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Abstract

Context. Contamination from singly ionized iron emission is one of the greatest obstacles to determining the intensity of emission lines in the UV and optical wavelength ranges.

Aims. This study presents a comprehensive analysis of the Fe II emission in the bright quasar RM 102, based on the most recent version of the CLOUDY software, with the goal of understanding the nature and the origin of the emission.

Methods. We employ a constant pressure model for the emitting clouds, instead of the customary constant density assumption. The allowed parameter range is broad, with metallicity up to 50 times the solar value and turbulent velocity up to 100 km s−1 for a subset of models. We also consider geometrical effects that could enhance the visibility of the non-illuminated faces of the clouds, as well as the presence of additional mechanical heating.

Results. Our investigation reveals that the broad line region of RM 102 is characterized by highly metallic gas. The observed Fe II features provide strong evidence for an inflow pattern geometry that favours the dark sides of clouds over isotropic emission if the heating is predominantly radiative. Solutions with mechanical heating are also an interesting option, but they require further self-consistent analysis.

Conclusions. This study underscores the critical role of the dark versus bright side interpretation for reproducing the strong Fe II features in RM 102, highlighting both the geometry of the emitting region and the presence of chemically enriched gas as fundamental factors. Additionally, we report that CLOUDY currently still lacks certain transitions in its atomic databases, which prevents it from fully reproducing some observed Fe II features in quasar spectra.
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1. Introduction
Singly ionized iron emission (Fe II) is one of the most ubiquitous signatures in the spectra of active galactic nuclei (AGN), with emission lines spanning from the ultraviolet (UV) to the near-infrared (NIR) wavelength ranges. Especially in the UV and optical ranges, the number of transitions associated with Fe II is so high that they blend forming a pseudo-continuum. The presence of this pseudo-continuum significantly complicates the fitting of lines emitted from the Broad Line Region (BLR), creating a long-standing challenge (Sargent 1968; Collin-Souffrin et al. 1979; Joly et al. 2008).
In the optical wavelength range, the intensity of Fe II emission is connected to the critical RFeII parameter of the quasar main sequence (MS) (Boroson & Green 1992; Sulentic et al. 2000), which is defined as the ratio between Fe II emission measured in the 4434–4684 Å range and Hβ emission. In the context of the MS, the sources that emit the largest amount of radiation per unit of mass are categorized as extreme-accreting sources, or extreme population A (xA) objects. These sources are characterized by RFeII>1 and a moderate-to-high Eddington ratio (L/LEdd), typically greater than 0.1 (Panda et al. 2019a), making them the strongest Fe II emitters.
The spatial extent of the Fe II emitting region remains a matter of debate. Some studies suggest that this emission originates in a region similar to that of Hβ (Shapovalova et al. 2012; Hu et al. 2015), while others propose that the Fe II emitting region may be more extended, potentially up to twice as large (Barth et al. 2013; Panda et al. 2018; Hu et al. 2020; He et al. 2021; Lu et al. 2021). However, the assumption of single-zone emission from the BLR seems appropriate, particularly for xA sources (Marziani et al. 2001; Panda et al. 2019b; Panda 2021).
Historically, two main methods have been employed to measure Fe II emission: (1) observational templates, created by isolating Fe II emission from the rest of the known lines in the spectrum of a quasar (e.g. I Zw 1 for Vestergaard & Wilkes 2001; Marziani et al. 2009); and (2) theoretical templates, which are based on calculating the transition rates of each emission line (Bruhweiler & Verner 2008; Panda et al. 2019b).
The challenge with observational templates is that they are limited by the signal-to-noise ratio (S/N) and the wavelength coverage of the spectra. Additionally, no existing template simultaneously covers both UV and optical bands (Pandey et al. 2024; Zhang et al. 2024). Theoretical templates, on the other hand, often suffer from inconsistencies between the measured emissions in the UV and optical ranges, frequently achieving a good fit in one range but showing strong mismatches in the other (Pandey et al. 2024).
In this work, we aim to analyse the Fe II emission of the bright quasar SDSS J141352.99+523444.2 (hereafter RM 102) from the UV to the optical bands. We utilize the latest version of the radiative transfer code CLOUDY C23.01 (Chatzikos et al. 2023), incorporating the most recent atomic data, to produce photoionization simulations and investigate the nature and origin of Fe II emission. RM 102, selected from the SDSS Reverberation Mapping (SDSS-RM) catalogue (Shen et al. 2019; Pandey et al. 2024), is an ideal candidate for this study because its high S/N spectrum spans a broad wavelength range (2000–5500 Å), allowing for a comprehensive analysis of both the rest-frame UV and optical ranges.
Furthermore, reliable estimates of the Hβ and Mg II time delays are available for this object, with [image: equation] days and [image: equation] days (Shen et al. 2023), with Fe II time delays expected to be consistent with those of Mg II and Hβ (Zajaček et al. 2024). Moreover, its spectrum strongly resembles the quasar composite spectrum from Vanden Berk et al. (2001), indicating that it is highly representative of the quasar population.
In this study, we consider local processes which can affect the local Fe II emissivity, such as radiative and mechanical heating, geometry (illuminated and dark sides of the clouds), microturbulence and metallicity, to better understand the physical conditions in typical quasars. We adopt a constant-pressure approach which should be more appropriate for clouds in hydrostatic equilibrium conditions. We aim to test whether this setup allows us to reproduce the observed Fe II features in RM 102, and identify the most plausible models representing the physical and geometrical conditions of the BLR.
We systematically analyse the Fe II emission of RM 102, beginning with a description of its SDSS spectrum in Section 2. Section 3 details the methodology and techniques used to disentangle the properties of our source. The results of our analysis are presented in Sect. 4. In Sect. 5, we discuss the main findings of our work. Finally, Section 6, summarizes our conclusions and suggests directions for future research. The values of the cosmological parameters adopted in this work are as follows: H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.
2. Observed spectrum of RM 102
RM 102 was selected for this study due to its representative quasar characteristics, high-quality spectral data, and well-documented properties from reverberation mapping studies (Shen et al. 2019). The spectrum used in this study is a compilation of 70 spectra from the SDSS Science Archive Server (SAS), the DR161. The source did not exhibit significant variability in spectral shape, justifying the use of a compiled median spectrum to achieve a high S/N. The resulting spectrum is shown in Figure 1, with the SDSS composite spectrum from Vanden Berk et al. (2001) overlaid for comparison. The two spectra show a remarkable similarity in both the overall continuum shape and line properties, although RM 102 exhibits stronger Fe II emission than the average quasar in the Vanden Berk et al. (2001) composite spectrum. This suggests that RM 102 is highly representative of bright quasars, particularly those in the xA category.
	[image: thumbnail]	Fig. 1. Top: Observed spectrum of RM 102, superimposed with the SDSS composite spectrum from Vanden Berk et al. (2001). The grey shaded regions define the spectral ranges from which the Fe II emission is extracted for the red-to-blue wings ratios in the UV and optical ranges (See Sect. 3.3). The SDSS composite is normalized at λ2800 Å. Bottom left: Zoomed-in on the UV Fe II emission, outlining the different spectral components adopted during fitting. Different Fe II templates (See Table 2 for reference) are displayed in different colours. Bottom right: Zoomed-in on the optical Fe II emission, outlining the different spectral components adopted during fitting, with the various Fe II templates (See Table 2 for reference) highlighted in different colours.



The global properties of RM 102 are summarized in Table 1, which lists its redshift (z), bolometric luminosity (Lbol), black hole mass (MBH), Eddington ratio, RFeII parameter, the measured time delay to Hβ (τHβ) and the estimated ionizing flux Φ(H) from the central engine. Φ(H) was calculated as follows: the assumed spectral energy distribution (SED) shape (Mathews & Ferland 1987) was fitted to the observed continuum in the optical band. The incident radiation was then renormalized using the redshift (i.e. the distance to the source), and the BLR distance, determined from the Hβ time delay. The ionizing photon flux above 1 Rydberg was integrated, yielding the ionizing flux Φ(H).
Table 1. 
Basic properties of the RM 102.

