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ABSTRACT

This Letter addresses the first Solar Orbiter (SO) — Parker Solar Probe (PSP) quadrature, occurring
on January 18, 2021, to investigate the evolution of solar wind from the extended corona to the inner
heliosphere. Assuming ballistic propagation, the same plasma volume observed remotely in corona at
altitudes between 3.5 and 6.3 solar radii above the solar limb with the Metis coronagraph on SO can
be tracked to PSP, orbiting at 0.1 au, thus allowing the local properties of the solar wind to be linked
to the coronal source region from where it originated. Thanks to the close approach of PSP to the Sun
and the simultaneous Metis observation of the solar corona, the flow-aligned magnetic field and the
bulk kinetic energy flux density can be empirically inferred along the coronal current sheet with an
unprecedented accuracy, allowing in particular estimation of the Alfvén radius at 8.7 solar radii during
the time of this event. This is thus the very first study of the same solar wind plasma as it expands
from the sub-Alfvénic solar corona to just above the Alfvén surface.

Keywords: magnetohydrodynamics (MHD) — plasmas — turbulence — Sun: corona — Sun: helio-
sphere — solar wind

1. INTRODUCTION

Remote sensing observations are essential to study the global magnetic configuration of the solar corona and to
explore the acceleration regions of the solar wind (Antonucci et al. 2020a). However, complications in integrating
along the Line Of Sight (LOS, e.g. Dolei et al. 2018) over an extended region of the corona (an optically thin plasma,
e.g. Bradshaw & Raymond 2013) and the low cadence measurements of coronagraphs make it difficult to investigate
in detail local coronal heating, identify high-frequency waves of different kinds, or study turbulent properties of the
coronal plasma as a magnetohydrodynamic fluid. On the other hand, in-situ measurements provide direct physical
parameters of the plasma at a single point in space and time, enabling the examination of the local mechanisms
that control, e.g. energy dissipation in the solar wind (Bruno & Carbone 2013; Verscharen et al. 2019). However,
single-spacecraft in-situ measurements only cannot provide topological information about the magnetic field, and thus
a three dimensional view of the plasma surrounding the spacecraft. Therefore, the combination of remote sensing
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observations and in-situ measurements provides an unequaled opportunity to connect solar wind source regions to the
local properties of plasma and electromagnetic fields. This link works at best for in-situ measurements close to the
Sun, where solar plasma is not yet fully reprocessed by stream-stream interactions.

There are several possible orbital configurations between two or more spacecraft relative to the Sun that allow
the study of the connection of the plasma observed in situ to its solar source. One interesting case is provided by
“quadratures”, i.e. when the angular separation of two spacecraft with the Sun as reference point is 90°. Important
examples of this kind of quadrature are given by the SOlar and Heliospheric Observatory (SOHO, Domingo et al. 1995)
— Sun — Ulysses (Wenzel et al. 1992) campaigns, when the same plasma remotely observed with SOHO was sampled
in situ when it left the coronal source in the direction of Ulysses (Suess et al. 2000; Suess & Poletto 2001; Poletto et
al. 2002). The comparison of plasma properties in corona and heliosphere was made possibile thanks to the combined
use of the Large Angle Spectroscopic COronagraph (LASCO, Brueckner et al. 1995) to understand the overall coronal
configuration at the time of quadratures, and the UltraViolet Coronagraphic Spectrometer (UVCS, Kohl et al. 1995)
to derive its physical characteristics, on SOHO, and the Solar Wind Ton Composition Spectrometer (SWICS, Gloeckler
et al. 1992) to provide interplanetary data, on Ulysses. Multiple quadratures (twice a year) during the SOHO — Ulysses
era allowed the study of solar wind parameters, such as density, speed and temperature, and their evolution from the
Sun to the heliosphere. Other quantities, such as ion abundances or the ionization state, which instead remain almost
unchanged during solar wind expansion, have been used to conclusively link a plasma stream measured in situ with
the coronal source as identified in coronagraphic images (Bemporad et al. 2003).

