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Abstract

Context. Transition disks are protoplanetary disks with dust-depleted cavities, possibly indicating substantial clearing of their dust content by a massive companion. For several known transition disks, dark regions interpreted as shadows have been observed in scattered light imaging and are hypothesized to originate from misalignments between distinct regions of the disk.

Aims. We aim to investigate the presence of misalignments in transition disks. We study the inner disk (<1 au) geometries of a sample of 20 well-known transition disks with Very Large Telescope Interferometer (VLTI) GRAVITY observations and use complementary 12CO and 13CO molecular line archival data from the Atacama Large Millimeter/submillimeter Array (ALMA) to derive the orientation of the outer disk regions (>10 au).

Methods. We fit simple parametric models to the visibilities and closure phases of the GRAVITY data to derive the inclination and position angle of the inner disks. The outer disk geometries were derived from Keplerian fits to the ALMA velocity maps and compared to the inner disk constraints. We also predicted the locations of expected shadows for significantly misaligned systems.

Results. Our analysis reveals six disks to exhibit significant misalignments between their inner and outer disk structures. The predicted shadow positions agree well with the scattered light images of HD 100453 and HD 142527, and we find supporting evidence for a shadow in the south of the disk around CQ Tau. In the other three targets for which we infer significantly misaligned disks, V1247 Ori, V1366 Ori, and RY Lup, we do not see any evident sign of shadows in the scattered light images. The scattered light shadows observed in DoAr 44, HD 135344 B, and HD 139614 are consistent with our observations, yet the underlying morphology is likely too complex to be described properly by our models and the accuracy achieved by our observations.

Conclusions. The combination of near infrared and submillimeter interferometric observations allows us to assess the geometries of the innermost disk regions and those of the outer disk. Whereas we can derive precise constraints on the potential shadow positions for well-resolved inner disks around Herbig Ae/Be stars, the large statistical uncertainties for the marginally resolved inner disks around the T Tauri stars of our sample make it difficult to extract conclusive constraints for the presence of shadows in these systems.
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1 Introduction
Studying protoplanetary disks around pre-main sequence stars allows us to constrain the early stages of planet formation. Observations with the Atacama Large Millimiter/submillimeter Array (ALMA; ALMA Partnership 2015) have provided unprecedented insights in the large-scale dust and gas distributions in protoplanetary disks (e.g., van der Marel et al. 2013; Pérez et al. 2014; Andrews et al. 2018; van Terwisga et al. 2019; Teague et al. 2019). Adaptive-optics-assisted high-contrast imagers, such as the Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE; Beuzit et al. 2019) instrument, have provided complementary scattered-light images, revealing the 3D geometries of these disks (e.g., Monnier et al. 2017; Uyama et al. 2020a). In both wavelength regimes, observations demonstrated that substructures such as rings, gaps, and spiral arms are ubiquitous in these disks (Garufi et al. 2018; Andrews 2020) and they might be linked to recently formed giant planets (Bae et al. 2017; Huang et al. 2018).
While the outer disk regions can be probed with these techniques, the innermost disk regions at scales below 1 au remain unresolved. However, the processes that are shaping these inner regions are of great interest, as they might play an important role for the formation and evolution of terrestrial planets. At such distances from the star, dust grains sublimate (at T ~ 1300–1500 K; Kama et al. 2009)and the dust sublimation front (rim) is thought to be directly irradiated by the central star, and as a consequence, to puff up and predominantly emit in the near-infrared regime (e.g., Natta et al. 2001; Isella & Natta 2005; Dullemond & Monnier 2010). Models of the rim indicate that it is a radially extended region, rather than a sharp edge, with its exact morphology depending on the properties and composition of the dust grains (Kama et al. 2009). Observationally, the innermost disk regions can be studied with infrared interferometry, which enables milli-arcsecond (subau) resolution. Early observations of Herbig AeBe stars indicated a correlation between the inner disk radii and the stellar luminosity, supporting the presence of a rim at the dust sublimation radius (Monnier et al. 2005). Subsequent studies of specific objects (e.g., Tannirkulam et al. 2008; Benisty et al. 2010; Setterholm et al. 2018; Davies et al. 2020; GRAVITY Collaboration 2020), or snapshot observations of large disk samples (Menu et al. 2015; Lazareff et al. 2017; GRAVITY Collaboration 2019), enabled us to get more insights on the rim morphology. Detailed analysis of individual disks can now be achieved over a broader wavelength regime by combining all Very Large Telescope Interferometer (VLTI) instruments (e.g., GRAVITY, MATISSE; GRAVITY Collaboration 2021; Varga et al. 2021).
In this paper, we focus on connecting the geometry of the inner disk with that of the outer disk in a subclass of protoplanetary disks, the transition disks. Transition disks were originally identified through their spectral energy distributions (SEDs) that show a characteristic absence of excess infrared emission (e.g., Strom et al. 1989; Skrutskie et al. 1990; Calvet et al. 2002). Such a dip in the SEDs indicates that the inner regions are (partially) cleared of dust material (Espaillat et al. 2014), with a cavity possibly due to the dynamical clearing by massive companions or planets (e.g., Zhu et al. 2011; Bae et al. 2019). These cavities can either be probed by (sub)millimeter interferometric imaging in both dust and gas tracers (e.g., van der Marel et al. 2016, 2018; Dong et al. 2017), mid-infrared interferometry (e.g., Kraus et al. 2013; Kluska et al. 2018; Menu et al. 2014), or in scattered light images (e.g., Bohn et al. 2019; de Boer et al. 2020). Several transition disk scattered light images present dark regions (e.g., Stolker et al. 2016; Casassus et al. 2018), which are interpreted as shadows resulting from a misalignment between inner and outer disk regions (e.g., Marino et al. 2015; Facchini et al. 2018; Nealon et al. 2019). Depending on the misalignment angle, the shadows can appear as narrow lines (Benisty et al. 2017), or as very broad areas (Benisty et al. 2018; Muro-Arena et al. 2020). Such a misalignment between disk regions might not be uncommon, and could be induced by various mechanisms detailed in the discussion section. In this paper, we search for evidence of misalignments in a sample of 20 transition disks with observations from VLTI/GRAVITY, probing the geometry of the dust in the inner disk, and ALMA, probing the geometry of the gas in the outer disk. Section 2 presents our sample of transition disk hosting stars, and we describe the data that were collected on these targets and the basic data reduction. The data analysis is detailed in Sect. 3 and 4 for GRAVITY and ALMA data, respectively. From these results, we derived misalignment angles for our targets in Sect. 5. In Sect. 7 we discuss the misalignments between inner and outer disks and compare our results to scattered light images of these transition disks. We present our conclusions in Sect. 8.
2 Observations and data reduction
2.1 Stellar properties
We observed 20 transition disks previously studied in near-infrared scattered light and at submillimeter wavelengths with ALMA. We compiled the stellar properties of our input sample from previous literature. A list of all targets, their spectral types, effective temperatures, and parallactic distances is presented in Table 1. Stellar luminosities that had been calculated with pre-Gaia distance estimates were updated considering the latest parallax measurements of Gaia EDR3 and corresponding distances (Gaia Collaboration 2021; Bailer-Jones et al. 2021). We derived stellar masses based on these updated luminosities and the effective temperatures of the objects by comparison to the isochronal models of Feiden (2016). We used the nonmagnetic tracks as in Pascucci et al. (2016). Following Manara et al. (2012), the uncertainties on both quantities were modeled with a Monte Carlo approach, for which we calculated the stellar mass 1000 times while drawing Teff and L⋆ randomly from their uncertainty distribution.
Our sample comprises various spectral types from M0 to B9.5 with associated masses in the range 0.6 M⊙–3.1 M⊙. Ten of our targets are T Tauri stars (DoAr 44, GM Aur, IP Tau, LkCa 15, LkHα 330, PDS 70, RX J1615, RY Lup, SZ Cha, and UX Tau A), three are intermediate-mass T Tauri stars (CQ Tau, HD 135344 B, and HD 142527) and seven are Herbig AeBe stars (HD 139614, HD 100453, HD 100546, HD 169142, HD 97048, V1247 Ori, and V1366 Ori).
2.2 Photometry
We collected B, V, GBP, G, GRP, R, I, J, H, and K band photometric data from the Tycho-2 (Høg et al. 2000), Gaia EDR3 (Gaia Collaboration 2021), USNO-B (Monet et al. 2003), and 2MASS (Cutri et al. 2003; Skrutskie et al. 2006) catalogs. The Gaia EDR3 magnitudes for objects with 6-parameterastrometric solutions were corrected as described by Riello et al. (2021). An overview of all photometric measurements is compiled in Table A.3.
Table 1 
Stellar properties of our sample.

