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Abstract

:

We present the results of the influence of two groups of collisional processes (atom–atom and ion–atom) on the optical and kinetic properties of weakly ionized stellar atmospheres layers. The first type includes radiative processes of the photodissociation/association and radiative charge exchange, the second one the chemi-ionisation/recombination processes with participation of only hydrogen and helium atoms and ions. The quantitative estimation of the rate coefficients of the mentioned processes were made. The effect of the radiative processes is estimated by comparing their intensities with those of the known concurrent processes in application to the solar photosphere and to the photospheres of DB white dwarfs. The investigated chemi-ionisation/recombination processes are considered from the viewpoint of their influence on the populations of the excited states of the hydrogen atom (the Sun and an M-type red dwarf) and helium atom (DB white dwarfs). The effect of these processes on the populations of the excited states of the hydrogen atom has been studied using the general stellar atmosphere code, which generates the model. The presented results demonstrate the undoubted influence of the considered radiative and chemi- ionisation/recombination processes on the optical properties and on the kinetics of the weakly ionized layers in stellar atmospheres.
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1. Introduction


Atomic and molecular data play a key role in many areas of science like atomic and molecular physics, astrophysics, nuclear physics, industry, etc. [1,2,3,4,5,6,7,8,9]. The interpretation of interstellar line spectra with radiative transfer calculations usually requires spectroscopic data and collision data (e.g., atomic parameters, cross sections, etc.) [10,11]. Determination of accurate fundamental stellar parameters is one of the most important of today’s tasks and this area of fundamental science is very important and still current. For example, the atomic and molecular data are important for development of atmosphere models of solar and near solar type stars and for radiative transport investigations as well as an understanding of the kinetics of stellar and other astrophysical plasmas [12]. Available LTE codes for stellar atmosphere modelling like ATLAS [13,14], MARCS [15] as well as NLTE codes like e.g., PHOENIX (see e.g., [16,17]) and TLUSTY [18,19] require the knowledge of atomic and molecular data. In addition, spectrum synthesis codes (e.g., SYNTHE, SYNSPEC) for radiative transfer and spectra depend on these as input parameters [20]. Such atomic data and processes are also important in modelling early Universe chemistry (see [21]). Evaluation of chemical abundances in the standard Big Bang model are calculated from a set of chemical reactions for the early universe and among them are very important reactions with species like H,    H 2 +    and also different Rydberg atoms [22]. The highly excited atomic states are named ’Rydberg states’, and the atoms in such states are called ‘Rydberg atoms’. Strictly speaking, only highly excited states, should be counted among the Rydberg states. However, in practice, an atom     A ∗   ( n , l )     is being treated as a Rydberg atom if    ( n −  n 0  ) ≥ 4   , where    n 0    is the principal quantum number of the outer shell of the atom A in its ground state, and in the case of an atom     He ∗   ( n )    —for any    n ≥ 3   . It should be noted that, at the present time, even in the laboratory experiments, Rydberg atoms with n close to    10 2    are being explored, while the astrophysicists observe the radiation of atoms from the states with n close to    10 3   . With a change of n, the parameters characterizing Rydberg states may change by orders of magnitude.



The content of this article is distributed in four sections. The first is devoted to the detailed description of the processes, and the corresponding methods of the determination of such processes coefficients and parameters. Section 2 and Section 3 show the existing theoretical results concerning the investigated processes, their role in the low temperature layers of stellar atmospheres, as well as the methods of the investigation of such processes. Finally, at the end of this article, the current research and directions of further research are summarized.



In a series of papers [23,24,25,26,27], two groups of atom–Rydberg atom and ion–atom collisional processes have been studied from the point of view of their effect on the optical and kinetic properties of weakly ionized laboratory and astrophysical plasmas.



The first group of them includes chemi-ionization and chemi-recombination processes of the type


    A ∗   ( n )  + A ⟺ e + A +  A +  ,   



(1a)






    A ∗   ( n )  + A ⟺ e +  A  2  +  ,   



(1b)




where     A ∗   ( n )     is an atom in a highly excited (Rydberg) state with a principal quantum number    n ≫ 1   , and e is a free electron. The processes caused by the action of the resonant energy exchange mechanism inside the electron component corresponding to the atomic–atomic or electron–ion–atomic system are considered [28]. These processes are illustrated in the Figure 1, where Figure 1a schematically shows the geometry of the collision     A ∗   ( n )  + A   , and Figure 1b—the essence of the resonant mechanism is that the transition of an external weakly bound electron of the system (   e n   ) with energy     ε n  < 0    to a free state with energy     ε k  > 0    is accompanied by a transition of the subsystem    A +  A +     from the first excited molecular state with energy     U 2   ( R )     to the ground state with energy     U 1   ( R )    .



