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Abstract

The photoionization model of broad line region fails to explain the very strong
FeT lines in the spectra of active galactic nuclei. The existence of this puzzling
problem is an obstacle to understand the physics and power mechanism of active
galactic nuclei. In this paper, we review the progress of the studies of Fe I emission
since the first identification of Fe I lines in the spectrum of QSO 3C 273, including

both the observations and the theoretical explanations. And we suggest a new way

to attack this problem.

1. Analysis of Observations
Fe [ emission lines were first identified by wampler and Oke!" in 1967. They

analysed the emission spectrum of QSO 8C 278, and found that there were some
unidentified emission features in optical band with stromg intensity and broad
width. They tried to fit these features with some known emission lines of some other
elements, but failed to do so. Comparing the spectrum of 3C 278 with that of Her-

cules Nova at the maximum of light curve (where Fe Il emission lines are prominent),
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they found that there are many similarities between the two spectra, and concluded
that these unidentified emission features of 8C 78 in the ranges of 4450-5358004 and
5100-5500 A were the overlapping Fel line-series. They analysed the formation
mechanism of these Fe [ emission lines, and inferred that the absorpiion of UV
continuum photons emitted from the core region was the exciting mechanism of Fe 1
lines. The absence of forbidden lines [Fe 1l Jin observations implies that the electron
density in the Fell emission region is larger than 10%m™*-10"cm™%, Afterwards,
Sargent!?! observed and analysed the emission spectrum of Seyfert 1 galaxy [Zwl,
and found that there were abundant broad emission lines with FWHM~3000 km-s™!
in superposition on the strong continuum background (without absorption lines). By
analogy with the spectrum of QSO 38C273, the broad emission lines of I Zwl are
identified as Balmer lines and overlapping Fe II lines. Therefore the emission lines
were confirmed again. However, the individual Fe 1 lines could not be identified in
detail because of the broad line—characteristics of the Fe [[features.

Since the first identification of these unknown features in the spectrum of QSO
38C273 and their reconfirmation in Seyfert galaxy I Zwl, Fel emission lines have
been identified in many other objects. Osterbrock! firstly surveyed Seyfert 1 gala-
xies systematically, and found that nearly all of this kind of objects have Fe
emission lines with three peaks which are located at wavelengths A45704, A51904 ,
75320 & . Phillips'#5:9) observed the spectra of many samples of Seyfert galaxies and
quasars, and discussed the properties of Fe I emission lines in detail. In the follow-
ing, we try to summarize systematically the observational characteristics of Feq
emission lines,

(1) Fel emission lines exist in most active galactic nuclei with broad lines!?!,
In the optical band, 90% to 100% of Seyfert 1 galaxies have optical Fe I emission
lines, but these lines hardly appear in Seyfert 2 galaxies. A few Seyfert ¢ galaxies
(e.g.Mrk 42) appear to have Fe I emission features, but they seem to be more like
Seyfert 1 galaxies in other observation respects. In fact, Mrk 42 was first attributed
to Seyfert 1 galaxies!®’. Although the first identification was made for QSO 3Cg73,
Fel emission lines are seldom present in the spectra of other quasars as in Seyferi
1 galaxies. The survey of 20 quasars with redshift 0.85<z<0.70 by Phillipst!
showed that only ~10% of these samples have optical Fe Il emission. Up to 1977,
although Fe I emission had been observed in a large number of Seyfert 1 galaxies,
only 8 quasars had Fe T emission, i. e. 8C2r8!!!, PKS 0736+ 017, 3C48% PHL
1093'% and PKS 1510-08'*!. Therefore the FeI emission is weak in low-redshift
quasars. In the UV band, Wills and Netzer! first observed UV Feemission of

quasars with middle-redshift in 1980. One of their conclusions is that all quasars
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(and Seyfert 1 galaxies)have very strong UV Fe T emission,despite of the intensities
of optical Fe I emission. This means that for different AGNs the ratio of optical and
UV Fe T emission intensity can be very different from each other.

