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Abstract

Gas within the influence sphere of accreting massive black holes is responsible for the emission of the broad lines observed in optical-UV spectra of unobscured active galactic nuclei. Since the region contributing the most to the broad emission lines (i.e. the broad line region) depends on the active galactic nucleus luminosity, the study of broad line reverberation to a varying continuum can map the morphology and kinematics of gas at sub-pc scales. In this study, we modify a preexisting model for disc-like broad line regions, including non-axisymmetric structures, by adopting an emissivity profile that mimics the observed luminosity-radius relation. This makes our implementation particularly well suited for the analysis of multi-epoch spectroscopic campaigns. After validating the model, we use it to check if strongly non-axisymmetric, single broad line regions could mimic the short time-scale evolution expected from massive black hole binaries. We explore different orientations and anisotropy degrees of the broad line region, as well as different light curve patterns of the continuum to which the broad line region responds. Our analysis confirms that recently proposed algorithms designed to search for massive black hole binaries in large multi-epoch spectroscopic data are not contaminated by false positives ascribed to anisotropic broad line regions around single massive black holes.
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1. Introduction
Super massive black hole binaries (SMBHBs) are expected to form during galaxy mergers (Begelman et al. 1980), and are expected to be the loudest sources of gravitational waves detectable in the nanohertz to millihertz frequency range (see Amaro-Seoane et al. 2017, 2023; Verbiest et al. 2016; EPTA Collaboration, InPTA Collaboration 2023; Agazie et al. 2023; Reardon et al. 2023; Xu et al. 2023). Due to the small separations at which a super massive black hole binary (SMBHB) forms (≈0.5 pc for a binary with total mass MSMBHB = 106 M⊙, see e.g. Dotti et al. 2012), resolving a binary (under the assumption that both super massive black holes (SMBHs) are active) is extremely challenging. Effectively, this prevents any instrument from directly inferring, through imaging, the binary nature of an active galactic nucleus (AGN). Indeed, only one candidate has been identified through resolved radio imaging (see Rodriguez et al. 2009), justifying the active search for alternative ways to reveal SMBHB signatures (see e.g. Popović 2012; De Rosa et al. 2019; Bogdanović et al. 2022, for a comprehensive overview of the possible methods attempted so far). Still, SMBHB signatures have been quite elusive because of the lack of unambiguous smoking guns demonstrating their effect on the electromagnetic (EM) radiation produced by an AGN. Indeed, the observational features used to identify SMBHB candidates, including periodic continuum variability and shifted-asymmetric broad emission lines (BELs), can also be generated by AGNs powered by single SMBHs (e.g. Vaughan et al. 2016; Liu et al. 2016; Dotti et al. 2022). In many cases, long-term observations (performed over a period longer than the alleged orbital period of the binary candidate) can rule out false positives (i.e. single SMBHs mimicking binary candidates). Unfortunately, the lengths of the observations required do not allow such a test. For this reason Dotti et al. (2023b) quantitatively study at length an alternative criterion, originally presented in a qualitative form in Gaskell (1988), for the identification of sub-parsec binaries with orbital periods of ≳10 − 100 yr, for which long-term monitoring covering many orbital periods is challenging or unfeasible. This criterion is based on the uncorrelated variability of the broad line regions (BLRs), when they are still retained by each individual SMBH in the binary. Due to the Doppler shift associated with their orbital motions, each BLR preferentially contributes to different velocities in the observed BEL profiles. A cross-correlation study of the blue and red sides of BELs therefore allows for the identification of (or validation of otherwise identified) SMBHB candidates, since in the binary case no correlation is predicted, while for single SMBHs high correlation is expected.
In this paper, we check if the proposed method can give false positives (i.e. identify single SMBHs as binaries) when a single BLR is sufficiently non-axisymmetric. In this situation, the BLR elements that contribute the most to the blue side of BELs (i.e. those moving towards the observer) can lie at different radii and react with different delays to variations of the continuum with respect to the gas contributing to the red side of the BEL. In order to verify the robustness of the observational test proposed in Dotti et al. (2023b) and summarized in Sect. 2, we model a single disc-like BLR featuring a non-axisymmetric perturbation based on the framework proposed by Storchi-Bergmann et al. (2003). Building on that formalism and to maximize the realism of our model, we further modified the existing prescription to include the continuum luminosity dependence of the BLR radius (see, e.g. Kaspi et al. 2000; Bentz et al. 2009). Specifically, our work is divided as follows. In Sect. 2 we construct the model to reproduce the flux associated with the specific system described above. In Sect. 3, we verify the physical consistency of our model with the observational results obtained from reverberation mapping (RM) campaigns, and then we conduct a thorough parameter exploration to test the robustness of the observational test proposed in Dotti et al. (2023b). Finally, we draw our main conclusion in Sect. 4.
2. Methodology
2.1. Geometry and coordinate system
We assume a razor-thin, disc-like BLR geometry whose reference frame has been chosen as shown in Fig. 1 (see also Chen et al. 1989). Here, the observer’s line is parallel to the z′ axis inclined by angle i from the z axis in the direction of the negative x axis. The BLR disc major axis as seen by the observer is aligned with the y-axis, while the angle ϕ is computed starting from the disc minor axis as seen by the observer. The central object is assumed to be a black hole of mass M = 108 M⊙1 and it is located in the common origin of the reference systems. The disc is parametrized by an inner and an outer radius ξ1 and ξ2 where the dimensionless radius ξ, defined as ξ = r/rG with rG = GM/c2, has been used to facilitate analysis2.
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Geometry and coordinate systems used for the model (see also Chen et al. 1989). ξ1 and ξ2 are respectively the inner and outer radius of the BLR, while i is the inclination. The angle ϕ is measured counter-clockwise from the near side of the disc.



