Theinternational journal of science,/12December 2019

nature

o

Lt B Al B b 4.0 SHE ___J%* -' ¥
First results fromNASA's
Parker Solar Probe [

Predatory journals Mutated proteins Patched up £l
One definitiontohelp  Structural secrets of Mobile cellularsealant 45
tackle unscrupulous drug resistance in helps to heal deep E"
publishers malaria parasites woninds inthe skin g



Article

Near-Sun observations of an F-corona
decrease and K-coronafine structure

https://doi.org/10.1038/s41586-019-1807-x
Received: 28 June 2019

Accepted: 8 November 2019

Published online: 4 December 2019

R. A. Howard™, A. Vourlidas?, V. Bothmer?, R. C. Colaninno', C. E. DeForest*, B. Gallagher’,
J.R. Hall?, P. Hess', A. K. Higginson?, C. M. Korendyke', A. Kouloumvakos®, P. L. Lamy’,
P.C.Liewer®, J. Linker®, M. Linton', P. Penteado?®, S. P. Plunkett®, N. Poirier®, N. E. RaouafiZ,

N. Rich', P.Rochus'®, A. P. Rouillard®, D. G. Socker', G. Stenborg', A. F. Thernisien' & N. M. Viall"

Remote observations of the solar photospheric light scattered by electrons (the
K-corona) and dust (the F-corona or zodiacal light) have been made from the ground
during eclipses' and from space at distances as small as 0.3 astronomical units?* to the
Sun. Previous observations® ® of dust scattering have not confirmed the existence of
the theoretically predicted dust-free zone near the Sun® ., The transient nature of the
coronahasbeen well characterized for large events, but questions still remain (for
example, about the initiation of the corona® and the production of solar energetic
particles®) and for small events even its structure is uncertain™. Here we report
imaging of the solar corona® during the first two perihelion passes (0.16-0.25
astronomical units) of the Parker Solar Probe spacecraft®, each lasting ten days. The
view from these distances is qualitatively similar to the historical views from ground
and space, but there are some notable differences. At short elongations, we observe a
decrease in the intensity of the F-coronal intensity, which is suggestive of the long-
sought dust free zone’ ™. We also resolve the fine-scale plasma structure of very small
eruptions, which are frequently ejected from the Sun. These take two forms: the
frequently observed magnetic flux ropes'*'® and the predicted, but not yet observed,

magneticislands™®

arising from the tearing-mode instability in the current sheet. Our

observations of the coronal streamer evolution confirm the large-scale topology of
the solar corona, but also reveal that, as recently predicted™, streamers are composed
of yet smaller substreamers channelling continual density fluctuations at all visible

scales.

The Parker Solar Probe (PSP) carries animaging instrument, the Wide-
field Imager for Solar Probe (WISPR)"™. The inset in Fig. 1a shows a WISPR
inner telescope (WISPR-I) image taken on 6 November 2018 at the first
perihelion. The Sunis 13.5° to the left of the image and the width is
about40°. Thelocus of points at the apex of the contours defines the
photometric axis of the F-corona. While most observations of the
F-corona (or zodiacal light) have been taken from 1 astronomical unit
(Au) away from the Sun, two spacecraft, Helios A and B, each carrying
the Zodiacal Light Experiment®, orbited the Sun from 0.3t0 1.0 AU, one
observing above the ecliptic plane and the other below. They measured
theintensity /of the zodiacal light from varying heliocentric distances
andfound® thatitincreases towards the Sunaccordingto/<R. ™", where
n=2.3+0.1and R.is the radius of the Sun. The upper and lower limits
were recorded at small and large elongations from the Sun, respec-
tively,and wereindependent of the ecliptic longitude of the observer.
The Sun Earth Connection Coronal and Heliospheric Investigation*
(SECCHI) heliosphericimagers HI-1%, onboard the STEREO spacecraft?

orbiting the Sun atapproximately 1Au, observed the corona at elonga-
tions ranging from 0.07 to 0.45 AU (5°-24°) from the Sun. An analysis of
intensities® of the photometric axis of the F-corona from 2007 to 2014
found the exponent, for the entire elongation range covered by the
HI-1instrument, to be 2.31. Moreover, the analysis performed on
restricted elongation ranges® showed an identical tendency to the
Helios results for the intensity gradient to increase towards the Sun
(n=2.29+0.10).

Figure 1a displays a log-log plot of a sample of F-coronal intensity
profilesinunits of meansolar brightness (MSB) alongits photometric
axis as measured by WISPR-1 between 15° and 50° elongation from
the centre of the Sun. The sample comprises data from five different
heliocentric distances of the PSP spacecraft (0.336 AU to 0.166 AU)
obtained during the orbit inbound to the first perihelion. Colour is
used to distinguish the plots. For clarity we plot only these five posi-
tions, but all the profiles during the encounter are similar. These five
profiles are normalized to the maximum intensity at 30° elongation
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Fig.1|Intensity plots along the photometric axis of the F-corona.
a, Observed intensities from WISPR-Ifor five heliocentric distancesasa
function of elongation (degrees) scaled to the same value at 30° elongation.

toreveal the behaviour of the profiles for the various PSP heliocentric
distances. Clearly, at larger elongations, the curves have exactly the
sameslope, and at shorter elongations (<20°), the intensity decreases
with decreasing PSP distance, with the top plot (pink) for when PSP is
the furthest from the Sunand the bottom plot (dark green) the closest.
Figure 1b shows the intensity profiles at the same five PSP distances
for both telescopes, but plotted against elongations converted to Ro.
The conversion to R. was performed by dividing the elongation by
halfthe angular size of the Sun at the respective PSP distance. We note
that the curves all overlie each other now, even the decreases seen
in Fig. 1a. The small upward ticks are due to bright stars. The dashed
blue line in Fig. 1b shows the linear fit to the F-coronal intensities for
elongations between 20R. and 77R. (n=2.31), aresult identical to that
obtained fromboth earlier observations?**. For comparison, historical
data®**** have beenadded. The dashed green line depicts the linear fit
to the LASCO-C3 data? (light green dots) for elongations greater than
13R., extrapolated down to 4R.. The exponent, n, in this case is also

T T
PSP:

0.166 AU
0.180 AU
0.203 AU
0.238 AU
0.336 AU

109

Red dots?®
Black dots?*
Light green®

10710

Intensity (MSB)

10-1

1010 N

1012 9 10

11 12 13 14 ~
~

4 10 100
Equivalent elongation (R)

Theinsetinashowsanimage of the F-corona taken on 6 November 2018.b,
Observed intensities fromboth telescopes for five heliocentric distances as a
function of elongation (solar radii). See text for further explanation.

2.31 (note the match between the blue and green dashed lines). The
LASCO-C3 datawere normalized to the WISPR value at 20R.. For WISPR
the absolute calibration was determined by analysing the intensity of
stars in the field, which resulted in an error of 12%. The relative accu-
racy and repeatability of the WISPR are excellent, which gives us high
confidenceintheturnover of the intensities below 17R.. The historical
measurements represented by the black dots** and green dots® both
have absolute errors of20%. On the other hand, no error was given for
the data represented by the red dots?.

Figure 2 shows the K-corona from both telescopes on 6 Novem-
ber 2018, after removal of the brighter background from the dust
scattering. Supplementary Videos1and 2 provide background-removed
videos of the images taken during the first two encounters. The grid
lines for both Fig. 2 and the Supplementary Videos are in the HPLN-
ARC, HPLT-ARC coordinate system?*?. The videos show the evolution
of acoronal streamer during the two encounter periods of PSP obser-
vations. On the large scale, the agreement with model predictions

10°

0°

HPLT-ARC

-10°

B
-20°

2018-11-06 01:51:32 ut

15° 30° 45°

60° 75° 90° 105°

HPLN-ARC

Fig.2|Combinedimages from theinner and outer telescopes of WISPRon
6November 2018 at 01:44 UT. After removal of anempirical model of the
F-corona, the faintsolar wind structures arerevealed. A faint streamer
outlining the heliospheric current sheetis visible, as are faint, radial and diffuse
rays, allwith apparent origin on the Sun. The image also reveals the dust trail

alongthe orbit of the asteroid 3200 Phaethon (delineated by the white dots).
The Galaxy dominates the sceneintheinner part of the outer telescope
accompanied by two bright objects: Jupiter (to the upper right) and the star
Antares (alittlebelow toits left) in the Scorpius constellation.
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Fig.3|The propagation ofa CME. Shown are five cropped frames from Supplementary Video 1 at different times in the same coordinate system as Fig.2. The
radialrangeis shown at the top, and the latitudinal range is 0° +10° for each panel. The yellow and red arrows point to structures described in the text.

by our team (Extended Data Fig. 1) is very good, validating the model
assumptions about the configuration of the magnetic field and the
mass flux of the equatorial solar wind. The representation of WISPR-I
imagesinalatitude versus time format (Extended Data Fig. 2a) reveals
that near perihelion WISPR suddenly imaged faint coronal rays that
are distinct from the main streamer rays. We note that fine structure
along the streamer belt has been observed before'?, High-resolu-
tion simulations of the corona reproduce these brightness features.
We interpret their displacement to higher apparent latitudes to the
spacecraft motion (Extended Data Fig. 2b). This striated ‘texture’ of
the background coronais caused in our model by the spatial variability
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of coronal magnetic flux tubes, along which the plasma s heated and
accelerated to form the slow solar wind.

