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ABSTRACT

As a key feature, NASA’s Parker Solar Probe (PSP) and ESA-NASA’s Solar Orbiter (SO) missions cooperate to trace solar wind
and transients from their sources on the Sun to the inner interplanetary space. The goal of this work is to accurately reconstruct
the interplanetary Parker spiral and the connection between coronal features observed remotely by the Metis coronagraph on-board
SO and those detected in situ by PSP at the time of the first PSP-SO quadrature of January 2021. We use the Reverse In-situ and
MHD Approach (RIMAP), a hybrid analytical-numerical method performing data-driven reconstructions of the Parker spiral. RIMAP
solves the MHD equations on the equatorial plane with the PLUTO code, using the measurements collected by PSP between 0.1
and 0.2 AU as boundary conditions. Our reconstruction connects density and wind speed measurements provided by Metis (3-6 solar
radii) to those acquired by PSP (21.5 solar radii) along a single streamline. The capability of our MHD model to connect the inner
corona observed by Metis and the super Alfvénic wind measured by PSP, not only confirms the research pathways provided by
multi-spacecraft observations, but also the validity and accuracy of RIMAP reconstructions as a possible test bench to verify models
of transient phenomena propagating across the heliosphere, such as coronal mass ejections, solar energetic particles and solar wind
switchbacks.

1. Introduction

The number of spacecraft dedicated to the study of the solar at-
mosphere, the heliosphere and space weather have significantly
increased in the last few years. They shed light on open ques-
tions related to the emergence of the solar magnetic field, the
generation of the solar wind, and the acceleration of energy par-
ticles. NASA’s Parker Solar Probe (PSP; Fox et al. 2016) and
ESA-NASA’s Solar Orbiter (Müller et al. 2020) play a pivotal
role in this. The former is the very first spacecraft to probe the
solar corona with in situ measurements. The latter is the closest-
to-the-Sun spacecraft to provide both in situ and remote sensing
measurements of the Sun, with the aim to accurately describe
the magnetic connectivity between the solar wind plasma and its
source regions at the Sun. A key feature of both missions is their
cooperation, which allows the tracking of solar wind and related

transients from their sources on the Sun to the inner interplane-
tary space (Velli et al. 2020).

Observations of the same solar wind plasma parcel at two
different heliocentric distances were first attempted from an
alignment between the two Helios probes (Schwartz & Marsch
1983). Successive alignments in the inner and outer heliosphere
were exploited to study the evolution of solar wind turbulence
(e.g. D’Amicis et al. 2010; Bruno et al. 2014) and interplane-
tary coronal mass ejections (Telloni et al. 2020). In particular,
the first PSP-Solar Orbiter lineup was recently investigated by
Telloni et al. (2021).

Additionally, combinations of remote sensing observations
of the solar wind near the Sun and in situ measurements far from
the Sun were first attempted during the so-called SOHO-Ulysses
quadratures (Suess et al. 2000; Suess & Poletto 2001; Poletto
et al. 2002). The UltraViolet Coronagraph Spectrometer (UVCS)
allowed us to compare not only the different wind stream veloc-

Article number, page 1 of 5

ar
X

iv
:2

21
1.

12
99

4v
1 

 [
as

tr
o-

ph
.S

R
] 

 2
3 

N
ov

 2
02

2

songyongliang


songyongliang


songyongliang

songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang




A&A proofs: manuscript no. 44535corr

ities, but also the elemental abundances and the so-called First
Ionization Potential (FIP) effect (Bemporad et al. 2003). From
these quadratures we could also study for the first time the same
plasma observed during and after solar eruptions with remote
sensing and in situ data (Suess et al. 2004; Poletto et al. 2004;
Bemporad et al. 2006; Owens 2008). Later on, with the Solar
TErrestrial RElations Observatory (STEREO) mission, combi-
nations of remote sensing and in situ data analysis focused on
transient events (Möstl et al. 2009; Kilpua et al. 2009; Innes et al.
2010). Attempts to identify the solar wind sources on the Sun
based on abundance measurements were also carried out with the
Extreme-ultraviolet Imaging Spectrometer (EIS) on board Hin-
ode (Brooks & Warren 2011; Brooks et al. 2015).

