
Abstract. Studies in solar physics were in the sphere of the scien-
tific interests of S.I. Syrovatskii covering a wide range of prob-
lems, and the goal of these studies was to obtain a unified picture of
physical processes on the Sun. Observations from spacecraft
provide more and more detailed information about the phenom-
ena and processes occurring on the Sun, stimulating the construc-
tion of physical models and giving a deeper understanding of how
theSun is structured and how itworks.An overview of space-based
and extra-atmospheric studies of the Sun is given, covering all
layers of the solar atmosphere from the convective zone and the
photosphere to the solar corona and solar wind.
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1. Introduction

Within the wide range of scientific interests of S.I. Syrovatskii
in the field of space physics and plasma physics, the last years
of his life were devoted to research in solar physics. Based on
the theory of current sheets in highly conductive plasmawith a
strong magnetic field [1] developed by him, he proposed a
mechanism for converting magnetic field energy into plasma
heating and radiation, which received both experimental
(laboratory) [2, 3] and observational confirmation using
solar flares as an example (see below). S.I. Syrovatskii
supervised studies of the formation and evolution of current
sheets (see [1] and references therein), the nature of solar flares
[4, 5], oscillatory convection in a strong magnetic field [6], the
secondary effects of solar flares [7, 8], the problem of particle

acceleration [4], the solar dynamo [9, 10], magnetic fields on
the Sun [11, 12], the possibility of detecting current sheets in
the solar atmosphere [13, 14], etc. The Sun, as a natural
plasma laboratory, the closest of all astrophysical objects, is
studied in most detail using ground-based and space observa-
tions, and in recent decades the most significant achievements
in the study of the Sun have been achieved using space-based
research. The `golden age' of solar physics in space [15, 16],
whichwasmarked by the launch of a series of innovative space
missions (Yohkoh, SOHO, etc.) in the 1990s, continues, since,
along with existing solar space missions (SOHO, Hinode,
STEREO, SDO, IRIS, etc.), new ones have been launched
(Parker Solar Probe, Solar Orbiter, CHASE, ASO-S,
Aditya-LL, Proba-3, etc.), designed to provide researchers
with the best up-to-date data for solving such urgent problems
of solar physics as the mechanisms of heating the solar corona
and acceleration of the solar wind, the fine and ultrafine
structure and dynamics of the solar atmosphere, trigger
mechanisms of the most powerful manifestations of solar
activity, flares and coronal mass ejections, the acceleration of
particles and their propagation in the corona and heliosphere,
the structure and dynamics of magnetic fields in the polar
regions of the Sun, the dynamomechanismand the solar cycle,
and the properties of plasma turbulence.

2. Concept of space-based research on the Sun

The modern concept of space-based research on the Sun
includes observations of the Sun from close distances, from
out-of-ecliptic positions, from favorable heliopositions
(Lagrange points L1, L5, etc.), from near-earth orbits with
high spatial resolution, as well as from extra-atmospheric
rockets and stratospheric balloons (Fig. 1).

The Table shows completed and active solar spacemissions
of various space agencies. Among the implemented extra-
atmospheric rocket observations of the Sun, we can mention
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the NASA (National Aeronautics and Space Administration,
USA) experiments EUNIS (Extreme Ultraviolet Normal
Incidence Spectrograph) (launched in 2006, 2007, 2013), Hi-C
(High resolution Coronal imager) (launched in 2012), and
VAULT (Very high Angular resolution ULtraviolet Tele-
scope) (launched in 2014), and the NASA balloon experiment
together with Spain and Germany, SunRise IMAX (Imaging
Magnetograph eXperiment) (launched in 2014).

Observations and local measurements near the Sun allow
us to relate phenomena in the solar atmosphere with those in
the corona and solar wind. Small-scale structures in the solar
corona, pulled by the solar wind from their sources on the
solar surface, move away from the Sun at different speeds,
they collide and merge, and turbulence arises, which leads to
mixing of disturbances and structures coming from the Sun
and to their disappearance and loss of information about
their origin on the Sun [17]. The Parker Solar Probe and Solar
Orbiter spacecraft, moving along heliocentric orbits, are
periodically at distances from the Sun where measurements
of unblurred small-scale structures of the solar wind directly
related to its sources on the surface of the Sun are possible.
Observations with high spatial resolution near the Sun make
it possible to study the fine structure and dynamics of the
solar photosphere and transition region as a basis for
understanding the heating mechanism of the solar corona,
the origin of the solar wind, and trigger mechanisms of solar
flares and mass ejections, and to observe weak energy-release
events (micro- and nano-flares) that are not visible from
Earth. The heliocentricity of orbits during the approach of
spacecraft to the Sun, as well as observations from spacecraft
outside the Sun±Earth line (STEREOproject),make it possible
to periodically observe the side of the Sun that is not visible
fromEarth, which makes it possible tomonitor activity on this
side and is important for early prediction of space weather.
Continuous observations of the Sun at the L1 Lagrange point
(SOHO, Aditya-L1 projects) make it possible to obtain
operational information on the state of the Sun's activity,
such as active regions, flares, and mass ejections, which is used
to study and monitor space weather, including the study and
prediction of extreme events in the Sun±Earth system.

Out-of-ecliptic observations of the Sun (Solar Orbiter
project) and local measurements in the corona and helio-
sphere are aimed at studying polar magnetic fields and
phenomena, which will provide a better understanding of

Out-of-ecliptic observations

Measurements near the Sun.
Corotation

Observations outside
SunëEarth line,
Three-dimensional images
of the Sun

Near-Earth observations
with ultra-high resolution

Strategy of solar space missions

Figure 1. Illustration of strategy of solar space missions.

Table. Solar space projects. Launch year and years of operation of
completed missions are indicated in parentheses.

Completed ULYSSES (1990ë2009) (NASA)
Yohkoh (1991ë2001) (JAXA/ISAS)

CORONAS-I (1994ë2001) (Roskosmos)
TRACE (1998ë2010) (NASA)

CORONAS-F (2001ë2005) (Roskosmos)
RHESSI (2002ë2018) (NASA)

CORONAS-FOTON (2009) (Roskosmos)

Active Voyager-1, 2 (1977) (NASA)
Wind (1994) (NASA)

SOHO (1996) (ESA, NASA)
ACE (1997) (NASA)

Hinode (2006) (JAXA, NASA)
STEREO-A, B (2006) (NASA)

IBEX (2008) (NASA)
SDO (2010) (NASA)
IRIS (2013) (NASA)

DSCOVR (2015) (NASA)
Parker Solar Probe (2018) (NASA)
Solar Orbiter (2020) (ESA, NASA)
CHASE (Xihe-1) (2021) (NJU et al.)

ASO-S (2022) (CAS)
Aditya-L1 (2023) (ISRO)
Proba-3 (2024) (ESA)

Abbreviations and websites of the projects:

ULYSSES (https://science.nasa.gov/mission/ulysses/)

Yohkoh (https://www.isas.jaxa.jp/en/missions/spacecraft/past/

yohkoh.html, https://science.nasa.gov/mission/yohkoh/)

TRACEÐTransition Region And Coronal Explorer (https://

science.nasa.gov/mission/trace/)

CORONASÐCoronal Orbital Near-Earth Observations of the Sun

(http://coronas.izmiran.ru/)

Voyager-1, 2 (https://science.nasa.gov/mission/voyager/)

Wind (https://wind.nasa.gov/)

SOHOÐSOlar and Heliospheric Observatory (https://www.esa.int/

Science_Exploration/Space_Science/SOHO)

ACEÐAdvanced Composition Explorer (https://science.nasa.gov/

mission/ace/)

RHESSIÐReuven Ramaty High Energy Solar Spectroscopic Imager

(https://science.nasa.gov/mission/rhessi/)

STEREOÐSolar TErrestrial RElations Observatory (https://

stereo.gsfc.nasa.gov/)

IBEXÐInterstellar Boundary Explorer (https://science.nasa.gov/

mission/ibex/)

SDOÐSolar Dynamic Observatory (https://sdo.gsfc.nasa.gov/)

IRISÐThe Interface Region Imaging Spectrograph (https://

iris.gsfc.nasa.gov/)