The launch of Parker Solar Probe (PSP, Fox et al. 2016) in August 2018 and Solar Orbiter (SO, Miiller et al. 2020)
in February 2020, offers an exciting new era to explore the connection between the Sun and the heliosphere. On the
one hand, PSP will be the first spacecraft to fly into the extended solar corona, a yet unexplored environment with
in-situ experiments. On the other hand, SO is the first spacecraft to carry both remote sensing and in-situ instruments
at distances as close as 0.28 au. It will leave the ecliptic plane, allowing for the first time observation of the solar poles,
the regions where the fast solar wind originates (during solar minimum) and where magnetic fields cyclically reverse
(Zouganelis et al. 2020). The importance of this new era for solar physics also lies in the synergy between these two
missions (Velli et al. 2020), which will allow the tracing of the magnetic connectivity of transient outflows and the
continuous solar wind to their solar sources. Particular attention has been paid to radial alignments between the two
probes. Indeed, the first PSP — SO line-up occurred in September 2020, allowing the radial evolution of solar wind
turbulence between 0.1 and 1 au to be studied, i.e. from a highly Alfvénic and less developed turbulence state near
the Sun to a fully developed and intermittent turbulence state close to the Earth (Telloni et al. 2021).

As far as it concerns quadrature configurations between the two spacecraft, with SO remotely observing the source
region of the solar wind that is measured in situ with PSP, the first SO — Sun — PSP quadrature occurred on January
18, 2021. At that time, when traveling along its orbit very close to the Sun, PSP crossed the very inner heliosphere
at a heliocentric distance just above 20 solar radii (Rg), while the coronagraph Metis (Antonucci et al. 2020b) on SO
was observing the solar atmosphere in an annular Field Of View (FOV) extending from 3.5 to 6.3 R above the solar
limb. It is thus the first time that an expanding coronal plasma, observed remotely with Metis, is almost immediately
measured as it propagates outward with a suite of in-situ instruments.

This Letter presents joint SO — PSP observations that describe the evolution of the pristine solar wind, not yet
reprocessed by nonlinear interactions, from the corona into the very inner heliosphere, aiming to link the local properties
of the plasma stream measured in situ with PSP with the coronal source from where it originated imaged by the
SO/Metis coronagraph.

2. ANALYSIS AND RESULTS

The SO — PSP orbital configuration offers the opportunity to track the same plasma volume as it expands from
the extended corona to the inner heliosphere. Indeed, thanks to the continuous expansion of the solar corona, the
two probes will at some point be located such that the plasma crossed by PSP, which is moving outward at a speed
around 100 — 200 km s~! on the solar equatorial plane, is the same plasma observed with Metis just a few hours
earlier at a distance of 3.5 — 6.3 Rg. From the cartoon of Fig. 1 (top panel), this condition requires that during Metis
observations, PSP is not yet on the instantaneous Plane Of the Sky (POS) of the coronagraph, so that PSP and the
Metis-observed volume of plasma reach the same location at the same time.

On the basis of the spacecraft’s ephemerides and (as shown below) of the solar wind speed at both coronal and
heliospheric heights, this particular condition occurred when Metis was observing the solar corona on January 17,
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Figure 1. Top panel: Cartoon showing how the same plasma volume observed remotely with SO/Metis can be measured
locally with PSP during their quadrature. Bottom panels: SO (blue) and PSP (red) positions relative to the Sun (yellow star),
in side (a) and top (b) views of the ecliptic plane in the HGI coordinate system, at the times (reported in the legends) of the
observation of the same solar wind stream. The corresponding heliocentric distances (1), and heliographic latitudes (¢) and
longitudes (\) are also reported. The spacecraft trajectories from January 14 — 21, 2021 and their longitudinal separation of
90° in the XY plane are shown as color-coded solid and black dotted lines, respectively.

