A&A 680, A102 (2023)Extragalactic astronomyDOI: 10.1051/0004-6361/202347819© The Authors 2023
Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

Broad-line region in active galactic nuclei: Dusty or dustless?
Ashwani Pandey1 [image: orcid], Bożena Czerny1 [image: orcid], Swayamtrupta Panda2⋆ [image: orcid], Raj Prince1 [image: orcid], Vikram Kumar Jaiswal1, Mary Loli Martinez-Aldama3 [image: orcid], Michal Zajaček4 [image: orcid] and Marzena Śniegowska5 [image: orcid]

1 
 
Center for Theoretical Physics, Polish Academy of Sciences, Al. Lotników 32/46,  02-668   Warsaw,  Poland 
 


e-mail: ashwanitapan@gmail.com

2 
 
 Laboratório Nacional de Astrofísica, MCTI Rua dos Estados Unidos 154, Bairro das Nações,  CEP 37504-364   Itajubá,  MG,  Brazil 
 


3 
 
Astronomy Department, Universidad de Concepción Casilla 160-C,  Concepción   4030000,  Chile 
 


4 
 
Department of Theoretical Physics and Astrophysics, Faculty of Science, Masaryk University,  Kotlářska 2,  611 37   Brno,  Czech Republic 
 


5 
 
School of Physics and Astronomy, Tel Aviv University,  Tel Aviv   69978,  Israel 
 


Received: 
28 
August 
2023
Accepted: 
19 
October 
2023
Published online: 15 December 2023
Abstract

Context. Dust in active galactic nuclei is clearly present right outside the broad-line region (BLR) in the form of a dusty molecular torus. However, some models of the BLR predict that dust may also exist within the BLR.

Aims. We study the reprocessing of radiation by the BLR with the aim of observing how the presence of dust affects the reprocessed continuum and the line properties.

Methods. We calculated a range of models using the CLOUDY photoionisation code for dusty and dustless plasma. We paid particular attention to the well-studied object NGC 5548, and we compared the line equivalent width predictions with the data from observations for this object.

