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Projection-angle effects when “observing” a turbulent magnetized collapsing molecular cloud
II. Magnetic field
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Abstract

Context. Interstellar magnetic fields are thought to play a fundamental role in the evolution of star-forming regions. Polarized thermal dust emission serves as a key probe for understanding the structure of the plane-of-the-sky component of the magnetic field in such regions. However, inclination effects can potentially significantly influence the apparent morphology of the magnetic field and lead to erroneous conclusions regarding its dynamical importance.

Aims. Our aim is to investigate how projection-angle effects impact dust polarization maps and to explore new ways for accessing the inclination angle of the mean component of the magnetic field with respect to the plane of the sky.

Methods. We post-processed a 3D ideal magnetohydrodynamic simulation of a turbulent collapsing molecular cloud at a central density of 105 cm−3, when the cloud has flattened perpendicular to the mean magnetic field. We produced synthetic dust polarization measurements under various projection angles, ranging from “face-on” (i.e., viewed along the mean magnetic field direction) to “edgeon” (perpendicular to the mean magnetic field direction). Additionally, we used synthetic position-position-velocity (PPV) data cubes from the CO (J = 1 → 0) transition, presented in a companion paper.

Results. The projected magnetic-field morphology is found to be highly affected by the projection angle with the hourglass morphology being clearly visible only for projection angles close to “edge-on”. We find that the direction of the apparent “flow” between successive velocity channels in the simulated PPV data cubes shows an increasing correlation with the synthetic dust polarization observations, as the cloud is observed closer to an “edge-on” orientation. Based on this property, we have developed a new method to probe the inclination angle of the magnetic field relative to the plane of the sky. We validated our approach by generating additional synthetic data (PPV cubes and polarization maps) at an earlier stage of the cloud’s evolution. We demonstrate an excellent quantitative agreement between the derived inclination angle and the true observational angle. We note that our method is relevant only for collapsing clouds.

Key words: magnetohydrodynamics (MHD) / polarization / radiative transfer / turbulence / stars: formation / ISM: clouds