2021 at 16 : 30 UT (tg in the cartoon of Fig. 1). At that time PSP was about 30° behind the instantaneous POS of
Metis and it took ~ 16.2 h to travel that longitudinal separation, thus reaching the Metis POS on January 18, 2021
at 08 : 44 UT (¢2 in the cartoon of Fig. 1). This occurred when PSP was approaching perihelion at 0.1 au from the
Sun and at a latitude of 3.8° below the ecliptic plane (i.e. 93.8° counterclockwise from the North pole). As shown
below (based on the expansion velocity inferred from Metis observations), the plasma observed (at o) with Metis at
a distance of 3.5 — 6.3 R took 16.3 £ 1.1 h to travel the distance from PSP thus encountering it on its way outward.
The corresponding SO and PSP locations are shown along their orbits in the XZ and XY planes of the HelioGraphic
Inertial coordinate frame (HGI) of Fig. 1(a) and (b), respectively.

A time interval of about 2.5 hours centered on to, comparable to the coronal plasma transit time through the Metis
FOV (according to the speed of the outflowing plasma shown below) and resulting in a slight off-quadrature of +£2°
longitude relative to the Metis POS, is thus identified in PSP data as corresponding to the same plasma volume
observed remotely with Metis 16.3 h earlier. Some relevant parameters during this time period are displayed between
the vertical dotted lines in Fig. 2, which overall spans a time interval of 3.5 days. Specifically, magnetic field and
plasma measurements were acquired with the fluxgate magnetometer of the FIELDS suite (Bale et al. 2016) and with
the SPAN-Ai top-hat electrostatic analyzer of the Solar Wind Electrons Alphas & Protons suite (SWEAP, Kasper
et al. 2016), respectively, and then merged at 1-minute resolution. As described by Woodham et al. (2021), the core
proton velocity distributions have been fitted to a bi-Maxwellian function to obtain plasma moments (i.e. proton
density, velocity and temperature).

The solar wind radial speed Vi and the Alfvén speed V4 are displayed in Fig. 2(a), showing that the plasma flow,
despite being slow, is largely super-Alfvénic. Several spikes indicate bursts of accelerated wind. The magnetic field
B, in the inertial Radial Tangential Normal (RTN) frame, and its angles with the radial (fgp) and solar wind (fy )
directions are shown in Fig. 2(b) and (c), respectively. While the large-scale time profile of the magnetic field radial
component is attributed to the expected 1/7? scaling, with 7 the radial distance displayed in Fig. 2(h), two sharp
magnetic field ~ 180° rotations clearly indicate crossings of the Heliospheric Current Sheet (HCS), so that during
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Figure 2. PSP solar wind parameters over the 3.5-day window centered on the ~ 2.5 h long selected time interval (delimited
by vertical dotted lines) around t¢: solar wind radial speed Vi and Alfvén speed V4 (a), magnetic field vector B (b), angles
Orp and 6y p of B with the radial and velocity directions (c), proton number density n, (d), temperature T}, (e), temperature
anisotropy T ,/T},, (f), and parallel plasma beta 3 (g), and radial distance r (h). The average values reported within each
panel refer to the identified period.

the interval under study the magnetic field is directed sunward. Several sharp rotations are present, coinciding with
wind accelerations, although these do not reverse the field direction. In particular, there are no switchbacks (Bale
et al. 2019) during the selected interval. The very small difference between Orp and 0y p indicates that the solar
wind velocity is nearly radial, thus supporting the assumption of a radially expanding coronal plasma underlying
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the ballistic assumption used in this work. Finally, Figs 2(d) — (g) show the proton density n,, temperature T,
temperature anisotropy 7' ,/7T) ,, and parallel plasma beta () = vfh,H/Vj (vgn,|| is the proton parallel thermal speed,
where the suffix p has been dropped for simplicity), all of which are relatively smooth during the selected interval
(between the vertical dotted lines).

