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Abstract

This paper addresses the first direct investigation of the energy budget in the solar corona. Exploiting joint
observations of the same coronal plasma by Parker Solar Probe and the Metis coronagraph aboard Solar Orbiter
and the conserved equations for mass, magnetic flux, and wave action, we estimate the values of all terms
comprising the total energy flux of the proton component of the slow solar wind from 6.3 to 13.3 R,. For distances
from the Sun to less than 7 R, we find that the primary source of solar wind energy is magnetic fluctuations
including Alfvén waves. As the plasma flows away from the low corona, magnetic energy is gradually converted
into kinetic energy, which dominates the total energy flux at heights above 7 R..,. It is found too that the electric
potential energy flux plays an important role in accelerating the solar wind only at altitudes below 6 R, while
enthalpy and heat fluxes only become important at even lower heights. The results finally show that energy
equipartition does not exist in the solar corona.

Unified Astronomy Thesaurus concepts: Magnetohydrodynamics (1964); Alfven waves (23); Space plasmas
(1544); Interplanetary turbulence (830); Solar corona (1483); The Sun (1693); Solar evolution (1492); Solar wind

(1534); Solar physics (1476)

1. Introduction

The corona is the tenuous outermost layer of the Sun’s
atmosphere, shaped by the strong magnetic fields that
dominate the energy and pressure density of the plasma (see
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the review by Antonucci et al. 2020a, and references therein
for a comprehensive and exhaustive dissertation on the
observation of the solar corona from space). This is where
the solar plasma is heated to temperatures above one million
kelvin and the solar wind accelerated to supersonic and super-
Alfvénic speeds (Hundhausen 1972; Kohl et al. 1998;
Aschwanden 2004). Although slow coronal flows may be
driven purely by plasma pressure, it is well known that an
additional source of energy is required to accelerate the fast
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solar wind. It can be released through interchange magnetic
reconnection mechanisms between open and closed magnetic
field lines (e.g., Fisk 2003; Bale et al. 2023), often associated
with sudden reversals of magnetic field direction, known as
switchbacks (e.g., Bale et al. 2019; Zank et al. 2020; Telloni
et al. 2022b). Alternatively, waves and/or turbulent fluctua-
tions, transported from below into the corona (e.g., Zank et al.
2017, 2018; Telloni et al. 2023a) or generated locally via
nonlinear interactions with a minority reflected sunward by
strong coronal stratification (e.g., Matthaeus et al. 1999;
Cranmer et al. 2007; Verdini et al. 2009), may couple to the
bulk flow, thus providing an additional term to the wind
pressure. In any case, whatever physical processes heat and
accelerate the coronal plasma, it is now well established that
the source of energy that powers the fast solar wind is
provided by the magnetic field.

Nonetheless, the solar corona is the site of a variety of
dynamic processes involved in the acceleration of the solar
wind. To quantify their various contributions to driving coronal
outflows, the energy budget in the corona, i.e., the different
forms of solar wind energy flux, needs to be investigated. Such
a study has so far been precluded due to the lack or limited
availability in the corona of measurements of crucial quantities
such as the magnetic field, the temperature tensor of the
different species comprising the coronal plasma (i.e., protons,
electrons, alpha particles, and minor ions), and the heat flux.
Recently, however, a joint remote and local observation of the
same coronal plasma volume has allowed such an analysis to
be initiated. On 2022 June 1, Parker Solar Probe (PSP; Fox
et al. 2016), during its twelfth perihelion passage, entered the
portion of the plane of the sky (POS) observed remotely by the
Metis coronagraph (Antonucci et al. 2020b; Fineschi et al.
2020) aboard the Solar Orbiter (SO; Miiller et al. 2020) space
mission. This allowed the first-ever simultaneous measurement
of the large-scale configuration of the corona and its
microphysical /kinetic properties, ultimately enabling the
establishment of an empirical magnetohydrodynamic (MHD)
model of the slow coronal flow, based solely on the solar wind
continuity equations, as well as the first observation-based
estimate of the energy transfer rate in the corona (Telloni et al.
2023b). The above empirical MHD wind model offers an
opportunity to quantify, for the first time, all the different
energy contributions in the corona for the slow wind proton
flow between 6.3 and 13.3 R.. As a result, the questions of
what the primary source of energy is in the extended solar
corona and how energy is converted from one form to another
can be answered.