2.3 VLTI/GRAVITY observations
GRAVITY operates in the near-infrared K-band between 2.0 and 2.4 μm and combines the light of four telescopes, either the 8-m Unit Telescopes (UTs) or the 1.8-m Auxiliary Telescopes (ATs). The interferometric fringes on the six baselines are recorded simultaneously on the scientific instrument (SC) and on the fringe tracker (FT) that stabilizes the fringes at a frequency of 900 or 300 Hz (Lacour et al. 2019). This makes possible long integration exposures (of 10 or 30 s) on the SC detector, and therefore to observe faint objects, as T Tauri stars, with the ATs. Data were obtained either in medium resolution (~500) or in high resolution (~4000) spectral resolution modes. For all targets, we recorded several 5-min long files on the object itself, and interleaved these observationswith observations of interferometric calibrators. These calibrators were selected to be unresolved single stars with a magnitude and a color similar as those of the stars. A detailed list of the observation setup and weather conditions is presented in Table A.1.
We reduced all our data with the GRAVITY data reduction pipeline (Lapeyrere et al. 2014). For each file, we obtained sixsquared visibilities and four closure phases in each spectral channel of the FT and of the SC. We used the calibrator observations to determine the atmospheric transfer function for each night and to calibrate the interferometric observables. We checked that these interferometric quantities are consistent between SC and FT, that is to say that the fringes are not blurred on the SC due to a bad fringe tracking or a fast turbulence. This was the case for all but one target, RY Lup. During the observations of RY Lup, the small coherence time of ~ 2 ms or less caused blurring effects of the SC fringes during the long-exposure images (DIT = 30 s). For that reason, we used the FT data with DIT of 0.85 ms for the analysis of RY Lup. For all remaining targets, we used the SC data and binned them spectrally to have, for each dataset, six calibrated squared visibilities and four calibrated closure phases in five spectral channels covering the whole K-band. To mitigate weighting effects due to different exposure times and to facilitate a proper combination of data from several epochs, we performed a temporal binning into observing blocks of 30 min. When binning the data both spectrally and spatially, we calculated the weighted average (using the inverse squared uncertainties as weights) and corresponding uncertainties. We checked by visual inspection that the (u, v) plane rotation within these 30 min intervals was small. An example of the (u, v) plane coverage and the binned squared visibilities and closure phases for our data on HD 100453 is presented in the left panel of Fig. 1. The plot comprises data from seven epochs (see Table A.1). The inner disk around this Herbig star is well resolved as indicated by the squared visibilities that go down to zero for the longest baselines. The brightness distribution of the disk appears asymmetric as the closure phases depart from zero. The spectral variation of the visibilities will be used to constrain the dust spectral index.
2.4 ALMA data
We collected ALMA molecular line data of 12CO or 13CO 3–2 or 2–1 data cubes for all our targets from the ALMA archive, in order to derive the outer disk orientations from the velocity maps. The data cubes were obtained from published works or by running the calibration scripts provided with ALMA archival datasets, followed by imaging. A detailed list of the datasets that we use and the properties of the data cubes are presented in Table A.2. The methodology employed for their analysis, as well as an example plot of ALMA data, are developed further in Sect. 4.
	[image: thumbnail]	Fig. 1 GRAVITY observations and best-fit model for HD 100453. Top left: squared visibilities as a function of spatial frequency. Colors refer to the different baselines. The inset presents the (u, v) plane coverage of the observations. Bottom left: closure phases as a function of the average spatial frequency. The various colors refer to the different triplets. Right panel: best-fit model.



3 Inner disks probed by VLTI/GRAVITY
The analysis of the inner disk geometries relies on the framework introduced by Lazareff et al. (2017). First, we fit the stellar SED to derive the disk K-band flux (Sect. 3.1). This parameter is required as an input for our parametric disk models that we fit to the GRAVITY data in order to derive the geometry of the inner disk of particular interest in this paper, namely its inclination and position angle (Sect. 3.2).
3.1 SED modeling
For each target we fit the photometric data points with two blackbodies B(ν, T) representing the stellar flux and the inner disk flux. The total flux density at frequency νk is given by
[image: equation](1)
where k ∈{1, …, 10} is an index for the photometric bandpasses; νk, νV, and νK are the mean frequencies of the kth, V, and K band filter profiles, respectively; Teff is the stellar effective temperature as presented in Table 1. rk = Ak∕AV is the extinction coefficient based on the extinction law of Cardelli et al. (1989). We adopt RV = 3.1.
The fit parameters therefore are: FsV, the stellar flux in the V band; FdK, the thermal dust emission in the K band; the dust temperature Tdp, and AV, the total extinction in the V band.
Due to numerical reasons, we fit for the logarithms of Fs V, Fd K, and Tdp (Lazareff et al. 2017). First, we applied a shuffled complex evolution (SCE) algorithm (Duan et al. 1993) to find the set of parameters that is minimizing the χ2 map1. This solution was used as a starting point for a Markov chain Monte Carlo (MCMC) sampler emcee (version 3.0.2; Foreman-Mackey et al. 2013), with 200 walkers and 10 000 steps to estimate the variances of model parameters. We discarded the first 1000 steps of each walker as the burn-in phase of the sampler; the convergence of the walkers was confirmed by visual inspection of the chains. To minimize the correlation among the resulting samples, we continued using only every 40th step of the final chains. This provided 45 000 modelings of posterior samples for each target. We adopt the median and the 68% confidence interval as the final estimate for the fit parameters. An example SED fit for HD 100453 is presented in Fig. 2 and the best-fit parameters for all our targets are listed inTable 2. From these SED fits, we derived the flux contribution of the disk, fd (λ) to the integrated flux at wavelength λ as
[image: equation](2)
This fraction is equivalent to the contribution of the second term in Eq. (1) to the total flux density, at a given wavelength λ. This contribution factor is required as an input parameter and initial value to our parametric models for the GRAVITY data and we evaluated Eq. (2) at the approximate central wavelength of the GRAVITY instrument at λ0 = 2.25 μm (Table 2).
3.2 Parametric modeling of GRAVITY observations
We modeled the complex visibilities V (u, v, λ) using a combination of stellar (s), circumstellar (c), and halo (h) contributions. The halo mimics the contribution from an extended, over-resolved component due to scattered light. Models are fit to both squared visibilities and closure phases simultaneously.
We considered radial brightness distributions for the circumstellar component varying between a Gaussian profile and a Lorentzian profile. The model, of half-flux semi major axis a, is convolved with a kernel of semi major axis ak, enabling us to describe rings of different widths as well as ellipsoids. All models include modulation amplitudes to first order m = 1. The model parameters are defined in Table 3 and a detailed description of the models can be found in Appendix B.1. Following the analysis of Lazareff et al. (2017), we added an extra term of
[image: equation](3)
to the evaluation of χ2. This assumption that fd and fc measure the same quantity helps to break the size-flux degeneracy of the model and to reduce the standard error of the disk half-light radii (see Sect. 3.4 of Lazareff et al. 2017). [image: equation] refers to the uncertainty of the fractional flux contribution from the circumstellar disk at 2.25 μm (see Sect. 3.1 and Table 2).
We carry out an initial iteration of the SCE algorithm on the binned data to find the global minimum of the χ2 map. The contributions of the squared visibilities and the closure phases to the combined χ2 statistics were analyzed, and weighting factors were introduced such that (a) the χ2 contributions for both squared visibilities and closure phases are the same and (b) the reduced χ2 value is close to unity. After applying these weighting factors, the SCE algorithm was carried out again for both scenarios (a) and (b), and the results were used asstarting point for an MCMC. We used flat priors for all parameters as indicated in Table 3. Even though PAin ∈ [0°, 180°] we allowed values in the range [−360°, 360°] for the fitting procedure. This allows continuous posterior distributions that do not exhibit any phase jumps when the true position angle is close to 0° or 180°. The final posterior distributions for PAin were resampled such that the median value resided in the interval [0,180]. We used 200 walkers that are sampling 10 000 steps each. We discarded the first 1000 steps of each chain as burn-in phase and continue using every 40th sample fromthe remaining posterior distributions. This provided 45 000 uncorrelated samples as our final posterior distribution. The MCMCwas carried out for both scenarios (a) and (b) and we used the median of the posterior distribution from method (b) as our best-fit model and derived associated uncertainties from the 68% confidence intervals generated by method (a).This procedure is analogous to the methodology described in Lazareff et al. (2017) and GRAVITY Collaboration (2019).
The physical quantities that correspond to the best-fit parameters, such as the half-flux radius, a, and the inner disk orientations, are presented in Table 4. Appendix B.1 provides the best-fit parameters (Table B.1), best-fit model maps (Fig. B.1) and comparison between best-fit model and observations(Fig. B.2).
Table 2 
Results of our SED fits.

	[image: thumbnail]	Fig. 2 SED fit for HD 100453. The circles represent the photometry and the solid purple curve, the best SED model from the MCMC posterior distribution. The model consists of two individual blackbody components that are visualized by the dashed lines: the blue curve represents the stellar flux density whereas the red curve shows the flux density of the circumstellar dust. The dotted line indicates the GRAVITY reference wavelength of 2.25 μm, at which we evaluate the dust flux contribution.



Table 3 
Model parameter and priors of the MCMC fit to the GRAVITY data.

