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Abstract

Context. Prominences are cool overdensities of plasma supported by magnetic fields that levitate in the solar corona. The physical characterization of these structures is key for understanding the magnetic field in the corona.

Aims. Our work attempts to shed light on the properties of prominences by using observations at high polarimetric sensitivity in the He I D3 multiplet taken with the Zürich Imaging Polarimeter-3 instrument at the Istituto ricerche solari Aldo e Cele Daccò.

Methods. We used the Hanle and Zeeman light inversion code to infer the thermodynamic and magnetic properties of an active region prominence, assuming one- and two-component models.

Results. Our observations unveil a great diversity of physical conditions in the prominence. The observed Stokes profiles are usually broad and show interesting features, which can be described assuming a two-component model. The contribution of each component and the trends inferred for some parameters vary with the distance to the solar limb. While both components have analogous properties and contribute similarly close to the limb, a major component mainly describes the properties inferred at 10–40″ away from the limb. Moreover, both components usually show significant differences in thermal broadening, which is essential for ensuring a good fit quality between observations and synthetic profiles. Summarizing, the observed region of the prominence shows line-of-sight velocities of 1–3 km s−1 and rather horizontal fields of 20–80 gauss. We also report hints of a twist close to a prominence foot and changes in the magnetic configuration at specific locations.