Results. We obtained a rough agreement between the expected equivalent widths of the Hβ and Mg II lines and the observed values for NGC 5548 for the line distances implied by the time-delay measurement (for Hβ) and the radius-luminosity relation (for Mg II) when the medium is dusty. We found the incident radiation to be consistent with the radiation seen by the observer, so no shielding between the inner disc and the BLR is required. High ionisation lines such as He II, however, clearly form in the inner dustless region. When the additional absorber is present, the Hβ emitting region moves closer to the dustless part of the accretion disc surface.
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1. Introduction
Dust is one of the key constituents of most active galactic nuclei (AGN). Its presence has been well established by spectroscopic observations and direct interferometric mapping of nearby AGN (see e.g. Ramos Almeida & Ricci 2017; Lyu & Rieke 2021; Czerny et al. 2023, for short recent reviews), but the key understanding of the role of dust in AGN only came with the realisation that dust, predominantly present in the flat form of a torus, could be responsible for the classification of AGN as type 1 sources, where the inner nucleus is unshielded by dust and visible, and type 2 sources, where the inner nucleus is shielded from the observer by a high inclination angle with respect to the symmetry axis (Antonucci & Miller 1985). Models of the dusty torus imply the location of the dust as being at a fraction of a parsec distance from the central supermassive black hole, depending on the bolometric luminosity of the source, as the inner radius is set by the dust sublimation temperature (Barvainis 1987; Netzer & Laor 1993; Nenkova et al. 2008). By now, the presence of dust has been well studied observationally (see e.g. Hönig et al. 2010; Kishimoto et al. 2011; Burtscher et al. 2013; Tristram et al. 2014; Hickox & Alexander 2018; Stalevski et al. 2019; Leftley et al. 2021; GRAVITY Collaboration 2023).
Spectroscopically, the infrared emission was first identified as the 3 μm bump in AGN spectra (Neugebauer et al. 1979; Barvainis 1987), and ground-based and satellite observations later allowed for detailed study of the dust’s characteristic features (Alonso-Herrero et al. 2003; Osterbrock & Ferland 2006; Kirkpatrick et al. 2012; Alonso-Herrero et al. 2012; García-Bernete et al. 2022; Donnan et al. 2023). Reverberation mapping (RM) studies have provided an insight into the dust location through the measurement of the time delays in the IR bands (see e.g. Pozo Nuñez et al. 2015; Schnülle et al. 2015; Lyu et al. 2019; Shablovinskaya et al. 2020; Sobrino Figaredo et al. 2020; Yang et al. 2020; Lyu & Rieke 2021; Guise et al. 2022). Monitoring of Fairall 9 with the International Ultraviolet Explorer (IUE) and ground-based IR South African Astronomical Observatory (SAAO) telescope (Clavel et al. 1989) showed the location of the dust (∼1-yr time delay) as being right outside of the CIV emitting region (∼150-day delay) based on time-delay measurements relative to the UV continuum. A systematic study of the IR delay showed that the dust is located further from the black hole than the broad-line region (BLR; Koshida et al. 2014) by a factor of five. The most recent study of the mid-IR delays by Chen et al. (2023) reports the ratio of the K-band (∼2.2 μm), W1 (∼3.4 μm), and W2 (∼4.6 μm) band delay to the BLR delay as being 6.2, 9.2, and 11.2, respectively
Direct interferometric mapping of the dust has revealed that the geometry of the dust distribution is in fact much more complicated than envisioned by the early models of a continuous or clumpy torus (Nenkova et al. 2008). Apart from the dust confined to the equatorial plane (i.e. torus), there is a clear presence of polar dust (Hönig et al. 2012, 2013; Tristram et al. 2014; Asmus et al. 2016; López-Gonzaga et al. 2016; Hönig 2019; García-Bernete et al. 2022; Cerqueira-Campos et al. 2023), and some models now incorporate this element (e.g. Siebenmorgen et al. 2015; Hönig & Kishimoto 2017). The same picture was claimed on the basis of RM studies of NGC 4151 in several near-IR bands, that is, the authors of such studies have claimed that some of the signals must have come from the polar regions (Lyu & Rieke 2021; Cerqueira-Campos et al. 2023).
However, the dust RM has proven that dust can be present much closer than implied by the dust sublimation temperature (e.g. by a factor of three Kishimoto et al. 2007). Moreover, Temple et al. (2021) noticed an interesting relation between the CIV outflow and the 2 μm bump that suggests a link between the properties of the BLR and the IR-emitting dusty regions in quasars. Thus, although most of the dust is certainly located outside the BLR, some of it could actually be inside, if properly shielded from the nuclear emission.
Historically, the presence of dust inside BLR clouds was considered in a number of publications (e.g. Martin & Ferland 1980; Rudy & Puetter 1982). The need for dust in the BLR was claimed on the basis of the measured ratio of Hα to Hβ (Osterbrock 1981). This ratio, from recombination calculations, was expected to be equal to 2.85 for the adopted local density of 104 cm−3 and temperature 104 K (Brocklehurst 1971). However, the measured values of the Hα-Hβ ratio were frequently different, and the difference was attributed to dust co-existing with the BLR clouds (see e.g. Goodrich 1995). Later, the issue of the presence of dust inside the BLR was largely forgotten since the idea of a dusty torus outside the BLR emerged.
However, two theoretically motivated models of the BLR have been proposed in recent years that are based on dust presence in the BLR. These models possibly apply to the low ionisation line (LIL) part of the BLR, according to the distinction introduced by Collin-Souffrin et al. (1988). The outer disc surface, if not flaring too strongly, is not irradiated strongly enough for the dust to be destroyed even at distances of the BLR (i.e. much closer than the torus).
The first of the two scenarios is a dynamical model of the BLR clouds, which are launched from the outer parts of the accretion disc under the radiation pressure acting on dust. Czerny & Hryniewicz (2011) proposed it as a failed radiatively accelerated dusty outflow (FRADO; see Czerny et al. 2015, 2017), but recent 2.5D modelling with realistic opacities have shown that, for a high Eddington rate and/or high metal content, apart from the failed wind, the model also produces an outflowing stream of material (Naddaf et al. 2021; Naddaf & Czerny 2022). The model is not only consistent with recent dust mapping trends, but it also roughly consistently predicts the properties of the broad absorption line (BAL) quasars (Naddaf et al. 2023). In this model, dusty and dustless clouds can coexist since their dust content depends on their orbit.
The second scenario involves a static model of Baskin & Laor (2018). In this model, the dust inside the disc affects its structure, and the disc remains in hydrostatic equilibrium (for most radii, where the model can be calculated). Also in this model, part of the disc remains dustless, but the shielded part remains dusty.
