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Introduction
Coronal Faraday rotation (FR) measurements provide a powerful means of measuring the magnetic field of the solar corona and solar wind (along the line of sight (LOS) between a background linearly polarized radio transmitter and a ground-based radio receiver). FR is a path integrated quantity depending on both the plasma density (ne) and the magnetic field component along the LOS (B⃗LOS). Consequently, the fundamental calibration challenge encountered when using radio FR observations to infer the magnetic field structure of the solar wind is distinguishing between the ne and B⃗LOS contributions to the detectable FR.
Methods
The method presented here, however, will be able to provide localized plasma density information to FR observations for the first time. Using a synthetic field of view of the Wide-field Imager for Parker Solar Probe (WISPR), we perform a tomographic reconstruction of the plasma density in the vicinity of spacecraft.
Discussion
This article develops the framework to determine the positions, along LOS to radio sources, of the density enhancements we reconstruct tomographically.
Conclusion
While still in development, this method provides the necessary foundation to complement and enhance coronal FR measurements, but the applicability of this technique extends beyond coronal FR.
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1 INTRODUCTION
In the solar corona and solar wind, our understanding of fundamental phenomena remains incomplete. What processes are responsible for the heating of the corona to millions of Kelvin? What are the sources of the solar wind? What processes drive the acceleration of the solar wind to supersonic speeds? How and under what conditions do heliospheric structures form and evolve? How is the magnetic field structured in the corona and solar wind? What size and time scales dominate different regions of the corona and solar wind? These questions comprise just a handful of the outstanding questions in the field of heliophysics (e.g., see Viall and Borovsky, 2020).
We do know that the coronal magnetic field plays a major role in connecting the Sun to the greater solar system. Within the corona itself, a transition occurs from a magnetically dominated regime to a thermally dominated regime, at heliocentric distances of ∼3R⊙ (Newkirk, 1967). Many models of coronal heating and solar wind acceleration depend on magnetic field and plasma structure below 5R⊙ (McComas et al., 2007). However, remote sensing techniques still comprise the only means of probing these regions of the heliosphere. Even in a new era of heliophysics, wherein Parker Solar Probe (PSP, Fox et al., 2016) and Solar Orbiter (SO, Müller et al., 2020) fly through the plasma of the inner heliosphere and sample it directly, we still lack consistent in situ access to the poles, the corona below 10R⊙, and all regions outside the orbital paths of these spacecraft.
Nonetheless, PSP and SO offer abundant new insights and questions as they fly through the inner heliosphere, past and through the very structures we wish to investigate. In particular, the heliospheric imagers onboard these spacecraft–the Wide-field Imager for Parker Solar Probe (WISPR, Vourlidas et al., 2016) and the Solar Orbiter Heliospheric Imager (Howard et al., 2020) – image the corona and solar wind at unprecedented sensitivity and spatial resolution.
It is important to observe long-lived, large-scale, quasi-radial features in the corona and solar wind, as they illuminate underlying structuring processes and the interplay of magnetism and plasma physics (Golub and Pasachoff, 2010). Coronal streamers are ubiquitous throughout all phases of the solar cycle, appearing in white-light coronagraphs, eclipse images, and heliospheric images when direct light from the far brighter photosphere is sufficiently attenuated. Bipolar (i.e., helmet) streamers consist of open magnetic field lines overlying closed magnetic loops, with a neutral current sheet separating the regions of opposite polarity (Pneuman and Kopp, 1971). Compared to the ‘background’ plasma, streamers are enhanced in density by a factor of ∼3 to 10 (Priest, 2012; Athay, 1976). Tracing out the coronal magnetic field structure and heliospheric current sheet, streamers and their fine-scale filamentary structure are of great relevance to many fundamental questions. Additionally, with PSP embedded in the solar corona, WISPR views these coronal structures as it flies towards and past them, seeing them before other PSP instruments detect in situ. With unprecedented spatial resolution come new observations and new questions; regarding the striations that pervade WISPR images, Howard et al. (2022) query: “are these rays simply density enhancements or undulations that are the result of small folds in the heliospheric plasma sheet?”
Recent work by Kenny et al. (2023) and Kenny et al. (2024) has utilized near-perihelion, synthetic WISPR images to reconstruct density structure in the proximity of the spacecraft. This technique, called “translational tomography,” takes advantage of WISPR’s broad range of viewing angles over a short period of time to reconstruct plasma density structure around the spacecraft. These reconstructions are useful for understanding the scale range of coronal inhomogeneities (e.g., DeForest et al., 2018) and also for providing large-scale context for in situ analyses (Kenny et al., 2024).
Furthermore, tracking the intersections of density enhancements with different paths or traces through the corona would promote progress in several different areas of study. We could determine what structures comet trajectories intersect and improve the extent to which an entire field of study–coronal propagation effects–infers physical properties of the corona. Interplanetary scintillation, angular broadening, and Faraday rotation are all part of this class of remote sensing techniques. As plane radio waves traverse the inhomogenous corona and solar wind, they are distorted. We can quantify these effects on the radio signal along a line of sight (LOS) from source to observer and thereby estimate properties of the intervening plasma, including magnetic field, plasma density, and solar wind speed. All coronal propagation studies utilize LOS measurements of the coronal plasma; therefore, these techniques would greatly benefit from any information on the structure and inhomogeneities present along the LOS (to background sources) during observations. To demonstrate the utility of this new method, this article will focus on the plasma propagation effect of Faraday rotation (FR), which requires detailed information about the intervening electron plasma density structure in order to provide sensitive estimates for the plasma’s magnetic field.
Measurements of coronal Faraday rotation (FR) have long been considered one of the best remote sensing methods with which we can infer the LOS magnetic field in the solar corona and solar wind. The Zeeman effect1 is a powerful tool with which to measure the solar magnetic field vector, from the photosphere into the low corona (e.g., to ∼1.2R⊙; Schad et al., 2024). Other techniques–including radio, polarimetric, and seismological methods–can provide magnetic field diagnostics in the low corona. For example, Yang et al. (2024) performed two-dimensional coronal seismology with over 8 months to make magnetic field measurements from 1.05−1.6R⊙. However, it is FR that can probe the magnetic field strength and direction in the middle and outer corona, from ∼1.5−25R⊙ (Kooi et al., 2022). FR is a remote-sensing method by which we measure the rotation of the plane of polarization (Δχ, i.e., the change in polarization position angle) of a polarized radiation source. As we see in the following equation for FR, Δχ, the integrand contains the product of the electron plasma density, ne, and the LOS magnetic field, B⃗⋅ds⃗ (i.e., B⃗LOS).
Δχ=e38π2ϵ0me2c3∫LOSneB⃗⋅ds⃗λ2=RMλ2(1)
The term in parentheses, the FR constant, is comprised of physical constants and numbers: e is the charge of an electron, ϵ0 is the permittivity of free space, me is the mass of an electron, and c is the speed of light. The FR constant times the LOS integral comprises the rotation measure (RM), which is the physical quantity of FR (in brackets) that is independent of the observational wavelength, λ. As such, FR observations conducted at multiple frequencies are given in the form of a RM, with SI units of rad m−2. From the RM, we can infer the LOS magnetic field if and only if we can disentangle the contribution of the (LOS-varying) plasma density. As per Kooi et al. (2022), there are multiple ways to provide contemporaneous information on the plasma density contribution in order to infer the magnetic field contribution: 1) use empirical models for both ne and B⃗, 2) use independent data for ne, or 3) combine the two approaches.