1 Introduction
The importance of the magnetic field in star formation and the evolution of molecular clouds has been fully recognized from both the theoretical and the observational perspectives (e.g., see Mouschovias & Ciolek 1999; McKee & Ostriker 2007; Federrath & Klessen 2012; Padoan et al. 2014; Hennebelle & Inutsuka 2019; Maury et al. 2022; Tsukamoto et al. 2023; Pattle et al. 2023 and references therein). However, the exact significance of the magnetic field relative to gravity and/or turbulence, whether statistically or on a cloud-by-cloud basis, still remains a subject of active debate (e.g., Crutcher 2012; Li et al. 2014; Krumholz & Federrath 2019).
Observations of hourglass morphologies in the magnetic field are often regarded as compelling evidence for its dynamical importance, as such morphologies are consistent with collapsing models of magnetized cores (e.g., Mouschovias 1976; Fiedler & Mouschovias 1993; Kunz & Mouschovias 2010; Tritsis et al. 2023). Provided there is at least partial coupling between the magnetic field and the gas, such hourglass morphologies should arise regardless of whether a cloud is initially super- or sub-critical, but the degree of “pinching” will be dependent on both the mass-to-flux ratio and the ionization fraction (Mestel 1966; Basu et al. 2009). In highly turbulent clouds, this hourglass pattern does not emerge as prominently, as turbulent motions lead the build up of a significant turbulent component of the magnetic field (e.g., see Mocz et al. 2017; Mocz & Burkhart 2018; King et al. 2018; Beattie et al. 2020; Seta & Federrath 2020; Barreto-Mota et al. 2021).
Hourglass morphologies in the magnetic field have been observed using submillimeter polarimetric observations in both low-mass (e.g., Girart et al. 2006; Frau et al. 2011; Stephens et al. 2013) and high-mass cores (Girart et al. 2009; Qiu et al. 2014; Saha et al. 2024), even down to scales of ≤1000 au (Beltrán et al. 2019). However, this pattern is not universally seen across observational studies (e.g., see Huang et al. 2024; Hull & Zhang 2019).
Projection-angle effects can potentially severely complicate the interpretation of infrared and submillimeter polarization observations. Such effects can lead to a distorted view regarding the overall morphology of the magnetic field and its alignment with the major or minor axes of a cloud, as projected on the plane of the sky (Basu 2000; Kataoka et al. 2012; Doi et al. 2020). These complications can also lead to erroneous estimates regarding the energetics of the cloud, given that the strength of the magnetic field is estimated based on its projected morphological structure (e.g., Davis 1951; Chandrasekhar & Fermi 1953; Skalidis & Tassis 2021). While statistical arguments regarding the inclination angle (e.g., Crutcher 2004) can provide insights on average properties across large samples, they cannot be directly applied to individual clouds. Additionally, studies that explicitly probe the inclination angle of the magnetic field relative to the line of sight (LOS) are limited (e.g., Ciolek & Basu 2000; Kandori et al. 2017; Caselli et al. 2019; Kandori et al. 2020).
Currently, there are three groups of available methods for accessing the inclination angle of the magnetic field in each individual cloud. The first one relies on a combination of the LOS (usually through Zeeman measurements) and plane-of-sky (POS) components of the field (Myers & Goodman 1991; Tritsis et al. 2019, see also Tahani 2022 and references therein). In the second approach, the inclination of the cloud and its magnetic field is accessed by comparing different models with observations (e.g., Ciolek & Basu 2000; Gonçalves et al. 2008; Bino et al. 2022). Finally, other methods rely on the depolarization due to the projection angle (Chen et al. 2019; Hu & Lazarian 2023).
In this study, we explore how the inclination angle influences the resulting “observed” morphology of the magnetic field and present the method we developed to access this projection angle. Our paper is organized as follows. In Sect. 2, we briefly describe the details of the numerical simulation used, the radiative transfer simulations presented in Paper I, and the methodology followed for producing synthetic polarization maps. In Sect. 3.1, we present synthetic dust polarization observations of the cloud under various projection angles. In Sect. 3.2 we develop a method to probe the projection angle of the magnetic field with respect to the POS based on the correlation between dust emission maps and the apparent “flow” in position-position-velocity (PPV) data cubes. We benchmark our method and discuss potential caveats in Sects. 3.2.3 and 3.2.4, respectively. Finally, in Sect. 4, we summarize our most important results.
2 Numerical methods
2.1 Setup and initial conditions
In Paper I, we performed an ideal magnetohydrodynamic (MHD) chemo-dynamical simulation of a turbulent collapsing molecular cloud. In this simulation, we follow the evolution of 115 species, using an “on-the-fly” approach. Here, we briefly summarize the main properties of these calculations and refer to the aforementioned study for a detailed description of our numerical methods.
We simulated an isolated (i.e., open boundary conditions), isothermal (T = 10 K) cloud with a total mass of ∼240 M⊙ using the astrophysical FLASH code (Fryxell et al. 2000; Dubey et al. 2008). The cloud was super-critical with a mass-to-flux ratio (in units of the critical value for collapse; Mouschovias & Spitzer 1976) of 2.3. The magnetic field was initially uniform and oriented along the z-axis of our simulation box. We included turbulent initial conditions using the publicly-available code TURBGEN (Federrath et al. 2010, 2022), with an initial velocity power spectrum ∝k−2. The sonic and Alfvénic Mach numbers were [image: equation] and [image: equation], respectively.
We post-processed this simulation at a “central” number density of 105 cm−3 (corresponding to 1.2 times the free-fall time) with the multilevel, non-local thermodynamic equilibrium (non-LTE) radiative transfer code PYRATE (Tritsis et al. 2018; Tritsis & Kylafis 2024). We produced synthetic spectral line observations in the form of PPV data cubes of the J = 1 → 0 transition for four species; CO, HCO+, HCN, and N2H+. For each of the species considered, PPV cubes were produced for the following angles between the LOS and the mean component of the magnetic field: 0∘, 22.5∘, 45∘, 67.5∘, and 90∘.
2.2 Synthetic polarization observations
To create synthetic dust-polarization observations, we follow King et al. (2019; see also King et al. 2018 and Cho & Lazarian 2005). Here, we summarize the main methodology and refer the interested reader to the aforementioned studies. In columndensity units, the Stokes parameters are
[image: equation](1a)
[image: equation](1b)
[image: equation](1c)
where n is the number density, Bξ and Bη are the components of the magnetic field on the celestial sphere, and s is the length along the LOS. Both n and the magnetic field components Bξ and Bη are functions of position along the LOS, and their variation is accounted for in the integration along the LOS. In Eqs. (1), p0 is the polarization efficiency. To create our synthetic dust-polarization observations, we use a varying polarization efficiency given by
[image: equation](2)
where amax and amin are, respectively, the maximum and minimum dust radii of a grain distribution and aalg is given by
[image: equation](3)
For amin and amax, we followed King et al. (2019) and adopted 0.005 and 1 μm, respectively. For the value of the visual extinction that appears into Eq. (3), we use the pre-computed values of [image: equation], as already calculated in the chemo-dynamical simulation (see Eq. (1) from Paper I). We note that as our polarization maps were not produced using a full radiative-transfer treatment (e.g., Reissl et al. 2016), they may not achieve the same level of accuracy as the synthetic spectral observations presented in Paper I.
	[image: thumbnail]	Fig. 1 Schematic representations of the initial (upper panel) and final (lower panel) configurations of the cloud along with our definitions for the angles θ and ϕ, and the directions ξ and η on the POS. Orange lines are a schematic representation of the large-scale (i.e., excluding turbulent features) magnetic field. At the time of post-processing the simulation, the cloud has collapsed along the magnetic field, as shown in the bottom panel.