2.2. Continuum luminosity
The BLR elements respond to continuum variations with an average light-travel-time (LTT) delay, τLTT. The average delay is obtained from the time lag between fluctuations of the continuum and the integrated flux of an emission line. This delay is used to estimate the ‘characteristic’ size of the BLR RBLR = c τLTT (see Blandford & McKee 1982; Peterson 1993). To test the physical consistency of the proposed emissivity profile (Sect. 2.3) we studied the BLR response to different continuum variations which we model by letting the intrinsic luminosity of the central SMBH change with time. Specifically, to test different scenarios we studied the BLR reaction to an intrinsic luminosity parametrized by a step-function
[image: Mathematical equation: $$ \begin{aligned} \mathcal{L} _{\mathrm{step}}(t) = {\left\{ \begin{array}{ll} 0&t < \mathcal{T} \\ 1&t \ge \mathcal{T} , \end{array}\right.} \end{aligned} $$](1)
and a sinusoid
[image: Mathematical equation: $$ \begin{aligned} \mathcal{L} _{\mathrm{sin}}(t) = 10 + 5\sin {\left(\frac{2\pi }{\mathcal{T} }t\right)}, \end{aligned} $$](2)
where 𝒯 = 40 d for the step function and 𝒯 = 120 d for the sinusoidal continuum3., while the normalizations of the two light curves are completely arbitrary, as well as the total luminosity emitted by the BLR. In this study, we stick to simple analytic functions to simplify the interpretation of the results. However, more realistic light curves are used in Appendix C to show that our results do not depend on the simple analytical parametrization of the light curves assumed.
2.3. BLR emissivity
As discussed above, we tested the robustness of the Dotti et al. (2023b) test when applied to a single disc-like BLR with strong non-axisymmetric perturbations. We assumed a modified version of the formulation proposed by Gilbert et al. (1999) and Storchi-Bergmann et al. (2003) for the line emissivity (i.e. emitted flux)
[image: Mathematical equation: $$ \begin{aligned} \begin{split} \epsilon (\xi , \phi ; \xi _{\rm c}, { w};\boldsymbol{u}) = \epsilon _0&\ \xi ^{-1}\exp \left[-\frac{(\xi -\xi _{\rm c})^2}{2w^2}\right]\biggl \{1 +\\ &\frac{A}{2}\exp \left[-\frac{4\ln {2}}{\delta ^2}\biggl (\phi - \psi _0(\xi )\biggr )^2\right]+\\&\frac{A}{2}\exp \left[-\frac{4\ln {2}}{\delta ^2}\biggl (2\pi - \phi + \psi _0(\xi )\biggr )^2\right]\biggr \}, \end{split} \end{aligned} $$](3)
where ϵ0 is a scale factor with units of erg per second per square centimeter. The first term characterizes the axisymmetric part of the emissivity, while the other terms represent the deviation from axisymmetry caused by a perturbation with the form of a spiral arm4. Here, we define the array u = [A, δ, ϕ0, p], which represents the set of the spiral arm parameters.
The angular dependent part of Eq. (3) is identical to the original Storchi-Bergmann et al. (2003) proposal, where the second and third Gaussians are used to represent the decay of the emissivity of the spiral arm with azimuthal distance on either side of the ridge line, while the parameter A modulates the brightness contrast between the spiral arm and the Gaussian emissivity underneath. The parameter δ is for the azimuthal full width at half maximum (FWHM) of the spiral arm, while the value ϕ − ψ0 denotes the azimuthal distance from the ridge of the spiral arm, defined by the following
[image: Mathematical equation: $$ \begin{aligned} \psi _0(\xi ) = \phi _0 + \frac{\log _{10}{(\xi /\xi _{\mathrm{sp}})}}{\tan {p}}, \end{aligned} $$](4)
with p and ξsp describing, respectively, the winding rate and the innermost radius of the spiral arm, while ϕ0 portrays the azimuthal orientation of the spiral pattern.
Instead, we modified the radial dependence of the emissivity to incorporate the observational relation between the characteristic radius of the BLR (RBLR) and the central source luminosity obtained by reverberation mapping campaigns (see Kaspi et al. 2000). In particular, we assumed the scaling discussed in Bentz et al. (2009)
[image: Mathematical equation: $$ \begin{aligned} R_{\mathrm{BLR}} \sim 11\,\mathrm{ld}\, \biggl ( f_{\mathrm{Edd}}\frac{M}{10^6\,M_\odot }\biggr )^{0.519}, \end{aligned} $$](5)
where fEdd is the accretion bolometric luminosity normalized to the Eddington limit. The radial profile chosen in Eq. (3) ensures that the emissivity centred radius ξc obeys approximately the observed luminosity–radius relation in Eq. (5)5, as long as it behaves accordingly to the following dependence on the continuum luminosity
[image: Mathematical equation: $$ \begin{aligned} \xi _{\rm c} (t_{\mathrm{obs}}) = \xi _{\rm c,0}\cdot \left(\frac{\mathcal{L} \left[t^{\prime }(t_{\mathrm{obs}}, \xi , \phi )\right]}{\mathcal{L} _0}\right)^{0.5}. \end{aligned} $$](6)
In the above equation ξc, 0 is the dimensionless average radius, ℒ0 is the average luminosity, t′ is defined as
[image: Mathematical equation: $$ \begin{aligned} t\prime = t_{\rm obs} - \xi \left[ \frac{r_{G}}{c} \cdot (1 + \sin {i} \cdot \cos {\phi })\right] \end{aligned} $$](7)
to take into account the delayed response time for each BLR element, and tobs is the observation time. As a result of the above definitions, ξc is an implicit function of tobs. The width in the Gaussian term, w, is assumed to be equal to w = ξc/26.
In Appendix A, we show how the BLR brightness changes with different combinations of the spiral arm parameters, while an application on real data is presented in Rigamonti et al. (2025).
2.4. Local Doppler shift and broadening
After establishing the BLR emissivity, we take into account the effect of the local BLR bulk motion and turbulence on the Doppler shift and broadening of the emission line profiles. As the BLR rotates around the z-axis (see Fig. 1), the observer will perceive an increased or decreased frequency, depending on whether the emitting region is approaching or receding from them. Assuming the BLR elements to be on Keplerian circular orbits, the line-of-sight velocity is given by Eq. (8):
[image: Mathematical equation: $$ \begin{aligned} v_{\mathrm{obs}} = -\mathrm{c}\sqrt{\frac{1}{\xi }}\sin {i}\sin {\phi }. \end{aligned} $$](8)
Then, for the specific intensity of the line (in units of erg s−1 cm−2 Å−1 sterad−1), we adopted the prescription proposed by Chen et al. (1989) and Chen & Halpern (1989)
[image: Mathematical equation: $$ \begin{aligned} \begin{split} I_{\lambda } =\frac{\epsilon (\xi ,\phi ; \xi _{\rm c}, { w};\boldsymbol{u})}{4\pi }&\cdot \frac{\mathcal{L} \left[t\prime (t_{\mathrm{obs}}, \xi , \phi )\right]}{\mathcal{L} _0}\cdot \\&\cdot \frac{1}{\sqrt{2\pi }\sigma _\lambda }\exp \left[-\frac{(\lambda - \lambda _{\rm e}\cdot (1+v_{\mathrm{obs}}/c))^2}{2\sigma _\lambda ^2}\right], \end{split} \end{aligned} $$](9)
where ϵ(ξ, ϕ; ξc, w; u) is the emissivity defined by Eq. (3), ℒ[t′(tobs,ξ,ϕ)]/ℒ0 represents the apparent luminosity pattern of the disc by the continuum source, which sets the local effective emissivity. Local broadening is included as a Gaussian profile with a broadening parameter σλ set to 1200 km/s in the model, as in the original Storchi-Bergmann et al. (2003) implementation. In the following analysis, we model the response of the Hα line, but the same test can be performed for different BELs as long as the model parameters are properly adapted. Therefore, the wavelength of the line in the emitter frame is set to λe = 6563 Å. Finally, we stress that the line intensity profile in Eq. (9) has an explicit dependence on the impinging continuum luminosity, to allow the BEL to increase or decrease its luminosity in response to the continuum modulations.
We note that not all the relativistic processes considered in the previous implementations (e.g. Chen & Halpern 1989; Chen et al. 1989) have been taken into account in the current model. In particular, the effect of gravitational redshift, light bending, and any effect associated with radiative transfer processes within the BLR are not taken into consideration at the current stage. A brief comparison with a similar implementation that includes such effects is presented in Appendix B. Although such effects have a small influence on the line profiles, they do not influence the results of the test we perform in this work.
2.5. Binary test through cross-correlation analysis
From an observational point of view, the measurement of the BLR physical size utilizes a collection of several spectra taken at different times that contain at least one BEL. The time delay between the AGN continuum and the reprocessed light from the BLR is typically estimated by comparing their respective light curves. There are multiple approaches to efficiently estimate such time delays efficiently (Peterson et al. 2004; Pancoast et al. 2014; Zu et al. 2011; Raimundo et al. 2020; Donnan et al. 2021; Pozo Nuñez et al. 2023). Most of them, such as the method of Peterson et al. (2004) employed here, are based on the maximization of the cross-correlation between the two light curves.
Dotti et al. (2023b) proposed a test that, by exploiting RM observations, identifies SMBHBs at separations large enough for the two SMBHs to still retain their individual BLR (i.e. each BLR is small enough to fit inside their Roche lobes). In our methodology (dubbed fast uncorrelated variability test, FUVT) the variable part of a broad emission line is divided into eight equal flux wavelength bins separated by seven [image: Mathematical equation: $ \bar{\lambda} $]. For each of the [image: Mathematical equation: $ \bar{\lambda} $] we divide the spectrum of the selected BEL into a red and blue component (for wavelengths longer and shorter than [image: Mathematical equation: $ \bar{\lambda} $], respectively). We then compute the light curves of these components, perform the cross-correlation between the two, and measure the maximum cross-correlation for each [image: Mathematical equation: $ \bar{\lambda} $] and the associated time shift (see Dotti et al. 2023a, for further details). At this point, if the cross-correlation is low for all [image: Mathematical equation: $ \bar{\lambda} $] (especially for those concentrated near the bulk of the line where S/N is not likely to adversely affect the measurement), there might be an indication of the presence of a SMBHB. Indeed, in the case of two detached BLRs orbiting around the common centre of mass of the system, it is expected that each one of them predominantly contributes to the red or blue light curve. Moreover, since the two BLRs are reprocessing the light coming from two different ionizing sources, their red and blue light curves will show much less correlation compared to the case of a single SMBH. In Appendix C we show the comparison between the expected results for both a single SMBH and a SMBHB scenario.
3. Results
In this section, we show how the line profile at each time and its overall time evolution depend on the parameters assumed for the BLR emissivity. Subsequently, we will focus on the cross-correlation analysis presented above, performed using the PYTHON adaptation (see Sun et al. 2018) of the code originally developed by Peterson et al. (2004). We first check the ability of our implementation to reproduce the luminosity–radius relation by computing the cross-correlation between the total flux of the BEL and the continuum. Then, we compute the cross-correlation between the red part and the blue part of the line for a statistically relevant number of BLR profiles, to test whether the method could wrongly associate with these scenarios the presence of a SMBHB in the context of the FUVT described above.
3.1. Emission line profiles
The upper left panel of Fig. 2 shows the Hα BEL for different sets of emissivity parameters (listed in the upper right corner of the figure) under the assumption of a sinusoidal variation of the continuum (see Eq. (2)). Each emission line represents the same snapshot (i.e. the flux is taken at the same time of observation). As expected, the spiral perturbation introduces asymmetries in the emission line profile based on its different properties. As seen in Fig. 2, we allow the parameter A to vary up to 100. This approach enables us to evaluate the reliability of the FUVT by considering also a strongly non-axisymmetric BLR. However, we stress that these values are higher than the ones used to fit observed line profiles. For instance, in Storchi-Bergmann et al. (2017) and Ward et al. (2024) reasonable fits to observed line profiles are obtained constraining A to values below 10. Hence, we extend the variation of A up to 100 to test the reliability of FUVT under extreme conditions.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Example of line profiles. In the first row, different BELs obtained at the same time of observation (tobs = 0) for different sets of parameters (listed on the upper right legend). In the second row, the evolution of the BEL obtained by the fourth set of parameters (i.e. the ones associated with the red emission profile in the first row) is shown at different observation times (left) with the corresponding centroid (right).