Conclusions. Our results indicate a mainly horizontal magnetic field of a few tens of gauss in the prominence. A model of two components with different thermal broadenings and filling factors, depending on the limb distance, is crucial for providing a consistent solution across most of the observed prominence.
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1. Introduction
The solar limb exhibits a myriad of phenomena in observations acquired in chromospheric and transition region lines. Among these phenomena, there are bright clouds of plasma that manifest in the shape of arcades, called prominences. Since long ago, prominences have attracted much attention and great efforts have been made to characterize them (e.g., Labrosse et al. 2010; Mackay et al. 2010; Parenti 2014). However, some essential aspects remain controversial.
Prominence arcades consist of two parts. The spine is the horizontal and extended region parallel to the solar surface, and the two lateral connections between the spine and the underlying photosphere are the feet. Prominences are bright against the dark background of the sky, so the measured intensity profiles are in emission. We can also observe prominences on the disk (then called filaments). In that case, they appear dark against the bright Sun surface, with their intensity profiles in absorption. While prominences and filaments refer to the same type of structure, we focus on the case in which these structures appear as the former.
Prominences overarch the polarity inversion line of photospheric magnetic fields. Depending on the surrounding region, they are usually classified as quiescent or active. While the former appear in quiet Sun regions and slowly evolve over days, the latter occur near active regions (ARs) and evolve much faster (Tandberg-Hanssen 1974, 1995; Vial & Engvold 2015). Regardless of their type, prominences are suspended at coronal heights, at which the plasma within the prominence is denser and cooler than the surroundings.
Magnetic fields in the corona support the plasma in prominences against gravity. Observational studies usually reveal magnetic fields of 25–70 G in prominences (e.g., Paletou et al. 2001; López Ariste & Casini 2003; Orozco Suárez et al. 2014). Although differences exist in estimating the field strength, it is the detailed characterization of the tridimensional magnetic geometry in prominences that is a much-disputed topic. While most observational studies concluded that prominences host rather horizontal fields (e.g., Leroy et al. 1983, 1984; Trujillo Bueno et al. 2002; Casini et al. 2003; Orozco Suárez et al. 2014; Kalewicz & Bommier 2019; Di Campli et al. 2020), Merenda et al. (2006) presented some evidence for nearly vertical fields in a polar crown prominence1. This discrepancy is also patent in theoretical studies attempting to determine the vector magnetic field in prominences. Some models predict vertical fields in prominence spines (e.g., Osherovich 1989; Pécseli & Engvold 2000). On the other hand, others identify prominences as flux ropes where the spine is oriented parallel to the surface below and sustained by magnetic dips due to diverse causes, such as plasma pileup (Kippenhahn & Schlüter 1957), or the sheared configuration of the arcade (Antiochos et al. 1994), among other scenarios. Although none of the theoretical predictions can explain all of the observational constraints so far, this last set of models proposing that magnetic dips sustain the material of prominences is the one most supported by observations.
Furthermore, the solar limb or other structures appearing there can hide the prominence feet, severely affecting the determination of their magnetic field vector. An alternative to overcome this issue is using photospheric magnetic field measurements. López Ariste et al. (2006) employed this approach and reported the presence of local horizontal dips sustaining the prominence spine. However, Zirker et al. (1998) related prominence feet to locations vertically linking the magnetic field of the prominence spine to the photosphere. Specifically, this latter magnetic geometry may be compatible with the vertical and twisted magnetic ropes observed in the feet of a particular case of prominences, the so-called solar tornadoes (Pettit 1932). Nonetheless, studies about these specific structures have led to contradictory results. Schmieder et al. (2015) essentially find horizontal magnetic fields in a solar tornado and other prominences. Relatedly, Gunár et al. (2023) point out that solar tornadoes and other prominences have a similar magnetic geometry, so the differences previously reported in solar tornadoes might be due to projection effects. In contrast, Martínez González et al. (2015) report helical magnetic fields perpendicular to the solar limb that link the prominence to the underlying atmosphere.
Observations in the He I multiplets at 5876 (D3) and 10 830 Å are typically exploited to investigate the magnetic field in prominences. This is because the combined action of the Hanle and Zeeman effects makes the He I multiplets a powerful diagnostic tool for characterizing the dynamic and magnetic properties of the plasma embedded in the chromosphere and corona (e.g., Trujillo Bueno & del Pino Alemán 2022). Specifically, the He I D3 multiplet originates from the transition between the energy levels 1s2p [image: equation] and 1s3d[image: equation] of neutral helium. According to theoretical studies (e.g., Zirin 1975; Centeno et al. 2008), this He I multiplet system is populated through the photoionization-recombination mechanism. In this process, neutral helium in the chromosphere is ionized by incoming extreme ultraviolet (EUV) irradiation from the corona. Then, the ionized He II recombines with free electrons populating the multiplet system. For more information related to the He I spectral lines, we refer the reader to, for example, Trujillo Bueno et al. (2002), Trujillo Bueno & Asensio Ramos (2007), Centeno et al. (2008), and references therein.
In summary, prominences provide a prime opportunity to comprehend the magnetic field in the corona and its interaction with plasma. Analyzing prominences, however, poses a challenge due to the physical conditions in the surrounding corona and the intricate effects that need to be kept in mind during their study. Despite these liabilities, significant progress has been achieved over the years, though some key aspects remain unclear, and more studies are needed. On top of that, AR prominences have barely been investigated, so we know little about their properties compared to quiescent ones.
Therefore, our investigation aims to shed light on the physical characterization of an AR prominence observed in the He I D3 multiplet at high polarimetric sensitivity. In the following, we outline the content of this paper. Section 2 describes the acquisition of the analyzed spectropolarimetric observations with the Zürich Imaging Polarimeter-3 (ZIMPOL-3; Ramelli et al. 2010) and the data reduction. Then, in Sect. 3, we report interesting features detected in the Stokes profiles within the prominence. Section 4 details the inversion strategy followed in this work, while we analyze the obtained results in Sect. 5. Finally, Sect. 6 outlines our results and presents relevant aspects to be considered.
2. Observations and data reduction
On June 23, 2022, between 08:34 and 12:33 UTC, we acquired full-Stokes measurements of an AR prominence in the He I D3 multiplet using ZIMPOL-3, which is attached to the 45-cm aperture IRSOL Gregory Coudé Telescope (Bianda et al. 2009), and a Czerny-Turner spectrograph. The observational conditions were good during the data acquisition, although influenced by high-altitude seeing.
We used the ZIMPOL-3 system to perform this observation because it provides spectropolarimetric measurements at high polarimetric precision, which can be better than 10−4 with long exposure times. This advantage is given by the fast modulation rate of its photoelastic modulator (PEM; Gandorfer & Povel 1997) and the synchronous on-chip demodulation of ZIMPOL-3. In combination with the fast modulation of the PEM, we also used a technique based on slow modulation to improve the zero-level accuracy of our polarimetric measurements, as it helps suppress the systematic instrumental polarization signals, in other words minimize V → Q, U crosstalk, which is relevant during that time of the year. This slow modulation is produced by a zero-order retarder mounted before the telescope aperture on the Telescope Calibration Unit (TCU). We refer the reader to Zeuner et al. (2022) for more details about the slow modulation technique. With this setup, we acquired full-Stokes spectra.
The target structure was linked to AR 13032 during its course across the solar disk. At the time of the observation, a significant fraction of the structure was located on the west solar limb and another part was still visible against the disk, as is shown in Fig. 1. For context information, Fig. 2 displays EUV images obtained with the Atmospheric Imaging Assembly (AIA; Lemen et al. 2012) of the Solar Dynamics Observatory (SDO; Pesnell et al. 2012), revealing the proximity of the magnetic loops of the AR close to the prominence during the observation.
	[image: thumbnail]	Fig. 1. Slit-jaw image from the secondary H-α telescope at IRSOL showing the positions of the slit during the observation. The time stamp in the upper right corner shows the acquisition time of the H-α image. The arrows in the lower right corner point to the disk center (DC) and solar north (SN).



	[image: thumbnail]	Fig. 2. Close-ups of SDO/AIA images showing the analyzed prominence. From left to right: SDO/AIA images in the 131 Å, 171 Å, and 304 Å channels. These images were obtained at ∼11:55 UTC. Each major tick mark represents 100″.