The Eddington ratio of RM 102 is slightly higher than the average value of 0.17 in the SDSS quasars (Panda et al. 2018). Moreover, the RFeII = 1.24 classifies RM 102 as a ‘bona fide’ xA source, as its RFeII exceeds the lower limit of 1.0 associated with extreme Population A sources in the context of the MS (Sulentic et al. 2000; Du et al. 2016; Marziani et al. 2018; Panda et al. 2019b).
The same compiled spectrum was previously used in preliminary tests of the Fe II templates by Pandey et al. (2024). In this work, we aim to conduct a more thorough analysis of both the broad-band properties and the individual spectral features of RM 102.
3. Methodology
3.1. CLOUDY photoionization simulations
In this study, we build upon the methodology employed by Pandey et al. (2024) for grid creation and analysis of the same quasar, RM 102. However, considering that Pandey et al. (2024) did not achieve a satisfactory explanation of the broadband Fe II spectrum, we have significantly refined and modified our approach to better understand the emission properties of the source.
Similar to Pandey et al. (2024) we utilize the most recent version of the spectral synthesis code CLOUDY C23.01 (Chatzikos et al. 2023), which features the most extensive database of Fe II transitions available to date. Motivated by the arguments of cloud stability, formation mechanisms and pressure confinement as discussed in various studies (e.g. Begelman & McKee 1990; Gonçalves et al. 2006; Czerny et al. 2009; Stern et al. 2014; Adhikari et al. 2018; Borkar et al. 2021; Netzer et al. 2024), we assume constant pressure instead of constant density for the clouds. In the former, the pressure is constant throughout the length of the cloud, while in the latter, the density is constant.
In a simplified model, a BLR cloud can achieve pressure equilibrium, where its internal thermal pressure is balanced by external pressures. If this equilibrium coexists with balanced heating and cooling processes, the cloud can also be in thermal equilibrium. However, in more complex and realistic scenarios, achieving simultaneous pressure and thermal equilibrium is challenging due to varying radiation fields and gradients in temperature, density, or ionization states. Thus, while a cloud in pressure equilibrium may not be in perfect thermal equilibrium, both conditions can coexist to a reasonable approximation in localized regions of the cloud. To explore these dynamics, we conduct simulations under both constant pressure and constant density assumptions to compare outcomes.
CLOUDY allows for the simulation of different temperature and density conditions on both the illuminated and dark sides of a cloud independently, making it a suitable tool for our study. The total pressure Ptot for each cloud is computed as:
[image: thumbnail](1)
where Pgas is the thermal gas pressure, Pturb is the turbulent pressure and Plines is the radiation pressure due to trapped emission lines (Ferland & Elitzur 1984). The turbulent pressure is calculated as [image: equation], where ρ is the gas density and Vturb is the microturbulent velocity. The radiative pressure difference, ΔPrad, due to the attenuated incident continuum, is calculated as ΔPrad=∫aradρdr, with arad being the radiative acceleration.
We explored a grid of simulations with logΦ(H) ranging from 17 to 22 cm−2 s−1, and with pressure covering the log(Ptot) from 14 to 18 cm−3 K range, adopting a step size of 0.25 dex for both parameters. For the simulations, we adopted the Mathews & Ferland (1987) SED available in CLOUDY. The values of Vturb are varied from 0 to 40 km s−1 with a step-size of 10 km s−1. Models with a microturbulence value of 100 km s−1 were also studied. The metallicity Z ranges from 1 to 50 times solar metallicity (Z⊙) in steps of 1, 2, 5, 10, 20, and 50 Z⊙, to cover a wide range of potential chemical enrichment scenarios. Although our analysis is based on constant-pressure simulations, the logΦ(H)-log Ptot grid is designed to be consistent with the grids built in Sarkar et al. (2021), Pandey et al. (2024). This consistency arises because, in the absence of microturbulence, Pgas dominates Ptot, with Pgas∝nHT. At typical photoionizing flux levels, BLR clouds exhibit a temperature of log T<5 K, and with a density log nH∼9 cm−3 this corresponds to a minimum log Ptot = 14 cm−3 K in our grid. Lower values of log nH, such as the minimum found in the grids of Pandey et al. (2024), can easily be achieved in the presence of microturbulence. Similarly, the Φ(H) values explored in the simulations are consistent with the values of Φ(H) studied in Sarkar et al. (2021), Pandey et al. (2024), as well as the adopted SED and the luminosity range observed in AGNs (Netzer 2020).
3.2. CLOUDY mechanical heating
In addition to heating from the central source via ionizing flux Φ(H), we explore the possibility that a portion of the heating within the BLR clouds arises from mechanical processes, specifically collisions between clouds. This scenario assumes that mechanical energy is injected into the system as clouds with relative motion collide. We modelled these relative motions as microturbulence, which could represent a small fraction of the Keplerian orbital velocity of the clouds around the supermassive black hole (SMBH).
Our order-of-magnitude evaluation of this effect assumes that the duration of the collision is roughly given by the sound speed crossing time across the cloud. From the CLOUDY inputs we can estimate the size of a BLR cloud as Rcl=Nc/nH, where Rcl is the cloud radius, Nc is the column density and nH is the Hydrogen density. The collision timescale (tcol) for two clouds is thus computed as:
[image: thumbnail](2)
and the mass of each cloud is:
[image: thumbnail](3)
where ρ is the cloud density, assuming all gas is composed of Hydrogen. The heating rate H is thus calculated as
[image: thumbnail](4)
where α is an arbitrary parameter. The adopted dimensionless parameter scaling this quantity is generally much smaller than 1, as the clouds collide frequently but not constantly. Some of the clouds may collide not only with each other but also with the disk (e.g. Müller et al. 2022). Based on the equations in Naddaf et al. (2021), α values for BLR clouds range from approximately ∼0.001 to 0.01, depending on other system parameters. In this work, we adopt α = 0.01. We assume a constant heating throughout the cloud volume.
Using α = 0.01, a conventional BLR cloud density of nH = 1011 cm−3 (Panda et al. 2019b; Netzer 2020) and column density Nc = 1024 cm−2, the additional mechanical heating resulting from Equation 4 is H = 10−7 erg cm−3 s−1. This value will be used in our analysis wherever mechanical heating is considered.
3.3. Comparison with the observational data
To compare our models with observational data, we first corrected the fluxes of RM 102 for galactic extinction using the extinction law described by Cardelli et al. (1989). We adopted the absorption value in the V band of AV = 0.026 mag, as provided by the NED extragalactic database. The corrected spectrum was then fitted following the methodology outlined in Pandey et al. (2024). This process involved decomposing the spectrum into its underlying power-law continuum, emission lines, and Fe II contributions.
In our analysis, we modelled the broad components of lines using a Lorentzian profile. The presence of a strong Balmer continuum was not requested as such a component is not clearly seen in the data. This omission aligns with previous studies, which show that AGNs exhibit a range of Balmer edge strengths. The strength of the Balmer continuum varies significantly, with the feature's average strength (as measured at 3000 Å) around 0.1 relative to the flux before after Balmer continuum subtraction, and with a range from 0 to 0.18 among a sample of 287 objects (Kovačević-Dojčinović et al. 2017).
To avoid underestimating the emission line contributions, we used semi-empirical UV/optical Fe II templates implemented in the fitting code PyQSOFit (Guo et al. 2018). We modified the approach by dividing the wavelength range into eight segments, allowing the Fe II flux to vary individually in each segment, adopting different normalization factors to scale the flux intensity of each template. The flux error varies from 25% to nearly 70% across the segments (see Table 2). The slope of the powerlaw was fixed at 2.08 to reduce the number of free parameters. This decision was made after several trials and finding that the variation in the slope was within the spectral fitting errors. We do not find any indication of a broken powerlaw. Any possible departure from a single power law in the spectrum could result from starlight contamination at longer wavelengths or, at shorter wavelengths, from internal reddening or proximity to the accretion disk temperature peak. We will discuss these issues in Sect. 5.2. The modification of the Fe II fitting methodology led to a reduction in the reduced χ2 value of 8% with respect to Pandey et al. (2024) results (see their Fig. 14). The level at 2800 Å is now higher, not dropping to zero, although the UV emission still remains significantly stronger than the optical emission.
Table 2. 
Template ranges and errors.

During the fitting, the Full Width at Half Maximum (FWHM) of lines was determined, and the measured FWHM of Hβ was found to be FWHM(H[image: equation] km s−1, consistent with an xA source in the context of the MS (Boroson & Green 1992; Sulentic et al. 2000). The Fe II FWHM was estimated by convolving the best-fitting Fe II templates with a Gaussian kernel, varying the FWHM between 1000 and 6000 km s−1 in increments of 50 km s−1. The resulting FWHM(Fe II) = [image: equation] km s−1 is lower than FWHM(Hβ), evidencing that the Fe II emission from RM 102 likely originates from a more extended region around the SMBH. Since line widths are predominantly governed by Keplerian motion, this suggests that the Fe II emitting region is approximately twice as large as the region emitting Hβ.
To select models most suitable for representing the Fe II emission in RM 102, we employed several approaches. First, we used the broadband integrated Fe II emissivity, selecting four bands as in Pandey et al. (2024): two in the UV band (UV red and blue wings), on each side of the Mg II line, and two in the optical band (optical red and blue wings), on either side of the Hβ line. We measured the integrated fluxes from the data integrating the fitted Fe II templates from the selected wavelength ranges specified in Table 2.
Specifically, we considered the following wavelength ranges of primary importance:

	
2000–3090 Å and 4000–5350 Å for the UV and optical measurements, respectively. The UV/optical ratio (RUV−opt) observed for RM 102 is 1.897±0.645.


	
2800–3090 Å and 2650–2800 Å for the red-to-blue wings ratio of Fe II in the UV, respectively. The red/blue UV ratio (RUV) observed for RM 102 is 2.178±1.677.


	
5150–5350 Å and 4434–4684 Å for the red-to-blue wings ratio of Fe II in the optical, respectively. The red/blue optical ratio (Ropt) observed for RM 102 is 0.734±0.404.



The theoretically calculated spectra allow us to determine the specific ratios, R, between two bands. Since we calculate both the inward and outward emission, the specific geometrical setup allows for relative enhancement, so we introduce a relative factor, A, between the two. In the standard geometry, when both the illuminated and shielded faces of the clouds equally contribute, [image: equation]. In addition, we can combine Ncl clouds with different properties (e.g. ionizing flux, density, turbulent velocity, external heating etc.). The most general expression for the ratio is thus:
[image: thumbnail](5)
where [image: equation] is the integrated inward flux in the band1 for cloud k, and [image: equation] is the integrated outward flux for cloud k.
We compared these ratios with those derived from other Fe II templates available in the literature. For example, RUV in the UV templates of Popović et al. (2019) without any rescaling of the components, is 2.8. This value is slightly higher than our measurement for RM 102, but remains consistent within the margin of error. Similarly, the optical template based on I Zw 1 (Marziani et al. 2009) gives a Ropt = 0.772, which aligns well with our measurement for RM 102.
We can use a single such ratio, or a linear combination of i such ratios to compare the model to the data quantitatively, using the χ2 statistic.
The χ2 is computed as
[image: thumbnail](6)
with i representing different ratios. Here, δRi is the measurement error of the ratio from the observed spectrum. Most of the time we use a single cloud representation (Ncl = 1), and equal contribution of inward and outward radiation ([image: equation]).
CLOUDY provides consistent results when employing line ratios because, in single-cloud simulations, these ratios are independent of the covering factor f and the distance dBLR from the ionizing source. However, when studying the output fluxes from CLOUDY, these must be converted into physical units. The physical flux, F, is given by:
[image: thumbnail](7)
where FCLOUDY is the flux output from CLOUDY under conditions of f = 1 (plane-parallel geometry), and d is the luminosity distance to RM 102. To ensure consistency with the time-delay measured for Hβ for this source and the distance derived for the BLR (see Table 1) across simulations with different Φ(H), the scaling factor [image: equation] is included in Equation 7. As discussed in Sect. 1, and supported by the lower FWHM of Fe II with respect to that of Hβ, it is possible for the Fe II emitting region to not be consistent with the Hβ emitting region. In the absence of direct time-delay measurements for Fe II in RM 102, we approximate the unshielded ionizing flux at the Fe II region as Φ(H) ∼ 1020 cm−2 s−1 for simplicity in calculations and consistency with the evidence of a more extended Fe II emitting region.
4. Results
4.1. Properties of the constant pressure clouds without and with mechanical heating
Most CLOUDY simulations and Fe II templates utilize the constant density approximation for a single cloud. To illustrate the properties of clouds under conditions of constant pressure, Figure 2 presents examples of the temperature and density structure across the cloud. One example represents a highly ionized cloud with logΦ(H) = 20 cm−2 s−1, and another one represents a weakly ionized cloud with logΦ(H) = 18 cm−2 s−1. The corresponding spectra, assuming equal contributions from both the dark and bright sides, are shown in the lower panel of Figure 2.
	[image: thumbnail]	Fig. 2. Structure and spectra of exemplary clouds simulated with CLOUDY at constant pressure, assuming log(Ptot) = 16 cm−3 K, Vturb = 100 km s−1, Nc = 1024 cm−2 and Z = 10 Z⊙. The assumed values of ionizing fluxes are logΦ(H) = 18 cm−2 s−1 (displayed in green), 20 cm−2 s−1 (black) and 21 cm−2 s−1 (blue). An additional example with logΦ(H) = 18 cm−2 s−1 and the addition of extra mechanical heating is displayed in red. Top left: Cloud temperature profile in logarithmic scale as a function of depth (z) of the cloud. Top right: Cloud density profile in logarithmic scale as a function of depth (z) of the cloud. Bottom: Spectra of Fe II emission from different models, displayed with 100% covering factor. Each synthetic spectrum is broadened with a Gaussian kernel with FWHM = 2500 km s−1.