If we choose to model the plasma structure in order to disambiguate the contributions of ne and B⃗ to the measured RM, the standard practice is to select a formula–either a simple analytic form or an empirically determined form–for ne and B⃗ and to iterate the models until they agree with observations, (e.g., Pätzold et al., 1987; Mancuso and Spangler, 2000; Spangler, 2005; Ingleby et al., 2007). Plasma density models come from various datasets ascertained prior to the FR observations, and it is necessary that they match the observations (Pätzold et al., 1987). It is typical to select an appropriate power-law form for both plasma density and magnetic field and fit the coefficients and power-law indices to the FR data (Kooi et al., 2022). The choice of power-law model depends on the impact parameter for a given LOS (i.e., the heliocentric distance to the proximate point along the LOS), the regions of the corona (and coronal morphology) that the many LOS pierce, and the phase of the solar cycle. For more details on the different models used to determine plasma density, please refer to Section 2 of Kooi et al. (2022).
Regardless of which ne and B⃗ models are used, the most important parameter to determine in modeling the FR is the intersection point of the line of sight with the heliospheric current sheet (HCS), known as βC. It is typical to project the radio lines of sight onto a potential-field source surface (PFSS) synoptic chart corresponding to the Carrington rotation during which the observations took place to determine βC (Kooi et al., 2022). However, the location of the neutral line can evolve appreciably during a single Carrington rotation and between Carrington rotations. For example, in Table 3 of Kooi et al. (2014), they show how the use of the PFSS synoptic charts for two separate Carrington rotation synoptic charts on either side of the observations results in a difference of nearly 10° in βC. Errors in determining the position of the HCS in relation to the LOS result in errors of ∼25% in inferring the magnetic field (You et al., 2012). In summary, we can estimate the intersection point of the LOS with the magnetic neutral line in the heliosphere using empirical models of the plasma density and magnetic field structure during our FR observations, albeit with a large degree of uncertainty in the intersection point βC.
If we choose to instead use contemporaneous data to supply independent plasma density information, the source of radio emission determines which data are most appropriate. For pulsars, we use dispersion measurements; for spacecraft beacons, we use radio ranging and apparent-Doppler tracking; and for radio galaxies, we use Thomson scattering brightness measurements. We conducted FR observations during PSP Perihelia 15, 16, and 22, which possess the right Earth-PSP geometry to use the new WISPR-enhanced calibration and analysis described in this article. All three of these observations utilize radio galaxies as the background sources of radio waves. As such, we will describe how one can use Thomson scattering brightness (TSB) measurements to determine ne. For a detailed description of methods used to determine ne for FR observations involving millisecond pulsars and background spacecraft as the sources of radio signals, see You et al. (2012) and Jensen et al. (2016) respectively.
For LOS with solar offsets beyond the outer edge of a coronagraph’s occulting disk (e.g., ∼2R⊙ for SOHO/LASCO’s C2 coronagraph (Brueckner et al., 1995)), one can use coronagraph images to determine the TSB and consequently the plasma density. Because the TSB is the brightness of photospheric emission scattered off electrons with the corona, we can back out the density of electrons–the dominant constituent of the coronal and solar wind plasma–by measuring the TSB. As Equation 2 shows, TSB is a LOS integral of the plasma density times a geometric factor, which are both a function of heliocentric distance:
TSB=∫LOSner⃗Gr⃗dr(2)
where r⃗ is the heliocentric distance, and G(r⃗) is a geometric function that incorporates solar limb darkening and heliocentric distance assumptions (van de Hulst, 1950; Hayes et al., 2001). The full form for G(r⃗) can be found in van de Hulst (1950). It is not trivial to determine the TSB from the coronagraph images. In addition to the K corona (photospheric light scattering off coronal electrons), the F-corona (photospheric light scattering off interplanetary dust) also contributes to the total brightness in coronagraph images. It is therefore necessary to subtract off the brightness contribution from the F-corona. The accuracy with which we can remove the F-corona contribution determines the accuracy with which we can derive the plasma density from total brightness observations (Hayes et al., 2001).
Regardless of the data used to estimate ne, a fundamental issue plagues the approach: none of these methods returns information on how the plasma density varies along the line of sight. Dispersion measurements, radio ranging and apparent-Doppler tracking, and Thomson scattering brightness measurements are all integrated quantities and thus return the sum of ne over the entire line of sight. In order to improve the sensitivity with which we estimate B⃗LOS from FR measurements, it is necessary to improve our ne techniques. Presently, there exist techniques to determine positional information on the coronal plasma, which can be used to improve magnetic field retrieval from FR measurements.
For example, Jackson et al. (2020) (and references therein) reconstruct three-dimensional, time-dependent information on coronal plasma parameters. Their technique combines three-dimensional models of the solar wind and data from interplanetary scintillation (IPS), Thomson scattering brightness, or a combination of both to iteratively characterize not only co-rotating features but also coronal mass ejections (CMEs). This tomographic method performs least-squares fitting of two solar wind parameters (density and radial velocity) until the solar wind model matches observed quantities, both at a source surface (the model boundary) and in three dimensions (Jackson et al., 2020). Assumptions embedded in the technique include weak scattering (such that the LOS-integrated IPS measurement at Earth may be considered a sum of contributions from thin scattering planes along the LOS (Tatarski, 1961)) and purely radial solar wind outflow (Jackson and Hick, 2004). While this analysis only requires a few tens of LOS to reconstruct solar wind plasma density and velocity in three-dimensional space, it does not use direct imaging of the solar wind and reconstructs large-scale structures beginning at ∼20R⊙.
New methods to reconstruct plasma density information in three dimensions in the heliosphere can be applied to FR data to enhance the sensitivity of coronal magnetic field measurements, particularly at lower coronal heights. The in-development tomography technique described in Kenny et al. (2023) and Kenny et al. (2024) has the potential to reconstruct the plasma density in a three-dimensional volume surrounding the spacecraft. At this point in time, the inversions yield a two-dimensional map of density enhancements in the vicinity of the spacecraft. The method described in this paper develops this technique further, demonstrating how to utilize this positional information to determine when and where traces through the WISPR field of view (as may be associated with radio LOS for FR observations) are intersected by the coronal features in question.
Furthermore, the translational tomographic method is subject to uncertainties, some of which depend on the orbital parameters of the spacecraft. As such, the test case described in this article–which constitutes the first departure from ideal orbital parameters–serves the important purpose of exploring these orbit-based uncertainties, and bridging the gap between synthetic and real data reconstructions. The application of the method to real WISPR images will enable localization of plasma density enhancements along lines of sight that traverse the WISPR field of view and meet additional geometric criteria. Moreover, the application of the method to real WISPR images, in service of coordinated FR observations, will represent the first time that plasma density information along lines of sight to background radio sources is incorporated into FR experiments.