The issue of the Hα to Hβ line ratio and the presence of dust in this context was also revived by Gaskell (2017). The presence of dust in (some) BLR clouds can affect the BLR emissivity, and this can be important in several contexts. Dust modifies gas line emissivity (e.g. Netzer & Laor 1993; Adhikari et al. 2016), which might be important for the determination of the BLR covering factor (see e.g. Maiolino et al. 2001; Mor & Trakhtenbrot 2011; Baskin & Laor 2018). Dust can also modify the continuum emission from the BLR, and this, in turn, is important for the potential measurements of the intrinsic continuum time delays, which require subtraction of the BLR contamination (see Netzer 2022; Jaiswal et al. 2023; Pozo Nuñez et al. 2023).
Therefore, in this paper, we systematically compare the emissivity of the BLR with and without the dust in the BLR clouds. We mostly follow the excellent paper of Korista & Goad (2019), who studied dustless clouds, and for easy comparison, we adopt a similar parameter grid in our simulations. We specifically concentrate on comparing our results for dusty and dustless BLR for the well-studied object NGC 5548. Our general method is given in Sect. 2. The results from the reprocessing of the BLR continuum and emission lines are presented in Sect. 3. In Sect. 4, we combine the results for the reprocessing with the actual effective location of Mg II and Hβ known from the time delays, and we show that this region is most likely dusty. Several investigations of NGC 5548 have reported the possibility of the presence of an equatorial obscurer between the nucleus and the BLR (e.g. Dehghanian et al. 2019a; Dovčiak et al. 2022), we address this issue in Sect. 5, and Sect. 6 contains the discussion. We summarise our findings from this study in Sect. 7.
2. Methods
We generated a grid of models for individual clouds in a plane-parallel approximation using the photoionisation code CLOUDY, version 22.01 (Ferland et al. 2017). In computations, we assumed a constant gas density case, as in Korista & Goad (2019), for a natural comparison of the dust’s effect on cloud emissivity.
We parameterised the solutions with the local density of the cloud, nH, and the incident radiation flux, ΦH. We adopted the parameter range from Korista & Goad (2019), namely, 7 ≤ log nH (cm−3) ≤ 14 and 17 ≤ log ΦH (cm−2 s−1) ≤ 24, with a step size of 0.2 in the logarithm scale of each parameter, which yielded a total of 1296 models. We adopted a fixed hydrogen column density of log NH (cm−2) = 23 for CLOUDY simulations, as recommended by many authors (e.g. Netzer & Marziani 2010; Du et al. 2023). We assumed solar abundance for the BLR clouds.
For the incident radiation, we adopted the continuum spectral energy distribution (SED) for well-studied AGN NGC 5548 from Mehdipour et al. (2015). The SED is available in the CLOUDY database in a file “NGC5548.sed”.
For a comparison of the dust effect, we simulated both dusty and dustless clouds. We employed graphite dust grains with a size distribution similar to that of Orion for the computation of dusty BLR models. The composition and physics of the grains are described in Baldwin et al. (1991), van Hoof et al. (2004), and Weingartner et al. (2006). The dust cannot survive at very high temperatures and is destroyed in a very short timescale. In our calculations, we set the dust sublimation temperature to a somewhat arbitrary value of 2000 K (Baskin & Laor 2018). The temperature and optical properties of dust in a particular radiation field depend on its composition, size, and shape as well as on the density of the surrounding gas (e.g. Draine & Lee 1984; Guhathakurta & Draine 1989). Figure 1 of Baskin & Laor (2018) depicts how the sublimation temperature of silicate and graphite dust depends on the gas density. For silicate, it varies from 1000 K (at very low gas density) to 2100 K (at extremely high gas density), and for graphite, it is higher by ∼300 to 500 K, compared to silicate for the same density range. Baskin & Laor (2018) argued that for densities most likely met in BLR (∼1011 cm−3), the choice of 2000 K is justified. Since we do not investigate the details of the internal structure of the dusty cloud, our choice of dust sublimation temperature, that is, 2000 K, is a simple and reasonable approximation.
Since CLOUDY does not automatically check the dust sublimation, we checked the dust temperature provided by the code for each solution. If the dust temperature at the cloud surface was higher than the sublimation temperature, the solution was replaced with a dustless solution. In principle, clouds that are dustless at the irradiated surface can still contain dust in their interior, but a self-consistent solution for such a case from the CLOUDY code is not possible. Thus, our clouds are either completely dusty or dustless. This is an oversimplification of the task, but it is easy to perform and still allows for some insight into the potential contribution of dust to the cloud heating and cooling as well as radiative transfer under BLR-relevant conditions.
As the output, we stored the fluxes selected at the same bands as in Korista & Goad (2019). We also stored the intensities of the selected lines, including Hβ λ4861, Mg II λ2795, He II λ1640, and Lyman-alpha (Lyα λ1215). In addition, we parameterised and stored the Balmer and Paschen edge, as these features contaminate the time delay measurements in the accretion disc RM (e.g. Netzer 2022). Balmer and Paschen edges are the broad spectral features that are understood to represent the difference of intensity of the continuum spectrum on either side of the limit of the Balmer and Paschen series of hydrogen. These edges signify the direct ionisation of the hydrogen atom from the second and third energy levels, correspondingly. Since the series forms an intrinsically broad structure, the depth is measured at some distance from the actual limit. In our measurements, we adopted the wavelength pairs 3620 Å and 3700 Å for the Balmer jump, while we adopted 8160 Å and 8260 Å for the Paschen jump.
3. Results
3.1. Properties of the reprocessing broad-line region continuum
We computed the ratios of diffuse continuum (DC) emission at four wavelengths (1461 Å, 3641 Å, 5200 Å, and 8100 Å) to the incident continuum emission at 1215 Å, as done in Korista & Goad (2019), for both the dustless and dusty solutions. The diffuse continuum emission includes contributions from the reflected incident continuum and the diffuse continuum emission from the outward-facing cloud face. The logarithm contours of these ratios are plotted in the cloud gas density-incident ionising photon flux (log nH − logΦH) plane for dustless (left panel) and dusty BLR (right panel) solutions in Fig. 1. In the right panel of the figure, the shaded region represents the solutions for the models involving dust while the rest of the part is replaced with dustless solutions.
	[image: thumbnail]	Fig. 1. Logarithm contours of the ratio of diffuse continuum emission at four wavelength bands to the incident continuum emission at 1215 Å in the log nH − logΦH plane for the dustless (left panel) and dusty (right panel) models. The shaded region in the right panel represents the solutions for the dusty cloud for a sublimation temperature of 2000 K.