Similar work has already been carried out in interplanetary
space at different distances and latitudes (Meyer-Vernet 2007;
McComas et al. 2014; Liu et al. 2021; Verscharen et al. 2021),
down to the upper limit of the solar corona (Halekas et al.
2023), albeit not considering all different forms of energy. In
the corona, however, this survey is still lacking. The present
paper aims to fill this gap and is organized as follows:
definition of the various energy flux terms and the different
parameters and assumptions involved in their estimation
(Section 2), analysis of the contribution of these energy forms
to the net coronal balance with increasing distance from the
Sun and discussion of the results (Section 3), and concluding
remarks (Section 4).

Telloni et al.

2. Radial Evolution of Contributions to the Solar Wind
Energy Flux

The total energy flux F flowing along a flux tube with cross-
sectional area a = fi”* (f is the expansion factor at distance r
from the Sun) is the sum of six terms that take into account all
the different contributions to wind pressure from both plasma
and waves. F thus includes the kinetic energy flux Fy, the
enthalpy flux Fr, the gravitational F, and electric F, potential
energy fluxes, the magnetized turbulence energy flux (both
magnetic and velocity fluctuations, the general forms of which
are expressed in Wang et al. 2022), often approximated as the
Alfvén wave energy flux F,, and finally the heat flux Q; that is,
F=Fy+Fr+ F,+ F.+ F,, + Q. More specifically, consider-
ing the solar wind as a single-species fluid (consisting of the
main component of protons, and thus excluding electrons,
alpha particles, and minor ions), the fluxes of kinetic energy
(related to the expansion of the bulk flow) and enthalpy
(i.e., the internal energy related to the thermal agitation
motions) are given by

1

Fy = —pU? 1
U 20 (1)
and
U 3
Fr = ”—kB(n,, + —np), )
m, 2

respectively, where p is the plasma mass density, U is the bulk
speed of the solar wind, m,, is the proton mass, and kg is the
Boltzmann constant. Considering, to a first approximation, the
proton velocity distribution functions (VDFs) as a single bi-
Maxwellian, any anisotropy is taken into account in
Equation (2) through the inclusion of the proton temperature
components perpendicular T, , and parallel T}, to the magnetic
field B (it is worth noting, however, that the VDF core and
beam can have different anisotropies that are not reflected in
the total anisotropy, see, e.g., Klein et al. 2021). Under
isotropic conditions, T, =T}, =T,, Equation (2) reduces to
Fr=(5/2)kgT,pU/m,. The gravitational potential energy flux,
related to the energy required for the plasma to escape from the
Sun’s gravitational attraction, is expressed as

F,— _PUGMe, 3)

r

with G being the gravitational constant. To account for the
coupling between protons and electrons, the electric potential
energy flux is included in the energy budget of the coronal
flow. It is given by

F=Ye, 4)
mp

where e¢ = (2/a + 1)kgT, is the electric potential at infinity
(with T, oc v~ “ being the electron temperature and « the scaling
index), derived from the ambipolar electric field in the
generalized Ohm’s law. The pressure transported upward by
magnetic field fluctuations, namely the magnetized turbulence
energy flux, contributes to the overall plasma pressure (and
thus to the solar wind energy flux). It is here approximated by
the Alfvén wave energy flux. Defining u=U — (U) and
b=B — (B) as the velocity and magnetic fluctuations with
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Figure 1. Overview of PSP measurements as the spacecraft entered the POS observed by Metis: (a) bulk-flow and Alfvén speeds (U and Ua,, in black and red,
respectively), (b) magnetic field intensity B, (c) proton and QTN electron number densities (n, and n,, in black and red, respectively), (d) proton and QTN electron
temperatures (7, and T,, in black and red, respectively), (e) temperature anisotropy 7', ,/T),, and (f) heat flux Q.

respect to the corresponding mean fields ({...) denotes
ensemble averages), the outward-propagating modes can be
expressed as z© =u + b/ /up (u is the magnetic perme-
ability) and their energy as (|z*|*)/4 (Elsisser 1950). Follow-
ing Chandran et al. (2011), F,, can be thus written as