In the second row of Fig. 2, we fix the BLR parameters to those identified by the red colour in the legend and show the evolution of the BEL as a function of time (i.e. from tobs = 0 to tobs = 150 d). Specifically, the bottom left panel shows the line profile at six different snapshots reported in the panel legend. As seen in this panel, the height of the profile varies with observation time. This happens because, in our model, the line profile is linearly dependent on the continuum, here assumed to be a sinusoidal continuum with a period of 𝒯 = 120 d. Therefore, the profile follows a similar behaviour. On the bottom right panel, we report the evolution with time of the line centroid computed by considering the median wavelength at which the line is split into two equal flux regions7. As noted in the introduction, the presence of an asymmetric BEL with line centroid (either the peak or flux weighted wavelength) shifted with respect to the host redshift has been used as a tool to identify SMBHB candidates (see, e.g. Tsalmantza et al. 2011; Eracleous et al. 2012, for examples of systematic searches). The shift of the line centroid in time can be used to distinguish between false binary candidates and true SMBHBs (e.g. Decarli et al. 2013; Runnoe et al. 2015, 2017). The example in Fig. 2 demonstrates that small shifts in the BEL centroid can be obtained even with a single SMBH irradiating a single non-axisymmetric BLR. However, these shifts are of the order of a few hundred kilometers−1 and would tend to introduce noise (‘jitter’) in the long-term radial velocity curves that track the line peak, as discussed in Runnoe et al. (2017). In the following, we demonstrate that for large separation binaries, as the one considered in the current study, the test proposed in Dotti et al. (2023a) can distinguish between single and binary SMBHs, while at smaller separations ad-hoc tests must be devised to prevent the misidentification of single SMBHs as binaries, as discussed in Bertassi et al. (2025).
Finally, in Fig. 3 we show the intrinsic emissivity map ϵ(ξ, ϕ; ξc, w; u) for this set of parameters, the instantaneous illumination pattern for the sinusoidal input light curve (i.e. ℒ(t′) where t′ is given by Eq. (7)) and their corresponding product, which is the instantaneous brightness map (i.e. the input to the line profile computation) at a fixed observation time tobs = 0 d. This illustrates how the system responds to the ionizing continuum.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Illustration of how the disc responds to the variable ionizing continuum for the set of parameters A = 95, δ = 10°, ϕ0 = 96° and p = 25°. The line of sight is assumed to be inclined by i = 30° with respect to the normal to the disc in the direction of the negative x-axes. From left to right: The intrinsic emissivity map, the instantaneous illumination map, and the instantaneous brightness map. As can be noted, the impact of ℒ(t′) leads at the assumed time (tobs = 0) to a greater enhancement of the BLR emissivity on the near side (i.e. closer to the observer) compared to the far side.



3.2. Reverberation mapping: Continuum versus total integrated flux of the BEL
Here, we show how well our model is able to reproduce the luminosity–radius relation obtained through reverberation mapping campaigns. To test our model, we first fixed the spiral parameters at constant values reported in Table 1, along with the fixed values of the inclination, and inner and outer radii of the disc.
Table 1. 
BLR parameters for consistency check.

We let ξc, 0 vary between ξ1 and ξ28. For each value of ξc, 0, we computed the line profile for 200 different observational times between 0 and t = 150 d. We then used them to construct the light curve for the total integrated line flux. Finally, we calculated the cross-correlation between the integrated line and the continuum considering both the step function and the sinusoidal continuum (Figs. 4 and 5, respectively). In both figures we show from top to bottom: the continuum luminosity (either Eq. (1) or Eq. (2)), the corresponding BEL response, and the cross-correlation between the continuum and the integrated line as a function of time. In the bottom panel the vertical blue line represents the time delay that maximizes the cross-correlation (τcc), while the red line shows the average time delay (τweight), estimated as the centroid of the cross-correlation function (CCF) based on all points with correlation coefficients exceeding a threshold equal to 0.8τcc, following the convention adopted by Peterson et al. (1998). As can be observed by the legend reported in the panel, the two methods give consistent results. The time delays are then used to compute RBLR.
	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Cross-correlation analysis, assuming a step function continuum (i.e. Eq. (1)). On the upper panel, the continuum luminosity. On the middle panel, the total integrated fluxes of a BEL. Finally, on the lower panel, the cross-correlation computations.



	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Same as Fig. 4 assuming a sinusoidal continuum (i.e. Eq. (2)).



In Fig. 6 we show the characteristic size of the BLR estimated from the cross-correlation analysis for both the step function and the sinusoidal continuum. The circular and triangular shapes refer to the specific approach considered for estimating the characteristic size of the BLR (maximum or weighted average, respectively), while the different colours represent different continuum light curves. In particular, blue and orange markers are used for the step function continuum, while red and green markers are associated with the sinusoidal continuum. The uncertainties considered in Fig. 6 are estimated from the discrete set of time delays evaluated, taken as the spacing between consecutive delay values. The additional vertical and horizontal axes report the time delays in units of days.
	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Comparison between the characteristic radius of the BLR obtained by applying reverberation mapping techniques and the radius obtained from the luminosity–radius relation. We show with blue and orange markers the results from the step-function continuum luminosity, while we use green and red markers for the sinusoidal continuum. In both cases, the radius has been estimated considering the maximum of the cross-correlation (represented by circular markers), as well as the weighted average of the time delays (represented by a triangular markers) (see Sect. 3 for further details).



As seen in Fig. 6, the values obtained for the sinusoidal continuum are always higher with respect to those of the step function. Our analysis shows that the exact value of the ratio between the characteristic size of the BLR obtained through the reverberation mapping and the emissivity averaged radius ξc, 0 depends on the time-evolution of the continuum. This result is already known, and it is discussed from an analytical point of view in Krolik (2001). Nonetheless, we find a linear relation between RBLR and ξc, 0. Such a linear scaling maps into the expected dependence of RBLR and the continuum luminosity, allowing for the use of the BLR model introduced for the analysis of multi-epoch spectra.
3.3. Reliability of the FUVT in the asymmetric BLR scenario
Once we verified the physical consistency of our model, in order to investigate the robustness of the FUVT method, we computed the cross-correlation between the blue and red fluxes of the emission line for a large number of different BLR scenarios. Specifically, contrary to what was done in Sect. 3.1, we fixed ξc, 0 = 1200, considered the sinusoidal continuum, and let the spiral parameters vary, creating 104 different BLR configurations corresponding to 104 BEL profiles. We assumed the parameter ranges to be δ, ϕ0 ∈ [0, 2π], p ∈ [ − π/2, π/2], and A ∈ [0, 100], respectively.9 As mentioned earlier, the broader range for A with respect to the one resulting from fits of the observed line profile is chosen to account for strongly non-axisymmetric BLR, allowing us to test the FUVT reliability under these extreme scenarios as well. For each BLR profile, we first computed the line profile for 175 equally-spaced times between tobs = 0 and tobs = 150 d. Due to the high number of scenarios to be processed, we used an NVIDIA TESLA P100 GPU – provided by Kaggle10 – to optimize the efficiency of our code by parallelizing the generation of fluxes. This approach allowed us to generate 175 line profiles (i.e. one scenario) in 6 seconds. On a standard CPU (i.e. AMD Ryzen 7 3700U), the same computation is performed in 7 minutes.
Following Dotti et al. (2023b), we determine the cross-correlation dependence on the wavelength at which the division of the line is performed, as summarized in Sect. 2.5. An example of the seven distinct cross-correlation values obtained for the set of BLR parameters presented in Table 2 is shown in Fig. 811.
Table 2. 
BLR parameters for noise.