Our contours for the dustless solutions are similar to those obtained by Korista & Goad (2019). Computations of the dusty clouds appeared to be more complicated, and the solutions did not always converge. This mostly happened for cloud sets that had extremely high dust temperatures in the front layers and low temperatures in the outer layers. Such clouds were not usually self-consistent (dust would have been evaporated in the front layers, thus changing the transmitted spectrum through these zones), and according to our approach, we considered these clouds as ‘no dust solutions’ and replaced them with self-consistent dustless clouds. In this way, we underestimate the role of dust.
We include the lines in our discussion of the continua since some lines do actually form pseudo-continua, for example, Fe II lines (Baldwin et al. 2004; Bruhweiler & Verner 2008; Panda et al. 2018, 2019b; Panda 2021a; Czerny et al. 2023). We illustrate the issue in Fig. 2. The intense lines, such as Hβ and Mg II, are clearly seen as separate lines, and the remaining lines contribute to what has traditionally been described as the ‘small blue bump’, which consists mostly of Fe II and Balmer continuum.
	[image: thumbnail]	Fig. 2. Example of the BLR spectrum for only the continuum and the continuum with lines coming from CLOUDY modelling smeared with the velocity appropriate for NGC 5548 (∼4000 km s−1 for Hβ; Pei et al. 2017). log ΦH(cm−2 s−1) = 20, log nH (cm−3) = 12.