The second group of processes includes radiation processes of the type:


       ε λ  +  A  2  +  ⟺ A +  A +    photodissociation / association  ,      



(2a)






       ε λ  +  A +  + A ⟺ A +  A +    radiation   charge   exchange  ,      



(2b)




where    ε λ    stands for the energy of a photon with a wavelength   λ  , A and    A +   —an atom and its positive ion in the ground states, and    A  2  +   —a molecular ion in the ground electronic state. These processes are illustrated in the Figure 2, where     U 1   ( R )     and     U 2   ( R )     represent the adiabatic potential curves of the ground and first excited electronic state of the ion, and R stands for the internuclear distance in atomic units. This figure shows that the radiative processes under study represent the result of transitions, with the emission or absorption of a photon, between the mentioned molecular electronic states.



The effect of chemi-ionization and chemi-recombination processes (1) can be estimated by comparing their intensities with the intensities of known concurrent ionization and recombination processes, namely:


    A +  + e ⟹  ε λ  +  A ∗   ( n )  ,   



(3)






    A +  + e + e ⟺  A ∗   ( n )  + e .   



(4)







The influence of radiation processes (2) can be analysed by comparing with the intensities of known concurrent radiative processes, namely:


    A +  + e ⟺  ε λ  +  A +  + e ,   



(5a)






    A +  + e ⟺  ε λ  +  A ∗  ,   



(5b)






   A + e ⟺  ε λ  + A + e ,   



(6)






   A + e ⟺  ε λ  +  A −  ,   



(7)




where    A −    is stable negative ion.



In connection with astrophysical plasmas, two cases are considered:




	
the case of hydrogen, when    A = H ( 1 s )    and     A +  =   H  +    ,



	
the case of helium, when    A = He ( 1  s 2  )    and     A +  =   He  +   ( 1 s )    .








For the solar atmosphere, A usually denotes atom H(1s) and     A +  =   H  +  ,    and, for the case of helium-rich white dwarf atmospheres, A denotes He(1   1  s 2    ) and     A +  =   He  +   ( 1 s )    .



Chemi-ionization/recombination processes are very important for the evolution of Universe in the early epochs. The most important process is hydrogen recombination, and Rydberg states can play important roles in this process [22].




2. Chemi-Ionization and Chemi-Recombination Processes


The region of importance of chemi-ionization processes and production of Rydberg atoms i.e., chemi-recombination is in the cool dwarf stars and, especially, cool white dwarfs. Spectroscopic observations of cool white dwarfs [29] have demonstrated that white dwarfs with temperatures less than 6100 K are found to display significant flux deficits that are not predicted by the current WD model. One can suggest that such process may be absorption by atoms and molecules in highly excited Rydberg states.



Recent research of the atmospheres of cooling stars such as white dwarfs pointed out an anomaly in light emission of Rydberg atom with    n = 10    and tabular lifetime    τ ∼  10  − 6      s. The lines of the corresponding infra-red transitions have not been observed [30]. Let us note that it is just these states that correspond to the maximal values of chemi-ionization rate coefficients. According to the observational data, we have that, under such conditions     N 0  ≥  10 17     cm   − 3      and     N ∗  ≥  10 13     cm   − 3     , where    N 0    and    N ∗    are the densities of the ground state and Rydberg atoms. It is not difficult to estimate that the probability of a Rydberg atom being extinguished through the chemi-ionization channel is comparable to the probability of its radiative decay.



Let us not forget the importance of chemi-ionization processes and production of Rydberg atoms in chemistry, physics and related branches of science [28,31,32].



In this article, the current state of research of the processes in atom–Rydberg atom collisions is presented. The principal assumptions of the model of such processes are based on the dipole resonance mechanism.



The chemi-ionization and inverse chemi-recombination processes (1) can be considered from the point of view of their effect on the population of the excited states of the hydrogen atoms in solar and cold-star atmospheres, as well as on the population of excited states of the helium atoms in DB white dwarfs. Comparative analysis of the influence of these and concurrent processes (3) and (4) can be presented by the values of the following parameters:


    F  p h r   ( a b )    ( 2 , 8 )  =     ∑  n = 2  8      I  r   ( a b )    ( n , T )      ∑  n = 2  8      I  p h r   ( a b )    ( n , T )    ,   F  e e i   ( a b )    ( 2 , 8 )  =     ∑  n = 2  8      I  r   ( a b )    ( n , T )      ∑  n = 2  8      I  r   ( e e i )    ( n , T )    ,   F i   ( n , T )  =    I  c i    ( n , T )     I  i ; e a    ( n , T )  ,     



(8)




where     I  c i    ( n , T )    ,     I  i ; e a    ( n , T )    ,     I  r   ( a b )    ( n , T )    ,     I  p h r   ( a b )    ( n , T )     and     I  r   ( e e i )    ( n , T )     are the fluxes caused by ionization and recombination processes (1), (3) and (4).