3 Results
Throughout our study, we used ξ & η to denote the horizontal and vertical dimensions and directions of the cloud, as projected on the POS. In all figures, we annotated the azimuthal and polar angles (θ and ϕ, respectively), which specify the LOS direction, ensuring clarity regarding the projection angle under which the cloud is “observed.” Figure 1 provides a schematic representation of the definition of the angles θ and ϕ, and the directions ξ and η. We further illustrate the final configuration of the cloud relative to the large-scale magnetic field (orange lines in Fig. 1), which is that of a flattened structure, with its short axis oriented parallel to the magnetic field. As is evident from Fig. 1, when ϕ = θ = 0∘ the cloud is “face-on”, and viewed along the z-axis. When ϕ = 0∘ and θ = 0∘ or 90∘ the cloud is “edge-on,” seen along the x or y axes, respectively. For intermediate polar angles (with θ = 0∘), the LOS rotates within the xz plane, progressively tilting the view from “face-on” to “edge-on.”
3.1 Column density and polarization maps
In Fig. 2, we present column-density maps of our simulated cloud under various projection angles. Green pseudo-vectors show synthetic dust-polarization measurements following the approach described in Sect. 2.2. Even though the overall morphology of the cloud is that of a flattened structure perpendicular to the mean component of the magnetic field (see Fig. 1 in Paper I), this is not particularly evident in the column density maps under any projection angle. Instead the various filamentary higher-density structures that are formed within the flattened structure “dominate” the column density maps in terms of the morphological features. Moreover, as expected, when the projection angle is such that the mean component of the magnetic field primarily lies on the POS (e.g., ϕ = 90∘), the column density can be a factor of ∼5 higher than when the magnetic field is primarily along the LOS. Interestingly, these are also the projection angles where the cloud appears more filamentary (see upper left and middle panels and lower right panel in Fig. 2).
The observed magnetic-field morphology is also highly dependent upon the projection angle. Specifically, the hourglass morphology is particularly prominent only for the projection angles where the mean magnetic field lies in (or is close to) the POS. For all other projection angles (especially when ϕ < 67.5∘), the magnetic-field morphology appears significantly more complicated and tangled than what it is in the simulation (see Fig. 1 in Paper I). Consequently, such projection effects can significantly influence and bias the results of observational studies aiming to decipher the dynamical importance of the magnetic field, based on its morphological features.
Fig. 3 shows the polarization fraction, defined as
[image: equation](4)
as a function of column density, for all projection angles considered here. With the black, magenta, green, cyan, and red points we show our results for polar angles of 90, 67.5, 45, 22.5, and 0∘, respectively. The polarization fraction systematically decreases when ϕ decreases. This is to be expected as the mean component of the magnetic field in our simulation is in the z direction. In terms of the values of the polarization fraction, these are overpredicted by ∼20% in comparison to real observations of molecular clouds (e.g., Planck Collaboration Int. XX 2015). This discrepancy can potentially be attributed to the assumptions behind the grain population and polarization cross sections adopted, which the factor of 0.2577 in Eq. (2) originates from, as well as in the empirical estimate for αalg (see Eq. (3)). As is evident from Fig. 3, the polarization fraction also decreases with column density. This is to be expected given the methodology used to produce the synthetic polarization maps, as in the higher column-density regions, both the visual extinction and the density are higher, leading to a decrease in the polarization efficiency.
3.2 Correlation between PPV cubes and dust polarization maps
One striking feature seen in PPV cubes of real molecular clouds as well as in the synthetic PPV cubes presented in Paper I is the presence of an apparent “flow” between successive velocity channels (e.g., Goldsmith et al. 2008). This apparent “flow” does not directly correspond to the actual velocity field of the cloud, but is a combination of the LOS velocity between neighboring regions, the molecular abundance distribution, and it is also subject to all other quantities affecting the excitation of the molecule in question. Regardless, in many scenarios this apparent “flow” appears to be relatively smooth and examining these motions could provide significant insights regarding the intermittency of turbulence (Falgarone & Puget 1995; Hily-Blant et al. 2008). In this section, we describe how we have taken advantage of this property. We propose a novel approach for analyzing PPV data cubes, which has the potential to unveil the projection angle of the magnetic field.
	[image: thumbnail]	Fig. 2 Column density maps of our simulated cloud under different projection angles. In the top row, we show the column density along the principal axes of our simulation and in the bottom row, we show the off-axis projections. Green pseudo-vectors are synthetic polarization measurements (see also Fig. 3).