The shaded region in Fig. 1 was obtained assuming the sublimation temperature of 2000 K. The region covers a relatively narrow strip of the lowest values of logΦH, mostly below 18.0, but it covers a relatively broad range of densities, from the smallest values adopted in the grid up to ∼1013 cm−3. Above this density, dusty solutions do not form because the temperature of the dust grains exceeds the sublimation temperature. If a 1500 K value is adopted, the region shrinks further, as the dusty clouds would then be found mostly at fluxes smaller than the minimum value adopted in the grid. The incident flux in the dusty region seems rather small for the BLR modelling, but we address this issue later when discussing the line production in the medium.
The contours of the continuum in the dusty region were modified with respect to dustless solutions. In general, the continuum drops in the presence of the dust. However, at a low density, nH = 108 cm−3, the continuum for the dusty cloud becomes comparable to that of the dustless cloud at around 9500 Å and increases further for longer wavelengths. Also, at a higher density, nH = 1012 cm−3, the continuum for the dusty cloud enhances in the wavelength range ∼1800–3000 Å. We illustrate this by plotting the continua (see Fig. 3) for a few selected models in both dustless and dusty cases while keeping the other parameters constant. The spectral features are strongly affected for the lowest density: the Balmer and Paschen discontinuity almost disappear for a density of 108 cm−3 in the presence of the dust. At higher densities, the Balmer edge always increases, while the Paschen edge is almost unaffected.
	[image: thumbnail]	Fig. 3. Examples of the continua for dusty and dustless clouds for log ΦH(cm−2 s−1) = 17 and three values of the local density.



We studied the drop of the spectrum at the Balmer and Paschen edge separately. In time delay studies of NGC 5548, the drop in the time delay at the Paschen edge is quite noticeable, and it is possibly deeper than the drop at the Balmer edge (Fausnaugh et al. 2016; Pei et al. 2017). Therefore, we specifically wanted to investigate the relationship between the Balmer and Paschen edges in the spectrum itself. We parameterised the relative drop, D, as the ratio of the Balmer edge to the Paschen edge, that is,
[image: thumbnail](1)
where D is the dimensionless quantity. The terms [image: equation] and [image: equation] are the fluxes near the peak (at 3620 Å) and bottom (at 3700 Å) of the Balmer jump. Similarly, [image: equation] and [image: equation] are the flux values near the peak (at 8160 Å) and bottom (at 8260 Å) of the Paschen jump. We plot the corresponding contours of D in Fig. 4.
	[image: thumbnail]	Fig. 4. Logarithm contours of the ratio, D, of the Balmer to Paschen jump (see Eq. (1)) for dustless (left panel) and dusty (right panel) models. The shaded region in the right panel represents the solutions for the dusty cloud for a sublimation temperature of 2000 K.



As can be seen from the plots, the ratio D is always larger than one in the dusty parts of the BLR, and in general, it is larger than one for larger densities. A reverse trend (Pashen edge larger than Balmer edge) is only seen for dustless regions, low densities, and extremely high illumination (see Fig. 4). We plot the contours for the Balmer and Paschen edges separately, concentrating on the dusty region, in Fig. 5. The contour plots for both edges are similar, usually with the Balmer edge being much more prominent.
	[image: thumbnail]	Fig. 5. Contours of the Balmer height (left) and Paschen height for dusty (right) models. The blue-shaded region represents the solutions for the dusty cloud for a sublimation temperature of 2000 K.



3.2. Properties of the emission lines
The dusty region in Fig. 1 is present only at very low values of the incident flux, ΦH, which might imply that the BLR with such parameters cannot be responsible for the low ionisation lines (LILs), such as Hβ or Mg II. We therefore calculated the line intensities from our grid of CLOUDY models with and without dust and determined their equivalent widths (EWs) with respect to the incident continuum. The EWs for Mg II (2795 Å), He II (1640 Å), and Lyα (1215 Å) are measured with respect to the incident continuum flux at their line centers, while for Hβ, the EW is measured with respect to the 5100 Å continuum. Since the models are calculated in plane-parallel geometry, the calculated EWs correspond to the covering factor of 100%. The corresponding contours are shown in Fig. 6.
	[image: thumbnail]	Fig. 6. Equivalent widths contours for different emission lines for dustless (left) and dusty (right) solutions. The EWs for Mg II, He II, and Lyα are measured with respect to the incident continuum flux at their line centers, while for Hβ, EW is measured with respect to the 5100 Å continuum.