3.3 Critical view on geometric parameters uncertainties
We assessed how the uncertainties of our derived geometric parameters depend on the observational setup, in particular, the (u, v) plane coverage and the angular size of the disk. The results from this analysis are visualized in Fig. 3.
The (u, v) plane coverage, Cuv, was assessed geometrically. For each of the individual unbinned exposures we drew a circle for each baseline with a radius of 5 m around each measurement in the (u, v) plane. Cuv was determined as the fraction of area that was covered by these circles to the full area of a circle with the longest available baseline of 130.2 m as its radius. Accordingly, Cuv ∈ [0, 1] and the larger its value, the better the fractional coverage of the (u, v) plane. Both inclination and position angle are poorly constrained for the datasets with a scarcely sampled (u, v) plane. In the most extreme cases, we find uncertainties of up to 25° and 60° in inclination and position angle, respectively. For example, the observations of LkHα 330 have a very scarce (u, v) plane, yielding the large uncertainties of its inner disk inclination. The magnitude of these uncertainties decreases the larger Cuv, that is, the better the (u, v) plane is sampled. In the best constrained cases, we have uncertainties on the order of a few degrees.
For a few targets with Cuv < 0.05 though, we obtain a similarly low uncertainty. The reason for this good performance despite the scarce coverage of the (u, v) plane can be explained by the angular size of the environment that we try to resolve. As shown in the right panel of Fig. 3 there is a clear anticorrelation between the determined disk half-flux radius, a, and the uncertainties of the geometric parameters: the smaller the inner disk extent, the more difficult it is to derive its orientation. As the disk sizes depend on the stellar temperatures, the geometries for the Herbig AeBe stars are usually better constrained than for the T Tauri stars. There is one outlier, HD 139614, for which we measure the largest half-flux radius among the sample with [image: equation] mas yet the uncertainties in inclination and position angle are comparably large, probably because the disk is observed almost face-on, which makes it challenging to precisely constrain inclination and position angle, or alternatively, because it is too resolved.
	[image: thumbnail]	Fig. 3 Uncertainties of the inner disk geometric parameters (iin, PAin) as a functionof (u, v) plane coverage, Cuv, and the disk half-flux radius, a. The colors indicate the stellar luminosity.



4 Outer disks probed with ALMA CO line data
In this section, we estimate the outer disk geometrical parameters by fitting gas velocity maps. While dust continuum observationsof our sample are available, some of them show substructures with significant asymmetry that could affect our estimates of the outer disk inclination and position angle. We therefore chose to model the velocity field of the rotating outer disk, assumed to be in Keplerian motion and considering its morphology as a conical surface (Teague et al. 2018).
4.1 Methodology
We collapsed the CO line data cubes using the quadratic collapsing method as implemented in the bettermoments Python library (Teague & Foreman-Mackey 2018). We masked out pixels with low signal-to-noise ratios in the peak line intensity after the calculation of the line center velocity, v0. The magnitude of this clipping parameter was determined by visual inspection of the v0 maps. An example moment map for HD 100453 is presented in the upper right panel of Fig. 4. We present the obtained velocity profiles for all targets in Fig. C.1.
For each target we fit the collapsed rotation profiles with the eddy Python tool (Teague 2019). We utilized the thick disk model, whose projected velocity profile is parametrized by
[image: equation](4)
with Keplerian velocity
[image: equation](5)
the radius-dependent emission surface
[image: equation](6)
and the outer disk polar angle, ϕ in the disk-frame cylindrical coordinates. We use the local standard-of-rest (LSR) frame as a reference for radial velocities. The LSR is a point that has a velocity equal to the average velocity of stars in the solar neighborhood.
The fit parameters are: the outer disk inclination, iout; the position angle of the outer disk, PAout, defined from north to the redshifted part in an easterly direction; the systemic velocity vLSR (the velocity of the star along the line of sight in the LSR frame); and the emission surface parameters z0 and ψ. The outer position angle, PAout, is uniquely defined within the interval [0°, 360°], whereas the outer inclination is bounded by [−90°, 90°]. To facilitatea proper comparison with the inner disk geometries we projected the outer disk inclinations to [0°, 90°] after the fitting. As there is a degeneracy between M⋆ and iout, we fixed thestellar mass for each target to the mean value from Table 1. The reported mass uncertainties were estimated after the fit of the outer disk by a Monte Carlo approach, exploiting the known [image: equation] dependency.
Due to beam smearing effects, we applied an inner mask of at least one beam major axis before proceeding with the fit. We further performed a down-sampling of the data to only fit spatially uncorrelated pixels, which additionally accelerates the fitting procedure. The fit was implemented using emcee, and we used 100 walkers with 4000 steps from which the first 2000 were discarded asburn-in phase. The MCMC fitting was repeated, using the marginalized posteriors of the first iteration as a starting value and again the initial 2000 steps of each chain were discarded. This provided 200 000 samples of our final posterior distribution. As the uncertainties might be underestimated, we performed a rescaling of the uncertainty map that was generated with bettermoments. The rescaling factor was calibrated to obtain a reduced χ2 value of 1. The full MCMC process was repeated with these rescaled uncertainties. We adopted the median of the marginalized posterior distributions from this second fit as the best-fit parameters for the outer disk and used the 68% confidence intervals as corresponding uncertainties.
We confirmed the accuracy of our best fit models by visual inspection of iso-velocity contours plotted for the individual channel maps (Fig. 4, bottom), especially relevant for highly-inclined disks.
Table 4 
Inner and outer disk geometries of our sample.

	[image: thumbnail]	Fig. 4 Velocity maps and model fits to the ALMA CO line data of HD 100453. In all images north points up and east to the left. Top left: quadratically collapsed moment map derived with bettermoments. Top center: best-fit Keplerian disk model derived with the eddy tool. Top right: residuals after subtraction of the model from the data. Bottom panels: iso-velocity contours of the best-fit model plotted for the individual channel maps of the data cube.



4.2 Outer disk geometries
An example of the fit outer disk model and the corresponding residuals for HD 100453 is presented in Fig. 4. For all targets, we report the best-fit position angles, and outer disk inclinations that in addition consider the additional source of uncertainty from the stellar masses, in Table 4. The full output of the eddy Keplerian disk models to the ALMA data is listed in Table C.1. The uncertainties reported in this table represent the statistical errors that originate from the marginalized posterior distributions of the MCMC and do not include the mass uncertainties that need to be propagated to the derived inclinations. For some targets significant features are present after the subtraction of the velocity profile, in particular the residuals obtained for HD 100453, UX Tau A and CQ Tau, exhibit prominent spiral structures (e.g., Rosotti et al. 2020; Ménard et al. 2020; Wolfer et al. 2021). A detailed analysis of the morphology of the residuals from the fitting procedure on the full sample will be presented in a forthcoming publication (Wölfer et al., in prep.).
5 Inner and outer disk misalignments
5.1 Misalignment angles
We combine the results from the GRAVITY and ALMA data to probe potential misalignments between inner and outer disk geometry. To that end, we calculate a misalignment angle Δθ as a function of inner and outer inclinations, iin and iout, and position angles, PAin and PAout (see e.g., Fekel 1981; Min et al. 2017):
[image: equation](7)
This misalignment angle Δθ corresponds to the angle between the two normal vectors defined by the planes of the inner and outer disk, respectively. As introduced in Sect. 3, we cannot tell which side of the inner disk is closer to the observer and which is farther away. Accordingly, two potential misalignment angles need to be calculated that are representing each of the two scenarios. We define these two possibilities as
[image: equation](8)
and
[image: equation](9)
We estimated the uncertainties on the misalignment angles by a Monte Carlo approach, which randomly selected 200 000 samples from the posterior distribution of each required parameter. The median of this resulting distribution and the 68% confidence interval were selected as final values and uncertainties of the misalignment angles. The results of this analysis are presented in Table 4.
Figure 5 compares inner and outer inclinations (left panel) and position angles (right panel), respectively. The dashed lines indicate the values for which the inner and outer inclination and position angle are equal. Due to the uncertainty of the inner disk position angle, we present both solutions with PAin ∈ [0°, 180°] (Δθ1) as measured from the GRAVITY observables and PAin + 180° (Δθ2). If both the inclination and either of the two position angle solutions overlap with the dashed lines, it is possible that inner and outer disks are well aligned: this is supported for GM Aur, IP Tau, PDS 70, RX J1615, and SZ Cha within the 68% confidence intervals. For the remaining targets, our data is indicating that inner and outer disks exhibit a possible misalignment between inner and outer disk regions, which significance will be discussed in the following section.
5.2 Significance assessment
As Δθ ∈ [0°, 180°] and only configurations with perfectly aligned inner and outer disk geometries yield Δθ = 0, the derived misalignment angles usually deviate from zero, even within the provided uncertainties. It is therefore difficult to conclude from these angles, whether a disk is significantly misaligned or not. To properly test this underlying question in a statistical framework, we utilized an hypothesis testing approach. As a null hypothesis we assumed that the inner and outer disk are perfectly aligned, that is, iin = iout and PAin = PAout. The outer disk inclination and position angle are in most cases better constrained than the inner disk geometry. In addition to the posterior distributions of iout and PAout we shifted the posterior distributions of iin and PAin such that the median of the corresponding inner and outer distributions agreed. This simulates perfectly aligned inner and outer disks while accounting for the uncertainties that arise from the data and model fitting. From these simulated posterior distributions we calculated the misalignment angles [image: equation] and [image: equation]. These distributions describe how a perfectly aligned disk geometry would manifest in the fit results and derived parameters.
To test if our null hypothesis holds (i.e., the inner and outer parts of the analyzed disks are well aligned), we assessed how much the actual posterior distributions Δθ1 and Δθ2 and the simulations performed for the null hypothesis [image: equation] and [image: equation] were alike. We performed a Kolmogorov-Smirnov (KS) test and used the KS distance DKS ∈ [0, 1] as a measure for the significance of the misalignment. The details of this framework are explained in Appendix D.
A value of DKS close to zero indicates that inner and outer disks are almost perfectly aligned and DKS close to unity indicates a significant misalignment. This framework naturally assigns lower values of DKS to targets with loosely constrained geometries (i.e., broad distributions of Δθ1 and Δθ2). That way, it can be avoided that objects with large parameter uncertainties get misclassified as significantly misaligned with DKS close to unity. On the other hand, large uncertainties do not necessarily provide DKS values close to zero as the empirical distribution functions of relatively broad distributions can vastly differ if the medians of both distributions are distinct. We thus expect targets whose geometry is insufficiently characterized to exhibit intermediate values of DKS ~ 0.5. For that reason we qualitatively identified three regimes with

	(A) 0.9 < DKS ≤ 1: targets that seem to exhibit significant misalignments between inner and outer disk structures;


	(B) 0.3 ≤ DKS ≤ 0.9: ambiguous targets, whose misalignment status is difficult to evaluate based on the current data;


	(C) and 0 ≤ DKS < 0.3: targets that show no significant signs of misalignments.