Supplementary Video 1shows a series of ejecta along the streamer.
A particular event characterized by a big magnetic flux rope followed
by several smaller onesis shownin Fig.3. The first one (yellow arrows)
has an elliptical high-density envelope surrounding a quasi-circular
density depletionatits centre and astriated envelope. Although similar
structures have been observed by LASCO, they could not always be
resolved. The Encounter 1images were binned 2 x 2 pixels, giving an
effective 2-pixel spatial resolution® of 60 arcsec (at 0.21AU) for WISPR-I,
whichisabout 2x finer than the LASCO-C3 observations of this event.
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Fig.4|Formation and propagation of anisland-like structure withina
streamer. The first five panels show snapshots from WISPR-1 during the second
perihelion. Anellipse (greenline) is fitted to the high-density ring of the
structurein each panel. The final panel shows the aspect ratio (minor axis/

Onthe other hand, LASCO-C2 tracked this structure whenit was much
closer tothe Sunfor afewimages only, but withabout 2.5x better spatial
resolution. The event was also recorded by WISPR-O with an effective
2-pixel spatial resolution of 96 arcsec, extending the coverage of the
event. Such density features have beeninterpreted as the boundaries
of magnetic flux ropes''e. We have combined the spatially resolved
density information with modelling to locate the structures corre-
spondingto the internal toroidal and poloidal magnetic fields and study
their interactions with the ambient plasma as the structure expands
inside the streamer rays. Preliminary work demonstrates (Extended
DataFig. 3) that the structures are indeed consistent with a force-free
magnetic flux rope propagating along the heliospheric current sheet,
which is quite flat during this period. The heliospheric current sheet
flatness may be the reason for detecting the fine-scale structure of the
event. Such behaviour is extremely rare in1 AU observations®.

The event shown in Fig. 3 (on1and 2 November 2018) also shows
two additional smaller flux ropes (red arrows) following the northern
boundary of the main flux rope; these are probably by-products of
the interaction between the main event and the ambient corona. The
quasi-circular shape and faint striations within the feature strongly
suggest that it is an idealized magnetic flux rope. Smaller features,
with similar morphologies, are also seen following the main ejection.
The yellow arrows follow the first, main event. The red arrows follow
the two following events, until they become merged with the back-
ground, although they are still visible in Supplementary Video 1. These
structures were not detected by either LASCO or SECCHI, although
both have observed many small ejecta’. Small dense features caused
by interaction of a coronal mass ejection (CME) with its environment
have proved difficult to identify positively®. Further studies will be
necessary to test thatidea.

Observations during the second perihelion (Supplementary
Video 2) again show new dynamics in a coronal streamer. In this case,
the observations capture the formation of oblong structures consist-
ent with magnetic islands. Magnetic islands are, in two dimensions, a
collection of roughly elliptical magnetic field lines that close on them-
selves; or, in three dimensions, helical field lines wrapping around a
central (guide) field, again with aroughly elliptical cross-section. These
island structures are predicted to form via the tearing-mode instabil-
ity from magnetic reconnection in a current sheet, such as the one
within this streamer, where oppositely directed magnetic fields meet.
Figure 4 shows several snapshots of this streamer and the formation
and evolution of one of these oblong structures. This structure first

Column number (pixels)

Time since 6 April 2019 19:00 ut (h)

major axis) of these ellipse fits versus time. The red and blue solid lines show a
linear fit to thisaspect ratio from 20:00 uT to 23:45uUT on 6 April 2019 (red) and
from00:00UTto 02:40 UTon 7 April 2019 (blue). The pairs of dashed lines on
eitherside of these fits show the 1-sigmavalues.

appears at the inner edge of the image around 6 April 2019 20:00 uT
and propagates out, within the current sheet, as an expanding, highly
elliptical shape with a high-intensity (dense) ring of emission surround-
ing alow-intensity core. The final panel of Fig. 4 shows a measure of
the aspect ratio (ratio of minor axis to major axis) of the ellipses fit-
ted to this structure in each of the 33 frames from time 6 April 2019
19:57uTto 7 April 2019 02:54 uT. Each ellipse was fitted to a set of points
placed by hand on the high-density ring of the oblong structurein each
frame. The corresponding ellipse is shown as agreen curve in the five
snapshots here, with a red dot at the centre of the ellipse. The plot
indicates that the structure expands with a slightly increasing aspect
ratio until 23:45 UT on 6 April 2019 and then it increases more quickly
until the entire structure fades into the background. This evolution,
includingtheincreaseinaspectratio, is consistent with simulations of
the tearing-mode formation of islands in an expanding coronal wind',
These simulations show the un-reconnected guide field collecting at
the centre, forming this low-emission core, with the reconnecting field
forming the high-density ring around the core. Although such anisland
ejection from a coronal streamer has been reported previously®, the
earlier observations were not sufficiently resolved to show thisinternal
ring and core structure.

WISPRimaged a variety of interesting structures in the corona/solar
wind during the first two PSP orbits about the Sun. The departure from
linearity of the F-coronaintensity profiles below about 17R. is opposite
tothatfoundinboth Helios and STEREO data. Although this behaviour
could be leading to the predicted dust-free zone close to the Sun, the
intensity decrease could be due to a change in the properties of the
dust scattering, or acombination of the two. WISPR has certainly not
observedthe dust-free zone. Theoretical analyses of the plausible exist-
ence of adust-free zone predict® " the formation of circumsolar dust
bands that could be observed by their thermal emission. In acompila-
tion of the 30 observations® made at various wavelengths from 0.8 pum
to3.6 umduringelevensolar eclipses from1966 through to 1998, about
halfindicated an enhancement and the other half, including the two
latesteclipsesin1991and 1998, did not. The resolution of whether this
WISPR finding represents dust depletion or something else will have
to wait until PSP steps down to lower perihelia.

The near-corotation of PSP allows us to observe the radial outflow
of the solar wind, without the confusing impact of solar rotation. The
observations suggest that many small ejecta, commonly called ‘blobs’,
may indeed be magnetic flux ropes but are usually too small to identify
assuch from1Au (ref. ). Structures larger than these are generally
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interpreted as CMEs, but the physical mechanism of formation may
not be the same. This finding, particularly with the anticipated meas-
urements of the same structures by PSP’s in situ payload, may finally
clarify the evolution of the CME magnetic structure inthe heliosphere,
opening up avenues of research oninternal CME dynamics. As PSP steps
closer tothe Sun over the next five years, these observations, together
with the modelling, will certainly provide insights and opportunities
to study and separate the spatial and temporal variability of the solar
wind near its source and will probably increase the performance of
space weather prediction schemes. This will benefit a wide range of
communities from basic physics research to space situational aware-
ness to evenastrophysics through exoplanet habitability applications.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

WISPR contains two telescopes and measures the intensity of the vis-
ible light coronain addition to stellar and galactic sources. The two
telescopesslightly overlap and have acombined field-of-view of 13.5°
t0108.5° from the Sun, corresponding to approximately 9 to 78 solar
radii (Ro; 1R. = 696,000 km) at 35.6R. perihelion. The visible light
corona consists of two components: light scattered by free electrons
(the K-corona) and light scattered by interplanetary dust (the F-corona).
The F-corona of each WISPR image is removed using a technique®
similar to that developed for the SECCHI/HI-1. The primary difference
is that for the HI-1images the initial step in the procedure analysed
the horizontal lines in the image, whereas here, the initial step uses
the vertical lines in the images.

All of the data presented here have been calibrated into Mean Solar
Brightness (MSB) units. The calibration details will be published in a
future paper, butinclude the removal of geometric distortion, vignet-
ting, instrumental artefacts (stray light, and so on) and then applying
the photometric calibration of the system. The vignetting is caused
by two sources: the projection of the image onto the two-dimensional
plane of the Advanced Pixel Sensor detector and for WISPR-I1the obscu-
ration of the objective lens of the sunward side of theimage by aseries
of baffles (including the PSP heat shield) which are used to block the
solar disk illumination and block diffraction from the edges of the
preceding baffles. The absolute calibration is confirmed on-orbit by
measuring the intensity of stars passing through the field. The inten-
sity of the stars as they transit across the image is also a check on the
vignetting correction.

Code availability

The code used in the WISPR pipeline and analysis is available as part
of the SolarSoft library (https://sohowww.nascom.nasa.gov/data/
software.html).
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we will be releasing background subtracted images, videos, and lists

of events. Furthermore, the data must be delivered to the appropri-
ate NASA/GSFC facility and integrated into the Virtual Observatory.
Thus, the datais available from 12 November 2019. A complete archive
is maintained at NRL (https://wispr.nrl.navy.mil) and will be pub-
licly available at least during the full mission lifetime. A copy of the
WISPR data will be located at the NASA/GSFC SDAC facility (https://
umbra.nascom.nasa.gov) and integrated into the Virtual Solar
Observatory.
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Extended DataFig.1| Comparison of observations and synthetic
observations from magnetohydrodynamics model. a, Animage fromthe
inner WISPR telescope taken on 3 November 2018 at 06:55:41 UT. The field of
view (of both panels) is 40°x 40° with the Sun13.5° to the left. Two distinct sets
ofbright streamer rays are marked by red arrows. They are separated by a
darker region marked by ablue arrow. The technique employed to remove the
background F-coronain the WISPRimage has artificially enhanced this dark
region. The streamer rays located northwards of the dark region (top red
arrow) are brighter than the rays situated southwards of the dark region
(bottomred arrow). b, A synthetic white-lightimage produced from

