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ABSTRACT

During Parker Solar Probe’s first two orbits, there are widespread observations of rapid magnetic field reversals known as
switchbacks. These switchbacks are extensively found in the near-Sun solar wind, appear to occur in patches, and have possible
links to various phenomena such as magnetic reconnection near the solar surface. As switchbacks are associated with faster plasma
flows, we questioned whether they are hotter than the background plasma and whether the microphysics inside a switchback
is different to its surroundings. We have studied the reduced distribution functions from the Solar Probe Cup instrument and
considered time periods with markedly large angular deflections to compare parallel temperatures inside and outside switchbacks.
We have shown that the reduced distribution functions inside switchbacks are consistent with a rigid velocity space rotation of
the background plasma. As such, we conclude that the proton core parallel temperature is very similar inside and outside of
switchbacks, implying that a temperature—velocity (T—V) relationship does not hold for the proton core parallel temperature
inside magnetic field switchbacks. We further conclude that switchbacks are consistent with Alfvénic pulses travelling along
open magnetic field lines. The origin of these pulses, however, remains unknown. We also found that there is no obvious link
between radial Poynting flux and kinetic energy enhancements suggesting that the radial Poynting flux is not important for the

dynamics of switchbacks.
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1 INTRODUCTION

Despite the prediction (Parker 1958) and detection (Gringauz et al.
1960; Neugebauer & Snyder 1962) of a supersonic wind from the
Sun more than 60 yr ago, it is still unknown how the thermal
energy of the million-Kelvin corona is converted into the bulk
kinetic energy of the solar wind flow. In sifu plasma observations
throughout the heliosphere reveal ubiquitous non-thermal particle
velocity distribution functions (VDFs) in the plasma, suggesting that
the heating and release of the solar wind close to the Sun, as well as its
non-adiabatic expansion in interplanetary space are related to kinetic
processes that regulate the energy exchanges between particles and
fields (e.g. Marsch 2006; Verscharen, Klein & Maruca 2019).

The solar wind is known to display a temperature—velocity (T-V)
relationship on large scales over different streams (e.g. Burlaga &
Ogilvie 1973; Lopez & Freeman 1986), but the exact drivers of
this relationship remain unknown. Recent work suggests that the
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T-V relationship holds within a single stream (Horbury, Matteini &
Stansby 2018) and evolves as a function of distance (Perrone et al.
2019). This leads to questions about whether the T-V relationship
also holds in individual small-scale structures. To address this, it is
important to consider VDFs in the solar wind, which could carry
fundamental information about the processes responsible for the
heating and acceleration of the plasma close to the Sun. However,
as solar wind expansion modifies and reprocesses distributions,
measuring more pristine plasma conditions is fundamental to make
a direct link between signatures observed in sifu and processes at the
Sun.

To this aim, the Parker Solar Probe (PSP) mission (Fox et al.
2016) was designed to measure the young solar wind. During its first
perihelion pass in 2018 November, PSP reached a closest approach
of 36.5 Rg. Prior to this, the closest in situ measurements to the Sun
were made by the Helios probes in the 1970s (62 Ry). During its first
perihelion, PSP detected ubiquitous magnetic field reversals (known
as switchbacks from earlier Helios observations) in the young solar
wind (Bale et al. 2019), associated with intense enhancements of the
flow velocity, up to twice the local Alfvén speed (Kasper et al. 2019).
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These switchbacks are discrete, rapid, and asymmetric magnetic
field deflections away from the background field that can reverse the
local magnetic field polarity. They have durations that last from a
few seconds to tens of minutes, indicating that they are a multiscale
phenomenon (Dudok de Wit et al. 2020). They also seem to occur
in patches, which are separated by regions of more quiet and
stable radial magnetic field (Bale et al. 2019; Horbury et al. 2020).
Switchbacks are Alfvénic fluctuations with constant magnetic
field intensity |B|, implying that the local plasma velocity inside a
switchback is faster than the background flow (Matteini et al. 2014).
As aconsequence, they also carry significantly larger momentum and
kinetic energy than the surrounding plasma (Horbury et al. 2018).