For each BLR profile, we considered the maximum value obtained for the cross-correlation to analyse the predictions that would be obtained from the method. As can be seen from the corner plot shown in Fig. 7, all scenarios returned a maximum for the cross-correlation on the order of unity, with a minimum value given by min(CCF) = 0.9962.
	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. Pairplot showing the cross-correlation value distribution in the spiral arm parameters space. The obtained values are always higher than min(CCF) = 0.9962. Thus, the cross-correlation consistently approaches a value close to unity. We categorized the data into two classes, using the median value as the cut-off.



At this stage, the reliability of the FUVT in the asymmetric BLR scenario has been studied assuming a sinusoidal continuum, which does not reflect the observed AGN variability. However, we recover the consistent results with a more realistic continuum, such as a damped random walk (see Appendix C). As our intent is to verify the impact of the intrinsic properties of the BLR on the red-blue cross-correlation, we worked under the assumption of zero uncertainties on the BEL profiles. However, as discussed in Dotti et al. (2023b), observational errors in the data might reduce the red-blue cross-correlation, both for observations of single or binary systems. A detailed study of the effect of noise is the topic of a follow-up study (Bertassi et al., in prep.). Here we show only an example of the same analysis discussed above, in which we assumed the BLR parameters in Table 2 and ξc, 0 = 1200, and we added to the resulting BEL profile different levels of Gaussian noise.
Specifically, at each time and for each wavelength we added to the flux predicted by the BLR model an independent sampling from a Gaussian centred at 0 and with different values of s, as illustrated in the left panel of Fig. 8 for tobs = 0. The cross-correlation between the blue and the red part of the BEL is then computed as in the previous (noiseless) case. As shown in the right panel of Fig. 8, the value of the cross-correlation is indeed modified by the addition of the noise, with the profile of CCF as a function of the BEL cut becoming similar to the one observed in most of the single SMBH cases analysed in Dotti et al. (2023b): the CCF remains high (≳0.8) when dividing the BEL in two close-to-equal-flux parts, while it decreases significantly towards no correlation when one side of the line accounts for a small fraction of the overall flux and is, therefore, strongly affected by the noise.
	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. On the left panel, noise implementation on the profile obtained using the set of parameters listed in Table 2 and the sinusoidal continuum given by Eq. (2) at tobs = 0. Here, we assume Gaussian noise with different values for s, as indicated in the inset. To highlight the effect of the applied Gaussian noise, each BEL is shown with a vertical offset. We stress that only the BEL is plotted, while an AGN spectrum in the broad Hα spectral region would feature, at the very least, the AGN and the host galaxy continua. The negative values of the flux are therefore not unphysical, and should be interpreted as uncertainties on the total (positive) flux. On the central panel, CCF results as a function of the noise. The value of the cross-correlation decreases as the amplitude of the noise increases. The maximum of the cross-correlation remains higher than 0.8 for all the cases considered, in which s remains smaller than the peak value of the BEL flux. On the right panel, time delays corresponding to the time shifts that maximize the correlation coefficient. Note that for asymmetric flux divisions (e.g., a blue fraction of 0.1 or 0.9), the resulting time delays deviate from values close to zero. This occurs because the code was allowed to shift the blue and red part of the BELs over a broader range than what is physically expected. As the flux contributions from the blue and red components become comparable, the time delay that maximizes the cross-correlation coefficient naturally returns to values near zero, as expected.



4. Discussion and conclusions
The aim of this work is to check whether the FUVT test originally proposed by Gaskell (1988) and developed by Dotti et al. (2023b) is capable of correctly recognizing a single SMBH in the presence of a non-axisymmetric BLR. To do this, we modelled the continuum impinging on the BLR through analytical functions, either a step function or a sinusoid (Eqs. (1) and (2), respectively). We generated a disc-like BLR characterized by a spiral arm perturbation on an otherwise radial emissivity, whose profile ensures that the characteristic radius corresponds to the expectations from the observed luminosity–radius relation. The BEL profile has been shaped in wavelengths by the leading order Doppler shift associated with the local bulk velocity of each BLR element, and a local broadening associated to unresolved turbulence. Although we neglected any relativistic effects, we compared our model with a similar implementation that takes into account gravitational redshift, light bending, and any effect associated with radiative transfer processes, as described in Ogborn et al. (2025). As we show in Appendix B, the most significant impact on the line profile is a shift of the spectrum towards higher wavelengths, with the blue peak increasing in height and the red peak decreasing. Since the relativistic effects on the line profile shape seem to be small, we believe that these differences do not compromise the results of our test, hence validating the robustness and reliability of FUVT.
We validated the model by testing whether it is capable of approximately reproducing the luminosity-radius relation described by Eq. (5). We stress that, to date, ours is the first implementation encoding directly into the model the BEL response due to the luminosity–radius relation to a time dependent continuum.
After testing the physical consistency of our model, we checked the robustness of the method proposed by Dotti et al. (2023b). We thoroughly explored the parameter space of our model by varying the parameters of the spiral arm and computing the corresponding cross-correlation between the red part and the blue part of the resulting line. Our results rule out the possibility that spiral-like asymmetric BLRs can be mistaken by the FUVT as SMBHBs. We emphasize that the results presented in this paper are based on a sinusoidal continuum and assume both perfect time sampling and noise-free data. In Appendix C, we also show results for a more realistic underlying continuum. A detailed study of the effect of noise is the topic of a follow-up study (Bertassi et al., in prep.). All the different scenarios used to check the robustness of the test were characterized by a value for the cross-correlation between the red part and the blue part of the line on the order of unity, which corresponds to a correct identification of the presence of a single SMBH. The robustness of FUVT can be further tested, for example, by modifying the BLR model, either changing the BLR dynamics (e.g. considering an eccentric disc, as in Eracleous et al. 1995) or including additional relativistic effects shaping the fine details of the BEL profile as in Chen et al. (1989) and Chen & Halpern (1989) (see also Appendix B). However, the results obtained from this study are promising with respect to the identification of SMBHBs in RM.
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1 The results can be scaled for different SMBH masses, by rescaling the properties of the BLR and the luminosity of the accreting SMBH.


2 Henceforth, to differentiate between the dimensionless radius and the actual radius, we denote them as ξ and r.


3 This period was chosen to be smaller in both cases than the observational times considered in Sect. 3 (set to tobs ∈ [0, 150] d).


4 Note that the third term is identical to the second term shifted by 2π. This term is required to enforce periodicity and to avoid discontinuities around ϕ = 0, 2π.


5 Note that we approximated the exponent of the luminosity in Eq. (5) to 0.5.


6 As commented in Sect. 2.2, for our test we set ℒ0 in Eq. (6) equal to 1 for the step function luminosity, and equal to 10 for the sinusoid luminosity.


7 Note that the centroid shifts up or down in wavelength as the line integrated flux increases or decreases, respectively.


8 Recall that ξ1 and ξ2 are the inner and outer radii of the disc-like BLR.


9 Specifically, the distributions for δ, ϕ0, and p are all uniform, while a log-uniform distribution is used for A.


10 https://www.kaggle.com/


11 Precisely, the s = 0 scenario.


12 This number of sections is specifically due to the GPU memory limits.




Appendix A:  Emissivity parameters
In this Appendix we show how the BLR brightness changes with the parameters of the spiral arm model.
	[image: Thumbnail: Fig. A.1. Refer to the following caption and surrounding text.]	Fig. A.1. Effect of the emissivity parameters on the BLR emissivity pattern. Each row underline the effects of an increasing A, δ, ϕ0 and p respectively. The parameter in the legend is the only one varying along the row, while the others are kept constant to the following value: A = 100 and δ,  ϕ0,  p = 20°. For each configuration, we use ξc = 1200 and w = ξc/2 = 600.