three-dimensional simulations of the solar wind by the MULTI-VP
magnetohydrodynamics code using a Wilcox Solar Observatory photospheric
magnetogram®. The three-dimensional density cubes produced by running
the MULTI-VP code were processed by awhite-light rendering code computing
the brightness of the coronain the WISPR field of view from the heliocentric
position of Parker Solar Probe. The MULTI-VP numerical model and the
procedure to produce white-lightimages have been detailed®. The star field
from the new Hipparchus astrometric catalogue®* was added to the simulated
imageinbfor comparisonwith the WISPRimageina.
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Extended DataFig.2|Latitude versus time maps—observations and
modelling. HEEQ, Heliocentric Earth Equator. a, Arepresentation of WISPR
inner telescope images in the form of alatitude versus time map. This map
providesasummary of the temporal and spatial variability of coronal rays
observed during the first encounter. We note that such fine structure along the
streamer belthas been observed before!®. We identify in these maps the main
streamer rays already seenin Extended Data Fig.1(the sameblue and red
arrows are shown here). During the period of super and corotation (5to 9
November 2018), bright coronal rays driftin latitude away from the equator
(greenarrows). Thisisalso visiblein Supplementary Video 2. b, An equivalent
map toaobtained fromthe WISPR syntheticimages based onthe MULTI-VP
three-dimensional density cubes shownin Extended DataFig.1b. These
medium-resolution simulations reproduce the time-varying aspect of

the mainstreamer including their fading during perihelion (5to 7 November).
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¢, MULTI-VP high-resolution simulation results for the period 5to 9 November
2018 based on2-degree resolution magnetograms produced by the Air Force
Data Assimilative Photospheric Flux (ADAPT) model®. The colour table has
beensaturatedinthese maps to enhance the features. The solar wind
simulations reveal the finer striated structure of the corona and the coronal
rays migrating poleward as observed by WISPR (green arrows). Asearchinthe
simulation data cubes reveals that these faint rays are separate from the
brighter streamer rays. They formin the simulation as aresult of considerable
variability inthe properties of the magnetic fields along which the slow solar
wind forms. Since the prescribed coronal heatingis scaled to the magnetic field
properties this drives different mass flux along different flux tubes. We
interpret the coronal rays marked by the top red arrows as resulting from the
mainstreamer and the rays situated southwards (bottom red arrow) as
resulting of apseudo-streamer.
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Extended DataFig.3|Modelling ofaCME asa3D flux rope. a, Animage from
theinner WISPR telescope taken on1November 2018 at19:30:50 uT during the
passage of a pristine CME. Clear substructures are discernible in the WISPR
image. The field of viewis 40°x 40°with the Sun13.5°to the left. Abright ring
atthe outer contour/boundary of the CME isindicated by ablue arrow. A
striking feature of this CME event is the presence of adark circular core located
atthe centre of the CME eventandindicated by ared arrow. b, Thesameimage
asinabutwiththeresults of athree-dimensional flux rope fit superimposed.
This figure proposes aninterpretation for the different features observed by
WISPRbased onour currentunderstanding of the appearance of CMEs imaged

inwhite light. The magnetic field lines (computed from solutions of the Grad-
Shafranov equation) ofthe CME are traced inside this flux rope. The bright ring
(blue arrow) corresponds to plasmalocated on theboundary of the flux rope
where the poloidal magnetic field lines of the CME are adjacent to the ambient
solar wind plasma. The dark core (red arrow) marks the location where strong
toroidal (axial) magnetic fields dominate the plasmalocally. Detailed
modelling of the event willbe presented ina future dedicated publication. We
acknowledge the use of the Wilcox Solar Magnetograms used in this paper,
obtained from the website at http://wso.stanford.edu.
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NASA’s Parker Solar Probe mission' recently plunged through the inner heliosphere of
the Suntoits perihelia, about 24 million kilometres from the Sun. Previous studies
farther from the Sun (performed mostly at a distance of 1astronomical unit) indicate
that solar energetic particles are accelerated from a few kiloelectronvolts up to near-
relativistic energies via at least two processes: ‘impulsive’ events, which are usually
associated with magnetic reconnectioninsolar flares and are typically enriched in
electrons, helium-3 and heavier ions? and ‘gradual’ events**, which are typically
associated with large coronal-mass-ejection-driven shocks and compressions moving
through the coronaand inner solar wind and are the dominant source of protons with
energies between1and 10 megaelectronvolts. However, some events show aspects of

both processes and the electron—proton ratio is not bimodally distributed, as would
be expected if there were only two possible processes®. These processes have been
very difficult to resolve from prior observations, owing to the various transport effects
that affect the energetic particle population en route to more distant spacecraft®.
Here we report observations of the near-Sun energetic particle radiation environment
over the first two orbits of the probe. We find a variety of energetic particle events
accelerated both locally and remotely including by corotating interaction regions,
impulsive events driven by acceleration near the Sun, and an event related to a coronal
mass ejection. We provide direct observations of the energetic particle radiation
environment in the region just above the corona of the Sun and directly explore the
physics of particle acceleration and transport.

Onboard the Parker Solar Probe (PSP), the instrument suite of the Inte-
grated Science Investigation of the Sun (ISeIS)” has made the first near-
Sun measurements of solar energetic particles (SEPs). ISeIS comprises
two energetic particleinstruments with overlapping coverage, EPI-Hi
and EPI-Lo, measuring higher- and lower-energy particles’. Together
they enable ISeIS to explore the near-Sun environment by measuring
the fluxes, energy spectra, anisotropy, and composition of suprather-
mal and energeticions with energies from about 0.02 to 200 MeV per
nucleon and electrons with energies from about 0.05 to 6 MeV. Here
we examine this energetic particle environment in the context ofin situ
solar wind® and magnetic field® conditions and surrounding density
structures'® measured by other instruments onboard PSP.

Figure 1 summarizes ISelIS observations of energetic particles over
PSP’s first two orbits. Higher- (1-2MeV) and lower-energy (30-200 keV)

H"ion count rates are plotted on the outside and inside of the orbital
trajectory, respectively. Intensifications indicate energetic particle
events, with some seen only at higher energies, some only at lower
energies, and others simultaneously across the combined energy range.
Figurelindicates howrichthelSelS observations are: abroad array of
different types of particle events are seen at all distances.

The first large intensification occurred during orbit 1 at higher
energies with PSP inbound (during interval a, 2018-287 18:00 to
2018-297 08:20 universal time (UT)) at about 0.5 astronomical units
(AuU). Although not obvious from Fig. 1, this is a corotational event
also seen when PSP was outbound at about 0.65 AU (during interval
b, 2018-330 23:20 to 2018-34115:00 uT). Corotating interaction
regions (CIRs) form as faster solar wind piles up behind slower wind,
forming a compression'2, Because these faster solar wind streams
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Fig.1|Observations of energetic particles duringorbitsland2.a,b,
Observations of energetic particles (primarily H') at lower (Lo, about 30—

200 keV;inside track) and higher energies (Hi, about 1-2 MeV; outside track)
from PSP’s orbit1(a) and orbit 2 (b). Intervals without dataare indicated by the

emanate from coronal holes at the Sun, CIRs map to nearly fixed
solar longitudes.

Figure 2showsintervalsaandbasafunction of the longitude of the
solar surface ‘foot point’ magnetically connected to the spacecraft,
calculated for anominal Parker spiral with a fixed solar wind speed of
350 kms™. This calculation combines the rotation of the Sun and space-
craftlocationtoshow thatboth events arise from the same, single CIR
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structure. These events are ‘dispersionless’—all ions arrive at roughly
the same time and fluctuations in intensity are consistent across ion
speeds. Sucheventsindicate that PSP passed across magnetic flux tubes
that were already filled with high-energy (>1MeV) particles that move
quickly along magnetic field lines. The intensities of sunward- and anti-
sunward-moving particles in intervals a and b were similar (Fig. 2a),
consistent with a corotating structure that traps particles between a
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sunward flux time series (a), acount-rate spectrogram (b), the fluxasa
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function of the magnetic foot pointin Carrington longitude and radius from
the Sun(c), and the1-2 MeV H' rate versus foot-point longitude (d). Inc, d,
v,,=350kms™isanominal solar wind speed.
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source more distant than the spacecraft and the increasing magnetic
field strength closer to the Sun. The particle acceleration probably
occursatreverse shocks, which typically formbeyond about 2 Au from
compressionsinsuch CIRs.

Theinbound leg towards perihelion1(which occurred at 0.17 Au, at
03:28 6 November 2018 UT) was extremely quiet from about 0.4 AU,
providing anideal opportunity for other PSPinstruments'>*to observe
very quiet solar wind conditions with essentially no SEP-produced pen-
etrating backgrounds. ISeIS began to observe lower-energy SEPs just
before perihelion1, which thenincreased. Figure 3 shows the eventsin
interval ¢, includinglow-energy ions ahead of a coronal mass ejection
(CME;Fig.3b, f,g), the passage of acompression wave after it (Fig. 3c),
and asubsequent higher-energy particle event (Fig. 3a).

ISelS observations show an SEP event starting early on2018-315and
extending to about when the CME arrived at PSP on 2018-316. Particle
anisotropies (Fig. 3f) demonstrate that these particles are streaming
outward fromthe Sun. The faster particles arrive first, characteristic of
a‘dispersive’ SEP event (Fig. 3g) with the differing arrival times giving
an estimate of the distance along the magnetic field to the source of
their acceleration. For the time-energy slope in Fig. 3g, we estimate
a path length® longer than that of the Parker spiral from PSP at about

vector and magnitude™ (e) over interval c. f-h, Magnification of the dispersive
SEPeventand CME for H' fluxaround 30-500 keV.

0.25 Au, which might be explained by a longer path length associated
with magnetic field ‘switchbacks’ observed by PSP in situ™.

Solar observations from the white-light coronagraph onthe ‘A’ space-
craft of NASA’s Solar Terrestrial Relations Observatory (STEREO-A)
indicate that the SEP-associated CME started lifting off from the Sunon
2018-314 atabout 18:00 uT (Extended Data Fig.1). Derivation of the CME
speed from STEREO-A imaging (Extended Data Fig. 2) reveals that the
CME was moving slowly (<400 kms™) from the Sun to PSP, very similar
to the surrounding solar wind speed. By propagating this CME flux rope
ataconstantspeed of 380 kms™ from near the Sun to PSP, we find good
agreement with the in situ magnetic field observations. Preliminary
analysis of this event using shock-modelling techniques® suggests that
there was probably no shock on the field lines well connected to PSP.
However, a quasi-perpendicular sub-critical shock (Mach number <3)
could have formed over an extended region of the flux rope and perhaps
accelerated the protons measured by PSP (A. Kouloumvakos, private
communication). This energetic particle event was not seen at any of
the1Auspacecraft, sosuch small events may only be observable close
to the Sun and therefore much more common than previously thought.

