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In the research community focused on solar wind fluctuations, which determine the transport of
space radiation to Earth, an exciting event is NASA’s Parker Solar Probe mission, which launched in
2018 and subsequently had 7 Venus encounters that moved its orbit successively closer to the Sun.
An important milestone of this mission is the first ever sampling of sub-Alfvénic solar wind, which is
defined as solar wind at a speed V slower than the Alfvén speed V, of waves traveling along magnetic
field lines. Note that V starts from zero at the Sun and accelerates to about 400 km/s at around 20
solar radii (while the Earth orbits at 212 solar radii). Meanwhile V4, ~ 1000 km/s near the Sun and
reduces to ~60 km/s at Earth orbit. Then the Alfvén Mach number is defined by M, = V/V, and the
point M, = 1 where the solar wind speed rises to match the Alfvén speed is called the Alfvén point
or Alfvén surface or Alfvén transition zone, and solar wind closer to the Sun with M, < 1 is referred
to as sub-Alfvénic.

The first author, together with US collaborators, published a major paper (Ruffolo et al. 2020) in
which we analyzed PSP data and “switchbacks” in which the interplanetary magnetic field
temporarily reverses. We proposed that switchbacks and solar wind turbulence are generated by
shear in the solar wind velocity near the Alfvén transition zone (M, = 1), and we predicted that when
PSP would survey sub-Alfvénic wind, there should not be switchbacks according to our mechanism.
And indeed, later PSP results confirmed our predictions: no switchbacks have been observed in sub-
Alfvénic solar wind!

In the present work, we have analyzed PSP data on the energy per volume of magnetic and
velocity fluctuations (see Figure), and we compared our results with the standard view since the
dawn of the space age that most fluctuations are non-interacting fossil Alfvén waves propagating
outward from the Sun. In that case, the energy density should obey WKB theory (dashed lines).
When analyzing in terms of the distance r from the Sun (right panels), we are superposing numerous
solar wind streams and we cannot compare directly with WKB theory. We therefore prefer to analyze

the evolution of solar wind fluctuations in terms of Alfvén Mach number M,. We find that the results


https://doi.org/10.3847/2041-8213/ad9727

are completely incompatible with WKB theory. Therefore, solar wind fluctuation energy is not
dominated by non-interacting fossil Alfvén waves, and in comparison with the evolution expected
from WKB theory, there is a great enhancement in fluctuation energy at M, < 1 and M, = 1, which is
consistent with our 2020 theory that fluctuations are generated by velocity shear near M, = 1.
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Figure 1. Solar wind fluctuation energy per unit volume vs. Alfvén Mach number M, and radial distance r for PSP data during orbits 8-17. Each blue point shows a
1 minute averaged value. Red circles indicate the mean value in each bin, where bins are combined until they have at least 100 data points, and each error bar indicates
the standard error of the mean of data in that bin. Magnetic fluctuation energy per volume: (a) 88" /i vs. M, and (b) vs. r/Ry. Velocity fluctuation energy per volume:
(c) pdV* vs. M, and (d) vs. r/Ry. M, is computed using the density data set described in the text. Velocity fluctuation is computed only when SPAN-i data satisty
quality conditions described in the text. The evolutionary trend predicted from WKB theory for “fossil™ Alfvénic fluctuations that propagate outward without
interaction, £ oc [My(My + 1)I~" (dashed curves in panels (a) and (c)), fails to explain the PSP data for sub-Alfvénic solar wind, i.e., for M, < 1. The discrepancy
implies that most solar wind fluctuation energy does not originate near the solar surface but rather is strongly enhanced in situ at 0.5 < M, < 1.
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