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Modelling the strong Fe ii emission
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Abstract. Constraining the physical conditions of the ionized media in the vicinity of an active supermassive black hole (SMBH)
is crucial to develop our understanding of how these complex systems operate. Metal emission lines such as iron (Fe) are useful
probes to trace the abundance, activity, and evolution of the gaseous media in these accreting systems. Among these, the Fe ii
emission has been the focus of many prior studies to investigate the energetics, kinematics and composition of the broad-emission
line region (BLR) from where these emission lines are produced. In this work, for the first time, we present the simultaneous Fe ii
modeling in the optical and near-infrared (NIR) region. We use cloudy photoionization code to simulate both spectral regions in
the wavelength interval 4000-12000 Å and analyze the results for two Fe ii atomic datasets implemented in cloudy. We compare
our model predictions with the observed line intensity ratios for I Zw 1 - a prototypical strong Fe ii-emitting AGN. This allows
putting constraints on the BLR cloud density and metal content that is optimal for the production of the Fe ii emission. As a first test,
we examine how the emission is impacted under low column density conditions in the BLR - 1022 cm−2 and 1023 cm−2. From the
comparison between models and observations, we found that the NIR and optical Fe ii strength observed in I Zw 1 can be predicted
by gas with the column density of 1023 cm−2 and cloud densities above 1010 cm−3 and abundance 2 Z⊙ ≤Z≤ 5 Z⊙. We conclude that
simultaneous modeling in the optical and NIR is essential to put firm constraints in the obtained physical conditions for reproducing
the Fe ii emission, breaking possible degenerate solutions from the simulations.

Resumo. Restringir as condições físicas do meio ionizado próximo de um buraco negro supermassivo ativo (SMBH) é crucial para
desenvolver nossa compreensão de como tais sistemas complexos funcionam. Linhas de emissão de metais como ferro (Fe) são
úteis para rastrear a abundância, atividade e evolução de meios gasosos nesses sistemas de acreção. Dentre estas, a emissão Fe ii
tem sido foco de diversos estudos anteriores para investigar a energia, cinemática e composição da região emissora de linhas largas
(BLR), de onde essas linhas de emissão são produzidas. Neste trabalho, pela primeira vez, apresentamos a modelagem simultânea
do Fe ii na região do óptico e infravermelho próximo (NIR). Usamos o código de fotoionização cloudy para simular ambas regiões
espectrais no intervalo de comprimento de onda 4000-12000 Å e analisamos os resultados para dois conjuntos de dados atômicos
de Fe ii implementados no cloudy. Comparamos nossas previsões do modelo com as razões de intensidades das linhas observadas
em I Zw 1 - um protótipo de AGN forte emissor de Fe ii. Isso permite colocar restrições na densidade da nuvem da BLR e no teor
de metal que favorece a produção da emissão de Fe ii. Como um primeiro teste, nós examinamos como a emissão é impactada sob
condições de baixa densidade de coluna na BLR - 1022 cm−2 and 1023 cm−2. A partir da comparação entre os modelos e observações,
descobrimos que a intensidade do Fe ii observado em I Zw 1, pode ser previsto por um gás com densidade de coluna de 1023 cm−2 e
densidades acima de 1010 cm−3 em nuvens com metalicidade 2 Z⊙ ≤Z≤ 5 Z⊙. Concluímos que a modelagem simultânea no óptico
e NIR é essencial para colocar firmes restrições nas condições físicas obtidas para reproduzir a emissão Fe ii, quebrando possíveis
soluções degeneradas das simulações.
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1. Introduction

Active Galactic Nuclei (AGNs) are embedded at the core of
galaxies and contain an active supermassive black hole (SMBH)
at their very centers. Radiation originates from the heating
of matter that gets accreted onto the SMBH and then ionizes
the gas and metal-rich media in the vicinity of these systems
(Netzer 2015; Padovani et al. 2017). Due to their extended
geometry, AGNs can look different based on the orientation
that they are viewed from Collin et al. 2006; Panda et al. 2019.
This effect also manifests in their observed spectra. Sources that
exhibit both broad (permitted and semi-permitted) and narrow
forbidden emission line profiles are classified as Type I, whereas
the sources where no broad emission lines are perceived are
grouped under Type II. In this work, we focus only on Type I
sources and their emission. The origin of the broad emission
lines is from a region that lies ∼0.01-0.1 parsec from the
central ionizing source, and this distance is obtained using