All these previous works made various assumptions to re-
construct the path followed by the solar plasma propagating
from the inner corona to the interplanetary medium. The goal
of the present work is to accurately reconstruct the Parker spi-
ral and to connect the coronal features observed remotely by the
Metis coronagraph (Antonucci et al. 2020) on board Solar Or-
biter with those detected in situ by PSP, at the time of the first
PSP-Solar Orbiter quadrature which occurred on January 2021
(Telloni et al. 2021), by using the Reverse In-situ and Magneto-
hydrodynamics APproach (RIMAP, Biondo et al. 2021a), a hy-
brid analytical-numerical method for reconstructing the Parker
spiral.

2. Data and model

The PSP measurements are used here as boundary conditions
for the RIMAP backward reconstruction. Specifically, the PSP
data refer to the time interval January 15-21, 2021, during so-
lar encounter #7. The magnetic field and plasma measurements
come from the fluxgate magnetometer of the Electromagnetic
Fields Investigation (FIELDS) suite (Bale et al. 2016) and the
Solar Probe Analyzers A for ions (SPAN-Ai), top-hat electro-
static analyser of the Solar Wind Electrons Alphas and Protons
suite (SWEAP; Kasper et al. 2016), respectively, and averaged
at 1 minute resolution.

Solar Orbiter reached perihelion on January 17, 2021 at
17:39:21 UT at a heliocentric distance equal to 0.583 AU. Close
to perihelion, when the spacecraft was at 188.9° longitude from
the Sun-Earth line and 91.2° colatitude (anti-clockwise from the
north pole), Metis obtained simultaneous images of the corona
in the visible light (VL) channel between 580 and 640 nm and
in the UV channel around the resonantly scattered HI Ly-α line
at 121.6 nm (Antonucci et al. 2020). One polarized-brightness
sequence of four polarimetric images and two UV images with
detector integration times of 30 and 60 s, respectively, were ac-
quired in the time interval from 16.30 to 17.00 UT. Figure 1
shows the VL polarized brightness and UV HI Ly-alpha coro-
nal images of the solar corona in an annular field of view be-
tween 3.5 and 6.3 solar radii. The reduction of the Metis data
follows the steps given in Romoli et al. (2021). As anticipated in
Antonucci et al. (2020), the final radiometric calibration was ver-
ified and updated by using calibration stars. The additional UV
channel correction steps, such as the correction of the spatial
response disuniformity, were performed according to Andretta
et al. (2021). RIMAP (Biondo et al. 2021a) is a technique for
reconstructing the Parker spiral on the equatorial plane, start-
ing from an analytically built inner boundary and propagating it
outwards by solving the time-dependent magnetohydrodynam-
ics (MHD) equations in a frame corotating with the solar equa-
tor. This approach was shown to reproduce the fine longitudinal
structure of the spiral and to accurately match the features mea-

sured at 1 AU. The RIMAP output can be used as background
for the propagation of space weather transients such as inter-
planetary coronal mass ejections (Biondo et al. 2021b). Here,
we used RIMAP to connect observed coronagraphic observation
from Metis to the in situ data from PSP. The model is constrained
by in situ measurements of plasma density, speed, and magnetic
field taken by PSP between 0.1 and 0.2 AU. RIMAP numeri-
cally solves the MHD equations with the PLUTO code (Mignone
et al. 2007, 2012), starting from the in situ parameters analyti-
cally back-mapped as inner boundary conditions. The simulation
reconstructs the Parker spiral from 5 to 60 solar radii, thus con-
necting the Metis field of view (3-6 solar radii) to the PSP orbit.