For highly ionized clouds, the temperature drop across the cloud from the illuminated part towards its back is quite steep, accompanied by a rapid density increase, although the overall density difference between the two sides is only about 40%. In contrast, weakly ionized clouds exhibit a significant temperature drop across the cloud, while the density remains nearly constant throughout. These variations also affect the inward and outward spectra. For highly ionized clouds, the two spectra are relatively similar. However, for weakly ionized clouds, the outward radiation is much weaker, with the most substantial difference occurring in the UV part of the spectrum, which is significantly fainter compared to the illuminated side of the cloud.
When examining an even stronger ionizing flux, logΦ(H) = 21 cm−2 s−1, we do not observe a simple monotonic behaviour relative to the previous cases, and the temperature and density gradients across the cloud are steeper. Notably, at this higher ionization level, the physical conditions become less favourable for Fe II emission, resulting in a flux weaker than that seen in the logΦ(H) = 20 cm−2 s−1 case. For certain transitions in the UV and optical ranges, the flux is even lower than for the logΦ(H) = 18 cm−2 s−1 case.
When the predicted mechanical heating from the collision of clouds is included (H = 10−7 erg cm−3 s−1), the overall ionization level increases and the temperature gradient becomes shallower. However, this change is only evident in clouds exposed to weaker ionizing flux. The change in the temperature profile is only noticeable deep within the cloud, but on a linear scale, this would represent most of the cloud's body. Clouds exposed to stronger ionizing flux (logΦ(H) ≥ 20 cm−2 s−1) are unaffected by the presence of extra mechanical heating, as the impact of this heating is likely negligible. Consequently, the spectrum, the temperature, and density profiles of the clouds with logΦ(H) = 20–21 cm−2 s−1 are not displayed in Figure 2, since they remain unchanged compared to the cases without mechanical heating.
In contrast, for weakly ionized clouds, the presence of mechanical heating increases the temperature of the cloud's dark side relative to clouds without additional heating. This results in a noticeable increase in the emitted flux in the optical part of the spectrum, and consequently a potential reduction in Ropt. It is evident that the dark sides of clouds significantly contribute to the shape of the optical Fe II emission. This result is in agreement with previous studies suggesting that very low ionization lines, such as those of optical Fe II, originate from shielded regions (Joly 1987; Ferland & Persson 1989). Meanwhile, the interpretation of the UV spectrum is more complex due to the larger number of transitions and mechanisms involved (Wills et al. 1985).
4.2. The role of turbulent velocity in constant density and constant pressure approaches in simulations
Continuing with the assumption of constant pressure as detailed in Sect. 3.1, we compare clouds simulated with these conditions with those simulated under the assumption of constant density. Figure B.3. in Appendix B highlights the differences between these various simulations with similar physical conditions typically associated with the BLR. Two cases assume constant density, while the other two assume constant pressure. Additionally, we examine the impact of high turbulent velocity, Vturb = 100 km s−1, in one case for constant density and one for constant pressure.
In all scenarios, the clouds exhibit a complex temperature structure. However, the density is either constant or determined by the CLOUDY code under the condition of pressure equilibrium. This characteristic is directly linked to the role of turbulent velocity within the cloud. In the constant density scenario, for a given column density, the cloud size remains unchanged regardless of the turbulent velocity. In this case, increased turbulent velocity primarily enhances the gas emissivity without significantly altering the temperature or density profiles. In contrast, under constant pressure, turbulent velocity influences the temperature profile, which subsequently affects the density profile. As turbulent velocity increases, the density decreases and the cloud size expands for a fixed column density. Specifically, the diameter of the cloud increases by about two orders of magnitude in the presence of turbulent velocity.
The resulting spectra from these simulations are shown in the bottom panel of Figure B.3.. These spectra reveal that turbulent velocity plays a crucial role in shaping the Fe II emission. Notably, optical Fe II emission is not significantly produced in the absence of turbulent velocity under both constant density and constant pressure conditions. On the other hand, the shape of the Fe II profile changes very little for the same value of turbulent velocity, whether a constant pressure or constant density is imposed.
4.3. Fits of the three broad-band flux ratios without mechanical heating
We begin by analysing the first three global ratios (1) to (3) described in Sect. 3.3.
Using the computed grid and the measured fluxes for RM 102, we identify the parameters (total pressure and ionization flux) which best reproduce the observed value for each of the three ratios. An example plot, illustrating the parameter space of logΦ(H) and log(Ptot) under the conditions of Vturb = 0 km s−1 and Z=Z⊙, is presented in Figure 3. We assume equal contributions from the bright sides and the dark sides of clouds. Contour plots for various values of Ropt are shown, with the value measured in RM 102 highlighted by a solid red line. The dashed red line represents the contour corresponding to the 1-σ confidence range of the ratio. In Figure 3 both solid and dashed red lines are visible. When the solid red line is absent, the observed ratio is not reproduced within the selected parameter grid. Similarly, if the dashed red line is missing, the parameter grid does not reproduce the observed ratio within the 1-σ confidence interval. Additional plots are available at the link in Section Data availability.
	[image: thumbnail]	Fig. 3. Contour plots for the Ropt ratio described in Sect. 3.3 with constant Vturb = 0 km s−1, Z=Z⊙, and equal contributions from the bright sides and the dark sides of clouds. The position in the parameter space corresponding to the ratio measured in RM 102 is marked by a solid red line, while the dashed red line represents the 1-σ confidence range of the ratio.



We summarize these findings by showing the plots for these three ratios in Figure 4. The lack of intersection between the red and blue lines indicates that a single density and ionization flux combination does not reproduce both RUV and the Ropt for RM 102. The observed overall RUV−opt only falls within the adopted grid when the density (or pressure) is very low. The range expands slightly when metallicity is increased to 20 times the solar value, but even then, the observed RUV is not reproduced. We can still identify the best solution (orange dot) in each of the contour plots which minimizes the χ2 fit for all these ratios. The lowest value of the χ2 in Figure 4 is 3.81, for 20 Z⊙.
	[image: thumbnail]	Fig. 4. Contour plots denoting the ratios observed in the source RM 102 for different values of metallicity and microturbulence. The black, red, and blue contours denote RUV−opt, RUV, and Ropt, respectively. An orange dot in each plot marks the position of the best χ2 for each bin of metallicity.



We select the best solution for each metallicity value, and the best of all corresponds to the Z = 20 Z⊙, Vturb = 40 km s−1, logΦ(H) = 19.25 cm−2 s−1 and log(Ptot) = 14 cm−3 K (see first line in Table 4). For this solution we plot the modelled Fe II emission against the observed fluxes in RM 102 (see Figure A.1.). Using the observed flux, we still have the freedom to assume an arbitrary covering factor to match the data. We selected 0.24, as this value of f, for this solution, matches the integrated intensity of Fe II emission of RM 102 in the selected wavelength range. Such a covering factor is well within the expected range of the BLR covering factors, 0.1–0.3 (e.g. Peterson 2006; Collin et al. 2006; Panda 2021; see also Naddaf & Czerny 2024 for model-based estimates). Despite this formal acceptance, the actual representation of the Fe II emission is far from perfect. The UV data are marginally matched, but the optical emission is underproduced, particularly in the blue wing of the optical Fe II. Moreover, a strong emission feature that is absent in the observed spectrum is present at about 4300 Å. Other discrepancies include the lack of a dip in emission at approximately 2400 Å, and a significant underproduction of Fe II in the 3000–3500 Å range. The model predicts two clear spikes at approximately 2350 Å and ∼2610 Å, separated by a gap. This feature has been studied in previous works (Baldwin et al. 2004; Sarkar et al. 2021), and is discussed more in detail in Sect. 4.6. In the far UV, the same transitions appear in both the model and the data but with different intensities, suggesting that the physical conditions represented by the best-fit model do not yet fully reproduce the entire ionization balance in the medium.
When calculating the minimum χ2 for each metallicity bin, we notice that only the minimum χ2 associated with Z = 2 Z⊙ is departing significantly from the minimum χ2 solution observed at Z = 20 Z⊙. Indeed, only solutions with 5 Z⊙≤Z≤20 Z⊙ seem appropriate in the context of xA quasars (Panda et al. 2019b, 2020; Floris et al. 2024). Despite the large errors in the local subtraction of the underlying power-law, the fit is formally acceptable.
The overall consistency of the UV and optical emission in some specific ranges, assuming the predicted covering factor, is nonetheless notable given the adopted technique. However, the favoured ionization parameter logΦ(H) = 19.25 cm−2 s−1, is inconsistent with the observed SED of the object and the measured time delay of Hβ, as discussed in Pandey et al. (2024). Such high values of ionizing flux would require substantial internal shielding of the radiation emitted from the central engine, implying that the radiation received by the BLR clouds differs from the measured continuum emission. Under the favoured solution, the cloud density ranges from 3.27×107 cm−3 at the illuminated face to 3.60×108 cm−3 at the dark side. Such low densities are not typically associated with BLR conditions, suggesting that this solution may not be fully appropriate.
We also constructed similar contour plots (see Figure 5) for the case when 20% of the light came from the illuminated sides of the clouds and 80% from the dark sides, corresponding to A = 0.8. This configuration reflects a geometry where some clouds are obscured, such as in an inflow pattern (Horne et al. 2021). The new contour plots (see Figure 5) reveal some changes compared to the previous case, with the best fit found for a slightly different set of parameters (see Table 4), and a significantly reduced χ2 of 1.98. Table 3 presents the minimum χ2 results for each metallicity bin displayed in Figures 4 and 5. Table 3 further supports that the lowest χ2 values are obtained for a combination of high Z and a geometry where the dark sides of clouds are more represented than bright sides. Although the best χ2 results for both the 50–50 and 20–80 contributions are obtained with Z = 50 Z⊙, the only slight improvement in χ2 does not justify the dramatic increase in metallicity. Indeed, RM 102 does not exhibit extreme Fe II emission or an extreme L/LEdd which would be more commonly associated with extreme values of Z (Martínez-Aldama et al. 2018; Śniegowska et al. 2021; Floris et al. 2024). Therefore, we exclude the simulations with Z = 50 Z⊙ from Table 4 and favour a more physical solution of Z = 20 Z⊙.
	[image: thumbnail]	Fig. 5. Contour plots denoting the ratios observed in the source RM 102 for different values of metallicity and microturbulence, assuming 20% contribution from the bright side of the cloud and 80% from the dark side. The RUV−opt contours are shown in black, the RUV contours are shown in red, and the Ropt contours are shown in blue. The position associated with the best χ2 for each bin of metallicity is marked with an orange dot.