We compared the calculated EW values with the observed values of the EWs for NGC 5548, which we collected from the literature and summarise in Table 1. The measurements of the UV lines come from the old IUE observations (Goad & Koratkar 1998), and the value of Hβ was calculated as the mean value from the 13-year observational campaign by AGN Watch (Peterson et al. 2002). We observed that the EW values for Hβ are comparable to the measured values in NGC 5548 or are much smaller when the incident radiation flux logΦH is larger than 20 cm−2 s−1. Since the measured EW should include a covering factor fc, which is usually considered to be of the order of 0.1–0.3 (Baldwin et al. 1995; Korista & Goad 2000, 2019; Panda 2021b, 2022), the observed EW can be converted into the model-predicted EW as follows:
[image: thumbnail](2)
Table 1. 
Observationally determined representative EWs of selected lines in NGC 5548.

By applying the covering factor, the Hβ EW from the model should be on the order of 266 to 798 Å. Values higher than 750 Å are found in Fig. 6 in the dustless region. Thus, if the covering factor fc is indeed as low as 0.1, the dust present in the BLR is not possible. However, if fc is higher than 0.1, the dusty solution becomes possible. If fc is instead on the order of 0.2–0.3 (EW requested from the model is then ∼300 to 400 Å), there is a large parameter region with nH ∼ 1011 − 1012 cm−3 and ΦH ∼ 3 × 1017 cm−2 s−1 that can give such a line intensity (lower density favoured for higher covering factor). The high density requested for the LIL region is not surprising, as many recent works have obtained such values on the basis of modelling line properties (Bruhweiler & Verner 2008; Panda et al. 2018, 2019b, 2020; Panda 2021b, 2022; Marziani et al. 2021, 2023; Śniegowska et al. 2021; Garnica et al. 2022) or just by theoretical argument of radiation pressure confinement (Baskin & Laor 2018). Whether the region is dusty or dustless, the values of ΦH should be smaller than 1019 cm−2 s−1 for the density 1012 cm−3 and smaller than 6 × 1019 cm−2 s−1 for an unlikely high cloud density 1014 cm−3 in order to match the observed EW of Hβ line.
For the Mg II line, the covering factor 0.1–0.3 would require the model-predicted EW to be on the order of 200–600 Å. Such values are easily found for dustless clouds when the ΦH is smaller than 1019 cm−2 s−1 and the density is higher than 109 cm−3. In the case of the dusty region, such conditions are met only if the irradiation is very low (ΦH < 1017.5 cm−2 s−1). The required density is high (above ∼1010 cm−3), and the values of the line EW hardly reach 600 Å in the dusty solutions. So again, as in the case of the Hβ line, dusty solutions require fc to be above 0.1.
Since the Mg II and Hβ both belong to the LIL, they could be emitted by roughly the same region, which would imply the same value of the ionisation flux, density, and covering factor, reproducing the requested EWs for both Hβ and Mg II. We thus searched our grid of solutions for pairs that satisfied these requirements in the best way using an χ2-selection method. We found two minima. The formally better solution requires the following parameters: fc = 0.25, logΦH (cm−2 s−1) = 18.8, log nH (cm−3) = 10. This region corresponds to a dustless BLR. However, we also found a second (local) minimum that is in the dusty region. It requires a somewhat lower covering factor, 0.14; lower irradiation (logΦH (cm−2 s−1) = 17.6); and a higher density (log nH (cm−3)∼11.4). So, basically, the dustless BLR is favoured, as the primary minimum is significantly deeper. We discuss the issue further in the next section.
For the high ionisation line (HIL) region, we can find a solution where He II and Lyα come from the same plasma and the region is closer to the black hole. It corresponds to logΦH (cm−2 s−1) ∼ 19, log nH (cm−3) ∼10, and the region is dustless. The corresponding covering factor is of the same order, fc ∼ 0.2.
4. Combining the reprocessing results with the time delay constraints for the effective radius of the high ionisation and low ionisation lines
The time delay for the Hβ line in NGC 5548 has been extensively studied over the years. In the case of the Hβ line, for consistency, we used the mean time delay from the AGN Watch campaign (Peterson et al. 2002), which is 17.0 ± 3.9 days. We used the centroid time delay, and we calculated the weighted mean and the corresponding dispersion by symmetrisation of the errors.
If the BLR receives the same radiation as the observer, then the incident photon flux at this distance should be
[image: thumbnail](3)
which for the incident radiation flux normalised to the ionising luminosity of 1.17 × 1044 erg s−1, as estimated by Mehdipour et al. (2016) for unabsorbed flux luminosity, and the distance corresponding to Hβ time delay is equal to (4.02 ± 2.11)×1017 photons cm−2 s−1, which is about an order of magnitude lower than the value of the incident flux (ΦH = 6.3 × 1018 cm−2 s−1) required to reproduce both the Hβ and the Mg II lines in the dustless case (see Sect. 3.2). This low value would eventually locate the emitting region within the dusty part, depending on the local density. It is actually consistent with the secondary minimum we found in the dusty region and strongly in contradiction with the primary minimum, implying the dustless solution.
Therefore, if we assume that the Hβ producing clouds has the same incident continuum, which is not blocked by any obscurer, and the distance corresponds to the measured time delay, then this region is dusty. The favoured density is high, log nH (cm−3) ∼ 11.4, and a relatively small covering factor of 0.14 is enough to reproduce the EW of the observed line. Gaskell et al. (2007) found a covering factor of 40%, but the analysis included the need for large intrinsic reddening of the source by E(B − V) = 0.17 mag and a typical extinction curve different from an SMC type. A lower covering factor could be achieved by taking higher densities and including the high internal turbulent velocity (see e.g. Panda 2021b). The extinction advocated by Gaskell et al. (2023) underestimates the ionising flux by a factor of approximately seven.
The time delay for Mg II is not known so well. The early IUE measurement by Clavel et al. (1991) gave the delay as being on the order of 34–72 days, and Cackett et al. (2015) were not able to measure the Mg II delay from their campaign. We can thus use the general Radius-Luminosity relation for the Mg II recently obtained from other sources (Czerny et al. 2019; Zajaček et al. 2020, 2021). The general relation from Zajaček et al. (2021) reads
[image: thumbnail](4)
where τ is the time delay measured in days and L3000 is the luminosity at 3000 Å in the units of 1044 erg s−1. Adopting the logarithm of the luminosity at 3000 Å of 43.67 erg s−1 from Dovčiak et al. (2022), we obtained a time delay of 37 days, which is longer than for Hβ by a factor of two. Adopting the luminosity from Lawther et al. (2018) of 43.58 erg s−1 and the radius-luminosity relation from Yu et al. (2023), we obtained a time delay of 33 days, which is only marginally shorter. So there is indeed some stratification even within the LIL part.
We thus searched for the best representation of the EWs of the Hβ and Mg II lines, assuming that the Mg II site should be two times farther than the Hβ site. We found a pair of parameters that best matches the observed EWs at the density of log nH (cm−3) = 12 and the ionisation flux log ΦH(cm−2 s−1) of 19.2 for Hβ and 18.60 for Mg II, respectively. This solution, however, is not consistent with the measured time delays. The second minimum was found at log nH (cm−3) = 10 for a pair of ionisation fluxes log ΦH(cm−2 s−1) of 17.60 for Hβ and 17 for Mg II, respectively. This solution is fully consistent with the measured Hβ time delay, as discussed above. The density is relatively low (the density was estimated as log nH (cm−3) = 11.4 when we requested the Mg II and Hβ regions to have the same distance from the black hole), so it locates the solution right at the edge of the dusty zone. This may imply that the clouds are actually partially dusty, but such an option cannot be included in our model yet. The drop in the density was forced by the rise in the covering factor, which was equal to 0.24 for this pair of solutions. The contours of the EWs of the Hβ and Mg II lines are not identical, so combining pairs at different locations (i.e. incident flux) requires a corresponding change of the density if the density and the covering factor are to remain the same for both lines. In general, this does not have to be the case, but without such a requirement, we cannot constrain the solutions.
The effective location of the Mg II and Hβ is not, however, set very firmly. The delay of Hβ is directly measured as 17.0  ±  3.9 days (the mean value, as discussed above), but the actual delay changes from year to year. The delay of Mg II was not measured in NGC 5548, and the value of 37 days comes from the R-L relation with a dispersion of 0.30 dex (Zajaček et al. 2021), so it should roughly read as [image: equation] days, and the two regions may well be the same within the error or separated by a factor four. Obtaining more stringent limits would require direct measurement of the Mg II line delay in this source.
5. The role of obscuration of the incident radiation flux for the broad-line region properties and the dusty-dustless transition in the broad-line region
As discussed in several papers, the lines do not receive the same incident continuum as we do (Dehghanian et al. 2019a; Panda 2021b; Dovčiak et al. 2022). The most discussed recent phenomenon observed in NGC 5548 is the ‘line holidays’ seen in HILs such as C IV, Si IV, and He II (Goad et al. 2016; Dehghanian et al. 2019a) but also in Hβ (Pei et al. 2017). Usually, the BLR emission line variations are well correlated with changes in the incident ionising continuum with a time lag, but during ‘line holidays’ such correlations are missing. To explain this phenomenon, an obscurer, located between the nucleus and the BLR, is proposed as affecting the observed continuum (Mehdipour et al. 2016; Kriss et al. 2019; Dehghanian et al. 2019b; Wildy et al. 2021).
In their simulations, Dehghanian et al. (2019a) considered the role of the equatorial obscurer, which was assumed to have NH = 1023 cm−2, ΦH = 1020.3 cm−2 s−1 (but the distance is unknown), and the local densities 109 − 1012 cm−3. We followed their assumptions about the ionisation parameter and the column density, selected the value of the density as 2 × 1010 cm−3, obtained the transmitted spectrum, and used it as the incident flux of the BLR with the aim of examining if the dust is more likely to be present if the continuum is attenuated by an absorber located between the central parts of the disc and the BLR.
The new contour plots for emission lines are shown in Fig. 7. In the figure, we used the shifted range of the incident flux since then the lower values might be of more interest. The dusty part is not very different since the ionising flux measures the normalisation of the incident radiation onto the cloud. The contours are slightly affected by the intervening absorber since the shape of the incident radiation has changed in comparison with that used in Fig. 6.
	[image: thumbnail]	Fig. 7. Equivalent width contours for different emission lines for dusty solutions when considering an obscurer with log ΦH(cm−2 s−1) = 20.3, log nH (cm−3) = 10.3.