At the end of 2018-318, the solar wind speed increased from about
300toabout 500 kms™ (ref.?), indicative of a strong dynamic pressure
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wave in the solar wind. ISelS observed a small enhancementin very-
low-energy particles (<50 keV) as this compressional wave passed. This
event is the first direct observation of local energization in the ISeIS
observations. Shocks are not required for particle acceleration'® and
plasma compressions canaccelerate particles provided that the parti-
clesareable to propagate across, but remain close to, the compression”.
Thelarge two-stepincreaseinspeed on2018-318 shows that this com-
pression wave was well onits way to steepening into aforward-reverse-
shock pair, which probably accelerates the higher-energy (>1 MeV)
particles observed from 2018-320 to 2018-324. Thisis nota CIR as in
intervals a and b, because it has a much narrower range of foot-point
longitudes (see H' count rate at about 300° in Fig. 2c, d) and does not
recur, but instead indicates the interaction of a single fast solar wind
stream, possibly associated with or even magnetically initiated by the
preceding CME. In any case, as with CIR-associated particle events, the
particle isotropy indicates that these ions are trapped on flux tubes,
probably with a source more distant than PSP. In fact, at the time the
second event was seen, about 1-6 days after the passage of the compres-
sion at PSP, the pressure front had expanded outward to heliocentric
distances of about 0.6-2 Au, where the shocks probably formed.
Very near perihelion (about 35 solar radii, R,) during PSP orbit 2
(interval d), ISelS observed a unique pair of SEP events (Fig. 4). As PSP
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duringthe events (e). |B| is the magnitude of the magnetic field and By, By and By
aretheradial, transverse and normal components of the magnetic field,
respectively.

isnearly corotational with the Sun near perihelion, the two events are
magnetically connected to acommon solar source <5° apart in lon-
gitude. First, on 2019-092 there was a low-energy dispersive event,
probably associated with an impulsive source in the low corona. Two
dayslater,on 2019-094, there was a different type of impulsive event,
marked by a substantial increase in ions with >1-MeV energy. Both
events exhibit strong, persistent magnetic-field-aligned ions stream-
ing away from the Sun.

Thefirst event, starting on 2019-092, may be associated with distur-
bances also observed in extreme ultravioletimages from STEREO-Ain
the vicinity of active region AR2738, as well as multiple type-lllradio
bursts by both STEREO-A and FIELDS", the magnetic field instrument
aboard PSP. This small active region was about 70° off the nominal
magnetic connection of PSP to the Sun. The fluxes of high-energy
protons are near background, but we observed a substantial num-
ber of heavy high-energy ions and at low energies (about 30 keV per
nucleon).He/His about 20 times higher than the event on 2019-094,
andincreasesin O and Fe abundances are even greater. These results
suggest that this may be a ‘Z-rich’ event’; such events are relatively
rareat1Au.

The second SEP event on 2019-094 also exhibits velocity disper-
sion and outward streaming, but has many fewer ions <1 MeV and a



substantial increase at >1 MeV. As with the event on 2019-092, there is
potentially related radio and extreme ultraviolet activity in AR2738.
However, the heavy ion abundances were similar to more typical SEP
events. The magnetic field observed at PSP (Fig. 4e) between the two
events was stronger and considerably smoother than before or after,
indicating that this was probably a single, lower S (particle pressure/
magnetic pressure) magnetic structure connecting the two events.
Further, these observations indicate that processes inside 0.17 Au, as
suggested by early multi-spacecraft studiesinsolar cycle 20, as well as
later Helios and STEREO studies™ %, enable fast, direct access of SEPs
toawiderange of solar longitudes. Later studies that combined insitu
data with solar source region observations showed that the smaller,
longitudinally distributed SEP events are associated with multiple
jet-like coronal emissions??** close to the source region as well as with
more spatially extended eruptions®.

ISeIS observed arich array of energetic particle phenomena during
PSP’sfirst two orbits. Several of these events were not observed by 1Au
spacecraft, and so small events only observable close to the Sun may
be much more common than previously thought. With these new data,
we are well on the way to resolving the fundamental questions of the
origin, acceleration, and transport of SEPs into the heliosphere. Over
the next five years, as we head towards solar maximum, PSP will orbit
progressively closer to the Sun, ultimately extending our exploration
of these critical processes to less than 10R..
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Extended DataFig.1|Viewing geometry and observation of coronal mass
ejection.a, Aview of theecliptic plane from solar north at 14:00 10 November
2018 uT showing therelative positions of STEREO-A and PSP. The dashed
curves, frominnermost to outermost, represent the orbits of Mercury, Venus
and Earth. Thered areashows the field of view of the COR-2 instrument
onboard STEREO-A. A CME off the east limb of the Sun as viewed from
STEREO-Awould be roughly propagating towards PSP. This CME very gradually

Parker a)
Solar |
Probe

CME

solar limb

entered the field of view of COR-2, part of the SECCHI suite of imaging
instruments? aboard the STEREO spacecraft. b, Arunning-difference image of
the CME takenat 02:39 uT on11 November 2018 by COR-2A (a visible-light
coronagraph), extendingin the plane of the sky from 2R, to 15R,, provided
images during the entire acceleration phase of the CME. This CME entered
COR-2Aaround 18:00 uT on 10 November 2018 and transited through the COR-2
field of view overabout12h.



Article

To Parker
Solar

Probe
h

/

solar limb

fitted
flux solar * .
rope . qcculter
400 - .
4
oy 350 | % b) 70 z;
I= - 60 ©
£ 300 | &
S— m -
T 250 | = 50 2
) 40
8200 | X T
S 30 ©
» 150 | = e
2 20 0)5
50 | <

100

50

Magnetic Field (nT)

-50

Nov 11, 00:00

Extended DataFig.2 | CME model and comparison to magnetic field data.
a, Thesameasin Extended DataFig.1b but with superposed fitted flux-rope
shape ofthe CME at 02:39 11November 2018 uT when the CME had passed
halfway through the COR-2A field of view. The CME is very weak and no shock-
sheathstructure can be identified in these images. The typical aspect of the
CMEintheimageresults from theline-of-sight integration of plasma
distribution onabenttoroid such thatits majoraxisislocatedinaplane
containing the observing spacecraft (see very similar eventsin refs.??%). b, The
position (red) and speed (blue) of the apex of the flux-rope model was derived
byiteratively comparing each syntheticimage produced by the three-
dimensional model with each available COR-2A image. A functional form
(arctangent) was imposed for the flux rope’s varying speed. The fitted CME
structure assumed hereis abenttoroid withanexponentialincrease of its
cross-sectional area from foot point to apex as in ref.?”. The speed was derived

Nov 11, 12:00

Nov 12, 00:00
2018

by fitting a hyperbolic tangent to the modelled CME position. The speed
increasesrapidly from under 100 kms™at18:0010 November 2018 UT to over
350 kms™whenitexited the COR-2Afield of view ataround 6:00 UT on
11November. ¢, Aninternal magnetic field structure was expressed analytically
inside the envelope of the fitted CME (smooth curves) asinref.3°, but here
keeping asimplecircular cross-section of the flux rope. By propagating this
flux rope ataconstantspeed of 380 kms™ from the time it exits the COR-2 field
ofview, we predict the CME reaches PSP on12 November 2018. The predicted
arrival time and the magnetic properties of the CME (thick smooth line) are in
good agreement with those measured in situ by the FIELDS (magnetic field
data; thinlines) and SWEAP instruments (not shown). We therefore conclude
that thefitting procedure presented here provides agood description of the
evolution of the CME from the upper coronato PSP.
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The prediction of asupersonic solar wind' was first confirmed by spacecraft near
Earth?? and later by spacecraft at heliocentric distances as small as 62 solar radii*.
These missions showed that plasma accelerates as it emerges from the corona, aided
by unidentified processes that transport energy outwards from the Sun before
depositingitin the wind. Alfvénic fluctuations are a promising candidate for sucha
process because they are seen in the coronaand solar wind and contain considerable
energy*>”’. Magnetic tension forces the corona to co-rotate with the Sun, but any
residual rotation far from the Sun reported until now has been much smaller than the
amplitude of waves and deflections from interacting wind streams®. Here we report
observations of solar-wind plasma at heliocentric distances of about 35 solar radii®™,
well within the distance at which stream interactions become important. We find that
Alfvén waves organize into structured velocity spikes with duration of up to minutes,
which are associated with propagating S-like bends in the magnetic-field lines. We
detect anincreasing rotational component to the flow velocity of the solar wind
around the Sun, peaking at 35to 50 kilometres per second—considerably above the
amplitude of the waves. These flows exceed classical velocity predictions of a few
kilometres per second, challenging models of circulation in the corona and calling
into question our understanding of how stars lose angular momentum and spin down
asthey age>™,

The Parker Solar Probe (PSP) launched in August 2018 on a Delta IV
Heavyrocket. The high energy of the launch, combined with agravita-
tional assist from Venus in September 2018, placed PSP into aneccentric
orbit withaperiod of 147 days and a perihelion at a heliocentric distance
of r=35.7R. (Ro, solar radius) nearly a factor of two closer to the Sun
than any previous mission*. This study uses observations made by
instruments on the spacecraft during the first two encounters with the
Sun, in November 2018 and April 2019. Whereas the instruments collect
data at alow rate far from the Sun, the primary science collection ata
high rate occurs during the encounter phase of each orbit at r <54R.
(0.25 Au). Encounter one (E1) lasted from 31 October to 12 November

2018, with the first perihelion occurring at 03:27 UT on 6 November.
During these two encounters the longitude of PSP relative to the rotat-
ing surface ofthe Sunbarely changed; PSP essentially dove downinto,
and thenrose straight up from, a single narrow region above the Sun.
Eland E2 data thus describe a handful of specific solar-wind streams.