2.1. Solar Atmosphere


As a necessary step to improve the modeling of the solar photosphere, as well as to model atmospheres of other similar and cooler stars where the main constituent is also hydrogen, it is required to take into account the influence of all the relevant collisional processes on the excited-atom populations in weakly ionized hydrogen plasmas. This is important since a strong connection between the changes in atom excited-state populations and the electron density exists in weakly ionized plasmas. It is a fact that, with an increase of the electron density, caused by a growth of the excited hydrogen atom population, the rate of thermalization by electron–atom collisions in the stellar atmosphere will become higher. A consequence will be that the radiative source function of the line center will be more closely coupled to the Planck function, making the synthesized spectral lines stronger for a given model structure, affecting the accuracy of plasma diagnostics and determination of the atmospheric pressure.



The theoretical investigation of the processes (1) started in [33] for the hydrogen symmetric case A = H. Although some of the chemi-ionization processes in atom–Rydberg atom collisions had already been described in [33], their intensive astrophysical research began somewhat later. From the astrophysical point of view, in Ref. [34], an investigation was started for the chemi-recombination processes of the photosphere and the lower chromosphere of the Sun, where    4 ≤ n ≤ 8   . Further research of Mihajlov and coworkers continued in [35] on the chemi-ionisation processes in     H ∗   ( n ≥ 2 )     + H(1s) collisions and inverse recombination in the photosphere and the lower chromosphere of the Sun.



The partial rate coefficients for the chemi-ionization processes (1a,b) are determined by expressions


    K  c i   ( a , b )    ( n , T )  =   ∫   E  m i n    ( n )   ∞    v  σ  c i   ( a , b )    ( n , E )  f  ( v ; T )   d v ,   



(9)




where     σ  c i   ( a , b )    ( n , E )     is cross section, v is the atom–Rydberg–atom impact velocity,    f ( v ; T )    is the velocity distribution function for the given temperature T, and     E  m i n    ( n )     is determined by the behavior of the potential curve     U 2   ( R )     and the splitting term as presented in [35].



Under the conditions that exist in the solar atmosphere, the chemi-recombination rate coefficients can be presented over chemi-ionization rate coefficient


    K  c i   ( a )    ( n , T )  ·  N n   N 1  =  K  c r   ( a )    ( n , T )  ·  N 1   N  a i    N e  ,   



(10)




where    N 1    and    N n    denote the densities of ground- and excited-state of atoms, respectively, while    N  a i     is the densities of ions.



Using partial rate coefficients     K  c i , c r   ( a , b )    ( n , T )    , we can determine the total one,


    K  c i , c r    ( n , T )  =  K  c i , c r   ( a )    ( n , T )  +  K  c i , c r   ( b )    ( n , T )  ,   



(11)




which characterizes the efficiency of the chemi-ionization/recombination processes (1a,b) together. The total chemi-ionization and chemi-recombination fluxes are     I  c i    ( n , T )  =  K  c i    ( n , T )  ·  N n   N 1    ,     I  c r    ( n , T )  =  K  c r    ( n , T )  ·  N 1   N i   N e    .



Figure 3a,b show the values of the total chemi-ionization and recombination rate coefficients    K c i ( n , T )    and    K c r ( n , T )    in the region    2 ≤ n ≤ 8    and    5000   K ≤ T ≤ 10,000   K    obtained in [35]. From the figure, it follows that the maximum values of the hydrogen    K c i ( n , T )    lies at    n = 5    for all temperatures (except for T = 5000 K, where maximum value of    K c i ( n , T )    are at    n = 4   ), and maximum values for the chemi recombination rate coefficient    K c r ( n , T )    shifts to higher n (from 3 to 5) when temperature increases. The relative importance of a particular channel (‘a’ and ‘b’) for the chemi-ionization and chemi-recombination processes (1a,b) is shown in Figure 4. Branch coefficient    X  ( n ; T )  =  K  c i , c r   ( b )   / K c i  ( n , T )     present the ratio of rate coefficient for processes (1b) and total ((1a) + (1b)). From Figure 4, one can see that, for lower temperatures, i.e., 5000 K, processes (1b) are dominant while importance of processes (1a) increase with the increase of temperature as expected.



