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Abstract

Context. A characteristic feature of young stellar objects is their variability, which is caused by a variety of different physical processes. High-resolution interferometric observations in the near- and mid-infrared wavelength ranges spanning multiple epochs allow the detailed study of these processes.

Aims. We aim at investigating the expected variations of the interferometric observables connected to changes in the measured photometric fluxes of a typical variable accreting central young stellar object with a circumstellar disk.

Methods. We calculated visibilities and closure phases as well as the photometric flux of brightness distributions obtained using 3D Monte Carlo radiative transfer simulations for a model of a circumstellar disk with an accreting central star.

Results. Changes in the accretion luminosity of the central object, that is, an accreting pre-main-sequence star, can lead to significant variations in the visibility and closure phase of the star-disk system measured with instruments at the Very Large Telescope Interferometer (VLTI) that can be related to changes in the photometric flux. Taking into account additional effects due to baseline variation, interferometric observations can provide valuable contributions to the understanding of the underlying processes. Additionally, we provide the web application VLTI B-VAR that allows the impact of the hour angle on the visibility and closure phase for customized intensity maps to be estimated.
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1 Introduction
The evolution of circumstellar disks is a highly dynamic process. To understand the underlying physical mechanisms, it is vital to study disks at different evolutionary stages. However, individual observations and most observational projects only provide snapshots of a certain evolutionary stage, even though variability is known to be a vital feature in such objects on various timescales. Strong photometric variability was measured for 11 T Tauri-like objects by Joy (1945). With an increasing number of variable sources found over the next decades, it is currently estimated, based on observations performed with the Spitzer Space Telescope, that roughly half of all pre-main-sequence stars show variability in the infrared on various timescales (e.g., Rebull et al. 2015; Poppenhaeger et al. 2015; Wolk et al. 2018).
In this paper, we examine the potential of using interfero-metric measurements to study the temporal variability of young star-disk systems. Photometric variability has been studied for decades and allows conclusions to be drawn about the overall strength and duration of the corresponding events (e.g., Stauffer et al. 2016; Pouilly et al. 2021; Cody et al. 2022). However, the restriction to the total flux of the observed systems allows to derive only weak constraints regarding the underlying variability of the spatial structure of these systems. This deficiency can be overcome by high-resolution interferometric observations that are sensitive to variations in the brightness distribution of the circumstellar material. This kind of observations can be performed by using modern interferometric instruments such as MATISSE, GRAVITY, or PIONIER available at the Very Large Telescope Interferometer (VLTI). The potential of such high-resolution multi-epoch observations is demonstrated in the first studies, where the variability of the innermost region of circumstellar environments is investigated (e.g., Kluska et al. 2016; Chen et al. 2018, Chen et al. 2019). Moreover, Kobus et al. (2020) show that VLTI observations of selected protoplanetary disks performed at multiple epochs contain evidence for variability of various sources. As multi-epoch observations are rather time-consuming, corresponding observations have to be prepared carefully.
To provide a basis for the preparation of future interferometric variability studies, we present the expected variations in the interferometric quantities of a basic protoplanetary disk model resulting from temporal variations in the accretion luminosity. This is done by deriving synthetic interferometric observations for brightness distributions of a circumstellar disk with a central young stellar object obtained with Monte Carlo radiative transfer simulations. As the aim is to observe the inner regions of circumstellar disks using the VLTI, we chose a wavelength range covering the H band (PIONIER) and the K band (GRAVITY), as well as the L, M, and N bands (MATISSE). Thus, both the thermal reemission radiation of the warm dust and the direct and scattered stellar radiation were considered.
In Sect. 2, we describe the procedure applied to get from the circumstellar disk model to synthetic observations. The influence of temporal variations of a model with variable accretion luminosity of the central star on the visibility and closure phase is presented in Sect. 3. An increasing stellar luminosity leads to increased heating of the dust in the disk, resulting in an increase in the inner radius of the disk due to sublimation. Additionally, the illumination of the disk and the corresponding temperature distribution changes. To isolate these two effects, we first study the influence of a geometrical change due to an increasing inner radius in Sect. 3.1. The impact of an increase in stellar luminosity with a constant inner radius is then discussed in Sect. 3.2. Finally, we consider both effects using a model with increasing stellar luminosity and dust sublimation in Sect. 3.3. Lastly, we discuss the observational consequences of our findings, as well as other effects on the observables in Sect. 4., and give a summary and a brief outlook on future studies in Sect. 5.
2 Method
Synthetic observations were used to quantify the impact of variability on the visibility and closure phase for the different model setups. We calculated brightness distributions using radiative transfer simulations for a basic, often applied circumstellar disk model. In the following we outline the underlying model as well as the radiative transfer simulations.
Model: Circumstellar disk. We chose a general circumstellar disk model that had been successfully used in multiple previous studies of protoplanetary disk properties (e.g. Sauter et al. 2009; Brunngräber et al. 2016; Hofmann et al. 2022). The corresponding density distribution of the dust is based on the disk models of Shakura & Sunyaev (1973). Using the cylindrical coordinates (r, z) it is given by