Magnetic switchbacks with associated speed enhancements have
also been observed beyond 64 Rs (Matteini et al. 2015; Horbury
etal. 2018), although with a smaller occurrence rate than in PSP data
and no clear patch structure. Additionally, previous measurements
of switchbacks were mostly in the fast solar wind. Intriguingly,
during its first perihelion, PSP was embedded in Alfvénic slow wind
coming from a small coronal hole (Bale et al. 2019; Kasper et al.
2019), similar to that previously discussed (D’ Amicis & Bruno 2015;
Stansby, Horbury & Matteini 2019; Perrone et al. 2020), revealing
that these structures are more common than previously expected and
suggesting that they could play a fundamental role in different types
of streams and sources.

Three questions about switchbacks then arise:

(i) Since the switchbacks are faster, are they also hotter than the
background plasma? This would be expected if typical solar wind
T-V relationships are upheld inside these structures.

(ii) Is the plasma inside a switchback distinctly different from the
background plasma? If it is, then this would imply that switchbacks
are a transient-like event from a source region that is distinct from
that which generates the background plasma. On the other hand, if
switchback and background plasma are similar, then it is possible
that switchbacks are local perturbations of the background plasma
(e.g. a propagating non-linear Alfvénic pulse Squire, Chandran &
Meyrand 2020).

(iii) Do switchbacks play a dynamical role in the generation of
the solar wind? Mozer et al. (2020) showed that switchbacks carry
some significant radial Poynting flux that can eventually do work in
accelerating the plasma; are the fastest switchbacks characterized by
the largest Poynting flux?

In this paper, we address these questions by analysing magnetic
field switchbacks that complete a full reversal in the radial component
Bg, corresponding to the largest acceleration of the bulk plasma.
These switchbacks provide the only opportunity to compare the
parallel temperature inside and outside switchbacks using the Solar
Probe Cup’s radial measurements. We discuss the behaviour of the
full ion VDF during the magnetic field rotation and highlight the
thermodynamic properties of the proton core population. We also
measure the radial Poynting flux’s evolution within these structures
and verify whether it is directly related to the plasma kinetic energy.

2 DATA

In this work, we used data from the FIELDS (Bale et al. 2016)
and SWEAP (Kasper et al. 2016) instrument suites in the Radial
Tangential Normal (RTN) coordinate system (Hapgood 1992). We
defined the magnetic field cone angle (6gr) as the angle between
the local magnetic field vector and the R direction. It took a value
between 0°, when the magnetic field was exactly radial, and 180°,
when the magnetic field was exactly antiradial.

Proton core behaviour in switchbacks 5525

2.1 SWEAP

The SWEAP instrument suite (Kasper et al. 2016) consists of two
electron electrostatic analysers (SPAN-E; Whittlesey et al. 2020), one
ion electrostatic analyser (SPAN-I), and a Faraday cup (Solar Probe
Cup; SPC; Case et al. 2020). SPC and SPAN-I have complimentary
fields of view. SPAN-I is situated on the ram side of the spacecraft
behind the heat shield and measures a three-dimensional distribution
function. SPC is radially orientated towards the Sun and measures
a one-dimensional reduced ion distribution function, F(vg) of the
incoming solar wind that is blocked by the heat shield.

The amount of solar wind measured by each instrument changes
with the plasma flow relative to the spacecraft. For radial flows, SPC
is more appropriate whereas flows with a large T-velocity component
relative to the spacecraft favour the use of SPAN-I. During the
early phases of the mission, and at larger heliocentric distances,
SPC is better suited for ion plasma measurements. As the spacecraft
tangential velocity will increase for each subsequent perihelion pass,
SPAN-I will capture more of the ion distribution in later encounters.

Here, we processed the level 2 SPC-measured F(vg) in accordance
with the procedure outlined by Case et al. (2020). During PSP’s first
two perihelia, SPC’s measurement cadence was typically between
1.1 and 4.6 samples/s.