	[image: thumbnail]	Fig. 3 Polarization fraction as a function of the H2 column density of the cloud for various projection angles. As expected, the polarization fraction is systematically lower, as the angle between the LOS and the mean component of the magnetic field becomes smaller. However, even when observing the cloud “face-on” (ϕ = 0∘) the polarization is non-negligible, albeit the polarization fraction is probably overestimated for all projection angles.



3.2.1 Quantifying the apparent “flow” in PPV cubes
We made use of the Lucas-Kanade optical flow estimator (Le Besnerais & Champagnat 2005) to trace the direction of the “flow” between successive velocity slices in our synthetic PPV cubes. The algorithm functions by assuming that the motion within a local neighborhood of pixels is small and uniform and then solving a system of linear equations of the form [image: equation]. In the latter equation, (uξ, uη) are the velocity components in the ξ and η directions of the image, respectively, and [image: equation], and [image: equation] represent the partial derivatives of the image intensity with respect to each spatial coordinate and time. These derivatives are computed for each pixel i, j within the local neighborhood considered. The resulting output from the Lucas–Kanade flow estimator is a vector field (uξ, uη) that characterizes the displacement of features between successive frames or, in this instance, between successive velocity channels (since the time derivative in our scenario is, in actuality, a derivative over the frequency or velocity channels of the spectral line).
In Fig. 4, we show different velocity channels from our synthetic CO (J = 1 → 0) PPV cube presented in Paper I, when the cloud is observed “edge-on” (i.e., ϕ = 90∘). The PPV cubes for the same transition were produced for all other polar angles examined in the present study. Only the velocity channels in the velocity range [−0.9, 0.9] km s−1 are shown, since beyond this range, there is no significant emission (for this particular projection angle). The fuchsia vectors annotated on top of each velocity slice “ n “ mark the direction of the apparent “flow” between velocity slices “n” and “n+1”. In order to avoid measuring such vectors in velocity slices and in regions of the cloud where there is no significant emission and, therefore, the direction of the vectors will be dependent exclusively upon random noise, we require that the emission in both velocity slices, “n” and “n+1“, be at least 2.5 times the root mean square (rms) noise in each synthetic cube. We note that, given that the intensity of the lines changes (depending on the inclination angle) and noise is added in such a way that we achieve the same signal-to-noise ratio (S/N) in all synthetic PPV cubes, the rms noise level is different in each PPV cube (see Sect. 2.4 in Paper I). To further mitigate the effect of noise, we have also decreased the spatial resolution of the PPV cubes by applying a Gaussian kernel with a standard deviation of one pixel. As made evident upon visually inspecting Fig. 4, the algorithm performs very well in terms of capturing the direction of the “flow” and could therefore present a more powerful way of analyzing PPV cubes than just considering the moment maps.
	[image: thumbnail]	Fig. 4 Velocity slices from a synthetic CO (J = 1 → 0) PPV cube in the velocity range ∼−0.9 km s−1 (upper left) to ∼0.9 km s−1 (lower right) when the cloud is observed “edge-on.” The fuchsia vectors overplotted on top of slice “n” mark the direction of the “flow” between slice “n”and “n+1.”