Our goal here is to qualitatively distribute the systems in categories of disks that are more or less likely to be misaligned than others. Whereas targets in categories (A) and (C) provide strong statistical evidence to be either aligned or misaligned, we do not have conclusive evidence that significantly supports either state for the targets in the regime (B). We note that we use the KS distance DKS instead of the p-values, as the latter are all too small to be used to categorize the disks, possibly due to the size of our sample.
The numerical values of the Kolmogorov-Smirnov distances for all targets are listed in Table 4 and visualized in Fig. 6. The figure presents DKS sorted from best (bottom) to least (top) agreement with the null hypothesis. Histograms of the simulated and actual misalignment angle distributions can be found in Fig. D.1. Based on the selection criteria from Sect. 5 we find that SZ Cha, PDS 70, IP Tau, GM Aur, and RX J1615 show no significant signs for misalignments between inner and outer disks. This is in good agreement with the inclinations and position angles that are presented in Fig. 5: all of the aforementioned targets are compatible with the dashed lines that represent agreement of inner and outer disk orientations. On the other hand, V1366 Ori, HD 100453, CQ Tau, HD 142527, RY Lup, and V1247 Ori exhibit values of DKS close to unity, indicative of significant misalignments present in these systems. The remaining targets fall into category (B), for which we cannot conclusively tell whether a misalignment is present or not.
	[image: thumbnail]	Fig. 5 Misalignments between inner and outer disks in our sample of transition disks. The upper and bottom panels show the misalignments for the most massive stars of our sample (Herbig Ae/Be and intermediate-mass T Tauri stars) and for the T Tauri stars, respectively. Left panels: comparison of outer and inner disk inclinations. The dashed line indicates perfect alignment in inclination. Right panels: same as left panel but for inner and outer disk position angles. As we do not know the true orientation of the inner disk, we present both possibilities for the inner disk near sides. The full-colored markers represent the position angles from the GRAVITY fits and the white markers with the colored edges have an additional offset of 180°.



	[image: thumbnail]	Fig. 6 KS statistics testing the null hypothesis of perfectly aligned disk geometries. From bottom to top the targets are sorted from best (DKS = 0) to worst agreement (DKS = 1) with the null hypothesis. The different shades of background color indicate targets with no significant misalignment (left), significant misalignment (right) and dubious cases in the middle.



6 Shadows in scattered light images
Our targets were observed with VLT/SPHERE in scattered light, that is sensitive to illumination and shadowing effects. It is therefore informative to discuss these images in light of the inner disk orientations and misalignment angles derived before and check whether our predictions match the presence of shadows in scattered light images. For all targets, a gallery of this archival imagery is presented in Fig. E.1, and subsets of images are shown in Figs. 7 and 8. Each pixel in the disk images is scaled with squared radial distance to the star to account for the drop off in stellar illumination with increasing separation from the star and enhance faint features. We note that the image scaling does not take into account the geometry of the scattering surface which would be needed to derive an accurate morphology of the observed features. A plethora of substructures is visible for the transition disks of our sample that were discussed in the literature or are the subject of forthcoming publications (references given in Appendix E).
6.1 Methodolody
For targets that exhibit significant misalignments and the ambiguous cases, we further predict the locations of the shadows that depend on the morphology of the inner disk, and on the height of the scattering surface of the outer disk (Zscat). This analysis follows the framework proposed by Min et al. (2017) and further used in Benisty et al. (2018). For given orientations of the inner and outer disk, and assuming Zscat, the line connecting the shadows can be defined with its position angle
[image: equation](10)
and offset in declination with respect to the star
[image: equation](11)
As explained previously, depending on whether the near sides of the inner and outer disk match, these equations provide two sets of solutions. For all targets we assumed a fixed scattering height of Zscat∕R = 0.1 as done by Min et al. (2017). The radial separation to the star, R, at which weconsider the scattering surface was determined by visual inspection of the scattered light images. We propagated the uncertainties of the inner and outer geometric disk parameters to obtain posterior distributions of α and η for each target.
6.2 Systems with significant misalignments
Our analysis predicts misalignments for six targets, HD 100453, HD 142527, CQ Tau, V1247 Ori, V1366 Ori and RY Lup, that we discuss in the following. For these, we show in Fig. 7 the two families of shadows in blue and orange, with 1000 randomly drawn samples from our posterior distributions of α and η.
HD 100453
This system exhibits dark lines in the east and the west. Ellipse fitting of the scattered light ring led to an outer disk inclination of ~ 38° and position angle of ~ 142° (Benisty et al. 2017). An inner disk inclination of ~48° and positionangle of ~80° were considered to reproduce the observed shadows, leading to a misalignment angle of ~ 72°. These values are in good agreement with our measurements: iout ≈ 34°; PAout ≈ 324°, and iin = 46° ± 1°; PAin = 82° ± 1°, yielding misalignment angles of Δθ1 = 67° ± 1° and Δθ2 = 41° ± 1°. As evident in Fig. 7, the solutions indicated with blue (Δθ1) lines perfectly fit the location of the shadows. For the calculation of α and η, we assumed R = 40 au, yielding Zscat = 4 au, as in Min et al. (2017).
	[image: thumbnail]	Fig. 7 Left: scattered light images. Middle, right: same, with predicted lines connecting putative shadows based on both potential misalignment configurations, Δθ1 and Δθ2, respectively. The colored lines are 1000 randomly drawn samples from our posterior distributions that describe the shadow locations. The gray circles indicate the coronagraph.



HD 142527
The disk around this object also exhibits dark regions in the north and southeast of the star (see e.g., Fukagawa et al. 2006; Avenhaus et al. 2017). Marino et al. (2015) derived that inner and outer disks must be misaligned by 70°, with the inner disk position angle of −8°, to explain the observed morphology. This is marginally consistent with the position angle of PAin = 15° ± 7° and the misalignment angle Δθ1 = 59° ± 3° that we derived. Nevertheless, our analysis clearly confirms a strong misalignment between inner and outer disks. The shadow predictions for Δθ1 as presented in Fig. 7, computed with R = 175 au, are in very good agreement with the observed shadow lanes.
	[image: thumbnail]	Fig. 8 Predicted shadows for ambiguous cases that exhibit shadows in scattered light. The figure elements and image orientations are the same as for Fig. 7.