The expected impact on FR experiments is enhanced sensitivity of magnetic field estimates. Tomographic reconstructions of density enhancements that intersect LOS to radio sources will enable more reliable modeling of the path-integrated electron density, which will consequently yield more sensitive magnetic field estimates. Earlier in this section we discussed methods to estimate the electron density, ne, in order to disambiguate the contributions of electron density and magnetic field to the measured FR signal. We also discussed methods to determine the parameter βC, which denotes the location(s) of the magnetic neutral line(s) along the radio LOS. Extracting the coordinates of these density enhancements–which may be fine-scale structure of streamers and pseudostreamers and/or folds or undulations of the heliospheric current/plasma sheet–in WISPR’s FOV will enable us to reduce the uncertainty in determining the neutral line crossing location and better constrain parameters required for electron density modeling, such as the width of the streamer belt and boundaries between under- and overdense regions.
The rest of this article describes the modeling of a system for which our tomographic inversions would be of utility (Section 2); the method of tomographic inversions itself and how we use the inversions to locate coronal feature-LOS intersections (Section 3); the resulting tomography and intersections (Section 4); and a discussion of the modeling, method, results, and future steps.
2 MODELING
For this proof-of-concept demonstration, we have performed tomographic inversions of simulated synthetic, radial features in the corona and utilized those inversions to determine where the features intersect the radio LOS. We model the WISPR field of view (FOV) for the actual PSP Encounter 15 trajectory which coincided with our Very Large Array (VLA) FR observations on 18 March 2023 (Project Code: VLA/23A-071). We also model a set of synthetic rays (appearing in the WISPR FOV and intersecting our actual radio lines of sight). The critical components of the model system, which we describe below, are as follows: 1) LOS between five cosmic radio sources and Earth, 2) five synthetic white-light features in the corona, and 3) PSP’s trajectory and WISPR’s FOV during the observations. For reference, Table 1 lists the orbital parameters and synthetic image parameters used, and Table 2 lists the parameters used to model coronal features.
TABLE 1 | These parameters indicate the physical parameters of the PSP trajectory used to generate the synthetic WISPR image sequence and the time cadence of the synthetic images.	Parameters for PSP orbit segment and synthetic WISPR image sequence
	Parameter	Value/Range of values
	Date	2023–03–18
	Time (UT)	08:30 to 20:10
	Duration (hours)	11.67
	Longitude (°)	110.26 to 142.40
	Latitude (°)	−3.61 to −2.33
	Image Sequence Cadence (minutes)	7


TABLE 2 | The five synthetic, radial features used for this study are positioned at different locations, ranging in longitude and latitude between the given boundaries. Each ray is modeled as a cone, with a fixed angular width or opening angle of half a degree.	Parameters for synthetic coronal features
	Parameter	Value/Range of values
	Ray Longitude (°)	123.54 to 141.04
	Ray Latitude (°)	−9.17 to −2.86
	Ray Opening Angle (°)	0.5


2.1 Lines of sight to cosmic radio sources
For typical coronal FR experiments, we select background sources (e.g., quasars, which are extremely luminous and compact active galactic nuclei) of linearly polarized radio emission with the principle goal of inferring the LOS component of the magnetic field of the intervening coronal plasma. In order to employ this method, we must select radio sources whose LOS traverse the WISPR FOV near perihelion so that the tomographic reconstructions can be of use to the FR observations. The tomography technique is of maximal utility near perihelion, when the spacecraft speed exceeds that of the corotating plasma.2 The required observing geometry, therefore, restricts observations to a small patch of the sky when selecting sources.
For this demonstration of our WISPR-enhanced method, we have only performed the following geometric analysis for a single instant in time (18 March 2023 at 16:56 UT) which corresponds to the beginning of the FR observations and the approximate three-quarters-point of the PSP trajectory used for the tomography. While the celestial coordinates of our radio sources (i.e., J2000 Right Ascension, RA, and Declination, Dec) are fixed, the coordinates of the lines of sight to the sources change as a function of time, due to the Earth’s orbital motion around the Sun. For this initial study, we simplify the geometry involved by fixing the LOS to their positions at a single time-step.
Figure 1 illustrates the basic geometry, from two perspectives, for the FR observations coinciding with PSP Encounter 15, showing the position of each radio LOS in relation to the synthetic coronal striae (gray radial lines) and WISPR’s FOV (gray pyramid). We only show WISPR’s FOV at a single, arbitrary time-step. The five LOS to the observed radio sources appear in Figure 1 as colored lines. For each LOS (1.5AU long), neither endpoint (Earth or the radio source itself) appears in the schematic. To help orient the reader, Earth is positioned to the lower right of each image, out of the frame.
[image: Illustration showing two diagrams (a and b) of geometric configurations involving radio sources and Earth. Lines extend from radio sources on the left toward Earth on the right, intersecting at a point represented by an orange sphere. Both diagrams show multiple lines with different colors and orientations, demonstrating various angles and paths between the radio sources and Earth.]FIGURE 1 | The two figures show different perspectives of the same scene: a schematic of WISPR looking out at radial features in the corona which intersect five lines of sight. The Sun is the orange sphere on the left; the five thick, gray radial spokes originating from the Sun represent the coronal rays; the five colored (red, orange, yellow, green, blue) lines represent the radio lines of sight from the background radio sources (off the image, to the left) to the Earth (off the image, to the right); the thin, curved red line indicates PSP’s actual trajectory during Encounter 15; the black section of the orbital path corresponds to the segment of the trajectory included in our synthetic image sequence; and the large, pyramidal shape–in thin, black lines–represents the WISPR field of view at perihelion for this encounter. (a) WISPR-LOS Coronal ray geometry. (b) Top-down view of geometry.2.2 Synthetic coronal features
We generated five coronal rays with the following two important positional characteristics: they pierce WISPR’s FOV during the selected segment of the orbit and they intersect our radio LOS in the middle of the PSP trajectory used for this analysis. We included five radial features so that each radio LOS produces at least one intersection and so that we may work with several different intersection test cases. Knowing a priori that these features pierce the WISPR field and intersect our radio LOS, we can verify whether our tomographic reconstructions and subsequent analysis can recover those intersections.
As for the physical modeling of these features, we simply treat them as static, radial rays. WISPR routinely observes these striations in detail, but we do not yet understand their nature. Whether these striae constitute smaller-scale structure of, say, streamers and/or current/plasma sheets, or are instead distinct structures unto themselves, remains to be determined. As such, we utilize a physical model that makes few assumptions of the physical interpretation of such structures. In a future paper, we plan to develop more physically realistic models of these features and correspondingly model the FR signatures imposed.
Regarding the parameters of the features used for this demonstration, which are listed in Table 1, each feature takes the shape of a cone with a fixed opening angle of 0.5°. The width is therefore a function of radius alone. At a heliocentric distance of 1R⊙, one of such feature’s width is ∼10Mm, while at a radius of 10R⊙, its width is ∼100Mm. Note the narrow width of the rays compared to the length of the radio LOS; at a distance of 10R⊙, a feature’s ∼100Mm width is a factor of 2,200 more narrow than the length of the radio LOS. As mentioned earlier, these modeled structures may represent fine-scale, filamentary structure within large-scale coronal structures. As posed in DeForest et al. (2018), whether these striae are individual structures, projection effects, or three-dimensional folds in the heliospheric current/plasma sheet remains an open question, but we will treat them as individual structures in this article. This assumption does not preclude these striae from being part of larger structures, e.g., a bundle of striae comprising a streamer, or a continuum of streamers forming a streamer belt. All of the features in this model possess the same central density, and since they have a fixed opening angle, their density drops off as r−2 from the Sun.