3.2.2 Connecting the velocity “flow” and dust polarization directions
We proceed to examine the orientation of these vectors relative to an arbitrary axis, which we chose as the horizontal axis of the image. This angle is henceforth defined as χ and the angle of these vectors with respect to the polarization pseudo-vectors (shown in Fig. 2) is defined as χvco−B. In the upper row of Fig. 5 we show the probability density functions (PDFs) of χ (solid lines) for each inclination angle considered. Dotted and dashed lines show the PDFs of χ only between blue-shifted and red-shifted velocity components, respectively. In the bottom row of Fig. 5, we show the PDFs of angles between the vectors in Fig. 4 and the polarization pseudo-vectors in Fig. 2. The distributions of angles are shifted from the interval [0∘, 180∘] to [−90∘, 90∘]. The shaded regions in the bottom row show a kernel-density estimate (KDE) of each distribution and the dash-dotted lines are a simultaneous fit of a uniform and a Gaussian distribution to the data. The fitting is performed to the results from the KDE such that our results are independent of the bin width.
Some trends in Fig. 5 are readily visible. Firstly, when the cloud is observed “face-on” the distribution of angles with respect to the horizontal axis of the image (upper left panel) resembles a uniform distribution with some weak features close to 0∘, 90∘, and 180∘. The fact that this distribution is close to a uniform distribution can be understood by imagining a perfectly symmetric disk-like collapsing cloud with no turbulent motions and an hourglass magnetic-field morphology as follows. The first features that will be seen in a PPV cube when such a structure is observed “face-on” will be at the center of the disk where the LOS curvature of the magnetic field will be zero and the LOS velocity will be larger. In subsequent velocity channels, features will appear progressively farther away from the center, in a circularly symmetric fashion, as these will be the regions with the next highest LOS velocities. An opposite trend, is expected for the red-shifted components. That is an inward “motion” between successive channels from the outskirts to the center of the cloud will be observed. By applying the Lucas-Kanade optical flow estimator in such a scenario, the vectors should point radially outwards and inwards in the blue-shifted and red-shifted frequencies, respectively, and their angle distribution with respect to any axis should be close to uniform.
In the opposite extreme, where this hypothetical cloud is observed “edge-on”, there should be a preferred direction these vectors should point for a similar reason as in the “face-on” case. The regions close to the midplane of the disk, collapsing radially, should appear first in the respective PPV cube followed by regions above and below the midplane, again due to the hourglass morphology of the magnetic field. The vectors tracing the direction of the flow will thus be mostly oriented in the axial direction (i.e., the η direction given the definitions followed here) and their orientation, with respect to some arbitrary axis, will exhibit a peak at some angle.
Even though our simulated cloud does not have a perfect disk-like morphology and we start with initially turbulent initial conditions this trend still holds. Additionally, as evident from Fig. 5, there is a relatively gradual transition from “face-on” to “edge-on” with intermediate projection angles exhibiting a behavior in between the two extreme cases.
We note here that the behavior seen in CO PPV data cubes, is not universal for all molecules modeled in Paper I. For HCN and HCO+, we get a similar qualitative behavior as for CO, albeit the trend with the inclination angle is somewhat weaker and the distributions are more irregular (not shown here). For N2H+the trend changes completely, and when the cloud is observed “edge-on” the angle distribution between the vectors tracing the “flow” and the horizontal axis of the image peaks at 0∘ and 180∘. Similarly, with respect to the polarization pseudo-vectors and for an inclination angle of ϕ = 90∘, the PDF of χvco−B peaks at −90∘/90∘. This is to be expected as N2H+emission for this projection angle is confined in a small dense, elongated region (Fig. 6 in Paper I and the upper middle panel in Fig. 2) and variations in between successive velocity channels are primarily aligned parallel to the horizontal axis. Therefore, for the trend observed in Fig. 5 to hold, a molecule probing the bulk of the cloud should be used.
From the analytical fits of the Gaussian and the uniform distribution to the PDFs shown in the bottom row of Fig. 5 we now proceed to examine how the standard deviation of the Gaussian distribution correlates with the projection angle. We plot our results in Fig. 6. The black points show the standard deviation and the errorbars are the errors from the fit. The data follow the relation
[image: equation](5)
We used a Markov chain Monte Carlo (MCMC) sampling, using a top-hat prior1 and a Gaussian likelihood to estimate the values of c1, c2, and κ. We find that c1 = −8.8 ± 0.4, c2 = 69 ± 3, and κ = 0.37 ± 0.02. The resulting fit is shown with the red thick line in Fig. 6 whereas the thin red lines show 100 random samples from the posterior distributions of the parameters. Therefore, given the values for c1, c2, and κ and the measured σχvCO−B in an observed collapsing cloud or core the inclination angle between the LOS and the mean component of the magnetic field can be estimated.
	[image: thumbnail]	Fig. 5 Upper row: PDFs of the orientation of the vectors shown in Fig. 4 with respect to the horizontal axis of the image (i.e., the ξ direction). For every projection angle, we show the total distribution of angles between all successive velocity slices (solid thick lines), the distribution of angles for the blue-shifted components (dotted lines), and the distribution of angles for the red-shifted components (dashed lines). Lower panels: PDFs of the relative orientation between the vectors shown in Fig. 4 and the polarization vectors shown in Fig 2. The shaded region shows a KDE estimate for each distribution and the dashed-dotted line shows a simultaneous fit of a Gaussian and a uniform distribution to the data.