The temperature anisotropy 7' /7], = 1.72 observed at PSP suggests a preferential plasma heating perpendicular
to the magnetic field (presumably through dissipation of low-frequency magnetohydrodynamic turbulence, see Zank
et al. 2021, for a comprehensive review of theoretical turbulence models and their convergence with PSP and SO
observations). At the observed parallel plasma beta ) = 0.66 (i.e. the plasma is magnetically dominated), such an
anisotropy is above the theoretical threshold for proton cyclotron instability (see e.g. Hellinger et al. 2006; Telloni et
al. 2019), which is therefore at work generating ion-cyclotron waves, as confirmed by windowed Fourier transforms of
PSP magnetometer data in the 3 — 8 Hz range (not shown).

The plasma stream detected with PSP originated from the equatorial region of the East limb solar corona imaged by
Metis! on January 17, 2021 at 16 : 30 UT simultaneously in polarized brightness (pB) and in H I Ly« ultraviolet (UV)
light (Fig. 3(a) and (d), respectively). This displays a typical solar minimum configuration with enhanced emission in
the equatorial plane.

Two structures can be identified within the region of enhanced emission in both pB and UV. They are better
distinguished by applying a Normalizing-Radial-Graded Filter (NRGF, Morgan et al. 2006) to both images in an
angle sector (delimitated by dashed lines) £30° wide centered on the equator (Fig. 3(b) and (e), respectively). The
double equatorial structure is easily interpreted in light of the Wilcox Solar Observatory synoptic charts of the coronal
magnetic field at the source surface?. In the Metis POS the coronal current sheet was intersecting the equator.
However, at about +30° in longitude from it were two small sheet warps, with maximum latitude extension to about
+10°, that might explain the double equatorial structure around the equator. This interpretation is also supported by
the double HCS crossing experienced by PSP during its approach to the Sun (approximately on January 17, 2021 at
13:30 UT and on January 19, 2021 at 21 : 00 UT, see Fig. 2(c)).

The solar wind plasma crossing PSP came from the coronal sector +2.5° wide centered at 93.8°, which is the latitude
reached by PSP on the POS of Metis during the observation time (Fig. 1(a)). This sector is delimited by dotted lines
in Fig. 3(a), (b), (d), and (e). Black dots in Fig. 3(c) and (f) refer to pB and UV data in the selected coronal region,
while green triangles denote the averaged values in steps of 0.1 Ry, from 3.5 to 6.3 Rg. The pB and UV radial profiles
are then used to infer the electron density n. and the radial outflow velocity Vg of the coronal plasma which is later
impinging on the PSP in-situ instruments.

Specifically, the electron density is derived by applying the inversion technique developed by van de Hulst (1950)
and based on fitting pB data with a polynomial function (red line in Fig. 3(c)). These values are reported in Fig. 4(a)
(black diamonds) along with a polynomial fit (red line) extrapolated to the PSP location: the very good agreement
with the PSP measurement (green diamond: n. psp = np psp/0.95, assuming a fully ionized plasma with 2.5% helium,
according to Moses et al. 2020) corroborates the fact that the same element of plasma is indeed followed from the
coronal region, where it is undergoing acceleration during its outward propagation, to the PSP position in the very
inner heliosphere. The radial component of the coronal wind velocity on the POS is obtained by the Doppler dimming
technique applied to a 3D solar coronal modeled on the basis of the so-inferred electron density and the measured UV
H I Ly« intensity (the reader is referred to Antonucci et al. 2020b; Romoli et al. 2021, for an exhaustive review on
how to infer outflow velocities from UV radiative lines observed in the expanding corona and for the Metis first light
observations of the coronal solar wind, respectively), under the following assumptions: (i) a hydrogen temperature
T, = 1.6 x 10° K (Antonucci et al. 2005); (i) a helium abundance of 2.5% (Moses et al. 2020); (iii) a temperature
anisotropy 71 ,,/Tj, = 1.72 as constrained by PSP observations; (iv) the electron temperature derived by Gibson et
al. (1999); (v) the chromospheric H I Ly« profile given by Auchere (2005), scaled to the irradiance on January 17,
2021 (5.42 x 10'® photons cm? s~1 sr—1), as provided by the LASP Interactive Solar Irradiance Data Center®. The
resulting coronal Vg values are displayed as black diamonds in Fig. 4(c), where they are compared with the Parker
outflow solution for an isothermal solar corona with T'= 1.2 x 10¢ K (Parker 1958, blue solid line).

