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We wont to find out at what plasma conditions certain atomic processes
become important and could explain the existence of AGN regions with 
such characteristics, and could be used for future diagnostics, numerical 
simulations and modelling.

It is of interest to investigate the influence of the atomic processes in dense 
parts of BLR clouds and to provide the data useful for modelling and 
investigations of such layers. 

The aim of this investigation is to study the physics of AGN, namely to 
investigate the atomic processes (collisional atom - Rydberg atom i.e. chemi-
ionization/ recombination and also n-n’ mixing processes) and revise their 
role. 

In addition, this is particularly significant to better estimate the hydrogen 
Balmer lines fluxes, which usage for effective temperature diagnostics in 
astrophysical plasma is limited by errors from the line formation models and 
uncertainties in used atomic data of hydrogen atom and inelastic collisions.

Introduction



Short Intro: Solar photosphere and M red dwarf atmosphere, before AGN BLR talk. 

Chemi-ionization/recombination processes in the solar 
photosphere

Few years ago we started investigations of  chemi-ionization/recombination 
processes and their influence in the solar photosphere.
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Associative chemi-ionization channel i.e. creation of H2
+ molecular ion.

Non-associative ionization channel, penning ionization channel

In Mihajlov et al. (2011) we investigated chemi-ionization/recombination processes
in H*(n) + H(1s) collisions and their influence on the populations of hydrogen
Rydberg atoms and free electrons in weakly ionized layers of the solar photosphere
and the lower chromosphere.

We analyse chemi-ionization processes (collisional ionization): 2 channels

Inverse chemi-recombination processes:

We compare with the corresponding electron-atom and other concurent collision processes
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Ground state



Mechanism of collisional processes (4) and (5) is described in details e.g. in review paper 
Mihajlov et al. 2012.

A*(n) + A as collisional complex is represented as [A++ A(1s)] + e i.e. system of quasi 
molecule and electron. 
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Using method described e.g. in Mihajlov et al. (2012), we calculated cross sections and  
rate coefficients for the conditions that exists in weakly ionized layers of the solar
photosphere and the lower chromosphere. 

These data are input parameters needed for modeling. 

ionization channel a)

ionization channel b)

Total rate coefficient

Rate coefficient for channels a) and b)

Cross sections for channels a) and b)
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The first conclusion from the paper Mihajlov et al. (2011) relates to relative 
contribution of partial  chemi-ionization/recombination processes i.e. channels 
a) and b)  for given n and T

(a)

(b)

branch coefficients 
ratio
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Second conclusion relates to the comparison with the corresponding electron-atom 
collision processes 

It has been demonstrated in Mihajlov et al. (2011) that chemi-
ionization/ recombination processes in H(n) + H(1s) collisions, for the
principal quantum number n>2, must have significant influence in
comparison with the corresponding electron-atom collision processes
on the populations of hydrogen Rydberg atoms and electrons in
weakly ionized layers of the solar photosphere and the lower
chromosphere, and that they have to be included in modelling and
investigation of solar plasma, especially in the region of the
temperature minimum in the Solar photosphere. And should influence
on the atomic spectral line shapes.
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Quantity F(n,T) i.e. ratio of fluxes. Partial, for every n

Total, for the whole block of the excited hydrogen atom states with 2 ≤n ≤ 8

functions of height (h) in solar photosphere
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The results suggest that the chemi-
ionization/recombination processes 
due to their influence on the excited 
state populations and the free
electron density, also should influence

on the atomic spectral line shapes. 

This assumption is confirmed by the 
Figs, which show the profiles of some 
of hydrogen spectral lines in the M red 
stars calculated with and without these 

processes using PHOENIX code.
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M red dwarf atmosphere with the 
effective temperature Teff = 3800 K

Next result:



In AGN, especially in the region of the moderately ionized layers of dense parts of the 
BLR clouds plasma conditions are closer to stellar atmospheres than to photoionized 
nebulae (Osterbrock 1989). 

Consequently, it is of interest to investigate the influence of the mentioned processes 
in dense parts of BLR clouds and to provide the data on the corresponding rate 
coefficients useful for modelling and investigations of such layers.