[image: equation](1)
Here ρ0 denotes the density scaling parameter determined by the disk mass, α the radial density exponent, and h(r) the scale height of the disk depending on the reference scale height hret at the reference radius R0 and the flaring parameter β:
[image: equation](2)
For the disk parameters we chose values of α = 1.8 (Andrews et al. 2010), β = 1.1 (Woitke et al. 2019), R0 = 100 au, and href = 10 au. The density distribution of the dust was then calculated between a given inner radius Rin and the outer radius Rout, which in this case was identical to the reference radius.
Model: Central star. The parameter of the embedded young stellar object (hereafter central star) were varied for the different cases. However, the reference model for the central star was defined by a luminosity of L★ = 1.5 L⊙ and an effective temperature of T★ = 4000 K, typical of a low-mass TTauri star. In order to account for the change in the stellar spectral energy distribution during an accretion event, all simulations were also performed for a stellar effective temperature of 8000 K, which had already been successfully used to model variable stars during an accretion event in circumstellar disks (e.g., Schegerer et al. 2009; Brunngräber et al. 2016). In the following, we refer to simulations with an effective temperature of T★ = 4000 K as the “ground state” and simulations with an effective temperature of T★ = 8000 K as the “active state”.
Model: Dust properties. We assumed that the dust composition is similar to that of the ISM and thus applied a mixture of 62.5% astronomical silicate and 37.5% graphite. The graphite component followed the typical [image: equation] relation for parallel and perpendicular orientations by Draine & Malhotra (1993). The grain size distribution followed the power law of Mathis et al. (1977) with n(s) ∝ s−q for q = 3.5 and grain radii between 5 nm and 250 nm. This size distribution was consistent with the observational constraints for the dust in upper disk layers found in the near- to mid-infrared wavelength range considered in our study. The optical properties of the compact chemically homogeneous dust grains were derived on the basis of the Mie scattering theory using the wavelength-dependent refractive indices of Draine & Lee (1984), Laor & Draine (1993), and Weingartner & Draine (2001).
Radiative transfer. Based on the above model, we simulated brightness distributions using the publicly available 3D Monte Carlo radiative transfer code POLARIS (Reissl et al. 2016)1. POLARIS makes use of the immediate correction method of Bjorkman & Wood (2001) and the instant reemission method of Lucy (1999) for the simulation of temperature distributions. The thermal reemission radiation of the dust was calculated using a ray-tracing algorithm, while the scattered stellar light was determined using an anisotropic Monte Carlo scattering method.
Interferometric observables. Visibilities and closure phases of the resulting ideal intensity maps were then calculated using fast Fourier transforms. The uv coverage was chosen according to the baselines covered by the VLTI. For this we used two approaches. In the case of the investigation of the impact of variations in the inner rim, the stellar luminosity, and the combination of both on the visibilities (Sects. 3.1, 3.2, and 3.3, respectively), we considered one baseline with a length of 130 m. This corresponds to the longest baselines of the “UT” configuration and the “Large” configuration2. In the case of models with inclined disks, we considered two baseline orientations, one parallel (major) and one perpendicular (minor) to the axis of rotation of the disk. For non-inclined, and thus radially symmetric disks, the visibility was independent of the orientation of the baseline.
In the second approach, that is, when we calculated closure phases or when we studied the impact of the Earth’s rotation on the projected baseline and the resulting influences on visibilities and phases (Sect. 4.1), we used the uv coverage of an exemplary object with a declination of −5° (e.g., Orion Nebula) that would be obtained when using the UT configuration at an hour angle of 0 h. Unless explicitly stated otherwise, we show the closure phases for the triangle with the longest baselines.
Following Lopez et al. (2022), we assumed that the detection limits for the visibility and closure phases are 0.1 and 5°, respectively. The distance to the circumstellar disk model was set to 140 pc, corresponding to the distance to the Taurus molecular cloud.
Parameter space. Since this study focuses on a model of variability caused by accretion, we focused on the accretion luminosity. Within the simulations, the accretion and stellar luminosity were combined into one central radiation source. Therefore, in the following, stellar luminosity is used as a term for the luminosity of the central source including both components.
Bright outburst events in circumstellar disks can shift the sublimation radius outward, and thus can increase the inner radius of the disks. This leads to a different illumination, and thus heating and light scattering by the disk. It will therefore affect the measured visibilities and closure phases. Thus, we performed simulations of the disk models for different inner radii, ranging from 0.1 au to 1.5 au, corresponding to stellar luminosities ranging from 1.5 L⊙ to 600 L⊙. The reference model has an inner radius of Rin = 0.1 au and a dust mass of 10−5 M⊙ for all simulations. A change in the inner radius of the disk was modeled by cutting off the inner parts of the density distribution up to the new radius. Thus, the disk mass decreases with increasing radii, while the local density in the disk remains unchanged.
It should be noted that the shape of the inner rim in our model is a vertical wall at the inner radius. While this is not in full agreement with the expected shape of an inner rim originating from hydrodynamical and dust sublimation processes (e.g., Flock et al. 2016), it will not significantly influence the general outcomes for the studied cases (see Appendix B) and is thus used for the sake of simplicity. A more detailed discussion of different inner rim shapes in the context of MATISSE observations and radiative transfer modeling can be found in Hofmann et al. (2022).
The wavelengths used for all simulations correspond to the central wavelength of the bands covered by the beam combiners PIONIER, GRAVITY, and MATISSE, currently available at the VLTI: 1.5 µm (H band), 2.2 µm (K band), 3.5 µm (L band), 4.8 µm (M band), and 10 µm (N band).