We obtained spectropolarimetric data from most of the spine and part of a foot of the prominence. We performed sit-and-stare sequences at different limb distances. The spectrograph slit was oriented parallel to the limb and moved by 5″ perpendicular to it. Specifically, Fig. 1 shows the position of the slit in each sequence (dashed white lines). Considering the performance of the setup used, each sequence comprises on the order of 3100 frames, where intensity, circular, and linear polarization measurements are in equal number (see Sect. 4 of Zeuner et al. 2022). The spectral images cover a range of 10.45 Å with a spectral sampling of 8.43 mÅ pixel−1. The integration time was 2 s frame−1 for measurements at 5–25″ from the limb and 3 s frame−1 for those performed further away. The orientation of the scans was from solar south to solar north along the slits displayed in Fig. 1. The slit width was 80 μm (∼0.65″) and the pixel scale of the ZIMPOL-3 camera ∼1.3″ pixel−1.
The TCU compensates for the I → Q, U, V and V → Q, U crosstalks. To determine how the Q, U → V crosstalk affects our data, we need to consider that these terms influence our data by a factor (1 + cos(δ)), where δ is the retardance of the TCU (Zeuner et al. 2022). In our case, this factor is ∼0.05. The Q → U crosstalk by the telescope cannot be corrected with the TCU. According to the theoretical modeling of the Mueller matrix of the telescope, the crosstalk Q → U (and viceversa) generated by the telescope is not expected to exceed 1%.
Calibration data were taken regularly during the observing run. Specifically, we acquired flat field data after each sit-and-stare sequence. We also performed background measurements outside the prominence (at ∼100″ from the limb) to compensate for the intensity and polarization in our observations due to straylight contamination. This particular contamination is due to spurious illumination of the camera, which can severely affect off-limb observations.
Data reduction was performed following the standard process for ZIMPOL-3 data. First, we corrected for dark images. Then, we calibrated polarimetrically and corrected for flatfield. Concretely, we used the calibration measurements obtained closest in time to each observed sequence. In addition, we applied a curvature correction to the Q/U coordinate system so that the resulting +Q direction is parallel to the closest limb. Finally, we compensated for straylight contamination by subtracting the background measurements from our observations, as was described in Ramelli et al. (2012).
In order to increase the signal-to-noise ratio of our observations, the data were binned spatially and spectrally by 4. After binning, the average noise levels for I/Imax, Q/Imax, U/Imax, and V/Imax are 3.35 × 10−3, 9.73 × 10−5, 9.72 × 10−5, and 8.42 × 10−5, respectively, measured in the continuum close to the He I D3 line. Imax represents the maximum intensity signal along each slit. Hereafter, the data shown in this paper correspond to the binned spectra and, for readability, we shall omit the division by Imax when addressing the Stokes parameters throughout the text.
3. Characteristics of the Stokes spectra
Our datasets contain an impressive variety of Stokes profiles, giving us a first impression of the vast amount of information unveiled in the observed prominence. Specifically, Fig. 3 outlines the appearance of the observed Stokes profiles emerging along three slit positions at different limb distances. We remind the reader that the bottom (top) part of the spectra was measured at the south (north) end of each slit shown in Fig. 1.
	[image: thumbnail]	Fig. 3. Details of the spectropolarimetric data and synthetic profiles inferred from the inversions. Left: Spectra emerging along the slits located at 5″, 20″, and 35″ from the solar limb. Right: Stokes profiles at the positions labeled a–f and marked with dashed yellow lines on the left panels (dotted lines). The synthetic profiles obtained when assuming one and two magnetic components are represented by blue and red lines, respectively. Imax stands for the maximum intensity signal along each slit.