Appendix B:  Model comparison
In this Appendix, we compare the results of our model - hereafter referred to as Sottocorno’s Model (SM) - with those obtained by a model that involves an expansion at leading order of different relativistic effects. In particular, while we consider only the Doppler effect, the model (referred to as OM in the following) presented in Ogborn et al. (2025) also includes gravitational redshift, Doppler boosting and transverse redshift. In particular, the OM model includes the same relativistic effects as the model of Chen et al. (1989) and Chen & Halpern (1989), except light bending which is negligible. To illustrate the impact of relativistic effects, we consider two different scenarios: one with no spiral arm (A = 0) and another with a spiral arm (A = 2). The corresponding parameters are shown in Tab. B.1 and Tab. B.2 respectively. Both the comparisons were done by considering a constant luminosity, so that the brightness and emissivity patterns are exactly the same.
Table B.1. 
BLR parameters for model comparison (A = 0).

Table B.2. 
BLR parameters for model comparison (A = 2).

In our implementation, we divide the BLR into 175 annuli and 175 azimuths and compute their contributions to the total spectrum for 175 wavelengths12. In contrast, OM uses 1000 × 1000 sections to describe the BLR and computes the spectrum for 1000 wavelengths. Additionally, while both models use a polar coordinate system, the SM employs a grid that is linear in both azimuth and radius, whereas the OM model applies a logarithmic scale to the radius while keeping azimuth linear. Therefore, we also compare the spectra obtained considering only the Doppler effect for both models in order to highlight the underlying differences due to the different model resolutions as well.
To give a quantitative measure of the differences, we relied on the following properties: first, we computed the first and second moments for each spectrum, given by:
[image: Mathematical equation: $$ \begin{aligned} {\left\{ \begin{array}{ll}&\langle \lambda \rangle = \frac{\sum _i \lambda _i f_i}{\sum _i f_i} \\ \\&\mu _2 = \frac{\sum _i (\lambda _i - \langle \lambda \rangle )^2 f_i}{\sum _i f_i} \end{array}\right.} \end{aligned} $$](B.1)
respectively. We then converted them into units of km/s:
[image: Mathematical equation: $$ \begin{aligned} {\left\{ \begin{array}{ll}&\langle v_{\mathrm{centroid}} \rangle = c\,\frac{\lambda -\lambda _e}{\lambda _e} \\&v_{\mathrm{disp}} = c\sqrt{\mu _2}/\lambda _e \end{array}\right.} \end{aligned} $$](B.2)
where we recall that λe = 6563 Å. Then we compared the relative heights of the two peaks and their corresponding distances, which we defined respectively as:
[image: Mathematical equation: $$ \begin{aligned} {\left\{ \begin{array}{ll}&\mathrm{Relative \ Height} =\frac{ |f_{\mathrm{peak},1}-f_{\mathrm{peak},2}|}{\mathrm{max}\left(f_{\mathrm{peak},1}, f_{\mathrm{peak},2}\right)} \\&\mathrm{Peaks \ Distance} = c\frac{\left(\lambda _{\mathrm{peak},2} - \lambda _{\mathrm{peak},1}\right)}{\lambda _e} \end{array}\right.} \end{aligned} $$](B.3)
In order to facilitate the comparison, we normalized the spectra so that the underlying area for each spectrum is equal to unity in both scenarios.
Firstly, we show in Fig. B.1 the spectra obtained for the scenario without a spiral arm and in Tab. B.3 and Tab. B.4 the resulting properties.
	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Comparison between the spectra obtained for the BLR without a spiral arm. On the left, both models include only the Doppler effect; on the right, OM also considers relativistic effects.



	[image: Thumbnail: Fig. B.2. Refer to the following caption and surrounding text.]	Fig. B.2. Comparison between the spectra obtained for the BLR with a spiral arm. On the left, both models include only the Doppler effect; on the right, OM also considers relativistic effects.



Table B.3. 
Property comparison (A = 0, only Doppler).

Table B.4. 
Property comparison (A = 0, relativistic effects).

Table B.5. 
Property comparison (A = 2, only Doppler).

Table B.6. 
Property comparison (A = 2, relativistic effects).

As we can see, while the scenario with only the Doppler effect included for both models remains comparable, the inclusion of relativistic effects causes a shift towards higher wavelengths and alters the relative height of the two peaks. Specifically, the blue peak becomes more pronounced, while the red peak diminishes. This results in a higher relative height compared to the scenario considering only the Doppler effects. This also leads to a shift in the computed centroid, while the standard deviation and the peaks separation are barely affected.
Then, we show in Fig. B.2 the spectra obtained for the scenario with a spiral arm and in Tab. B.5 and Tab. B.6 the resulting properties.
As we can see, also in this case the inclusion of relativistic effects causes a shift towards higher wavelengths and modifies the relative height of the two peaks, while the two models remain comparable if considering only the Doppler effect. Since the impact of relativistic effects on the spectrum is comparable to that described in the previous cases, this also results in a higher relative height compared to the scenario considering only Doppler effects and a shift in the computed centroid. However, in this case, we also observe that the differences in both the standard deviation and the peak distances diminish.
Our tests confirm that including relativistic effects does not affect our results or change the conclusions of the FUVT test on the data. The key findings remain consistent in both cases, showing that while relativistic corrections exist, they are only a second-order effect and do not significantly influence the overall outcome of the test.

Appendix C:  Realistic scenario and binary comparison
Here, we briefly present the results obtained when adopting a more realistic prescription for the intrinsic light curve. Specifically, we replaced the theoretical luminosity in Eq. 2 with a damped random walk (DRW), a stochastic process commonly used to model AGN variability with red-noise behaviour (see Kelly et al. 2009). Additionally, we include the results obtained by modeling a simulated binary system, which we used as a basis for comparison with the other scenarios.
To generate the DRW variabilities, we assumed a mean value of μ = 14 and a characteristic timescale of τDRW = 100 d for both the light curves, while we considered for the fluctuation amplitude σDRW = [0.08, 0.12], respectively. In Fig.C.1 we show the resulting realizations.
	[image: Thumbnail: Fig. C.1. Refer to the following caption and surrounding text.]	Fig. C.1. DRW variability used for the realistic scenario and the binary comparison. The blue light curve and the orange light curve correspond to the scenario with σDRW = 0.08, σDRW = 0.12 respectively. The mean value and the characteristic timescale are fixed to μ = 14 and τ = 100 d for both cases.



Once we derived the light curves, we repeated the same procedure described in Sect. 2.5 to compute the CCF between the blue part and the red part of the BEL. As it can be seen in Fig. C.2, even in this case the CCF remains higher than 0.9, leading to unity, with the FUVT correctly identifying this scenario as a single SMBH independently on the light curve assumed.
	[image: Thumbnail: Fig. C.2. Refer to the following caption and surrounding text.]	Fig. C.2. On the left panel, CCF results for two single SMBHs and a simulated binary given by the spectra presented in Fig. C.3, as a function of different fractions of the total BEL luminosity in the blue part of the line. On the right panel, the corresponding time delays, i.e. the time shifts that maximize the correlation coefficient. Since the BLR extends from 200 − 1800 rG ∼ 1 − 10 ld, the expected delays between the blue part and the red part of the line are of order of only a few days. The monotonic decrease of the time delay with respect to the blue fraction in the single SMBH case reflects that the line wings, which arise at smaller radii, respond faster. To better visualize this shorter delays, the right panel is shown with a restricted vertical range (−10 to 10 d).



Additionally, we compared these results with those obtained assuming the presence of a SMBHB, by using the two different DRW realizations to mimic a BEL generated by a binary. To do that, we computed the spectrum using the two light curves separately, assuming no spiral arm (A = 0) and an inclination i = 10° for the BLR disc in order to obtain two single peak profiles. Then, following Dotti et al. (2023b), we shifted the resulting BELs by 30 Å each in opposite directions to mimic the presence of a binary and selected the BLR parameters for the single SMBH (listed in Tab. C.1) so that the binary and single SMBH spectra would closely resemble each other under the two realistic continua.
Table C.1. 
BLR parameters (vrel ≃ 5485 km/s).