(2) The intensities of Fe Il emission linesarelarge.The ratio of the total intensity
of Fe I emission lines to that of Lya, I(Fel.:)/I(Lya)is near to/or larger than
unity, and Lya is usually the strongest one among the broad lines of active galactic
nuclei. This is what Wills et al.""*) called “Fe I /Lya Problem”.But Collin~Souffrin!!®’
pointed out that it is more precise to call it “Fe 1 /HB Problem”.From observations,
the value of ratio Fe [ opt/Hf is among 0.4-26 with a mean value of about'7, while
the mean value of Fe 1 tot/HP is about 12 with a maximum value larger than 30.

(8) As to the line profile, i seems that Fellines have similar width as HI
lines'®’. Generally, HI lines have both broad-line and narrow-line components, but
there is no evidence to show that Fe Il lines have narrow-line components. The simi-
larity of line-width of Fe T and HI implies that they may be formed in the same line
emission region. It is very difficult to get a precise Fe I line-width, because Fe I
emission features are always composed of a large number of Fe Il lines which overlap
one another (perhaps including some emission lines of other elements).

(4) Analysis of observations shows that there is no correlation between Fel
emission and the power-law continuum emitted from the core region. Osterbrock!¥!
analysed the relation between the line~intensity of Seyfert 1 galaxies and color index
U-B, and found that the intensity of Hf} increased with the line-width of HI, but
the intensities of Fe I[ lines are uncorrelated with its width (taking the line—width
of Fel as that of HI). Phillips'® analysed the observed Fe I lines and the spectral
index, and concluded that there is no correlation between them.

(5) It has been unsuccessful to find any correlation between Fe [ lines and
other spectral characteristics, but some other possibilities have been suggested. For
example,

(1) There could be a'negative correlation between the optical Fe I lines and the
radio emissions!®!*!9 i e. the radio quiet AGNs. have stronger optical FeT lines
than radio loud ones. But the UV Fe I lines seem to be uncorrelated with the radio
emission. The relation of Fe [ lines with the radio objects seems to be different for

different radio configurations!!®-21,

(2) In Seyfert 1 galaxies the optical Fe Il lines have some correlations with the

IR emissiont®!!,
(8) Joly®® analysed Feland Ca I lines, and found that there is a remarkable

correlation between the two.
(4) It seems that, the stronger the intensities of SilV lines are, the stronger
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the intensities of Fe I lines would be!®®.

(5) It was proposed that there could be a correlation between the optical Fel
lines and X-ray emission'?*!, However, Boroson!'®! negated the existence of such a
correlation, and Zheng and O'Brien’s analysis!®® also shows that there is no corre-
lation between the optical Fe Il lines and the index of soft X-ray continuum.

2. The Theoretical Study

The basic picture of traditional model of active galactic nuclei is as follows.
Power—law continuum is produced from the central dense core region, where the
central object is generally thought to be a black hole. The source of released energy
is just the accretion onto the black hole. Around the core region thereisa line—emis-
sion region where exist a lot of gas cloudlets. Based on their physical properties,the
line—emission region is further divided into two subregions, i. e. the broad line
region and the narrow line region. Our knowledge of the active galactiec nuclei mostly
comes from the study of the spectra of line-emissions. The broad emission line region
is one of the most important characteristics of this kind of objects. The research of
broad line region enables us to infer the main properties of these objecis such as the
distance,size,louminosity etc. So far the generally accepted model for the broad line
region is the photoionization model in which the gas clouds are illuminated by the
continuum from the core region. This is the most successful theory at present to
explain the formation and properties of the broad emission lines.