In our RIMAP framework, the computational grid extends
from 5 R� to 60 R� and from -30° to 172° in the longitudinal do-
main (in the heliocentric inertial coordinate frame), while the co-
latitude is restricted to a 2° band centred around 90°(around the
equatorial plane). The grid has 256, 8, and 1024 equal cells in the
radial, latitudinal and longitudinal direction, thus maintaining a
regular cell aspect since the extension in longitude is more than
π times larger than in radius. Although the Metis field of view
is not entirely within the computational domain, it is far enough
from the solar surface to exclude complex and transient struc-
tures, which would affect the reconstruction of a steady Parker
spiral. The domain largely includes the PSP orbit, which extends
to about 30 R� at most in our longitudinal range (see Fig. 2).
Using the Parker spiral equation, we connected each PSP data
point to a location in the RIMAP boundary at 5 R� through a
streamline. When streamlines cross one another, one is removed
(Biondo et al. 2021a) such that each location at the inner bound-
ary is connected to a unique PSP data point and its density is
computed from the continuity law along the selected streamline.
At the inner boundary, the only non-zero speed component is
the radial component, which is the one on the corresponding
PSP data point reduced by 12% to compensate for the simulated
acceleration along the streamlines outwards in the less dense
medium. The ϕ velocity is null in the steady regime. The plasma
temperature is rescaled as TPSP (RPSP/5R�)0.5, and the radial and
longitudinal magnetic field components are rescaled according
to the model by Weber & Davis (1967). The latitudinal com-
ponent of the magnetic field is instead set equal to zero. These
scaled plasma and magnetic field parameters are used as inner
steady boundary conditions to solve the time-dependent MHD
equations with the PLUTO code. These conditions progressively
build outwards a coherent Parker spiral, as in the RIMAP con-
cept, until a steady condition is reached throughout the compu-
tational domain.

3. Results

Figure 2 shows the RIMAP-reconstructed Parker spiral (maps of
density, velocity, and radial components of the magnetic field),
where we mark the PSP equatorial trajectory from which the
data were extracted (dashed black arrowed line), the longitude
for the Metis plane-of-sky (in the inset, at 99° from 3.5 to 6.3
R�), and the field line passing through the intersection between
the PSP trajectory and Metis longitude (solid red line). A close-
up of the Metis field of view is also shown in the lower left of
each map. As discussed in Biondo et al. (2021a), the RIMAP
technique allows us to reproduce the fine structures of the Parker
spiral down to a size of 0.2 R�, which is sufficient as each of
the streamlines extracted from the PSP data is individually dis-
cernible. Most of the streamlines in the computational domain
have low density (n(r/1 AU)2 ≤ 50 cm−3), with the ϕ < 90° por-
tion of the domain being emptier than the other one; exceptions
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include at -15°, the two close streamlines between 45° and 60°,
and the ones around 90° that almost reach 150 cm−3. The solar
wind speed is overall anti-correlated with the density according
to the continuity equation, with values close to the average speed
of 400 km/s. The lowest speed (≈100 km/s) is found in a stream-
line between 90° and 110°, while the highest (slightly less than
700 km/s) is found in the streamlines close to the initial longitu-
dinal boundary of the model, between -30° and -15°. The most
striking feature of the radial component of the magnetic field is
the inversion of direction at 50°, which is measured by PSP as it
crosses the heliospheric current sheet (HCS).

Relying on the RIMAP-modelled plasma and magnetic field
estimates, it is possible to assess for each streamline the Alfvén
point, that is, the location where the solar wind speed equals that
of the Alfvén waves. This is displayed as a function of the lon-
gitude in Fig. 2 and provides a very interesting piece of informa-
tion, marking where the wind becomes super-Alfvénic (i.e. the
outermost boundary of the solar corona).

In Fig.3 we scan the computational domain reproducing the
trajectory of PSP in this perihelion transit. We then compare rel-
evant solar wind measurements by PSP on this scan (black) to
the RIMAP results (red). We show, from top to bottom, the pro-
ton number density, the solar wind bulk speed, and the radial and
longitudinal magnetic field components in the radial tangential
normal (RTN) coordinate system taken along the PSP trajectory.