Nearly two million thermal-energy distribution functions of the solar-
wind protons wererecorded during E1, and more than three times that
number during E2 (Fig.1, Extended DataFig.1). Fromthese distribution
functions, the bulk properties of solar-wind protons—such as the veloc-
ity, density and temperature—are derived. Within any hour interval, the
distribution of the radial solar-wind speed, V,, was strongly peaked ata

'Climate and Space Sciences and Engineering, University of Michigan, Ann Arbor, MI, USA. 2Smithsonian Astrophysical Observatory, Cambridge, MA, USA. *Physics Department, University of
California, Berkeley, CA, USA. “Space Sciences Laboratory, University of California, Berkeley, CA, USA. °The Blackett Laboratory, Imperial College London, London, UK. °Kavli Center for
Astrophysics and Space Sciences, Massachusetts Institute of Technology, Cambridge, MA, USA. "Laboratoire de Physique des Plasmas, CNRS, Sorbonne Université, Ecole Polytechnique,
Observatoire de Paris, Université Paris-Saclay, Paris, France. ®Department of Physics and Astronomy, University of New Hampshire, Durham, NH, USA. ®Space Science Center, University of New
Hampshire, Durham, NH, USA. "°Heliophysics and Planetary Science Branch ST13, Marshall Space Flight Center, Huntsville, AL, USA. "Los Alamos National Laboratory, Los Alamos, NM, USA.
"2Department of Physics and Astronomy, University of lowa, IA, USA. Johns Hopkins University Applied Physics Laboratory, Laurel, MD, USA. “Department of Space Science and Center for
Space Plasma and Aeronomic Research, University of Alabama in Huntsville, Huntsville, AL, USA. ®Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ, USA. ®Department of
Planetary Sciences, University of Arizona, Tucson, AZ, USA. "Department of Physics and Astronomy, University of Delaware, Newark, DE, USA. ®Bartol Research Institute, University of Delaware,
Newark, DE, USA. ®Institut de Recherche en Astrophysique et Planétologie, CNRS, UPS, CNES, Université de Toulouse, Toulouse, France. 2°LESIA, Observatoire de Paris, Université PSL, CNRS,
Sorbonne Université, Université de Paris, Meudon, France. ?NASA/Goddard Space Flight Center, Greenbelt, MD, USA. ?Department of Earth, Planetary and Space Sciences, University of
California, Los Angeles, CA, USA. ZUniversities Space Research Association, Science and Technology Institute, Huntsville, AL, USA. *Department of Astrophysical Sciences, Princeton

University, Princeton, NJ, USA. *e-mail: jckasper@umich.edu

228 | Nature | Vol 576 | 12 December 2019


https://doi.org/10.1038/s41586-019-1813-z
mailto:jckasper@umich.edu

1
0.4 0.6
Relative occurrence

0.4 0.6 0.8
Normalized 314-eV e~ flux

0.0

BR
(nT)
8o
i |

ek

f

-

L

s Py

.; d.zn_.!- M,

S hE e e A

I

Cle ool 1 vond T

Fig.1| Overview of the first encounter of PSP with the Sun. a, Relative
occurrencerate of the proton radial speed V, inone-hourintervals. Red
triangles show the startand end of the high-rate data collection below 54R. and
thegreentriangleindicatesaperihelionat35.7R..b—f, The same for V,;inthe
solar equatorial plane (b), the proton number density n, (c), the proton
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Fig.2|Solar-wind fluctuations near the closest approach. Near-Sun
fluctuations meet the Alfvénic criteria, but are organized into structures and
contain density enhancements. a, Magnitude of V; (blue) and angle 6; of B
fromtheradial direction outwards. b, Magnitudes of n, (green), B (red) and the
protonthermal speed w, (yellow). c-e, Variation of each vector component of
the velocity (blue) and magnetic field (red) in the radial direction (R),
thetransversedirectioninthe solarequatorial plane (T) and thenormaltoR

Time from 2018-11-06 12:19:47 (min)

and T (N).Since the orbit of PSP is within a few degrees of the solar equator,

N points approximately north, perpendicular to the equatorial plane. Thereisa
baseline solar-wind speed of about 300 kms™ and jets where V, jumps by about
100 kms™. The fluctuations are highly Alfvénic, withequal energy in the field
and the flow, but they are organized into structures instead of being randomly
distributed, and there is evidence of compressions.
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Fig.3|Acloserlookata velocity spike. The formattingis asinFig. 2, but
focused onasingle1,000-sinterval. The left blue regionindicates the 105-s
periodin which PSP moved from the ambient plasmainto the spike. The central
coreofthe spikeisindicated by the grey region and lasted for 325s; itis

minimum value, withaone-sided tail extending to larger V, values. V,,
reached its minimum of 200 km s about a quarter of the way though
Eland then rose steadily to about 600 km s™. Numerical simulations
and simple extrapolations of the observed photospheric magnetic field
suggest that PSP spent all of E1 south of the global heliospheric current
sheet, inaregionwithinward magnetic polarity (B < 0)". Near the start
and end of E1, PSP sampled slow wind from near the global heliospheric
currentsheet. Closer to the Sun, PSP first observed very slow wind and
thenfast wind, both of which are thought to emerge fromalow-latitude
coronal hole”. Below 40R., V,; (the transverse component of the proton
velocity in the equatorial plane of the Sun) has a net positive value,
which peaks at the closest approach. This flow may be the long-sought
signature of plasma co-rotationinthe corona. The density peaksin the
slowest wind, at a value of approximately 400 cm™, about 50 times
higher than values typically observed at 1 Au, as expected from mass
conservationand spherical expansion. The proton temperature, 7,, and
V,rremain positively correlated'®. At perihelion the protons are about 4
times hotter than protons withsimilar Vz at 1AU, consistent with radial
scalings reported from earlier missions*. The radial component of the
magneticfield, By, increases in magnitude with proximity to the Sun but
unexpectedly changes sign many times. The pitch-angle (6) distribu-
tion for electrons (thatis, the number of electrons at agiven energy as
afunction of their angle relative to B) is a valuable diagnostic of these
changes in the direction of B. Here we show the pitch-angle distribu-
tion in a 22-eV-wide energy channel centred on 314 eV, well above the
electronthermal energy. The sharp peak near180° corresponds to the
strahl,abeam of super-thermal electrons that travel away from the Sun
along magnetic-field lines. Near the Sun, the strahl evolves towards
small sinf values because of magnetic-moment conservation”. If the
reversalsin By seen by PSP result from the spacecraft’s crossing between
open field lines (connected to the Sun at only one end) with different

230 | Nature | Vol 576 | 12 December 2019

characterized by asteady but disturbed flow and afield withalarge rotationin
Bto6,~70°andajumpinflowto343kms™. Thereturnfromthe corespikeinto
ambient solar wind is marked by the second blueregion and lasted 30s.

signs of By back at the Sun, then the strahl would flip between 180° and
0° each time B, changed sign. Instead, every time B flips, the strahl
maintains its 180° orientation, clearly indicating that the reversals in
By are due to S-like bends in the magnetic-field lines (Extended Data
Fig.2). Closed field lines with both ends connected to the Sunand strahl
travellinginboth paralleland antiparallel directions to Bare seen dur-
ing the arrival of a coronal mass ejection on 11 November at 23:50 UT,
following an enhancement in the number of energetic particles'.

Figure 2shows atimeseries of 80 min of observations several hours
after perihelion, illustrating typical velocity and magnetic-field fluc-
tuations. About half the time, B points radially inwards towards the
Sunand the velocity Vremains at arelatively constant 300 kms™. The
remaining time includes seven distinctintervals in which Brotates away
fromits radial-inward orientation, V,; simultaneously jumps and Valso
rotates, linking the one-sided tail in V,; with the reversals in polarity
seeninthe El overview. These jumpsin flow associated with rotations
inBand V are similar to one-sided Alfvénic structures that were first
seen farther from the Sun®’. The spikes seen by PSP are differentin that
they have larger amplitudes and are often associated with anincrease
inthe protondensity, n,, indicating that the spikes have a non-Alfvénic
component. The correlated variations in the components of Band V,
their relative amplitudes and the constant value of |B| are consistent
with large-amplitude, spherically polarized Alfvén waves propagating
through the plasmain the anti-Sunward direction, similar to earlier
observations>?. We can classify this wind stream (and indeed much
of E1) as Alfvénic slow solar wind®°.

About 1,000 long-duration (>10 s) and isolated velocity spikes with
large rotationsin Bwere identified in E1 (about halfas many were seen
in E2.) Often the spikes can be separated chronologically into a core
region with plasma conditions that are very different from those of
the ambient solar wind but relatively constant, acomparatively short



\AA A 4
IIIIIIIII|IIIIIIIII
® ® ® E1 inbound
60 — m M M E1 outbound

- 4 & & E2inbound
E2 outbound
— Rigid rotation
—— Weber-Davis
— ¥ v v PSP perihelia

N
o

N
o
I
|
|

Transverse speed, V. (km s

o
I
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
:
1

—
]

Radial distance (xRg)

Fig.4|Large circulation of solar wind observed near the Sun. Averaged
rotational (or azimuthal) flow, V,;;, over1.75R. intervals during E1 (inboundin
blue, witherrorbarsindicating the standard deviation fromall observations;
outboundinpurple) and E2 (inboundinred; outboundinyellow) asafunction
ofradial distance. Each symbol represents the average over atleast 10,000
observations, and the values closest to perihelion are averaged over 60,000-
230,000 observations. Error bars for Elinbound show one standard deviation
oftheindividual observations and are representative of the variation for the
otherthree phases. The uncertainty inthe mean of V;;ismuch smaller than the
marker size. Current and upcoming periheliaare shown with greentriangles.
Linesindicate norotation (dashed), rigid co-rotation everywhere (red) and the
axisymmetric Weber-Davis model (blue).

transition region on oneside of the core, and alonger transition region
onthe other side containing large-amplitude fluctuations (see Fig. 3).
During the 105-s transition at the beginning of this spike, the flow under-
went seven large oscillations with an amplitude of 150 km s, which
possibly resulted from a Kelvin-Helmholtz instability.