At 5″ off-limb (top panels of Fig. 3), the Stokes profiles are practically unshifted, and the blue and red components of the spectral line are discernible, overall in Stokes Q, as in Ramelli & Bianda (2005). The measured spectra along the slit show conspicuous changes. In general, the amplitudes of all Stokes profiles increase along the slit (that is, as we move toward the prominence). Stokes Q and U, moreover, show different shapes varying along the slit, probably due to changes in the fine structure of the prominence. Stokes V also displays a striking variation, where the weak two-lobed Stokes V profiles detected outside the prominence turn progressively into signals with one predominant blue lobe, three lobes, and two lobes within the structure. This variation in the circular polarization inside the prominence may indicate a change from weak to stronger fields; that is, from a field regime with a dominant alignment-to-orientation mechanism (Kemp et al. 1984) to another one that is under the predominant influence of the Zeeman effect.
At 20″ from the solar limb (middle panels of Fig. 3), the Stokes I and Q profiles are practically homogeneous along the slit, except for an abrupt blueshift at 60–90″ where they are broader and weaker (see panels labeled d). On the other hand, Stokes U is weak at the beginning of the slit and increases significantly between 110 and 165″. Specifically, this increase in Stokes U comes together with a decrease in Q, suggesting a change in the magnetic configuration of the prominence at such positions. Furthermore, the Stokes V signals show different changes along the slit. We first observe weak two-lobed Stokes V profiles whose polarity changes at about 40″. At 60–90″, these profiles become more complex as only the blue lobe is shifted. After that, the amplitude of the lobes increases significantly, indicating a dominant influence of the Zeeman effect.
The bottom panels of Fig. 3 show conspicuous lineshifts at 35″ away from the solar limb. There, all Stokes profiles are strongly blueshifted between 70 and 110″. This fact suggests strong flow motions inside the prominence whose Doppler velocities can reach up to –15 km s−1. At such positions, the emerging Stokes profiles are shifted and wide (see profiles f). In particular, Stokes V has a complex shape formed by a shifted asymmetric profile and an extra lobe in the red wing. We can distinguish other significant changes along the slit. Before the lineshift, the I and Q profiles weaken, while U and V increase. The variation in the profile amplitudes along the slit may imply changes in the configuration and intensity of the magnetic field in the prominence: the former is suggested by the variation in the Q and U signals and the latter by the increase in Stokes V. After the lineshift, Stokes profiles show intricate shapes (see profiles e) until they vanish outside the prominence.
4. Analysis
We inferred the thermodynamic and magnetic properties of the observed prominence by inverting our spectropolarimetric observations with the Hanle and Zeeman light inversion code2 (HAZEL; Asensio Ramos et al. 2008). In the inversion process, we assumed that the prominence was in the plane of the sky during the observing period.
The HAZEL code is able to perform synthesis and inversions of Stokes profiles produced by the joint action of the radiatively induced atomic level polarization and the magnetic field through the Hanle and Zeeman effects. Specifically, HAZEL assumes a cloud of He I atoms (hereafter, slab) placed at a certain height above the solar surface. This slab has an optical thickness, τ, and constant physical properties. In particular, HAZEL does not explicitly take into account the radiative mechanism that is assumed to be responsible for the overpopulation of the multiplet levels of He I required to produce the absorption or emission features observed in the spectral lines of the 10 830 and D3 multiplets. Instead, the overpopulation is taken care of by the optical depth parameter needed to fit the Stokes I profiles.
Moreover, the code assumes that these atoms in the multiplet levels are illuminated from below by the photospheric continuum radiation field, and that this is the only anisotropic incident radiation that produces atomic level polarization in the He I levels at the height corresponding to the spatial point being considered. This radiation field is computed from the tabulated center-to-limb variation in the continuum intensity (Pierce 2000). Once the population and the atomic polarization of the He I levels are determined through the solution of the statistical equilibrium equations, the emergent Stokes profiles are obtained by solving the Stokes-vector transfer equation, which in a constant-property slab has an analytical solution (Trujillo Bueno et al. 2005). For more details about HAZEL, we refer the reader to Asensio Ramos et al. (2008).
The data acquired during each slit sequence were inverted independently by assuming that the slab of He I atoms was placed in the plane of the sky at a height equal to the distance of each slit to the solar limb. We followed a two-step strategy to perform the inversions of the binned Stokes profiles using a one-component model. During the first cycle, we only considered the Stokes I profiles to retrieve the thermodynamical parameters, which are the optical depth at the wavelength 5876 Å (τ), line-of-sight (LOS) velocity (vLOS), thermal broadening (Δv), and damping parameter (a). In the second cycle, we only used the polarization profiles to infer the magnetic field vector components (Bx, By, and Bz). Each slit was inverted in serial mode; that is, we used the output atmospheric model from one pixel as the input model of the next one. Since the first pixel was located outside the prominence (see coordinates (X, Y) ∼ (290″, 70″) in Fig. 1), we initialized the inversion of each slit by using an input model with a low magnetic field, LOS velocity, and thermal broadening values (listed on the first row of Table 1). We proved the suitability of this initial model by comparing observed and synthetic profiles. The used inversion strategy allowed us to speed up convergence and to keep consistency among the results obtained along each slit.
Table 1. 
Initialization of the inversions performed along each slit.

The blue curves in the right-hand panels of Fig. 3 show the synthetic profiles resulting from the one-component inversions. Only intensity profiles display a good fit quality, indicating that a one-component model is insufficient to explain most of the polarization profiles.
To improve the fit quality of the polarization profiles, we repeated our inversion strategy considering two magnetic components, which were assumed to lie side by side inside the pixel. Table 1 lists the corresponding initial input models. The filling factor used to initialize the two-component inversion was 50% in both components. We also proved the suitability of these initial models as we did for the one-component model. The resulting synthetic profiles usually match both intensity and polarization profiles (red curves in Fig. 3). Thus, assuming the coexistence of two magnetic components appears to be an adequate approach to explain our observations as the synthetic profiles can reproduce many of the details found in the observed profiles, such as their width, shape, and the number of lobes in Stokes V. The quality of the fit of some polarization profiles is still low because more complex atmospheric models are probably needed.
When considering a two-component model, each atmosphere contributes differently to the output synthetic profiles that HAZEL provides. As an example, Fig. 4 portrays the contribution of each component to three of the synthetic profiles shown in Fig. 3. Hereafter, these components are labeled 1 and 2 (plotted, respectively, in green and violet). Despite the different cases presented in Fig. 4, component 1 usually contributes more significantly to the output synthetic profiles than component 2 (see Sect. 5). However, combining both components is essential to give shape to the output synthetic profiles (orange curves). The synthetic profiles of component 2 are wider as a common rule, and are responsible for broadening the output synthetic profiles. Meanwhile, component 1 contributes to other line features in the output synthetic profiles. Combining both components, moreover, reproduces three-lobed Stokes V profiles.
	[image: thumbnail]	Fig. 4. Synthetic profiles resulting from the two atmospheric components (green and violet, respectively) assumed in the inversion of the Stokes profiles labeled a, c, and d in Fig. 3. The observed and best-fit profiles are shown, respectively, in black (dotted curves) and orange. Imax, i stands for the maximum intensity signal of the plotted pixel.