2.2 FIELDS

The FIELDS instrument suite (Bale et al. 2016) uses a variety of
instruments to measure the magnetic and electric fields in the solar
wind. These include two flux gate magnetometers (MAG), a search
coil magnetometer, and five voltage probes. The magnetic field data
used in this work were from the MAG instruments and were down-
sampled to the cadence of the SPC F(uvg).

We used DC electric field data that were measured by four voltage
antennas and rotated into the T-N plane to calculate the radial
Poynting flux (Sg = ﬁ (E x B)- ﬁ). Using the T-N components
of E along with all three components of B allowed us to fully
characterize the radial component of the Poynting flux. For the scales
of interest, we verified that the planar electric field was dominated
by the motional electric field (E = —v x B).

3 FITTING THE PROTON CORE

We selected all switchbacks from PSP’s first two perihelia that
underwent large deflections — large deflections were defined as
deflections away from the background orientation (6 g ~ 180°) that
reached an angle of 6pr < 45° — and had durations >5 min. For
each case, we manually selected an interval that included both the
switchback and the background plasma for comparison.

We identified the proton core (pc) as the largest amplitude peak in
each reduced distribution function. We fitted the following Gaussian
to the seven points encompassing this peak (three adjacent points on
either side):

n (Vg — Vpe,r)
Foe = e pe. 1
pe(VR) NG Xp ( o (€]
with thermal speed:
2kpT,
wi = = 8 ®
P

This was the proton core of the distribution function with a radial
temperature (7}, ), number density (n;,.), and mean radial velocity
(vpe, #)- The tangential (vy, 7) and normal (v, v) components of the
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Figure 1. Fits of the proton core (red), proton beam (blue), and alpha (green)
populations along with SPC’s reduced distribution function (black data points)
within the background plasma (2018 November 5, 01:22:45). Panel (a) shows
the reduced distribution function and population fits. The red points indicate
the data used to fit the core population and the orange line shows the sum
of the three population fits. Panel (b) shows the residuals in units of per cent
(100 x Dascit)

velocity were then calculated using the SPC-measured solar wind
flow angle. Quality checks were then used to ensure a consistent
level of fit.

We constrained the fits so that the density did not exceed F(vg)’s
total density. We only kept fits for which the residuals were less
than 0.05 cm 3 km™! s. This filtered out cases that did not accurately
represent the data points. Despite these filters, visual inspection of the
F(vg) indicated that the core temperature was overestimated in some
of the F(vg) with large proton beams (€.g. Mtpeam/npc ~ 1); therefore,
we removed these F(vg) manually. Note that Verniero et al. (2020)
have studied large proton beams in more detail. We validated our fits
by comparing the extracted physical quantities to those in the level 3
SPC data files. As our fitting method was similar, we assign the same
uncertainties on fitted parameters as presented by Case et al. (2020).
These are 9 per cent, 3 per cent, and 19 per cent for the density, radial
velocity, and temperature, respectively.

In the background plasma, it was occasionally possible to also
fit the beam and alpha populations using a similar procedure as
that applied to the core. Fig. 1 shows an example fit to the proton
core (red), proton beam (blue), and alpha (green) populations in the
background plasma near to perihelion. Panel (a) shows the F(vg)
as measured by SPC (black data points) and the fit populations.
The sum of the distributions (orange line) closely follows the data
points, suggesting that the extracted physical quantities represent the
measurements well. Panel (b) shows residuals in units of per cent,
confirming the fit quality. Note that the alpha particles’ velocity was
shifted by a factor of V2 (to ~ 600 km s~!) in SPC because of the
alpha’s energy-to-charge ratio. Accounting for this shift, the alphas
are found to travel at approximately the local Alfvén speed and have
a higher vy than the proton core.

In the cases we selected, the proton beam and alphas were
sufficiently well separated from the core that fitting them did not
impact our proton core fits. We only mentioned them in this section
for completeness.