Our knowledge of active galactic nuclei becomes much deeper as our understand-
ing of the broad line region becomes better. Though there are different models,
almost everyone agrees that the broad line region consists of many gas cloudlets,
moving rapidly around the central UV and X-ray source. But there are still some
questions which are difficult to answer, such as: Is the broad line region an uniform
emission region or composed of several subregions with different densities and ioni-
zation parameterse Is there only a central illuminating source or there are other
sources? Is there any dusty Are the elements in the same abundance as in the sune In
order to answer these questions, we must not only determine the physical parame-
ters of the broad line region, but envisage a shape of the continuum spectrum in 10-
100 A which has not been observed yet in order to get the dynamical parameters
and to understand the energy mechanism of active galactic nuclei. Nevertheless,
detailed models have been suggested for active galactic nuclei’®®’ by use of a similar
approach to the research of photoionization of planetary clouds. Davidson and Net-
zer'®® gave a review for all research work before 1979. However, a really important
progressinthe study of AGNs was made after 1979, when the ionization of the hydro-
gen from excited states and the resonant absorption calculated by use of the
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method of escaping probability were taken into consideration!®!32), Kwan and Kro-
1ik®* suggested an important model(standard model)in 1981 to calculate the broad
emission lines, and obtained a good fitting with the observed spectra of quasars.
They also discussed the dependence of the emission-line intensity onm the physical
conditions. Collin-Souffrin et al.!®4’3% set up a more detailed model for broad line
region. They solved the radiative transfer equation instead of using the escaping
possibility method, and discussed the properties of the emission lines in the ease of
column density larger than 10%%cm™%. All these models are based on the assumption
that all the broad emission lines are produced in the gas clouds of the broad line
region. Afterwards, Collin—souffrin et al.!*® began to take the line~emission of ac-
cretion disk into consideration. The detailed research work concerning to the physies
of the outer rezion of the accretion disk (R~10*Rg) was presented in their systema-
tic papers'®+), They suggested that the outer part of the accretion disk illuminated
by X~rays is a favourable region for producing the low~ionization lines (the main
components of broad emission lines). This is a very important progress in the dis-
cussion on the broad emission line region. It impels researchers to think that the gas
clouds in broad line region are not an unique place to produce the broad emission
lines.

The study of Fe [ emission lines is strongly dependent on the development of the
photoionization model. In order to research Felline emission, one must know
the details of the transitions among the energy levels and the excitation mechanism
of Fenl. From the Grotrian diagram!?® of Fe Il we see that the usual optical Fer
emission lines come from the transitions from energy levels 8 with odd parity (~B5.5
eV, this level is labelled as “Z” in the diagram) to energy levels 2 with even parity
(~8 eV, the metastable energy levels labelled as “a”, “p”). The transition from
levels  to levels 1 with even parity (the ground state and near ground states label-
led as “a¢” including three energy levels as a®D, a*F, a'D) is forbidden because both
levels 9 and 1 have even parity, while the transition from levels 8 to levels 1 pro-
duces UV photons. Therefore, in order to produce optical Fe I emission lines, it is
necessary to excite firstly the ion Fe* from the ground state to levels 8. So far the
proposed mechanisms of excitation from levels 1 to levels 8 are as follows.

(1) Resonant fluorescence: The absorption of the UV photons (2300-28004 )
of the power—law continuum from the core region excites Fe* ions from levels 1 to
levels 8. There are two radiative transition paths, i.e.8—1 and 3—9. The former
produces UV Fell photons, and the latter produces optical Felines. If this exei-
tation mechanism is the main one,then we expect that the intensities of Fell emission

lines must correlate with the spectral index o and the intensity of UV continyum,
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therefore the stronger the UV continuum is, the larger the intensity of Fel emis-
sion lines would be. We have pointed out above that the observations do not support
this point. Moreover, for thic Fel excitation mechanism, there is another diffi-
culty which concerns the intensity of Sillines. The Silemission line AB979 R and
Fel line A5169 A must be present simultaneously due to the fact that they have
nearly the same ionization potential. But such an expectation is not supported by
observations, for example, for I Zwl, taking the abundance Si/Fe~1.4 same as
that of the sun, we can calculate that I(SiT A5179)/I(Fe I A5169)~0.46, but the
observed value is very small (less than 0.1), and it is very difficult to observe.

(2) Collisional excitation:The electron density of the emission region can be
estimated as n,=107cm ™% due to the fact that the forbidden line [Fe T J has nut been
observed yet. In such a high density, the collisional excitation is one of the impor-
tant excitation mechanisms for Fe I emission!??). But the observed ratio of the inten-
sity of a typical collisionally excited line Mg T A2798 § to that of Fel emission is
much less than the expected value. It is a difficult problem for this mechanism.