+2

=3 u)ER 5)
where Uy = B/ [ip is the Alfvén speed. A limitation here is
that this expression does not incorporate inward-propagating
(see Zhao et al. 2022, showing the presence of inward and
outward slab modes) or zero-frequency advected fluctuations,
but the corresponding expressions and measurements are more
complicated (Wang et al. 2022). The estimate of the fluctuating
term can additionally be quite sensitive to residual energy and
cross helicity (since this affects the U, term, for example).
Expression (5) provides a reasonable approximation for at least
the outward energy flux associated with magnetized coronal
turbulence. The exact expression for heat flux is also
complicated (e.g., Chandran et al. 2011; Scudder 2015).
However, since Q is expected to be negligible compared to
the other contributions to the total energy flux above the
temperature maximum (namely, for r >2-4 R, e.g., Anto-
nucci et al. 2005), its free-streaming limit Qg, (Hollweg
1974, 1976), i.e., the heat flux corresponding to a plasma
carrying only its own enthalpy, has been used as an estimate
here. This expression provides an upper limit, as shown in
Chandran et al. (2011). Q can thus be approximated by

)3/2

3

kg T,
Qsatzap( Sl

mp

(6)

where T, = (2T, , + T,)/3 is the (average) proton temperature.
Finally, it is worth noting that the term associated with the
mean background magnetic field, B’ /(2p1), does not contribute
to the energy flux and is therefore not taken into account. At the
lowest order and in the steady-state approximation, in fact, the
solar wind drags the magnetic field by making it radial,
B o r~ % locally, it corresponds to potential energy density, and
therefore neither provides free energy nor contributes to the
bulk-flow energy flux. However, it is worth mentioning that the
current sheet (where all the energy is stored) acts at least
initially as an energy sink, as it arises from the coronal heating
via the expansion of the plasma and the opening of previously
closed magnetic fields. It therefore acts locally as a source of
free energy, allowing for the emission of blobs and some
acceleration of the dense plasma sheet, reducing the overall
differential between fast and slow wind speeds (see, e.g.,
Rappazzo et al. 2005; Réville et al. 2020, 2022).

To estimate the different terms involved in the total energy
flux and defined in Equations (1)—(6), the radial profiles of p,
U, B, ("), T "\ps Tip» Ty, and T, have to be inferred or
assumed in the solar corona. For this purpose, the joint
observations of Metis/SO and PSP of the same volume of solar
corona plasma made on 2022 June 1 from 22:25 to 22:55 UT,
during the quadrature of the two satellites, have been employed
in the computations. The field of view (FOV) of Metis ranged
from 6.3 to 13.3 R, with PSP grazing (at about 13.3 R.) the
outer edge of the portion of the POS imaged with Metis, above
its west limb. Some relevant plasma and magnetic field
measurements acquired by PSP in the interval of interest are
shown in Figure 1. In panels (a)—(f) are the solar wind (black)
and Alfvén (red) speeds, magnetic field strength, number
densities of protons n,, (black) and electrons n, (red), proton
(black) and electron (red) temperatures, proton temperature
anisotropy T',,/T),. and heat flux Q, as deduced from the
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Figure 2. Coronal radial trends in the Metis FOV of (a) plasma mass density, (b) bulk-flow (black) and Alfvén (red) speed, (c) magnetic field strength, (d) outward-
propagating Alfvén wave energy, (e) proton (black) and electron (red) temperature, and (f) temperature anisotropy. Dashed curves in (e) and (f) are for profiles
obtained in the CGL adiabatic limit. The green dot denotes the PSP-measured reference point for each extrapolated profile.

asymmetry of proton VDFs and computed from bi-Maxwellian
core-beam fits (as detailed in Verniero et al. 2022). Data are
drawn from the FIELDS experiment (Bale et al. 2016) and the
Solar Wind Electrons Alphas and Protons (SWEAP; Kasper
et al. 2016) instrument suite. In particular, plasma moments
(density, velocity vector, temperature tensor, and heat flux of
protons) are provided by the electrostatic Solar Probe Analyzer
(SPAN-Ai/SWEAP; Livi et al. 2022), while magnetic field
measurements were acquired by the MAG/FIELD fluxgate
magnetometer, resampled to the SPAN cadence (1.75 s).
Electron number density and temperature are finally obtained
from the quasi-thermal noise (QTN) data measured by the
radio-frequency spectrometer (RFS/FIELDS; Pulupa et al.
2017). QTN spectroscopy has recently been exploited to infer
solar wind electron measurements (Maksimovic et al. 2020;
Moncuquet et al. 2020; Zhao et al. 2022).

