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In situ observations of large-amplitude Alfvén waves
heating and accelerating the solar wind
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After leaving the Sun's corona, the solar wind continues to accelerate and cools, but more slowly than
expected for a freely expanding adiabatic gas. Alfvén waves are perturbations of the interplanetary
magnetic field that transport energy. We use in situ measurements from the Parker Solar Probe and
Solar Orbiter spacecraft to investigate a stream of solar wind as it traverses the inner heliosphere.
The observations show heating and acceleration of the plasma between the outer edge of the corona and
near the orbit of Venus, along with the presence of large-amplitude Alfvén waves. We calculate that
the damping and mechanical work performed by the Alfvén waves are sufficient to power the heating and
acceleration of the fast solar wind in the inner heliosphere.

I
n situ measurements have shown that the
solar wind does not cool adiabatically as
it expands away from the Sun (1). The speed
and temperature profiles of the fast solar
wind (which has the highest speeds when

measured far from the Sun) require mechan-
ical forcing and direct heating of the plasma
after it leaves the solar atmosphere (2–4).
The cooling rate of solar wind protons de-

pends on the speed of each wind stream (1).
Protons in the slowest solar wind cool roughly
adiabatically as they convect away from the
corona, whereas protons in faster solar wind
cool more slowly (5). The radial electron tem-
perature profile exhibits similar behavior, though
varies less with the stream speed (6). Plasma
that cools slower than adiabatically requires
that additional heating occurs after the fast
solar wind leaves the corona. The source of
that heating is unknown.
Alfvén waves are transverse magneto-

hydrodynamicwaves that travel along themag-
netic field and are thought to play a role in the
processes that heat the solar wind (3, 7, 8). The

energy budget of the solar wind indicates that
energy provided by Alfvén waves makes a
greater contribution to stream acceleration
at higher solar wind speeds (4). The acceler-
ation of the solar wind streams with slower
speeds can be explained without requiring a
contribution from Alfvén waves (9). By con-
trast, Alfvén waves do contribute to the dy-
namics of fast solar wind (10, 11).
In situ measurements by spacecraft passing

close to the Sun have found high-amplitude
magnetic field rotations, termed switchbacks
(12, 13). These switchbacks are characterized
by a rapid change in the magnetic field direc-
tion, with near-constant magnetic field mag-
nitude, accompanied by correlated velocity
fluctuations. Switchbacks have been inter-
preted as large-amplitude Alfvén waves in the
solar wind (12, 13); however, their definition
and implied origin are debated. Although the
switchback terminology suggests a change in
polarity, the magnetic field does not always
physically switch back to change its magnetic
polarity. Groups of many such fluctuations
have been found in coherent patches (14). The
substantial wave energy associated with these
large Alfvénic fluctuations close to the Sun,
and their gradual evolution with heliocentric
distance, indicate that they could play a role
in heating and acceleration of the solar wind
(15, 16).

Experimental design

A test of that hypothesis would be to measure
the energy contributions in a switchback patch
at points near and far from the Sun. Appropri-
ate alignments with multiple spacecraft are
rare (17), so statistical studies have combined
measurements at similar heliocentric distances
and with similar velocities (4, 6, 18). Close to
the Sun, spacecraft measurements show an
overall decrease in speed of all solar wind.
This indicates that acceleration is taking place

and the statistical approaches break down. Al-
ternative approaches separate the solar wind
into percentiles (6, 9, 18) or by combining
measurements taken at several heliocentric
distances (4), but these cannot isolate the evo-
lution of individual plasma streams over large
distances.
We investigate data from two spacecraft:

Parker Solar Probe [(19), hereafter Parker] and
Solar Orbiter (20). Parker orbits close to the
Sun, with closest approach (perihelia) of 0.063
astronomical units (au); Solar Orbiter is lo-
cated further out, with perihelia of 0.30 au.
Our goal is to compare the properties and en-
ergetics of the same stream at different helio-
centric distances, to determine its evolution as
it moves outward from the Sun. This requires
identifying conjunctions when the spacecraft
intersect the same solar wind stream. We ex-
pect the Parker data taken close to the Sun to
show large-amplitude Alfvén waves, whereas
the Solar Orbiter data are sufficiently far out
for the waves to have mostly dissipated.