Our forward model does not currently take into account the Thomson scattering angle, i.e., the angle between solar radial direction of the scattering site and the observer’s LOS to the scattering site. We intend to add the scattering angle into our forward model as a (near-term) future step. However, we do not expect the modeled radiance of the synthetic features to deviate significantly by adding a scattering angle parameter. In the integrand of the radiance equation, the term that depends on the scattering angle and the distance of the scattering site to the Thomson sphere is relatively flat over a large range of scattering angles (Howard and DeForest, 2012). While the real data reconstructions will likely still benefit from the addition of a Thomson scattering parameter, the synthetic data reconstructions would not change with the inclusion of a Thomson scattering parameter, because the basis elements and features in the image sequence are constructed identically. For more details on the forward model used to generate these features, please refer to Kenny et al. (2024).
2.3 PSP’s orbital trajectory and WISPR’s field of view
We use a segment of PSP’s Encounter 15 trajectory to make our synthetic WISPR image sequence, and we perform tomographic reconstructions of the synthetic coronal features’ positions in the resulting image sequence. The choice to include the true orbital geometry and radio LOS in our model is twofold. First, it better prepares us to employ this method to the actual FR observations in the future. Second, it provides the opportunity to further develop our translational tomography method, because the post-perihelion orbital geometry diverges from the ideal case (e.g., as discussed in Kenny et al., 2023; Kenny et al., 2024).
The parameters of both the PSP orbit segment and the synthetic image sequence corresponding to that orbit segment are summarized in Table 1.
2.3.1 PSP’s orbital trajectory
As we will expound upon in Section 3, our tomography relies on multiple vantage points of the coronal features whose three-dimensional structure we seek to reconstruct. The segment of the PSP orbit that we use to build an image sequence (with which we perform tomographic reconstructions) begins well before the FR observations begin because we require many images of the features well before PSP passes them in order to determine their positions. The duration of the orbit segment is 11.67 h, which corresponds to a change in heliographic longitude of about 32°. PSP started out 14.9 R⊙ from the Sun at the beginning of the orbit segment and moved out to 18.6 R⊙ by the end of the 11.67 h period. Figure 1 shows the actual orbital segment from the Encounter 15 trajectory (colored in red), with the portion used for the analysis (colored in black).
2.3.2 Modeling WISPR’s field of view during the perihelion 15 VLA observations
Before we can perform tomographic inversions on real WISPR data–during select encounters when the LOS to natural radio sources pierce the WISPR FOV–we must test our technique on synthetic data. Using the same code to generate synthetic data that Kenny et al. (2024) employ and describe therein, we generate a sequence of synthetic WISPR images of filamentary radial features (i.e., rays). We show a schematic of these features as gray spokes originating from the Sun and extending radially through the heliosphere in Figure 1. While the actual WISPR FOV is comprised of two separate, overlapping fields–an inner field and an outer field–our synthetic field is singular for simplicity.
Figure 2 shows nine images spanning the full image sequence to highlight the changes in apparent feature position and size throughout the image sequence. These nine images have a spacing of 77 min. The full image sequence is comprised of 101 images, which span 11.67 h and have a cadence of 7 min to best approximate the actual WISPR image cadence of 7.5 min during Encounter 15.
[image: Nine-panel image showing solar phenomena over time. Each panel displays helioprojective latitude versus longitude, with time annotations from 08:30 to 18:46. The color bar on the right indicates intensity from purple (low) to yellow (high).]FIGURE 2 | Nine synthetic images from our synthetic image sequence span the full 11.67-h dataset. In order to highlight the apparent motion of the features through the FOV, every 11th image is shown. The axes are longitude and latitude in helioprojective coordinates. Time moves from left to right and top row to bottom row. At the top right corner of each image, the timestamp (in UT) is displayed. The quasi-static coronal features (corresponding to the gray radial striae in Figure 1) appear to move through the FOV as the spacecraft approaches and passes them in its orbital motion. In later images (e.g., the bottom row), all coronal features appear to exit the image at the bottom left because PSP’s trajectory takes it above them. The colorbar to the right of the images indicates the brightness of the radial features in arbitrary units.The radial features appearing in the images of Figure 2 have different angular locations, spanning a heliographic longitudinal range of 17.5° and a heliographic latitudinal range of 6.3°. PSP therefore flies past them at different times, and our synthetic WISPR images capture ever-changing viewpoints of these quasi-static features3.
Next, we will describe how we reconstruct the positions of these features and localize their intersections with the radio LOS.
3 METHODS
The high-level methodology is to use tomographic reconstructions of WISPR image sequences (as developed in Kenny et al., 2023; Kenny et al., 2024) to determine (1) the three-dimensional positions of local, radial density enhancements that appear in the WISPR FOV as striations within large-scale density structures, and (2) the intersections of these features with LOS to radio sources for coronal FR observations. The primary focus of this article is the second goal: localizing the intersections of the features with the radio LOS. It is worth noting that only the density structures appearing in WISPR’s FOV, sufficiently close to perihelion, are candidates for tomographic reconstruction; accordingly, our tomography will not constrain the positions of density enhancements along the radio LOS that fall outside the WISPR FOV.
For the purpose of this present work, we use the LOS to the five cosmic radio sources that we observed on 18 March 2023 – the day after PSP Perihelion 15. While this method will be applicable to any FR observations (or, more generally, any observations along a LOS or trace through the WISPR FOV), for this proof-of-concept demonstration we used the actual LOS to the radio galaxies observed during Encounter 15, as well as PSP’s true orbital trajectory during these observations in creating the synthetic image sequence for this analysis.
Our observations during Perihelion 15 correspond to the first (of three total) PSP/WISPR-coordinated FR observations and will be the first set of FR observations that we analyze in a future article. As such, the analysis present in this article will serve as a stepping stone to the forthcoming FR analysis with application of the tomography to the actual WISPR data. The WISPR-LOS geometry for these observations also introduces a unique opportunity: to further develop our tomography method, making it more robust for different observing geometries. These observations were made post-perihelion, i.e., the orbital trajectory of PSP is monotonically outbound. Kenny et al. (2023) and Kenny et al. (2024) only consider the ideal orbital geometry, with the trajectory of PSP centered on the perihelion itself, for tomographic reconstruction of coronal features. The orbital geometry required by the LOS direction from our radio sources to the Earth relative to PSP’s position and WISPR’s field of view (e.g., Figure 1) is non-ideal because PSP is constantly getting further away from the Sun. The primary consequence of this is the coronal features observed are getting progressively less dense and, therefore, less bright. This non-ideal geometry, thus, makes the three-dimensional reconstruction with translational tomography much more challenging.