Remarkably, RIMAP reproduces the large-scale trends and
the main features of the solar wind plasma sampled by PSP, es-
pecially the crossing of the HCS. That is, the HCS-associated re-
versal of the background magnetic field, the null magnetic field
intensity, and enhancements of the bulk speed and plasma den-
sity are all satisfactorily modelled by RIMAP. The major dis-
agreements between PSP and RIMAP profiles in density and
magnetic field happen where the agreement between input and
output speed is worst, in particular in correspondence with the
longitude intervals of [-5°;15°], [30°;55°], and [85°;110°]. With
RIMAP, slower streams followed by high bulk speed gradients
are not well reproduced, since many of them are removed during
the back reconstruction in order to assure the physical consis-
tency of the model (see Biondo et al. 2021a). Nevertheless, the
proton density and the radial magnetic field show a good degree
of accuracy in the reproduction of the main features encountered
by PSP during the selected time interval, in particular during the
HCS crossing at 65°, 115°, and 140°. It is finally worth noting
that an equally good agreement between the model and obser-
vations cannot be obtained for the transverse components of the
magnetic field, since its 3D treatment is still beyond the scope
of our model, in which the reconstruction of B is based on the
classical, purely 2D description of Weber & Davis (1967) and
Barker & Marlborough (1982). At the same time, PSP measure-
ments show a transverse component of the magnetic field that is
generally significantly smaller than the radial component and it
fluctuates around Bϕ = 0. Our global Parker spiral reconstruc-
tion shows the same trend and thus it remains accurate even if
it cannot reproduce the small-scale transients of the transverse
magnetic field.

In order to test the likelihood of the Parker spiral recon-
structed by RIMAP from PSP data in the very inner heliosphere,
model results extrapolated to the extended corona (i.e. for dis-
tances larger than 5 R�) were compared with outflow velocity
and density estimates as inferred from Metis observations. On
January 17, 2021, at 16:30 UT, the Metis coronagraph aboard
Solar Orbiter (in quadrature with PSP at the east limb) indeed
observed the solar corona in the field of view from 3.5 to 6.3
R�. In particular, the Metis plane of the sky was at 99◦ longi-

Fig. 1. Metis coronal images of VL polarized brightness (top) and UV
HI Ly-alpha (bottom) in the solar corona acquired on January 17, 2021,
from 16:30 to 17:00 UT within the 3.5-6.3 R� field of view.

tude. The electron density was derived by inverting the polarized
brightness according to the technique developed by van de Hulst
(1950). The coronal outflow velocity, on the other hand, was in-
ferred from the intensity of hydrogen atoms, which is mainly,
to a very first approximation, a function of density and veloc-
ity. Therefore, relying on the electron density derived as above
(and making plausible assumptions about the hydrogen tempera-
ture, helium abundance, and temperature anisotropy; Dolei et al.
2016, 2018), a hydrogen intensity was synthesized as a func-
tion of only the expansion velocity of hydrogen atoms. From the
comparison with the intensity observed by Metis, the speed of
the outflowing plasma was then estimated. The interested reader
is referred to Sect. 11 of Antonucci et al. (2020) for more de-
tails on coronal diagnostic techniques and to Telloni et al. (2021,
2022) for a more detailed description of how the speed and den-
sity of the coronal flow were derived. Figure 4 shows that the
observed (black squares) and modelled (red curve) outflow ve-
locity and proton number density along the same streamline (a
helium abundance of 2.5 % is assumed to relate electron to pro-
ton densities; Moses et al. 2020) are in striking agreement with
each other, indicating that the RIMAP reconstruction is very re-
liable. On the other hand, the consistency of the model profiles
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Fig. 2. Equatorial maps of plasma density, radial speed and magnetic field as simulated by RIMAP, starting from the PSP data collected from
January 15 to 21, 2021. The dashed black line is the PSP trajectory (projected on the equatorial plane), and the black segment from 3.5 to 6.3
R� is drawn at the Metis’ plane-of-the-sky latitude on January 17. The solid red line is the field line connecting PSP measurements and Metis
observations. The white line (black in the third panel) represents the Alfvén point for each streamline.
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Fig. 3. Comparison between PSP-measured (black) and RIMAP-modelled (red) solar wind parameters from January 15-21, 2021. From top
to bottom, the panels display the proton number density, the solar wind speed, the radial, and the tangential components of the interplanetary
magnetic field (RTN).

with the data corroborates the calibration and reliability of Metis
data processing.