(3) Radiative recombination: Recombination~cascade processes are also one of
the mechanisms for producing emission lines. For Fel, taking sun abundance, we
may make a crudeestimation as {(Fe I )/I(HB) <N Ny2tar(Fe**—=Fe*)/(N.Npan)
<7.6x107% Therefore, the intensity of Fell emission lines from this mechanism
will be much less than the observed value except the abundance of Fe is anomaly
increased.

(4) Line fluorescence:The superposition among Fell lines or between Fe T lines
and Mg, HI, CIV lines causes a resonant absorption. For example, the superposi-
tion between Fe T A1623.714 & (2*I°—>a®D) and Fe T A1623.707A(2*F°—>a‘F) will cause
the line fluorescence. This is a new kind of excitation mechanism proposed by Netzer
et al.’?®! and Wills et al.''?! in order to explain the UV Fel emission lines which
come from the transitions from the upper levels with high energy larger than 8 V.
For the ordinary temperature of broad line region(T~10*K), it is very difficult to
excite the Fe* ions into high energy levels larger than 8 eV by use of other mecha-
nisms.

From observations we see that Fe T lines are as broad as HI lines. Therefore it
is generally thought that Fe T lines are also produced from broad line region and the
excitation mechanism for producing Fe T lines is the resonant fluorescence!!'®!, But
Netzer!*”! pointed out that collisional excitation mechanism is better than resonant
fluorescence mechanism for explaining the formation of Fe I emission lines. The
standard model of Kwan and Krolik!*?*! gives a detailed discussion on the formation

of the emission lines of the gas clouds in broad line region. Based on the photoionj-
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zation model, for the gas clouds which are opticaly thick to Lyman series, taking
the photoionization and collisional ionization of the excited states of hydrogen into
consideration, they calculated the emission lines and continuum of hydrogen, all
emission lines of helium and the emission lines of heavy elements which have been
observed. They obtained a moderately success in the explanation of the broad emis-
sion lines problem of quasars and Seyfert 1 galaxies. They also discussed and calcu-
lated Fe I multiplts. Though they set up a successful standard model to explain the
emission lines from the broad line region, Fe I problem is still unsolved. The calcu-
lated intensities of Fe [ lines are much less than the observed values. Wills, Netzer
and Wills''?! and Netzer and Wills!?®! researched into all the formation mechanisms
of Fellines in active galactic nuclei, they not only considered a lot of transition
lines (~8000 lines) but also the interaction between these emission lines and fluo-
rescence. They successfully explained the well-known 80004 bump by use of Fel
lines and Balmer continuum. Furthermore because the model of broad line region
with unitary component is not satisfactory, Collin-Souffrin et al.!®*3%! proposed a
two—components model with iwo kinds of gas clouds, in which the high and low ion-
ization lines come from different gas clouds. This model differs from the models of
H1 and HI region formed by the photoionization of the gas clouds in broad line
rezion. They suggested such a model to explain the difficult Fe I emission lines
problem. In this model the broad line region is composed of two kinds of gas clouds.
One is the gas clouds with comparatively low column density (<10%%cm™2), the main
component being HI, where produce the high—ionization lines (C¥, CiI, Lya,

He et al), and another one is the clouds with higher column density (>10%e¢m™?),
the main component being HI, where produce the low-ionization lines (e. g. Fel,
Cretal). However, such a two~components model is also unable to explain the
observed ratio of Fe I /HB. Therefore the multi-components photoionization model
can not improve the situation of “Fe I Problem”. From this analysis, they supposed
that there maybe exists another kind of gas clouds without the photoionization
effect. Joly™® analysed the emission region of Femlines, and found that optical
Fellines may be produced from a cool region with high density (ng>>10"'em”3,
column density 1022cm 2 << Ng<10%em™2, 6 000K <T <8 000K). In order to solve Fe I
problem, Collin-Souffrin, Hameury and Joly®! discussed another kind of emission
region. They assumed that these emission lines mainly come from a thick gas shell
(column density >10* cm~?) heated by the compton scattering of hard X-rays. Their
discussions are still in the framework of photoionization assumption, and their re-
sultant value (Fellon/HB~10) is still much less than the observed ratio. However