The coronal solar wind velocity undergoes a rapid increase with heliocentric distance, from ~ 80 to ~ 150 km s~ !,

in the range from 3.5 to 4.5 Rs. Above this height, the acceleration slows down and a velocity of ~ 180 km s~ is

I The images were processed and calibrated according to the procedures adopted in Romoli et al. (2021).
2 http://wso.stanford.edu/synoptic/ WSO-S.2240.gif
3 https://lasp.corolaro.edu/lisird /data/composite_lyman_alpha,/
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Figure 3. Metis images of the pB (a) and UV H I Ly« (b) emission of the solar corona observed on January 17, 2021 at 16 : 30
UT (to) within the 3.5 — 6.3 Ro FOV. Data corresponding to the 93.8 £+ 2.5° coronal sector in the PSP direction (delimited by
dotted lines) are shown as black dots in panels (c¢) and (f) for pB and UV, respectively, where green triangles denote averaged
values along the radial profile (corresponding standard deviation error bars are smaller than symbols size). A van de Hulst
(1950) fit (red line), used to infer electron density, is applied to pB averages in panel (¢). NRGF-processed pB and UV images
in the angle sector ranging from 60° to 120° (indicated by dashed lines) are displayed in panels (b) and (e), respectively, to
enhance coronal structures near the region under study.

reached at 6.3 Rg. Some residual acceleration persists up to the PSP location, where a solar wind speed of 247 km s~1

is measured locally (green diamond). Despite the overall good agreement with the purely hydrodynamic Parker model,
in order to estimate as accurately as possible the transit time of the plasma volume from the Metis FOV (r; = 3.5 Rg)
to the PSP location (r = 0.1 au = 21.4 Rg), Metis and PSP results were fitted to a parametric curve (solid red line:
sum of a log-normal distribution and logarithmic quadratic function), which has no interpretative ambition, but aims
only at defining an analytical profile. The transit time results in ¢ = . [ V(r)dr = 16.3+ 1.1 h, thus confirming,
as mentioned above, that PSP was measuring the same plasma observed with Metis during its propagation across the
coronal region.

The simultaneous Metis and PSP observation of the same solar wind plasma is a noticeable step forward allowing the
estimation of the coronal magnetic field beyond a few solar radii (not directly measurable in corona nowadays). This
is achieved by applying the conservation of mass and magnetic flux (assuming flux-freezing) to Metis measurements
of density and velocity (black diamonds in Fig. 4(a) and (c)) and using the plasma and magnetic field data obtained
at PSP, according to e.g. Wang (1995). The so-extrapolated coronal magnetic field along the plasma flow Bg, in the
equatorial region close to the coronal current sheet, is displayed in Fig. 4(b) (black triangles): it varies from ~ 10* to
~ 2 x 10% nT from 3.5 to 6.3 Ry. These values are somewhat lower than those previously reported in the literature
(Dulk & McLean 1978; Pétzold et al. 1987; Vrsnak et al. 2004; Gopalswamy & Yashiro 2011; Poomvises et al. 2012;
Mancuso & Garzelli 2013, shown in Fig. 4(b) with different colors and line styles) based solely on remote sensing
observations (and thus suffering from LOS integration effects) and/or in-situ measurements very far from the Sun
(thus not allowing a clear connection to the coronal source regions). In the present case, however, the accuracy of the
values inferred for the coronal magnetic field is much higher due to the proximity of PSP, whose local measurements
of the same plasma observed with Metis act as a constraint for extrapolations into the extended corona. Similarly,
but considering n. and Vg fits, an empirical function for Br (red line) can be extrapolated using the aforementioned
conservation laws and PSP data.
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Figure 4. Radial evolution of electron density n. (a), radial component of the magnetic field Br (b), radial coronal outflow
Vr and Alfvén speed V4 (c), and bulk kinetic energy flux density of the solar wind F,, (d), at coronal (black signs) and PSP
(green sign, pointed by an arrow) heights. Diamonds denote direct Metis/PSP observations, while triangles mark extrapolated
values based on conservation laws and PSP data as described in the text. Red solid or dashed curves denote corresponding fit
and/or extrapolated empirical functions. The vertical dashed line and the blue solid curve in (c) indicate the inferred Alfvén
radius 74 = 8.7 £ 1.2 Rp (compared with the result by Verscharen et al. 2021, black full circle) and the Parker model for an
isothermal corona with 7" = 1.2 x 10° K, respectively. As shown in the legend, empirical profiles previously reported in the
literature are shown in (b) and (d) for comparison. Uncertainties of the derived quantities are drawn as error bars.