CQ Tau
The spiral structure seen in scattered light data of CQ Tau was presented by Uyama et al. (2020b). In the SPHERE data presented in this work, two dark regions are apparent in the south and in the west (Benisty et al., in prep.), at similar locations as the drop in peak intensity of the CO isotopologues seen in ALMA observations(Ubeira Gabellini et al. 2019; Wolfer et al. 2021). We derived an inner and outer disk inclination of 23° ± 3° and 32° ± 1° with associated position angles of [image: equation] ° and 234° ± 1°, respectively, indicating a significant misalignment. For [image: equation] ° the predicted shadows with R = 15 au partly agree with the darker regions observed in scattered light (Fig. 7).
V1247 Ori
The disk shows asymmetries in scattered light (Ohta et al. 2016), in particular two spiral features well seen in the SPHERE data (Kraus et al., in prep.). ALMA continuum data show an asymmetric ring with a crescent and their analysis suggests a possible misalignment between inner and outer disk casting a shadow at a position angle of approximately 25° (Kraus et al. 2017). Our geometrical parameters suggest a significant misalignment between inner and outer disk components with [image: equation] ° and Δθ2 = 59° ± 4°. For Δθ1, the predicted locations of shadows (computed with R = 100 au) might trace some of the features observed in the scattered light image. Although the spiral structures makes it difficult to easily assess the presence of shadows, the shadows could be explaining why the spiral arms do not extend further. Neither solution of predicted shadows however agrees with a position angle of 25°.
V1366 Ori
The scattered light images, presented in de Boer et al. (2020), do not show any clear signatures of shadows but it might be due to the high inclination of the system, for which shadows could too narrow to be detected. We derive misaligment angles of Δθ1 = 22° ± 6° or Δθ1 = 108° ± 7°. The predicted shadow lanes, for R = 85 au, are presented in Fig. 7. Future observations with a higher signal-to-noise ratio and better angular resolution might reveal these predicted shadow lanes.
RY Lup
No clear shadows are visible in the scattered light images (Langlois et al. 2018), even though we derive a significant misalignment with DKS = 0.98. Such nondetection can likely be attributed to the high inclination of the outer disk ([image: equation] °). Photometricand polarimetric observations of the system are indicative of a variable, highly inclined inner disk, with possible inner disk inclinations ranging from ~86° and ~55° (Manset et al. 2009). The latter estimate is marginally consistent with our estimate iin = 46° ± 5°.
6.3 Ambiguous cases with known shadows
Three of the targets classified as ambiguous cases show shadow features in scattered light, while having intermediate values of DKS. We present these cases below, and derive the predicted shadow positions in Fig. 8.
DoAr 44
North-south shadows are clearly evident in the scattered light data (Avenhaus et al. 2018). With an outer disk inclination and a position angle of 20° and 60°, respectively,estimated from ALMA dust continuum images, Casassus et al. (2018) used an inner disk inclination and position angle of 29.7° and 134°, respectively,to reproduce the shadows. The geometries obtained from our analysis agree very well with these values, and we find misalignment angles of Δθ1 = 27° ± 9° and Δθ2 = 39° ± 9°. We note that the solutions (with R = 20 au) for Δθ1 reproduce well the shadows locations.
With DKS = 0.68, we do not rank DoAr 44 as a significantly misaligned disk, yet the strong shadowing in scattered light is clearly supporting this. When inspecting the simulated and true posterior distributions of the misalignment angles (see Fig. D.1), it is obvious that the medians of these distributions are distinct. The rather large uncertainties for each of the distributions, however, do not allow for a value of DKS > 0.9. Additional GRAVITY measurements that complete the (u, v) plane coverage should allow to derive better constraints on the inner disk inclination and especially its position angle that are currently dominating the uncertainties of the misalignment angles. These data would facilitate a confirmation of the misalignment hypothesis at higher statistical significance.
HD 135344 B
Even though this system shows clear signs of shadows in scattered light data, we do not find significant evidence for a misalignment with DKS = 0.53. The large uncertainties for the inner disk parameters prohibited a higher value of DKS. Interestingly, for that disk, three narrow shadow lanes, instead of two, were found, and are variable on timescales of (at least) months (Stolker et al. 2017). A misalignment angle of ~ 22° was inferred (Stolker et al. 2016), consistent with [image: equation] ° that we find. However, we find that while the shadow lanes associated with Δθ2 (computed with R = 25 au) might explain two shadows, the morphology of the inner disk is likely too complex to be captured by our rather simplistic models.
HD 139614
More than half of the outer disk is not visible in scattered light. To generate such a broad shadow, the misalignment must be as small as 4° (Muro-Arena et al. 2020). The predicted inclination of the inner disk (20.6°) is in agreement with our findings [image: equation] °, while the predicted position angle (272°) differs from our estimate [image: equation] °. However, the uncertainties on the inner disk position angle are very large, due to the fact that disk is nearly face-on. While [image: equation] ° predicts shadow lanes (with R = 30 au) over the disk area that is illuminated by stellar light, [image: equation] ° agrees muchbetter with the scattered light morphology.
In agreement with our derived misalignment angles and Kolmogorov-Smirnov statistics, none of the five targets in the category with aligned disks shows any significant shadow in scattered light.
7 Discussion
In the previous sections, we found that the predictions from our joint analysis of VLTI and ALMA observations are consistent with the presence of misalignment in at least 6 out of the 20 disks of our sample while 5/20 disks appear to have inner disks well aligned withtheir outer disks. Unfortunately, in nearly half of our sample (9/20 disks) a possible misalignment is difficult to assess. This is partly due to the limited angular resolution of VLTI insufficient to resolve the inner disk of T Tauri stars or due to the specific geometry of some disks. While our analysis can therefore not be conclusive on the occurrence rate of misalignments in transition disks, it sets the methodology for future higher quality observations of these disks. In the following, we discuss the possible origin of disk misalignments, in the light of the nature of these inner disks in transition disks.
Observational evidence for misalignments
The presence of misaligned disk regions, or more generally of warps in disks, has been long known, in particular from the modulation present in the photometric data of young stars. Most young stars are variable (Herbst et al. 1994; Herbst 2012) and a subclass of late-type objects, the so-called dippers, accounting for ~30% of the young stellar population (Cody & Hillenbrand 2018) show short duration extinction events, with highly variable photometric dips in both their occurrence timescales and shapes (e.g., Cody et al. 2014). These events were interpreted as being due to occulting dusty material very close to the star (McGinnis et al. 2015; Bodman et al. 2017). To hide part of the stellar surface, the dust shielding the star must be crossing our line of sight and therefore be moving on a very inclined orbit (Bouvier et al. 2003; Bodman et al. 2017). However, spatially resolved ALMA images of the outer disks of 24 dippers showed an isotropic distribution of inclinations, with some dipper disks close to face-on, indicating that disk misalignment might be quite common in young stars (Ansdell et al. 2018). In addition to photometric variations and shadows in scattered light images, there are further observational indications of misalignments in disks, such as different orientations of the dust continuum emission of transition disks (Francis & van der Marel 2020) or perturbed kinematics of gas (HCO+) emission (Loomis et al. 2017).
Origin of the misalignments
The dippers with periodic light curves, can be explained by the presence of an inclined magnetic field that induces a warp or misalignment in the innermost disk regions, that regularly crosses our line of sight (Bouvier et al. 1999). In aperiodic dippers, the stochastic extinction events must result from rapid changes in the inner disk structure and orientation that can produce asymmetric stellar occultations, but it is unclear what exactly is driving these changes. An unstable accretion regime leading to a magnetically-induced warp (Kurosawa & Romanova 2013), asymmetric density structures such as vortices induced by Rossby wave instabilities at the edge of a dead zone (Meheut et al. 2012; Flock et al. 2017), or dusty disk winds (Bans & Königl 2012) have been invoked. In variable intermediate-mass young stars (UX Ors), highly inclined dust clumps that sublimate close to the stars were suggested (Grinin et al. 1996) but their origin is not clear. It is difficult to constrain such scenarios with our observations, as simultaneous photometric and interferometric campaigns should be carefully planned to address this issue. However, we note that structural variability was already inferred in some objects, in particular in transition disks, from photometric, spectroscopic and interferometric studies (Espaillat et al. 2011, 2014; Chen et al. 2019).
Another scenario to consider is the presence of a massive companion that would induce a misalignment of specific disk radii. This other possibility appears as a natural one in transition disks as they show a dust-depleted cavity that can be carved by multiple planets (Bae et al. 2019) or by a stellar companion (Price et al. 2018). When the companion angular momentum is greater than the inner disk’s, the disk region within the companion’s orbit will be tilted (Xiang-Gruess & Papaloizou 2013; Matsakos & Königl 2017). Using 3D simulations, Nealon et al. (2018) similarly found that, for a planet massive enough to carve a gap, the inner and outer disk will be misaligned, and Bitsch et al. (2013) found that in some cases, the disk can have a higher inclination than the planet. In the extreme case of binary systems, the inner disk can even break and precess (Facchini et al. 2013), leading to a variety of misalignment angles that could induce narrow or broad shadows in scattered light (Facchini et al. 2018; Benisty et al. 2018). Significant misalignments can also be induced by secular precession resonances in the case of high stellar-companion mass ratio (Owen & Lai 2017). Interestingly, in the case of a triple system suchas HD100453, a massive planet located within the cavity can be brought to a high inclination via the Kozai-Lidoveffect and lead to an inner disk misalignment (Martin et al. 2016; Gonzalez et al. 2020; Nealon et al. 2020; Ballabio et al. 2021). While our observations are not sensitive to low mass companions, stellar binary companions of high mass ratio, within the field of view of the telescopes (250 mas for the ATs; 60 mas for the UTs), would have been detected in our interferometric observations. The detection limits available from direct imaging data in the inner regions (within transition disk cavities) are in general limited by the complexities of the disk structures and with the uncertainties in the evolutionary models considered, the current estimates are around a few to ~10 Jupiter masses (Asensio-Torres et al. 2021). So far, out of our sample, only PDS70 has directly imaged planets (Keppler et al. 2018)while yet-unconfirmed candidate companions were claimed in the cavities of LkCa15 and HD 100546 (Quanz et al. 2013; Sallum et al. 2015).
Finally, another possibility is that the misalignment is an outcome of earlier stages of star formation (Bate 2018). Bate et al. (2010) note that the inner disk could be misaligned with respect to the stellar rotation axis, due to the chaotic nature of star and disk formation. It was recently proposed that the outer disk could be misaligned as a result of late accretion events from material accreted with a misaligned angular momentum (Dullemond et al. 2019; Kuffmeier et al. 2021), a scenario possibly at play in SU Aur where both a large scale arm (Akiyama et al. 2019) and a misaligned inner disk are observed (Ginski et al. 2021). In the sample of transition disks that we studied in this paper, two targets within the “ambiguous” subset, HD 100546 and UX Tau A, show extended features in scattered light (Ardila et al. 2007; Ménard et al. 2020) but in the case of UX Tau A they seem well accounted for by a flyby.
Misalignment with respect to the stellar rotation axis
An interesting question which could help understand the cause for the misalignment, is whether in our sample of disks, it is the inner disk or the outer disk that is misaligned with respect to the stellar rotation axis. Within the transition disk sample analyzed in this paper, two objects are known dippers, LkCa15 (Alencar et al. 2018) and DoAr44 (Bouvier et al. 2020) and have been studied in great details. Alencar et al. (2018) find that LkCa15 must present an extended inner disk warp to reproduce the duration of the dips, and derive a stellar inclination i⋆ larger than 65°, a value consistent with our estimate of the inner disk inclination ([image: equation] °) although our estimate suffers large error bars. Spectro-polarimetric observations also confirm such a large inclination for the star (i⋆ ≥ 70°; Donati et al. 2019). It is in any case, much higher than the inclination that we derive for the outer disk ([image: equation] °) and that is obtained from continuum ALMA observations (50.16°± 0.03°; Facchini et al. 2020) and suggests that the outer disk is misaligned with respect to the star+inner disk system. Similarly, in DoAr 44, Bouvier et al. (2020) find that the stellar inclination is i⋆ = 30° ± 5° in agreement with our estimate of the inner disk inclination. Finally, in another transition disk (and dipper) not included in our sample, RXJ1604.3-2130, Davies (2019) find that i⋆ ≥ 61°, while its outer disk is seen almost face-on (Pinilla et al. 2018). It is unclear whether all transition disks have an inner disk sharing the same orientation as the star, but these three examples seem to suggest that the misalignment occurred on the outer disk. In these objects, it is likely that there is, in addition to a global misalignment of the inner disk, an additional warp due to an magnetic field inclined with respect to the stellar rotation axis (Sicilia-Aguilar et al. 2020).
Dependence on stellar properties
The three objects discussed above are at the same time, dippers and transition disks, and are surrounding T Tauri stars, for which a strong magnetic field shaping the innermost disk region can be inferred. In contrast, it is unclear whether Herbig AeBe stars host strong magnetic fields (Alecian et al. 2013) capable of warping the inner disk. However, it appears that shadows in scattered light, indirect tracers of disk misalignments, are predominant among the intermediate mass young stars, and in particular those with spiral arms and high near-infrared excess (Garufi et al. 2018), possibly hinting at another mechanism than in the T Tauri case. It is interesting to note that such a high near-infrared excess must result from a larger disk surface to reprocess the stellar light. This could imply that in these disks dust grains are lifted to higher altitude, possibly through a disk wind or due to the dynamical interaction with a massive companion.
Finally, we note that our current understanding of the nature of these inner disks in transition disk is limited by the complexity of the ongoing phenomena therein resulting in a strongly depleted cavity. In some cases, the dust in the inner disk even seems to be disappearing and rapidly replenished (e.g., Sicilia-Aguilar et al. 2020) and variable shadows (Stolker et al. 2017)indicate a highly dynamical structure. Other cases still show significant accretion rates (Manara et al. 2014) and accretion signatures similar to continuous disks (Bouvier et al. 2020). Given the complexity and the short dynamical timescales of the inner disk regions, it is remarkable that in several cases our parametric modeling of the VLTI observations of the inner disks matches so well the shadowing exhibited by the scattered light observations. One of the next steps forward will consist in studying these inner disks and the mass flow within the cavity simultaneously through high spectral and high angular observationsand if possible, follow the putative motions of shadows and/or substructures in the outer disk to constrain the origin of the misalignments.
8 Conclusions
We investigated misalignments between inner and outer disk regions of transitional disk systems using VLTI/GRAVITY and ALMA observations. The analysis is conducted for a sample of 20 transitional disks around stars of various masses and luminosities, comprising T Tauri stars with masses as low as 0.6 M⊙ to Herbig stars with masses of up to 3 M⊙. The geometries of the inner disk regions were constrained by parametric model fits to the squared visibilities and closure phases collected with GRAVITY. We fit ALMA molecular line velocity maps using a Keplerian disk model. From inner and outer disk orientations, we derived misalignment angles between the normal vectors of the planes of both disk components. We performed hypothesis testing in a Kolmogorov-Smirnov framework to assess whether the disks from our sample exhibited significant misalignments. For systems with significant misalignments or shadows observed in near-infrared scattered light, we simulated the positions of these shadows based on the orientations of the inner and outer disks.
Our main findings can be summarized as:

	We find six systems whose outer and inner disk were significantly misaligned, 5 that appear to not have misalignments, and 9 targets for which we can not accurately evaluate this with the current data.


	In those for which we find that the outer and inner disk are significantly misaligned: For HD 100453 and HD 142527, the predicted shadow positions are in great agreement with scattered light observations. For CQ Tau, the predicted shadow positions seems to probe parts of the disk that are less illuminated in scattered light. We do not find any evidence for shadows in the disks around V1247 Ori, V1366 Ori and RY Lup. Especially for the latter two systems this might be caused by the large inclination. Future observations at higher spatial resolution and with higher signal-to-noise ratio detections of these disks might reveal the shadow features that are predicted by our analysis.


	Three disks around DoAr 44 and, HD 135344 B, and HD 139614 show dark regions in scattered light, even though we do not probe any significant misalignments with our analysis. This is mostly caused by the large uncertainties that we obtained for especially the inner disk geometries of these systems. In addition, the multiple shadow lanes and broad shadow regions in these disks are likely caused by complex physical processes that are not accurately modeled by our geometrical models.


	With the current data available from VLTI, we can derive precise geometric constraints with uncertainties of a few degrees for the orientations of the inner disks of Herbig Ae/Be stars; we can measure the inner disk geometries of the T Tauri stars with marginal constraints of several tens of degrees. This correlation can be attributed to the angular size of the environment that needs to be resolved. Another important parameter for the quality of our fit results was the (u, v) plane coverage. Observations that only scarcely sampled this plane provided on average worse constraints for the inner disk inclinations and position angles.


We additionally discuss the possible origins of the misalignment in transition disks, although there is no consensus on the mechanisms responsible for it. As the nature of these inner disks in transition disk is very complex, future observing campaigns, at both high spectral and spatial resolution will be key to study the gas and dust content, structure, and dynamics therein, and help constrain the origin of the cavities and misalignments.
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Appendix A  Observing log
A.1 GRAVITY observations
We present the observational setup and observing conditions for all our observations in Table A.1. All observations were carried our in single field mode mode using either the UTs or ATs.
A.2 ALMA observations
For each target we search the ALMA archive for the CO isotopologue line data with the best combination of spatial resolution, spectral resolution and sensitivity. Generally the 12CO line is the brightest and thus chosen for our analysis, but in a few cases only the 13CO line was available. The properties of the ALMA line cube observations and references is presented in Table A.2. For most targets, the authors of the papers where these data were published provided the reduced fits files (PC). For GM Aur, HD 139614,SZ Cha and IP Tau, the datasets were downloaded directly from the ALMA archive (programs 2018.1.01055.L, PI Öberg; 2015.1.01600.S, PI Panic; 2013.1.00163.S, PI Simon; 2013.1.01075.S, PI Daemgen). For all these targets but GM Aur, the data were reduced using the provided calibration scripts and imaged using the tclean task with natural weighting.
A.3 Spectral energy distributions
The photometry collected from Tycho-2 (B and V bands), Gaia EDR3 (GBP, G, and GRP bands), USNO-B (R and I bands), 2MASS (J, H, and K bands) catalogs is presented in Table A.3.
Table A.1 
Setup and weather conditions of the GRAVITY observations.

Table A.2 
Basic properties of the ALMA line observations

Table A.3 
Photometric data of the targets in our sample.