From the astrophysical point of view, the results have shown that, in some parts of the solar atmosphere, chemi-recombination processes (1) can dominate with respect to the photo-recombination process (3) and their intensity can be close to the intensity of triple electron–electron–ion recombination processes (4). The behavior of quantity    F  p h r   ( a b )     as a function of h is shown in Figure 5a. The behavior of the quantity    F  e e i   ( a b )     as a function of height h is shown in Figure 5b from [35]. One can see that the considered chemi-recombination processes dominate with respect to the concurrent electron–electron–ion recombination processes within the region    100  km ≤ h ≤ 650  km    and significantly influence the optical properties of the solar photosphere. Namely, if we take the considered processes into account, we will improve the modeling of the solar photosphere, as the model atmospheres of other similar and cooler stars. If we do not take into account all relevant collisional processes on the excited-atom populations in weakly ionized plasmas, the corresponding electron density will be less accurate. For example, as stated in Reference [26], an increase of the electron density, caused by a growth of the excited hydrogen atom population, will result in a higher rate of thermalization by electron–atom collisions in the stellar atmosphere. As a consequence, the radiative source function of the line center will be more closely coupled to the Planck function, and the synthesized spectral lines will be stronger for a given model structure. This will influence on the accuracy of plasma diagnostics and determination of the atmospheric pressure.



Domination of the chemi-recombination processes with    2 ≤ n ≤ 8    over the electron– ion photo–recombination processes is confirmed in a significant part of the photosphere (−50 km    ≤ h ≤ 600    km). Thus, it is proofed that these processes are important for non-LTE modeling of solar atmosphere.




2.2. Atmospheres of the DB White Dwarfs.


The chemi-ionization and chemi-recombination processes and consequently Rydberg atoms are of importance for cool stars and, first of all, for cool white dwarfs. Recently, a new effect has been noticed from Spitzer observations of cool white dwarfs [29]. Namely, these observations have demonstrated that some white dwarfs with    T < 6100    K are found to display significant flux deficits in Spitzer observations (see [29]). These mid-IR flux deficits are not predicted by the current white dwarf models including collision induced absorption due to molecular hydrogen. This fact implies that the source of this flux deficit is not standard molecular absorption but some other physical process. It is possible that such process may be absorption by atoms and molecules in highly excited Rydberg states.



In the helium case of chemi-ionization and chemi-recombination processes, the situation turns out to be similar to the hydrogen case. This conclusion is based on the results obtained by Mihajlov and coworkers in [36]. The influence of symmetrical chemi-ionization and chemi-recombination processes on the helium atom Rydberg states population in weakly ionized layers of helium-rich DB white dwarfs has been investigated in [36].



Figure 6a,b show the obtained values of the total chemi-ionization and recombination rate coefficients    K c i ( n , T )    and    K c r ( n , T )    in the region    3 ≤ n ≤ 10    and 10,000 K    ≤ T ≤    30,000 K for helium plasma. The dependence of the both coefficients    K c i ( n , T )    and    K c r ( n , T )    on the quantum number decreases with the increase of the temperature. Regarding the importance of the particular channel (‘a’ and ‘b’) for the chemi-ionization and chemi-recombination processes (1a,b), as can be seen in Figure 6b, conclusions are the same as for the chemi-ionization rate coefficients.



From the astrophysical viewpoint, chemi-ionization and chemi-recombination contribution to the Rydberg state populations have been compared with electron–electron–ion recombination, electron-excited atom ionization, and electron–ion photorecombination processes for n from 3 to 10, in helium-rich DB white dwarf atmosphere layers with logarithm of gravity    log   g = 7    and 8 and effective temperature     T  e f f   ≤ 20,000    K.



Some of the results obtained for the helium case [36] are illustrated by the Figure 7a,b, which are related to the recombination processes in the DB white dwarf atmosphere with an effective temperature     T  e f f   = 12,000   K   . The values of the parameters     F  p h r   ( a b )    ( n , T )     and     F  e e i   ( a b )    ( n , T )     are given as functions of the logarithm of the Rosseland optical depth.



The results from [36] undoubtfully show that, for the lower temperatures, the chemi-ionization/ recombination processes (1) are absolutely dominant over electron-excited atom ionization (3) and electron–electron–atom recombination (4) processes, for    n =    3, 4, and 5 for almost all    log   τ < 0    values. For    n =    6, 7, and 8 and in the same    log   τ    range, processes (1a,b) are comparable with processes (3) and (4). It is concluded that processes (1a,b) can be dominant ionization/recombination mechanisms in helium-rich DB white dwarf atmosphere layers for    log   g = 7    and 8 and     T  e f f   ≤ 20,000    K and have to be implemented in relevant models of weakly ionized helium plasmas.