DSCOVRÐDeep Space Climate Observatory (https://

science.nasa.gov/mission/dscovr/)

Parker Solar Probe (PSP) (https://science.nasa.gov/mission/parker-

solar-probe/)

Solar Orbiter (SolO) (https://www.esa.int/Science_Exploration/

Space_Science/Solar_Orbiter)

CHASEÐChinese Ha Solar Explorer (https://ssdc.nju.edu.cn/home)

ASO-SÐAdvanced Space-based Solar Observatory (http://aso-

s.pmo.ac.cn/en_index.jsp)

ESAÐEuropean Space Agency (https://www.esa.int/)

NASAÐNational Aeronautics and Space Administration (https://

www.nasa.gov/)

JAXAÐJapan Aerospace Exploration Agency (https://glo-

bal.jaxa.jp/)

ISASÐInstitute of Space and Astronautical Science (https://

www.isas.jaxa.jp/en/)

CASÐChinese Academy of Science (https://english.cas.cn/)

NJUÐNanjing University

ISROÐIndian Space Research Organization (https://

www.isro.gov.in/)

Aditya-L1 (https://www.isro.gov.in/Aditya_L1.html)

Proba-3 (https://www.esa.int/Enabling_Support/

Space_Engineering_Technology/Proba_Missions/Proba-3_Mission3)
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the process of field reversal in the solar cycle and the solar
dynamo, the origin of the fast solar wind, coronal holes, and
polar mass ejections. Observations of the ecliptic corona and
streamer belt, as well as the heliolongitudinal extent of
coronal mass ejections, will also become possible.

Observations from the Earth orbit (Hinode, SDO, IRIS,
ASO-S, Proba-3 projects, rocket and balloon experiments)
are possible with super-high spatial resolution and with the
transmission of a large volume of information to Earth, which
makes it possible to study rapidly dynamic phenomena in the
solar atmosphere (SDO project).

Observations from heliocentric orbits in the ecliptic plane
outside the Sun±Earth line from two STEREO spacecraft
make it possible to monitor disturbances coming from the
Sun in the direction of Earth, determine their shape and
extent, and see the state of activity in areas of the solar disk
invisible from Earth, thus providing key information for
studying and forecasting space weather.

A review of some previously obtained results of space
studies of the Sun can be found in Refs [18±23].

Several new solar space projects have been launched recently
(see Table). We provide brief information about some of them.

In the Parker Solar Probe project [24], the spacecraft, due
to multiple gravitational maneuvers near Venus, approached
the Sun to a record-breaking distance of 9.5 solar radii,
conducting local measurements of the corona and solar
wind, as well as observing the corona from the inside using
an optical camera. A complex of scientific equipment
consisting of devices for local measurements of electric and
magnetic fields, energetic particles (He-3, He-4, etc.), elec-
trons, alpha particles, and protons in the solar wind, as well as
a wide-angle camera, is intended to study the structure and
dynamics of magnetic fields in sources of fast and slow solar
wind, identify energy flows that heat the corona and
accelerate the solar wind, determine the mechanisms of
acceleration and transport of energetic particles, and study
dusty plasma in near-solar space and determine its influence
on the generation of solar wind and energetic particles.

In the Solar Orbiter project [25], the spacecraft, through
multiple maneuvers near Venus, approached the Sun to a
distance of 60 solar radii, after which the spacecraft will
gradually tilt its orbit to 24�±33� relative to the ecliptic plane.
The scientific equipment complex (SEC) of the project consists
of ten instruments, six of which are constantly directed at the
Sun (polarimetric and helioseismic telescope, hard ultraviolet
telescope, X-ray spectrometer/telescope, instrument for spec-
tral imaging of the coronal environment, coronagraph, helio-
spheric telescope), and four instruments (solar wind plasma
analyzer, energetic particle detector, magnetometer, radio and
plasma wave analyzer) conduct local measurements of the
environment around the spacecraft, making it possible to solve
a wide range of problems from the inner layers of the Sun to
the corona and solar wind, such as the action of the dynamo
and modulation of the solar cycle, the relationship of the Sun
with the heliosphere, heating of the corona, the formation and
acceleration of the solar wind, and the generation of energetic
particles and their propagation in the heliosphere.

In the CHASE (Xihe-1) project [26], using theHa Imaging
Spectrograph (HIS) with high spatial resolution (1.2 00),
spectral resolution (0.024 A

�
), and speed (tens of seconds),

for the first time, full-disk spectroscopic images of the Sun in
the Ha range (spectral lines SiI (6560.6 A

�
), Ha (6562.8 A

�
) and

FeI (6569.2 A
�
)) have been obtained, equivalent to `computer

tomography' of the lower layers of the Sun's atmosphereÐ

the photosphere and chromosphere. Such observations
significantly complement observations by the current SDO,
IRIS, STEREO, PSP, SolO, and ASO-S missions andmake it
possible to study the dynamics of the photosphere and
chromosphere and the mechanisms of eruptive phenomena,
flares, rotation of the solar atmosphere, and mass and energy
transfer in the atmospheric layers.

In the ASO-S project [27], the spacecraft was launched
into a near-Earth sun-synchronous orbit (altitude 700±
750 km) to study photospheric magnetic fields, flares, mass
ejections, and their relationships with each other. The SEC
consists of three instruments: a full-disk vector magneto-
graph, a full-disk La telescope, and a hard X-ray telescope.

In theAditya-L1project [28], the spacecraft is placed in orbit
around theL1Lagrange pointwith seven instruments on board:
a coronagraph, an ultraviolet telescope, a soft and hard X-ray
spectrometer, two solar wind particle analyzers, and a magne-
tometer. Studies of the dynamics of the photosphere, chromo-
sphere, and corona of the Sun, observations of coronal loops
and mass ejections, flares, magnetic fields in the solar corona,
and the solar wind are aimed at better understanding solar
activitymechanisms, solving the problem of anomalous heating
of the corona and improving space weather prediction.

In the Proba-3 technology project [29], two spacecraft in a
near-Earth highly elliptical orbit form a giant space corona-
graph (with a field of view of 1.08±3 solar radii)Ðan artificial
solar eclipse when one spacecraft carries a telescope and the
other acts as an eclipsing disk (Fig. 2). High spatial resolution
and clarity of images of the inner corona will make it possible
to study in detail the fine magnetoplasma structure of the
inner corona,mass and energy transfer, heating of the corona,
and the formation and acceleration of the solar wind. The
SEC also includes a radiometer for measuring the radiation
flux from the Sun and a spectrometer for recording energetic
electrons in Earth's radiation belts.

Observations of the Sun by spacecraft are supplemented
by extra-atmospheric observations on rockets and strato-
spheric balloons, which make it possible to exclude the
influence of the atmosphere and obtain information about
the Sun in the ultraviolet and X-ray ranges of the spectrum.
Such observations, as a rule, are aimed at solving a limited
range of problems from among the most significant problems
of solar physics that can be solved by such observations.

Spacecraft coronograph

Spacecraft occulter

144 m

Figure 2. Schematic diagram of space coronagraph in Proba-3 project

(adapted from [29]).
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3. Interior of the Sun

The study of the interior of the Sun, which is important for
understanding the operation of the solar dynamo and the
solar cycle, is continuing on the SDO [30] with the Helioseis-
mic and Magnetic Imager (HMI). Based on the analysis of
helioseismic data [31], as we have already noted earlier,
indications have been obtained of a two-cell meridional
circulation in the convective zone of the Sun, which plays an
important role in the transfer of magnetic fields in the solar
activity cycle (Fig. 3). A polewardmeridional flow of 15m sÿ1

extends in the convection zone at depths from the photo-
sphere to� 0:91R�, and a flow towards the equator of about
10 m sÿ1 is found in the convection zone between 0.82 and
0:91R�. In the convection zone below 0:82R�, the meridional
flow is again poleward, indicating a second meridional
circulation cell beneath the surface cell.