the well-known reverberation mapping technique applied
to over 100 of AGNs to date (Blandford & McKee 1982;
Peterson et al. 2004; Bentz et al. 2013; Du et al. 2015;
Grier et al. 2017; Panda et al. 2019). This region, the broad
line region (BLR), is responsible for the bulk of the emis-
sion that is observed in a typical Type I AGN spectrum
(Berk et al. 2001; Glikman et al. 2006). One such promi-
nent emission feature is the Fe ii emission, which spans
from the ultraviolet (UV) to near-infrared (NIR) regime
(Wills et al. 1985; Verner et al. 1999; Marinello et al. 2020).

The Fe ii emission mimics a continuum due to the
accumulation of hundreds of thousands of transitions
(>344,000) and thus is referred to as a pseudo-continuum
(Verner et al. 1999; Sigut & Pradhan 2003). These numerous
emissions from the Fe ii ion are important to characterize the
energy budget of the BLR, where ∼25% of the entire emission
from the BLR is produced by the Fe ii lines (Wills et al. 1985).
Other studies have realized that the Fe ii emission can be
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used as a proxy to measure the relative abundance of metals
in the BLR in AGNs across a wide range in redshift, thereby
allowing us to understand the evolution of the metals in these
galaxies (Hamann & Ferland 1992; Baldwin et al. 2004;
Panda et al. 2019; Martínez-Aldama et al. 2021;
Sarkar et al. 2021).

Another vital contribution of the Fe ii-based studies has been
the realization of templates for the Fe ii emission. From the ob-
servational point of view, Boroson & Green 1992 were the first
to extract the Fe ii emission from a prototypical AGN Fe ii emit-
ter – I Zw 1. The Fe ii template was prepared by removing
all emission lines different from those of Fe ii. This template
approach is employed until today in several works to measure
the Fe ii optical intensity. In the UV advances were made by
Vestergaard & Wilkes 2001 using high-quality spectrum extend-
ing the template method into the UV regime.

Since then, other works have also successfully
produced different templates to quantify the UV-
optical Fe ii emission in large samples of AGNs
(Tsuzuki et al. 2006; Kovačević-Dojčinović & Popović;
Dong et al. 2010; Dong et al. 2011; Kovačević et al. 2010).
Kovačević et al. 2010 developed a new optical Fe ii template
through the measurement of the individual Fe ii multiplets
groups, resulting in a better Fe ii intensity ratio. Still, modeling
the Fe ii emission in I Zw 1-like sources has been a challenge
because the traditional template unable to reproduce some
features in the observed spectra. Recently, Park et al. 2022 pro-
posed a new template generated from the observed spectrum of
Mrk 493 for better modeling of the Fe ii emission in I Zw 1-like
sources.

Sigut & Pradhan 1998 and Sigut & Pradhan 2003 made ad-
vances in NIR predictions of Fe ii spectra by using the Lyα
fluorescence excitation mechanism to explain Fe ii emission
within, 8500−9500 Å. The Lyman process is solely responsi-
ble for exciting energy levels up to 13 eV and producing the
emission lines in this region, confirmed from observations by
Rodriguez-Ardila et al. 2002. The first semi-empirical Fe ii tem-
plate in the NIR was derived by Garcia-Rissmann et al. 2012
(hereafter GR) using an observed spectrum of I Zw1 sup-
plemented with theoretical models (Sigut & Pradhan 1998;
Sigut & Pradhan 2003; Sigut et al. 2004). Marinello et al. 2016;
Marinello et al. 2020 successfully modeled the Fe ii in the opti-
cal and NIR for 26 AGNs

Notably, the NIR spectrum shows Fe ii emission lines iso-
lated or semi-isolated, unlike in the UV-optical region, which
allows for a better and more accurate determination of the
line properties (see Figure 1). The Fe ii lines around the 1-
micron region at λ 9997, λ 10502, λ 10863 and λ 11127 are
the most intense among the Fe ii lines (Rudy et al. 2000;
Rodriguez-Ardila et al. 2002; Riffel et al. 2006).). Recent work
by Marinello et al. 2016 has shown that Fe ii emission in the
optical and near-infrared are intrinsically correlated. The com-
plexity of the Fe ii ion, combined with the difficulty of modeling
its emission, has inspired authors (Martínez-Aldama et al. 2015;
Panda et al. 2020)) to search for alternative approaches to study
the Fe ii emitting gas. Results from observational and pho-
toionization modeling suggest that less complex ions, e.g., Ca ii
triplet (centered at λ 8550, CaT) and the O i λ 8446, λ 11287,
can be used as proxies for exploring the location of Fe ii emit-
ting gas (Marinello et al. 2016; Rodriguez-Ardila et al. 2002;
Martínez-Aldama et al. 2015; Panda et al. 2020)).