Multi-spacecraft observations

A suitable conjunction occurred in February
2022, when Parker and Solar Orbiter crossed
the same wind streamline at the same solar
latitude within 2 days of each other. Parker
crossed the stream when it was at 13.3 solar
radii (R⊙) from the Sun, around the outer edge
of the Alfvén region, defined as the region
where the solar wind is slower than the local
Alfvén wave speed (21). The same plasma
stream was subsequently crossed by Solar
Orbiter at 127:7R⊙, where the solar wind is
much faster than the Alfvén speed.
Figure 1A shows this conjunction in the

solar-corotating (Carrington) reference frame,
and Fig. 1B shows the same event in longitude
and latitude. We determined the source sur-
face longitude separately for the plasmas
observed at Parker and Solar Orbiter, by bal-
listically mapping the stream trajectories
back to 2.5R⊙ above the Sun according to
previous methods (22, 23). The ballistic map-
ping uses the measured wind speeds and the
respective spacecraft locations to define spiral
trajectories (straight lines in the rotating ref-
erence frame) that approximately trace each
stream back to its point of origin in the corona
(24–26).
A stream of fast wind passes by both space-

craft during this conjunction (Fig. 2 and fig.
S1). The segment corresponds to source sur-
face longitudes 120° to 125°, for which the
Parker data show a patch of large-amplitude
Alfvén waves, which we term a switchback
patch. Parker crossed this stream on 2022
February 25 (15:00 to 16:40 Coordinated Uni-
versal Time, UTC). Solar Orbiter data show
the same stream passing the spacecraft on
2022 February 27 (09:00 to 17:00UTC). Parker
crosses the same span of source longitude in
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a much shorter time than Solar Orbiter be-
cause of its higher angular velocity, and the
two spacecraft crossed the stream in oppo-
site directions (Fig. 1B). The transit time for
plasma to travel from the location of Parker
to Solar Orbiter during this period was
45 hours, estimated from themodeled velocity
profile (27), which is similar to the measured
delay between Parker exiting and Solar Orbiter
entering the stream (~40 hours). This implies
that the plasmas encountered by Parker and
Solar Orbiter were released from the Sun at
roughly the same time, as well as from the
same source.
The switchback patch corresponds to a local

maximum in the solar wind speed and ap-
pears in both Parker and Solar Orbiter data
taken over this longitude range. Further evi-
dence of a connection between the plasma
streams is provided by our identification of a
positive polarity magnetic field at the same
ballistically mapped longitude (120° to 125°)
crossed by Parker and Solar Orbiter (fig. S1).
We also find a consistent helium abundance
around 1 ± 0.5% by number density (nHe/nH =
0.01) in both solar wind streams (Fig. 2, E and
K). We expect plasma composition to remain
fixed after leaving the corona.
Over source surface longitudes 120° to 121°,

there is a bifurcation in the ballistic mapping
of the Solar Orbiter data, showing a solar wind
stream from the same source longitude that
occurs later in the time series, with a He abun-
dance of 3% (Fig. 2K). Ballistic mapping does
not account for stream interactions, so un-
physically allows streams to overlap. We use
the He abundance to disambiguate the fast
stream from the slow stream and exclude the
latter from our analysis. For both spacecraft,
the fast stream of interest maps back to a
small equatorial coronal hole (Fig. 2, F and L).
That point of origin is consistent with the
heavy-ion abundances measured by Solar
Orbiter (fig. S4), which are typical of coronal
holes (27).

Evolution of the plasma stream

The plasma stream has different speeds at the
two spacecraft, with the Parker data averaging
386 T 26 km s�1 and the Solar Orbiter data
512 T 15 km s�1 (table S1). We consider the
latter stream to be fast solar wind, even though
the speed at Parker would be classified with
slow solar wind if it were observed at Earth.
The stream has undergone acceleration dur-
ing its passage from 13:3R⊙ to 127:7R⊙ from
the Sun.
We compared the mass flux and magnetic

flux at the two spacecraft to verify whether
these quantities are conserved (27), as we ex-
pect for an expanding flux tube. We find that
both quantities are conserved and that the
stream compresses slightly more than the 1/r2

variation that we expect for a flux tube (fig.

S2).We calculate a 10 ± 9% compression factor
at Solar Orbiter (eqs. S1 and S2). For the en-
ergy flux budget of the stream, we calculate
that energy is conserved (within the measure-
ment uncertainties), and that the dominant
source of uncertainty is the variance of the
stream over the source surface longitude. The
energy flux is 45:7 T 6:6 W m−2 at Parker and
48.0 ± 3.6% Wm−2 at Solar Orbiter (table S2).
We express the conservation of energy along

the flux tube as

WSolarOrbiter �WParker ¼ DW

¼ D ucmW
r2

R2
⊙

UK þ UH þ UG þ Uwð Þ
� �

ð1Þ

¼ DWK þ DWH þ DWG þ DWw ð2Þ

¼ 0 ð3Þ
where DW is the difference between energy
fluxes at Parker and Solar Orbiter and the
subscripts indicate kinetic (K), enthalpy (H),
gravitation (G), and Alfvénic wave (w) en-
ergies. ucm is the plasma center of mass ve-
locity, computed as ucm ¼