Table 3. 
Best solutions per Z bin.

Table 4. 
Best fitting solutions

The model for the broad band is compared to the data in Figure A.1. in Appendix A. Although the UV Fe II emission nearly matches, some features in the UV region are not well represented, and the optical blue wing is strongly underproduced in the spectrum obtained from the CLOUDY simulations. Despite these issues, the improvement in χ2 compared to the previous case with equal contributions from both cloud sides is consistent with the enhancement in the overall shape of the template, even if it still does not fully represent the data. The physical conditions associated with this CLOUDY simulation appear more realistic than in the previous case, requiring less intense shielding from the central engine. Additionally, the cloud density in this scenario (nH∼109 cm−3) is still relatively low. While such low densities were once considered representative of the BLR, later studies suggested lower densities for high ionization lines and higher densities for low ionization lines like Hβ, Mg II and Fe II, starting from the end of the 1980s (Collin-Souffrin et al. 1988; Collin-Souffrin & Lasota 1988). Most of the recent works points towards much higher densities in the bulk of BLR (e.g. Panda et al. 2019b).
Low density values for the BLR clouds of RM 102 could be confirmed if a strong emission of C III]λ1909 were detected for the object, as C III] has a critical density of nc∼1010 cm−3 (Hamann et al. 2002). This line is clearly present in the composite quasar spectrum of Vanden Berk et al. (2001). Unfortunately, the SDSS spectrum of RM102 used in this work ends at ∼2000 Å. In addition, the C III] line might originate closer in than Fe II, as it is considered an intermediate line between low and high ionization lines (see e.g. Buendia-Rios et al. 2023).
4.4. Fits of the three broad band flux ratios with equivalent width control, without mechanical heating
To ensure sufficient Fe II flux while also accurately reflecting the observed ratios, we computed the χ2 value using a combination of the three ratios and the observed equivalent widths (EWs) of Fe II across the four considered spectral ranges under consideration. The values of the integrated Fe II fluxes used to calculate the EWs were scaled by a constant value of the covering factor f<1, according to Eq. (7). In this work, EWs are measured based on the incident continuum. Table 5 lists the observed Fe II EWs for the spectral ranges we have considered. For our analysis, we used the observed continuum and the observed Fe II flux. However, in our simulations, we employed the local incident continuum and the local emission as calculated by CLOUDY. In a plane-parallel geometry, the covering factor is set to 1, but we also consider arbitrary values of f to find the best match with the observations. The predicted EWs from CLOUDY simulations are compared by automatically selecting values of f that minimize the χ2. Figures uploaded on the Zenodo platform (see Section Data availability) show the EWs produced by an array of simulations with varying Z and Vturb. These figures separately display the EWs produced by the dark side spectrum, the illuminated side spectrum, and the total spectrum, specifically for the UV Fe II emission centred on Mg IIλ2800.
Table 5. 
EW measurements of the regions of interest.

When assuming equal contributions from both the dark and bright sides of the cloud, the lowest χ2 value (χ2 = 7.15) was found with a parameter set similar to that of the equal contributions case without the EW control, albeit with slightly lower turbulence (see Table 4). In this scenario, the resulting f = 0.10 minimizes the χ2. When assuming unequal contributions from both sides, the minimum χ2 value obtained was 4.88, which, like the previous case, does not differ significantly from the initial solution that did not use EW control. The cloud density and temperature structure, as well as the Fe II templates associated with some of the best-fitting configurations listed in Table 4, are illustrated in Figure 6. For a relatively narrow range of Φ(H) values characterizing the best solutions, the temperature range is narrower than that in the general case (see Figure B.3.). However, this primarily affects the overall intensity of the Fe II emission rather than its spectral shape.
	[image: thumbnail]	Fig. 6. Same as Fig. B.3., but for the best-fitting configurations described in Table 4.



These results confirm that EW production is broadly in agreement with the trends of the observed ratios, and including EWs in the χ2 calculation does not drastically change the solutions. However, minimizing χ2 brings to a substantial underestimation of f with respect to the one obtained by measuring the integrated Fe II flux over the entire wavelength range (last column in Table 4) for all cases considered in Table 4. This discrepancy arises because the covering factor is a free parameter in the χ2 calculations with EW control. The most effective χ2 minimization prioritizes matching fluxes corresponding to the ratios with the smallest percentage errors, leaving substantial mismatches in the rest of the spectrum.
4.5. Solutions with mechanical heating
To investigate the potential contribution of mechanical heating from cloud collisions to the Fe II emission, we created a grid of CLOUDY simulations with logΦ(H) ranging from 17 to 22 cm−2 s−1 and constant pressure covering the log(Ptot) range of 14 to 18 cm−3 K. The adopted microturbulent velocity for all simulations is Vturb = 100 km s−1. The additional mechanical heating, as described in Sect. 3.2, is H = 10−7 erg cm−3 s−1. It is important to note, as discussed in Sect. 4.1, that mechanical heating significantly affects the cloud structure and emission only when the ionization flux is low. Figure B.1. displays a spectrum obtained from a simulation with mechanical heating, demonstrating the enhanced optical Fe II emission compared to the observed spectrum of our source.
Using the same approach to calculate the minimum χ2 from the first three flux ratios for this grid of simulations, and considering both equal and unequal contributions from the illuminated and dark sides of the clouds, we identified the best fits among all CLOUDY simulations performed in this study. As shown in Table 4, the two best solutions obtained using this method are very similar, with χ2 values of 1.44 and 1.45, respectively. The two solutions are also displayed in Figure A.3. and confronted with the observed Fe II emission from the source. The optimal solution is found with parameters of logΦ(H) ∼ 18.25 cm−2 s−1, log(Ptot) = 14.75 cm−3 K and Z=Z⊙. These remarkably low χ2 values, indicating a good statistical fit, require unexpectedly low ionizing flux. The Fe II emission region may be slightly farther from the central source than the location of Hβ, as discussed in Sect. 2, but not by a significant factor. Observed FWHM of the Fe II lines are only marginally narrower than those of Hβ (see Sect. 3.3), suggesting that the emitting region could be at most twice as distant, leading to a fourfold reduction in ionizing flux, as Φ(H) ∝ [image: equation]. However, the required reduction in ionizing flux in this case is by a factor of 150 compared to the ionizing flux received by Hβ (Φ(H) = 20.43 cm−2 s−1, as listed in Table 1).
It is possible that the BLR region does not receive the same radiation as the observer, with this discrepancy resulting from shielding, where radiation is attenuated by an intervening medium between the nuclear emission source and the Fe II region. The required optical depth to achieve a photon reduction by a factor of 150 would be of the order of τ = 5. Nevertheless, the extreme Fe II emission observed on the red side of Mg II in both solutions displayed in Figure A.3. makes these best solutions with mechanical heating not compatible with the observed Fe II emission from the source.
The combination of high microturbulence and mechanical heating efficiently produces Fe II emission, requiring a relatively low covering factor to match observed values, even when measured against the unabsorbed continuum. The significant role of mechanical heating has been proposed in early studies addressing the iron emission problem in AGNs (Grandi 1981; Joly 1987; Ferland & Persson 1989; Joly et al. 2007). These models consistently require relatively low covering factor, as was also demonstrated by Joly et al. (2007). Earlier studies emphasized the necessity of high local cloud density, collisional heating, high column density, and shielding from the central source to explain iron emission, but the problem remains not fully solved.
4.6. Contribution from individual transitions
In Sect. 4.3, we demonstrated that the solutions obtained by considering the first three flux ratios do not fully reproduce the observed spectrum when using the adopted covering factors. Several spectral features exhibited significant discrepancies between the observed data and the model, affecting the shape of the emission template. In this section, we delve deeper into these discrepancies by examining the intensities of specific transitions as functions of the simulation parameters.
Following the work of Kovačević-Dojčinović & Popović (2015) and Popović et al. (2019), we focus on UV multiplets 60, 61, 62, 63, 78, along with two empirical transitions observed in the I Zw 1 UV spectrum from Popović et al. (2019). These transitions were centred at 2720 Å and 2840 Å, respectively, which we refer to as IZw1a and IZw1b. Popović et al. (2019) suggested that these transitions likely originate from high excitation levels not included in their study. However, these transitions are correctly incorporated in the CLOUDY simulations used here and are present in the spectra generated with our preferred set of parameters outlined in Section 4.3. Additionally, we analyse the spike-to-gap ratio, a key diagnostic of plasma conditions (Baldwin et al. 2004; Sarkar et al. 2021). The specific spectral ranges associated with each of these transitions are described in Table 6.
Table 6. 
UV Fe II lines.

To improve the template fits, we incorporated intensity ratios of these specific transitions into the χ2 computation, using them as diagnostics to refine the accuracy of our models. These ratios, which we refer to as the Spike-to-spike ratio, the Spike-to-gap ratio (Sarkar et al. 2021), R2800 and R2900, are listed in Table 7 along with their observed values in the spectrum of RM 102.
Table 7. 
UV Fe II line ratios measured in the spectrum of RM 102.