	[image: thumbnail]	Fig. 6 Standard deviation of the Gaussian fitted in the bottom row in Fig. 5 as a function of the projection angle under which the cloud is observed. The thick red solid line shows the best-fit power-law model (see Eq. (5)) obtained using the maximum likelihood estimation and the thin red lines show 100 random samples from the posterior distributions of the parameters.



3.2.3 Determining the projection angle of a new cloud
We now focus on the inverse problem in order to benchmark this new approach for finding the projection angle. We examine an earlier evolutionary stage of the cloud when the “central” H2 number density is 2.5 × 104 cm−3, almost an order of magnitude smaller than the time analyzed in the previous sections and in Paper I. At this stage, the cloud has a different magnetic-field morphology, different chemical properties and a different velocity field. We produced new synthetic polarization and spectralline observations (as described in Sect. 2.2 of the present paper and Sect. 2.4 of Paper I) under a random projection angle of ϕ = 54.5∘. Additionally, to try to complicate matters somewhat more, we consider a smaller spatial resolution by a factor of two compared to the PPV cubes shown in Fig. 3 of Paper I (see also Fig. 4). Noise was also added to the spectra such that the S/N in the central regions of the cloud was equal to 20. We then followed the exact same procedure described in Sect. 3.2; namely, we smoothed the data with a Gaussian kernel, with a standard deviation of one pixel, and measured the direction of the “flow” between successive velocity slices using the Lucas-Kanade optical flow estimator. While measuring the direction of the “flow,” we also required that emission in velocity slices “n” and “n+1” to be 2.5 times the rms noise. Finally, we compared the orientation of the resulting vectors to the polarization vectors.
The resulting distribution of angles between the vectors tracing the direction of the “flow” and the pseudo-polarization vectors, together with a fit to the data, is shown in Fig. 7. By measuring the standard deviation of the fitted Gaussian and using the inverse model (e.g., ϕ = ((σχvCO−B−c2)/c1)1/κ), we find that the polar angle is equal to ϕ = 56 ± 12∘. The uncertainty in the projection angle was calculated by performing a standard Gaussian error propagation as
[image: equation](6)
The derived projection angle found using the values for c1, c2 and κ and σχvCO−B is in very good agreement with the true projection angle under which the cloud is “observed.” We emphasize here that there was no adjustment or optimization of the parameters c1, c2, and κ in any way or form after they were calculated in Fig. 6 to achieve this agreement.
	[image: thumbnail]	Fig. 7 Same as the bottom row of Fig. 5, but when the cloud is observed at an earlier evolutionary stage, with a smaller spatial resolution (by a factor of two compared to Fig. 5) and for a different projection angle of ϕ = 54.5∘.