Kinematic theories of the dynamo generally assume the
presence of a single meridional circulation cell in the convec-
tion zone with an equatorial flow along its bottom. The
application of the dynamo model with flow transfer, which in
the case of single-cell meridional circulation was used to
describe many important observational details of the solar
cycle, to the case of multi-cell meridional circulation (Fig. 4)

Figure 3. Schematic representation of profile of two-cell meridional

circulation in convective zone [31] (http://hmi/stanford/edu/hminuggets/

7p=5).
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Figure 4.Reproduction of butterfly diagrams within framework of dynamomodel with flux transfer for meridional flow toward equator along bottom of

convective zone [32] (https://iopscience.iop.Org/article/10.1088/0004-637X/782/2/93).
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showed that observations in the form of corresponding
`butterfly' diagrams can be reproduced only when additional
cells of the meridional circulation are arranged at the bottom
so that there is an equatorward flow at the bottom of the
convective zone, i.e., there must be an odd number of cells
along the depth of the convective zone [32].

The analysis of giant convective cells based onHMI/SDO
Doppler data (Fig. 5) made it possible to understand why the
Sun's equator rotates faster than its polar regions. The
calculated picture of the latitudinal distribution of Reynolds
stresses (Fig. 6) associated with flows in the discovered giant
cells showed that the transfer of angular momentum in both
hemispheres occurs toward the equator, and this ensures the
maintenance of a faster rotation of the Sun's equator than
that of the polar regions (the rotation period being 24 days at
the equator and 35 days near the pole) [33].

4. Solar atmosphere between photosphere
and corona

The region of the solar atmosphere, including the photo-
sphere, chromosphere, transition region, and lower corona, is

the most difficult to study due to its nonstationarity and
nonequilibrium caused by the continuous action of convec-
tion and the emergence of magnetic fluxes of different scales
from under the photosphere. It is in this region that processes
occur that are responsible for the origin of flares and mass
ejections and for the heating of the solar corona, and a fine
structure is formed that determines the sources of the solar
wind outflow. Special projects are aimed at studying the
transition region between the photosphere and the corona,
within the framework of which high spatial, temporal, and
spectral resolution is ensured (Hi-C, IRIS, VAULT, etc.).

Numerous observations of magnetic fields in the solar
atmosphere with high spatial resolution (TRACE, SOHO,
Hinode, SDO, Solar Orbiter, etc.) indicate their strong
twisting, acquired in the subphotospheric layers and mani-
fested in such phenomena as flares and mass ejections. In
films obtained within the framework of the above-mentioned
missions, one can see how twisted magnetic tubes (bundles)
unravel when they are injected in the upper atmosphere
(Figs 7, 8), and this twisting, reaching certain critical values,
is considered one of the trigger mechanisms of the observed
eruptive phenomena.

Using high-precision observations with the IMAX solar
magnetograph (polarimeter) in the Sunrise mission on a

July 5, 2010

Figure 5. Giant convective cells on the Sun [33] (https:// www.nasa.gov/

missions/sdo/nasa-astrophysicist-confirms-existence-of-giant-convec-

tion-cells-on-sun/).
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Figure 6. Latitudinal distribution of Reynolds stresses produced by giant
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Figure 7.Unwindingmagnetic tube inmass ejection according to LASCO/

SOHO data [34].

Figure 8.Detail of Solar Orbiter movie (2503_008_AR_EN.mp4) demon-

strating spinning up of highly twisted magnetic tube [25].
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stratospheric balloon with a record-breaking spatial resolu-
tion (100 km on the solar surface), the formation and
evolution of isolated magnetic tubes, which are considered
to be the fundamental magnetic building blocks of the solar
photosphere, were tracked in detail for the first time [35]. The
observed physically complex process was characterized by
many phenomena: the emergence of a magnetic loop, the
expulsion of its bases from the granule, the merging of
magnetic flux elements into a long-lived magnetic flux, the
formation of a magnetic element with a kilogauss magnetic
field strength through convective collapse and granulation
compression, and subsequent weakening of the field strength
with a further increase to kilogauss values, due to either
oscillations or secondary collapse. The observational proper-
ties of convective-driven vortex flows detected on a quiet disk
are described using magnetograms, Dopplergrams, and
IMAX images. The vortex density is about 3:1� 10ÿ3 vor-
tices/(Mm2 min) with an average duration of individual
events of 7.9 min. Repeating vortices are detected in the
same places; typical vorticities correspond to a rotation
period of about 35 min, with a preferred counterclockwise
rotation, which is presumably associated with vorticity due to
differential rotation of the Sun [36].

The Hinode observations revealed the strongest magnetic
field ever measured on the solar surface, 6250 G. This
superstrong magnetic field was formed as a result of the
outflow of gas from one sunspot pressing on another, and it
was located in the bright region between two sunspot
shadows [37].

In Ref. [38], coronal voids were studied based on Solar
Orbiter observationsÐextended regions of the quiet solar
atmosphere, which, according to observations in the hard
ultraviolet (UV) range, are characterized by weak radiation
compared to the surrounding quiet corona. Such voids are
defined by the intensity threshold, which is taken to be equal
to 75% of the average intensity of hard UV radiation for the
quiet Sun, recorded by the high-resolution channel of the
Extreme Ultraviolet Image (EUI) telescope. A comparison of
photospheric magnetic fields under coronal voids with
magnetic fields of the quiet Sun was carried out based on
observations by the High Resolution Telescope (HRT) of the
Polarimetric and Helioseismic Imager (PHI). The sizes of the
studied voids varied from several granules to several super-
granules and on average had a reduced intensity of 67% of the
average value of the entire field of view. The magnetic flux
density in the photosphere below the voids was 76% (ormore)
lower than in the surrounding quiet Sun. It was noted that, in
coronal voids, network structures are weakly manifested or
completely absent. It was concluded that coronal voids are
formed due to locally reduced heating of the corona with
reduced magnetic flux density in the photosphere, which
makes them a separate class of dark structure that differs
from coronal holes.

Using Dopplergrams of the entire solar disk obtained by
CHASE, the rotation curves of various layers of the photo-
sphere and chromosphere were analyzed. A new pattern in
the rotation of the solar atmosphere was discovered,
consisting of an increase in the rotation velocity with
altitude, which raises the question of the physical mechan-
ism of this phenomenon, since usually, due to the action of
viscous forces, the rotation velocity decreases with altitude
[39]. For example, at the equator, the rotation velocity
increases from 2:81� 0:02 rad sÿ1 at the bottom of the
photosphere to 3:08� 0:05 rad sÿ1 in the chromosphere.

One of the reasons for the discovered rotation pattern may
be the ubiquitous small-scale magnetic fields and the altitude-
dependent degree of their freezing into the solar plasma.

Wave processes in solar magnetic pores, intense concen-
trations of the magnetic field, were studied based on Solar
Orbiter observations (HRT, PHI instruments) [40]. A
combination of different measurements and methods was
used to comprehensively diagnose MHD waves in pores in
the form of bending modes and sausage modes, and a
previously unobserved corrugation mode (m � 2) was
identified in one of the most magnetically isolated pores. It
was found that the most energetic mode in all four observed
pores (i.e., the mode with the largest eigenvalue) was the
sausage mode with a frequency in the range of 1.5±3.0 mHz,
while bending modes identified in a slightly smaller
frequency range of 1.4±2.3 mHz were the second most
energetic empirical mode (i.e., with the second largest
eigenvalue). Their frequencies are slightly lower than those
of the bending modes identified as the third empirical mode
(in the range from 1.8 to 2.7 mHz). Close frequencies in the
identified modes of MHD waves may indicate that they are
related to each other, and the observed large variations in
the pore area, up to 40� 10%, may indicate a nonlinear
regime. Since the identified second and third spatial mode
are bending modes with perpendicular oscillation direc-
tions, they may be of interest in connection with the search
for manifestations of torsional Alfv�en waves in the solar
atmosphere, considered to be possible sources of solar
corona heating, the detection of which, however, is
difficult in all layers of the solar atmosphere due to their
incompressible natureÐ they do not cause changes in the
radiation intensity. Further analysis of higher resolution
observations (in particular, during the flight of the
SUNRISE solar observatory installed on a balloon and
during the Solar Orbiter approach to the Sun) is planned.