2.3. Chemi-Ionization Processes in Solar and DB White-Dwarf Atmospheres in the Presence of Mixing Channels


In the recent paper of Mihajlov et al. [37], two kinds of atomic collision processes have been considered that simultaneously occur in the stellar atmospheres and influence each other (see Figure 8). This is about the chemi-ionization processes (1) and (n-n’)-mixing i.e., excitation-deexcitation processes


    A ∗   ( n , l )  + A ⟹ A +  A ∗   (  n ′  , l )  ,   ( n −  n ′  ) - mixing  ,   



(12)




where A are atoms in their ground states,     A ∗   ( n , l )     is an atom in a highly excited (Rydberg) state with the principal quantum number    n ≫ 1    and orbital quantum number l and    A =    H or He.



It was expected that process (12) would reduce the impact of chemi-ionization processes (1), as can be seen from the data of Mihajlov et al. (see Figure 9). The arrows in Figure 9a,b illustratively present that reduction of rate coefficients.



Mihajlov and coworkers have shown that, for the lower temperatures, the chemi-ionization processes are still dominant over electron-excited atom ionization processes (     A  ∗   ( n )  + e →   A  +  + e + e   ), for    n =    3, 4, and 6 almost in the whole observed atmosphere which is illustrated by Figure 10 from [37]. For    n =    6, 7, and 8 in the whole observed atmosphere, chemi-ionization processes are comparable with electron-excited atom ionization processes. This is illustrated in Figure 10a, for WD with     T  e f f   = 12,000    K (helium case) and in Figure 10b for solar photosphere (hydrogen case).



From the results [37,38], it follows that processes (1) are significant for such hydrogen and helium plasmas with the ratio    N e / N a <  10  − 3     , where    N e    and    N a    are the free electron and ground state atom density. Accordingly, these processes are significant for the stellar atmospheres that contain the corresponding weakly ionized layers.




2.4. The Atmospheres of Late Type Dwarfs (M Red Dwarfs)


The general stellar atmosphere code PHOENIX [10] has the advantage that, apart from solving the atmospheric structure, it also calculates output spectra. A good example of testing and application of PHOENIX code are processes (1) that influence the excited state populations and the free electron density, and also influence the atomic spectral line shapes.



In Reference [25], processes (1) are also considered in the case of an atmosphere of a M red dwarf with an effective temperature     T  e f f   = 3800   K   . The influence of these processes on the population of excited states of the hydrogen atom in this case was investigated using the PHOENIX code [10,16], which as a result generates a model of the considered atmosphere. In the framework of this work, the PHOENIX code includes processes (1) for    n ≥ 4   . Some of the results obtained in [25] are illustrated by the Figure 11, where the values of the parameter   ζ   are presented, i.e., the ratio of the populations of the excited states of the hydrogen atom, calculated with and without taking into account processes (1). The presented figures show that, at least in the region    n ≤ 15   , processes (1) equally affect the populations of the excited states of the hydrogen atom.



Then, Reference [25] shows that the processes (1) in the whole region of    n > 1    also influence the free electron density (see Figure 12). This figure shows the behavior of free electron density calculated with these processes (solid curve) and without them (dashed curve).



The presented results suggested that processes (1), due to their influence on the excited state populations and the free electron density, also should influence the atomic spectral line shapes in the atmospheres of late type dwarfs.




2.5. Influences of Chemi-Ionization/Recombination Processes on the Hydrogen Spectral Lines in the M Red Dwarf Atmosphere


In connection with this problem, in Reference [26], the atmospheres of a M red dwarf with an effective temperature     T  e f f   = 3800   K    was also examined. In contrast to the previous case, processes (1) with    n = 2    and 3 were included here.



The results presented in [26] show that the chemi-ionization/recombination processes (1), are directly affecting the population of the excited states of the hydrogen atom and the electron concentration, and thus have a very strong effect on the shape of the spectral lines of the atom. For the given atmosphere, the profiles of a number of spectral lines of the hydrogen atom were calculated.



Figure 13 (from [26]) show the line profiles of    H α   ,    H δ   ,    H ϵ   ,    Pa ϵ    with and without inclusion of processes (1). Profiles are synthesized with PHOENIX code with Stark broadening contribution calculated using tables from [40] for Stark broadening of hydrogen lines (linear Stark effect). Lineshape changes, especially in the wings, show the influence of the electron density change having a direct influence on the Stark broadening of hydrogen lines.