In Fig. C.3 we show both the shift process and the comparison with the more realistic single SMBHs obtained by using the DRWs lightcurves.
	[image: Thumbnail: Fig. C.3. Refer to the following caption and surrounding text.]	Fig. C.3. Example of a simulated binary spectrum and comparison with the double peaked single SMBH spectrum obtained assuming a DRW continuum at tobs = 0. The spectra derived from the light curves in Fig. C.1 with A = 0 (no spiral arms) are shown in blue (σDRW = 0.08) and orange (σDRW = 0.12), while the resulting simulated binary spectrum is plotted in green. To construct the latter, the individual SMBH spectra were shifted to the blue and red by 30 Å each respectively. Additionally, the spectra obtained with the parameters listed in Tab. C.1 assuming a single SMBH and a DRW continuum are also plotted to show the resemblance with the binary BEL.



Once we simulated the binary, we repeated the procedure described in Sect. 2.5 to compute the CCF between the red part and the blue part of the BEL. As can be seen from Fig. C.2, the CCF in this scenario clearly deviates from unity even in absence of measurement uncertainties, with the CCF showing a symmetric trend with respect to the blue fraction and a minimum when the BEL is divided such that the red part and the blue part contain an equal value of the integrated flux as also observed in Dotti et al. (2023b).
This drop is expected to occur because, when a binary has a large enough separation for each SMBH to maintain its own BLR, different portions of the BEL respond to different continuum sources. If the two SMBHs vary independently, the blue and red peaks evolve differently, leading to a low CCF. This effect is expected to be maximized when the BEL is split so that the blue side and the red side each isolate the flux originating from one SMBH (i.e. when the blue fraction is approximately 0.5-0.6 in our scenario).
However, we stress that the shift required to reproduce this profile corresponds to a relative velocity [image: Mathematical equation: $ v_{\mathrm{rel}} = \frac{\Delta\lambda}{\lambda}c\simeq 5485\,\mathrm{km/s} $], which is greater than the characteristic BLR velocity, except for nearly face on configurations. For this reason, we also present the results obtained using a more moderate shift, consistent with the assumption that both SMBHs can sustain their own BLR according to the FUVT requirements. In particular, we shifted the BELs obtained with i = 10° and A = 0 by 10 Å each in opposite directions, corresponding to a relative velocity of vrel ≃ 1830 km/s. This yields the single peak profile shown in Fig. C.4, which can still mimic that of a single SMBH with a non-axisymmetric BLR. For instance, with parameters presented in Tab. C.2 we retrieve a spectrum comparable with the binary one.
	[image: Thumbnail: Fig. C.4. Refer to the following caption and surrounding text.]	Fig. C.4. Example of a simulated binary spectrum and comparison with the double peaked single SMBH spectra obtained assuming a DRW continuum at tobs = 0. The spectra derived from the light curves in Fig. C.1 with A = 0 (no spiral arms) are shown in blue (σDRW = 0.08) and orange (σDRW = 0.12), while the resulting simulated binary spectrum is plotted in green. To construct the latter, the individual SMBH spectra were shifted to the blue and red by 10 Å each respectively. Additionally, the spectra obtained with the parameters listed in Tab. C.2 assuming a single SMBH and a DRW continuum are also plotted to show the resemblance with the binary BEL.



	[image: Thumbnail: Fig. C.5. Refer to the following caption and surrounding text.]	Fig. C.5. On the left panel, CCF results for two single SMBHs and a simulated binary given by the spectra presented in Fig. C.4, as a function of different fractions of the total BEL luminosity in the blue part of the line. On the right panel, the corresponding time delays, i.e. the time shifts that maximize the correlation coefficient. Here, the monotonic decrease is less evident than in Fig. C.2 since the measured delays are smaller than the adopted observational time step.



Table C.2. 
BLR parameters ((vrel ≃ 1830 km/s).

Here again, we repeated the procedure described in Sect. 2.5 and computed the CCF between the red part and the blue part of the BEL, obtaining a similar result with respect to the double-peak scenario. In particular, altough the CCF becomes systematically higher across all blue fractions, it remains distinctly less than one. Furthermore, the same symmetric trend as before is preserved, with a minimum at the blue fraction that yields the greatest separation between the red and blue parts of the underlying BELs. We stress that we only proved that, for an extremely high SNR, the test proposed by Dotti et al. (2023b) cannot misidentify a single SMBH as a binary even for very asymmetric BLRs. Adding noise could decrease the observed correlation (as observed in Sect. 3, hence even if the test is robust against false positive, it cannot identify all binaries. Indeed, if the intrinsic ionizing continua of the two SMBHs have similar light curves, the test will recover a high correlation between the blue and the red BEL regions (see also Dotti et al. 2023b, for further details).
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	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Geometry and coordinate systems used for the model (see also Chen et al. 1989). ξ1 and ξ2 are respectively the inner and outer radius of the BLR, while i is the inclination. The angle ϕ is measured counter-clockwise from the near side of the disc.
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	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Example of line profiles. In the first row, different BELs obtained at the same time of observation (tobs = 0) for different sets of parameters (listed on the upper right legend). In the second row, the evolution of the BEL obtained by the fourth set of parameters (i.e. the ones associated with the red emission profile in the first row) is shown at different observation times (left) with the corresponding centroid (right).
In the text



	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Illustration of how the disc responds to the variable ionizing continuum for the set of parameters A = 95, δ = 10°, ϕ0 = 96° and p = 25°. The line of sight is assumed to be inclined by i = 30° with respect to the normal to the disc in the direction of the negative x-axes. From left to right: The intrinsic emissivity map, the instantaneous illumination map, and the instantaneous brightness map. As can be noted, the impact of ℒ(t′) leads at the assumed time (tobs = 0) to a greater enhancement of the BLR emissivity on the near side (i.e. closer to the observer) compared to the far side.
In the text



	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Cross-correlation analysis, assuming a step function continuum (i.e. Eq. (1)). On the upper panel, the continuum luminosity. On the middle panel, the total integrated fluxes of a BEL. Finally, on the lower panel, the cross-correlation computations.
In the text



	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Same as Fig. 4 assuming a sinusoidal continuum (i.e. Eq. (2)).
In the text



	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Comparison between the characteristic radius of the BLR obtained by applying reverberation mapping techniques and the radius obtained from the luminosity–radius relation. We show with blue and orange markers the results from the step-function continuum luminosity, while we use green and red markers for the sinusoidal continuum. In both cases, the radius has been estimated considering the maximum of the cross-correlation (represented by circular markers), as well as the weighted average of the time delays (represented by a triangular markers) (see Sect. 3 for further details).
In the text



	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. Pairplot showing the cross-correlation value distribution in the spiral arm parameters space. The obtained values are always higher than min(CCF) = 0.9962. Thus, the cross-correlation consistently approaches a value close to unity. We categorized the data into two classes, using the median value as the cut-off.
In the text



	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. On the left panel, noise implementation on the profile obtained using the set of parameters listed in Table 2 and the sinusoidal continuum given by Eq. (2) at tobs = 0. Here, we assume Gaussian noise with different values for s, as indicated in the inset. To highlight the effect of the applied Gaussian noise, each BEL is shown with a vertical offset. We stress that only the BEL is plotted, while an AGN spectrum in the broad Hα spectral region would feature, at the very least, the AGN and the host galaxy continua. The negative values of the flux are therefore not unphysical, and should be interpreted as uncertainties on the total (positive) flux. On the central panel, CCF results as a function of the noise. The value of the cross-correlation decreases as the amplitude of the noise increases. The maximum of the cross-correlation remains higher than 0.8 for all the cases considered, in which s remains smaller than the peak value of the BEL flux. On the right panel, time delays corresponding to the time shifts that maximize the correlation coefficient. Note that for asymmetric flux divisions (e.g., a blue fraction of 0.1 or 0.9), the resulting time delays deviate from values close to zero. This occurs because the code was allowed to shift the blue and red part of the BELs over a broader range than what is physically expected. As the flux contributions from the blue and red components become comparable, the time delay that maximizes the cross-correlation coefficient naturally returns to values near zero, as expected.
In the text



	[image: Thumbnail: Fig. A.1. Refer to the following caption and surrounding text.]	Fig. A.1. Effect of the emissivity parameters on the BLR emissivity pattern. Each row underline the effects of an increasing A, δ, ϕ0 and p respectively. The parameter in the legend is the only one varying along the row, while the others are kept constant to the following value: A = 100 and δ,  ϕ0,  p = 20°. For each configuration, we use ξc = 1200 and w = ξc/2 = 600.
In the text