Although the fit quality between the observed and synthetic profiles improves when using a two-component model, we need to discern the output model that best suits each position. To do so, we computed the Bayesian information criterion (BIC; Schwarz 1978), which has been proven successfully in other studies in solar physics (e.g., Felipe et al. 2017; Collier et al. 2023). The BIC represents a valuable parameter for comparing models when the number of observed points (N) exceeds the number of free parameters (k), and is computed as
[image: thumbnail](1)
where N is the number of wavelength positions multiplied by four, since we are using full-Stokes measurements, and χmin2 is the merit function:
[image: thumbnail](2)
sj being the best-fit profiles given by HAZEL, oj the observed profiles, and σj the noise level estimated in the continuum. The advantage of using the BIC parameter is that it not only compares the χmin2 value given by each model but also balances this comparison, penalizing the models with more free parameters. In our study, the one- and two-component inversions had, respectively, 7 and 16 free parameters.
After computing the BIC parameter for each inverted position, we selected the model with the lowest BIC as the most appropriate one at each position. Figure 5 shows the model selection along each slit. For display purposes, the slit is broader and does not represent the actual slit width during the observations. We found that the two-component model describes 83.2% of the positions. The one-component model is usually related to positions outside the prominence or with noisy polarization profiles.
	[image: thumbnail]	Fig. 5. Model selection along each slit overplotted on a rotated H-α slit-jaw image of the analyzed prominence. Locations described by one- and two-component models are displayed, respectively, in blue and red. The dashed white line encloses the prominence. Each major tick mark represents 50″.



5. Results
After describing our inversions with HAZEL, we analyze the results retrieved along each slit in this section. Figure 6 displays the inferred values for the thermal broadening, optical thickness, filling factor, LOS velocity, magnetic field strength, and inclination of the magnetic field with respect to the vertical for components 1 and 2 over the observed area of the prominence. As in Fig. 5, the slits shown are broader than the ones used in the observing run for visualization purposes. Blank locations in the component 2 panels represent positions described by only one component.
	[image: thumbnail]	Fig. 6. Inversion results given by the HAZEL code along each slit. The upper panel shows a rotated H-α slit-jaw image of the analyzed prominence, which is enclosed by a dashed white line. The lower panels show the inferred physical quantities for both components at each slit position in the field of view delimited by a yellow rectangle in the upper panel. From top to bottom: Thermal broadening (Δv), optical thickness (τ), filling factor (ff), LOS velocity (vLOS), magnetic field strength (B), and inclination (θ). Each major tick mark represents 50″.



First, we describe the results shown in Fig. 6 for each component. Table 2 enumerates statistics on the physical quantities inferred at different limb distances. In particular, we opted to compute the median and interquartile ranges because not all the listed parameters follow a Gaussian distribution.
Table 2. 
Statistics on the physical quantities inferred for each component at different limb distances.