MNRAS 498, 5524-5531 (2020)
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Figure 2. Magnetic field and proton core velocity in the T-R plane from an
~25-min interval (2018 November 5, 06:55:05-07:19:30) close to perihelion.
Panel (a) shows the magnetic field (dark blue points) with a circle of radius
82 nT (= (|B|)) centred on (0, 0) nT overplotted in orange. Similarly, panel
(b) shows the velocity of the proton core (dark blue points) with a circle of
radius 60 km s~ (~ Uphase) Overplotted in orange. The centre of the velocity
circle is (29, 342) km s~

4 MULTISPECIES MOTION UNDER ALFVENIC
FLUCTUATIONS

In order to make use of the SPC measurements, it was important to
understand how different plasma species behaved inside and outside
magnetic field switchbacks. Outside of switchbacks, the background
magnetic field was approximately antiradial close to perihelion (Bale
etal. 2019; Kasper et al. 2019). As a result, SPC’s radial temperature
measurements corresponded to the component parallel to the local
magnetic field.

‘When PSP observed an Alfvénic fluctuation with |B| constant, the
highly correlated velocity and magnetic field caused the ion VDF to
rotate in velocity space around the velocity corresponding to the local
wave speed in the background plasma reference frame. As a result,
SPC measured the VDF at different angles to the magnetic field.
As protons have anisotropic temperatures with respect to the local
magnetic field in the solar wind, SPC measured a different radial
temperature as a function of 6 g. This is why direct comparisons of
SPC cuts and parallel temperatures inside and outside switchbacks
were possible only for full reversals of the local magnetic field.

Fig. 2 shows the magnetic field and proton core velocity during
Alfvénic fluctuations for a chosen interval. As these were constant
|B| structures, the magnetic field vector was confined to move on the
surface of a sphere with constant radius equal to |B| centred at (0,
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0, 0) nT. When this motion was projected into a plane, it appeared
as an arc as shown in panel (a). Similarly, the velocity vector was
confined to the surface of a sphere in velocity space, the projection of
which is shown in panel (b). This shows that the velocity fluctuations
can also be considered as constant magnitude rotations when seen
from the centre of the sphere. This centre corresponds to a reference
frame moving along the magnetic field at the local wave speed with
respect to the background plasma, which is typically the Alfvén speed
(Matteini et al. 2015). The centre of the velocity sphere is approxi-
mately the local de Hoffman Teller frame, i.e. the frame in which the
motional electric field associated with the fluctuations vanished.

A further consequence of the velocity space rotation discussed
above was that every particle travelled above (below) the local
wave speed in the background plasma and then travelled slower
(faster) within a switchback. The particles that streamed at exactly
the local wave speed in the background were neither accelerated nor
decelerated during switchbacks (Matteini et al. 2015). In general,
the local wave speed usually corresponds to a velocity in-between
the proton core and the proton beam velocities. As such, the
proton core accelerates while the proton beam decelerates during
switchbacks (Neugebauer & Goldstein 2013). When the magnetic
field is approximately perpendicular to the radial direction, the proton
core and beam travel with the same radial velocity and hence the two
populations overlap in the SPC field of view. This makes it difficult
to distinguish the two populations in the data. As the alpha particles
appear to stream at the local wave speed in the background plasma
reference frame close to the Sun (Fig. 1), they are expected to remain
at a constant velocity during switchbacks.

5 RESULTS

5.1 Case study: 2018 November 7

We focused on a specific switchback that occurred on 2018 November
7 when PSP was approximately 37.6 Rs from the Sun (see Fig. 3).
This switchback lasted for approximately 25 min and panel (a) shows
that Opg was close to 0° for most of this time. The magnetic field
magnitude in the switchback remained approximately constant at
a slightly greater value than the background field with occasional
short-lived fluctuations. We confirmed that this magnitude increase
was counteracted by a density decrease in the switchback plasma
to maintain a similar total pressure to the background plasma
(panel (b)). Panel (c) shows that this switchback started with a
slow deflection away from the background field and ended with
a sharp, rapid return to the background orientation. In the middle
of the switchback at approximately 03:44, there was a small sharp
feature, which caused the magnetic field to almost return to the
background orientation briefly. The radial velocity profile (orange
line) followed By closely, as the plasma fluctuations were Alfvénic.
Panel (d) highlights that the deflection of the magnetic field occurred
in the negative 7 direction with the first half of the deflection rotating
towards the positive N direction. It also indicates that the plasma
fluctuations were Alfvénic when the magnetic field components are
compared to the plasma proton core velocity components in panel ().
Finally, panel (f) shows both the radial Poynting flux (calculated from
%OE x B) and the kinetic energy flux of the proton core population
(Section 5.1.3). There was a ~20-min interval without electric field
or plasma data after the switchback, which can be seen as the gap
in the data. All the velocities that are plotted in Fig. 3 are for the
proton core population and come from the fitting procedure outlined
in Section 3.

