.60455  5.21174  -0.57122
Kcr

4 35.17003 -30.09052  3.52731

5 -15.84169 -4.85018  0.41418

These results, and further analysis show that associative channel is dominant
for lower n and T'. This provides important information about presence of molec-
ular ion Hj . The importance of associative channel decreases with temperature
increase when non-associative channel take dominant place.

In Fig. 3 the behavior of flux ratio % for 2 < n < 8, for the plasma

condition with neutral hydrogen atom in the ground state densities 10'® cm™3
and the electron density of 0.01 Ny, at T'= 8000 K, is shown. For 2 < n <5 the
efficiency of the considered collisional ionization processes is at least comparable
with the electron-atom impact ionization. The same conclusion goes for influence
of the collisional recombination processes together on the same block of excited
hydrogen atom states.



176 V.A. Sreckovié¢ et al.
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Figure 3. Behavior of the quantity i.e. flux ratio % as a function of n, for

the neutral hydrogen atom ground state densities N3 = 10*® cm ™ and temperatures
T = 8000 K with the electron density 0.01 Nj.

Analyzing the flux ratio the influence of investigated processes increases
linearly with hydrogen density, and, for example for 10*¥cm~3 some optical
characteristics may be different than for 10'?cm ™3, due to changes in electron
density, energy level populations, formation of hydrogen molecules, etc. In future
it will be very useful to do an analysis (e.g with the code CLOUDY) in order
to see changes in optical characteristics.

About this issue, in Mihajlov et al. (2007) was examined the atmosphere
of a M red dwarf with an effective temperature of 3800 K. For the examined
atmosphere, the profiles of a number of spectral lines of the hydrogen atom
were calculated (see also Gnedin et al. (2009)). Profiles are synthesized with
PHOENIX code with Stark broadening contribution. Analyses show that the
collisional-ionization /recombination processes, influence on the population of
the hydrogen excited states and the electron densities, and have a very strong
effect on the shape of the spectral lines (see also Gnedin et al. 2009; Sreckovié
et al. 2018a).

4. Conclusions

The presented data and analyses demonstrate the fact that the considered
ionization/recombination processes, influence on the ionization level and atom
excited-state populations and have a noticeable influence on the optical prop-
erties of very dense parts of the clouds in the BLR of AGNs where the neutral
hydrogen densities are larger than 10*2cm ™2 since in such conditions they dom-
inate over the relevant concurrent electronatom collision processes. The calcu-
lated values of the rate coefficients are also very useful for the modelling and
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analysis of similar layers in the photospheres of Sun and solar like stars and
laboratory plasmas (Barklem, 2007; Fontenla et al., 2009) and for the study
of their influence during the cosmological recombination epoch (Chluba et al.,
2010). Note that the obtained results point to further directions of the investi-
gation. In future it will be very useful to do an analysis with the code CLOUDY
in order to see changes in optical characteristics i.e. on the line shapes.
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