3.1 Performing a tomographic reconstruction on the synthetic image sequence
In order to determine where along the radio LOS density enhancements exist, we must first determine their positions in three-dimensional space. This tomographic inversion technique in principle can reconstruct the three-dimensional plasma density distribution in the vicinity of the spacecraft with boundaries imposed by the field of view. However, in this article, we reconstruct a two-dimensional map because our basis set uses a single line of sight (rather than the full field of view) from each image. Furthermore, while the values in our tomographic maps are proportional to the local densities, we have not determined a method to calibrate the maps in order to infer densities from them. Herein, we focus on the inferred positions of local density enhancements rather than the numeric densities.
Our ability to extract local density information hinges on WISPR capturing many unique viewpoints of these features, which PSP’s rapid translational motion past and through these features affords us. We must also be able to model these unique perspective changes in the WISPR FOV in order to build a basis set, i.e., a set of functions that are used to represent operators, with which we can reconstruct local plasma density.
These reconstructions work by performing a matrix inversion, effectively changing the basis of the dataset from image coordinates (i.e., time-dependent angles defined by PSP’s trajectory in relation to points along the coronal features) to tomographic/parametric coordinates (i.e., static positions of these coronal density features in space). Please see Kenny et al. (2023) and Kenny et al. (2024) for details on the mathematical operations of the inversions.
Up to this point, the procedure for performing a tomographic reconstruction of radial features has consisted of the following steps:
	1. Make a single, composite image for a dataset called the ‘T-Map’ which is a time-angle data product4, an example of which appears as Figure 3.
	2. Construct a (partial) basis set of time-angle curves5 to represent all possible features appearing in the synthetic image sequence (and, therefore, in the T-Map).
	3. Take the dot product of each element of this basis set (i.e., each basis vector, an image with the same dimensions as the T-Map) with the T-Map.
	4. Populate a new image–called a ‘tomogram’ – whose axes are the tomographic coordinates–with the values of each dot product operation. The numeric value at each pixel is proportional to the intrinsic brightness of the feature, which is proportional to the local density.

[image: Heat map depicting helioprojective latitude over time in hours, with a color gradient ranging from blue to yellow indicating values between 0.0000 and 0.0010. Latitude ranges from -20 to 20 degrees.]FIGURE 3 | This time-angle image is called a “T-Map” and represents the change in transverse angle, with respect to PSP’s orbital trajectory, of a particular point of plasma along each feature throughout the course of the image sequence. The T-Map is a composition of columns–one column per image–such that the entire image sequence is captured in a single image. In the T-Map shown here, five curves correspond to five (synthetic) radial striae that appear in our synthetic WISPR field of view during the 11.67-h image sequence. To retrieve the parameters of the curves in the T-Maps, and thus the positions of the features they represent, we must take the dot product of the basis of image curves with the T-Map. The colorbar on the right of the image indicates the brightness of the features in arbitrary units.Expanding on the first step in the enumerated list above, a T-Map is a time-angle image that represents the temporal change in the transverse angle of (a particular point of plasma along) each feature throughout the image sequence. Each image in our sequence contributes a single column to the T-Map. Figure 3 shows the change in apparent latitude of the five (synthetic) radial striae throughout the duration of the image sequence. To retrieve the parameters (and thus the three-dimensional positions) of the radial features, we must take the dot product of the basis of image curves with the T-Map. Each of these dot products corresponds to a particular pair of angular coordinates, and the tomogram (of which Figure 4 is an example) shows us the value of each dot product.
[image: Contour map with colored gradients from purple to yellow, indicating data values from 0.0000 to 0.0005. Notations include blue dots for known feature locations, circles for guesses, red stars for brightest pixels, and a dashed box for search area. Latitude in radians and longitude in degrees are labeled on axes.]FIGURE 4 | The tomogram is the primary product of the translational tomography calculation and visually represents the dot product operations between each basis vector and the T-Map (e.g., Figure 3). The tomogram provides the coronal feature coordinates in heliocentric longitude and latitude pairs. The brightest regions indicate the parameters of the features in the image sequence but are stretched out due to the non-orthogonality of the basis set. The known parameters (blue points), initial guesses of the brightest pixels (black circles), and true location of the brightest pixels (red stars) are plotted on top of the image. These three sets of coordinates all lie within the brightest clusters of pixels on the image and within the six-by-four pixel neighborhood of the initial guess coordinates. The single dashed-line rectangle centered on the initial guess, enclosing the bright pixels at the largest longitudes, demonstrates the bounds of the search vicinity for that particular feature and represents the search area used for all other features. The colorbar on the right of the image indicates the brightness of the features in arbitrary units, and the contours on the tomogram delineate the colorbar levels.Locations in the tomogram where the dot products attain a local maximum theoretically indicate a given feature’s parameters and, thus, enable us to determine the three-dimensional positions of the radial rays. For a detailed description of this process, please see Kenny et al. (2023) and Kenny et al. (2024).
As we discuss at length in both of the foundational papers on translational tomography, the tomographic reconstructions do not recover a single pair of parameters for each feature. The non-orthogonality of the basis vectors results in many different basis vectors (with different assigned parameters) all yielding comparable dot products. Therefore, it can be difficult to determine which pair of parameters describes each feature. Other factors that further complicate the extraction of feature parameters include: the orbital path of PSP, the feature’s distance away from the PSP orbital plane, the feature’s brightness (i.e., density relative to the ambient solar wind), and the number and cadence of images available.
Once we have a tomogram, the number of local maxima should equal the number of features in the image sequence. We search for a set of the brightest pixels within each local maximum on the map. The brightest pixels on the tomogram correspond to the largest dot products (of the basis elements and the T-Map), and each dot product corresponds to a pair parameters for the features in the dataset. Inspecting the tomogram, we supply initial guesses and search for the brightest pixel within a field on the image that is large enough to cover the cluster of bright pixels (relative to the surrounding part of the image) and small enough to remain in the local maximum region. For each guess, when a brighter pixel has been identified within the specified search field, the parameters are updated until the search field has been exhausted. Once we have the parameters–heliocentric longitude and latitude6 – we can solve for their intersections in three-dimensional space with the radio LOS.
3.2 Determining the intersections between the lines of sight to radio sources and the synthetic coronal features
With three-dimensional coordinates recovered by the tomographic inversions, we can determine where along the radio LOS these radial density features lie. We also calculate the physical extents of those intersections, using the model parameters for the coronal features as described in 2.2. We discretize each radio LOS so that we may calculate the distance between the LOS and each feature for a finite set of points along the LOS. We use 10,000 points for each LOS, resulting in a spatial resolution of 1.5×10−4AU (or 22.4Mm).
As Figure 5a shows, at each point we determine: the closest distance to the analytic line representing the central axis of the ith coronal density feature, di, and the coordinates on the feature’s central axis that correspond to this closest distance. If the distance di falls within the local radius (w(r)) of the feature–using model parameters for the radial, conical rays of fixed opening angle–then we infer an intersection between the feature and the radio LOS. Keeping track of each discrete point that satisfies this intersection criterion, we can thus infer the path length of each intersection along the radio LOS calculating the length between the endpoints for each set of intersection points. It is important to note that the intersection path length calculation described here relies on model parameters for the rays, rather than recovering physical widths from the tomography.