Prominences reveal emission profiles with a substantial broadening due to thermal and turbulent velocities. Our inversions usually provided broader synthetic profiles for component 2 so, accordingly, this component has a significantly larger thermal broadening compared to that of component 1. Specifically, the thermal broadening is 1–6 km s−1 for component 1 and can exceed 7 km s−1 for component 2 (see first row of Fig. 6). Only component 2, moreover, shows a decrease in thermal broadening with the distance to the limb, while we do not detect a clear variation for component 1. In particular, the values obtained for component 1 at all limb distances and component 2 at 25–40″ are similar to the ones previously reported in prominences (e.g., Ramelli et al. 2011; Orozco Suárez et al. 2014). Meanwhile, close to the limb, component 2 shows a median of almost 15 km s−1, which is compatible with the thermal broadening found in spicules by Trujillo Bueno et al. (2005). The origin of such a high thermal broadening close to the limb may be related to strong dynamical processes in the plasma existing there (e.g., López Ariste & Aulanier 2007).
We estimated the temperature for each component considering the inferred thermal broadening values. As was expected, there is a substantial difference between the temperature obtained for each component. The temperature of component 1 is usually 9–25 × 103 K, which is comparable to temperatures typically found in prominences (e.g., Parenti 2014). Component 2 is much hotter (with temperatures on the order of 105 K), which suggests that the high Doppler broadening inferred for this component may have a nonthermal contribution that is noteworthy.
Another plausible explanation for the high temperatures inferred for component 2 could be the imprint of a prominence-corona transition region (PCTR). Therefore, the temperature difference between the assumed components may be compatible with that in a prominence model comprising a cool prominence body with an inner PCTR region and the hot outer region of the PCTR (Anzer & Heinzel 1999). In particular, Labrosse & Gouttebroze (2004) reported on the importance of the PCTR in the formation of He I multiplets in prominences.
We also found differences in the optical thickness retrieved for each atmosphere (second row of Fig. 6). Component 1 mainly shows τ values below 1, and is only greater at positions with broad Stokes I profiles at 30–40″ off-limb. On the other hand, component 2 has a wider variety of optical thickness values. In particular, this latter component is related to a thicker atmosphere compared to component 1 at distances further than 15″ from the solar limb, where τ values are significantly above 1.
Regarding the filling factor, component 1 usually shows greater values (third row of Fig. 6), with a median of 70–90%. The fact that, on average, we retrieved lower filling factors for component 2 reinforces the idea that properties obtained for this component may be related to the presence of a PCTR. At the same time, we also found positions where the filling factor is either similar for both components or greater for component 2. In particular, this occurs more frequently close to the limb, where Stokes profiles are broader and component 2 has a significant contribution.
Previous studies revealed that prominences host dynamic flows (e.g., Labrosse et al. 2010; Parenti 2014; Kucera 2015; Peat 2023, and references therein), which are related to LOS velocities of 5–25 km s−1 in active prominences. Our results show more moderate LOS velocities that are analogous to those found in quiescent prominences (e.g., Schmieder et al. 2010; Orozco Suárez et al. 2012, 2014; Martínez González et al. 2015). Specifically, we inferred LOS velocities of 2–3 km s−1 and −3–1 km s−1, respectively, for components 1 and 2. Moreover, component 2 shows blueshifted LOS velocities between –1 and –5 km s−1 that are possibly related to brightenings disclosed in the prominence by SDO/AIA images (see Fig. 2).
Other interesting features show up in the LOS velocity maps. First, both components reveal locations where the LOS velocity reaches up to 16 km s−1. These potentially supersonic3 LOS velocities appear at particular positions at 35–40″ away from the solar limb where spectra are blueshifted (see the lower row in Fig. 3). By comparing with Fig. 2, these supersonic velocities may be related to flow motions in the near AR loops or even to small-scale flows in the prominence that eluded detection due to a lack of spatial resolution.
Furthermore, both components show a transition from redshifted, blueshifted, to again redshifted LOS velocities at 15–25″ off-limb (located at 125–150″ in the horizontal axis of Fig. 6). Figure 7 displays the abrupt redshift and blueshift at the slit positions between 70″ and 90″ in the spectra measured, respectively, at 15 and 20″ to the solar limb. Although the LOS velocities are redshifted again at 25″ off-limb, the difference between the spectra at 20″ and 25″ to the solar limb is not as clear as that represented in Fig. 7, which is possibly due to fluctuations in the seeing conditions. In any case, this pattern of the LOS velocity reminds us of those found by Orozco Suárez et al. (2014) and Martínez González et al. (2015), who interpreted it as an indicator of the presence of twisted flows.
	[image: thumbnail]	Fig. 7. Stokes profiles along the slits located at 15″ and 20″ from the solar limb. The ranges used for color saturation in the I/Imax, Q/Imax, U/Imax, and V/Imax panels are [0, 1], [–8 × 10−3, 8 × 10−3], [–2 × 10−3, 2 × 10−3], and [–8 × 10−4, 8 × 10−4], respectively. Imax stands for the maximum intensity signal along each slit.