After including these additional ratios to the χ2 calculation, the best-fitting model, with χ2 = 7.97, corresponds to a reasonable set of parameters: logΦ(H) = 20 cm−2 s−1, log(Ptot) = 16 cm−3 K, Vturb = 100 km s−1 and Z = 20 Z⊙. This model assumes unequal contributions from the bright and dark sides of the cloud. The spectrum produced by this simulation is shown in Figure B.2.. Although the χ2 value increases slightly when including the four additional ratios, the match with the observed data does not deteriorate. On the contrary, the template generated from this specific simulation, using the covering factor detailed in Table 4, aligns closely with most of the features observed in the original spectrum of RM 102. The primary exceptions are of the two strong spikes associated with the spike-to-spike and the spike-to-gap ratios, which strongly increase in intensity with higher metallicities (see the online content in Section Data availability), and the features at 4350 Å as well as the weaker optical blue wing of Fe II. Despite these discrepancies, this simulation represents our preferred solution because it achieves a good balance between fitting the observed data and maintaining a physically plausible set of parameters, requiring minimal shielding and suggesting a cloud density of nH∼109 cm−3.
The contour plots for the additional ratios, together with the discussion on their trends, have been uploaded on the Zenodo platform (see Section Data availability). Interestingly, our constant pressure analysis of the spike-to-gap ratio favours the turbulent velocity of 40 km s−1 (consistent with the requirement for three basic ratios) but indicates a lower metallicity, solar to 5 times solar.
5. Discussion
In this study, we modelled the Fe II contribution to the emission of RM 102, a quasar that is highly representative of the general quasar population as well as xA sources as shown in Figure 1. Our model comprehensively covers both the UV and optical bands, utilizing the latest atomic data available in the current version of CLOUDY (Chatzikos et al. 2023) and incorporating all available transitions. The modelling was based on the assumption of constant pressure, which is more appropriate for maintaining cloud stability. We explored a broad range of parameters, including ionization flux, total pressure, metallicity, and turbulent velocity. Additionally, we considered the effects of mechanical heating and the geometrical enhancement of the contribution from the dark sides of the clouds to the total spectrum. The most relevant fits are summarized in Table 4. There, the Fe II emission is measured with respect to the incident continuum assumed in the model.
Although our simulations do not fully reproduce the observed spectrum, they allow us to draw several tentative conclusions, which are discussed below.
5.1. Constant density versus constant pressure
Clouds not in hydrostatic equilibrium would be destroyed on a dynamical timescale due to pressure gradients. Such gradients are expected in constant density clouds exposed to strong irradiation from one side. Consequently, it is generally recommended to model cloud interior structures under the assumption of pressure equilibrium (Begelman & McKee 1990; Adhikari et al. 2018; Stern et al. 2014; Netzer et al. 2024). This is a key distinction from the approach of Pandey et al. (2024), which assumes constant density clouds. In Sect. 4.2, we discussed the role of turbulent velocity in both constant pressure and constant density simulations. Turbulent velocity, along with metallicity, significantly influences the parameter space of Φ(H) and Ptot, as observed in the contour plots in Figures 4 and 5. However, the constant pressure assumption more effectively captures the variations in the physical conditions of the gas driven by changes in metallicity and turbulent velocity. This approach allows the observed ratios to explore a broader range of the parameter space. Incorporating turbulent velocity ultimately leads to larger cloud sizes and more complex cloud structures. In the extreme case of very high turbulence, the turbulence term pressure dominates the pressure balance, reducing the differences between the constant pressure and the constant density assumptions. However, future studies that incorporate multi-zone emission regions should prioritize the constant pressure assumption, as turbulence may not always reach such high levels in all scenarios.
5.2. Consistency of the required and observed Φ(H), and the potential need for shielding
The apparent overproduction of the Fe II UV emission in our models might be due to inaccuracies in determining the underlying continuum. This issue could stem from confusion with pseudocontinua, reddening effects, or contributions from starlight. The mean slope of the spectrum above ∼5000 Å is 2.08, which is only slightly flatter than the slope of 2.33 expected from a standard accretion disk (Shakura & Sunyaev 1973). This flattening is likely due to starlight contribution, as RM 102 is not particularly luminous, with a black hole mass just above 108 M⊙. The modest luminosity leaves little room for significant internal reddening.
We also explored the possibility of reddening by examining the Balmer decrement. Although the higher-order Balmer lines are clearly visible in the spectrum, the line ratios are quite uncertain (see Table 8). This uncertainty is likely because Balmer line ratios are sensitive to both the density and temperature of the clouds, as indicated by both simulations and observational data (Ilić et al. 2012). Nevertheless, the observed ratios are consistent with theoretical expectations (Osterbrock 1989) and with the typical values for AGN as reported in Popović (2003). This consistency supports the conclusion that the disk emission in RM 102 is not significantly affected by intrinsic reddening.
Table 8. 
Balmer decrement in RM 102.

Performed computations did not rely on the precise distance measurement from the SMBH to the BLR. However, this distance, inferred from the time delay between the continuum and line emissions, has been estimated and is reported in Table 1. This delay implies a specific value for the ionizing flux. We observe that the solutions presented in Table 4 do not fully satisfy this condition, with some deviating significantly from the values based on the observed continuum and the measured time delay. This discrepancy could imply that the net time delay does not accurately reflect the distribution of the flux within the source, or that the BLR actually experiences a different incident continuum than the one observed, potentially due to some form of obscuration. Both effects could be significant, but the substantial mismatch between the measured and modelled values of Φ(H) is concerning, particularly since the FWHMs of the Fe II and Hβ lines are very similar, as discussed in Sect. 4.5. It is challenging to disentangle these effects reliably.
Without a precise distance, we cannot scale the model to the data in absolute units. If we assume the delay provides the correct distance, then the strength of the features (effectively, the covering factor) reported in Table 4 should be rescaled to match the observed continuum by accounting for the difference in assumed and observed Φ(H). This adjustment would immediately favour the last two models, which are closest to the observationally inferred Φ(H).
With the exception of the best solutions obtained with the addition of mechanical heating in the simulations, most of the best solutions found in this work (see Table 4) require only marginal shielding relative to the measured value of logΦ(H) ∼ 20.5 cm−2 s−1 of our source. This consistency is noteworthy, as it suggests that substantial shielding is not necessary for our favoured model, which minimizes χ2 by considering all ratios and assumes a 20% contribution from the bright side and an 80% contribution from the dark side of the cloud.
5.3. Are dark sides of clouds favoured?
Comparing the contours in Figure 5 with those in Figure 4 suggests a strong preference for an inflow pattern geometry, where the dark sides of the clouds are disproportionately represented compared to their illuminated sides. As a matter of fact, the contours associated with the three ratios described in Sect. 3.3 are more consistently produced, and overlap more under the assumption that Fe II emission preferentially comes from the dark sides of clouds (see also Panda et al. 2018) rather than equally from both sides. Assuming Vturb∼100 km s−1 (non-thermal turbulence, consistent with the chaotic motion of clouds), we find that although the contours do not perfectly overlap, this configuration provides the best fit. It maintains reasonable physical conditions that align with both our models and observations. The optical ratio still tends towards higher values of Φ(H); however, within error, these ratios can be consistent with canonical parameters associated with the physical conditions of the BLR (Netzer 2013, 2020), or potentially with slightly higher values of Vturb.
It is noteworthy that, although the microturbulence parameter cannot be directly measured in the source, Vturb∼100 km s−1 is not extreme and has been adopted in previous studies (Panda et al. 2018, 2019a; Sarkar et al. 2021; Panda 2021; Pandey et al. 2024). Slightly higher values of Vturb could potentially reconcile all three ratios together, though a combination with high Z could potentially lead to significant overproduction of Fe II emission.
In conclusion, when comparing the contours in Figures 4 and 5, the difference is striking. Using only the first three diagnostic ratios studied in Sect. 4.3, it is evident that the only way to reproduce physical conditions consistent with the observed Φ(H) and appropriate density values for the BLR, is assuming Z∼20 Z⊙, Vturb∼100 km s−1 and a geometry that favours dark sides. This trend is also observed when considering all the additional ratios discussed in Section 4.6.
5.4. The role of mechanical heating in the BLR
Mechanical heating does improve the best χ2 with just a handful of simulations needed. The best χ2 values found are associated with simulations featuring Φ(H) levels that are formally incompatible with the observations of RM 102.
These simulations would require extreme levels of internal reddening or shielding. In this work, we included mechanical heating but considered only the drop in the ionizing flux, neglecting the (likely highly significant) spectral changes caused by shielding. Consequently, these models require further, more sophisticated simulations to evaluate their applicability to the studied source.
5.5. Model constraints for the density, turbulence, and metallicity
All the best-fit solutions presented in Table 4 indicate a general trend of average nH∼109 cm−3, with the exception of the solution with log(Ptot) = 18 cm−3 K, which exhibits a higher density of nH∼1011 cm−3. Solutions derived using the minimum χ2 method strongly favour a condition of nH≈109 cm−3 in the BLR. These lower density values for RM 102 could be further validated by measuring the intensity of the C III] emission, which is not present in the spectrum used in this study. There is also a consistent trend in the preferred solutions regarding microturbulence, with Vturb∼100 km s−1. The metallicity is expected to lie within the range of 5 Z⊙≤Z≤20 Z⊙. Solutions with higher metallicity are not consistent with our findings for this source and are thus excluded.
5.6. Multiple emission regions
A single cloud approximation does not perfectly match the overall spectrum of RM 102. It was frequently suggested that optical and UV Fe II emission originate from two distinct regions (Baldwin et al. 2004; Gaskell et al. 2022). Some correlation between the two regions is observed (e.g. Kovačević-Dojčinović & Popović 2015; Panda et al. 2019a), and the measured time delays of the optical and UV emission are not significantly different as shown by Zajaček et al. (2024). However, the significant average redshift in the UV Fe II lines, which is not seen in the optical UV counterparts, suggests an outflow component predominantly affecting the UV region (Kovačević-Dojčinović & Popović 2015). Additionally, Gaskell et al. (2022) suggests that the optical Fe II is subject to considerable reddening, which is not observed in the UV Fe II emission. Given these discrepancies, we tested whether allowing for two distinct types of clouds could improve the representation of the data.
To explore this hypothesis, we combined emissions from two clouds and calculated the minimum χ2 among all combinations of simulations, as described in Sect. 3.3, but extended to two clouds. Despite these efforts, all solutions converged back to a single-cloud model, reproducing the results obtained for scenarios where both the bright and dark sides of the clouds contributed equally and for scenarios emphasizing dark side emissions. Thus, no combination of simulations appears to enhance the single-cloud interpretation.
This approach, however, does not fully address the common mismatch between optical and UV observational templates that are applied to the same sources with different normalizations. In reality, no simulation achieves a perfect optical shape and intensity while simultaneously producing no UV emission, or vice versa for the optical range. Consequently, models that consider only optical or only UV emissions as originating from two physically distinct regions cannot provide a complete solution because the radiation from each region inevitably affects the other band. Typically, our simulations generate similar amounts of UV emission but show wide variation in the optical range, especially when additional heating is included. Conversely, the ability of Fe II observational templates based on IZw1 to fit the spectra of most quasars remains unexplained, while theoretical templates fail to match the optical wavelength range when typical BLR physical conditions are assumed (Gaskell et al. 2022; Zhang et al. 2024).
This is likely to be the case for any multi-zone modelling approach, such as the locally optimized cloud (LOC) model proposed by Baldwin et al. (1995) or any Monte Carlo-type approach combining multiple emitting regions. Specifically, spectral features that are not well-modelled by any single solution, despite representing a broad parameter space, are unlikely to be accurately reproduced by combining multiple solutions. Figure 7 illustrates this issue. The upper panel shows Fe II models derived from equal contributions from the dark and bright sides of the clouds, while the lower panel illustrates models for 80% dark-side and 20% bright-side contributions. Any LOC model would essentially combine these contributions. However, some spectral ranges remain poorly represented. The most significant discrepancy lies in the blue portion of the optical Fe II emission. All models under-predict the observed features in this region, and any enhancement of this emission inevitably overproduces the red optical emission and dramatically amplifies the UV emission.
	[image: thumbnail]	Fig. 7. Top: Spectra of the Fe II emission obtained for several simulations in the Z = 20 Z⊙ and Vturb = 100 km s−1 grid. Grey-shaded regions indicate spectral ranges used to compute RUV and Ropt. Each template is normalized by the f parameter to match the integrated flux of the RM 102 spectrum in the 2000–5500 Å range. The figure demonstrates that no simulation accurately reproduces the observed Fe II emission across all grey-marked regions. Synthetic spectra are broadened using a Gaussian kernel with FWHM = 2500 km s−1. Bottom: Same as the top figure, but for 20% contribution from the bright side and 80% from the dark side.