In Ref. [41], using observations by three Solar Orbiter
instruments (EUIHRIEUV, PHIHRT, and SPICE), signs of
propagation of torsional motion in the corona were detected
that are compatible with the interpretation of either propa-
gating torsional Alfv�en waves in the low coronal structure or
unwinding of the magnetic bundle. The propagation velocity
of the observed motions was from 136 km sÿ1 to 160 km sÿ1,
which is consistent with the expected Alfv�en velocities. The
observed rotational motions in the transverse direction with
velocities of 26 km sÿ1±60 km sÿ1 also indicate the presence of
torsional waves, and their amplitude, which is approximately
30% of the local Alfv�en velocity, indicates a nonlinear regime
of such waves. One of themain features of these oscillations is
their significant amplitude. The question of the source of
these oscillations remains open. In the case under considera-
tion, the torsional waves were caused by magnetic reconnec-
tion, which, as noted earlier [42, 43], can lead to a twisting of
the plasma motion.

The high dynamics of the chromosphere, established by
Hinode observations, plays an important role in heating the
solar corona and mass transfer to the solar wind, and it
manifests itself in the form of plasma eruptions around
sunspots upward to the corona, in the form of small and
sporadic plasma jets (Fig. 9).

Along the detected type II spicules [45], the chromo-
spheric plasma is injected into the upper atmosphere at
velocities of the order of 50±100 km sÿ1; however, tracking
the process of mass and energy transfer into the corona is
difficult due to their extinction, small size (< 0:5 00), and short
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lifetime (10±20 s) [46]. The phenomena that were observed in
the transition region and lower corona using high-resolution
Hi-C telescopes (bright dots) [47], IRIS and SDO (propagat-
ing coronal disturbances) [48] are considered possible coronal
`twins' of type II spicules, but more detailed correlated
observations of the chromosphere and the transition region
of the lower corona with high temporal and spatial resolution
are needed to identify them. Modeling of type II spicules
within the framework of radiation magnetohydrodynamics
using observational data from IRIS and the VAULT2.0
rocket experiment made it possible to clarify some features
of the processes occurring in type II spicules, in particular, the
observation of velocities up to 300 km sÿ1 [49, 50]. The spicule
matter exists in suspension high in the atmosphere, but at
lower temperatures (observed in Lya), until it is heated and
becomes visible at transition region temperatures as a jet.
Heating begins lower in the spicules, and a rapid propagation
of a thermal front occurs. This front is observed as rapid
motion in the picture plane, containing pre-existing spicules
inside. Thus, it is concluded that the high velocities in spicule
jets should not be perceived as real massive upward plasma
flows, but only as apparent velocities of a rapidly propagating
thermal front along previously existing spicules.

The small IRIS spacecraft with a UV imaging spectro-
graph of high spatial (0:33 00ÿ0:4 00) and temporal (2 s)
resolution and a wide spectral range provides simultaneous
spectra and images (field of view: 175 00 � 175 00) of the
photosphere, chromosphere, transition region, and corona.
Analysis of the obtained images and spectra showed a wide
variety of ongoing processes, amongwhich are the braiding of
magnetic field lines and magnetic reconnection, the interac-
tion of active regions with the magnetic field of the chromo-
spheric network and small-scale fields of the magnetic carpet,
the interaction of emerging magnetic fluxes with fields in the
overlying atmosphere, rapidly flaring and fading UV spots
reflecting energy transfer in the solar atmosphere, the
generation and propagation of various types of waves and
their conversion, the acceleration of nonthermal particles, the
mass flow into the corona and the solar wind, and coronal
processes in the form of heat conductivity or energetic
particles [51].

Using the data fromHi-C telescope rocket observations in
the UV range of the spectrum with high spatial resolution,
new results were obtained concerning the transition region
and the lower corona. In Ref. [52], usingHi-C data andMHD
modeling, a study was conducted of the turbulent relaxation
of solar coronal loops containing entanglement of field lines,
which is considered one of the mechanisms for the release of

magnetic energy and heating of the solar corona. When
studying the issue of observational manifestations of energy
release in such entangled magnetic structures, it was estab-
lished that the observational manifestations depend on the
degree and nature of the entanglement of field lines in the loop
and do not always reflect the braiding of field lines. A
uniformly heated loop, without visible filamentary struc-
tures, is formed with strong entanglement of field lines in the
loop andwith uniform (across the loop) turbulence associated
with the release of energy. The intertwined structures
identified in the Hi-C observations [53] manifest themselves
in loops containing large structures such as coherent flux
tubes, separatrices, leading to increased heating on some
filamentary structures with less heating on others.

Substructures in the form ofminiature loops about 108 cm
long and less than 2� 107 cm thick have been discovered in
coronal loops. Such mini loops can be interpreted as coronal
manifestations of small magnetic tubes emerging from
beneath the photosphere with a distance between the bases
of the tubes on the photosphere corresponding to the
diameter of the granulation cell [54, 55]. The highest spatial
resolution data (0:47 00) of the lower corona and transition
region, unattainable in other observations, were obtained
during five-minute Hi-C2.1 rocket observations at a wave-
length of 175 A

�
[56]. These data, along with other related

observations, indicate the key role of the small-scale structure
and dynamics in understanding the complex transition region
between the photosphere and the corona. The most probable
widths of filamentary structures with a low radiation level
turned out to be close to � 388 km, and a further increase in
spatial resolution, as analysis shows, will make it possible to
resolve the fundamental width of individual coronal filaments
[57]. A number of new phenomena were also discovered using
theHi-C data: small-scale `sparking' of dynamic bright points
against the background of radiation from active regions in the
form of moss [47], plasma counterflows in filaments [58],
moving bright points and jets in the umbra of sunspots [59,
60], and the relationship of the glow in the lower corona and
transition region with small-scale chromospheric dynamics in
active regions [56].

The database of X-ray phenomena and micro- and
nanoflares on the Sun for the analysis of the sources of
heating of the solar corona was supplemented by high-
sensitivity and high-spatial-resolution observations on the
small spacecraft NuSTAR (Nuclear Spectroscopic Telescope
Array) using a hard X-ray Sun-aimed telescope, designed to
study black holes [61].

The high spatial resolution of the Hinode and SDO
telescopes and spectroscopic measurements made it possible
to observe and study current sheets in the solar atmosphere,
the accumulation of magnetic energy in which and its release
bymagnetic reconnection play a key role in solar flares. Based
on spectroscopic observations on Hinode and SDO, the
formation, structure, and evolution of the current sheet,
which arose as a result of the eruptive flare X8.3, were
observed at the western edge of the Sun on September 10,
2017 (Fig. 10) [62]. During filament eruption, a bright region
of radiation formed at the base of the eruption, corresponding
to the high plasma temperature, which, after the flare, turned
into amagnetic loop with a cusp-like shape at its top. From it,
in the direction of the erupting filament, a long and narrow
linear structure visible in the radiation was formed, which was
accepted to be the current sheet in which magnetic reconnec-
tion occurs.

Figure 9.Dynamically active chromosphere [44] (#NAOJ/JAXA).
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The plasma temperature in the current sheet reached
values of 15±20 million degrees and the range of its values is
relatively narrow. The highest temperatures were observed
after the flare at the base of the current sheet, in the region
near the top of the arcade, and decreased with increasing
height. The increase in intensity in the current sheet began at
the lowest altitudes and propagated outward at a speed of
about 288 km sÿ1. A strong nonthermal broadening of the
spectral lines was observed in the current sheet, correspond-
ing to plasma velocities of 70±150 km sÿ1, which increased
with altitude and decreased with time, apparently reflecting
flare-induced plasma motions. Measurements of radiation in
different spectral channels allowed us to assume that the
current sheet was formed from coronal plasma, and that
plasma heating occurred in it with the release of energy during
magnetic reconnection of the field lines entering the sheet.
Observations of the current sheet of the solar flare SOL2017-
09-10T16:06 [63] showed very high nonthermal velocities (up
to 200 km sÿ1) in the sheet, which allows us to assume that
there are turbulent motions, and the layer has an internal thin
and dynamic structure that promotes effective magnetic
reconnection within it. The thickness of the current sheet is
estimated in the range of �7ÿ11� � 108 cm. A detailed
multiphase evolution of the current sheet at the early stages
of a solar flare, including the stages of formation, quasi-
stationary evolution, and destruction of the sheet, is described
in [64] based on SDO observations. The magnetic structure in
the vicinity of the current sheet at different stages of the
evolution of a solar flare includes a high-temperature
magnetic flux rope, supra-arcade plasma downflows, flare
loops, a filament, and an erupting magnetic flux rope. The
dynamics of the flare process and the phases of destruction of
the current sheet are characterized by an increase in the size of
cusp-like magnetic loops and stretching of the current sheet,
subsequent growth of regular and ordered disturbances in the
region between the current sheet and the flare arcade, the
appearance of regular vortices growing for almost 10 min,
and the disappearance of the current sheet in images in the
131-A