Proton core behaviour in switchbacks — 5527

5.1.1 Temperatures

The proton core radial temperature (7} z) for this case study is
plotted in Fig. 4. Panel (a) shows its dependence on magnetic
field cone angle and panel (b) shows how the cone angle changed
throughout the interval. The data points are coloured based on time:
purple indicates the earliest times and yellow indicates the latest.

Panel (a) shows that T},  generally follows a geometrical predic-
tion (black line) for an anisotropic core plasma with Tp,c , = 0.1 x 100
Kand T, ;| = 0.6 x 10 K (Kasper, Lazarus & Gary 2002; Huang
et al. 2020):

Tpc,R = TPCvH COS2 OBR + TpC,J_ SiIl2 OBR- (3)

This is consistent with the same anisotropic (Tpe, 1 > Ty, ) VDF
being seen from different angles as the magnetic field orientation
changes. This suggests that changes in Tj. g were due to changes
in the geometrical cut through the VDF rather than variations in the
underlying distribution. Panel (a) also shows that the proton core’s
parallel temperature was very similar at 0° (within the switchback)
and at 180° (in the background plasma). There are, however, some
deviations from the geometrical prediction, which could be related to
systematic errors in the SPC measurements. These will be addressed
in future studies.

5.1.2 Velocity distribution functions

Fig. 5 panels (a) through (c) present example F(vg) from the
approximately antiparallel, perpendicular, and parallel cases. The
red-shaded region shows the core proton population. The green-
shaded region shows the alpha particle population, which we could
estimate only for the perpendicular field case.

Panel (b) shows a case where the proton core and beam overlapped
for Ogg around 90°. This was a consequence of both populations
having the same radial speed and resulted in the core population
obscuring the beam as discussed in Section 4. The temperature of
this core distribution is larger than the temperature of either of the
distributions in panels (a) and (c). It should be emphasized that this
temperature difference is a direct result of the anisotropy of the
plasma and not because of the core-beam overlapping.

Panels (a) and (c) show the antiparallel (background) and parallel
F(vg), respectively. As expected, the average velocity of the core
population in the parallel case was higher due to the motion of the
populations under Alfvénic fluctuations (see Section 4). This motion
not only supported the idea that VDFs undergo a rigid velocity space
rotation as presented previously but also allowed an independent
estimate of the local phase speed (Vppase)- It is worth noting that
VUphase Corresponds to the speed at which fluctuations propagate in the
background plasma reference frame and hence, the frame in which
the motional electric field of the fluctuations vanishes (Matteini et al.
2015; Horbury et al. 2020). vppase Was estimated as 115 km s~!
by considering the motion of the core population in the two F(vg).
This was consistent with the phase speed (~110 km s~!) obtained
from the correlation between vy, v and By fluctuations before the
switchback and was in good agreement with the local Alfvén speed
(Va ~110kms™").

Panel (d) compares the F(vg) from panel (a) rotated around a
velocity vppase ahead of the core population (blue line) and the F(vg)
from panel (c). The two distributions are very similar, which is again
consistent with a velocity space rotation of the same VDF.

The average velocity of the alpha population was 412 km s~!
which, due to the energy-to-charge ratio of alpha particles, was
shifted by a factor of V2 to ~583 km s~! in SPC’s F(vg) (panel

MNRAS 498, 5524-5531 (2020)
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Figure 3. A selected switchback showing: (a) the magnetic field cone angle 6 g, (b) the magnitude of the magnetic field |B| and the proton core density .,
(c) the radial components of the magnetic field Bg and the proton core velocity vy, g, (d) the tangential and normal components of the magnetic field Br and

BN, (e) the tangential and normal components of the proton core velocity vpc, T

and vy, N, and (f) the radial Poynting flux Sk and the proton core kinetic energy

flux. The grey-shaded region highlights the magnetic field switchback and the thin vertical lines indicate the inner region with parallel magnetic field.