3.2.4 Shortcomings when trying to measure the projection angle
Even though the results of the test presented in Sect. 3.2.3 are promising, there are a number of complications with the analysis proposed here for constraining the projection angle. Firstly, we note that there is one key difference between the thought experiment of a simple disk-like cloud with an hourglass morphology described in Sect. 3.2 and the results from our simulation. Specifically, in the simplified thought experiment, the angle of the polarization pseudo-vectors should also follow a uniform distribution when such a cloud is observed face-on. However, if we were to compare the vectors tracing the direction of the “flow” with the pseudo-vectors we should still get a peaked distribution, as both vectors would point outwards or inwards in a radial fashion from the center of the cloud.
Given that no such trend is found in our simulations, this points to a situation where the apparent alignment or misalignment between the vectors tracing the direction of the “flow” and the polarization is also affected by the turbulent Mach numbers. Therefore, the spread of the fitted Gaussian will also be affected by the turbulent conditions. Additional factors such as rotation, could also further complicate the picture. For instance, if the orientation of the angular momentum is aligned with the magnetic-field orientation and the angular momentum is “significant enough” in comparison to gravity, the resulting vectors tracing the direction of the “flow” would primarily point perpendicular to the projected magnetic field. However, given the fact that we have not included rotation in the initial conditions of our simulations, we do not currently have a way to quantify how significant this effect might be.
Finally, observational challenges as well as the chemical properties and the evolutionary stage of the cloud might also be factors that affect the direction of the vectors tracing the “flow” between successive velocity channels. For instance, if the S/N of the spectra is very low in the outskirts of the cloud or there is no significant emission because the molecule in question is not excited in these regions, the algorithm will only trace the direction of the “flow” in a confined region. Therefore, the resulting vectors will not be indicative of the overall “flow” in the cloud and their apparent alignment with the polarization pseudo-vectors will also be affected.
Regardless of these complications, given the physical reasons behind the trends observed in Fig. 5, the analysis proposed here has the potential to reveal the projection angle in clouds both on a case-by-case basis and in a statistical fashion. Additional qualitative arguments, such as those described above with respect to how turbulence can affect the apparent alignment between the vectors tracing the direction of the “flow” and the polarization pseudo-vectors, could also be used to estimate the turbulent-to-ordered components of the magnetic field (Federrath 2016).
4 Summary and conclusions
We have produced synthetic dust-polarization observations, under various projection angles with respect to the mean component of the magnetic field, by post-processing an ideal MHD chemo-dynamical simulation. From our synthetic observations, we found that the projection angle has a drastic effect on the observed properties of the cloud. Firstly, even for polar angles that are not far off from exactly “edge-on” (e.g., ϕ = 67.5∘), the magnetic field appears significantly more tangled compared to its true 3D structure and the hourglass morphology is not easily identifiable.
We propose a new approach for analyzing PPV spectral cubes based on the Lucas–Kanade optical flow estimator from the computer-vision community. Based on this algorithm the direction of the “flow” between successive velocity channels can be quantified. We show that the direction of the “flow” in a collapsing molecular cloud, when viewed “face-on” is not correlated with the dust polarization observations. Therefore, the distribution of angles between the vectors that trace the direction of the “flow” and polarization vectors resembles a uniform distribution. When the cloud is observed “edge-on,” however, there is significant correlation and the resulting distribution of angles resembles the combination of a Gaussian and a uniform distribution. The intermediate projection angles exhibit a gradual transitional behavior between the two extremes. Based on this trend, we have proposed a method to probe the projection angle between the LOS and the magnetic field. First, we simultaneously fit a Gaussian and a uniform distribution to the distribution of angles between the vectors that trace the direction of the “flow” and polarization vectors. We then correlated the standard deviation of the Gaussian to the inclination angle. We benchmarked our new approach by performing additional radiative-transfer calculations from the same collapsing cloud at an earlier evolutionary stage. From the calculated standard deviation of the Gaussian, we found a projection angle of 56 ± 12∘, with the true projection angle under which the cloud was “observed” being 54.5∘. Therefore, the recovered angle is within a 25% level of accuracy of the true value, based on the largest possible 1-σ deviation.
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1 Our only constraint here is that the values of c1, c2 and κ cannot be such that the resulting σχvCO−B is negative across any projection angle, as this would be unphysical.
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	[image: thumbnail]	Fig. 1 Schematic representations of the initial (upper panel) and final (lower panel) configurations of the cloud along with our definitions for the angles θ and ϕ, and the directions ξ and η on the POS. Orange lines are a schematic representation of the large-scale (i.e., excluding turbulent features) magnetic field. At the time of post-processing the simulation, the cloud has collapsed along the magnetic field, as shown in the bottom panel.
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	[image: thumbnail]	Fig. 2 Column density maps of our simulated cloud under different projection angles. In the top row, we show the column density along the principal axes of our simulation and in the bottom row, we show the off-axis projections. Green pseudo-vectors are synthetic polarization measurements (see also Fig. 3).
In the text