�
line, associated with its probable destruction. The

features of current sheet observations and their character-
istics were studied in Refs [65, 66] based on a large volume of
SDO and SOHO data. For current sheets formed in the
X-type configuration, during the magnetic reconnection
period, the visible current sheet on the disk changed from a
bright point to an elongated line, and the structure became
thin at a late stage of reconnection. Subsequently, the plasma
distribution in the current sheet manifested itself as a

plasmoid chain. For the current sheet visible on the limb, its
elongation occurred faster than on the disk, and a thinning
process of the sheet was also observed. Even though the
aspect ratio of the thickness and width of the current sheet for
the limb cases is comparable to the critical theoretical value
for the occurrence of the tearing mode instability, no obvious
plasmoid chain was found inside these limb current sheets,
and the density distribution was locally uniform. It is assumed
that, due to the rapid elongation of limb current sheets, the
tearing mode instability occurs very quickly, which is why
tiny plasmoids are formed, the size of which is smaller than
the resolution of the instrument. It is noted that the actual
limb current sheet may be only a small segment of the visible
bright beam, and not the entire beam. High-speed plasma
flows that occur during solar flares in the processes of
magnetic reconnection and the conversion of energy stored
in the magnetic field into heat and plasma motion were first
detected using spectroscopic observations on Hinode [44].

Using magnetic data from the SDO/HMI (Helioseismic
and Magnetic Imager), it was possible for the first time to
identify changes in magnetic fields on the surface of the
photosphere (a decrease in the twisting of the field connect-
ing two spots) caused by a flare, i.e., release of nonpotential
energy of the magnetic field, and to obtain an answer to the
long-standing question about the possibility of registering
changes in the field on the photosphere during flares [67]. In
Ref. [68], based on data from the Solar Orbiter/STIX HXR
(STIXÐSpectrometer/Telescope for ImagingX-rays), SDO/
AIA (Atmospheric Imaging Assembly) and SDO/HMI, it
was concluded that microflares accelerating electrons to high
energies are localized in sunspots, which indicates the key role
of strong magnetic fields in the efficient acceleration of high-
energy electrons.

The first Aditya-L1 observations gave full-disk images of
the Sun (photosphere and chromosphere) in the near
ultraviolet range (200±400 nm) (Solar Ultraviolet Imaging
Telescope (SUIT)), the use of which will make it possible to
study the complex structure and dynamics of the magnetized
solar atmosphere and to obtain constraints on the impact of
solar radiation on Earth's climate [69]. Using the high-
temporal and spectral resolution spectrometer HEL1OS/
Aditya-LL (High Energy L1 Orbiting X-ray Spectrometer),
X-ray spectra of the impulsive phase of solar flares and
images of flares at low altitudes were obtained, inaccessible
to observations by other observatories, which provides new
information for understanding the explosive release of flare
energy and electron acceleration during their pulsed phases
[70±72].

ASO-S observations aimed at studying magnetic fields
and their relationship with flares and mass ejections have
made it possible to track and describe in detail a number of
solar eruptions. Reference [73] describes the sympathetic
eruption 13575 from the active region on February 9, 2024,
in which characteristic elements of the event are highlighted:
the occurrence of a class X3.4 flare from the primary
eruption, a coronal mass ejection, and a wave visible in the
hard ultraviolet; the wave leads to a high-amplitude trans-
verse oscillation of the quiescent prominence, which loses its
equilibrium and rises upward, setting in motion a second
coronal mass ejection. Thus, an important role in the
relationship between the primary eruption and the sympa-
thetic eruption is played by the wave visible in the hard
ultraviolet. In Ref. [74], the dynamics of multifilamentary
eruptions is described based on the observations performed,

Figure 10. One of the fragments of current sheet image in the form of a

bright linear structure emanating from cusp-like region [62].
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and a new mechanism for the eruption of filaments is
presented, in which large-scale filaments are erupted by the
action of small erupting filaments pushed from below. The
initial kinetic energy of a large-scale eruption in this
mechanism is obtained and transferred through other erupt-
ing structures. In Ref. [75], a detailed description of the
morphology of coronal jets, which are a miniature version
of large-scale eruptions, is given, and an assumption is made
about the key role of sunspot rotation in the accumulation of
free energy for flares and jets.

High-spatial-resolution observations onHinode and IRIS
made it possible to studywavemotions in the prominence and
to detect and identify observational manifestations of the
resonant absorption of waves, which can play an important
role in heating the solar corona. Resonant absorption
between the transverse (Alfv�en) waves observed by Hinode
and the torsional waves observed by IRIS resulted in a
turbulent flow that converted wave energy into heat, causing
the prominence plasma temperature to increase from 104 K to
105 K [76]. Simulations using observational data also showed
the emergence of turbulence due to resonant interaction of
waves: Alfv�en waves resonate with torsional motions in the
surface layer of the filament, creating a semicircular flow of
torsional disturbances that amplifies, becoming turbulent
and converting wave energy into heat [77].

5. Corona and solar wind

The first Solar Orbiter images, obtained on June 15, 2020 by the
hard X-ray telescope from a distance of 77 million km from the
Sun, already made it possible to obtain the most detailed image
of the full diskof theSunand its coronaand to identify numerous
small flares, which were called `solar fires' (Fig. 11) [25].

Solar Orbiter observations from close distances also made
it possible to obtain detailed images and films of individual
sections of the solar atmosphere and active regions and to see
the complex structure of magnetic fields, their dynamics,
small-scale mass ejection phenomena, etc. Figure 12 illus-
trates a detail from a filmwith the highest spatial resolution to
date, in which the fine structure of the solar atmosphere is
clearly visible: moss-like radiation identified with nanoflares,
spicules, the ejection of a small twistedmagnetic tube, coronal
rain, etc. [25].

During the Solar Orbiter's approach to the Sun, observa-
tions near the Sun's south pole allowed identification of
sources of fast and slow solar wind associated with tiny jets
that are about 100kmwide and are visible in images as hair-like
tufts that flare briefly (for about a minute) and eject charged
particles at a speed of about 100 km sÿ1 (Fig. 13) [25, 78].

Such tiny jets have been shown to exist in all coronal holes
in the Sun's atmosphere, and they are the source of both fast
and slow solar wind. While the fast solar wind (speeds greater
than 500 km sÿ1) flows out from jets located directly in the
coronal hole, a region of open field lines, the slow solar wind
arises in regions with closed magnetic field lines bordering on

Figure 11.Detailed image of solar disk obtained by Solar Orbiter [25].

Figure 12. Image of section of solar atmosphere (detail of Solar Orbiter

film) with highest spatial resolution to date, demonstrating fine structure

and dynamics of solar atmosphere [25].

Tiny jets driving
fast solar wind

13.10.2022

Earth
for comparison

Tiny jets driving
slow solar wind

17.04.2023
UT 17.08.45 UT 08.05.38

a b

Figure 13.Detail of Solar Orbiter film demonstrating outflow of fast (a) and slow (b) solar wind from solar atmosphere [25].
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regions of open field lines, where magnetic reconnection
results in periodic breaks and reconnections of closed field
lines, allowing plasma to escape from regions with closed field
lines, forming nonuniform and nonstationary flows of the
slow solar wind. A joint analysis of high-resolution remote
sensing of tiny jets in coronal holes near the Sun's equator,
obtained during approach to the Sun, and direct measure-
ments of solar wind particles and the magnetic field made it
possible to directly link the solar wind measured by the Solar
Orbiter with the plasma flowing out of the observed jets. The
analysis is based on a comparison of the content of
magnesium, neon, and other heavy element ions in the solar
corona, determined from remote observations, with their
content in the solar wind, determined from local measure-
ments. The content of these ions in the plasma of the solar
corona differs significantly for different regions, which makes
it possible to determine the region where a particular solar
wind flow originated [79]. Similar conclusions about the
origin of the slow solar wind based on observations with
Solar Orbiter in magnetic reconnection processes at the edge
of an active region were made in Ref. [80]. It should be noted
that, previously, according to Hinode's observations, a
continuous plasma outflow with a velocity of about
140 km sÿ1 from the edge of the active region with open
magnetic field lines was detected in the active region of the
corona adjacent to the equatorial coronal hole, identified as
the source region of the low-speed solar wind [81].