3 Results
If the luminosity of the central star with a circumstellar disk is increased, for example by an accretion event, there are two different mechanisms that influence the observational appearance of the disk. First, there is the change in illumination due to the increased stellar luminosity and the change in the stellar spectrum, which can be represented by an increase in the effective temperature of the star. Second, there is the increasing inner disk radius due to dust sublimation. In order to study the effect of the two mechanisms on the change in the photometric luminosity and the interferometric visibility, we first consider each mechanism individually. Finally, we present simulations for models with increased stellar luminosity and corresponding inner radii of the disk caused by dust sublimation. In Sect. 3.1 we discuss the influence of geometric changes in the disk due to an increasing inner radius. The impact of changes in stellar luminosity and effective temperatures are outlined in Sect. 3.2. The influence of the combined mechanisms on the photometric luminosity and interferometric visibility is shown in Sect. 3.3.
3.1 Increasing inner radius
To isolate the effect of an increase in the inner disk radius, we first studied disk models with different inner radii and a fixed stellar luminosity of 1.5 L⊙. The resulting images of the direct and scattered stellar radiation and reemitted thermal radiation were then used to calculate the visibility of interferometric observations with a baseline of 130 m, corresponding to the longest baseline of the VLTI. The calculated visibilities as well as the photometric fluxes in the V and N bands for both the ground state and the active state are shown in Fig. 1 for a disk seen face-on.
We find that a change in the inner radius has a minor impact on the visibilities at the H and K bands only. At these wavelengths, the intensity is dominated by the contribution of the star and the region near the inner rim, which are both unresolved. The visibilities of the L and M bands show a minimum for the inner radii at which the inner rim is resolved. The appearance of the disk in the N band is mainly dominated by the reemitted thermal radiation of the disk. By increasing the inner radius of the disk, the reemitting surface is also increased, leading to a steady decrease in the visibility. Since even the largest inner rim within our parameter space is not resolved, the first minimum of the visibility distribution is not reached.
The photometric flux of the V band is dominated by the direct contribution of the star and is, except for a small deviation caused by a change in the scattering probability at the smallest inner radii, not influenced by the change in the inner disk radius. In contrast to this, there is a change in the N-band flux up to 4% in both directions. While the flux first decreases because the hot inner disk region is cut off, it increases for inner disk radii larger than 0.5 au. This is caused by an increase in the emitting surface area due to an increased efficiency of disk illumination, and thus heating of regions that are shadowed by the optical thick inner disk regions at smaller inner disk radii. However, the N-band flux decreases again as the inner disk radius is further increased, cutting off regions containing warm dust emitting in the N band.
The simulations of the active state follow the above trends. However, the changes in the visibilities and N-band photometry are larger than for the ground state. This can be explained by the more efficient heating of the disks dust due to an increased absorption efficiency at the shorter wavelengths of the stellar emission.
Due to the asymmetry of the image of an inclined disk, it is necessary to study those cases for different orientations of the baseline. The visibilities of the model described above with an inclination of 45° are thus calculated for configurations orientated along the major and minor axis of the elliptical shape of the projected disk midplane3. The corresponding plots of the visibilities as well as the photometric fluxes in the V and N bands for both stellar effective temperatures are shown in Fig. 2.
While the trends found in the case of the disk in face-on orientation in Fig. 1 are also shown here, the total change in the visibilities is larger. This is caused by the bright inner rim, which is directly in the line of sight of the observer due to the disk inclination. The influence of this bright structure gets larger for larger radii. This can also be seen from in the photometric N-band flux. The characteristic S-shape seen in Fig. 1 is no longer present, and the total change in the flux is up to a factor of 2. The bright inner rim now dominates the N-band flux.
In order to investigate whether accretion events lead to measurable symmetry changes, the closure phases are also calculated. Since the image of the disk seen in face-on orientation is point symmetric, only the case of inclined disks are considered in the following. The closure phases of the models with different inner radii for the configuration of the VLTI unit telescopes (UTs) with the largest baseline (i.e. the UT1-UT2-UT4 configuration) can be seen in Fig. 3.
Significant changes are only found for the M and N bands at larger inner radii. In the active state, the change in the closure phase for the L band is also large enough to be measured. This is again caused by the bright extended inner rim that has a higher dust temperature for the case of an accretion event in our model.
In summary, we could show that the expected changes in the visibilities and closure phases caused by a change in the inner radius are significant if the inner radius gets large enough to be at least partially resolved. Furthermore, the flux of the disk must contribute significantly, which is the case at the longer wavelengths. Thus, this has to be taken into account when investigating variability mechanisms that include changes in the inner radius. However, within the considered parameter space, the inner radius has nearly no impact on the V-band photometry and will only lead to large changes in the N-band photometry in the case of an inclined disk.
	[image: thumbnail]	Fig. 1 Visibilities for ground state (top) and active state (bottom) models as a function of the inner disk radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with Rin = 0.1 au (see Sect. 3.1 for details).