(b), Fig. 5). This average velocity was consistent with the alpha
particles streaming faster than the proton core by vphae. As such, the
alphas were located at the centre of the velocity space rotation and
hence remained at the same velocity for all magnetic field angles.
We conclude that the tail seen above 600 km s~! in each F(vg) was
alpha particles.

5.1.3 Poynting flux

Panel (f) in Fig. 3 shows the radial Poynting flux (Sg = t (E x B) -

IAQ) and the proton core kinetic energy flux through the period of study.
The kinetic energy flux increased within the switchback because the
core velocity increased. As such, the kinetic energy flux’s profile
(orange line) was very similar to the profile of the radial magnetic
field and core velocity components.

MNRAS 498, 5524-5531 (2020)

The radial Poynting flux was small in the background plasma
before the switchback but as the field began to rotate from sunward
to antisunward polarity, this flux increased and reached a maximum
at around Ogg = 90°. It then fell towards the background level as
By increased to its maximum value within the switchback. During
the switchback, when B was mainly radial, the Poynting flux was
similar to the background level even though the velocity of the proton
core was much higher. At the end of the switchback, when the field
began to return to the background orientation, the Poynting flux
once again increased. It reached a maximum around 0z = 90°
before decreasing as the magnetic field returned to its pre-switchback
orientation.

The proton core kinetic energy flux was always significantly larger
than the radial Poynting flux (Fig. 3). The ratio of Poynting flux to
kinetic energy flux was ~1/20 in the background, when the field
was typically close to antiradial. At 6zz = 90° when the radial
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Figure 4. Proton core radial temperature within a single switchback on 2018
November 7. Panel (a) shows the proton core radial temperature plotted
against the magnetic field cone angle 6pr. The solid black line shows the
expected response of the temperature (equation 3). Panel (b) shows a time
series plot of 6 gg. Both panels follow the same colour convention. The purple
data points are the earliest and the yellow data points are the latest.

Poynting flux was maximum, the ratio was also maximum (~1/5).
However, since the amount of radial Poynting flux was similar to the
background value and the kinetic energy was enhanced with respect
to the background, the ratio inside the switchback was minimum
(~1/40) when the field was nearly radial.

We obtained an expression for the ratio by noting that vy g >
VUpe, Ts Upe, N, and E >~ —vp,. x B for the study period (for brevity, the
subscript pc has been dropped for terms in the following equations):

1 2
S; N 2 VRBL

- 2 B
N K Efqux %pvﬁg

vk pop

~

“

For spherically polarized fluctuations with approximately constant
|B| (see Fig. 2), we expect I" to be maximum at gz = 90°. This is
because the increase of vg within the switchback is counteracted by
the decrease of B| for 0z < 90°. As the maximum occurs when By
~ 0 and B, >~ B, the maximum ratio can be written as:

v, 2|
Cmax ~ 2 < A)
UR

This provides an approximate expression for the upper limit of
the radial Poynting flux energy contribution for any switchback.
Equation (5) predicts a maximum ratio of ~1/5 for the 2018
November 7 switchback, which is consistent with our observations.

0R=90°- (&)

5.2 Other switchbacks

To validate our findings, we investigated other switchbacks from
PSP’s first and second near-sun encounters (see Table Al. in Ap-
pendix A for times of switchbacks). They showed properties similar
to the example presented above. For example, the 2018 November
5 switchback at 02:20 shown by Bale et al. (2019) displayed similar
Poynting and kinetic energy flux behaviour.