they had greatly improved the “standard model”, and revealed that the accretion
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disk is a favorable region for producing Fe I lines. A deficiency of this model is that
X-ray heating is based on the correlation of Fellines with the spectral index
of X-ray continuum given by Wilkes, Elvis and McHardy!'?4!, which has been negated
in recent reports!1%:25), Therefore the existence of X-ray heating region (where pro-
ducing Fe I emission) is questionable. In breif, so far the problem of the strong FeT
emission lines stil] stands and can not be solved by any previous models. Table1 gives

the comparison of the ratios from some comparatively successful models with the

observed values.
Table 1 Theoretical Calculation Compare with Observations

| KK(1981)00 | WNW(1985)(141 | CDIP(1986)5%) | CHI(1988)181 | obs. e
© Feluw/Hy | 2 | s | <1 \ <8 | 12¢4~30)
Felo/Hs | =15 | =3 | <8 | <5 | 10.4-28)

Obviously, nowadays no model can give a satisfactory explanation to the strong
emission of Fe [ lines. Since the first identification of Fe Il emission,detailed theore-
tical studies have been made extensively. Nearly all mechanisms and regions of
Fe I line—zmissions have been considered by different authors. But Why the theore-
tical expectations from different models are always much less than the observed in-
tensities of Fe I lines? Such a puzzling problem is called “Fe I Problem”. In order to
solve this puzzle, some researchers suggest to increase the abundance of Fe element
to an anomalous value. But this is unacceptable before there is an evidence to show
the existence of the anomalous abundance of Fe in active galactic nuclei (comparing
with the normal abundance in the sun). Therefore the existence of “Fe 1 Problem” is
a real obstacle for our understanding of the physical structure and energy mechanism
of the active galactic nuclei. And it is very important to find a more believable way
to solve this problem.

We suggest that, in order to solve this problem, two.points must be taken into
consideration!**,

(1) In the theoretical calculation of broad emission lines, not only the broad line
region, but the contribution of the accretion disk to the line~emission must be consi-
dered. In fact, the photoionization model of broad line region of active galactic nuciei
explaids the high—ionization emission lines successfully, but it is uncomfortable to
explain the low~ionization lines such as Fel lines. In a series of work, Collin-
Souffrin et al. argued that the accretion disk is another favorable region for produc-
ing broad emission lines. There are many reasons to believe that the contribution of
accretion disk to the broad emission lines is important. Firstly, the broad emission

lines of active galactic nuclei have similar profiles and intensities unchaneced with
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the luminosity of the object. Thisis just the basic characteristics of the emission lines
from the aceretion disk. Secondly, the full width of half-maximum of the observed
broad emission lines is generally about 5 000—10 000 km-s~!, and this line~width is
perhaps just caused by Kepler motion of accretion disk. Thirdly, the observed double
peaks structure of emission lines can also be satisfactorily explained by the rotation
of accretion disk.

(2) Besides the Fe T emission lines, the contribution of Fel emission lines must be
taken into consideration. The reason is that., both Feland Fel emission lines of
AGNs are many overlapping line-series, which are too broad to be resolved and dis-
tinguished from one another. Therefore, some researchers are in doubt about wheth-
er the observed “Fe I emission lines” are real Fe [ lines or not®8!, In fact,Fel lines
have also been observed in some samplest™.

Why researchers alwaysneglectthe contributionof the observed Fel lines tothe broad
“Fe T emission lines”»Why there is no model to fit the observations by taking Fel emis-
sioninto consideration?Thereason may bethat,inthetraditional photoionization model,
in the thin skin layer of gas clouds illuminated by the UV continuum from the central
power house, the element Fe is almost existing in the form of Fe* and Fe**, and the
neutral Fe® is hardly present. Therefore the Fel emission lines are extremely weak
in this model. But the unilluminated accretion disk is an appropriate place to produce
the Fel lines. Based on this new points, a detailed calculatnon has deen done by us.
We believe that such an improved model will provide a new way to solve the Fel

emission problem.
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