Equally unexpected as the spikes and By reversals are the large-ampli-
tude and sustained positive rotational velocities seen below 40R. for
Eland 50R.for E2 (Fig.4). Netrotation hasbeenreported farther from
the Sun, but it was of the same order as instrument error and much
smaller than the standard deviation in flow due to fluctuations and
streaminteractions®”. Here V, rises to 35 kms™ (E1) and 50 kms™ (E2).
Thisis much greater than the variance from fluctuations including the
velocity spikes, there is no evidence of stream interactions, and these
values are much greater than the precisionin the averaged flows (less
than 0.5kms™) and the absolute errorin the flow due toa pointing error
(less than 3 km s™) (see Methods). These are the first in situ observa-
tions of net rotational flow in the solar wind that are significantly above
fluctuations and uncertainty.

Some level of rotational flow has always been expected in the solar
wind near the Sun, as magnetic tension in the corona should force
the plasma to rotate as the Sun spins. However, the large rotational
velocities measured here greatly exceed the value calculated by the
axisymmetric Weber-Davis model®, posing a major challenge to our
understanding of the dynamics of the near-Sun solar wind. Determining
the origin of these tangential flows will be essential for understanding
how the Sun loses angular momentum and spins down as it ages'**,
Further studies of the angular momentum should include magnetic

fields, waves and different ions. Future PSP orbits will clarify the extent
to which these large rotational flows characterize other solar-wind
streams. These orbits will also provide critical additional diagnostics
of the state of the plasma, including turbulence, velocity spikes, tem-
perature anisotropy and particle velocity distribution functions, at
heliocentric distances as small as 9.86R..
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Methods

Data collection and analysis

Thedatapresented here were collected over the course of the first two
encounters of the Sun by PSP in November 2018 and April 2019. This
study makes use of all of the in situ instruments on the spacecraft. The
thermal plasma properties are measured by the PSP SWEAP (Solar Wind
Electrons Alphas and Protons) instrument suite'”, including the Solar
Probe Cup (SPC) and the Solar Probe Analyzers (SPAN) for electron and
ion plasma data. Magnetic-field data from the outboard FIELDS mag-
netometer were also used™”, along with energetic-particle rates as seen
by ISeIS™. SPC measures the reduced distribution function ofionized
hydrogen and helium and the two-dimensional flow angles of the ions
asafunctionof energy/charge. These measurements were performed
atleast once per second and typically more than four times per second
throughout the encounter phase of each orbit (below 0.25 AU or 54R.).
This paper uses moments of the entire SPC proton distribution func-
tionto calculate the total effective proton velocity, density and radial
component of the temperature. While the SPAN ion sensor generally
did not view the peak of the proton velocity distribution, the overlap-
ping regions seen by SPAN and SPC were compared to confirm that
there were no gross offsets in the calibration or the derived plasma
properties such as the velocity; this technique will be more accurate
when the solar wind flows into SPAN closer to the Sun. Observations
of electrons with a central energy of 314 eV and a width of 22 eV by
the two SPAN electron sensors were combined, along with the FIELDS
determination of the magnetic-field direction, to create the electron
pitch-angle distributions.

All data are being archived and will be available for download at
the NASA Space Physics Data Facility in November 2019 (https://
spdf.gsfc.nasa.gov/). Additional SWEAP data and information are
available at the SWEAP web page (http://sweap.cfa.harvard.edu/).
Data were analysed and graphics were developed in IDL (Interactive
Data Language).

Statistics

Thedistributions of plasma properties in Fig.1and Extended DataFig.1
were produced with a time resolution of 1 h. During the encounters,
the time resolution of the plasma instrument ranged from slightly
more than one measurement per second to more than four meas-
urements per second, so each column represents the distribution of
approximately 3,600-14,400 measurements. All error bars indicate
one standard deviation of the measurements from the mean. At least
10,000—and generally more than 80,000—observations were used to
calculate the mean transverse flow V,;in Fig. 4.

Estimates of uncertainty

Here we discuss the absolute accuracy of SPCion measurements. As ver-
ified by ground testing, the absolute accuracy for V,yis less than 0.01%
over ameasurable range of approximately 119 kms™t01,065kms™. The
absolute accuracy intemperature is similarly small over ameasurable
range of approximately 7.3 kK to 21.1 MK (that is, proton thermal speeds
of 11 kms™ to 600 kms™). Speeds and temperatures at the extremes
of these ranges are subject to systematic considerations, but no such
measurements are presented here. The accuracy of the density meas-
urement is determined by comparison with the plasma frequency as
observed by FIELDS". Thus, the absolute accuracy of the SPC density
measurement is estimated to be about 1% and is no worse than 3%.
The absolute accuracy for off-radial flow components is verified via
spacecraft roll manoeuvres about the SPC symmetry axis. For solar-
wind fluxes typical of the first two encounters, the uncertainty associ-
ated with this calibration corresponds to a typical absolute accuracy
of about 0.5°. For a solar wind of 400 km s™ this corresponds to an
expected errorin V,; of 3-4 kms™, whichis much smaller than the net
rotational flow observed.

Signatures of Alfvénic fluctuations

Indiscussing Fig. 2, we stated that the correlation of fluctuationsin the
components of Band Vwere generally indicative of outward-propagat-
ing Alfvén waves. We consider the vector waves or fluctuations AVand
ABsuperimposed on asteady background of B,and V,, respectively.In
thelong-wavelength fluid magnetohydrodynamic limit, Alfvén waves
propagate exactly in parallel or antiparallel directions to B,, are disper-
sionless and do not compress the plasma, and there is a simple linear
relationship of AB = +D,AV, where D, = (n, + 4n,)**0/21.8 (in units of
nTkm™s; densitiesareinunitsofcm™)and ©=(1-g,+8,)°*.Here Ois
acorrection for thermal pressure anisotropy, where §, istheratio of the
parallel plasma pressure to the magnetic pressure and §, is the ratio of
the perpendicular plasma pressure to the magnetic pressure. For this
period we find onaverage n, =220 cm™, 8,=0.202and 8, = 0.315. SPC
and SPAN were not configured optimally to measure the ionized helium
abundance n,, so assuming the typical range 0.5% < n,/n, < 4.5%, we
expect D,=0.68-0.74 nTkm™s. We find D, for the R, T, N components
tobe 0.71,1.09and 0.70 nT kms, respectively, so the Rand N compo-
nents are exactly within the expected range and the fluctuationsin the
T direction are about 33% higher (it is typical for D, to be different for
each component of the velocity®). We then used the calculated value of
D, torescale the range of the vector components of B, so they should
overlap with Vifthe fluctuations were purely Alfvénic. The sign of the
relation between AB and AV is given by the sign of —-k-B,, wherekis the
wavevector and gives the direction of propagation, and Bis an average
direction of the field over a long time scale. The ambient direction of
the magnetic field outside the large-amplitude fluctuations points
towards the Sun and the correlations are overwhelmingly positive,
meaning that we are seeing outward-propagating waves.

Identification of velocity spikes

Isolated velocity spikes were identified by looking for all intervals in
each encounter in which the orientation of the magnetic field started
in the quiet configuration pointed towards the Sun within 30°, rotated
more than 45° away from the quiet configuration for atleast10 s, and
thenreturned to the original direction. Candidate events were then
examined manually to identify starting and ending times.

Acknowledgements The SWEAP Investigation and this study are supported by the PSP mission
under NASA contract NNNOB6AAO1C. The SWEAP team expresses its gratitude to the scientists,
engineers and administrators who have made this project a success, both within the SWEAP
institutions and from NASA and the project team at JHU/APL. J.C.K. acknowledges support
from the 2019 Summer School at the Center for Computational Astrophysics, Flatiron Institute.
The Flatiron Institute is supported by the Simons Foundation. S.D.B. acknowledges the support
of the Leverhulme Trust Visiting Professorship programme. T.S.H. was supported by UK STFC
ST/S0003641/1.