The observed picture of the fast and slow solar wind
origin, respectively, from coronal holes and from their border
regions, where magnetic reconnection of open and closed
magnetic field lines occurs, allows proposing amodel inwhich
coronal mass ejections and the fast and slow solar wind can be
explained by a single, as yet unknown, source (driver) at the
base of the solar corona. If in coronal holes the plasma along
the field lines overcomes only the gravitational attraction,
escaping into the corona in the form of a fast solar wind, and
in the boundary regions of coronal holes it is additionally
slowed down by the magnetic field, still escaping into the
corona in the form of a slow solar wind, then, in the region of
closed field lines, the action of the source should lead to
tension of the closed magnetic configuration, the magnetic
flux of which constantly decreases due to magnetic reconnec-
tion at its edges and is carried away into the slow solar wind.
The same forces of the source that generate flows of fast and
slow solar wind ultimately, due to a decrease in the magnetic
flux of the closed magnetic configuration, push it upward,
generating a coronal mass ejection. The characteristics of the
mass ejection (speed, etc.) in this case should depend on the
magnetic flux of the closed magnetic configuration, which is
set in motion when the magnetic flux reaches a critical value.

Possible sources of these dynamic processes may be the gas
pressure gradient and magnetic forces at the base of the
corona, caused by heating processes (micro- and nanoflares)
and the transfer of magnetic flux from the convective zone.

Local measurements by the Parker Solar Probe near the
Sun (about 11 solar radii) made it possible to observe a
phenomenon called `switchback' or magnetic field reversal,
when the magnetic field changes direction to the opposite,
describing the shape of the letter S, as shown in Fig. 14 [82,
83]. One of the mechanisms for the formation of such
structures is considered to be magnetic reconnection at the
base of the corona between a system of open and loop
structures emerging from beneath the photosphere (Fig. 15)
[84]. In this model, switchback phenomena occur high in the
corona, where coronal magnetic loops, anchored by their
bases in the photosphere, experience magnetic reconnection
when approaching openmagnetic field lines in the solar wind,
during which the magnetic field lines of the coronal loop are
broken, and an S-shape of the field lines is formed. Alongwith
this model, in which the observed bending of the field lines is
formed due to magnetic reconnection, other models of the
switchback phenomenon have been proposed [85], in which
its occurrence is associated with such processes as magnetic
reconnection with the formation of magnetic flux ropes [86]
and current sheets [87], radial expansion of small Alfv�en
fluctuations of the solar wind [88], turbulence caused by shear
movements at the boundary between fast and slow solar wind
flows [89], reconnection between fast and slow solar wind,
and overtaking of the slow wind by the fast wind [90].

Measurements of variations in the electron and proton
velocity distribution functions aboard the Solar Orbiter [91]
suggested that the observed 180�-bent magnetic field lines are
reconnected to each other under the influence of the solar

Figure 14. Phenomenon of `switchback' in solar coronaÐchange in

direction of magnetic field to opposite one [24].

L IL IIL

� 4 ë 6R�

Figure 15. Magnetic reconnection at base of corona as possible source of formation of S-shaped magnetic field lines (`switchback') phenomena [66]

(https://aasnova.org/2021/04/12/switching-it-up-with-solar-switchbacks/).
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wind velocity shift, forming magnetic flux ropes, which may
thus be surviving andmodified remnants of `switching events'
occurring near the Sun. A study of the behavior of energetic
particles with energies of 80±200 keV in the vicinity of
S-shaped regions of the magnetic field yielded a constraint on
the radius of curvature of the S-shaped bends of < 4000 km
[92]. The high spatial resolution of the Solar Orbiter/Meris
coronagraph made it possible to directly observe the energy
release during the formation of the S-shaped force lines in
magnetic reconnection and the upward and downward
motion of plasma from the reconnection region character-
istic of this process [25, 93]. Sudden and sharp reversals of the
magnetic field in the heliosphere at different distances from
the Sun, which are now called reverse switching phenomena,
were previously reported based on the data fromHelios-1 and
Helios-2 [94], as well as ULYSSES [95, 96].

Moving in the solar corona, the Parker Solar Probe, using
theWISPR (Wide-field Imager for Solar Probe) optical wide-
angle camera, obtained for the first time images of coronal
magnetic structures from inside the corona and repeatedly
crossed them. They are coronal streamers (Fig. 16), magnetic
loops and flux ropes, and mass ejections.

While crossing a coronal mass ejection at a distance of
10 million kilometers from the solar surface, the Parker Solar
Probe observed turbulent vortices at the boundary of the
ejection and the surrounding solar wind, caused by Kelvin±
Helmholtz instability due to the difference in speeds along the
boundary [24, 97]. By measuring variations in the brightness
of the corona, the Parker Solar Probe observed for the first
time the theoretically predicted effect of dust being swept out
of the near-solar space by powerful coronal mass ejections
with the formation of regions of dust voids and with
subsequent rapid restoration of the dust distribution. The
effect was observed at distances of up to 9.6 million kilo-

meters from the Sun (1=6 of the distance from the Sun to
Mercury). The discovered effect is important for predicting
space weather, since interplanetary dust changes the shape
and speed of the ejections, and its observation provides
information about the ejections [24]. Based on observations
of the corona by the WISPR camera, a translational
tomography method is being developed for reconstructing
three-dimensional images of the solar corona [98].

In Ref. [99], using the data of heliospheric magnetic
measurements by the Parker Solar Probe and Solar Orbiter,
directional discontinuities were studied, which are common
structures in the solar wind plasma and one of the most
important discontinuities along with shock waves. In the
range of heliocentric distances of 0.06±1.01 AU, more than
140,000 discontinuities were detected, which were classified
into subgroups of tangential discontinuities (TDs) and
rotational discontinuities (RDs). It was found that the
spatial density of discontinuities decreases with increasing
radial distance from the Sun, and most of the discontinuities
for which the normal component of the magnetic field is small
are in fact TDs, regardless of the jump in the field amplitude.
A study of the radial thickness evolution for TDs and RDs
showed that the RD thickness decreases in the distance range
from 0.06 to 0.30 AU and increases beyond 0.30±1.01 AU.
After the thickness reaches the inertial scale of the ions, the
kinetic effects of the ions equilibrate the structure, and thus its
thickness scales with the characteristic inertial length of the
ion. For TDs, this characteristic scaling took place over the
entire studied range from 0.06 to 1.01 AU. An analysis of the
discontinuity thicknesses allowed observational confirmation
that RDs are formed as a result of steepening of an Alfv�en
wave, while TDs are most likely the boundaries of magnetic
tubes that approximately follow the theoretical Parker spiral.

Reference [100] presents the results of Solar Orbiter
observations of the region of interaction between the jet and
coronal plumesÐ filamentary ray structures extending from
the chromosphere to the high corona, abundant in coronal
holes and in quiet areas of the Sun and presumably giving rise
to solar wind flows. The development of ripples and the
disintegration of droplets were observed, which are asso-
ciated with the development of Kelvin±Helmholtz instability
and the appearance of a Karman vortex chain, two inter-
related phenomena. The observed formation of vortices may
represent a mechanism for mixing masses across the magnetic
field and enhance the conversion of kinetic energy into
thermal energy, heating the solar corona.