	[image: thumbnail]	Fig. 2 Visibilities for ground state (top) and active state (bottom) models with an inclination of 45° as a function of the inner disk radius for the H, K, L, M, and N bands (solid; left axis) for baseline orientations along the major (left) and minor axis (right) of the disk image. The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with Rin = 0.1 au (see Sect. 3.1 for details).



	[image: thumbnail]	Fig. 3 Closure phases for ground state (top) and the active state (bottom) models with an inclination of 45° as a function of the inner disk radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with Rin = 0.1 au (see Sect. 3.1 for details).



3.2 Increasing luminosity
In the following, we investigate the change in the brightness distribution due to a change in the luminosity of the central star. To do this, we perform stationary simulations of the model described in Sect. 2 with fixed disk parameters and increase the luminosity of the star by up to a factor of 100. The inner radius of the disk model is set to 1 au, which is larger than the sublimation radius expected for the simulation with the highest luminosity and effective temperature to rule out dust temperatures beyond the sublimation temperature. The simulations are again performed for the ground state and the active state. The visibilities for all observing wavelengths are then calculated again using a configuration with a baseline of 130 m. The corresponding calculated visibilities as well as the photometric fluxes of the V and N bands for both stellar effective temperatures for a disk in face-on orientation can be found in Fig. 4.
In the case of the simulations for the ground state, the changes with increasing luminosity of the visibility of the H and K bands are well below 0.1. In contrast, the visibilities calculated for the L, M, and N bands decrease significantly with increasing stellar luminosity. The results for the H and K bands can be explained by the dominance of the direct and scattered stellar radiation. Moreover, since the radial distribution of the scattered light does not significantly change at these wavelengths, the change in the visibility is insignificant, too. In the case of the longer wavelengths (L, M, N bands), the contribution of the thermal reemission radiation of the dust to the net flux increases significantly. An increase in the stellar luminosity leads to a stronger heating of the disk. Thus, the radial extent of the brightness distribution of the disk increases, which is also reflected in the corresponding visibilities.
The photometric fluxes in the V and N bands increase with increasing stellar luminosity. While the V-band flux originates from the direct stellar radiation, and thus follows the increase in total stellar luminosity, the N-band flux is mainly reemission radiation of the warm dust of the disk. Even though the heating is also more efficient at higher stellar luminosities, the N-band flux increases less than the V-band flux.
In the active state, the visibilities of the H, K, L, and M bands decrease with increasing stellar luminosity, and are lower than before. The shift of the stellar spectrum toward shorter wavelengths leads to a more efficient heating of the dust of the disk. Accordingly, the higher dust temperatures result in a larger amount of thermal reemission radiation in regions outside the innermost parts of the disk. This spatial broadening of the emitting regions of the disk cause the lower visibilities at these wavelengths. The change in the visibility in the N band in the active state is similar to the change in the ground state since the corresponding emitting outer disk regions containing warm dust are affected only marginally by the change in the stellar effective temperature.
This also applies to the N-band photometric flux. The V-band flux again follows the increase in stellar luminosity. As in Sect. 3.1, the simulations were also done for the case of a disk with an inclination of 45°. The resulting visibilities and baseline orientations are shown in Fig. 5. It can be seen that the visibilities of the K, L, and M bands for the orientation along the major axis are lower than in the face-on case. This is caused by an increase in the flux per area of the disk, while the unresolved direct stellar radiation does not change. This effect is even stronger in the H and K bands at the highest stellar luminosity, where parts of the hot inner rim contribute to the resolved flux. While the shape of the visibility distributions of the H, K, L, and M bands are mainly determined by the ratio of unresolved to resolved flux, the shape of the visibility distribution of the N band is determined by the increase in the heated disk area in the line of sight. The direct stellar contribution to the N-band visibilities is three orders of magnitude smaller than that of the disk, and is thus negligible.
The visibilities calculated using the orientation along the minor axis are higher than those calculated for the orientation along the major axis because of a narrow brigthness distribution. In the case of the H and K bands the hot inner rim contributes to the resolved flux, and thus decreases the star-to-disk flux ratio, leading to lower visibilities.
The simulations for the inclined disk are then again used to calculate the closure phases for the UT configuration. The resulting closure phases for the triangle with the longest baselines are shown in Fig. 6. It can be seen that the changes in the closure phase of the L band are the largest. Since the L-band flux of the disk originates mainly at the hot inner rim, the symmetry of the corresponding spatial brightness distribution strongly depends on the heating of the inner rim that is stronger in the active state. While this is also true for the H and K bands, the emission at these wavelengths is dominated by the direct emission of the star. The change in the closure phases is therefore smaller. The N-band flux originates in regions of warm dust farther out in the disk. Even though the total flux from these regions increases with increasing stellar luminosity, the symmetries of the emitting regions, and thus the closure phases, do not change drastically.
In summary, an increase in the stellar luminosity has a large effect on the visibilities of the L, M, and N bands. Changes in the visibilities of the shorter wavelengths are only significant in the case of an accretion event or an inclined disk. The influence on the closure phase is also largest for the L band. However, significant changes can also be found for the K band and for the case of an accretion event for every wavelength except for the N band.
	[image: thumbnail]	Fig. 4 Visibilities for ground state (top) and the active state (bottom) models as a function of stellar luminosity for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The inner radius of the disk is set to Rin = 1 au for all models (see Sect. 3.2 for details).



	[image: thumbnail]	Fig. 5 Visibilities for ground state (top) and active state (bottom) models with an inclination of 45° as a function of stellar luminosity for the H, K, L, M, and N bands (solid; left axis) for baseline orientations along the major (left) and minor axis (right) of the disk image. The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The inner radius of the disk is set to Rin = 1 au for all models (see Sect. 3.2 for details).



	[image: thumbnail]	Fig. 6 Closure phases for ground state (top) and the active state (bottom) models with an inclination of 45° as a function of stellar luminosity for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The inner radius of the disk is set to Rin = 1 au for all models (see Sect. 3.2 for details).