[image: Diagram illustrating coronal features and rays. Panel a depicts discrete points along the radio line of sight intersecting a radial coronal feature with labeled distances. Panel b shows a coronal ray originating from a star, forming angles β, βL, and βU with the lines of sight, marked by R₀.]FIGURE 5 | These two schematic diagrams show how we solve for intersections between coronal features and radio LOS (a) and how we parameterize a feature’s location along a LOS (b). (a) Intersection Geometry Schematic: In order to solve for an intersection between a radio LOS (red line) and the ith radial coronal feature (gray cone), we discretize the continuous line of sight into 10,000 points. At each point, we calculate the distance di to the central axis of the coronal feature. If di is less than the local width of the cone w(r), then the line of sight and coronal feature are intersecting. In this illustration, only two LOS points meet the criterion that di ≤ w(r). (b) FR ß Parameterization: A cartoon exemplifying the parameter ẞ that encapsulates where a coronal feature intersects a LOS from a radio source (left) to a telescope on Earth (right). The shortest distance between the LOS and the Sun center is Ro. The angle ẞ is measured from the perpendicular line between the Sun center and the radio line of sight. The upper and lower values, Bu and BL respectively, indicate the boundaries of the coronal feature along the LOS. This figure is comparable to the fundamental modeling geometry used in FR observations (e.g. Fig. 1 in Kooi et al., 2022).Finally, we can parameterize these intersection locations and extents along the radio LOS with an angle, β, which denotes the angle from the perpendicular line that connects the center of the Sun to a radio LOS at which a coronal feature-LOS crossing occurs. The angle β indicates where along the radio LOS a point lies, replacing the distance s⃗ along the LOS (from Equation 1). This parameterization is commonplace in FR modeling and experiments, and since the results of these reconstructions will be used to improve the sensitivity of future FR measurements, we give our results in this form. Figure 5b illustrates the β parameterization of the coronal feature-LOS geometry, indicating the upper and lower boundaries of an intersection between a coronal ray and a radio LOS (as βU and βL respectively).
4 RESULTS
4.1 Tomography
The primary output of our tomographic inversion is the “tomogram” in Figure 4. A tomogram is an image whose dimensions are the tomographic parameters, in this case heliocentric longitude and latitude, and whose numeric value at each pixel scales with the brightness at the respective coordinate pair. We arrive at this image by taking the dot product of each basis vector with the T-Map. Each dot product (which maps to a particular basis element with unique (lon, lat) coordinates) is assigned to those coordinates on the tomogram. Therefore, the brightest pixels on the tomogram indicate the (lon, lat) pairs that best match the features in the T-Map. In Section 5 we will discuss why the distribution and brightness of pixels may deviate from the simple explanation above.
Returning to the tomogram–Figure 4 – we see that the ground-truth feature locations (as indicated by blue dots) fall within the five brightest clusters of pixels. However, it is clear that the brightest pixels fill extended, asymmetric regions around the true feature locations as opposed to a single bright pixel, or even a few pixels. Furthermore, the ground-truth feature locations do not lie at the centers of all the bright pixel clusters, as we might intuitively expect. It is not obvious, without prior knowledge, what the feature parameters are by inspecting the tomogram. Therefore, we search for the brightest pixel within a specified vicinity of a guess for each feature.
Figure 4 shows the pixels corresponding to not only the known feature locations (again as blue dots) but also the by-eye guesses (as unfilled, black circles) and the brightest pixels (as red stars). Intensity contours demarcate the different levels indicated on the colorbar. Additionally, a representative search-area box at (lon, lat) = (2.35, −0.06) is shown in Figure 4 as a white, dashed-line rectangle. For this particular analysis, we searched within a rectangle 12 pixels wide and eight pixels tall centered on the by-eye guess for each feature; the higher resolution in latitude causes the rectangle to appear more stretched out in width (i.e., to have a larger aspect ratio).
Additionally, Table 3 provides the coordinates of the by-eye guesses, ground-truth coordinates, and location of the true brightest pixels. The brightest pixels are not the same pixels as those corresponding to the actual feature parameters, which we will discuss in the following section. However, there is not a clear pattern in the relative locations of the brightest pixels and their ground-truth counterparts. Despite the challenges in interpreting the tomogram, we must use a method to extract feature locations from the image since, in reality, we will not know the ground-truth locations. Here we use the angular coordinates corresponding to the brightest pixels as the reconstructed parameters.
TABLE 3 | For each feature, we provide the angular coordinates of the guess (by visual inspection of the tomogram), the known parameters, and the brightest pixel determined by a search within the vicinity of the guess (e.g., see the boxes in Figure 4). The final column gives the net angular offset between the known feature parameters and the tomographically recovered brightest pixels.	Angular coordinates of radial features
	Initial guess (lon, lat) [°]	Ground-truth (lon, lat) [°]	Brightest pixels (lon, lat) [°]	Offset [°]
	(134.65, −3.44)	(134.83, −3.44)	(135.24, −3.73)	0.51
	(138.66, −2.86)	(139.01, −2.86)	(138.68, −2.86)	0.33
	(130.63, −9.17)	(130.99, −9.17)	(131.17, −9.29)	0.22
	(122.61, −5.73)	(123.54, −6.42)	(122.72, −5.64)	1.13
	(140.37, −5.73)	(141.04, −5.79)	(140.87, −5.64)	0.22


4.2 Intersections between coronal features and lines of sight
Assigning the coordinates of the brightest pixels in the tomogram to radial rays in the corona, we can then solve for the intersections of these rays with our radio LOS. Section 3 describes the particular conditions that constitute an intersection. Each of the five brightest pixels identified in the tomogram (indicated as red stars in Figure 4) results in an intersection with one or two radio LOS. These inferred intersections lie near the true intersections. The results of the geometric computations yield the intersection boundaries (i.e., the starting points and endpoints of the section of each LOS contained within the coronal feature) and the extent along the LOS of the intersections using the model parameters. We parameterize these quantities in terms of the angle β (as illustrated in Figure 5b). Figure 6a illustrates the geometry of the intersections between these coronal features and the radio LOS from the perspective of the LOS-Sun-Earth plane that is typically used in coronal FR modeling (and shown in Figures 5b, 6a).
[image: Diagram showing a geometric configuration with two panels labeled “a” and “b.” Panel “a” depicts a three-dimensional shape intersected by multiple lines from an orange sphere along different colored paths, with an angle denoted as beta. Panel “b” is a closer view of the intersection points of parallel lines with varying colors.]FIGURE 6 | Most of the elements appearing in these figures also appear in Figure 1, but we have added the ground-truth intersection points between the synthetic rays and the radio LOS (represented by colored strips that correspond to the line of sight that the ray intersects), as well as tomographically recovered intersections (represented by black strips along the lines of sight). Finally, we include a radial, dashed line in (a)–extending from the Sun center approximately perpendicular to the radio lines of sight; we measure the angle β from this line and thus show in this schematic how we will determine the β values for the given intersections. (a) Top-down view of (true and inferred) intersections between coronal rays and radio LOS. (b) Zoomed-in view of true and inferred ray-LOS intersections.We can identify six intersections with the radio LOS: colored strips for intersections with the true locations of the synthetic rays and black strips for the intersections with the tomographically-recovered ray locations. While the two sets of intersections appear approximately overlapping for the red LOS, it is clear that those along the blue LOS are spatially separated, especially in Figure 6b which is a zoomed-in view of the intersections appearing in Figure 6a. Referring back to Figure 4, the feature for which the brightest pixel deviated most from the ground-truth pixel was that at the smallest longitude (with (lon, lat) coordinates of (123.54°, −6.42°)). Having the smallest longitude of all the features, this feature appeared in the fewest number of images, resulting in a less pronounced peak at and around the ground-truth parameters on the tomogram, and thus a substantially larger error in β (seen in Table 4).