Boroson & Green 1992 pioneered the efforts to understand
the Fe ii emission by showing that the strength of Fe ii strongly
correlates with other BLR and Narrow Line Region (NLR) prop-

erties. They used Principal Component Analysis (PCA), a math-
ematical technique, where the primary driver of their sample -
Eigenvector 1 (EV1), reveals the anti-correlation between the
peak intensity of [Oiii]λ5007 and the optical Fe ii within 4434-
4684 Å centered at 4570 Å. Also, Boroson & Green 1992 found
that there is a significant correlation between the peak [O iii] in-
tensity and the FWHM(Hβ). This then led to the FWHM(Hβ)
vs. RFeII connection, which is a well known optical plane of the
quasar main sequence (Sulentic et al. 2000; Shen & Ho 2014;
Marziani et al. 2018). In this context, the Fe ii emission is an im-
portant parameter to determine the true drivers behind the EV1
(Panda et al. 2017; Panda 2021). Furthermore, the Fe ii study is
essential to understand the physical conditions of the BLR low-
ionization line emitting gas, such as the metal content and den-
sity, and how they vary along the EV1.

The Fe ii emission has been shown to be dependent on the
BLR temperature and gas density, and also on other parameters
such as composition and Brownian motion within the BLR cloud
- high temperature (∼5000-10000 K), relatively high density (log
nH = 10-12 cm−3), super-solar abundances and microturbulence
of the order of ∼100 km s−1 have been shown to positively im-
pact the production of the Fe ii emission, especially in the UV
and optical (Baldwin et al. 2004; Bruhweiler & Verner 2008;
Panda et al. 2018; Panda et al. 2019). Thus, it is important to
check the validity of these results in the NIR region which is
the goal of this project.

In this work, we model the Fe ii emission to understand the
line formation and the nature of the physical conditions in AGN
with strong Fe ii emission. We model the optical and NIR Fe
ii simultaneously, in order to explore the BLR column density
threshold required to reproduce the observable Fe ii emission in-
tensity. To this purpose, we compare photoionization model pre-
dictions with the observed estimates for the Fe ii in the optical
and NIR spectra of the I Zw 1. Section 2 presents the observa-
tional data for I Zw 1. Section 3 describes the modeling setup
using the photoionization code cloudy. Preliminary results are
highlighted and further discussions are made in Section 4. We
summarize our findings from this study in Section 5.

2. I Zw1 the prototypical Fe ii emitter

The Seyfert galaxy, I Zwicky 1 (I Zw1) at z= 0.061, has
been considered a prototypical Fe ii emitter, and widely stud-
ied in the literature (Wills et al. 1985; Rudy et al. 2000;
Vestergaard & Wilkes 2001; Veron-Cetty et al. 2004;
Huang et al. 2019). The object is classified as a Narrow-
line Seyfert 1 galaxy (NLSy1), a subclass of Type-I AGNs
which show FWHM(Hβ)< 2000 km s−1 and the flux ratio, [O
iii]λ5007/Hβ < 3 (Osterbrock et al. 1985).

More recently, the object has a reverberation mapping mea-
surement of the distance of the line-emitting BLR from the cen-
tral ionizing source, RBLR = 37.2 light-days (Huang et al. 2019).
This is particularly useful for us because the BLR radius is a key
element in order to minimize the number of free parameters in
our models.