We compared the results for Hβ with the data corresponding to the line holidays, although the Hβ line did not seem strongly affected in the study by Dehghanian et al. (2019b). We estimated the mean EW of the Hβ line, EWHβ = 63.35 ± 0.04 Å, taking data from Pei et al. (2017) for the period from 2014 January 5 to 2014 August 5 including the BLR holiday. The ionising flux at a given location dropped by a factor of 3.27 in comparison with the previous case. However, during this period the Hβ emission line light curve lags in relation to the continuum light curve at 5100 Å by 4.17 ± 0.36 days (Pei et al. 2017), so the effective distance of the cloud was reduced by a factor 4.08, and the incident radiation flux effectively increased by a factor 5.08. Subsequently adopting logΦH (cm−2 s−1) = 18.3 as describing the Hβ region, we observed that this line must then come from dustless clouds. Values in the broad range of EW are available, and they strongly depend on the density, up to 420 Å, so the required value of 63.35 can be easily accommodated, as the covering factor is as low as ∼15%.
6. Discussion
The possibility of dust presence in the BLR is an open issue, and we addressed it by performing the calculation of the radiation reprocessing by the BLR material in two cases, that is, with and without the presence of dust. The dust affects the shape of the reprocessing continuum, the depth of the Balmer and Paschen edges, and the line emissivity.
The emission lines were not as strongly suppressed as suggested by Netzer & Laor (1993) when we assumed the large local density of the BLR clouds (above ∼109 cm−3). A similar conclusion was reached by Adhikari et al. (2016) for the intermediate line region. We performed a comparison of the EWs for the Mg II and Hβ lines from the model with the data for NGC 5548, taking into account the observed ionising flux calculated from the observed SED and the distance of these lines from the black hole. The dusty solution consistently represents the data, and the covering factor is 0.14. We did not see any budget problem (see Gaskell et al. 2007), and to represent the mean values of Mg II and Hβ, no obscurer is needed. The HIL region responsible for HILs (for example, the He II line) is located much closer to the central source and thus must be highly ionised and transparent enough to not affect the Hβ and Mg II regions.
Our results therefore support the BLR models of Czerny & Hryniewicz (2011) and Baskin & Laor (2018), which require a certain amount of dust to be present in order to alleviate the accretion disc material and provide the gas for the BLR. This dust is important for the BLR dynamics since it launches (mostly) a failed wind in the first model and puffs up the disc, allowing for efficient irradiation in the second model. This is an important conclusion since, in the case of a dusty BLR, the inner radius of the low ionisation part of the BLR is universally set by the dust sublimation temperature, and attempts to use the radius-luminosity relation for cosmology are justified (Martínez-Aldama et al. 2019; Panda et al. 2019a; Zajaček et al. 2020, 2021; Czerny et al. 2021, 2023; Khadka et al. 2021; Cao et al. 2022).
The obscurer seen in NGC 5548 during the line holidays must then indeed be temporary since the mean line intensity is well reproduced self-consistently with their location. However, the obscurer period reveals an interesting subject of dusty-dustless transitions in the region where the Hβ line originates. When the Hβ region is strongly moved inwards during the obscuration period, dust cannot form since the dust presence in the accretion disc atmosphere is mostly set by the local dissipation, which cannot change in a timescale of months (see e.g. Czerny 2006, for a short review). In this case, the emission likely comes from the irradiated disc atmosphere at the required radius. It might seem surprising that the covering factor did not change with the change in the distance and formation mechanism of the BLR. However, as shown by Naddaf et al. (2021), Naddaf & Czerny (2022), when the source is characterised by the low value of the Eddington ratio (as is the case for NGC 5548), only the dust-driven failed wind forms, with small cloud vertical velocities, so the clouds then actually simply form a turbulent surface right above the accretion disc.
6.1. No locally optimised cloud in our computations
In general, the geometry and the content of the BLR may be complex, with a range of radii involved as well as a range of densities at each radius. To represent this complexity, the locally optimised cloud (LOC) approach is recommended (Baldwin et al. 1995; Bottorff et al. 2002; Du et al. 2023). However, in our comparison with the NGC 5548 data, we include the radial stratification of the BLR known from RM studies. Thus, we do not account for a range of local densities at a given distance, as is done in the LOC approach. However, arguments based on radiation pressure confinement (Baskin & Laor 2018) and/or thermal instability in the irradiated medium (Krolik et al. 1981; Begelman & McKee 1990; Różańska 1999; Różańska et al. 2006, 2017) rather favour a specific density on the order of 1011 cm−3 when the medium becomes clumpy.
6.2. Dusty cloud stratification
In our approach, we only considered clouds as being either dustless or dusty across the cloud. We did not include solutions produced by CLOUDY where the dust was formally contained but the cloud surface was hotter than the adopted sublimation temperature, even if the temperature ultimately dropped inside the cloud with the attenuation of radiation. We could not consider clouds that are partially dusty, that is, dustless in the illuminated face and dusty in the interior and the dark face. CLOUDY does not allow for such solutions, and the solutions with irradiated faces hotter than the sublimation temperature do not transfer the radiation to the cloud interior in the correct way. Division of the cloud into dusty and dustless is not simple since the returning radiation is then not treated properly. Complex iterations would be necessary, and they are beyond the scope of this current pilot paper.
6.3. Variability and obscuration
The source NGC 5548 is known to have been highly variable over the years with respect to both the continuum as well as emission lines (e.g. Peterson 1987; Clavel et al. 1991; Peterson et al. 1991; Rokaki et al. 1993; Shapovalova et al. 2004; Sergeev et al. 2007; Edelson et al. 2015; De Rosa et al. 2015; Mehdipour et al. 2016; Pei et al. 2017; Bon et al. 2018; Horne et al. 2021; Panda et al. 2022). The study by Mao et al. (2018) of XMM-Newton’s Reflection Grating Spectrometer (RGS) data from the years of 2013 to 2014 and 2016 did not show any variability, but it was only sensitive to the highly ionised absorber located along the line of sight at a distance of 1 pc or more from the black hole.
Interesting aspects of variability were noticed by Chiang et al. (2000). They showed that the variability is led by EUV (at ∼0.2 kev, with harder X-rays (above ∼1 keV) lagging by 10–30 ksec.
Our study addresses only the mean BLR properties of NGC 5548 and, separately, a period of line holidays. The source variability, however, implies that the BLR cannot be well treated within the frame of a stationary model, particularly in the dusty part. Dust forms only at the disc surface (Elvis et al. 2002; Czerny & Hryniewicz 2011), where the pressure is high enough, and the disc changes mostly in the viscous timescale, with some effects of the irradiation, which reflects much faster variability at the disc inner radius combined with the light travel time. In clouds, dust cannot form since the gas temperature in the clouds is of the order of 104 K. The dust grains embedded in the clouds can exist there if their temperature is below the sublimation temperature since the dust cools roughly as a black body, while the gas cooling by lines is much less efficient. Dust grains in the clouds can be easily destroyed if the irradiating flux rises, but they cannot reform if the irradiation drops. However, such a hysteresis effect will be quite complex to reproduce in the model.
7. Conclusions
In this work, we investigated how the dust present in the BLR influences the reprocessed radiation by using a set of CLOUDY models for dusty and dustless BLR clouds. We tested our model for NGC 5548 by comparing the model-predicted EWs with the observed EWs for a set of BLR emission lines. The key points of our findings are outlined below:

	
Dust may exist in the BLR for a narrow range of the incident ionising flux (ΦH < 1018 cm−2 s−1) and a comparatively large range of local density (nH up to 1013 cm−3);



	
In the dusty region of the BLR, the Balmer and Paschen discontinuities almost completely vanish at low density (∼108 cm−3). At higher densities, the Paschen edge is essentially unaffected, but the Balmer edge constantly grows;



	
In the presence of dust, the Balmer edge is always larger than the Paschen edge;



	
When combining our reprocessing results with time-delay measurements, we observed that the LILs originate in the dusty BLR region, and there is no need for shielding between the inner disc and BLR;



	
When there is an extra absorber present, the Hβ emitting region shifts towards the part of the accretion disc surface that is free of dust.
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Table 1. 
Observationally determined representative EWs of selected lines in NGC 5548.
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        Example of the BLR spectrum for only the continuum and the continuum with lines coming from CLOUDY modelling smeared with the velocity appropriate for NGC 5548 (∼4000 km s−1 for Hβ; Pei et al. 2017). log ΦH(cm−2 s−1) = 20, log nH (cm−3) = 12.
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        Examples of the continua for dusty and dustless clouds for log ΦH(cm−2 s−1) = 17 and three values of the local density.
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        Logarithm contours of the ratio, D, of the Balmer to Paschen jump (see Eq. (1)) for dustless (left panel) and dusty (right panel) models. The shaded region in the right panel represents the solutions for the dusty cloud for a sublimation temperature of 2000 K.
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        Contours of the Balmer height (left) and Paschen height for dusty (right) models. The blue-shaded region represents the solutions for the dusty cloud for a sublimation temperature of 2000 K.
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        Equivalent widths contours for different emission lines for dustless (left) and dusty (right) solutions. The EWs for Mg II, He II, and Lyα are measured with respect to the incident continuum flux at their line centers, while for Hβ, EW is measured with respect to the 5100 Å continuum.

      

    

  
    
      Table 1. 

      Observationally determined representative EWs of selected lines in NGC 5548.

      
        


	Line
	EW [Å]





	Mg II (2795 Å)
	60.9



	Hβ (4861 Å)
	79.8



	He II (1640 Å)
	9.3



	Lyman-alpha (1215 Å)
	114





      

      
Notes. The UV data are from Goad & Koratkar (1998), and the Hβ is the average value from Peterson et al. (2002).
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        Equivalent width contours for different emission lines for dusty solutions when considering an obscurer with log ΦH(cm−2 s−1) = 20.3, log nH (cm−3) = 10.3.
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