Out main idea

Let's go back to the chemi-ionization/recombination atomic processes 
in the AGNs broad-line region
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That is conlusion of papers Netzer 1990; Jogee 2006; Osterbrock & 
Ferland 2006 :

In order to develop and improve diagnostic methods needed for
the estimation of the physical conditions in the particular parts of
active galactic nuclei (AGNs), the investigation of the influence
of various relevant atomic and molecular collisional processes is
needed.

we started to check the literature. problems



Paper of Mercè Crosas and Jon C.
Weisheit, Hydrogen molecules in
quasar broad-line regions, MNRAS,
1993, 262, 359.

they report uncertainties of  the 
rate coefficients due to hydrogen 
collisions in almost all cases.

CI: No rate coefficients for higher n 
(n>3) and no rate coefficients for 
second non-associative channel.

For the conditions 104 - 1010 cm-3

they concluded that the influence of 
the associative chemi -ionization 
processes is negligible in BLR clouds. 

However, we assume that in very 
dense weakly ionized regions with > 
1010 cm-3 (if exists), these chemi
ionization/ recombination processes 
could be important and could 
change the optical characteristics. 12th SCSLSA        Vrdnik, Serbia, June 3-7, 2019
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For example in Marziani et al. (2011), Negrete et al. (2012) and Marziani et 
al. (2015), hydrogen atom density 7.00 ≤ log nH ≤ 14.00 has been used for 
various simulations in BLR with the code CLOUDY (Ferland et al. 2013). 
Higher densities exists. 

On the other hand, the illuminated surface of the BLR clouds is highly 
ionized, but if they are sufficiently large the temperature may decrease to 
the much lower values, e.g. up to around 2000 K, as was taken in Crosas
&Weisheit (1993), where gas is weakly ionized with large amount of 
hydrogen molecules (Crosas & Weisheit 1993). 

If very dense weakly ionized regions exist, these chemi-ionization/ 
recombination processes could be important and could change the optical 
characteristics.
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there is a need for accurate data



Literature: the uncertainties of the rate coefficients in hydrogen collision. 
Differences, almost few order of magnitudes from different sources.  
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Extended calc.
n

T
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In order to enable the better and more adequate use of data, we give for the
rate coefficients a simple and accurate fitting formula based on a least-squares
method, which is logarithmic and represented by a second-degree polynomial

The fits are valid over the temperature 
range of 2000K ≤ T ≤ 20 000 K. Also, it is 
possible that the fit is applicable outside 
this area but with caution. In the Table 2, 
the selected fits are presented
(for 4 ≤ n ≤ 20).
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Concurrent processes

chemi-ionization/recombination fluxes

Relative contribution



density Flux ratio
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The influence of analyzed processes increases linearly with
N, and, for example for N = 1013 cm−3 some optical characteristics 
may be different than for N = 1012 cm−3.

Ratio of fluxes define the importance of CI



DISCUSSION AND CONCLUSION

We can see as well that even around the value of densities 1012 cm-3 the inclusion of 
the considered here chemi-ionization/recombination processes could improve the 
modelling and analysis of such regions not only in photospheres of Sun and solar like 
stars but also in clouds in AGN BLR.

Additionally, the Figure 3 demonstrates as well the high sensitivity of the influence of 
these processes to the relatively small changes of densities which can be of interest 
for the determination of limiting densities in clouds in AGN BLR.

Namely, the influence of analyzed processes increases linearly with
N, and, for example for N = 1013 cm−3 some optical characteristics
may be different than for N = 1012 cm−3, for example due
to changes in energy level populations, electron density, influence
on the formation of hydrogen molecule, opacity, line profiles etc.



It could be very useful to perform an analysis for example with the
code CLOUDY in order to see which changes in optical characteristics may be used in order to establish the presence of such dense layers.

The results show that the considered chemi ionization/ recombination 
processes could be used for determination of limiting high densities in 
clouds in AGN BLR region and for the improvement of modelling of dense 
moderately ionized layers in them.