Regarding the magnetic field strength, we retrieved values of a few tens of gauss in both components, with a median of 15–65 G. These field strengths are compatible with those previously reported (see Sect. 1). The median of the field strength of component 1 increases from 35 to 65 G with the distance to the limb, until it suddenly drops to ∼15 G at 40″ to the limb. Meanwhile, component 2 shows field strengths with a median of ∼40 G, except at 15–20″ off-limb where it weakens to about 15 G. We also found fields of 100–200 G standing out in both components. Commonly, these stronger fields appear at locations with strong and broad polarization signals.
The retrieved magnetic field inclination indicates that the field inside the prominence is rather parallel to the solar surface (bottom row of Fig. 6). That is, we inferred mainly horizontal fields. Specifically, we obtained inclinations of 70–100° for both components, with a median of ∼90° at all limb distances. In addition, we inferred more vertical magnetic fields at particular locations. For instance, both components show field inclinations of 60–70° at 5″ off-limb, suggesting more vertical fields close to the solar limb. Moreover, at 15–20″ off-limb, the prominence spine shows field inclinations of ∼50°, suggesting the presence of vertical field lines pointing away from the solar surface. Component 1 also reveals field inclinations that can exceed 120°, indicating field lines that point to the solar surface at some particular positions, such as those showing potential supersonic velocities at 35″ off-limb and a possible twist at 15–25″ to the limb. Some positions at the edges of the slits also display inclination values greater than 120° for both components.
Therefore, the prominence hosts vertical and horizontal magnetic fields, with the latter being predominant. These changes in the field orientation are spatially coherent. In other words, they appear as a conglomerate of homogeneous results along consecutive positions. At this point, we note that the information emerging from the prominence might be mixed with that from the near AR loops. In such a case, the differently oriented fields retrieved in the prominence might instead be related to the AR loops and the prominence.
After describing the physical quantities obtained for each component, we analyze our results by considering them together. Component 1 is an optically thin atmosphere with smaller thermal broadening. On the other hand, component 2 has a significantly larger thermal broadening and is sometimes optically thicker. Indeed, the optical thickness inferred for component 2 sometimes exceeds 2–3, which is not expected when analyzing He I D3 data. At the same time, component 1 shows, in general, the greatest filling factors.
Pursuing this last aspect further, component 2 shows greater τ values at locations where the filling factor is small. Component 2 can be considered a minor (but important) contributor to the output result given by HAZEL. Thus, the role of component 2 is to provide a broad enough synthetic profile that, after being combined with that from component 1, improves the fit with the observed profile.
Summarizing, we inferred a correlation of some physical quantities with the distance to the limb. The physical processes occurring in the prominence close to the limb can be explained by two atmospheric components that contribute almost equally to the output result and show similar physical properties. However, these components reveal significantly different thermal broadenings, reaching up to 15 km s−1 in component 2. Such a large thermal broadening is expected as plasma located close to the limb can undergo strong dynamic processes. On the other hand, further from the solar limb, component 1 contributes predominantly to the output result. The physical processes occurring in the prominence can thus be explained by the parameter values inferred for this component, which reveal redshifted LOS velocities of 1–3 km s−1 and mostly horizontal magnetic fields of 20–80 G.
Furthermore, we found that the central region of the prominence spine harbors a magnetic field that is 20 G stronger than in other locations of the prominence. This variation is different to the finding of Orozco Suárez et al. (2014) in a quiescent prominence. These authors, moreover, reported a correlation between field strength and optical depth at the wavelength 10 830 Å. In contrast, we have not found a clear change in the optical depth (considering the values for component 1) with the magnetic field strength.
6. Conclusions
Analyzing solar prominences is an engaging topic that broadens our knowledge of the properties and the behavior of plasma and magnetic fields in the corona. Our study brings more information and ideas to our understanding of prominences. We used spectropolarimetric data of an AR prominence in the He I D3 multiplet obtained with the ZIMPOL-3 instrument attached to the Gregory-Coudé telescope of the IRSOL. The excellent performance of the optical systems during the observation ensured the high polarimetric sensitivity needed in this investigation.
A fascinating aspect of our study is the detection of a myriad of Stokes profiles in the analyzed prominence, which manifests the changing conditions along each slit and at different limb distances. In general, the observed Stokes profiles are broad and show multiple line features, such as a clear differentiation between the blue and red components of the line, different number of lobes in Stokes V, and conspicuous lineshifts. We assumed one- and two-component models to infer the physical properties of the prominence with the HAZEL code. In particular, the detected line features are usually better described using two components.
Our results reveal differences in some parameters depending on the limb distance. Close to the solar limb, both components contribute analogously to the output result given by HAZEL and have similar trends in some parameters. Specifically, they show LOS velocities of 1–3 km s−1 and mostly horizontal magnetic fields of ∼30 G, while the thermal broadening diverges significantly between them (∼10 km s−1). On the other hand, further away from the limb, the filling factors inferred for each component diverge substantially, so we can distinguish a major component that mainly describes the properties of the observed prominence. Thus, at limb distances larger than 5″, the prominence usually shows LOS velocities below 3 km s−1 and rather horizontal magnetic fields of 20–80 G, with the strongest fields being close to the center of the spine. Nonetheless, despite its small contribution, the minor component plays an essential role as it eases a good fit quality between the observed and synthetic profiles thanks to its large thermal broadening (10–15 km s−1).
The analyzed prominence also shows intriguing imprints that are likely compatible with particular events. We found supersonic blueshifts in the prominence spine and a possible twist close to the foot. Moreover, these specific locations appear to be related to magnetic fields whose inclination angle departs from horizontal. These appealing features undoubtedly deserve a thorough investigation; however, we would also need a time series of spectropolarimetric data acquired at higher spatial resolution.
Previous studies on prominences mainly focused on analyzing quiescent structures, so our results are not fully comparable to them. Regarding AR filaments, some investigations have attempted to interpret the physical properties retrieved from observational data (e.g., Kuckein et al. 2009, 2012; Sasso et al. 2011; Díaz Baso et al. 2019). However, although filaments and prominences are counterparts of the same solar structure, we did not find magnetic fields of 600–700 G as were inferred by Kuckein et al. (2009, 2012), who only assumed the Zeeman effect to explain their observations in the He I 10 830 Å triplet. According to Díaz Baso et al. (2019), the inference of such strong fields in AR filaments may be related to the fact that a significant part of the measured radiation comes from the underlying AR. In that case, the magnetic field given by a simple inversion strategy, such as considering the Milne-Eddington approximation or assuming a one-component atmosphere, may be overestimated in an AR filament. Instead, assuming a two-component atmosphere in an AR prominence has allowed us to infer a model atmosphere with weaker magnetic fields that can fit the observed profiles. Therefore, it is not straightforward to compare their properties one to one. Finally, after inspecting results retrieved in other off-limb structures, we note that Ramelli et al. (2005) reported magnetic fields of 50–60 G in spicules near an AR that are comparable to the ones we inferred.
Nevertheless, we should pay attention to some details in this study. First, the HAZEL code assumes that the incoming illumination to the target structure is due to the underlying photospheric quiet Sun. In this work, we analyzed an AR prominence, which means that the underlying illumination has different anisotropy than that considered, in principle, by the inversion code. Moreover, the incident radiation field in AR prominences may not be axially symmetric around the local vertical due to the dark and bright structures present below in the photosphere. This non-magnetic cause of symmetry breaking may have a significant impact on the scattering polarization signals, which unfortunately is not contemplated by HAZEL. Furthermore, we should consider the proximity of the prominence to the AR loops and the fact that the observations were acquired off-limb. Since we cannot resolve the information from the prominence and that from the AR loops, we expect a mixing of the signals coming from both structures. We mentioned this issue when describing the results on the field inclination, but it can also affect other parameters.
Finally, our results represent one of the plausible solutions that can be found. The main reason is that the parameters describing an observed feature are connected in many ways and, consequently, different models can explain a particular set of Stokes profiles. The degeneracy of the problem is thus too high to find a unique answer, as has also been noted in other studies (e.g., Díaz Baso et al. 2019). After several attempts, we opted for using the inversion strategy that led to best-fit profiles similar to those observed and homogeneous output results in most of the slit positions. Other solutions, such as combining two atmospheric components of different LOS velocities or more complex scenarios, cannot be discarded as they might also account for the observed Stokes profiles.
There are observing strategies that may help improve the reliability of the retrieved physical quantities in prominences; for instance, taking advantage of simultaneous spectropolarimetric observations in both the He I 10 830 Å and D3 multiplets (as in Casini et al. 2009). Furthermore, analyzing full-Stokes measurements acquired at high spatial resolution and polarimetric sensitivity with next-generation large-aperture telescopes, such as DKIST (Rimmele et al. 2020) and EST (Quintero Noda et al. 2022), will undoubtedbly provide new insights into the physics of solar prominences.