After the steep radial trend of Metis observations close to the
Sun, proton density begins to decline as r−2, reaching approxi-
mately 3·103 cm−3 at 21.4 R�, above the PSP measurement. In
the bottom panel of Fig. 4, the plasma wind along the selected
streamline starts with the sharp Parker-like acceleration close to
the solar surface before attaining a constant speed of nearly 250
km/s, very close to the measured PSP one at 21.4 R�.

4. Conclusions

Multi-spacecraft observations constitute a fundamental tool for
fully understanding of solar phenomena and their dynamic evo-
lution (Velli et al. 2020; Hadid et al. 2021). Among the possi-
ble configurations that can be assumed by two or more space-
craft, the quadratures provide a probe for remotely observing the

coronal plasma that later impinges upon the other(s): this gives
the opportunity to reconstruct the magnetic connectivity of the
plasma observed in situ with its source near the Sun.

Through the Solar Orbiter-PSP quadrature of January 2021,
Telloni et al. (2021) followed for the first time the same plasma
parcel of the solar wind from the sub-Alfvénic solar corona ob-
served by the Metis instrument aboard Solar Orbiter to just above
the Alfvén radius, where it was measured by PSP, and studied
its magnetic connection relying on an empirical model. A first
theoretical modelling of the joint PSP-Metis/Solar Orbiter ob-
servation is presented in Adhikari et al. (2022), where the nearly
incompressible MHD theory (Zank et al. 2017) is considered to
successfully describe the slow solar wind flowing from the ex-
tended corona to the very inner heliosphere. In this work, in-
stead, we used the detailed hybrid analytical-numerical MHD
model RIMAP to reconstruct the Parker spiral, binding it to PSP
data collected from January 15-21, 2021. Then, we extracted the
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Fig. 4. Comparison between observed (squares) and RIMAP-modelled
(red line) proton number density (top panel) and outflow velocity (bot-
tom panel) along the same streamline, from 3 to 25 R�. Black and red
squares refer to Metis and PSP estimates, respectively.

streamline passing through the intersection of the PSP trajec-
tory with the longitude of the Metis plane of the sky on January
17. In this way, the plasma properties detected in the lower so-
lar corona by PSP are magnetically connected to those observed
by Metis immediately above the solar surface via a detailed and
data-driven MHD simulation.

This work required improving the model over its previous it-
erations (Biondo et al. 2021a). RIMAP can now ingest input data
from spacecraft with pronounced-eccentricity orbits (i.e. non-
constant heliocentric distances and irregular dϕ). In addition, im-
provements have been made in the construction of the internal
boundary, which now takes the acceleration experienced by the
solar wind during the expansion of the streamlines into account,
conveniently reducing the speed in the back-mapping phase.

The satisfactory agreement between Metis remote-sensing
observations and PSP in situ measurements confirms not only
the validity of RIMAP Parker spiral reconstructions, but also the
possibilities offered by multi-spacecraft observations when in-
vestigating heliospheric physics through the refinement of MHD
simulations at unprecedented levels of detail. This accuracy will
likely improve as PSP and Solar Orbiter approach distances
closer to the Sun, especially when the former enters the solar
corona.

Further applications of RIMAP will include the PSP-Solar
Orbiter quadrature of June 2022, during which PSP was just
0.4 R� out of the Metis field of view and, likely, in the sub-
Alfvénic regime. Our model could then be used to reconstruct
remote-sensing and in situ measurements of the solar corona.
More generally, accurate reconstructions of the internal Parker
spiral bound with PSP data could provide an adequate test bench
for the study and modelling of the propagation of transient
phenomena and MHD fluctuations, such as turbulence and
switchbacks.

Solar Orbiter is a space mission with an international collab-
oration between ESA and NASA, operated by ESA. Metis was
built and operated with funding from the Italian Space Agency,
under contracts to the National Institute of Astrophysics (INAF)
and industrial partners. Metis was built with hardware contribu-
tions from Germany (Bundesministerium für Wirtschaft und En-
ergie through DLR), the Czech Republic (PRODEX) ,and ESA.
PSP data were downloaded from the NASA’s Space Physics Data
Facility (https:// spdf.gsfc.nasa.gov).
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