3. Symmetric Ion–Atom Processes


It is well known [22] that the chemical composition of the primordial gas consists of electrons and species such as: helium—He,    He +   ,    He  2 +     and    HeH +   ; hydrogen—H,    H −   ,    H +   ,    H  2  +    and    H 2   ; deuterium—D,    D +   , HD,     H D  +    and     H D  −   ; lithium—Li,    Li +   ,    Li −   ,    LiH −    and    LiH +   . Evaluation of chemical abundances in the standard Big Bang model are calculated from a set of chemical reactions for the early universe [22]. Among them are very important reactions (2) that involve species like H,    H +   ,    H  2  +   ,    He  2  +   , He,     He +  ,    whose role in the primordial star formation is crucial.



Recently, References [41,42] have pointed out that the photodissociation of the diatomic molecular ion in the symmetric cases (2a) are of astrophysical relevance and could be important in modeling of specific stellar atmosphere layers, and they should be included in some chemical models. The data that involves reactions (2) are also useful in hydrogen and helium theoretical and laboratory plasmas research [43].



3.1. Solar Atmosphere: Visible Wavelength Region


The theoretical investigation of processes (2) started in [44] for the hydrogen symmetric case    A =    H. Then, in [44,45], the processes (2) were considered in relation to the photosphere and the lower solar chromosphere by characterizing their spectral emissivity     ε  i a    ( λ )    , (the spectral density of the radiation energy, which these processes generate from a unit volume per unit time, into an angle    4 π   ). Their contributions have been collated with concurrent processes (5)–(7) by comparative analysis of their influence using the values of the following parameters:     F  e i    ( λ )  =  ε  i a    ( λ )  /  ε  e i    ( λ )    ,     F  e a   f f    ( λ )  =  ε  i a    ( λ )  /  ε  e a   f f    ( λ )     and     F  e a   f b    ( λ )  =  ε  i a    ( λ )  /  ε  e a   f b    ( λ )  ,    where processes     ε  e i    ( λ )    ,     ε  e a   f f    ( λ )    , and     ε  e a   f b    ( λ )     are their emissivity.



One of the major results obtained in papers of Mihajlov et al. [44,45] for the visible spectral region of the spectrum are illustrated by the Figure 14 for the considered layer of the solar atmosphere on the basis of standard models [39,46]. It was found that in this region processes (2) give a contribution of 10–12% in comparison with dominant processes (7). This fact alone demonstrated that considered ion–atom radiative processes must be taken into account for solar atmosphere modeling. Later estimates showed, however, that the relative influence of the absorption processes (2) on the solar atmosphere opacity should significantly increase at the transition from the considered wavelength region    λ ≥    365 nm to the region     λ H  ≤ λ <    365 nm, where     λ H  = 91.1262    nm is the wavelength that corresponds to the ionization threshold of the H(1s) atom.




3.2. Solar Atmosphere: UV and VUV Wavelength Region


In the far UV region, the emission channels of processes (2) cease to play a role, while the role of absorption channels in this region grows very rapidly. The total absorption rate coefficient     K  i a   =  K  i a  a  +  K  i a  b     for processes (2a,b) as well as the branch coefficient    X =  K  i a  b  /  K  i a      which shows the influence of channels ‘a’ and ‘b’ in reaction (2) are presented in Figure 15a,b, respectively. The quantities    K  i a     and X are described in detail in [47] as well as their relations with cross sections. From Figure 15a one can see that    K  i a     strongly depends on temperature and wavelength and, from Figure 15b, it follows that, for lower temperatures, processes (2a) are dominant and importance of processes (2b) increases with the increase of temperature as expected.



In accordance with [47], in the Ultraviolet and Vacuum Ultraviolet regions, the influence of the absorption processes in processes (2) is estimated by the parameter,     F k   ( λ )     which is the ratio of the absorption coefficient of these processes and the absorption coefficient determined by the concurrent processes (5)–(7) taken together. The results obtained for the parameters     F K   ( h )     in the wavelength region 92 nm    ≤ λ ≤    350 nm are presented by Figure 16.



This figure shows that in the significant part of the considered region of altitudes (−75 km    ≤ h ≤    1065 km) the absorption processes (2) together give the contribution that varies from about 10% to about 90% of the contribution of the absorption processes (7), which are considered as the main absorption processes in the solar photosphere. In connection with the other known concurrent absorption processes, it is shown that, in the considered region of altitude, there are significant parts where the symmetric processes completely dominate (see also [48]).