The NIR spectrum was observed using the 3.2 m IRTF
telescope (NASA Infrared Telescope Facility) at Mauna Kea,
Hawaii-USA in 2000. It employed a SpeX spectrograph in
cross dispersion mode (SXD) covering 0.8− 2.4 µm, and pho-
tometric bands zJHK, with a spectral resolution of 2000 cor-
responding to the 0.8”× 15” slit. Rodriguez-Ardila et al. 2002
and Riffel et al. 2006). presented, in detail, the observational
and data reduction information for the spectrum. The optical
counterpart region was available through private communica-
tion, and it was published in Rodriguez-Ardila et al. 2002. The
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Figure 1. The Fe ii emitted spectrum for an optically thin pho-
toionized cloud with cloud density, nH=1011.25 cm−3 having solar
abundances for column density case 1023 cm−2. The optical Fe ii
range 4434-4684Å is highlighted in gray. We normalized the in-
tensity of the Fe ii emission by the maximum value for the entire
simulated spectrum with a factor of 3.386× 107 erg cm−2 s−1.
The pseudo-continuum was constructed using Smyth et al. 2019
Fe ii dataset.

spectrum was obtained at the CASLEO Observatory (Complejo
Astronómico el Leoncito - San Juán, Argentina), employing
the REOSC spectrograph in long slit mode covering the range
3500− 6800 Å.

From these spectra, we obtain the optical Fe ii and NIR inten-
sities: R4570 = 1.619± 0.06 and R1µm = 0.72± 0.05, respectively
(2).

3. Photoionization modelling

We perform simulations of the Fe ii spectrum using cloudy
v17.03 (Ferland et al. 2017) using input parameters to gener-
ate the simulated models. We use the luminosity at 5100 Å
L5100 = 3.19×1044erg s−1 from Kaspi et al. 2000, and the BLR
radius measured by reverberation mapping RBLR = 37.2 light-
days from Huang et al. 2019, to limit the number of free param-
eters reducing to three. The free parameters are (i) the cloud
column density NH = 1022 cm−2, and 1023 cm−2, (ii) the cloud
mean hydrogen density nH = 107 − 1014 cm−3, and (iii) the metal
content (in the unit of Z⊙) 0.1 ≤ Z ≤ 10, which are estimated us-
ing the GASS10 module (Grevesse et al. 2011)1. We assume the
spectral energy distribution for I Zw 1 from Panda et al. 2020).
A more complete description of the assumed range of the phys-
ical conditions incorporated in the photoionization models can
be found in past studies (Panda et al. 2018; Panda et al. 2019;
Panda et al. 2020)). The default model for the Fe ii ion in cloudy
is the one defined by Verner et al. 1999.

In addition, we use the developmental version of cloudy and
incorporate the modelling setup as described above. The main
difference between this version and the publicly available ver-
sion (v17.03) of cloudy (Ferland et al. 2017) is the inclusion of
alternate Fe ii atomic datasets apart from the default one from
Verner et al. 1999. This allows us to evaluate the performance

1 The total number of models, therefore, is: NH (3) × nH (29) × Z (7)
= 609.

of the existing Fe ii datasets to recover, primarily, the intensi-
ties of the Fe ii emission lines around 1-micron. The compari-
son of the simulated Fe ii spectrum (or pseudo-continuum) in in-
tensity units for the default (Verner et al. 1999) and for the new
atomic database Smyth et al. 2019 is shown in Figure 2 for a rep-
resentative hydrogen density (nH = 1011.25 cm−3). We clearly
see the improvement going from Verner et al. 1999 model (in
red) to Smyth et al. 2019 (in blue) where the latter is able to
recover the peak intensities similar to the observed value from
Garcia-Rissmann et al. 2012. In reality, one needs to account for
the line broadening wherein we broaden the synthetic spectrum
with a suitable FWHM appropriate for the given source. This
will be accounted for in our forthcoming work.

4. Analysis and Results

We estimate the optical Fe ii ratio R4570 and the NIR Fe ii ra-
tio R1µm from the outputs of our cloudy models. Here, the R4570
represents the ratio between the flux of optical Fe ii centered at
4570Å to the flux of Hβ. While, the R1µm is the ratio of the sum
of the fluxes from the 4 prominent Fe ii lines at λ 9997, λ 10502,
λ 10863 and λ 11127 to the flux of the Paβ. This is shown in
Figure 3 for the column density case 1023 cm−2 utilizing the
Smyth et al. 2019 Fe ii dataset.