3.3 Increasing luminosity with sublimation
Finally, we discuss the combination of the two effects described above, an increasing inner radius due to sublimation caused by an increasing stellar luminosity. As in Sect. 3.1, we simulated models with inner radii between 0.1 au and 1.5 au. The stellar luminosity was then increased to match the estimated sublimation radius with the inner radius. In order to model an accretion event, the simulations were again done for the ground state and the active state. We then calculated the visibility of the intensity distributions for the configuration with the longest baseline, 130 m. The resulting visibilities as well as photometric fluxes of the V and N bands are shown in Fig. 7.
In the ground state, the change in the visibility with increasing sublimation radius is measurable for all wavelengths except for the H band. Similar to the cases discussed in Sects. 3.2 and 3.1, the flux at 1.5 µm is mainly dominated by the stellar emission. Thus, the star-to-disk flux ratio does not significantly change in the H band when increasing the stellar luminosity and subsequently the inner radius, leading to only small changes in the visibilities. In comparison with the simulations with fixed luminosity in Fig. 1 in Sect. 3.1 and with fixed inner radius in Fig. 4 in Sect. 3.2, the change in visibility is now larger than for the single effects alone. In particular, the N-band visibilities now rapidly decline, caused by a combination of the effects of better illumination due to the geometric change in and stronger heating of the dust due to a higher stellar luminosity.
In the active state, the changes in the visibilities are even stronger, with the visibilities of the L and N bands getting close to and the M band even reaching zero. This is caused by an increase in the disk-to-star flux ratio over all wavelengths. It can also be seen that structures of the disk can be resolved for every band except the N band.
Similar strong effects can also be seen for the simulations of the inclined disk. The corresponding visibilities are shown in Fig. 8. In the ground state with the baseline orientation along the major axis, the visibilities of the K, L, and M bands are smaller than for the face-on simulations, caused by the changed disk-to-star ratio. Changes in the visibilities for the H band are larger than 0.1, and are thus measurable.
These effects are even stronger in the active state. The changes in the visibilities are now up to 0.2, and the K-band visibilities are at the level of those of the L band for the face-on simulations. In the case of the M band, the hot inner rim contributes to the unresolved flux, leading to a small increase in the visibilities to values above zero. This can also be seen for the N-band visibilities. The minima of the visibilities of the simulations with the baseline orientated along the minor axis of the disk are shifted toward larger radii. This is caused by the inner rim appearing smaller due to the inclination. In the active state, the hot inner rim contributes to the resolved flux of the M-band simulation, strongly decreasing the corresponding visibilities.
The corresponding closure phases calculated for the configuration with the longest baselines are shown in Fig. 9. In comparison to Fig. 6 (in Sect. 3.2), the K-band closure phases are larger than in the case with fixed inner radius. The hot inner rim contributes significantly to the K-band flux, but only if dust temperatures close to the sublimation temperature are reached. Since parts of the inner rim are in the line of sight of the observer in the case of an inclined disk, the asymmetry gets stronger, and thus the changes in the closure phase increase.
This effect is even stronger for the active state. The point at which the visibility of the M band seen in Figs. 7 and 8 reaches zero can now be recognized by a flip of the sign of the closure phase at Rin = 1.3 au. The closure phase of the L-band simulations also show a strong increase to values up to 150°. The peak of the distribution also corresponds to the minimum of the visibility for the L band in Fig. 8.
We conclude that the combination of the effects described in Sects. 3.1 and 3.2 lead to measurable changes in the visibilities and closure phases for all studied wavelengths. To make sure that the simplification made for the shape of the inner rim of the disk does not affect the trends found above, we repeated the simulations with a model including a modified inner rim (see Appendix B). In summary, all trends and the magnitude of variations discussed above were also found for the model with modified inner rim.
	[image: thumbnail]	Fig. 7 Visibilities for ground state (top) and the active state (bottom) models as a function of stellar luminosity, and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).



	[image: thumbnail]	Fig. 8 Visibilities for ground state (top) and the active state (bottom) models with an inclination of 45° as a function of stellar luminosity and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis) for baseline orientations along the major (left) and minor axis (right) of the disk image. The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).



	[image: thumbnail]	Fig. 9 Closure phases for ground state (top) and active state (bottom) models with inclination of 45° as a function of stellar luminosity and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).