Kinematic studies of UV and optical emission, along with time-delay measurements, imply subtle differences between the two regions (e.g. Kovačević-Dojčinović & Popović 2015; Le & Woo 2019; Prince et al. 2023), with similar distances and complex dynamics overall. Further investigations, particularly those incorporating the spectral effects of shielding, are essential and may prove crucial for resolving these challenges.
5.7. Disk winds possibly shielding the bright sides
The predominance of emission from the dark sides of the clouds suggests that there may be some form of shielding preventing the bright sides, which are located further from the observer and behind the black hole, from significantly contributing to the observed spectrum. A similar effect has been observed in reverberation mapping studies of certain sources, where the response function peaks at the shortest possible time delay, close to the observer's line of sight. In these cases, a second peak associated with the bright sides is present but shows a much-reduced amplitude (see e.g. Horne et al. 2021, for NGC 5548). However, we do not observe substantial reddening of the disk in RM 102, as the spectral slope is roughly consistent with that of a standard accretion disk (see Sect. 3.3). Attempts to introduce intrinsic reddening using the extinction law from Czerny et al. (2004) did not improve the spectral fit, indicating that any medium shielding the bright sides is likely dust-free and highly ionized.
Such a medium could plausibly be in the form of magnetically driven winds that originate close to the black hole (e.g. Fukumura et al. 2024, and the references therein). These outflows are challenging to detect directly, but there is observational evidence of ultra-fast outflows (UFOs) with velocities ranging from 0.03 to 0.6 times the speed of light. These UFOs are detected through shifts in the emission lines of highly ionized species in the X-ray band (e.g. Gianolli et al. 2024). The existence of such winds could provide a natural explanation for the observed shielding effects.
5.8. A comment on the current state of atomic transitions
Some observed spectral features, such as the dip near 2400 Å and the additional feature around 4350 Å, are not reproduced in our models. CLOUDY offers various atomic databases for use in simulations, and the differences between these databases have been discussed by Sarkar et al. (2021). For this study, we utilized the Fe II database from Smyth et al. (2019), as recommended by Sarkar et al. (2021). This database is now the default in CLOUDY and includes a comprehensive set of atomic data, representing the most advanced modelling currently available. However, the discrepancies between predicted and observed features suggest that there is still significant room for improvement in the atomic data and modelling techniques. Even solutions that assume shielding and incorporate mechanical heating fail to fully replicate the observed spectral features, despite providing better agreement with measured flux ratios.
Additionally, the methods used to solve the radiative transfer equations may contribute to these discrepancies. Netzer (2020) pointed out that current photoionization codes using the escape probability formalism often fail to accurately compute transitions in relatively dense, optically thick clouds. While alternative codes such as TITAN (Dumont et al. 2000, 2003) and TLUSTY (Hubeny et al. 2000) exist, they lag behind CLOUDY in terms of the richness of their atomic data, even in their most recent versions (e.g. Palit et al. 2024). This highlights the need for further development in both atomic databases and radiative transfer methodologies to enhance the accuracy of modelling complex astrophysical environments.
6. Conclusions
After analysing the Fe II emission of the bright quasar RM 102 employing a range of techniques and assumptions, we draw several key conclusions.

	
– 
We find strong evidence supporting the predominance of the dark sides of clouds over isotropic emission for photoionization-driven emission models. This finding aligns with previous studies on the Hβ profile using reverberation mapping (Horne et al. 2021). The similarity in the FWHM of the Fe II lines and Hβ confirms that Fe II originates from the same regions as Hβ (albeit a slightly more extended one), underscoring the critical role of dark sides in Fe II emission. This predominance is crucial for matching the observed RUV−opt ratios and the RUV ratios in the Φ(H)-nH parameter space compatible with the expected physical conditions in the BLR (Gaskell et al. 2022) and the observations of RM 102.


	
– 
Our results indicate significant chemical enrichment in the BLR of RM 102. Combined with high turbulent velocities and the predominance of dark sides, this enrichment creates the necessary conditions to produce most of the observed Fe II emission ratios. The high metallicity inferred from our models is consistent with findings from similar studies of other quasars (Nagao et al. 2006; Martínez-Aldama et al. 2018; Maiolino & Mannucci 2019; Panda et al. 2019b; Śniegowska et al. 2021; Panda 2021; Garnica et al. 2022; Floris et al. 2024).


	
– 
The favoured solution described in Sect. 4.6 with the minimum χ2 result, of logΦ(H) = 20 cm−2 s−1, Z = 20 Z⊙, log(Ptot) = 16 cm−3 K and Vturb = 100 km s−1, aligns well with the measured Φ(H) from RM 102. This solution also supports the presence of low-density (nH∼109 cm−3) BLR clouds. Although this density is lower than typical values for BLR clouds, observations of C III] intensity with instruments such as X-Shooter at the Very Large Telescope (VLT) could provide further insight into the low density observed and help refine these constraints.


	
– 
The best χ2 results were obtained with models incorporating strong shielding and mechanical heating. However, these models were not derived self-consistently, as the spectral impact of the shielding material was not fully considered. Future work must include assumptions about the nature and ionization state of the obscurer to achieve self-consistent results.


	
– 
While some discrepancies in observed Fe II features might suggest multiple emission regions, our study found no compelling evidence to support this hypothesis. Further analysis using more advanced multi-zone modelling approaches, such as the locally optimized cloud (LOC) method (Baldwin et al. 1995) or Monte Carlo-type simulations, could offer additional insights into this possibility.


	
– 
The absence of specific Fe II features in the observed spectra of RM 102, as well as the appearance of additional features in the simulations (such as the emission at 4350 Å), along with notable discrepancies in the intensity of specific lines, highlight potential limitations in the atomic data used in CLOUDY. Despite being one of the most comprehensive spectral synthesis codes, there may be missing transitions or inaccuracies in transition rates affecting the modelling of Fe II emission. Further research on Fe II emission is necessary to address these gaps.




[bookmark: S24]Data availability
The trends associated with the Fe II line ratios and their discussion have been uploaded on the Zenodo2 platform, together with the trends associated with the EW production. Plots of their behaviour in different physical conditions of microturbulence and contribution from the different sides of the clouds are displayed.
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Appendix A:  Minimum χ2 solutions
Figures A.1. to A.3. display the spectra corresponding to the template solutions with the minimum χ2 values, as detailed in Table 4. These figures present the best-fitting models for each scenario explored in our analysis, excluding those solutions with EW control, which generally match the results obtained without employing the EW in the χ2 computation.
	[image: thumbnail]	Fig. A.1. Comparison of the Fe II spectrum from our source with the best χ2 solutions employing the first three ratios (Section 3.3) in the computation. Top: Fe II spectrum assuming equal contribution from bright and dark sides, displayed with a 24% covering factor. The Fe II template corresponds to the CLOUDY simulation with logΦ(H) = 19.25 cm−2 s−1, log(Ptot) = 14 cm−3 K, Z = 20Z⊙ and Vturb = 40 km s−1. Bottom: Fe II spectrum assuming a 20% contribution from bright sides and 80% contribution from dark sides, displayed with a 33% covering factor. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 19.75 cm−2 s−1, log(Ptot) = 15.50 cm−3 K, Z = 20Z⊙ and Vturb = 100 km s−1.



	[image: thumbnail]	Fig. A.2. Same as in Figure A.1., but for the best χ2 solutions obtained by also employing the ratios discussed in Section 4.6. Top: Fe II spectrum assuming equal contribution from bright and dark sides, displayed with a 22% covering factor. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 19.50 cm−2 s−1, log(Ptot) = 15.50 cm−3 K, Z = 20Z⊙ and Vturb = 40 km s−1. Bottom: Fe II spectrum assuming a 20% contribution from bright sides and 80% from dark sides, displayed with a 32% covering factor. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 20 cm−2 s−1, log(Ptot) = 16 cm−3 K, Z = 20Z⊙ and Vturb = 100 km s−1.



	[image: thumbnail]	Fig. A.3. Same as in Figure A.1., but for the best χ2 solutions obtained using simulations that include mechanical heating as discussed in Section 4.5. Top: Fe II spectrum assuming equal contribution from bright and dark sides, displayed with a 4% covering factor. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 18 cm−2 s−1, log(Ptot) = 14.75 cm−3 K, Z=Z⊙ and Vturb = 100 km s−1. Bottom: Fe II spectrum assuming a 20% contribution from bright sides and 80% from dark sides, displayed with an 8% covering factor. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 18.25 cm−2 s−1, log(Ptot) = 14.75 cm−3 K, Z=Z⊙ and Vturb = 100 km s−1.




Appendix B:  Additional plots
We present here additional plots displaying an exemplary model with the addition of mechanical heating (Figure B.1.), and the best-fitting template for our Fe II model (Figure B.2.), and the structure and spectra of exemplary clouds simulated with CLOUDY in different conditions of constant density and constant pressure (Figure B.3.).
	[image: thumbnail]	Fig. B.1. Comparison of the observed Fe II emission from the source with the Fe II model produced from a CLOUDY simulation including mechanical heating (also shown as the red line in Figure 2), assuming 25% covering factor after being convolved with a Gaussian kernel of FWHM = 2500 km s−1.



	[image: thumbnail]	Fig. B.2. Fe II spectrum assuming a 20% contribution from bright sides and 80% contribution from dark sides with minimum χ2 employing the ratios in Sections 3.3 and 4.6, displayed with 33% covering factor after being convolved with a Gaussian kernel with FWHM = 2500 km s−1. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 20 cm−2 s−1, log(Ptot) = 16 cm−3 K, Z = 20Z⊙ and Vturb = 100 km s−1.