	[image: thumbnail]	Fig. 3 Polarization fraction as a function of the H2 column density of the cloud for various projection angles. As expected, the polarization fraction is systematically lower, as the angle between the LOS and the mean component of the magnetic field becomes smaller. However, even when observing the cloud “face-on” (ϕ = 0∘) the polarization is non-negligible, albeit the polarization fraction is probably overestimated for all projection angles.
In the text



	[image: thumbnail]	Fig. 4 Velocity slices from a synthetic CO (J = 1 → 0) PPV cube in the velocity range ∼−0.9 km s−1 (upper left) to ∼0.9 km s−1 (lower right) when the cloud is observed “edge-on.” The fuchsia vectors overplotted on top of slice “n” mark the direction of the “flow” between slice “n”and “n+1.”
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	[image: thumbnail]	Fig. 5 Upper row: PDFs of the orientation of the vectors shown in Fig. 4 with respect to the horizontal axis of the image (i.e., the ξ direction). For every projection angle, we show the total distribution of angles between all successive velocity slices (solid thick lines), the distribution of angles for the blue-shifted components (dotted lines), and the distribution of angles for the red-shifted components (dashed lines). Lower panels: PDFs of the relative orientation between the vectors shown in Fig. 4 and the polarization vectors shown in Fig 2. The shaded region shows a KDE estimate for each distribution and the dashed-dotted line shows a simultaneous fit of a Gaussian and a uniform distribution to the data.
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	[image: thumbnail]	Fig. 6 Standard deviation of the Gaussian fitted in the bottom row in Fig. 5 as a function of the projection angle under which the cloud is observed. The thick red solid line shows the best-fit power-law model (see Eq. (5)) obtained using the maximum likelihood estimation and the thin red lines show 100 random samples from the posterior distributions of the parameters.
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	[image: thumbnail]	Fig. 7 Same as the bottom row of Fig. 5, but when the cloud is observed at an earlier evolutionary stage, with a smaller spatial resolution (by a factor of two compared to Fig. 5) and for a different projection angle of ϕ = 54.5∘.
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        Schematic representations of the initial (upper panel) and final (lower panel) configurations of the cloud along with our definitions for the angles θ and ϕ, and the directions ξ and η on the POS. Orange lines are a schematic representation of the large-scale (i.e., excluding turbulent features) magnetic field. At the time of post-processing the simulation, the cloud has collapsed along the magnetic field, as shown in the bottom panel.
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        Column density maps of our simulated cloud under different projection angles. In the top row, we show the column density along the principal axes of our simulation and in the bottom row, we show the off-axis projections. Green pseudo-vectors are synthetic polarization measurements (see also Fig. 3).
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        Polarization fraction as a function of the H2 column density of the cloud for various projection angles. As expected, the polarization fraction is systematically lower, as the angle between the LOS and the mean component of the magnetic field becomes smaller. However, even when observing the cloud “face-on” (ϕ = 0∘) the polarization is non-negligible, albeit the polarization fraction is probably overestimated for all projection angles.
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        Velocity slices from a synthetic CO (J = 1 → 0) PPV cube in the velocity range ∼−0.9 km s−1 (upper left) to ∼0.9 km s−1 (lower right) when the cloud is observed “edge-on.” The fuchsia vectors overplotted on top of slice “n” mark the direction of the “flow” between slice “n”and “n+1.”
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        Upper row: PDFs of the orientation of the vectors shown in Fig. 4 with respect to the horizontal axis of the image (i.e., the ξ direction). For every projection angle, we show the total distribution of angles between all successive velocity slices (solid thick lines), the distribution of angles for the blue-shifted components (dotted lines), and the distribution of angles for the red-shifted components (dashed lines). Lower panels: PDFs of the relative orientation between the vectors shown in Fig. 4 and the polarization vectors shown in Fig 2. The shaded region shows a KDE estimate for each distribution and the dashed-dotted line shows a simultaneous fit of a Gaussian and a uniform distribution to the data.
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        Standard deviation of the Gaussian fitted in the bottom row in Fig. 5 as a function of the projection angle under which the cloud is observed. The thick red solid line shows the best-fit power-law model (see Eq. (5)) obtained using the maximum likelihood estimation and the thin red lines show 100 random samples from the posterior distributions of the parameters.
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        Same as the bottom row of Fig. 5, but when the cloud is observed at an earlier evolutionary stage, with a smaller spatial resolution (by a factor of two compared to Fig. 5) and for a different projection angle of ϕ = 54.5∘.
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