4 Discussion
The simulations presented above showed significant changes in the visibilities and closure phases, and in the photometric fluxes. It could therefore be possible to observe variability due to accretion using interferometry if it has been measured photometrically, and vice versa. Interferometric observations could thus provide valuable information about the structure of these variable sources. However, the chosen model only allows inferring changes in the brightness distribution of the disk caused by an increase in the luminosity of the central source. Additional sources of variability like embedded companions (e.g., Brunngräber & Wolf 2018) or stellar spots were not considered and will change the brightness distribution and the corresponding observable. Nevertheless, the model provides an indication of the strength of the changes that can be expected for variable objects.
Considering the conditions for observations, it should be noted that the correlated fluxes calculated for all wavelengths of the model are well above the VLTI detection limits. The effects discussed in Sect. 3 are thus observable, in principle. However, another important aspect of planning observations or analyzing archive data is the baseline variation due to a change in the hour angle. Since the apparent changes in the visibilities and closure phases caused by this effect are on the same order as those due to illumination variation, we present a detailed discussion of the baseline variation in Sect. 4.1. Corresponding considerations concerning the timescales of possible observations and our model simulations are discussed thereafter in Sect. 4.2.
4.1 Baseline variation
Temporal variability is a vital feature of circumstellar disks on various timescales, ranging from hours to years. When studying such variations by comparing multi-epoch observations, it should be ensured that the differences in the visibilities and closure phases caused by deviations of the baselines due to a different hour angle are smaller than the differences expected from the temporal variations of the brightness distribution. In order to distinguish these phenomena, we calculate the visibilities and closure phases of the disk model with dust sublimation discussed in Sect. 3.3 for different hour angles. Therefore, the observable period during which the object is above an altitude of 45° is determined for a declination of −5°, which is typical for variable objects found, for example, in the Orion nebula. The corresponding visibilities are then calculated using the UT configuration of the VLTI. An exemplary plot of visibility and closure phase for different hour angles, together with the baseline variation and uv coverage for different hour angles for the inclined model in the active state and with an inner radius of 0.5 au, is shown in Fig. 10.
It can be seen that the changes in the longer baselines are up to 30% depending on the hour angle. This corresponds to changes larger than 0.1 in the observed visibilities even for timescales of around two hours. The measured closure phases also differ significantly depending on the triplet of telescopes used for the observation.
To quantify the impact of the baseline variation for all models and wavelengths, this procedure is repeated for all inclined models and the maximum differences of visibilities and closure phases are determined. The corresponding plot of the maximum difference of the visibilities caused by a change in the hour angle for each model and wavelength is shown in Fig. 11. The differences for all wavelengths except the H and K bands for both stellar effective temperatures are on the order of the changes discussed in Sect. 3. The largest differences in the visibilities can be found for the models with the largest inner radii, that is the models for which the inner disk structures are best resolved. The same effect can be seen when taking the maximum differences of the closure phase into account. The resulting plot of the closure phases is shown in Fig. 12. Since asymmetries are most prominent for the models with larger inner radii, the differences in the closure phase are also largest for these models. In the case of the L- and M-band simulations, some structures are resolved, leading to flips of the closure phase of 360°.
The impact of baseline variation due to different hour angles is largely dependent on the brightness distribution. Thus, we provide an interactive online tool, VLTI B-VAR4. It allows plots similar to Fig. 10 to be calculated for the model discussed in this section, as well as a Gaussian disk model for two disk inclinations. It is furthermore possible to upload and use customized intensity maps.
In conclusion, changes in the visibilities and closure phase due to baseline variation can be on the same order as differences due to a change in the disk illumination. It should therefore be checked that observations are done at similar hour angles to ensure comparability and to avoid false detections of variability.
	[image: thumbnail]	Fig. 10 Visibility and closure phase as a function of hour angle for the active state model with inner radius of Rin = 0.5 au, inclination of 45°, as well as dust sublimation (see Sect. 3.3 for details), for the L band (top). The change in the length of the baselines used to calculate the visibilities and the corresponding uv coverage (bottom) are shown in their associated colors.



4.2 Observational timescales
In the previous section it was shown that observations of the same object should ideally be made at the same hour angle. However, this means that effects occurring on light-traveling timescales in the disk cannot be traced. For the model discussed in this paper, this timescale would be on the order of 10–20 h. Additionally, the regions contributing most to the observables are located up to the τ = 10 plane of the disk. The diffusive timescale of the radiation for these regions is of a factor of 1.25 to 2.5 larger than the light-traveling time. This means that the dust in the relevant regions of the disk is close to or at a radiative equilibrium state. The assumption of radiative equilibrium made for the simulations in Sect. 3 is thus well justified. A derivation of the respective timescales can be found in Appendix A.
	[image: thumbnail]	Fig. 11 Maximal difference of visibility due to a change in hour angle of the models for the ground state (top) and the active state (bottom) with an inclination of 45° as a function of the dust sublimation radius discussed in Sect. 3.3 for the H, K, L, M, and N bands.



5 Summary
We investigated the impact of a change in the brightness distribution of a circumstellar disk on the visibility and closure phase of VLTI observations and the corresponding changes in the V- and N-band photometry. This was done by applying radiative transfer simulations to a basic, often applied disk model. We isolated the effects of a different illumination of the disk due to geometrical changes from changes due to an increase in stellar luminosity. Finally, we studied the combination of the two mechanisms, that is, the change in the inner radius of a disk due to dust sublimation caused by an increase in the stellar luminosity. In order to take the different stellar SED caused by accretion events into account, we performed all simulations for stellar effective temperatures of 4000 K (ground state) and 8000 K (active state), respectively.
We found that changing the inner radius of the disk model while keeping the stellar luminosity constant leads to measurable changes in the visibilities and closure phases of longer wavelengths, while the impact on the photometric flux is small. Increasing the stellar luminosity with an inner radius of the disk fixed outside the sublimation radius, we found that changes in the visibilities and closure phases for the larger wavelengths are even stronger. While the V-band photometry follows the increase in the stellar luminosity directly, the N-band photometric flux is always lower, but still increasing on a similar order proportional to the stellar luminosity. Combining a change in the inner radius of the disk via dust sublimation due to an increased luminosity, we find significant differences in the visibilities and closure phases at all involved wavelengths. The reason for this is an increase in the star-to-disk brightness ratio over all wavelengths, which is caused by the temperature distribution of the dust now covering also the higher temperatures up to the sublimation temperature. This effect is even stronger for the model of the active state. In this case, some visibilities calculated for this specific model are even close to zero, hinting at well-resolved structures caused by the change in the disk illumination. The V- and N-band photometric fluxes are similar to the simulation with an increase in the stellar luminosity only, which is expected when comparing to the simulations with constant stellar luminosity.
Finally, we discussed the resulting consequences for the planning of observations. In this context special attention should be paid to the hour angle at which the observations are performed to avoid deviations of visibility and closure phase due to baseline variation when comparing observations of different epochs.
In summary, we found that interferometric observations can provide valuable insights into the brightness structure of variable circumstellar disks. Since it is possible to refer changes in the V- and N-band photometry to changes in the interferometric observables of the H, K, L, M, and N bands, existing photometric variability measurements could be used to identify promising targets for future multi-epoch interferometric observations.
We find that the level of photometric variability corresponding to measurable changes in the interferometric observables derived in our study (>0.1 mag, i.e., a factor of 2) is comparable to that of median short-term photometric variability of low-mass TTauri stars (see, e.g., Pouilly et al. 2021; Cody et al. 2022). Additionally, outbursts in young stellar objects also show an increase in brightness of 2.5 mag-6 mag (factors of several tens to hundreds) for long-term outburst events (see Fischer et al. 2022). Thus, the results of this paper encourage the investigation of these objects using interferometry.
	[image: thumbnail]	Fig. 12 Same as Fig. 11, but for closure phases (see Sect. 4.1 for details).