In order to obtain a meaningful sample, we relaxed our full
magnetic field reversal requirement. Instead of selecting switchbacks
that underwent a full reversal, any switchback that had > 8 data points
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Figure 5. Reduced distribution functions measured by SPC for the Novem-
ber 7 switchback. Panels (a)—(c) show the SPC-reduced distribution functions
when 6gg was 167° (03:25:59), 90° (03:29:47), and 2° (03:52:58). As such,
panels (a) and (c) were obtained when the magnetic field was almost radial and
antiradial, whereas panel (b) was from a time during the switchback when the
field was almost perpendicular to the radial direction. The red-shaded areas
show the proton core and the red points show the data used to fit the proton
core. The green-shaded area in panel (b) shows the fitted alpha particles.
Panel (d) shows the distribution from panel (c) in black with the distribution
from panel (a) rotated around vpc, g + V and overplotted in orange. The blue
vertical line indicates the velocity around which the distribution from panel
(a) was rotated.

with Oz < 30° were chosen. We fit the data for 6z < 30° and 0 g
> 150° separately using equation (3) to get estimates for T}, inside
and outside (background) of a switchback, respectively. Even with
this relaxed condition, the number of switchbacks for which the
inside and outside fits were successful was only 5, as most events did
not rotate to Oz < 30°.

Fig. 6 shows T , in a switchback (7s ) against T} , in the
background plasma (753, ), and the orange line indicates where the
Ts,, to Tg , ratio is 1. There are two data points for each switchback,
which are indicated by the same colour and symbol. First, the points
with error bars are the proton core parallel temperatures calculated
from the procedure outlined above. Since we use an analogous fitting
procedure, we use a temperature uncertainty of 19 per cent as in Case
etal. (2020). Second, the points without error bars are estimates of the
proton core parallel temperature inside each switchback, which we
obtained by using the estimated T—V relationship at 35 Rg (Perrone
et al. 2019). The ratio of the switchback to background proton core
parallel temperature for each switchback deviates strongly from the
T-V prediction and is instead closer to 1. This is more consistent
with T , being the same as Tp , than Ts , being related to the
plasma velocity.

6 DISCUSSION

The proton core parallel temperatures inside and outside of our
case study (Fig. 4) and other switchbacks (Fig. 6) indicate that the
background plasma proton core parallel temperature is similar to
that within full or near-full switchbacks. This suggests that the typical
solar wind T-V relationship does not apply to the proton core parallel
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Figure 6. Proton core parallel temperatures inside (7s, ) and outside (78, )
of switchbacks. There are two data points for each switchback, which
are indicated with the same marker and colour. The data with error bars
are the proton core parallel temperatures obtained using the procedure
in Section 5.2. The data without error bars are the proton core parallel
temperature predictions that arise by using the estimated T—V relationship at
35 Rs. The 2018 November 7 case study is shown with the red triangle. The
orange line indicates s, , = Tg, .

temperature inside magnetic field switchbacks and answers question
(1) from Section 1. The F(vg) measured before and during the 2018
November 7 switchback (Fig. 5) are consistent with a rigid rotation
in velocity space (Matteini et al. 2015), leading to a core-beam swap
inside the switchback (Neugebauer & Goldstein 2013). The centre of
this velocity space rotation empirically agrees with the local phase ve-
locity of fluctuations in the background plasma reference frame. Our
results suggest that the plasma inside a switchback is not distinctly
different from the background plasma (question (ii) in Section 1).

This seems to rule out that these structures are remnants of faster
and hotter plasma directly injected in the corona that propagate
through a slower background. Our findings support the idea that
magnetic field switchbacks are large-amplitude non-linear Alfvén
waves propagating along open field lines such as those discussed by
Gosling, Tian & Phan (2011). It is not obvious how such structures
canremain stable for prolonged times (Landi, Hellinger & Velli 2006)
but it seems that a constant field magnitude is required (Tenerani et al.
2020). Alfvénic pulses could originate at the Sun through interchange
reconnection events and propagate to large distances (Karpen et al.
2017; Roberts et al. 2018; Sterling & Moore 2020). Alternatively,
they could also originate from the non-linear evolution of large-
amplitude fluctuations during expansion (Squire et al. 2020).