The plasma volume sampled by PSP belongs to a rather
homogeneous slow coronal flow: the average expansion rate is
(Uy=315 km s ' and is less than the Alfvén speed
(Ux) =541 km s~ ' (so PSP is effectively in the magnetically
dominated corona), and large-scale fluctuations are small. The
dip in proton density about 10—15 minutes before quadrature is
not real and is due to an excursion of the proton VDF out of the
SPAN-Ai FOV (which probably also affects the temperature
anisotropy). Indeed, the QTN electron density is steady across
the interval and is therefore used in the calculations. It is worth
noting that the average measured proton heat flux at 13.3 R is
(Q)=2.6 x 10> W m 2, which is significantly (about two
orders of magnitude) smaller than the value obtained in the
free-streaming limit, Qg = 2.3 X 1073 W m2, as expected.
Evidence that the proton VDFs are highly anisotropic
(T 1,/Typ) = 3.6) during the time interval under study justifies
the use of the generalized formula (2) for estimating the proton
enthalpy flux.

Averages of the PSP-measured solar wind parameters over
the time interval of 30 minutes corresponding to the PSP-SO
quadrature® serve as reference points at 13.3 R, for their
extrapolation downward into the Metis FOV. Following
Telloni et al. (2023b), this procedure is carried out by relying
on the radial profile of the coronal mass density (inferred from
the polarized light images acquired by Metis and calibrated
according to De Leo et al. (2023), and shown in Figure 2(a))
and solving the basic conservation equations for the solar wind.
More specifically, the coronal flow speed U (black curve in
Figure 2(b)) is derived from conservation of mass along the
flux tube,

U p*U*a* ’
pa

(N

where f=a/r* was estimated from accurate 3D MHD
modeling of the coronal magnetic configuration for the period
of interest (developed by Predictive Science Incorporated;
Miki¢ et al. 2018) and found to vary only slightly with
distance, i.e., f~1=a~ P (as expected, since at distances
greater than 5 R, the expansion is reasonably purely radial),
p=0.95m,n, comes from Metis observations (the factor 0.95
takes into account a helium abundance of 2.5% in a fully
ionized plasma (Moses et al. 2020), typical of low-speed
streams), and the superscript ~refers to the values at the PSP
position. Similarly, the coronal magnetic field B (Figure 2(c)),
and as a result the Alfvén wave velocity Uy = B/ [up
(red curve in Figure 2(b)), is calculated by conservation of

29 The first 5 minutes of measurements are excluded from proton velocity and
temperature averages to account for the aforementioned SPAN-Ai FOV
excursion.
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Figure 3. Contributions (a) and fractions (b) of the total energy flux (black), coming from the kinetic energy flux (red), enthalpy flux (green), gravitational (cyan) and
electric (blue) potential energy fluxes, Alfvén wave energy flux (yellow), and heat flux (gray). Shaded areas with the same color code indicate the confidence interval
for fluxes estimated under different assumptions for coronal quantities (see text for details); the adiabatic approximation is marked by dashed lines.

magnetic flux:
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a

B
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In the Wentzel-Kramers—Brillouin (WKB) limit (i.e, assuming
no dissipation), the radial evolution of the energy associated
with upward-propagating Alfvénic fluctuations, (|z*|?)/4, is
obtained in the Metis FOV by conservation of wave action (see,
e.g., Velli 1993; Telloni et al. 2023b, for more details):

(P) _ UU U+ U (P
4 U+ Upy* U'U, 4

©)