	[image: thumbnail]	Fig. B.3. Structure and spectra of exemplary clouds simulated with CLOUDY at constant density (green and black), and constant pressure (red and orange), with different values of Vturb, assuming similar physical parameters. The ionizing flux was assumed logΦ(H) = 20 cm−2 s−1 for all clouds, and metallicity is assumed solar. Clouds in conditions of constant density have density fixed at log nH = 11 cm−3, while in case of constant pressure log(Ptot) = 16 cm−3 K. Top left: Cloud temperature profile in logarithmic scale as a function of depth (z) of the cloud. Top right: Cloud density profile in logarithmic scale as a function of depth (z) of the cloud. Bottom: Spectra of Fe II emission from different models, displayed with 100% covering factor. Each synthetic spectrum is broadened with a Gaussian kernel with FWHM = 2500 km s−1.
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All Figures
	[image: thumbnail]	Fig. 1. Top: Observed spectrum of RM 102, superimposed with the SDSS composite spectrum from Vanden Berk et al. (2001). The grey shaded regions define the spectral ranges from which the Fe II emission is extracted for the red-to-blue wings ratios in the UV and optical ranges (See Sect. 3.3). The SDSS composite is normalized at λ2800 Å. Bottom left: Zoomed-in on the UV Fe II emission, outlining the different spectral components adopted during fitting. Different Fe II templates (See Table 2 for reference) are displayed in different colours. Bottom right: Zoomed-in on the optical Fe II emission, outlining the different spectral components adopted during fitting, with the various Fe II templates (See Table 2 for reference) highlighted in different colours.
In the text



	[image: thumbnail]	Fig. 2. Structure and spectra of exemplary clouds simulated with CLOUDY at constant pressure, assuming log(Ptot) = 16 cm−3 K, Vturb = 100 km s−1, Nc = 1024 cm−2 and Z = 10 Z⊙. The assumed values of ionizing fluxes are logΦ(H) = 18 cm−2 s−1 (displayed in green), 20 cm−2 s−1 (black) and 21 cm−2 s−1 (blue). An additional example with logΦ(H) = 18 cm−2 s−1 and the addition of extra mechanical heating is displayed in red. Top left: Cloud temperature profile in logarithmic scale as a function of depth (z) of the cloud. Top right: Cloud density profile in logarithmic scale as a function of depth (z) of the cloud. Bottom: Spectra of Fe II emission from different models, displayed with 100% covering factor. Each synthetic spectrum is broadened with a Gaussian kernel with FWHM = 2500 km s−1.
In the text



	[image: thumbnail]	Fig. 3. Contour plots for the Ropt ratio described in Sect. 3.3 with constant Vturb = 0 km s−1, Z=Z⊙, and equal contributions from the bright sides and the dark sides of clouds. The position in the parameter space corresponding to the ratio measured in RM 102 is marked by a solid red line, while the dashed red line represents the 1-σ confidence range of the ratio.
In the text



	[image: thumbnail]	Fig. 4. Contour plots denoting the ratios observed in the source RM 102 for different values of metallicity and microturbulence. The black, red, and blue contours denote RUV−opt, RUV, and Ropt, respectively. An orange dot in each plot marks the position of the best χ2 for each bin of metallicity.
In the text



	[image: thumbnail]	Fig. 5. Contour plots denoting the ratios observed in the source RM 102 for different values of metallicity and microturbulence, assuming 20% contribution from the bright side of the cloud and 80% from the dark side. The RUV−opt contours are shown in black, the RUV contours are shown in red, and the Ropt contours are shown in blue. The position associated with the best χ2 for each bin of metallicity is marked with an orange dot.
In the text



	[image: thumbnail]	Fig. 6. Same as Fig. B.3., but for the best-fitting configurations described in Table 4.
In the text



	[image: thumbnail]	Fig. 7. Top: Spectra of the Fe II emission obtained for several simulations in the Z = 20 Z⊙ and Vturb = 100 km s−1 grid. Grey-shaded regions indicate spectral ranges used to compute RUV and Ropt. Each template is normalized by the f parameter to match the integrated flux of the RM 102 spectrum in the 2000–5500 Å range. The figure demonstrates that no simulation accurately reproduces the observed Fe II emission across all grey-marked regions. Synthetic spectra are broadened using a Gaussian kernel with FWHM = 2500 km s−1. Bottom: Same as the top figure, but for 20% contribution from the bright side and 80% from the dark side.
In the text



	[image: thumbnail]	Fig. A.1. Comparison of the Fe II spectrum from our source with the best χ2 solutions employing the first three ratios (Section 3.3) in the computation. Top: Fe II spectrum assuming equal contribution from bright and dark sides, displayed with a 24% covering factor. The Fe II template corresponds to the CLOUDY simulation with logΦ(H) = 19.25 cm−2 s−1, log(Ptot) = 14 cm−3 K, Z = 20Z⊙ and Vturb = 40 km s−1. Bottom: Fe II spectrum assuming a 20% contribution from bright sides and 80% contribution from dark sides, displayed with a 33% covering factor. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 19.75 cm−2 s−1, log(Ptot) = 15.50 cm−3 K, Z = 20Z⊙ and Vturb = 100 km s−1.
In the text



	[image: thumbnail]	Fig. A.2. Same as in Figure A.1., but for the best χ2 solutions obtained by also employing the ratios discussed in Section 4.6. Top: Fe II spectrum assuming equal contribution from bright and dark sides, displayed with a 22% covering factor. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 19.50 cm−2 s−1, log(Ptot) = 15.50 cm−3 K, Z = 20Z⊙ and Vturb = 40 km s−1. Bottom: Fe II spectrum assuming a 20% contribution from bright sides and 80% from dark sides, displayed with a 32% covering factor. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 20 cm−2 s−1, log(Ptot) = 16 cm−3 K, Z = 20Z⊙ and Vturb = 100 km s−1.
In the text



	[image: thumbnail]	Fig. A.3. Same as in Figure A.1., but for the best χ2 solutions obtained using simulations that include mechanical heating as discussed in Section 4.5. Top: Fe II spectrum assuming equal contribution from bright and dark sides, displayed with a 4% covering factor. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 18 cm−2 s−1, log(Ptot) = 14.75 cm−3 K, Z=Z⊙ and Vturb = 100 km s−1. Bottom: Fe II spectrum assuming a 20% contribution from bright sides and 80% from dark sides, displayed with an 8% covering factor. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 18.25 cm−2 s−1, log(Ptot) = 14.75 cm−3 K, Z=Z⊙ and Vturb = 100 km s−1.
In the text



	[image: thumbnail]	Fig. B.1. Comparison of the observed Fe II emission from the source with the Fe II model produced from a CLOUDY simulation including mechanical heating (also shown as the red line in Figure 2), assuming 25% covering factor after being convolved with a Gaussian kernel of FWHM = 2500 km s−1.
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	[image: thumbnail]	Fig. B.2. Fe II spectrum assuming a 20% contribution from bright sides and 80% contribution from dark sides with minimum χ2 employing the ratios in Sections 3.3 and 4.6, displayed with 33% covering factor after being convolved with a Gaussian kernel with FWHM = 2500 km s−1. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 20 cm−2 s−1, log(Ptot) = 16 cm−3 K, Z = 20Z⊙ and Vturb = 100 km s−1.
In the text



	[image: thumbnail]	Fig. B.3. Structure and spectra of exemplary clouds simulated with CLOUDY at constant density (green and black), and constant pressure (red and orange), with different values of Vturb, assuming similar physical parameters. The ionizing flux was assumed logΦ(H) = 20 cm−2 s−1 for all clouds, and metallicity is assumed solar. Clouds in conditions of constant density have density fixed at log nH = 11 cm−3, while in case of constant pressure log(Ptot) = 16 cm−3 K. Top left: Cloud temperature profile in logarithmic scale as a function of depth (z) of the cloud. Top right: Cloud density profile in logarithmic scale as a function of depth (z) of the cloud. Bottom: Spectra of Fe II emission from different models, displayed with 100% covering factor. Each synthetic spectrum is broadened with a Gaussian kernel with FWHM = 2500 km s−1.
In the text
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        Top: Observed spectrum of RM 102, superimposed with the SDSS composite spectrum from Vanden Berk et al. (2001). The grey shaded regions define the spectral ranges from which the Fe II emission is extracted for the red-to-blue wings ratios in the UV and optical ranges (See Sect. 3.3). The SDSS composite is normalized at λ2800 Å. Bottom left: Zoomed-in on the UV Fe II emission, outlining the different spectral components adopted during fitting. Different Fe II templates (See Table 2 for reference) are displayed in different colours. Bottom right: Zoomed-in on the optical Fe II emission, outlining the different spectral components adopted during fitting, with the various Fe II templates (See Table 2 for reference) highlighted in different colours.

      

    

  
    
      Table 1. 

      Basic properties of the RM 102.

      
        


	Parameter
	Value
	Reference



	(1)
	(2)
	(3)





	z
	0.86114 ± 0.0003
	S19



	log Lbol [erg s−1]
	45.7179 ± 0.0005
	S19



	log MBH [M⊙]
	8.086 ± 0.036
	S19



	L/LEdd
	0.329 ± 0.027
	S19



	RFeII
	1.24 ± 0.70
	P24



	τHβ [days]
	[image: equation]
	S23



	logΦ(H) [cm−2 s−1]
	20.43
	P24





      

      
Notes. (1) Parameters defining the basic properties of RM 102. (2) Value of the parameter. (3) Paper from which the reference is obtained, with S19 referring to Shen et al. (2019), P24 referring to Pandey et al. (2024), and S23 referring to Shen et al. (2023).



    

  
    
      Table 2. 

      Template ranges and errors.

      
        


	Template
	Spectral range
	Integrated flux



	
	[Å]
	[10−16 s−1 cm−2]



	(1)
	(2)
	(3)





	a+b
	2000–2650
	301±112



	b
	2650–2800
	65±42



	b
	2800–3090
	143±57



	c
	3090–3500
	213±49



	d
	3686–4434
	74±52



	d
	4434–4684
	83±32



	d
	4684–5150
	77±32



	d
	5150–5350
	60±23





      

      
Notes. (1) Template used for the fitting in the identified spectral range: a: Vestergaard & Wilkes (2001), b: Salviander et al. (2007), c: Tsuzuki et al. (2006), d: Boroson & Green (1992). Template in the 2000–2650 Å spectral range is obtained as the sum of templates a and b. (2) Wavelength range associated with the template. (3) Integrated Fe II flux from the selected template, with error.



    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Structure and spectra of exemplary clouds simulated with CLOUDY at constant pressure, assuming log(Ptot) = 16 cm−3 K, Vturb = 100 km s−1, Nc = 1024 cm−2 and Z = 10 Z⊙. The assumed values of ionizing fluxes are logΦ(H) = 18 cm−2 s−1 (displayed in green), 20 cm−2 s−1 (black) and 21 cm−2 s−1 (blue). An additional example with logΦ(H) = 18 cm−2 s−1 and the addition of extra mechanical heating is displayed in red. Top left: Cloud temperature profile in logarithmic scale as a function of depth (z) of the cloud. Top right: Cloud density profile in logarithmic scale as a function of depth (z) of the cloud. Bottom: Spectra of Fe II emission from different models, displayed with 100% covering factor. Each synthetic spectrum is broadened with a Gaussian kernel with FWHM = 2500 km s−1.

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Contour plots for the Ropt ratio described in Sect. 3.3 with constant Vturb = 0 km s−1, Z=Z⊙, and equal contributions from the bright sides and the dark sides of clouds. The position in the parameter space corresponding to the ratio measured in RM 102 is marked by a solid red line, while the dashed red line represents the 1-σ confidence range of the ratio.