Author contributions J.C.K. is the SWEAP Principal Investigator (Pl) and led the data analysis
and writing of this Article. S.D.B. is the FIELDS Pl and a SWEAP Co-Investigator and provided
the magnetic-field observations. JW.B. leads the US group that developed the solar-wind
Faraday cup, and provided guidance on identifying Alfvénic fluctuations. M.B. provided a
pre-amplifier ASIC used within the SPAN electron instruments. A.W.C. is the SPC instrument
scientist and ensured that the instrument met its performance requirements and was
calibrated. B.D.G.C. contributed to the theoretical calculations and the writing of the
manuscript. D.W.C. managed the effort at UCB. D.G. was the institutional lead at NASA
MSFC, responsible for materials testing and calibration of SPC. S.P.G. provided
recommendations on measurement requirements to detect instabilities. L.G. provided
related solar observations and results. J.S.H. contributed to the analysis of the electron
observations and to the writing of the manuscript. G.C.H. provided a time-of-flight ASIC to
reduce the size and power of the SPAN ion instrument. T.S.H. participated in the analysis of
the Alfvénic spikes. Q.H. identified magnetic flux ropes. K.G.K. contributed to the writing of
the manuscript and provided warm-plasma growth rate calculations. K.E.K. led the SWEAP
Science Operations Center and coordinated observing plans between the instruments and
the project. M\V. contributed to the writing of the manuscript and the discussion on the
relationship between Alfvénic fluctuations and angular momentum. D.E.L. is the
institutional lead at Berkeley, responsible for the implementation of the SPAN instruments
and the SWEAP Electronics Module suite-wide computer. R.L. is the SPAN ion instrument
scientist. B.L. identified flux ropes and other signatures of coronal mass ejections in the
data. P.L. coordinated solar furnace testing of the SPC materials before launch. M.
Maksimovic peformed the absolute calibration of the density measurements. M. Martinovic
evaluated the quality of the velocity distribution functions. N.V.P. carried out numerical


https://spdf.gsfc.nasa.gov/
https://spdf.gsfc.nasa.gov/
http://sweap.cfa.harvard.edu/

simulations. J.D.R. contributed to the design of the Faraday cup. R.M.S. helped to interpret
the electron pitch-angle distributions. JT.S. identified potential field rotation causes. M.L.S.
provided the overall data pipeline for SWEAP and SPC high-level data products. A.S.
estimated the location of the heliospheric current sheet. P.L.W. set up the SPC calibration at
MSFC and then became SPAN electron instrument scientist at Berkeley. K.H.W. arranged the
SPC calibration at MSFC. G.P.Z. leads the SWEAP theory team. R.J.M. leads the FIELDS
fluxgate magnetometer. D.J.M. is the IS®IS Pl and provided the energetic-particle data.
R.L.M. leads the EPI-Lo energetic-particle instrument. M.P. is the FIELDS SOC lead. N.E.R. is
the PSP Project Scientist and reviewed jets and similar coronal transients. N.A.S. runs the

IS®IS Science Operations Center. All authors participated in planning the observations and
data collection, reviewed and discussed the observations, and read, provided feedback and
approved the contents of the manuscript.

Competing interests The authors declare no competing interests.
Additional information

Correspondence and requests for materials should be addressed to J.C.K.
Reprints and permissions information is available at http://www.nature.com/reprints.


http://www.nature.com/reprints

Article

L L
0.0 0.2 0.4 0.6 0.8 1.0
Relative Occurrence

. AL
0.0 0.2 0.4 0.6 0.8 1.0
Normalized 314 eV e— Flux

FTT4TTTH

v .‘l * '!
W ) ‘ - H‘-‘

v e B |4 |k

n o
RS “‘"ﬁ 5

seedvE R o =

3
Aol 3 ;-f"‘“"”* TR

D L e T T ey

L . i e b
Mﬁh Foigda & o

-\J---u.. I.I‘-"

| L N
04/10 04/11 04/12

Extended DataFig.1|Overview of the second PSP encounter with the Sun.
Thefigureisinthe same formatasFig.1.Spikesin the velocity are again seen to
be coincident with the magnetic-field reversals, but the jump inthe speed is
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smaller, probably because the Alfvén speed was lowerin E2 than E1. The density
atperihelionis substantially lower.



Extended DataFig.2|Schematic ofan S-shaped magnetic structure creating
afield reversal, heat-flux reversal and aspike in velocity. This figure
illustrates the possible geometry of an S-shaped propagating Alfvénic
disturbance (grey box) and how it would appear to the spacecraft (black
square) asit flew through the spike on the green trajectory. The pinklines with
arrowsindicate the configuration of the magnetic field, with all field lines
ultimately pointing back to the Sun. Arrows at each black square indicate the
vector velocity (blue), electronstrahl (orange) and magnetic field (red) seen by
the spacecraft. If this was a purely Alfvénic structure, then the spike would
move away from the Suninan antiparallel direction to Bat the local Alfvén
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speed, C,.Inthe frame of the spike, the shape of the structure would be static,
with plasmaflowingin alongfield lines on the upper left and through the spike
and emerging at the lower right, always flowing at C,. Inthe frame of the
spacecraft, the constant flow along field lines in the propagating spike frame
would translateintoaradialincrease of Vby C, whenBis perpendiculartotheR
direction, and amaximumjump of 2C, when Bis completely inverted. Because
the heat flux flows away from the Sun along magnetic field lines, it would rotate
soastoalways beantiparallel toBand appear locally to be flowing back to the
Sunatthe centre of this disturbance.



Article

Highly structured slow solar wind emerging
from an equatorial coronal hole

https://doi.org/10.1038/s41586-019-1818-7
Received: 16 July 2019
Accepted: 11 November 2019

Published online: 4 December 2019

S.D.Bale'?*#*, S, T. Badman'?, J. W. Bonnell', T. A. Bowen', D. Burgess*, A. W. Case®,
C.A.Cattell5, B. D. G. Chandran’®, C. C. Chaston', C. H. K. Chen*, J. F. Drake®'°",

T. Dudok de Wit™?, J. P. Eastwood?, R. E. Ergun', W. M. Farrell*, C. Fong'?, K. Goetz®,

M. Goldstein™, K. A. Goodrich', P. R. Harvey', T. S. Horbury?, G. G. Howes", J. C. Kasper®'®,
P.J. Kellogg®, J. A. Klimchuk™, K. E. Korreck®, V. V. Krasnoselskikh', S. Krucker'?°, R. Laker?®,

D.E.Larson', R. J. MacDowall", M. Maksimovic?, D. M. Malaspina®, J. Martinez-Oliveros',
D. J. McComas?, N. Meyer-Vernet?, M. Moncuquet?, F. S. Mozer', T. D. Phan', M. Pulupa’,
N. E. Raouafi®, C. Salem', D. Stansby?, M. Stevens®, A. Szabo'®, M. Velli?*, T. Woolley® &

J.R. Wygant®

During the solar minimum, when the Sun s at its least active, the solar wind*?is
observed at high latitudes as a predominantly fast (more than 500 kilometres

per second), highly Alfvénic rarefied stream of plasma originating from deep within
coronal holes. Closer to the ecliptic plane, the solar wind is interspersed with amore
variable slow wind® of less than 500 kilometres per second. The precise origins of the
slow wind streams are less certain®*; theories and observations suggest that they may

originate at the tips of helmet streamers>®, from interchange reconnection near coronal
hole boundaries™, or within coronal holes with highly diverging magnetic fields**°. The
heating mechanism required to drive the solar wind is also unresolved, although
candidate mechanisms include Alfvén-wave turbulence™?, heating by reconnection in
nanoflares’, ion cyclotron wave heating'* and acceleration by thermal gradients'. Ata
distance of one astronomical unit, the wind is mixed and evolved, and therefore much of

the diagnosticstructure of these sources and processes hasbeen lost. Here we present
observations from the Parker Solar Probe® at 36 to 54 solar radii that show evidence of
slow Alfvénic solar wind emerging from a small equatorial coronal hole. The measured
magnetic field exhibits patches of large, intermittent reversals that are associated with
jets of plasma and enhanced Poynting flux and that are interspersed in asmoother and
less turbulent flow with a near-radial magnetic field. Furthermore, plasma-wave
measurements suggest the existence of electron and ion velocity-space micro-
instabilities'®' that are associated with plasma heating and thermalization processes.
Our measurements suggest that there is animpulsive mechanism associated with solar-
wind energization and that micro-instabilities play a partin heating, and we provide
evidence that low-latitude coronal holes are a key source of the slow solar wind.

Thefirstsolar encounter of the Parker Solar Probe (PSP) occurred dur-
ing the solar minimum. The spacecraft orbit remained within 5° of the
heliographic solar equator and, unlike any previous spacecraft, was
corotational with the Sun for two intervals surrounding perihelion.
Figure1summarizes the radial magnetic field (By; in heliocentricRTN
coordinates; see Methods) structure observed by the FIELDS experi-
ment” for asix-week time interval centred on perihelion (6 November
2018).Figurelashows1-s cadence measurements of By (see Methods)
which show the overall 1/r2behaviour expected from simple flux-con-
servationarguments'®as the heliocentric distance of PSP varied along
itseccentric orbit. Against this background, dramatic and unexpected
rapid polarity reversals where 8B;/|B| is of the order of 1are superposed
(IB|is the magnitude of the magnetic field). One-hour statistical modes

(most probable value; see Methods) of By in Fig. 1b remove the tran-
sient polarity inversions and reveal the large-scale magnetic structure.
Time series predictions of B, generated from the simple, but widely
used, Potential Field Source Surface (PFSS) model” ' are shown for
comparison in black and green. The implementation of this model
and the procedure to connect it to the location of PSP and generate
the time series is discussed in the Methods section ‘PFSS modelling
and connection to PSP".

