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1. Introduction

For diagnostic methods needed in order to estimate physical conditions in the broad

line region (BLR) in the narrow-line Seyfert 1 galaxies NLS1 the study of the influence

of various atomic and molecular processes may be of interest. In [1], among 18 different

collisional reactions, the associative chemi-ionization is included in the investigation of

hydrogen molecule formation in quasar BLR. For this process, conditions in dense weakly

ionized parts of BLR clouds should be favorable. It is interesting that [2], among possible

explanations for the rapid X-ray variability from the irradiated surface of BLR clouds

in NLS1, quotes “the existence of very compact emitting region”. Since the influence of

the mentioned chemi-ionization/recombination processes is very sensitive to the change of

density, this may be used to investigate if such compact regions exist in BLR clouds in NLS1.

Consequently, it is of interest to investigate the influence of chemi ionization/recombination

processes in similar conditions that probably hold in some parts of BLR clouds in NLS1

When an electron is excited into a high lying Rydberg state, with large principal

quantum number, even inelastic thermal collisions can be sufficiently energetic to lead to

ionization reactions [3, 4]. These types of reactions can be classified as chemi-ionization

reactions (associative ionization and non-associative ionization),

A
∗(n)+A ⇔ A

+
2 + e, (1.1)

A
∗(n)+A ⇔ A+A

++ e, (1.2)

where A and A
+ are atoms and atomic ions in their ground states, A

∗(n) is an atom in a

highly excited (Rydberg) state with the principal quantum number n ≥ 2.

The chemi-ionization processes and production of Rydberg atoms i.e., chemi-recombination

are of importance in cool dwarf stars and, especially, cool white dwarfs [5, 6]. It is pointed

out that the Rydberg states that arise have large dipole moments, leading to strong ab-

sorption in the infrared, and also to the appearance of polarization [7]. It should also be

noted that the processes (1.1) and (1.2) are very important for modelling the moderately

ionized layers of solar photosphere which is shown by the results obtained in [8, 9, 10].

Analyzing literature related to atomic and molecular processes important for physics

and chemistry of AGN we found only very poor and unreliable data needed for modelling.

The available data is of questionable quality, and different prescriptions for the rate coef-

ficients give significantly different results. This has encouraged us all to continue further

research. In this paper one of our main aims is to draw attention to the importance of

excited-state reactions i.e. processes (1.1) - (1.2) where A = H. For this purpose, it should

be demonstrated that in some parts of Narrow-Line Seyfert 1 (NLS1) galaxies these pro-

cesses are factors of influence on the ionization degree, atom excited-state populations and

hydrogen molecule formation for ranges of parameters which are relevant to the existing

conditions.

2. THE CALCULATED QUANTITIES

The partial cross sections σ
(a,b)
ci

(n;E) of the chemi-ionization processes (1.1) and (1.2)
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i.e. associative and non-associative ionization channel are determined as in [8, 11]. Tak-

ing cross sections σ
(a,b)
ci

(n;E), the corresponding partial rate coefficients K
(a,b)
ci

(n;T ) of the

chemi-ionization processes (1.1) and (1.2) are obtained. The partial rate coefficients of the

inverse chemi-recombination processes with K
(a,b)
cr (n;T ) are obtained from the principle of

thermodynamical balance. Using these partial rate coefficients we determined the total

Kci,cr(n,T ) = K
(a)
ci,cr

(n,T )+K
(b)
ci,cr

(n,T ). (2.1)

These rate coefficients enable inclusion of these excited-state reactions in modelling of some

regions in NLS1 galaxies.

We will consider processes (1.1) and (1.2) with A = H within the regions 5 ≤ n ≤ 10 and

2 ≤ n ≤ 4 separately as in [8, 11]. In the region n ≤ 4 we use semi-empirical rate coefficients

and for n ≥ 5 we determine the rate coefficients following the method from [8]. Using rate

2 4 6 8 10
0.0

4.0x10 -10

8.0x10 -10

1.2x10 -9

1.6x10 -9

2.0x10 -9

2.4x10 -9

Kc
i[c

m
3 s-1

]

n

 7000 K
 9000 K
 11000 K
 12000 K

1 2 3

10-4

10-3

10-2

10-1

100

101

102

Fi
;ea

(n
; T

)

Figure 1: Values of Fi,ea = Ici/Ii;ea, for a density of 1013 cm−3, and of Kci[cm
3/s] (2.1) as a function

of n and T . The shaded areas schematically present the region of importance in flux analyses (2.2).

coefficients we can obtain the total chemi-ionization and chemi-recombination fluxes caused

by the processes (1.1) and (1.2) i.e.,

Ici(n,T ) = Kci(n,T ) ·NnN1, Icr(n,T ) = Kcr(n,T ) ·N1NiNe. (2.2)

Using these expressions, we can calculate quantities Fi,ea(n,T ) = Ici(n,T )/Ii;ea(n,T ) which

characterize the relative efficiency of partial chemi-ionization processes (1.1) and (1.2) to-

gether and the impact electron-atom ionization Ii;ea as one of the most important concurrent

processes in the considered plasma.

3. RESULTS AND DISCUSSION

The values of the calculated total chemi-ionization and recombination rate coefficients

Kci(n,T ) and Kcr(n,T ) are illustrated in Fig. 1. The results cover the regions of 2 ≤ n ≤ 10
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and 5000 K ≤ T ≤ 12000 K which are relevant for considered cases. This will enable the

correct inclusion of these processes in the modelling of weakly ionized regions of NLS1s,

where density is sufficiently high. We can see in Fig. 1 that for a density of 1013 cm−3, Fi,ea

values of around 10 show that the efficiency of the investigated chemi-ionization processes

is ten times larger than that of the concurrent impact electron-atom ionization. The val-
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Figure 2: Relative contribution of associative channels (1.1) of chemi-ionization/recombination.

ues of the coefficient O
(a)(n,T ) = K

(a)
ci

(n,T )/Kci(n,T ) = K
(a)
cr (n,T )/Kcr(n,T ), which describe

relative contributions of the associative ionization (1.1) are presented in Fig. 2 by a sur-

face plot. This provides information about abundance of molecular ion H+
2
. One can see

that associative channel is dominant when colliding hydrogen atoms have lower n at cho-

sen temperature (left part of the plot). The importance of associative channel decreases

with temperature increase when non-associative channel (1.2) takes dominant place i.e.

destruction of molecular ion.

The obtained results demonstrate the fact that the considered chemi-ionization/ re-

combination processes are one of the factors of influence on the molecule formation, ioniza-

tion level and atom excited-state populations and must have some influence on the optical

properties of the particular weakly ionized regions in NLS1 galaxies. It’s apparent that the

importance of these processes for modelling should be investigated. The preliminary results

point to further directions of the investigation of the influence of considered processes in

NLS1 galaxies as well as to test the impact of (n-n’)-mixing processes [12]. We expect

strong influence of these processes in cooler weakly ionized sufficiently dense parts of BLR

clouds in AGNs.
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processes in stellar atmospheres, Atoms 6 (2018) .

[4] A. A. Mihajlov, V. A. Srećković, L. M. Ignjatović and A. N. Klyucharev, The
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