	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Comparison between the spectra obtained for the BLR without a spiral arm. On the left, both models include only the Doppler effect; on the right, OM also considers relativistic effects.
In the text



	[image: Thumbnail: Fig. B.2. Refer to the following caption and surrounding text.]	Fig. B.2. Comparison between the spectra obtained for the BLR with a spiral arm. On the left, both models include only the Doppler effect; on the right, OM also considers relativistic effects.
In the text



	[image: Thumbnail: Fig. C.1. Refer to the following caption and surrounding text.]	Fig. C.1. DRW variability used for the realistic scenario and the binary comparison. The blue light curve and the orange light curve correspond to the scenario with σDRW = 0.08, σDRW = 0.12 respectively. The mean value and the characteristic timescale are fixed to μ = 14 and τ = 100 d for both cases.
In the text



	[image: Thumbnail: Fig. C.2. Refer to the following caption and surrounding text.]	Fig. C.2. On the left panel, CCF results for two single SMBHs and a simulated binary given by the spectra presented in Fig. C.3, as a function of different fractions of the total BEL luminosity in the blue part of the line. On the right panel, the corresponding time delays, i.e. the time shifts that maximize the correlation coefficient. Since the BLR extends from 200 − 1800 rG ∼ 1 − 10 ld, the expected delays between the blue part and the red part of the line are of order of only a few days. The monotonic decrease of the time delay with respect to the blue fraction in the single SMBH case reflects that the line wings, which arise at smaller radii, respond faster. To better visualize this shorter delays, the right panel is shown with a restricted vertical range (−10 to 10 d).
In the text



	[image: Thumbnail: Fig. C.3. Refer to the following caption and surrounding text.]	Fig. C.3. Example of a simulated binary spectrum and comparison with the double peaked single SMBH spectrum obtained assuming a DRW continuum at tobs = 0. The spectra derived from the light curves in Fig. C.1 with A = 0 (no spiral arms) are shown in blue (σDRW = 0.08) and orange (σDRW = 0.12), while the resulting simulated binary spectrum is plotted in green. To construct the latter, the individual SMBH spectra were shifted to the blue and red by 30 Å each respectively. Additionally, the spectra obtained with the parameters listed in Tab. C.1 assuming a single SMBH and a DRW continuum are also plotted to show the resemblance with the binary BEL.
In the text



	[image: Thumbnail: Fig. C.4. Refer to the following caption and surrounding text.]	Fig. C.4. Example of a simulated binary spectrum and comparison with the double peaked single SMBH spectra obtained assuming a DRW continuum at tobs = 0. The spectra derived from the light curves in Fig. C.1 with A = 0 (no spiral arms) are shown in blue (σDRW = 0.08) and orange (σDRW = 0.12), while the resulting simulated binary spectrum is plotted in green. To construct the latter, the individual SMBH spectra were shifted to the blue and red by 10 Å each respectively. Additionally, the spectra obtained with the parameters listed in Tab. C.2 assuming a single SMBH and a DRW continuum are also plotted to show the resemblance with the binary BEL.
In the text



	[image: Thumbnail: Fig. C.5. Refer to the following caption and surrounding text.]	Fig. C.5. On the left panel, CCF results for two single SMBHs and a simulated binary given by the spectra presented in Fig. C.4, as a function of different fractions of the total BEL luminosity in the blue part of the line. On the right panel, the corresponding time delays, i.e. the time shifts that maximize the correlation coefficient. Here, the monotonic decrease is less evident than in Fig. C.2 since the measured delays are smaller than the adopted observational time step.
In the text





    
      Fig. 1. 

      
        [image: Fig. 1. Refer to the following caption and surrounding text.]
      

      
        Geometry and coordinate systems used for the model (see also Chen et al. 1989). ξ1 and ξ2 are respectively the inner and outer radius of the BLR, while i is the inclination. The angle ϕ is measured counter-clockwise from the near side of the disc.

      

    

  
    
      Fig. 2. 

      
        [image: Fig. 2. Refer to the following caption and surrounding text.]
      

      
        Example of line profiles. In the first row, different BELs obtained at the same time of observation (tobs = 0) for different sets of parameters (listed on the upper right legend). In the second row, the evolution of the BEL obtained by the fourth set of parameters (i.e. the ones associated with the red emission profile in the first row) is shown at different observation times (left) with the corresponding centroid (right).

      

    

  
    
      Fig. 3. 

      
        [image: Fig. 3. Refer to the following caption and surrounding text.]
      

      
        Illustration of how the disc responds to the variable ionizing continuum for the set of parameters A = 95, δ = 10°, ϕ0 = 96° and p = 25°. The line of sight is assumed to be inclined by i = 30° with respect to the normal to the disc in the direction of the negative x-axes. From left to right: The intrinsic emissivity map, the instantaneous illumination map, and the instantaneous brightness map. As can be noted, the impact of ℒ(t′) leads at the assumed time (tobs = 0) to a greater enhancement of the BLR emissivity on the near side (i.e. closer to the observer) compared to the far side.

      

    

  
    
      Table 1. 

      BLR parameters for consistency check.

      
        


	Parameter
	Value





	i [deg]
	30



	ξ1
	200



	ξ2
	1800



	ξsp
	200



	ϕ0 [deg]
	120



	δ [deg]
	110



	A
	2



	p [deg]
	−25





      

      
Notes. Set of the spiral disc model parameters used to check the physical consistency of our BLR model.



    

  
    
      Fig. 4. 

      
        [image: Fig. 4. Refer to the following caption and surrounding text.]
      

      
        Cross-correlation analysis, assuming a step function continuum (i.e. Eq. (1)). On the upper panel, the continuum luminosity. On the middle panel, the total integrated fluxes of a BEL. Finally, on the lower panel, the cross-correlation computations.

      

    

  
    
      Fig. 5. 

      
        [image: Fig. 5. Refer to the following caption and surrounding text.]
      

      
        Same as Fig. 4 assuming a sinusoidal continuum (i.e. Eq. (2)).

      

    

  
    
      Fig. 6. 

      
        [image: Fig. 6. Refer to the following caption and surrounding text.]
      

      
        Comparison between the characteristic radius of the BLR obtained by applying reverberation mapping techniques and the radius obtained from the luminosity–radius relation. We show with blue and orange markers the results from the step-function continuum luminosity, while we use green and red markers for the sinusoidal continuum. In both cases, the radius has been estimated considering the maximum of the cross-correlation (represented by circular markers), as well as the weighted average of the time delays (represented by a triangular markers) (see Sect. 3 for further details).

      

    

  
    
      Table 2. 

      BLR parameters for noise.

      
        


	Parameter
	Value





	i [deg]
	30



	ξ1
	200



	ξ2
	1800



	ξsp
	200



	ϕ0 [deg]
	120



	δ [deg]
	16



	A
	100



	p [deg]
	−5





      

      
Notes. Set of the spiral disc model parameters used to study the cross-correlation dependence on the noise. These remain constant across the various cases, with the noise amplified by adjusting the variance of the superimposed Gaussian fluctuations.



    

  
    
      Fig. 7. 

      
        [image: Fig. 7. Refer to the following caption and surrounding text.]
      

      
        Pairplot showing the cross-correlation value distribution in the spiral arm parameters space. The obtained values are always higher than min(CCF) = 0.9962. Thus, the cross-correlation consistently approaches a value close to unity. We categorized the data into two classes, using the median value as the cut-off.

      

    

  
    
      Fig. 8. 

      
        [image: Fig. 8. Refer to the following caption and surrounding text.]
      

      
        On the left panel, noise implementation on the profile obtained using the set of parameters listed in Table 2 and the sinusoidal continuum given by Eq. (2) at tobs = 0. Here, we assume Gaussian noise with different values for s, as indicated in the inset. To highlight the effect of the applied Gaussian noise, each BEL is shown with a vertical offset. We stress that only the BEL is plotted, while an AGN spectrum in the broad Hα spectral region would feature, at the very least, the AGN and the host galaxy continua. The negative values of the flux are therefore not unphysical, and should be interpreted as uncertainties on the total (positive) flux. On the central panel, CCF results as a function of the noise. The value of the cross-correlation decreases as the amplitude of the noise increases. The maximum of the cross-correlation remains higher than 0.8 for all the cases considered, in which s remains smaller than the peak value of the BEL flux. On the right panel, time delays corresponding to the time shifts that maximize the correlation coefficient. Note that for asymmetric flux divisions (e.g., a blue fraction of 0.1 or 0.9), the resulting time delays deviate from values close to zero. This occurs because the code was allowed to shift the blue and red part of the BELs over a broader range than what is physically expected. As the flux contributions from the blue and red components become comparable, the time delay that maximizes the cross-correlation coefficient naturally returns to values near zero, as expected.