      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        Contour plots denoting the ratios observed in the source RM 102 for different values of metallicity and microturbulence. The black, red, and blue contours denote RUV−opt, RUV, and Ropt, respectively. An orange dot in each plot marks the position of the best χ2 for each bin of metallicity.

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Contour plots denoting the ratios observed in the source RM 102 for different values of metallicity and microturbulence, assuming 20% contribution from the bright side of the cloud and 80% from the dark side. The RUV−opt contours are shown in black, the RUV contours are shown in red, and the Ropt contours are shown in blue. The position associated with the best χ2 for each bin of metallicity is marked with an orange dot.

      

    

  
    
      Table 3. 

      Best solutions per Z bin.

      
        


	Cont.
	Z
	logΦ(H)
	log Ptot
	Vturb
	[image: equation]



	
	[Z⊙]
	[cm−2 s−1]
	[cm−3 K]
	[km s−1]
	



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)





	50–50
	1
	18.25
	14
	10
	5.24



	50–50
	2
	18
	14
	10
	7.07



	50–50
	5
	18.5
	14
	10
	6.35



	50–50
	10
	18.75
	14
	20
	5.82



	50–50
	20
	19.25
	14
	40
	3.81



	50–50
	50
	19.5
	14
	40
	3.31



	20–80
	1
	18.5
	14
	30
	4.35



	20–80
	2
	18.25
	14
	10
	5.43



	20–80
	5
	18.5
	14
	20
	5.36



	20–80
	10
	19
	14
	40
	3.98



	20–80
	20
	19.75
	15.5
	100
	1.98



	20–80
	50
	20
	16.25
	100
	1.55





      

      
Notes. (1) Percentage contribution from illuminated and dark sides of the cloud, respectively. (2) Metallicity bin of the cloud associated with the minimum χ2 solution. (3) Logarithm of the ionizing flux associated with the minimum χ2 solution. (4) Logarithm of the total pressure of the cloud associated with the minimum χ2 solution. (5) Microturbulent velocity of the cloud associated with the minimum χ2 solution. (6) Minimum χ2 associated with the best fitting solution for each metallicity bin.



    

  
    
      Table 4. 

      Best fitting solutions

      
        


	Ratios
	Side contributions
	logΦ(H)
	log Ptot
	Vturb
	Z
	log H
	[image: equation]
	[image: equation]
	f



	
	
	[cm−2 s−1]
	[cm−3 K]
	[km s−1]
	[Z⊙]
	[erg cm−3 s−1]
	
	
	



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)





	Three
	50-50
	19.25
	14
	40
	20
	–
	–
	3.81
	0.24



	Three
	50-50
	19.25
	14
	30
	20
	–
	0.10
	7.15
	0.25



	Three
	20-80
	19.75
	15.50
	100
	20
	–
	–
	1.98
	0.33



	Three
	20-80
	19.50
	14.75
	100
	20
	–
	0.14
	4.88
	0.36



	Three
	20-80
	18.25
	14.75
	100
	1
	−7
	–
	1.44
	0.08



	Three
	50-50
	18.00
	14.75
	100
	1
	−7
	–
	1.45
	0.04



	All
	50-50
	19.50
	15.50
	40
	20
	–
	–
	11.90
	0.22



	All
	50-50
	19.50
	15.50
	40
	20
	–
	0.08
	16.06
	0.22



	All
	20-80
	20
	16
	100
	20
	–
	–
	7.97
	0.32



	All
	20-80
	20
	18
	100
	20
	–
	0.14
	10.90
	0.33





      

      
Notes. (1) Ratios used in the computation of the best solution with the minimum χ2. (2) Percentage contribution from illuminated and dark sides of the cloud, respectively. (3) Logarithm of the ionizing flux of the central engine associated with the minimum χ2 solution. (4) Logarithm of the total pressure of the cloud associated with the minimum χ2 solution. (5) Microturbulent velocity of the cloud associated with the minimum χ2 solution. (6) Metallicity of the cloud associated with the minimum χ2 solution. Solutions with Z = 50 Z⊙ are not included in the table. (7) Extra mechanical heating applied to the cloud, if present. (8) Best fitting covering factor. This parameter is provided only when equivalent width control was used in the computation of the χ2. (9) Minimum χ2 associated with the best fitting solution. (10) Covering factor necessary to match the whole Fe II emission intensity across the wavelength range of the observed spectrum of RM 102 with the selected CLOUDY simulation.



    

  
    
      Table 5. 

      EW measurements of the regions of interest.

      
        


	Spectral range
	Wavelength
	Observed EW



	
	[Å]
	[Å]



	(1)
	(2)
	(3)





	UV blue wing
	2650–2800
	21.52±13.99



	UV red wing
	2800–3090
	55.09±22.04



	Optical blue wing
	4434–4684
	81.52±32.61



	Optical red wing
	5150–5350
	79.19±30.09





      

      
Notes. (1) Spectral range in which the Fe II EW is measured. (2) Wavelength interval corresponding to the spectral range. (3) Measured EW in the selected spectral range, including associated errors.



    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Same as Fig. B.3., but for the best-fitting configurations described in Table 4.

      

    

  
    
      Table 6. 

      UV Fe II lines.

      
        


	Fe II UV line
	Spectral range



	(1)
	(2)





	Spike1
	2280–2430 Å



	Spike2
	2560–2660 Å



	Gap
	2430–2560 Å



	UV60
	2907–2980 Å



	UV61
	2833–2918 Å



	UV62
	2692–2756 Å



	UV63
	2614–2773 Å



	UV78
	2944–3003 Å



	IZw1a
	2695–2735 Å



	IZw1b
	2820–2860 Å





      

      
Notes. (1) UV Fe II line considered. (2) Spectral range considered for the estimation of the intensity of the line.



    

  
    
      Table 7. 

      UV Fe II line ratios measured in the spectrum of RM 102.

      
        


	Name
	Ratio
	Value



	(1)
	(2)
	(3)





	Spike-to-spike
	[image: equation]
	0.709±0.369



	Spike-to-gap
	[image: equation]
	1.438±0.647



	R2800
	[image: equation]
	0.913±0.703



	R2900
	[image: equation]
	1.175±0.494





      

      
Notes. (1) Name of the ratio. (2) Expression for the measurement of the ratio. (3) Observed value of the ratio in the spectrum of RM 102, with error.



    

  
    
      Table 8. 

      Balmer decrement in RM 102.

      
        


	Ratio
	Observed
	Predicted
	AGN sample



	(1)
	(2)
	(3)
	(4)





	Hγ/Hβ
	0.60±0.36
	0.47
	0.45



	Hδ/Hβ
	0.20±0.09
	0.26
	0.21





      

      
Notes. (1) Balmer decrement ratio. (2) Observed value of the ratio measured on the spectrum of RM 102. (3) Predicted value of the ratio in the absence of extinction (Osterbrock 1989). (4) Average values measured for an AGN sample by Popović (2003) for comparison.



    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Top: Spectra of the Fe II emission obtained for several simulations in the Z = 20 Z⊙ and Vturb = 100 km s−1 grid. Grey-shaded regions indicate spectral ranges used to compute RUV and Ropt. Each template is normalized by the f parameter to match the integrated flux of the RM 102 spectrum in the 2000–5500 Å range. The figure demonstrates that no simulation accurately reproduces the observed Fe II emission across all grey-marked regions. Synthetic spectra are broadened using a Gaussian kernel with FWHM = 2500 km s−1. Bottom: Same as the top figure, but for 20% contribution from the bright side and 80% from the dark side.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Comparison of the Fe II spectrum from our source with the best χ2 solutions employing the first three ratios (Section 3.3) in the computation. Top: Fe II spectrum assuming equal contribution from bright and dark sides, displayed with a 24% covering factor. The Fe II template corresponds to the CLOUDY simulation with logΦ(H) = 19.25 cm−2 s−1, log(Ptot) = 14 cm−3 K, Z = 20Z⊙ and Vturb = 40 km s−1. Bottom: Fe II spectrum assuming a 20% contribution from bright sides and 80% contribution from dark sides, displayed with a 33% covering factor. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 19.75 cm−2 s−1, log(Ptot) = 15.50 cm−3 K, Z = 20Z⊙ and Vturb = 100 km s−1.

      

    

  
    
      Fig. A.3. 

      
        [image: thumbnail]
      

      
        Same as in Figure A.1., but for the best χ2 solutions obtained using simulations that include mechanical heating as discussed in Section 4.5. Top: Fe II spectrum assuming equal contribution from bright and dark sides, displayed with a 4% covering factor. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 18 cm−2 s−1, log(Ptot) = 14.75 cm−3 K, Z=Z⊙ and Vturb = 100 km s−1. Bottom: Fe II spectrum assuming a 20% contribution from bright sides and 80% from dark sides, displayed with an 8% covering factor. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 18.25 cm−2 s−1, log(Ptot) = 14.75 cm−3 K, Z=Z⊙ and Vturb = 100 km s−1.

      

    

  
    
      Fig. B.1. 

      
        [image: thumbnail]
      

      
        Comparison of the observed Fe II emission from the source with the Fe II model produced from a CLOUDY simulation including mechanical heating (also shown as the red line in Figure 2), assuming 25% covering factor after being convolved with a Gaussian kernel of FWHM = 2500 km s−1.

      

    

  
    
      Fig. B.2. 

      
        [image: thumbnail]
      

      
        Fe II spectrum assuming a 20% contribution from bright sides and 80% contribution from dark sides with minimum χ2 employing the ratios in Sections 3.3 and 4.6, displayed with 33% covering factor after being convolved with a Gaussian kernel with FWHM = 2500 km s−1. The Fe II template corresponds to the CLOUDY simulation associated with logΦ(H) = 20 cm−2 s−1, log(Ptot) = 16 cm−3 K, Z = 20Z⊙ and Vturb = 100 km s−1.

      

    

  
    
      Fig. B.3. 

      
        [image: thumbnail]
      

      
        Structure and spectra of exemplary clouds simulated with CLOUDY at constant density (green and black), and constant pressure (red and orange), with different values of Vturb, assuming similar physical parameters. The ionizing flux was assumed logΦ(H) = 20 cm−2 s−1 for all clouds, and metallicity is assumed solar. Clouds in conditions of constant density have density fixed at log nH = 11 cm−3, while in case of constant pressure log(Ptot) = 16 cm−3 K. Top left: Cloud temperature profile in logarithmic scale as a function of depth (z) of the cloud. Top right: Cloud density profile in logarithmic scale as a function of depth (z) of the cloud. Bottom: Spectra of Fe II emission from different models, displayed with 100% covering factor. Each synthetic spectrum is broadened with a Gaussian kernel with FWHM = 2500 km s−1.
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