TABLE 4 | In this table, the two left-most columns provide the lower and upper bounds on the coronal rays with respect to the radio lines of sight they intersect–for both the ground-truth feature coordinates and the coordinates calculated using the translational tomography. The third and fourth columns display the cosine of the average intersection angle, cos(βavg), and the final column shows how close the tomography results come to the actual values.	Comparing tomographic β values to ground-truth values
	Ground-truth (βL, βU) [°]	Tomographically recovered (βL, βU) [°]	Ground-truth cos(βavg)	Tomographically recovered cos(βavg)	% difference in cos(βavg)
	(47.68, 47.24)	(47.87, 47.43)	0.676	0.674	0.36
	(54.05, 53.61)	(53.67, 53.22)	0.590	0.596	0.92
	(49.85, 49.38)	(50.11, 49.72)	0.648	0.644	0.61
	(58.56, 58.11)	(58.36, 57.95)	0.525	0.528	0.49
	(48.63, 48.29)	(48.80, 48.46)	0.663	0.661	0.33
	(66.99, 66.57)	(67.83, 67.39)	0.394	0.381	3.45


Because our tomography reconstructions do not recover the exact angular coordinates of the features, the lengths of the intersections between the reconstructed rays and radio LOS differ from those between the actual rays and radio LOS. Although Figure 6 does not make obvious the physical extent of these intersections, the finite widths of the rays (which we modeled as cones with fixed opening angles) result in intersections of finite widths. Therefore, the location at which the intersection occurs determines the length of the intersection. Furthermore, the relative angle between the radio LOS and a given ray also impacts the extent to which a coronal feature intersects a radio LOS. Table 4 gives the upper and lower bounds of each intersection (βU and βL), for both the ground-truth synthetic rays and the tomographically reconstructed rays, and the cosine of the average values. Since the factor cos(β) appears in analytic models of FR, it is useful to compare this factor between the tomography and ground-truth values. The final column of Table 4 reports the percent error of the recovered cos(β) values from the ground-truth values. Five of the six values differ by less than a percentage point, with the exception of a few-percentage-point-difference for the remaining value. In future analyses we will estimate uncertainties in extracting feature coordinates from our tomography and propagate that uncertainty in the calculation of β and intersection lengths.
5 DISCUSSION
In this section, we discuss the two primary areas of the project: tomography and modeling. We review the insights we have taken from this demonstration of a new method, the challenges of the present methodology, and the next steps that will improve the technique for future application to real WISPR data in order to enhance radio FR studies of the coronal magnetic field.
5.1 Tomography
Our tomographic maps, called tomograms, are two-dimensional maps that indicate local density enhancements around the spacecraft. While the numeric pixel value at each pair of heliocentric coordinates scales with the intrinsic brightness, and thus the density, at those coordinates, we have not calibrated the inversions to recover numeric plasma density values. Furthermore, this article is primarily concerned with locating the density enhancements along lines of sight to radio sources. Nonetheless it is nontrivial to infer the positions of ray-like density enhancements.
The non-orthogonality inherent to this inversion approach, which we discuss at length in Kenny et al. (2023) and Kenny et al. (2024), means that the dot product of any two distinct basis vectors may be nonzero. Consequently, each feature in a dataset will activate several different basis elements. Even in the case of these synthetic inversions, where the basis elements are morphologically identical to the features themselves, we cannot recover a unique solution. Furthermore, the particular orbital geometry that we use for this demonstration presents additional challenges. The orbital segment used (08:30 UT - 20:10 UT on 18 March 2023) occurred exclusively after perihelion (20:30 UT on 17 March 2023) in Encounter 15. Consequently, the synthetic images and the basis elements capture plasma that is increasingly farther from the Sun, resulting in lower signal-to-noise in the images.
In the T-Map, Figure 3, this effect is particularly clear in the curves that exit the FOV at the later times; these curves widen and become more diffuse towards the end of the image sequence. In the tomogram, the post-perihelion orbital segment broadens the cluster of brighter pixels around each feature’s true parameters and introduces asymmetry to the quasi-elliptical cluster. It is especially problematic when two features are at very similar viewing angles, e.g., the pair of features at (lon, lat) coordinates of (134.83° − 3.44°) and (141.04° − 5.79°) in Figure 4. The associated clusters of pixels for these two features overlap/merge; resolving them into two separate features becomes very challenging. There is more work to be done to quantify how orbital geometry and other parameters introduce additional ambiguities to the inversion results. Furthermore, adding a scattering angle parameter to the model may help to disambiguate distinct features.
An area we intend to explore is the use of multiple tomograms to improve the amount of information we are utilizing for our inversions. As discussed in Kenny et al. (2024), it is possible to create a unique set of basis vectors for each elongation angle in the field of view. The resulting set of tomograms would likewise have unique distributions of brightness, and the combination of these different reconstructions should be able to better constrain the parameters for each feature. We may even be able to simply cross-correlate the tomograms in the set. Minimizing the sizes of bright pixel clusters on the tomogram mitigates the extent to which a person must interpret the tomogram. Once we have further developed the translational tomography method to incorporate these changes, we can implement a new algorithm that automatically locates the local maxima and, thus, the locations of coronal features without the need for human interpretation.
5.2 Modeling
We now discuss the modeling portion of this project in the context of future studies that will build off this work. In Section 2, we modeled: five lines of sight through the WISPR field, using the coordinates of the actual radio sources that we observed during PSP Encounter 15; five synthetic coronal rays that were generated specifically to intersect the radio LOS; and the WISPR FOV for an approximately 12 h PSP orbital trajectory.
Using the LOS to the radio galaxies that we observed during Encounter 15 for this demonstration gives us a head start on the forthcoming FR analysis for those observations. However, we will relax the constraint that the LOS are fixed in time, allowing the radio LOS to move as a consequence of Earth’s orbital motion. In typical coronal FR observations, the impact parameter (R0 in Figure 5b, the distance between the Sun and the proximate point along the LOS) changes by ∼0.5R⊙ over the course of six to 8 hours of observing a background radio galaxy. This modification will make the reconstructed intersections more accurate, providing the detailed localization and density variation information necessary to ensure a more sensitive magnetic field estimate from the FR measurements.