Appendix A  Diffusion timescales
In the case of high optical depth, the radiative transfer of energy u in a medium can be described using a diffusion approximation following Fick’s law of diffusion with a diffusion constant D:
[image: equation](A.1)
The distribution of the energy in the medium can be described using the ansatz of a Gauss function:
[image: equation](A.2)
We now define the diffusion timescale T2σ as the time it takes to distribute 2σ of the energy over a distance L:
[image: equation](A.3)
By applying [image: equation] with speed of light c and absorption coefficient κ, we find a relation between the light traveling time Tl = L/c and the diffusion timescale:
[image: equation](A.4)
It should be noted that this only holds true for high optical depth, that is [image: equation]. In case of the model disk discussed in Sect. 2, the optical depth for all wavelengths is larger than 103. Thus, only the upper dust layers of the disk are effected on light-traveling timescales. Since the contribution of these layers to the visibilities and closure phases are comparably small, we can assume stationary solutions for the effects discussed in Sect. 3.

Appendix B  Modified inner rim
In Sect. 3.3 we present simulations of the model described in Sect. 2, for increasing inner radii due to sublimation caused by an increasing stellar luminosity. To test the influence of a more complex inner rim shape on the discussed trends, we repeated the simulations of the inclined disk for a model with a modified inner rim. Following Hofmann et al. (2022), we used a simple parameterization of different curved inner rim shapes using a modification of the scale height given in Eq. (2)
[image: equation](B.1)
with the shape parameter ε and the radius Rε up to which the rim is modified.
We chose parameters of Rε = 1.5Rin and ε = 0.7, which correspond to inner rim shapes discussed for example by Isella & Natta (2005) or Davies et al. (2020). A vertical cut of the resulting density distribution of the model with Rin = 1 au is shown in Fig. B.1. The corresponding visibilities of the simulations for the active state as well as the photometric fluxes of the V and N bands can be found in Fig. B.2. The qualitative trends identified in Fig. 8 in Sect. 3.3 are also found for this modified model. However, the minima of the visibilities are shifted to smaller inner radii since the bright emission of the inner rim is now distributed over a larger area and gets resolved at smaller inner radii. While the overall order of magnitude of the changes in the visibilities for the baseline orientation along the minor axis are similar to those found in the simulations for the model with the unmodified inner rim, all visibilities are significantly lower for the baseline orientation along the major axis. This is caused by the brightness of the inner rim that is now smeared out over a larger area of the brightness distribution, contributing to the resolved brightness distribution.
	[image: thumbnail]	Fig. B.1 Vertical cut through the density distribution of the model with Rin = 1 au and modified inner rim. The parameters of the modified inner rim are Rε = 1.5Rin and ε = 0.7 (see Appendix B for details).



The corresponding closure phases calculated in analogy to Fig. 9 for the model with the modified inner rim in the active state are shown in Fig. B.3. Again, we find that the minima and maxima of the closure phases are shifted toward shorter inner radii. The flips in the sign of the closure phase for the L and M bands also correspond to the respective minima of the visibilities seen in Fig. B.2. In turn, these effects can be traced back to the spatially larger brightness structure of the modified inner rim.
In summary, a change in the inner rim geometry is not significantly changing the trends found in Sect. 3.
	[image: thumbnail]	Fig. B.2 Visibilities of models with modified inner rim for the active state with an inclination of 45° as a function of stellar luminosity and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis) for baseline orientations along the major (left) and minor axis (right) of the disk image. The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).



	[image: thumbnail]	Fig. B.3 Closure phases of models with modified inner rim for the active state with an inclination of 45° as a function of stellar luminosity and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).
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	[image: thumbnail]	Fig. 1 Visibilities for ground state (top) and active state (bottom) models as a function of the inner disk radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with Rin = 0.1 au (see Sect. 3.1 for details).
In the text



	[image: thumbnail]	Fig. 2 Visibilities for ground state (top) and active state (bottom) models with an inclination of 45° as a function of the inner disk radius for the H, K, L, M, and N bands (solid; left axis) for baseline orientations along the major (left) and minor axis (right) of the disk image. The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with Rin = 0.1 au (see Sect. 3.1 for details).
In the text



	[image: thumbnail]	Fig. 3 Closure phases for ground state (top) and the active state (bottom) models with an inclination of 45° as a function of the inner disk radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with Rin = 0.1 au (see Sect. 3.1 for details).
In the text



	[image: thumbnail]	Fig. 4 Visibilities for ground state (top) and the active state (bottom) models as a function of stellar luminosity for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The inner radius of the disk is set to Rin = 1 au for all models (see Sect. 3.2 for details).
In the text