1 These authors clarified that if the aspect angle, δ (see their Fig. 3), during their observation was larger than 15° it would be impossible to distinguish between nearly vertical and nearly horizontal magnetic fields, but from synoptic H-α maps they presented evidence that the observed polar crown prominence was moving parallel to the southern limb during the observing period (i.e., that δ < 15°).


2 Publicly available on https://aasensio.github.io/hazel2


3 The typical sound speed at the chromosphere is 10 km s−1.
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Initialization of the inversions performed along each slit.
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Statistics on the physical quantities inferred for each component at different limb distances.
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	[image: thumbnail]	Fig. 1. Slit-jaw image from the secondary H-α telescope at IRSOL showing the positions of the slit during the observation. The time stamp in the upper right corner shows the acquisition time of the H-α image. The arrows in the lower right corner point to the disk center (DC) and solar north (SN).
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	[image: thumbnail]	Fig. 2. Close-ups of SDO/AIA images showing the analyzed prominence. From left to right: SDO/AIA images in the 131 Å, 171 Å, and 304 Å channels. These images were obtained at ∼11:55 UTC. Each major tick mark represents 100″.
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	[image: thumbnail]	Fig. 3. Details of the spectropolarimetric data and synthetic profiles inferred from the inversions. Left: Spectra emerging along the slits located at 5″, 20″, and 35″ from the solar limb. Right: Stokes profiles at the positions labeled a–f and marked with dashed yellow lines on the left panels (dotted lines). The synthetic profiles obtained when assuming one and two magnetic components are represented by blue and red lines, respectively. Imax stands for the maximum intensity signal along each slit.
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	[image: thumbnail]	Fig. 4. Synthetic profiles resulting from the two atmospheric components (green and violet, respectively) assumed in the inversion of the Stokes profiles labeled a, c, and d in Fig. 3. The observed and best-fit profiles are shown, respectively, in black (dotted curves) and orange. Imax, i stands for the maximum intensity signal of the plotted pixel.
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	[image: thumbnail]	Fig. 5. Model selection along each slit overplotted on a rotated H-α slit-jaw image of the analyzed prominence. Locations described by one- and two-component models are displayed, respectively, in blue and red. The dashed white line encloses the prominence. Each major tick mark represents 50″.
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	[image: thumbnail]	Fig. 6. Inversion results given by the HAZEL code along each slit. The upper panel shows a rotated H-α slit-jaw image of the analyzed prominence, which is enclosed by a dashed white line. The lower panels show the inferred physical quantities for both components at each slit position in the field of view delimited by a yellow rectangle in the upper panel. From top to bottom: Thermal broadening (Δv), optical thickness (τ), filling factor (ff), LOS velocity (vLOS), magnetic field strength (B), and inclination (θ). Each major tick mark represents 50″.
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	[image: thumbnail]	Fig. 7. Stokes profiles along the slits located at 15″ and 20″ from the solar limb. The ranges used for color saturation in the I/Imax, Q/Imax, U/Imax, and V/Imax panels are [0, 1], [–8 × 10−3, 8 × 10−3], [–2 × 10−3, 2 × 10−3], and [–8 × 10−4, 8 × 10−4], respectively. Imax stands for the maximum intensity signal along each slit.
In the text
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        Stokes profiles along the slits located at 15″ and 20″ from the solar limb. The ranges used for color saturation in the I/Imax, Q/Imax, U/Imax, and V/Imax panels are [0, 1], [–8 × 10−3, 8 × 10−3], [–2 × 10−3, 2 × 10−3], and [–8 × 10−4, 8 × 10−4], respectively. Imax stands for the maximum intensity signal along each slit.
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