While previous space missions never approached closer
than 60 solar radii to the Sun, the Parker Solar Probe
approached to a distance of 9.5 solar radii and crossed the
critical Alfv�en surface several times, which separates the sub-
Alfv�en and super-Alfv�en regions of the solar wind, i.e., it is
considered the boundary between the solar corona, the
plasma still associated with the Sun, and the free flow of the
solar wind. As measurements have shown, this boundary is
not spherical and is located at an average distance of 18.8 solar
radii (13 million kilometers) from its photosphere. The
measured Alfv�en Mach number beneath the Alfv�en surface
was 0.79, and the magnetic pressure prevailed over the
pressure of ions and electrons. The measurements were
carried out over the region of a stable solar wind flow arising
on rapidly expanding lines of the coronal magnetic field lying
above the pseudo-streamer. The measured turbulence spec-
trum in the sub-Alfv�en region is shown in Fig. 17. The break
in the spectrum between the energy-containing range 1=f

Figure 16. Coronal streamers visible as elongated bright elements during

Parker Solar Probe flyby inside corona at distances between 50 and

35 solar radii (detail from film https://en.wikipedia.org/wiki/WISPR)

[24]; Credit: NASA/Johns Hopkins APL/Naval Research Laboratory).
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(which in this case is smaller than 1=fsc, fsc being the frequency
in the spacecraft reference frame) and the inertial range fÿ3=2sc

was at a frequency of fsc � 2� 10ÿ3 Hz and is indicated by a
black dotted line. This break is associated with the outer scale,
or the largest scale of fluctuations that can be attributed to
turbulence. A small increase in spectral power is observed in
the high-frequency part of the spectrum at ion-cyclotron
frequencies (about 8 Hz), and then the spectrum drops
sharply, not reaching the minimum noise level of the device
[101]. For comparison with the measured spectrum, the
horizontal dotted lines in the lower part of the figure
correspond to spectral indices ÿ1 for the 1=f spectrum and
ÿ3=2 and ÿ5=3 for the model spectra of the inertial range of
turbulence [102].

The Parker Solar Probe and SolarOrbitermade it possible
to study the properties of plasma turbulence and solar wind in
the corona and in the inner heliosphere at distances of 0.1±
1 AU. The formation of turbulence near the Sun in the lower
corona was observed on the Solar Orbiter with the Metis
coronagraph (field of view of 1:7R�±9R� [103]) (Fig. 18).
These observations, obtained with high spatial resolution,
showed that the motion of the solar wind in these regions
already becomes chaotic, giving rise to fully developed
turbulence in the solar corona [25].

Measurements by the Parker Solar Probe and Solar
Orbiter in the inner heliosphere showed the presence of ion
beams, plasma temperature anisotropy, and kinetic plasma
waves, which, along with switchback phenomena, are con-
sidered kinetic mechanisms for heating and accelerating the
solar wind and forming the spectrum of its turbulence [24,
104, 105]. Measurements of the properties of solar wind
turbulence provided strong evidence of its radial evolution,
namely, the evolution of solar wind plasma from super-
Alfv�en turbulence and a state of weakly developed turbu-
lence near the Sun to intermediate and fully developed
turbulence at a distance of 1 AU occurs [24. 106]. The study
of the radial evolution of the turbulent nature of the plasma of
the fast solar wind emanating from coronal holes, based on

Parker Solar Probe and Solar Orbiter data, was carried out in
[107] for heliospheric distances of 0.1±1 AU. Along with
confirmation of a number of previously obtained results (a
decrease in the radial trend of the proton density, which
occurs more slowly than expected for a radially expanding
plasma; deviation of the magnetic field from Parker's
prediction; a slower decrease in the proton temperature
relative to the adiabatic prediction; etc.), the expected
decrease in the turbulence power level during expansion of
the solar wind plasma and a power law for the spectral density
of turbulence power in the inertial range between the
Kolmogorov spectrum and Kraichnan scaling were discov-
ered. The spectral index of the power spectral density of
velocity fluctuations remained very close to the Iroshnikov±
Kraichnan scaling at all radial distances, and the spectral
index of magnetic field fluctuations decreased in absolute
value with increasing radial distance from 0.1 to 0.97AU. The
same behavior of magnetic field fluctuations was also
observed in the dissipative range, although with a steeper
power law. It is noted that the slopes of the spectra in the
frequency ranges from inertial to kinetic along the turbulent
cascade strongly depend on the type of turbulence observed
by the two spacecraft, namely, on predominantly parallel
turbulence (along the magnetic field) in the Parker Solar
Probe data and predominantly perpendicular turbulence in
the Solar Orbiter data.

The radial dependences of various solar wind parameters
obtained from data analysis are approximated by the
following functions (R0 � 1 AU) [107]:

Ð concentration of protons
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Figure 17. At top is power spectrum, at bottom is spectral index of

magnetic (Eb), velocity (EV), and total (Et) fluctuations during 5 hours

of Parker Solar Probe's stay in sub-Alfv�enic region [101]. (Explanations in

text.)

Figure 18.Detail of video observation of turbulence in lower corona (in red

ring) by Metis/Solar Orbiter coronagraph, taken on October 12, 2022,

from distance of 43.4 million km from Sun (less than a third of distance

from Sun to Earth) [25].
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Ð radial component of the magnetic field

jBrj � �3:3� 0:4�
�

R

R0

��ÿ1:72�0:09�
nT ;

Ðtangential component of the magnetic field

jBtj � �3:0� 0:4�
�

R

R0

��ÿ1:4�0:1�
nT ;

Ð temperature of protons

T � �1:7� 0:1� � 105
�

R

R0

��ÿ0:93�0:04�
K ;

Ð plasma parameter

b � �1:58� 0:08�
�

R

R0

� �0:49�0:04�
:

Based on the analysis of observational data, a statistical
analysis of the current sheets and vortex-like structures
detected at two radial distances was also performed, and it
was found that these structures have similar characteristics at
different radial distances.

The Parker Solar Probe crossed the edge of one of the
magnetic loops at the base of a coronal mass ejection for the
first time at a distance of only 14 solar radii, at which the
structure of the ejection had not yet changed much due to its
interaction with the interplanetary medium. Measurements
showed a noticeable difference in the plasma parameters in
the ejection from the parameters of the solar windÐan
almost complete absence in the crossed part of the ejection
of low-energy heavy and light ions (from hydrogen to iron),
which are usually present in the surrounding plasma of the
solar wind and in the head of the ejection. Such a difference in
parameters may be associated with the rapid expansion of the
magnetic loop at the base of the ejection during its injection
into the corona and the cooling of superthermal ions [108]. A
review of energetic particle measurements in the near-solar
space using Parker Solar Probe/IS�IS (IS�ISÐIntegrated
Science Investigation of the Sun) and Solar Orbiter/EPD
(EPDÐ Energetic Particle Detector) data is given in [109]. It
is noted that the approach of the spacecraft to the Sun, the
source of particle acceleration, reduces the influence of
transport effects on the characteristics of the particles and
allows their acceleration conditions to be better determined. It
was also found that the composition of particles from the same
source in events occurring in rapid succession can vary greatly,
and individual active regions can produce a series of 3He-rich
solar energetic particle events over a long period of time. These
and other unexpected measurement results indicate different
conditions in the acceleration region and require a revision of
the generally accepted theories of energetic particle generation
on the Sun and in the inner heliosphere.