3.3. DB White Dwarf Atmospheres: Visible Wavelength Region


The results from [23], obtained for one Koester model (   log   g    = 8 and    T  e f f     = 12,000 K), have already provided a more realistic picture of the relative importance of    He −    (6) and    He  2  +    (2a) total absorption processes, at least in the region    λ ≤ 300    nm. In a following paper [24], the relative importance of    He  2  +    and other relevant absorption processes in the region    λ ≥    200 nm was examined for several of Koester’s (1980) models (   T  e f f     = 12,000, 14,000, 16,000 K,    log   g    = 7, 8). It was shown that, in all considered cases, the contribution to opacity of the processes of    He  2  +    molecular ion photodissociation and He +    He +    collisional absorption charge exchange combined is close to or at least comparable with the contribution of the absorption processes (6) and atomic absorption processes (5).




3.4. DB White Dwarf Atmospheres: UV and VUV Wavelength Region


Let us note in this context that, in the case of white dwarf atmospheres with dominant helium component, among all possible symmetric ion–atom absorbtion processes that are allowed by their composition, only the processes (2a,b) have to be taken into account [23,27].



Figure 17a presents the total absorption rate coefficient     K  i a   =  K  i a  a  +  K  i a  b     for the processes (2a,b) as well as the branch coefficient    X =  K  i a  b  /  K  i a      that shows the influence of channels ‘a’ and ‘b’ in reaction (2). The quantities    K  i a     and X are described in detail in [27]. Regarding the importance of the particular channel (‘a’ and ‘b’) for the processes (2a,b), conclusions are the same as for the case of hydrogen.



For the calculation of spectral properties, the data from the corresponding DB white-dwarf atmosphere models [49] have been used as well as the data for coefficients given in Figure 17. It was established that the processes (2a,b) significantly influence the opacity of the considered DB white dwarf atmospheres, with an effective temperature     T  e f f   ≥ 12,000    K, which fully justifies their inclusion in one of the models of such atmospheres [50]. However, the same comparison demonstrated also that the dominant role in those atmospheres generally still belongs to the concurrent absorbtion process (6), while the processes (2a,b) can be treated as dominant (with respect to this concurrent process) only in some layers of those atmospheres, and only within the part 50 nm < λ < 250 nm of the far UV and EUV region (see Figure 18). The results obtained in research allow for the possibility of estimating which absorption processes give the main contribution to the opacity in DB white dwarf atmospheres in different spectral regions. Therefore, from [23,27,51,52] results, it follows that the helium absorption processes (2a,b) are dominant in the region 70 nm    ≤ λ ≤    200 nm, while, in the region    λ ≥ 200    nm, the absorption processes (6) have an important role.



From the presented material, it follows that the considered symmetric ion–atom absorption processes cannot be treated only as one channel among many equal channels with influence on the opacity of the solar atmosphere. Namely, these symmetric processes around the temperature minimum increase the absorption of the EM radiation, so that this absorption becomes almost uniform in the whole solar photosphere.





4. Conclusions


All the foregoing shows the undoubted influence of the radiation ion–atom processes and chemi-ionization/recombination processes on the optical properties and on the kinetics of weakly ionized layers of stellar atmospheres, and they should be studied from the spectroscopic aspect. In addition, it can be expected that the reported results will be a sufficient reason for including these processes in the models of stellar atmospheres. The further development of research in a new direction must be connected with the investigations of described processes but in the field of modelling in early Universe chemistry.
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Figure 1. (a) schematic illustration of     A ∗   ( n , l )  + A    collision (1) within the domain of internuclear distances    R ≪  r n    , where    r n    is the characteristic radius of Rydberg atom     A ∗   ( n , l )    ; (b) schematic illustration of the resonance mechanism. 
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Figure 2. The schematic presentation of the photo-dissociation/association processes Equation (2a) and free–free processes Equation (2b): R is the internuclear distance,     U 1   ( R )     and     U 2   ( R )     are the potential energy curves of the initial (lower) and final (upper) electronic state of molecular ion    A  2  +   , and    h ν    is the photon energy. 
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Figure 3. (a) total chemi-ionization rate coefficients    K c i ( n ; T ; H )    with    5000  K ≤ T ≤ 10,000    K and for principal quantum numbers n = 2–10; (b) same as in (a) but for the inverse recombination coefficients    K r ( n ; T ; H )    (data taken from [35]). 
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Figure 4. Same as in Figure 3 but for the branch coefficient    X ( n ; T ; H )   , characterizing the relative importance of the particular channel (‘a’ and ‘b’) for the chemi-ionization and chemi-recombination processes (1a,b). 
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Figure 5. (a) parameter     F  p h r   ( a b )    ( n , T )     (8) as functions of the height h of the solar atmosphere; (b) same as in (a) but for for the parameter     F  e e i   ( a b )    ( n , T )     (8). 
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Figure 6. (a) total chemi-ionization rate coefficients    K c i ( n ; T ; H e )    with    10,000  K ≤ T ≤ 30,000    K and for principal quantum numbers n = 3–10; (b) same as in (a) but for the inverse recombination coefficients    K r ( n ; T ; H e )    (data taken from [36]). 
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Figure 7. (a) parameter     F  e e i   ( a b )    ( n , T )     (8) as a function of the logarithm of the Rosseland optical depth    log   τ   ; (b) as in (a) but for the parameter     F  p h r   ( a b )    ( n , T )     (8). 
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Figure 8. The schematic presentation of the chemi-ionization and (n-n’)-mixing processes. 
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Figure 9. (a) comparison of the calculated values of rate coefficients of the chemi-ionization processes (1a,b) with and without inclusion of (n-n’)-mixing process, case    A =    H; (b) same as in (a) but for case    A =    He. 