X
jmjnjvj

X
jmjnj ,

where j indexes each species: electrons, pro-
tons, and alpha particles. W is the stream
angular size in steradians at each spacecraft.
Each energy density term (U) corresponds to
a scaled energy flux term (W ) once normal-
ized by ucmr2/R2

⊙, where r is the heliocentric

B

Fig. 1. Spacecraft trajectories and ballistic mapping in the corotating reference frame. (A) Solar
Orbiter and Parker trajectories projected onto the solar equatorial plane (Cartesian coordinates X and Y with
the origin at the Sun). Spiral streamlines are colored with the measured solar wind speed; they show the
mapping of the spacecraft measurements to the Sun, with a gap separating the segments generated from
Solar Orbiter (outer segment) and Parker data (inner segment). Dotted and dashed lines show uniform
spacing in longitude and radius, respectively. Black arrows indicate the direction of spacecraft motion. The blue
shaded region indicates the fast solar wind stream that we study. Black circles indicate spacecraft positions on the
labeled dates (month/day); the connecting yellow and dark blue lines are the projected spacecraft trajectories.
(B) The mapped heliographic coordinates (longitude and latitude) of Parker and Solar Orbiter at 2:5R⊙, with
Parker's latitude shifted up 0.3° for display. Colors and plotting symbols are the same as in (A).
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distance (28). Each U and W term includes
contributions from electrons, protons, and
alpha particles.
This formulation does not explicitly include

the ambipolar electric potential induced by hot

electrons escaping the Sun's corona; that en-
ergy is included in the electron thermal pres-
sure or the enthalpy (UH) (4, 9). Equations 1 to
3 indicate that the total energy transported
through a cross-sectional area Wr2 at center-

of-mass velocityucm is equal at both spacecraft.
We compute the contributions of each term
from the Parker and Solar Orbiter measure-
ments (27). We assume W ¼ 1 at Parker and
compute an equivalent expansion factor ( f )

Fig. 2. Solar wind properties measured by Parker and Solar Orbiter across
source surface longitude. Each row shows equivalent data from Parker
(A to F) and Solar Orbiter (G to L), and the blue shaded region indicates the
fast solar wind stream that we study. (A and G) Radial magnetic field component;
(B and H) proton density; (C and I) proton bulk speed (red) and Alfvén
velocity (blue); (D and J) isotropic proton temperature (red) and electron
temperature (blue, Parker only); (E and K) helium to proton number density
ratio. The black points show the measured values, whereas red solid curves
are smoothed with a 50-point median filter. For panels where a second
measurement is shown [(C), (D), (I), and (J)], the data and median filter are

differentiated with gray points and a blue solid curve, respectively. Large
circles with error bars (1s uncertainty) are averaged values (table S1). (F and
L) Coronal hole source mapping. Colored points indicate the mapped positions
where BR is positive (red) or negative (blue); labels indicate dates (month/day).
Black lines are field lines from a potential field source surface (PFSS) model,
linking the trajectory at the source surface to their solar sources at 1 R⊙,
indicated by solid red and blue regions with black contours. The solid black
curve shows the polarity inversion line. Both spacecraft map to the same location
(black arrows), which is consistent with the measured in situ compositional
context (27).
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at Solar Orbiter through consideration ofmass
flux conservation (27).
The resulting energy flux terms are shown

as a function of source surface longitude for
Parker (Fig. 3A) and Solar Orbiter (Fig. 3B).
We find that energy conservation is satisfied
to within the uncertainty of the total energy
flux, but only when wave energy is included.
Uncertainties are computed as the standard

deviation of the energy flux terms across the
5° source surface longitude range. The instru-
mental uncertainties are smaller than the
intrinsic variability of the measurements.
The overall wave energy term is of similar
magnitude to the total energy flux variabil-
ity but contributes a substantial part of the
energy budget at Parker, and its inclusion is
required to maintain energy conservation

between the locations of the two spacecraft
(table S2).

Acceleration and heating of the stream

If we assume that the stream did not change
in time over this period and that the plasma
has a polytropic equation of state, then the
expansion profile for the stream of solar wind
is fully determined by hydrodynamics (29, 30).

Fig. 4. Comparison of measured
properties with a solar wind
model as a function of helio-
centric distance. White data
points (error bars show 1s uncer-
tainties) are our measurements
from Parker and Solar Orbiter
(tables S1 and S2). The curves are
model results (27). Each model is
split (at the vertical dashed line)
into coronal and heliospheric
portions (pink and blue shading,
respectively). (A) Proton temper-
ature for polytropic (solid red line)
and adiabatic (dashed red line)
expansion. Red shading and a
second red line show remote
observations of fast wind low in the
corona (31). (B) Wave pressure
gradient force, using a data-
constrained analytical model
(solid blue line) and a dissipation-
free model (dashed gray line).
(C) Proton velocity for adiabatic
expansion only (dashed red line),
polytropic expansion only (red
dotted line), and polytropic expan-
sion and wave pressure (solid red
line). The yellow circle indicates
the critical point. (D) The energy
flux terms for enthalpy (magenta
line), kinetic (green line), and
gravitation (blue line). Their total
(black lines) is shown for each of the three expansion models, with line styles as in (C).