Appendix B  GRAVITY inner disk modeling
In this section we present the parametric models that we use to fit the GRAVITY data. Sect. B.1 reiterates the main components of the analytical model derived by Lazareff et al. (2017) that is used to describe the observed complex visibilites.
B.1 Model description
B.1.1 Complex visibilities
We model the complex visibilities V (u, v, λ) as describedby Lazareff et al. (2017) using a combination of stellar (s), circum-stellar (c), and halo (h) contributions. For a proper derivation of the used model, the reader is referred to Sect. 3 of Lazareff et al. (2017). The final model is provided by
[image: equation](B.1)
where λ0 = 2.25 μm is defined as the GRAVITY reference wavelength as before; fs, fc, and fh denote the fraction of the total flux at wavelength λ0 within the VLTI field of view that originate from the star, the circumstellar material, and the halo component, respectively; and, ks and kc represent the spectral indices of stellar and circumstellar components, respectively.
Eq. B.1 assumes that the star is an unresolved point source for all baselines. Vc (u, v, λ) are the visibilities that are associated with the circumstellar dust. All three quantities fs, fc, and fh are positive semi-definite and related by
[image: equation](B.2)
The fractional flux contribution fh originates from a halo that is fully resolved at all the baseline configurations. This extended component mimics scattered light (e.g., Pinte et al. 2008).
The spectral dependence of the star and the circumstellar component is assumed to follow a power law whose spectral index at frequency ν is defined as
[image: equation](B.3)
As the halo component is assumed to originate from scattered starlight, this component inhibits the same wavelength dependence – and therefore the identical spectral index – as the star. We derived the stellar spectral indices, ks, at GRAVITY reference wavelength λ0 = 2.25 μm, assuming blackbody emission with the host star temperatures reported in Table 1.
The closure phases that are corresponding to the disk model of Eq. (B.1) can be derived as
[image: equation](B.4)
with the triple product
[image: equation](B.5)
and with ℜ and ℑ refer to a complex number’s real and imaginary part, respectively, and * denotes the complex conjugate.
B.1.2 Disk model
A detailed analytical derivation of the complex visibilities associated with the models is presented in Sect. 3.6 of Lazareff et al. (2017) and we recall the main parameters in Table 3. With this prescription, we describe asymmetric ellipsoid and ring-like morphologies, and discuss in the following key parameters.
The parameter fLor ∈ [0, 1] describes the underlying radial profile of the emission: fLor = 0 correspondsto a Gaussian intensity profile that decays exponentially as exp (−r2), fLor = 1 describes a pseudo-Lorentzian profile that is proportional to r−3. Intermediate values of fLor refer to a combination of Gaussian and Lorentzian brightness distribution.
The parameter la is a measureof the half-flux extent of the disk. The parameter is connected via
[image: equation](B.6)
to the half-flux radius
[image: equation](B.7)
which is derived from the geometrical parameters ar and ak. ar denotes the angular radius of the ring and ak describes the angular radius of the kernel that is convolved with the disk geometry.
The parameter
[image: equation](B.8)
captures the logarithmic ratio between these two variables. Accordingly, a value of lkr < 0 corresponds to ring-like geometries with ak ≪ ar and lkr > 0 creates ellipsoids with ak ≫ ar.
The pair of parameters cj and sj describe azimuthal modulation amplitudes that create azimuthal brightness asymmetries in the disk models. Those terms are required to describe well-resolved disks that are viewed at nonzero inclination. In cases such as these, the far side of the dust sublimation rim appears more luminous than the front side and azimuthal modulations are required for a proper description of the observed geometry. For each order m of modulation amplitudes that are included in the parametrization, one additional cosine cj and a sine sj term need to be considered.
The parameters that are most important within the scope of this work are [image: equation] and PAin, which describe the inclination and position angle of the inner disk. From the GRAVITY observations, we cannot in general tell which side of the disk is closer to the observer (i.e., the front side) and which is farther away (i.e., the back side). Therefore, the inner disk inclination is defined as a positive angle in the range [0°, 90°] with iin = 0° and iin = 90° describing face-on and edge-on disk geometries, respectively. The position angle is defined on the interval PAin ∈ [0°, 180°] and describes the positive rotation of the disk’s major axis with respect to north. One needs to keep in mind that a tuple of iin and PAin always refers to two potential physical configurations, which are mathematically represented by (iin, PAin) and (− iin, PAin). Without further information on the inner disk orientation it is not possible to break this degeneracy. This is considered when calculating misalignment angles as detailed in Sect. 5.
The model fitting results are given in Table B.1, with the best models shown in Fig. B.1. Fig. B.2 shows the observations and best-fit models.
Table B.1 
Results of the model fits to the GRAVITY data.

	[image: thumbnail]	Fig. B.1 Best-fit inner disk models from the GRAVITY observables. In all images north points up and east toward the left.



	[image: thumbnail]	Fig. B.2 GRAVITY observables and model fits. In the upper left of each panel, the (u, v) plane coverage is shown. Each symbol corresponds to an individual exposures and the colors refer to the interferometric baselines. The other panels of the plot show the squared visibilities (right) and closure phases (left) for each baseline or triplet as a function of wavelength. The white markers with black contours represent the observational data and the black lines correspond to our best-fit model. The black markers on top of the lines indicate which curve corresponds to which exposure.




Appendix C  ALMA data and best fit parameters
We present the velocity maps that were generated with the bettermoments tool in Fig. C.1. The best-fit parameters of our Keplerian disk models as introduced in Sect. 4 are presented in Table C.1. The corresponding residuals of the data and the best-fit eddy models will be discussed in a forthcoming publication (Wölfer et al., in prep.).
	[image: thumbnail]	Fig. C.1 ALMA line data of our targets. We present the quadratically collapsed moment maps that were created with bettermoments by quadratic collapsing of the frequency channels. The ellipse in the lower left of each panel indicates the beam size of the observation. For all images north points up and east to the left.



Table C.1 
Results from the outer disk model fits of the ALMA line data cubes.


Appendix D  Misalignment angles
To quantify the alikeness of the true and simulated misalignment distributions, we used Kolmogorov–Smirnov statistics. The Kolmogorov–Smirnov distance
[image: equation](D.1)
measures the parameter x that maximizes the difference between two empirical distribution functions F and G, representing the samples X = {X1, …Xn}~ F and Y = {Y1, …Ym}~ G. Accordingly, D(F, G) ∈ [0, 1] with D(F, G) = 0 indicates that both samples X and Y originate from the same underlying distribution. The stronger D(F, G) deviates from zero, the higher the likeliness that X and Y are not drawn from the same distribution.
This statistical framework can be applied to our problem as follows. Let [image: equation], [image: equation], Δθ1 ~ G1, and Δθ2 ~ G2 the (simulated) posterior distributions and corresponding empirical distribution functions. We define the final Kolmogorov–Smirnov distance between simulated and measured parameters as
[image: equation](D.2)
It is insufficient if only one of the misalignment distributions Δθ1 or Δθ2 agrees with its simulated counterpart, that is, for perfect alignment it is not sufficient if for instance D(F1, G1) = 0 and D(F2, G2) = 1. For that reason, we calculate the maximum of both corresponding Kolmogorov–Smirnov distances.
Since the true orientation of the disk is unknown, we have to test both potential combinations, that is, [image: equation] might either correspond to Δθ1 or Δθ2 and [image: equation] to the respective remaining parameter. The minimum of these potential permutations allows to find the orientation that prefers our null hypothesis most. DKS behaves as D(F, G) and a value close to zero can be interpreted as a confirmation of our null hypothesis, whereas a deviation from zero indicates a misalignment between inner and outer disk components. The magnitude of the deviation from zero further indicates the significance at which the null hypothesis must be rejected. The posterior distributions of our derived misalignment angles are presented inFig. D.1. The figure also shows the misalignment distributions that were simulated for a perfect alignment between inner and outer disk. The more both distributions deviate the higher the likelihood that our null hypothesis (i.e., the inner and outer disks are well aligned) needs to be rejected. The figure can be used to understand the associated values of DKS that are presented in Table 4.
	[image: thumbnail]	Fig. D.1 Posterior distributions of the derived misalignment angles. We also present the simulated distributions for a perfectly aligned disk geometry. Good agreement of the true and simulated distributions indicates that inner and outer disk are well aligned. Deviations from this agreement are signs of potential misalignment.




Appendix E  Scattered-light images
We present the corresponding SPHERE scattered light imagery in Fig. E.1. The figure shows the polarized Qϕ images that were obtained with the polarimetric modes of SPHERE (de Boer et al. 2020; Schmid et al. 2018). The data reduction was performed with IRDAP (van Holstein et al. 2020). The resulting images were scaled with r2 to account for the radial decrease in scattered light intensity as a function of physical separation from the star. These images werepreviously discussed in Thalmann et al. (2016); Ginski et al. (2016); Stolker et al. (2016); Avenhaus et al. (2017); Pohl et al. (2017); Benisty et al. (2017); Keppler et al. (2018); Avenhaus et al. (2018); Casassus et al. (2018); Langlois et al. (2018); Muro-Arena et al. (2020); Ménard et al. (2020); de Boer et al. (2020) and some will be presented in forthcoming papers (Benisty et al., in prep, Ginski et al., in prep., Kraus et al., in prep, Pinilla et al., in prep.).
	[image: thumbnail]	Fig. E.1 SPHERE scattered light images. We present the Qϕ images that are scaled with r2. The gray hatched circles indicate the size of the applied coronagraph. In all frames north points up and east to the left.
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	[image: thumbnail]	Fig. 1 GRAVITY observations and best-fit model for HD 100453. Top left: squared visibilities as a function of spatial frequency. Colors refer to the different baselines. The inset presents the (u, v) plane coverage of the observations. Bottom left: closure phases as a function of the average spatial frequency. The various colors refer to the different triplets. Right panel: best-fit model.
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	[image: thumbnail]	Fig. 2 SED fit for HD 100453. The circles represent the photometry and the solid purple curve, the best SED model from the MCMC posterior distribution. The model consists of two individual blackbody components that are visualized by the dashed lines: the blue curve represents the stellar flux density whereas the red curve shows the flux density of the circumstellar dust. The dotted line indicates the GRAVITY reference wavelength of 2.25 μm, at which we evaluate the dust flux contribution.
In the text