      

    

  
    
      Fig. A.1. 

      
        [image: Fig. A.1. Refer to the following caption and surrounding text.]
      

      
        Effect of the emissivity parameters on the BLR emissivity pattern. Each row underline the effects of an increasing A, δ, ϕ0 and p respectively. The parameter in the legend is the only one varying along the row, while the others are kept constant to the following value: A = 100 and δ,  ϕ0,  p = 20°. For each configuration, we use ξc = 1200 and w = ξc/2 = 600.

      

    

  
    
      Table B.1. 

      BLR parameters for model comparison (A = 0).

      
        


	Parameter
	Value





	i [deg]
	30



	ξ1
	200



	ξ2
	1800



	ξsp
	200



	ϕ0 [deg]
	-



	δ [deg]
	-



	A
	0 (no spiral)



	p [deg]
	-





      

      
Notes. gBLR geometry and emissivity parameters for the scenario without a spiral arm.



    

  
    
      Table B.2. 

      BLR parameters for model comparison (A = 2).

      
        


	Parameter
	Value





	i [deg]
	30



	ξ1
	200



	ξ2
	1800



	ξsp
	200



	ϕ0 [deg]
	120



	δ [deg]
	110



	A
	2



	p [deg]
	-25





      

      
Notes. BLR geometry and emissivity parameters for the scenario with a spiral arm.



    

  
    
      Fig. B.1. 

      
        [image: Fig. B.1. Refer to the following caption and surrounding text.]
      

      
        Comparison between the spectra obtained for the BLR without a spiral arm. On the left, both models include only the Doppler effect; on the right, OM also considers relativistic effects.

      

    

  
    
      Fig. B.2. 

      
        [image: Fig. B.2. Refer to the following caption and surrounding text.]
      

      
        Comparison between the spectra obtained for the BLR with a spiral arm. On the left, both models include only the Doppler effect; on the right, OM also considers relativistic effects.

      

    

  
    
      Table B.3. 

      Property comparison (A = 0, only Doppler).

      
        


	Property
	SM
	OM





	⟨vcentroid⟩ [km/s]
	38
	46



	⟨vdisp⟩ [km/s]
	3814
	3726



	Relative Height
	6.0⋅10−4
	6.5⋅10−5



	Peaks Separation [km/s]
	6620
	6441





      

      
Notes. Properties comparison between the two models for example given by Tab. B.1, considering only the Doppler effect in OM.



    

  
    
      Table B.4. 

      Property comparison (A = 0, relativistic effects).

      
        


	Property
	SM
	OM





	⟨vcentroid⟩ [km/s]
	38
	402



	⟨vdisp⟩ [km/s]
	3814
	3767



	Relative Height
	6.0⋅10−4
	9.7⋅10−2



	Peaks Separation [km/s]
	6620
	6441





      

      
Notes. Properties comparison between the two models, including relativistic effects in OM, for the example in Tab. B.1.



    

  
    
      Table B.5. 

      Property comparison (A = 2, only Doppler).

      
        


	Property
	SM
	OM





	⟨vcentroid⟩ [km/s]
	-484
	-431



	⟨vdisp⟩ [km/s]
	3787
	3682



	Relative Height
	0.21
	0.19



	Peaks Separation [km/s]
	6436
	6177





      

      
Properties comparison between the two models for example given by Tab. B.2, considering only the Doppler effect in OM.



    

  
    
      Table B.6. 

      Property comparison (A = 2, relativistic effects).

      
        


	Property
	SM
	OM





	⟨vcentroid⟩ [km/s]
	-484
	-82



	⟨vdisp⟩ [km/s]
	3787
	3695



	Relative Height
	0.21
	0.27



	Peaks Separation [km/s]
	6436
	6144





      

      
Notes. Properties comparison between the two models, including relativistic effects in OM, for the example in Tab. B.2.



    

  
    
      Fig. C.1. 

      
        [image: Fig. C.1. Refer to the following caption and surrounding text.]
      

      
        DRW variability used for the realistic scenario and the binary comparison. The blue light curve and the orange light curve correspond to the scenario with σDRW = 0.08, σDRW = 0.12 respectively. The mean value and the characteristic timescale are fixed to μ = 14 and τ = 100 d for both cases.

      

    

  
    
      Fig. C.2. 

      
        [image: Fig. C.2. Refer to the following caption and surrounding text.]
      

      
        On the left panel, CCF results for two single SMBHs and a simulated binary given by the spectra presented in Fig. C.3, as a function of different fractions of the total BEL luminosity in the blue part of the line. On the right panel, the corresponding time delays, i.e. the time shifts that maximize the correlation coefficient. Since the BLR extends from 200 − 1800 rG ∼ 1 − 10 ld, the expected delays between the blue part and the red part of the line are of order of only a few days. The monotonic decrease of the time delay with respect to the blue fraction in the single SMBH case reflects that the line wings, which arise at smaller radii, respond faster. To better visualize this shorter delays, the right panel is shown with a restricted vertical range (−10 to 10 d).

      

    

  
    
      Table C.1. 

      BLR parameters (vrel ≃ 5485 km/s).

      
        


	Parameter
	Value





	i [deg]
	11



	ξ1
	200



	ξ2
	1800



	ξsp
	200



	ϕ0 [deg]
	184



	δ [deg]
	261



	A
	10



	p [deg]
	-22





      

      
Notes. BLR geometry and emissivity parameters for a non-axisymmetric BLR assuming a more realistic continuum (i.e. a DRW given by Fig. C.1).



    

  
    
      Fig. C.3. 

      
        [image: Fig. C.3. Refer to the following caption and surrounding text.]
      

      
        Example of a simulated binary spectrum and comparison with the double peaked single SMBH spectrum obtained assuming a DRW continuum at tobs = 0. The spectra derived from the light curves in Fig. C.1 with A = 0 (no spiral arms) are shown in blue (σDRW = 0.08) and orange (σDRW = 0.12), while the resulting simulated binary spectrum is plotted in green. To construct the latter, the individual SMBH spectra were shifted to the blue and red by 30 Å each respectively. Additionally, the spectra obtained with the parameters listed in Tab. C.1 assuming a single SMBH and a DRW continuum are also plotted to show the resemblance with the binary BEL.

      

    

  
    
      Fig. C.4. 

      
        [image: Fig. C.4. Refer to the following caption and surrounding text.]
      

      
        Example of a simulated binary spectrum and comparison with the double peaked single SMBH spectra obtained assuming a DRW continuum at tobs = 0. The spectra derived from the light curves in Fig. C.1 with A = 0 (no spiral arms) are shown in blue (σDRW = 0.08) and orange (σDRW = 0.12), while the resulting simulated binary spectrum is plotted in green. To construct the latter, the individual SMBH spectra were shifted to the blue and red by 10 Å each respectively. Additionally, the spectra obtained with the parameters listed in Tab. C.2 assuming a single SMBH and a DRW continuum are also plotted to show the resemblance with the binary BEL.

      

    

  
    
      Fig. C.5. 

      
        [image: Fig. C.5. Refer to the following caption and surrounding text.]
      

      
        On the left panel, CCF results for two single SMBHs and a simulated binary given by the spectra presented in Fig. C.4, as a function of different fractions of the total BEL luminosity in the blue part of the line. On the right panel, the corresponding time delays, i.e. the time shifts that maximize the correlation coefficient. Here, the monotonic decrease is less evident than in Fig. C.2 since the measured delays are smaller than the adopted observational time step.

      

    

  
    
      Table C.2. 

      BLR parameters ((vrel ≃ 1830 km/s).

      
        


	Parameter
	Value





	i [deg]
	22



	ξ1
	200



	ξ2
	1800



	ξsp
	200



	ϕ0 [deg]
	274



	δ [deg]
	261



	A
	10



	p [deg]
	-22





      

      
Notes. BLR geometry and emissivity parameters for a non-axisymmetric BLR assuming a more realistic continuum (i.e. a DRW given by Fig. C.1).
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