The radial Poynting flux’s observed profile (panel (f), Fig. 3) is
consistent with it being dominated by the electric field term ~vzB] .
This term is largest when B is away from the radial, while it is small
for radial or antiradial field. Our observations are in agreement with
the functional form presented in Mozer et al. (2020) and suggest
that the intermediate velocity switchbacks carry the largest amount
of wave energy radially outwards, while the very fastest (i.e. full
reversals) carry only small amounts (question (iii) in Section 1).

The ratio of radial Poynting to kinetic energy flux is consistent
with negligible radial Poynting flux in the fastest switchbacks, which
suggests that the dynamics are not driven by the wave energy that
switchbacks carry. We predict that the maximum ratio of radial
Poynting to kinetic energy flux inside any switchback is given by
equation (5). The ratio in a switchback will tend to the upper limit
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given by equation (5), as 0 gg approaches 90°, but will be considerably
less elsewhere.

7 CONCLUSION

During the first perihelion pass of PSP, ubiquitous local magnetic
field reversals (switchbacks) were measured in the young solar wind
(Bale etal. 2019; Kasper et al. 2019). These switchbacks, which were
associated with large increases in the plasma flow velocity, were very
different both in number and in organization into patches than the
switchbacks observed previously in Helios data (Horbury etal. 2018).
The PSP-measured switchbacks were resolved in more detail with
the improved cadence of the plasma and magnetic field instruments
onboard. Here, we have analysed the proton core bulk parameters
and discussed the multifluid behaviour of ion distributions inside
switchbacks.

Our analysis suggests that the plasma inside switchbacks is not
distinctly different from the background plasma. We have also shown
that the proton core parallel temperature is not clearly related to the
enhanced velocity of switchbacks. These results are consistent with
a velocity space rotation of the plasma VDF, which could be a result
of non-linear Alfvénic pulses propagating through the background
plasma. The origin and mechanisms that produce such Alfvénic
pulses are still unknown.

We considered the behaviour of the radial Poynting flux and
concluded that the fastest switchbacks do not carry the largest radial
Poynting flux. Instead, it is the intermediate velocity switchbacks
and field rotations, where Bz ~ 0, that transport the most wave
energy radially outwards. This behaviour is what was expected from
purely geometrical considerations about the motional electric field
E = —v x B. We conclude that there is no obvious link between
kinetic energy enhancement and radial Poynting flux in the largest
switchbacks.

As a word of caution, in order to exploit the capabilities of the
SPC sensor, we could investigate only the largest switchbacks. As
such, we cannot make general assumptions about all switchbacks
from the case studies addressed here. From our work, the proton
parallel temperature remains the same inside and outside of the
largest switchbacks, but previous work at 1 au (Woodham et al. 2020)
suggests that the temperature anisotropy and parallel temperature of
the proton core depend on the magnetic field cone angle. Future work
should address this using the SPAN instruments to determine whether
the proton parallel temperature is the same inside intermediate
velocity switchbacks.

Further work could also include a similar analysis for proton beams
and alphas, but instrument limitations may make this study difficult.
Instead, combining the data from the ion electrostatic analyser
(SPAN) with that of SPC will allow a more comprehensive, three-
dimensional distribution function to be constructed. With a three-
dimensional distribution, temperature anisotropies of each species,
for example, could be investigated in-depth. Solar Orbiter’s recent
launch presents the possibility of comparing measurements from
both spacecraft. This will be especially helpful if the two spacecraft
are connected to the same solar source region and may allow the
radial and latitudinal evolution of the plasma to be studied in detail.
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APPENDIX A: SWITCHBACK TIMES

The times of the switchbacks in Section 5.2 are summarized below.

Table A1. Switchback times for cases presented in Fig. 6.

Time Tg., (10°K) Ts., (10° K)

1 Nov 18 01:00-02:30 0.165 £ 0.031 0.198 + 0.038
5Nov 18 13:45-14:20 0.106 = 0.020 0.076 £ 0.014
7 Nov 18 03:10-04:05 0.111 £ 0.021 0.128 =+ 0.024
31 Mar 19 10:24-10:40 0.087 + 0.017 0.104 = 0.020
1 Apr19 09:50-10:46 0.119 £ 0.023 0.173 £ 0.033
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