	[image: thumbnail]	Fig. 3 Uncertainties of the inner disk geometric parameters (iin, PAin) as a functionof (u, v) plane coverage, Cuv, and the disk half-flux radius, a. The colors indicate the stellar luminosity.
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	[image: thumbnail]	Fig. 4 Velocity maps and model fits to the ALMA CO line data of HD 100453. In all images north points up and east to the left. Top left: quadratically collapsed moment map derived with bettermoments. Top center: best-fit Keplerian disk model derived with the eddy tool. Top right: residuals after subtraction of the model from the data. Bottom panels: iso-velocity contours of the best-fit model plotted for the individual channel maps of the data cube.
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	[image: thumbnail]	Fig. 5 Misalignments between inner and outer disks in our sample of transition disks. The upper and bottom panels show the misalignments for the most massive stars of our sample (Herbig Ae/Be and intermediate-mass T Tauri stars) and for the T Tauri stars, respectively. Left panels: comparison of outer and inner disk inclinations. The dashed line indicates perfect alignment in inclination. Right panels: same as left panel but for inner and outer disk position angles. As we do not know the true orientation of the inner disk, we present both possibilities for the inner disk near sides. The full-colored markers represent the position angles from the GRAVITY fits and the white markers with the colored edges have an additional offset of 180°.
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	[image: thumbnail]	Fig. 6 KS statistics testing the null hypothesis of perfectly aligned disk geometries. From bottom to top the targets are sorted from best (DKS = 0) to worst agreement (DKS = 1) with the null hypothesis. The different shades of background color indicate targets with no significant misalignment (left), significant misalignment (right) and dubious cases in the middle.
In the text



	[image: thumbnail]	Fig. 7 Left: scattered light images. Middle, right: same, with predicted lines connecting putative shadows based on both potential misalignment configurations, Δθ1 and Δθ2, respectively. The colored lines are 1000 randomly drawn samples from our posterior distributions that describe the shadow locations. The gray circles indicate the coronagraph.
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	[image: thumbnail]	Fig. 8 Predicted shadows for ambiguous cases that exhibit shadows in scattered light. The figure elements and image orientations are the same as for Fig. 7.
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	[image: thumbnail]	Fig. B.1 Best-fit inner disk models from the GRAVITY observables. In all images north points up and east toward the left.
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	[image: thumbnail]	Fig. B.2 GRAVITY observables and model fits. In the upper left of each panel, the (u, v) plane coverage is shown. Each symbol corresponds to an individual exposures and the colors refer to the interferometric baselines. The other panels of the plot show the squared visibilities (right) and closure phases (left) for each baseline or triplet as a function of wavelength. The white markers with black contours represent the observational data and the black lines correspond to our best-fit model. The black markers on top of the lines indicate which curve corresponds to which exposure.
In the text



	[image: thumbnail]	Fig. C.1 ALMA line data of our targets. We present the quadratically collapsed moment maps that were created with bettermoments by quadratic collapsing of the frequency channels. The ellipse in the lower left of each panel indicates the beam size of the observation. For all images north points up and east to the left.
In the text



	[image: thumbnail]	Fig. D.1 Posterior distributions of the derived misalignment angles. We also present the simulated distributions for a perfectly aligned disk geometry. Good agreement of the true and simulated distributions indicates that inner and outer disk are well aligned. Deviations from this agreement are signs of potential misalignment.
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	[image: thumbnail]	Fig. E.1 SPHERE scattered light images. We present the Qϕ images that are scaled with r2. The gray hatched circles indicate the size of the applied coronagraph. In all frames north points up and east to the left.
In the text





    
      Fig. 3 
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        Uncertainties of the inner disk geometric parameters (iin, PAin) as a functionof (u, v) plane coverage, Cuv, and the disk half-flux radius, a. The colors indicate the stellar luminosity.

      

    

  
    
      Fig. 5 
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        Misalignments between inner and outer disks in our sample of transition disks. The upper and bottom panels show the misalignments for the most massive stars of our sample (Herbig Ae/Be and intermediate-mass T Tauri stars) and for the T Tauri stars, respectively. Left panels: comparison of outer and inner disk inclinations. The dashed line indicates perfect alignment in inclination. Right panels: same as left panel but for inner and outer disk position angles. As we do not know the true orientation of the inner disk, we present both possibilities for the inner disk near sides. The full-colored markers represent the position angles from the GRAVITY fits and the white markers with the colored edges have an additional offset of 180°.

      

    

  
    
      Fig. 7 
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        Left: scattered light images. Middle, right: same, with predicted lines connecting putative shadows based on both potential misalignment configurations, Δθ1 and Δθ2, respectively. The colored lines are 1000 randomly drawn samples from our posterior distributions that describe the shadow locations. The gray circles indicate the coronagraph.

      

    

  
    
      Table A.2 

      Basic properties of the ALMA line observations

      
        


	Target
	Program ID
	Origina
	Line
	Beam
	Vel res.
	RMS
	Refs



						(km s−1)
	(mJy bm−1)
	




	CQ Tau
	2013.1.00498.S,
	PC
	12CO 2–1
	0.12×0.10"
	0.5
	1.2
	1



		2016.A.00026.S,
						


		2017.1.01404.S
						


	DoAr 44
	2012.1.00158.S
	PC
	13CO 3–2
	0.25×0.19"
	0.5
	6.8
	2



	GM Aur
	2018.1.01055.L
	ADP
	13CO 2–1
	0.55×0.36"
	0.17
	2.7
	-



	HD 97048
	2016.1.00826.S
	PC
	13CO 3–2
	0.11×0.07
	0.12
	3.6
	3



	HD 100453
	2017.1.01424.S
	PC
	12CO 3–2
	0.054×0.052"
	0.42
	0.95
	4



	HD 100546
	2016.1.00344.S
	PC
	12CO 2–1
	0.076×0.057"
	0.5
	1.2
	5



	HD 135344B
	2012.1.00158.S
	PC
	13CO 3–2
	0.26×0.21"
	0.5
	9.8
	2



	HD 139614
	2015.1.01600.S
	MR
	13CO 2–1
	0.80×0.58"
	0.5
	9.6
	-



	HD 142527
	2011.0.00465.S
	PC
	12CO 3–2
	0.57×0.35"
	0.5
	9.3
	6



	HD 169142
	2013.1.00592.S
	PC
	12CO 2–1
	0.18×0.13"
	0.06
	1.2
	7



		2015.1.00490.S
						


		2015.1.01301.S
						


	IP Tau
	2013.1.00163.S
	MR
	12CO 2–1
	0.25×0.21"
	1.0
	5.6
	8



	LkCa 15
	2018.1.01255.S
	PC
	12CO 2–1
	0.41×0.30"
	0.04
	5.5
	9



	LkHα 330
	2018.1.01302.S
	PC
	13CO 2–1
	0.067×0.046"
	1.5
	0.32
	10



	PDS 70
	2017.A.00006.S
	PC
	12CO 3–2
	0.11×0.098"
	0.43
	1.1
	11



	RX J1615.3-3255
	2012.1.00870.S
	PC
	12CO 3–2
	0.10×0.09"
	0.35
	3.4
	12



	RY Lup
	2017.1.00449.S
	PC
	12CO 3–2
	0.22×0.17"
	0.85
	3.5
	13



	SZ Cha
	2013.1.01075.S
	MR
	12CO 3–2
	0.82×0.43"
	0.5
	26
	-



	UX Tau A
	2015.1.00888.S
	PC
	12CO 3–2
	0.20×0.16"
	0.21
	3.4
	14



	V1247 Ori
	2015.1.00986.S
	PC
	12CO 3–2
	0.047×0.030"
	1.0
	2.0
	15



	V1366 Ori
	2015.1.00192.S
	PC
	12CO 2–1
	0.70×0.54"
	0.2
	10
	16




      

      
Notes. (a)PC: Private communication with main author, ADP: Archival data product, MR: Manual reduction and imaging of archival data.

References. (1) Wolfer et al. (2021); (2) van der Marel et al. (2016); (3) Pinte et al. (2019); (4) Rosotti et al. (2020); (5) Pérez et al. (2020); (6) van der Marel et al. (2021); (7) Yu et al. (2021); (8) Simon et al. (2017); (9) Facchini et al. (in prep.); (10) Pinilla et al. (in prep.); (11) Keppler et al. (2019); (12) Pérez et al. (in prep.); (13) van der Marel et al. (in prep.); (14) Ménard et al. (2020); (15) Kraus et al. (2017); (16) van der Plas et al. (in prep.)




    

  
    
      Fig. B.2 

      
        [image: thumbnail]
      

      
        GRAVITY observables and model fits. In the upper left of each panel, the (u, v) plane coverage is shown. Each symbol corresponds to an individual exposures and the colors refer to the interferometric baselines. The other panels of the plot show the squared visibilities (right) and closure phases (left) for each baseline or triplet as a function of wavelength. The white markers with black contours represent the observational data and the black lines correspond to our best-fit model. The black markers on top of the lines indicate which curve corresponds to which exposure.

      

    

  
    
      Fig. C.1 

      
        [image: thumbnail]
      

      
        ALMA line data of our targets. We present the quadratically collapsed moment maps that were created with bettermoments by quadratic collapsing of the frequency channels. The ellipse in the lower left of each panel indicates the beam size of the observation. For all images north points up and east to the left.

      

    

  
    
      Fig. D.1 
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        Posterior distributions of the derived misalignment angles. We also present the simulated distributions for a perfectly aligned disk geometry. Good agreement of the true and simulated distributions indicates that inner and outer disk are well aligned. Deviations from this agreement are signs of potential misalignment.
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