If exist changes in optical charact. (with inclusion ch.ion.) 
=> 
than there exists high densities in clouds in AGN BLR region 



The obtained results demonstrate the fact that the considered chemi-ionization/recombination 
processes, which influence on the ionization level and atom excited-state populations, must have a 
very significant influence on the optical properties of the weakly ionized regions where the neutral
hydrogen densities are larger than 1012 cm−3 since in such conditions they dominate over
the relevant concurrent electron–atom collision processes. 

The possibility that the chemi-ionization processes in atom–Rydberg atom collisions, as well
as the corresponding chemi-recombination processes, may be useful for the diagnostics, modelling,
and confirmation of existence or non-existence of very dense weakly ionized domains
in clouds in broad-line region of active galactic nuclei, has been considered. 

This can be used as a diagnostic method to find out if the domains with such densities exist or not. 
Additionally, our previous results obtained for principal quantum number 2 ≤ n ≤ 8 and 4000K ≤ T ≤ 
10 000K are extended for principal quantum number 9 ≤ n ≤ 20 and 10 000K < T ≤ 20 000K and also
for low-temperature region (T < 4000 K) for 2 ≤ n ≤ 20.

Data are also useful for stellar plasma investigation: 

To conclude



The results obtained during this investigation are in the process of inserting in our 
MolD molecular database  which is web services at the Serbian virtual observatory 
(SerVO) and nodes within the Virtual Atomic and Molecular Data Center (VAMDC). 



• VAMDC is consortium for sharing Atomic and Molecular data

• Currently 33 databases running in the consortium

ALADDIN2, BASECOL, Belgrade electron/atom(molecule) database (BEAMDB), CDMS, 
Carbon Dioxide Spectroscopic Databank 1000K, Carbon Dioxide Spectroscopic 
Databank 296K, Chianti, DESIRE, ECaSDa, S&MPO, GhoSST, HITRANonline, IDEADB, 
JPL database, KIDA, LXcat, MeCaSDa, OACT – LASP Database, PAH, Photodissociation
- MolD database, RADAM - Ion Interactions, SHeCaSDa, SpEctroScopy of Atoms and 
Molecules Sesam, Spectr-W3, Stark-B, TFMeCaSDa, TIPbase, TOPbase, UMIST 
Database for Astrochemistry, VALD (atoms), VALD subset in Moscow, VAMDC species-
DB, Water, …

• Large diversity among data

spectral line lists of atoms and molecules

transition probabilities

cross-sections (ro-vibrational, photodissociation, electron interaction…)

kinetic data

reaction rate coefficients

« Stark » broadening



VAMDC portal

• http://portal.vamdc.org/vamdc_portal/home.seam

http://portal.vamdc.org/vamdc_portal/home.seam


Map of databases (on all continents)



THANK YOU FOR ATTENTION



The (n –n’)-mixing processes in the Broad Line 
Region of AGNs

Also in collisions H(n) + H(1s) i.e. Atom–Rydberg atom collisions we need to investigate
excitation/de-excitation processes.

Our Future work => our current work. Next time talk in details.





• We submitted in A&A



We will concentrate on:
- Calculations of the Balmer line ratios including chemi-
ionization/recombination and n-n’ mixing processes.
- Selection of the spectra of AGNs with broad emission lines in their 
spectra (type 1 AGN) where we expect that this process is dominant. The 
sample will contain more than 100 AGNs with high signal-to-noise ratio, 
from different databases (as e.g. SDSS database)
- Using different spectral tools we will fit the contininuum and 
broad emission lines (including Fe II optical broad lines) in order to get pure 
broad Balmer lines
- Comparison of the calculated and observed Balmer line ratios in 
order to extract the influence of chemi-ionization/recombination and n-n’ 
mixing processes in the BLR.

The aim of our further investigation is to study the physics of AGN, i.e. to 
investigate the atomic processes (collisional atom - Rydberg atom i.e. 
chemi-ionization/recombination and n-n’ mixing processes) and revise
their role. 

This means to find out at what plasma conditions certain atomic processes 
become important and could explain the existence of AGN regions with 
such characteristics, and could be used for future diagnostics, numerical 
simulations and modelling.
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collisional ionization