Fig. 3. Energy fluxes across the
fast wind stream. The individual
energy flux terms are shown
for (A) Parker and (B) Solar
Orbiter multiplied by the
expansion factor f (27). Colored
lines show the energy flux
terms in Eq. 2. The black line
is their total, and the gray
line is the total without
including energy from the
Alfvén waves. We conclude that
the switchback wave energy
at Parker is required to
maintain energy conservation.
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Following previousmethods (5, 6, 29), we extrap-
olate from the Parker and Solar Orbiter obser-
vations using a polytrope function, Pr�g ¼ C,
where P is the plasma thermal pressure, r is
the mass density, g is the polytropic index,
andC is an unknown constant. Figure 4 shows
the resulting proton temperature, wave pres-
sure force, and proton speed profiles, along
with the energy flux evolution of the stream.
Figure 4, C and D, compare three choices of
polytrope: (i) free adiabatic expansion, g ¼ 5=3;
(ii) a polytrope in which the temperature was
derived from a model fitted to the observa-
tions,g ¼ 1:41 T 0:020; and (iii) the same fitted
polytrope with the addition of the empirically
constrained wave pressure force profile (27).
In the latter case, the mechanical work per-
formed by the Alfvén waves was determined
from an analytical force profile (5) (Fig. 4B),
which is consistent with the measured gradi-
ent in Alfvénic wave pressure (27).
Figure 4 also shows extrapolations of these

polytrope models into the corona, where we
assume the temperature profile (Fig. 4A) is
approximately constant, as described in previ-
ous work (29). The temperature profiles con-
sist of a constant proton temperature Tiso ¼
1:7 � 106 K (Fig. 4A), which is combined with
thewave pressure force profile (Fig. 4B)within
a radius of Riso ¼ 11R⊙ , measured from the
center of the Sun. These parameters were
chosen on the basis of ultraviolet remote ob-
servations of the fast solar wind temperature
in the corona (31). They are consistent with
other remote observations that showed that
the sonic critical point, where the solar wind
speed exceeds the local sound speed, is lo-
cated at 1.9 R⊙ (32), near our modeled value
of 2.2R⊙ (Fig. 4C). We extrapolate the cor-
onal wave pressure forcing (Fig. 4B), finding
that it contributes about 20 W m�2 to the
energy budget, compared with the 120 Wm�2

present at the base of the corona (33). This
extrapolation to the corona indicates that our
results are consistent with the expected phys-
ical parameters of the corona. Under our as-
sumed isothermal conditions in the corona,
the plasma still receives energy from the Alfvén
waves, but it exactly balances the cooling due
to expansion.
Figure 4, C and D, show the effect of the

Alfvén wave energy flux on the system. All
three polytrope models start from the same in-
itial conditions at Riso, but only the polytrope
that includes both Alfvén wave pressure forc-
ing and heating matches the measured accel-
eration between Parker and Solar Orbiter (Fig.
4C). We estimate the mechanical work done
from the measured decline in wave pressure
(1.88 ± 0.31 W m�2 ) and from the shallower-
than-adiabatic thermal pressure gradient of the
polytropic heating profile (1.76 ± 0.25 W m�2).
The portion of the wave energy flux resulting
in acceleration (1.88 ± 0.31 W m�2 ) is sub-

stantially less than the mean of the total wave
energy flux lost (3.9 ± 2.7 Wm�2). This implies
that the large-amplitude Alfvén waves are
damped. If there was no damping, then all the
wave energy flux would be converted to me-
chanical work, so the wave force profile would
be shallower and follow the dissipation-free
curve (Fig. 4B) (3, 7, 34). The unused wave en-
ergy flux is similar to the energy input re-
quired to sustain the temperature profile with
our fitted polytropic index. We speculate that
the waves are converted to heat through a
combination of reflection-driven turbulence
(8, 35) and turbulent dissipation (36–38).
These observations show that substantial

heating and acceleration of the plasma, above
that expected for free adiabatic expansion
(3.62 ± 0.40 W m�2), occurred in this region.
The large-amplitude Alfvén waves organized
in coherent patches dissipate 3.9 ± 2.9 Wm�2

into the stream. These Alfvénic structures can
therefore provide the necessary additional heat-
ing and acceleration as the solar wind moves
through the corona and inner heliosphere.
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