	[image: thumbnail]	Fig. 5 Visibilities for ground state (top) and active state (bottom) models with an inclination of 45° as a function of stellar luminosity for the H, K, L, M, and N bands (solid; left axis) for baseline orientations along the major (left) and minor axis (right) of the disk image. The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The inner radius of the disk is set to Rin = 1 au for all models (see Sect. 3.2 for details).
In the text



	[image: thumbnail]	Fig. 6 Closure phases for ground state (top) and the active state (bottom) models with an inclination of 45° as a function of stellar luminosity for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The inner radius of the disk is set to Rin = 1 au for all models (see Sect. 3.2 for details).
In the text



	[image: thumbnail]	Fig. 7 Visibilities for ground state (top) and the active state (bottom) models as a function of stellar luminosity, and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).
In the text



	[image: thumbnail]	Fig. 8 Visibilities for ground state (top) and the active state (bottom) models with an inclination of 45° as a function of stellar luminosity and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis) for baseline orientations along the major (left) and minor axis (right) of the disk image. The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).
In the text



	[image: thumbnail]	Fig. 9 Closure phases for ground state (top) and active state (bottom) models with inclination of 45° as a function of stellar luminosity and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).
In the text



	[image: thumbnail]	Fig. 10 Visibility and closure phase as a function of hour angle for the active state model with inner radius of Rin = 0.5 au, inclination of 45°, as well as dust sublimation (see Sect. 3.3 for details), for the L band (top). The change in the length of the baselines used to calculate the visibilities and the corresponding uv coverage (bottom) are shown in their associated colors.
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	[image: thumbnail]	Fig. 11 Maximal difference of visibility due to a change in hour angle of the models for the ground state (top) and the active state (bottom) with an inclination of 45° as a function of the dust sublimation radius discussed in Sect. 3.3 for the H, K, L, M, and N bands.
In the text



	[image: thumbnail]	Fig. 12 Same as Fig. 11, but for closure phases (see Sect. 4.1 for details).
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	[image: thumbnail]	Fig. B.1 Vertical cut through the density distribution of the model with Rin = 1 au and modified inner rim. The parameters of the modified inner rim are Rε = 1.5Rin and ε = 0.7 (see Appendix B for details).
In the text



	[image: thumbnail]	Fig. B.2 Visibilities of models with modified inner rim for the active state with an inclination of 45° as a function of stellar luminosity and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis) for baseline orientations along the major (left) and minor axis (right) of the disk image. The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).
In the text



	[image: thumbnail]	Fig. B.3 Closure phases of models with modified inner rim for the active state with an inclination of 45° as a function of stellar luminosity and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).
In the text
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        Visibilities for ground state (top) and active state (bottom) models as a function of the inner disk radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with Rin = 0.1 au (see Sect. 3.1 for details).
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        Closure phases for ground state (top) and the active state (bottom) models with an inclination of 45° as a function of the inner disk radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with Rin = 0.1 au (see Sect. 3.1 for details).
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        Visibilities for ground state (top) and the active state (bottom) models as a function of stellar luminosity for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The inner radius of the disk is set to Rin = 1 au for all models (see Sect. 3.2 for details).
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        Visibilities for ground state (top) and active state (bottom) models with an inclination of 45° as a function of stellar luminosity for the H, K, L, M, and N bands (solid; left axis) for baseline orientations along the major (left) and minor axis (right) of the disk image. The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The inner radius of the disk is set to Rin = 1 au for all models (see Sect. 3.2 for details).
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        Closure phases for ground state (top) and the active state (bottom) models with an inclination of 45° as a function of stellar luminosity for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The inner radius of the disk is set to Rin = 1 au for all models (see Sect. 3.2 for details).
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        Visibilities for ground state (top) and the active state (bottom) models as a function of stellar luminosity, and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).
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        Visibilities for ground state (top) and the active state (bottom) models with an inclination of 45° as a function of stellar luminosity and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis) for baseline orientations along the major (left) and minor axis (right) of the disk image. The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).
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        Closure phases for ground state (top) and active state (bottom) models with inclination of 45° as a function of stellar luminosity and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).
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        Visibility and closure phase as a function of hour angle for the active state model with inner radius of Rin = 0.5 au, inclination of 45°, as well as dust sublimation (see Sect. 3.3 for details), for the L band (top). The change in the length of the baselines used to calculate the visibilities and the corresponding uv coverage (bottom) are shown in their associated colors.
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        Maximal difference of visibility due to a change in hour angle of the models for the ground state (top) and the active state (bottom) with an inclination of 45° as a function of the dust sublimation radius discussed in Sect. 3.3 for the H, K, L, M, and N bands.
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        Same as Fig. 11, but for closure phases (see Sect. 4.1 for details).
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        Vertical cut through the density distribution of the model with Rin = 1 au and modified inner rim. The parameters of the modified inner rim are Rε = 1.5Rin and ε = 0.7 (see Appendix B for details).
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        Visibilities of models with modified inner rim for the active state with an inclination of 45° as a function of stellar luminosity and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis) for baseline orientations along the major (left) and minor axis (right) of the disk image. The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).
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        Closure phases of models with modified inner rim for the active state with an inclination of 45° as a function of stellar luminosity and the corresponding sublimation radius for the H, K, L, M, and N bands (solid; left axis). The corresponding fluxes in the photometric V and N bands are also shown (dashed; right axis). The V- and N-band fluxes are normalized with respect to the reference model with L = L0. The stellar luminosity of each model is increased such that the sublimation radius matches the given Rin (see Sect. 3.3 for details).
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