Since there are no proton and electron temperature
measurements in the 6.3-13.3 R, range studied here (remote
spectroscopic observations of the corona are available only
further below, while PSP measurements extend just down to
133 R.), nor MHD-based solutions to propagate PSP
measurements backward, some assumptions are required to
define the radial profiles of T',,, T}, T,, and T,. One viable
approach is to consider that their dependence, as derived from
PSP observations in the very inner heliosphere at the lowest
limit of 13.3 R, also holds slightly below, down to 6.3 R..
Halekas et al. (2023) showed that in the slow solar wind the
perpendicular component of the proton temperature scales
approximately as 7~ %23 (in agreement with the results provided
by Wu et al. 2020), while the parallel component does not
exhibit appreciable variation with heliocentric distance (in
accordance with Chandran et al. 2011), at least in the slowest
flows. On the other hand, Zhao et al. (2019) found that the
near-Sun proton temperature decreases with height as .
Finally, based on a statistical survey, Halekas et al. (2022)
showed that the electron temperature scales as r - in the low-
speed streams. At distances far above the temperature
maximum, as in the present case, it is reasonable to assume
that the scaling law of proton and electron temperature (along
with the corresponding components) does not vary signifi-
cantly. Therefore, the above literature profiles, which are valid
just above the Metis FOV, are also employed in the present
work in the range between 6.3 and 13.3 R, (continuous color-
coded curves in Figures 2(e) and (f)). Other scaling laws are
found in the literature (e.g., Huang et al. 2020), yet those
employed in the present analysis represent a lower limit. To
account for the uncertainties related to the profiles thus derived

and to explore how temperature variability affects the estimate
of the energy budget in the solar corona, an upper limit for 7', ,
T\p> T, and T, i.e., the expected profiles under the assumption
of a spherical adiabatic expansion, is also considered. The
conservation of the Chew—Goldberger—Low (CGL; Chew et al.
1956) invariants predicts that T, B, T},  n*/B*, while T,
and 7, scale as y43 (dashed color-coded curves in
Figures 2(e) and (f)). The complete set of functional forms
for estimating the different components of the coronal energy
flux are given in Figures 2(a)—(f).

3. Estimate of Energy Flux Terms in the Corona

The energy flux terms so estimated along with (normalized
to) the total energy flux are displayed in Figure 3(a)
(Figure 3(b)) as a function of heliocentric distance with
different colored lines, as reported in the legend. The color-
coded shaded areas denote the confidence region of the fluxes
due to the use of different solutions for the radial temperature
profiles. In particular, the CGL adiabatic limit is indicated by
dashed curves.

Figure 3 shows that below ~7 R, the solar wind is driven
essentially by magnetized turbulence, here represented by
Alfvén waves, which are indeed the primary source of energy
(yellow curve) for wind acceleration. In this radial range,
indeed, the Alfvén wave energy dominates the energy budget,
and its fraction decreases with height as the kinetic energy term
increases (Figure 3(b)), thus suggesting an energy transfer from
Alfvénic fluctuations to bulk-flow acceleration. During the
expansion, a (minority) portion of Alfvén wave energy is
therefore converted into gravitational potential energy (cyan
curve) as the plasma is carried to greater heights in opposition
to the Sun’s gravitational force (even if most of the energy
needed to overcome the gravitational force is injected at lower
heights than those considered in this study). Most of the
magnetic turbulence energy, on the other hand, is converted
into wind Kkinetic energy (red curve), whose contribution
becomes the most important above ~7 R, gradually increasing
up to the upper edge of the corona as observed in this study
(i.e., 13.3 R.), and thus indicating a gradual (though residual)
acceleration of the coronal flow to distances of tens of solar
radii (see also Telloni et al. 2021). It is worth mentioning that
the Alfvén wave energy flux was calculated in the WKB limit
and is therefore to be considered a lower limit. Consequently,
Alfvén waves are expected to dominate the total energy flux at
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heights somewhat higher than 7 R. These observational results
strikingly confirm the theoretical predictions provided by
the two-fluid solar wind model by Chandran et al. (2011),
where (see their Figure 7) it is shown that the Alfvén wave
contribution is the most important up to 8-9 R.: beyond, most
of the energy flux comes from the bulk-flow kinetic energy
term, indicating that the solar wind has largely already been
accelerated at these heights. Interestingly, where Alfvén waves
begin to govern the plasma flow, the turbulent energy transfer
rate peaks (see Figure 2(g) of Telloni et al. 2023b), suggesting
that, among the various possible mechanisms, the dissipation of
low-frequency turbulence is a credible process for transferring
energy from Alfvén waves to solar wind protons (as also shown
in Adhikari et al. 2022; Telloni et al. 2022a, 2023a) and thus
for heating and accelerating the coronal plasma.