In Ref. [110], the dynamics of energetic protons acceler-
ated by an interplanetary collisionless shock wave in the
November 3, 2021 event were analyzed using measurements
from the Solar Orbiter (Electron-Proton Telescope sensor of
the EPD suite), and constraints on the potential acceleration
mechanisms and processes were considered. The analysis is
based on a qualitative comparison of the obtained observa-
tions of such proton characteristics as pitch angle distribu-
tion, the time profile of the flux, and the distribution function

of energetic protons by velocity near the shock wave with
theoretical predictions. It was found that the time profile of
protons with energies of� 1000ÿ4000 keV rapidly increased
and quickly decayed with a clear velocity dispersion approxi-
mately 2 min before the shock wave passage, similar to pulsed
events of solar energetic particles. The peak energy spectrum
of protons in this event was steeper than that at the shock
wave itself. The fluxes of protons with energies of
� 50ÿ200 keV and with inverse velocity dispersion reached
a maximum between � 10 and � 20 s before the shock wave
passage, and the velocity dispersion and inverse velocity
dispersion events were associated with the passage of the
shock wave through magnetic bends (reverse switching
phenomena). Two different proton populations were
observed near the shock wave. In one of them, protons at
energies below � 300 keV are characterized by a power-law
spectrum with an index of � 6±7 and a flux time profile that
increased before the shock wave and decreased after its
passage. This proton population could be a continuation of
superthermal protons with energies of � 20ÿ60 keV and
effectively accelerated by the shock wave. Another proton
population above � 300 keV is a long-lived, solar-directed
beam through the shock wave with a flux time profile that
remains relatively constant before the shock wave and
increases slightly after it passes. Such a proton beam could
presumably originate from a solar source, and its observed
characteristics could be explained by the inefficiency of
proton acceleration by the shock wave at energies above
� 300 keV, which is not the case for the very efficient
acceleration in the velocity dispersion event. In this event,
the flux time profile with a fast build-up and fast decay lasted
930 s, which corresponds to a spatial scale of the order of the
gyroradius of a � 1000-keV proton, and the observed
duration may indicate that protons are accelerated in a
pulsed way in a region comparable to the proton gyroradius
on the shock wave surface. An inverse velocity dispersion
event for protons with energies of � 50±200 keV was
observed immediately before the shock wave and had a
short duration of 915 s, which suggests that its source is
limited to a region comparable to the gyroradius of a proton
with an energy of � 200 keV. This event was also associated
with the passage of the shock wave through the magnetic
bend, and such interaction between the magnetic bend and
the shock wave likely results in the impulsive and efficient
acceleration of protons in velocity dispersion events. The
results obtained allow us to consider the drift and diffuse
acceleration mechanisms to be acceleration mechanisms on
interplanetary shock waves.

The heliocentricity of the Solar Orbiter orbit and the
ability to observe the side of the Sun invisible from Earth
made it possible, during a period of powerful events on the
Sun in May 2024, associated with the active region AR3664,
which produced a series of powerful flares on the visible disk,
to monitor the flare activity of this region on the invisible side
of the Sun, before the region reached the eastern limb,
providing an advance forecast of space weather for several
days ahead (3±4 days) and forestalling the negative con-
sequences of the impact on radio communications and
technical systems on Earth, which subsequently occurred.
Crossing the coronal mass ejection, the Parker Solar Probe/
IS�IS detected streams of energetic particles that go ahead of
the coronal mass ejection with an interval of approximately
one day (Fig. 19), which can be considered a precursor of the
ejection itself, used to forecast space weather [24, 111].
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Shock wave interactions with coronal mass ejection
(CME) sequences that are important for space weather
forecasting have been described from Solar Orbiter, Wind,
STEREO-A, ASO-S, and CHASE measurements [112]. Of
the three successive CMEs that occurred onNovember 27±28,
2023, CME-3 was accompanied by a shock wave that
successively compressed and modified the two preceding
CMEs as it propagated. At distances close to the Sun,
CME-1 and CME-2 interacted with each other, and at
distances less than 0.83 AU, the shock wave overtook
interplanetary CME-2 (ICME-2) and compressed it. Con-
tinuing to propagate, the shock wave crossed ICME-2, then
ICME-1 (at a distance of 1 AU), and overtook both ejections,
causing their compression, accompanied by an increase in the
magnetic field strength (� 150%) and a weakening of the
shock wave strength (the degree of magnetic compression
decreased from 1.74 to 1.49). Despite the observed noticeable
interaction of the three ICMEs in the heliosphere, their
magnetic structure was preserved at different observation
points, especially for ICME-3.

6. Prospects

The upcoming NASA mission IMAP (Interstellar-Mapping
and Acceleration Probe) will operate at the L1 Lagrange
point (Fig. 20) of the Sun±Earth system and will carry
10 scientific instruments to study the heliosphere and the
solar wind and its interaction with the interstellar medium,
accelerate energetic particles, study energetic neutral atoms,
and monitor space weather [113]. Jointly with the launch of
this spacecraft is planned the launch of the SWFO-L1 (Space
Weather Follow On-Lagrange 1) spacecraft [114], which,
while at the L1 Lagrange point, will carry a set of instruments
to measure the solar wind, energetic particles, and the
magnetic field in real time, as well as a compact coronagraph
[115] to detect coronal mass ejections. The mission's objective
is to ensure reliable provision of information for monitoring
and forecasting space weather in conditions where all space-
craft intended for these purposes have operated beyond their
design life.

China plans to launch the Xihe-2 (Lagrange-V Solar
Observatory (LAVSO)) spacecraft in 2026 for the first
observations of the Sun from the L5 Lagrange point of the
Sun±Earth system (see Fig. 20) [116, 117]. Themain objectives
are to study the generation and evolution of solar magnetic
fields, their relationship with mass ejections, and the three-
dimensionality of ejections and to provide accurate warning

and forecasting of spaceweather. In 2029, it is planned to send
the Xihe-3 space observatory from the ecliptic plane to study
the solar poles and to obtain data on solar magnetic activity
cycles and high-speed solar wind. An orbit with a large
inclination to the ecliptic plane (about 60 ± 70�) will be
formed by a gravity assist maneuver near Jupiter. The
information received from out-of-ecliptic sections of the
orbit is intended to provide new insights into solar phenom-
ena that affect space weather and Earth's technological
infrastructure. The planned scientific equipment complex
will include a block of remote instruments (a magnetic and
helioseismic telescope, hard UV and X-ray telescopes, a
white-light coronagraph and a wide-angle coronagraph, and
a low-frequency radio spectrometer) and a set of instruments
for local measurements (a solar wind ion analyzer, an energy
ion analyzer, and a magnetometer) [118]. Close-range
observations of the Sun are planned as part of the Xihe-4
mission under discussion [119].

The prospects for Russian space research of the Sun are
associated with projects that have a certain groundwork in
their development and which are constantly being modern-
ized in terms of current scientific tasks and measuring
equipment, taking into account the latest achievements in
solar physics. The Arka project is aimed at X-ray observa-
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tions of the Sun from near-Earth orbits with high spatial
resolution to study the fine structure of the solar atmosphere
and activity on small and ultra-small scales (75 km� 0:1 00)
and to study micro- and nanoflares, transient processes at the
chromosphere-corona boundary, and heating of the solar
corona. In the Interhelioprobe project [120], two spacecraft,
separated by a quarter of the period and in orbits inclined to
the plane of the ecliptic, will be able to provide continuous
out-of-ecliptic observations of the polar regions of the Sun,
and also, at the stage of approaching the Sun due to
gravitational maneuvers near Venus, will observe the Sun
with high spatial resolution, solving the problems of studying
the trigger mechanisms of solar flares and mass ejections, the
fine structure of the solar atmosphere, and its role in heating
the solar corona and accelerating the solar wind. Experiments
on observing the Sun from aboard the International Space
Station (ISS) provide a certain backlog, the implementation
stage ofwhich can be transferred to the newROS station. This
is the Takhomag-ISS project, which consists of developing
and testing a solar magnetograph for measuring magnetic
fields on the Sun and for its use in solar space projects, as well
as the CORTES project for developing newmethods of X-ray
observations of the Sun and for studying the solar corona,
flares and pre-flare conditions, and the origin and evolution
of eruptive phenomena. The Solntse-Terahertz project for
studying terahertz radiation from the Sun is in the prepara-
tion stage for implementation on the ISS.

7. Conclusion

Observations and measurements with spacecraft have yielded
new scientific results designed to solve problems in solar
physics that are important for fundamental astrophysics and
for practical problems of space weather, which has an
increasing impact on various areas of human activity on
Earth and in space. Current and planned space missions will
allow us to take another important step towards a better
understanding of how the Sun is structured and how it works,
how distant stars may be structured, and how we can
minimize the risks posed to us by space weather generated
by solar activity.Many spacecraft observing the Sun in a wide
range of the electromagnetic spectrum and with high spatial
resolution are constantly moving us into ever smaller scales of
the solar atmosphere, rapidly changing our understanding of
the Sun, which provides a basis for developing new space
missions.

It is not claimed that this review constitutes a complete
presentation of the state and results of space research on the
Sun, it aims to reflect only some of them on the 100th
anniversary of S.I. Syrovatskii's birth.
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