The diagnostic diagrams obtained for R1µm and R4570 ver-
sus the cloud density (n H) and color-coded by abundances in
solar values, are shown in Figure 4. For this work, we focus on
the results obtained from Smyth et al. 2019 atomic dataset be-
cause, compared to Verner et al. 1999, is the best dataset that
reproduces the strong Fe ii emission for the parameters rele-
vant for I Zw 1. We compare our obtained NIR and optical
intensity from cloudy with the observed values respectively,
R1µm = 0.72± 0.05 and R4570 = 1.619± 0.06 (2) in Figure 4. For
column density case of 1022 cm−2 the Fe ii strength in the NIR is
not reproduced even for abundances as high as 10x the solar val-
ues, although in the optical, the observed ratio can be achieved
only for the models with 10 Z⊙. Low column densities imply
smaller clouds, and previous studies have shown that the Fe ii
emission originates from a region much deeper in the BLR cloud
(Barth et al. 2013; Hu et al. 2008) later confirmed by photoion-
ization models (Panda et al. 2018; Panda 2021). The combina-
tion of the two features limits the overall Fe ii emission in the
low column density case. On the other hand, for column den-
sity 1023 cm−2, the R4570 ratio is reproduced but requires a high
abundance up to 5 Z⊙ while, in the case of the NIR R1µm ratio,
is slightly lower (up to 2 Z⊙). Besides that, the result is impor-
tant to understand the column density threshold for Fe ii for-
mation in AGNs with strong Fe ii emission. However, these re-
sults under low column densities are interesting to study lower
Fe ii sources, e.g., Population B sources in the EV1 context
(Korista et al.2000; Korista et al. 2014; Panda et al. 2022).

We also estimate the cloud densities from our modelling
based on the recovery of the optical and NIR Fe ii intensity
ratios. Focusing on the cloud column density case, NH = 1023

cm−2, the range of cloud densities for the optical: 1010.6 - 1012.4

cm−3, while for the NIR: 1010 - 1011.9 cm−3. This suggests that
the density associated with the two emissions are overlapping.

Our results have shown the potential to study in detail the
NIR Fe ii emission in strong Fe ii emitters, and in general for all
Type-I AGNs. As mentioned above, the NIR is more suitable for
Fe ii study than optical and UV. A more detailed analysis will be
shown in a forthcoming work.
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Figure 2. Predicted pseudo-continuum for Fe ii emission for nH=1011.25 cm−3 using solar abundances for column density case
1023 cm−2. The atomic databases Garcia-Rissmann et al. 2012, Verner et al. 1999, and Smyth et al. 2019, respectively are in col-
ors black, red and blue.
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Figure 3. 2D histograms for the optical Fe ii flux strength (i.e.,
R4570, upper panel), and for the NIR Fe ii flux strength (i.e., R1µm,
lower panel). The x and y axes for each panel are BLR cloud den-
sity (nH) and BLR abundance (Z) in the log-scale, respectively.
The color bar and contours (in black) represent the respective Fe
ii strengths. These models assume a column density, NH = 1023

cm−2, and utilize the Smyth et al. 2019 Fe ii atomic dataset.

5. Conclusion

In this work, for the first time, we explore the photoionization
modeling using cloudy focusing on the simultaneous recovery

of the optical and NIR Fe ii emission for a prototypical Fe ii-
emitting AGN - I Zw 1. We probe a wide parameter space which
includes the BLR cloud density (nH), metal abundance in the
BLR cloud, and the cloud column density -which then relates to
the size of the BLR cloud. This allows us to recover the Fe ii
intensity ratios in the optical (R4570) and NIR (R1µm). We briefly
summarize the results of this work below:

– Photoionization models with low column density (NH = 1022

cm−2) are not able to reproduce the strong Fe ii emission. We
only recover the observed Fe ii ratio in optical if we assume
10x solar abundance. In the NIR, even with this assumption
of 10x solar abundance, we do not recover the observed esti-
mate,

– For column density, NH = 1023 cm−2, we recover favorable
solutions in both optical and NIR Fe ii intensity ratios that
require abundances slightly above solar values, i.e., 2 Z⊙ ≤
Z ≤ 5 Z⊙,

– We also estimate the cloud densities from our modelling
based on the recovery of the optical and NIR Fe ii inten-
sity ratios. Focusing on the cloud column density case, NH =

1023 cm−2, the range of cloud densities for the optical: 1010.6

- 1012.4 cm−3, while for the NIR: 1010 - 1011.9 cm−3. This
suggests that the density associated with the two emissions
are overlapping, and

– Our results find that the new cloudy atomic dataset from
Smyth et al. 2019 is more reliable to study the Fe ii emission
in the optical and NIR than the default Verner et al. 1999
dataset, especially for I Zw 1-like sources.
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