Some contribution to wind driving may also come from the
electric potential energy (the third largest energy flux), which
furthermore exceeds the kinetic energy term at altitudes slightly
less than 6 R (blue curve). This is in agreement with the
results found by Halekas et al. (2023), which show that this
form of energy can account for proton acceleration of the
lower-speed streams. Enthalpy and heat fluxes (green and gray
curves, respectively), on the other hand, are expected to
become important only much lower, around 2-4 R, at the
temperature maximum (e.g., Antonucci et al. 2005). Only
under the assumption of CGL double adiabatic expansion
might the enthalpy flux (dashed green curve) also play an
important role in accelerating coronal flows in this radial range.
It is worth mentioning, however, that the CGL approximation
is known not to hold in either the corona or the solar wind, and
is only given here as a reference and to provide upper limits for
some flux terms. As a final remark, Figure 3 clearly depicts that
no form of energy equipartition exists in the corona, as
incidentally already predicted theoretically by a number of
solar wind models (e.g., Cranmer et al. 2007; Chandran et al.
2011; Zank et al. 2021), which the present empirical results
fully confirm.

4. Concluding Remarks

The empirical investigation of the different terms involved in
the total energy flux of coronal flows, carried out for the first
time in this study, provides a deeper insight into (and
confirmation of) the overall picture of the physical processes
related to wind acceleration. Synergetic Metis/SO—PSP data
and MHD-based extrapolations support a wave-driven solar
wind scenario: indeed, magnetized turbulence described here
via the Alfvén wave energy flux is identified as the dominant
term in accelerating coronal plasma. The electric potential
energy also contributes to some extent, providing protons with
additional plasma pressure, while other forms of energy may be
important only in the lower corona. It turns out that Alfvén
wave (and electric potential, secondarily) energy is sufficient to
account for the continuous acceleration of the (main) proton
component of the slow solar wind. Incidentally, the full
conversion of all energy to kinetic energy would give the
sampled stream an asymptotic speed of about 450 km s~ .

In a steady state, aF is independent of the heliocentric
distance r, that is, the total energy flux is constant along the
whole flux tube channeling the coronal flow. In the present
study, aF is virtually constant with altitude, varying by less
than 1% as the plasma flows away from the Sun over a range of
5 Rs. On the other hand, a significant (36%) departure from
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conservation is observed for CGL solutions: this is, however,
expected due to the unrealistic assumption (double adiabatic
expansion) considered in this approximation. The observed
compliance with total energy conservation highlights the
absence of significant shear-driven dynamics along adjacent
flux tubes (Ruffolo et al. 2020; Telloni et al. 2022a, which
could invalidate the assumption of steady-state expansion) and,
more importantly, the goodness of the Metis and PSP
measurements as well as the soundness of the assumptions
employed to infer the radial profiles of the proton temperature
components perpendicular and parallel to the magnetic field.
Some approximations, however, still remain, such as the WKB
limit adopted to compute the Alfvén wave energy in the Metis
FOV from the in situ PSP measurements, as well as the fact that
we have considered only the primary component of the solar
wind (i.e., protons) in the analysis, while neglecting the
enthalpy and heat flux also associated with electrons and alpha
particles. As PSP enters deeper and deeper into the corona, it
will be possible to relax assumptions about the temperature
tensor anisotropy and directly measure the energy of Alfvénic
fluctuations. For example, during its first close approach to the
Sun on 2024 December 24, PSP will be at a distance of just
9.9 R., and in quadrature with Metis, whose FOV will range
from 5.7 to 12.2 R.: PSP will therefore not just barely graze the
Metis FOV as in the present study, but will be fully within it,
allowing for a much more accurate investigation. Similarly, a
greater level of detail of solar wind energy fluxes will come
from including measurements from PSP of electrons and alpha
particles in the analysis, i.e., considering a three-fluid solar
wind. Specifically, the energy exchange between electrons and
ions is clearly very important given the mass difference
between electrons and ions and the subsequent electric field set
up to precisely fix the neutrality of the corona and the Sun as a
whole. However, this is devoted to a future work, when a better
data set involving electrons and their probability distribution
functions becomes available.
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