The next area we explore includes the synthetic features themselves. We modeled five radial rays that appeared in WISPR’s FOV and that intersected with the radio lines of sight fixed in their positions at the beginning of the radio observations (halfway through the PSP orbital segment). Similar to the radio LOS, we employed a simplifying approximation for the synthetic rays used in this present work: we keep them fixed in an inertial reference frame. It has been found that large-scale radial structures in the corona, of which these rays may be a part, do not appear to evolve on timescales of ∼10 h (e.g., Fisher and Guhathakurta, 1995), which is longer than most individual FR observational campaigns with the VLA. Furthermore, our tomography is only applicable during periods of super-rotation, i.e., when PSP is traveling faster than the co-rotating plasma. However, we intend to develop more realistic models of these features, namely, modeling these rays as streamlines (or substructure of streamlines) along which radially out-flowing plasma travels. These Archimedean spirals will approximate radial rays at small heliocentric distances but will take on appreciable azimuthal components further out. This consideration will be particularly important for reconstructing features in WISPR’s outer field of view, which images features at much larger radial distances than the inner detector. Moreover, any plasma that PSP samples in situ appears in the outer detector of WISPR, before PSP reaches it; therefore, the outer FOV inversions have the unique capacity to connect what we see in WISPR data to other PSP measurements. Even when we advance from synthetic to real WISPR data, we will still utilize the synthetic basis elements in order to perform matrix inversions of the image sequences, and thus it will be remain necessary to improve the physical modeling of the features.
The next modeling element we will address is the orbital geometry. As we have touched on already, the particular orbital path we use for this demonstration poses challenges to the tomographic inversions. Because the approximately 12 h period begins on the day after PSP’s closest approach to the Sun in Orbit 15, the spacecraft moves increasingly further away from the Sun throughout the orbital segment. The primary effect of PSP moving away from the Sun is that WISPR images features correspondingly further from the Sun. For example, at perihelion of Encounter 15, PSP dipped down to a height of 13.3R⊙, and the WISPR FOV spanned 3.1−24.2R⊙ (at a latitude of 0°). Meanwhile, the FOV ranges imaged by WISPR during the orbital segment selected for this demonstration were 3.4−27.2R⊙ (at a radial distance of 14.9R⊙) and 4.3−33.8R⊙ (at a radial distance of 18.6R⊙). While we could have chosen to use a more favorable orbital path for the demonstration of this new method, it was useful to work with the actual segment that we will use in the analysis of the FR observations during Encounter 15, to engage with the unique uncertainties introduced by orbital geometry parameters, and to develop strategies to mitigate these issues moving forward.
Finally, though it is not strictly a matter of modeling, we calculated the intersection path length using the model parameters of the rays. A near-term improvement would be to estimate the widths of the recovered features from their apparent sizes in the images. Assumptions about the form of the features (i.e., cones of fixed angular width) would still be necessary. Regardless of the method utilized, a more rigorous treatment of uncertainties–from the inference of feature positions from the tomogram to the estimation of the intersection path length–is necessary for future analyses.
6 CONCLUSION
In this article, we have presented a new application of an in-development tomographic technique: using WISPR translational tomography to 1) extract information on density variations in the vicinity of the spacecraft, and 2) determine the intersections of the recovered features with LOS to radio galaxies for coronal Faraday rotation (FR) studies. FR-derived magnetic field estimates are subject to the errors in plasma density estimates, as FR depends on the product of electron plasma density and magnetic field, both of which vary along the LOS. Current methods to infer plasma density only return integrated quantities (i.e., a sum over the whole LOS) rather than any information about variations along the LOS. This reality is troubling; the most important parameter to estimate in the FR equation is where different plasma structures intersect the LOS.
To properly calibrate FR data and account for the plasma density’s contribution, more reliable modeling of the electron density, integrated along the LOS to the radio source, is necessary. In this article we have laid out a method to infer plasma density enhancements along a LOS that traverses the WISPR FOV. Future papers will focus on quantifying the extent to which these tomographic reconstructions impact the modeled FR signal–utilizing different models of density structures, and on calibrating the tomographic reconstructions such that we can make electron density estimates. In terms of the impacts on FR experiments, our tomographic reconstructions will enable more accurate estimates of the neutral line crossing location(s) as well as tighter constraints on parameters of electron density models, such as the streamer belt width and boundaries between under- and overdense regions.
As a proof-of-concept demonstration and a description of a method used to calibrate plasma measurements, this project utilized an image sequence of synthetic coronal density structures, along with a real PSP orbital trajectory during a set of FR observations and the real LOS to the observed radio galaxies corresponding to those FR observations. The combination of modeled and real elements of our system strikes a balance between building a tractable problem–in order to develop a new method–and introducing the oft-unforeseen challenges of the physical world. Furthermore, the use of the actual radio LOS and PSP trajectory better prepares us to implement this method to the corresponding FR observations, with real WISPR data inversions.
In this article, we have sought to describe a method of inferring plasma density enhancements along lines of sight that traverse the WISPR FOV. We have divided the method into two components: tomographic reconstructions of the density-enhanced rays and localization of the rays’ intersections with LOS to background radio sources. The first component, the tomographic reconstructions, leverages characteristic perspective changes (in WISPR’s FOV) of radial striae in the vicinity of PSP in order to reconstruct density information around the spacecraft. While this tomographic technique has been tested on synthetic data before, the test case used for this methodological demonstration contended with non-ideal orbital parameters and closely spaced features. This departure from ideal geometry has served as a stepping stone from synthetic data to real data inversions. Although refinement of the technique is ongoing, we are now in the process of inverting real WISPR image sequences.
Seeing the effects of non-ideal geometry on the tomographic reconstructions, we discussed ideas to improve the inversions. One idea we presented was to generate multiple sets of basis elements–using different slices of the images (i.e., different viewing angles) – to perform our inversions. Utilizing multiple basis sets results in multiple, unique tomograms. Another idea is to use the entire image sequence rather than a single slice of pixels from each image. We are presently following this latter approach in reconstructing real data.
The second component of this project is to take the tomographically recovered angular positions of the features, assume they are radial cones, and determine their intersections with the radio LOS. We parameterize the intersections using the β parameter typically used to model FR observations. Our results are encouraging: we find the same number of intersections between tomographically recovered features and radio LOS as we do between the ground-truth features and the radio LOS, though the intersections differ in position and extent. This difference, however, is minor, as demonstrated in Table 4. While we have determined several areas in which we can refine this technique before it is truly operational, this first effort to localize LOS plasma density variations is promising for the advancement of FR studies and, more broadly, remote-sensing studies of propagation effects due to the solar wind. Finally, there are certainly other applications of this work to derive information on the variations of density along a LOS or trace through the WISPR FOV, such as determination of coronal plasma structures intersecting comet paths.
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	The Zeeman effect is when an external magnetic field splits spectral lines.

	In a period of super-rotation, we can treat the coronal rays as quasi-static, which simplifies the tomographic method.

	The assumption that the features are fixed in an inertial frame is a simplification, as we believe these features are actually co-rotating with the Sun.

	A T-Map shows how the helioprojective latitudinal angle to features changes as a function of time across the entire image sequence; we build it by stacking up one column of pixels from each image side by side.

	We generate the basis elements using the same set of pixel columns as for the T-Map.

	under the assumption that the features are radial.
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