Figure 9. (a) comparison of the calculated values of rate coefficients of the chemi-ionization processes (1a,b) with and without inclusion of (n-n’)-mixing process, case    A =    H; (b) same as in (a) but for case    A =    He.



[image: Atoms 06 00001 g009]







[image: Atoms 06 00001 g010 550] 





Figure 10. (a) parameter     F i   ( n , T ; H  e ∗   ( n )  )     (ratio of fluxes generated in atom–Rydberg–atom and electron-excited atom impact ionization) as a function of the logarithm of Rosseland optical depth    log   ( τ )   , for principal quantum numbers n = 3–10, with     T  e f f   = 12,000    K and    log   g = 8   : wide line—present calculation; tiny line—calculation from [35]; (b) parameter     F i   ( n , T ;  H ∗   ( n )  )     as a function of the height h, for principal quantum numbers n = 3–8, for model of solar photosphere [39]: wide line—present calculation; tiny line— calculation from [36]. 
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Figure 11. (a) the behavior of the population ratio   ζ   for    3 ≤ n ≤ 9    as a function of the column mass; (b) same as in (a) but for    10 ≤ n ≤ 15    (from [25]). 
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Figure 12. Structure of model atmosphere–electron density    N e    and temperature    T e    as a function of column mass. 
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Figure 13. Line profiles with (full) and without (red tiny) inclusion of chemi-ionization and chemi-recombination processes for H lines. 
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Figure 14. (a) the behaviour of the parameter     F  e a   f b    ( λ )     as a functions of height h in the solar atmosphere for    350  nm ≤ λ ≤ 800  nm   ; (b) the behaviour of the parameter     F  e a   f b    ( λ )     as a function of height h of the solar atmosphere for    800  nm ≤ λ ≤ 1250  nm    (from [44]). 
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Figure 15. (a) the total absorption coefficient    K i a    as a function of   λ   and T; (b) the branch coefficient X as a function of   λ   and T. Calculations from [47] case A = H. 
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Figure 16. The behaviour of the parameter     F k   ( λ )     as a functions of height h in the solar atmosphere. 






Figure 16. The behaviour of the parameter     F k   ( λ )     as a functions of height h in the solar atmosphere.



[image: Atoms 06 00001 g016]







[image: Atoms 06 00001 g017 550] 





Figure 17. (a) the total absorption coefficient    K i a    as a function of   λ   and T; (b) the branch coefficient X as a function of   λ   and T. Data from [27], case    A =    He. 
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Figure 18. (a) behaviour of the quantity     F  H e   =  κ  i a   /  (  κ  e a   +  κ  e i   )     (ratio of the absorption coefficients of processes (2), (5) and (6)) within the atmosphere of a DB white dwarf in the case    log   g = 8    and     T  e f f   = 12,000    K; (b) as in (a), but for the case    log   g = 8    and     T  e f f   = 14,000    K. 






Figure 18. (a) behaviour of the quantity     F  H e   =  κ  i a   /  (  κ  e a   +  κ  e i   )     (ratio of the absorption coefficients of processes (2), (5) and (6)) within the atmosphere of a DB white dwarf in the case    log   g = 8    and     T  e f f   = 12,000    K; (b) as in (a), but for the case    log   g = 8    and     T  e f f   = 14,000    K.
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