Given the estimate of the coronal magnetic field, it is then also possible to extrapolate the Alfvén speed V4 and, in
turn, the Alfvén radius r4 along the coronal current sheet, as done for Br. Similarly, the solar-wind bulk kinetic energy
flux density F, can be obtained considering the conservation of total energy along the stream line (see e.g. Wang 1995,
for details). The corresponding empirical trends are also deduced. The extrapolated values for V4 and F,, are shown
as black triangles in Fig. 4(c) and (d), respectively. Specifically, F, varies from ~ 2 x 103 to ~ 4 x 10? erg cm ™2
s~! from 3.5 to 6.3 R and is in fair agreement with the empirical profile deduced by Verscharen et al. (2021) on the
basis of a two-fluid magnetohydrodynamics framework and Ulysses observations, when neglecting enthalpy, magnetic
stresses, and non-radial components of the solar-wind flow velocity (blue solid line in Fig. 4(d)). Additionally, taking
advantage of the V4 empirical function (red dashed curve in Fig. 4(c), deduced in the same way as that relative to
Bg), the Alfvén radius r4 can be estimated to be 8.7 + 1.2 Ry (in agreement, within uncertainties, with the value
of 9.5+ 0.2 Ry found by Verscharen et al. 2021). This result is extremely interesting since, during the upcoming SO
— PSP quadrature on June 1, 2022, PSP will skim the Metis FOV that will extend from 5.6 to 11.9 R, thus likely
allowing for the very first time the study of the transition of the coronal plasma from a sub-Alfvénic to a super-Alfvénic
regime. Interestingly, the initial increase of Bg (and, in turn, V4 and F,,) up to about 3.8 Ry might depend on residual
convergence of the magnetic field lines along the coronal current sheet before starting diverging (see discussion in e.g.
Schatten et al. 1969; Pinto & Rouillard 2017).

It is worth reminding that the above estimates have been inferred assuming a helium abundance of 2.5% (Moses et
al. 2020). This value can be considered a lower limit (in fact, it refers to a particularly weak solar minimum). For the
sake of completeness, it is therefore of interest to report how much the estimates of outflow velocity, magnetic field,
kinetic energy flux, and Alfvén point vary assuming an upper limit of helium abundance of, say, 10%. The velocity
and kinetic energy flux would be reduced on average by 5.7%, while the average reduction in the magnetic field and
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Alfvén speed would be 17.6% and 11.8%, respectively. Finally, the Alfvén radius would approach the Sun by 0.5 R,
i.e. it would be 8.2 Rg.

This is the first time that crucial quantities such as the radial magnetic field in the outer corona, the Alfvén radius,
and the bulk kinetic energy flux density of the solar wind have been extrapolated in the wind acceleration region with
such an accuracy due to the opportunity offered by the first SO — PSP quadrature. Moreover, it is worth noting that,
as PSP approaches the solar corona more and more closely and finally enters it (crossing the Alfvén surface), the
accuracy in deriving such quantities will further improve, providing a powerful tool to characterize, thanks to Metis
observations, the corona in its expansion.
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