Magnetic field structure

PFSSis a zero-current force-free model of the global solar corona,
meaning that it assumes that magnetic pressure dominates over gas

Thelist of affiliations appears at the end of the paper.
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Fig.1|Radial magnetic field measurements are highly structured, map back
tothe Sun, and are consistent withalow source surface. a, The measured
radial magnetic field By is comprised of alarge-scale field, which scales
approximately as1/r* (red dotted lines; also in Fig. 1b) and rapid large-
amplitude polarity reversals (6B;/|B| of the order of 1) associated with jets of
plasma (Fig.2b). b, One-hour statistical modes of B; (bisymmetric logarithmic
plot) show the large-scale radial field coloured for polarity (red, outward; blue,
inward). Predicted radial-field profiles froma PFSS model are over-plotted
usingasource-surfaceradius of Rs=1.2R, (black curve, unscaled) and 2.0R,
(green curve, multiplied by afactor of 6.5). Rssat1.2R  reproduces many of the
measured polarity changes (labelled A, C, F and G). The R¢s=2.0R, model better
predicts the timing of polarity inversion G (see Methods). Labels Band E
indicate transient events, and the perihelion coronal hole intervalis centred on
D. Corotations (CR1and CR2; green) and the perihelion (PH; red dot) at 35.7R,,
arelabelled. c, Anextreme-ultraviolet synoptic map of171-A (Fe 1x) emission

pressure (thatis, itassumes alow plasma fvalue), so that the problem
reduces to magnetostatics, giving a solution of a static field configu-
ration that rigidly corotates with the Sun. The role of gas dynamics is
approximated by requiring that the tangential magnetic field vanishes
ataspherical ‘source surface’at some radius Rgs, which simulates how
the outflowing solar wind drags the field lines out into the heliosphere.
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Carrington longitude (°)

— PIL, Rgg =2.0Rg

— PIL, Rgg = 1.2R,

u(m) Qutward (inward) polarity near PIL
®(®)Outward (inward) polarity at spacecraft

showsstructure associated with active regions (small-scale extreme-
ultraviolet bright points appear as red patches) and lower-density plasmain
coronal holes (darker regions). The PSP trajectory at the source surface is
superimposed, coloured asinb for measured field polarity. Encounter 1begins
atthe orange diamond, moves westwards (indecreasing Carrington longitude,
withrespecttoafixed pointonthesolarsurface) across the map through
perihelionatabout330°,and ends at the yellow diamond. Aline shows the
location of the model polarity-inversionline (PIL) at the source surface
(Rss=1.2R,, black; Rss=2.0R,,, green). Red and blue squaresindicate the
polarity oneither side of the PIL models. Red (Bz > 0) and blue (B < 0) lines map
the magnetic field from Rgs back to the photosphere for Rgs=2.0R,; for
Rss=1.2R,the modelfield lines areradial.d, The extreme-ultraviolet map of the
perihelioninterval, showingfield lines mapping back to the Sunintoasmall
equatorial coronal hole, and the location of the adjacent PIL associated with the
heliospheric currentsheet, from the2.0R,model.

The magnetostatic approximation limits the accuracy and applicability
of the model. Nevertheless, PFSS is widely used as a computationally
tractable first approximation and forms the basis for more sophisti-
cated models**. We note that PSP encounter 1 took place very close
to solar minimum, with low solar activity, reducing theimpact of non-
potential transient events and active regions.
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Fig.2|Magneticfield reversals and plasmajets carry aPoynting flux. a, Time
series measurements of the magnetic field magnitude |B| (black line) and total
plasmadensity n. (blueline) show anti-correlation during jet events, consistent
with magnetohydrodynamic slow-mode behaviour. b, Radial Poynting flux

(S, blackline) andionkinetic energy flux (F,, blueline), showing large
enhancements duringjet-field reversal events. ¢, Tangential components of
the magnetic field (B;; black) and plasma velocity (v, green) components

InFig.1b, two model evaluations are shown with Ris=2.0R,, (R, solar
radius; green line) and Rgs = 1.2R, (black line). In both cases Ry is well
below the established value”. However, this value is necessary to pro-
vide good agreement for all model inputs (see Methods) and is not
without precedent?**, Model comparison reveals an overall very good
agreement for both models, but also shows that the polarity inversions
atfeatures Aand C are washed out except with the lower source-surface
radius (black line). Meanwhile, the timing of feature Gis better captured
with the higher source-surfaceradius (greenline), illustrating the dif-
ficulty that PFSS has with assuming a single source-surface radius, and
supports previous findings of avarying ‘true’ source-surface radius®?*.
Finally, Fig. 1c, d depicts field-line mappings derived from the same
PFSS models shown in Fig. 1b to connect the spacecraft down to the
lower corona to establish context for the in situ measurements. The
spacecrafttrajectory isshown projected onto the source surface, col-
oured by its measured polarity.

The background is a synoptic map of extreme-ultraviolet emission
in the 171-A wavelength for which dark regions imply lower-density
plasma and the likely location of open magnetic field lines. For refer-
ence, this background is shown inisolation in Extended Data Fig. 4
along withits corresponding map for the 193-A wavelength. The neutral
lines derived from the PFSS models are shown as single contours in
the same colour as their time series in Fig. 1b. Figure 1c shows how the
neutral line topology explains the polarity inversions measured by
PSP. Figure 1d is a magnification of the two-week interval closest to
perihelion (330° longitude). During the entire two-week corotation
loop period, PSP remained connected to a small, negative-polarity,
isolated equatorial coronal hole, suggesting that the rapid magnetic
field polarity reversals seenin Fig.1aare magnetic structures emerging

showing Alfvénic fluctuations. d, The normal components of the magnetic
field (By, blackline) and the plasma velocity (vy, greenline). e, Radial magnetic
field (Bg, black line) and plasma velocity (vy, greenline), showing aninterval of
quiet radial-field wind and flow adjacent to amagnetic structure associated
withjets of plasma. Measurements are made from around 00:00 to 03:00 5
November 52018 universal time (UT) at about36.6R,,. The Alfvénspeed during
the quietintervalisv,~100 kms™.

fromthis coronal hole and sweeping past the PSP spacecraft. Extended
DataFig. 5 shows the configuration schematically. For most of this
interval, SWEAP? measurements of the solar-wind velocity indicated
an Alfvénicslow wind stream (see Fig. 2), suggesting a slow solar wind
source rooted in an equatorial coronal hole at the Sun. Polarity inver-
sions B and E in Fig. 1b are associated with (transient) flux rope and
coronal mass ejection®® events, respectively.

Alfvenic fluctuations and plasma jets

Time series magnetic field and velocity structures show the correlations
(Fig. 2c-e) expected of propagating Alfvén waves®, especially during
the quiet radial-field intervals. The 8B polarity reversal intervals show
enhanced radial wind velocity vy (Fig. 2e) and the Alfvénic correlations
of velocity and magnetic field (§v to 6B) within the polarity inversions
and jets suggest that these structures may be interpreted as large-
amplitude, three-dimensional Alfvénic structures convected away
fromthe Sun. As asimple measure, statistics of zero-crossings (polarity
reversals; see Methods) show that around 6% of the temporal duration
ofencounter1is comprised of these so-defined jets. Many jet intervals
show signatures of compressibility (Fig.2a)—in this case anti-correlated
plasma density n. and |B|—suggesting slow-mode or pressure-balanced
behaviour®. Isolated Alfvénic features associated with magnetic field
reversals have been identified at 60R,, (ref. '), near one astronomical
unit (AU)**and in the polar heliosphere by the spacecraft Ulysses®;
however, at those distances few or no compressive signatures were
present. It has been suggested® that these magnetic structures could be
signatures of impulsive reconnection eventsin the Sun’s atmosphere®;
simulations>® show qualitative similarities to the events of encounter 1
but do not reproduce the observed magnetic field reversals past 90°.
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Fig.3|Plasma-wave activity near the perihelion differsin quiet wind and
jets.a, Spectral density measurements of electric field fluctuations near the
electronplasmafrequencyf,. showintense bursts of electrostatic Langmuir
waves with intensities around 10>-10* V> Hz ' above the thermal background,
suggesting the presence of electron beams. b, Electrostatic waves near the
electron cyclotron frequency f.. (white dotted line) and its harmonics are often
presentinintervals ofambient radial magnetic field, but not presentinjet
plasma. c, Awavelet spectrogram of the magnetic field shows bursts of
turbulent fluctuations with adistinct spectral break between1and 10 Hz
associated with atransition to dissipationscales. The trace magnetic

Alfvénic structures and waves have long been considered to be an
important energy source for the solar wind™'2. The radial Poynting
flux Sy = (E x B)p/1t, (Where p, is the vacuum permeability and E is the
electric field; see Methods) in the spacecraft frame (Fig. 2b) is about
10% of the kinetic energy flux (blue curve) and shows enhancements
duringthejetintervals, suggesting that these plasma jets may impart
energy to the emerging solar wind. As seen in Figs. 1a, 2e, the plasma
jetsappeartobe clustered andinterspersedin an otherwise quiet solar
wind flow with prominently radial magnetic field.

Micro-instabilities and turbulence

The quiet radial-flow intervals contain plasma waves consistent with
expectations of micro-instabilities associated withion and electron'
velocity-space structure (Fig.3). The electric field spectrum from about
11kHz to about 1,688 kHz shows signatures of plasma quasi-thermal
noise” (Fig. 3a) at the electron plasma frequency f,. (which is used
to estimate the total plasma density in Fig. 2a). Intense bursts of nar-
rowband electrostatic Langmuir waves (Fig. 3a) occur throughout
the perihelion encounter; narrowband Langmuir waves are driven
by electron beams and damp rapidly, suggesting the presence of an
intermittent, local population of electron beams.

The electric field spectrum (Fig. 3b) from 0.3 kHz to about 75 kHz
shows intermittent bursts of electrostatic whistler-wave activity,
peaked in power below the electron gyrofrequency f... Also present
are waves containing harmonic structure consistent with electron-
Bernstein-wave emission. Electrostatic whistler-Bernstein bursts™
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fieldintensity (P,) is divided by a factor of P, = f5* such that a power spectrum
withindex-5/3 has no frequency dependence. d, Magnetic helicity (o, from
the wavelet spectrogram) shows narrowband f,; <f<f;; + vy/v, (the expected
Doppler-shifted frequency, where v, is the local Alfvén speed; dashed lines)
signatures associated withion cyclotron waves—when o,,is close to the
maximum (+1) or the minimum (-1)—again in quiet radial solar wind. e, The
normalized radial magnetic field By/|B| shows distinct intervals of quiet radial-
fieldwind, reduced turbulentlevels and increased occurrence of electrostatic
whistler andion cyclotroninstability. Measurementsin Fig.3 were made at
approximately 00:00-03:00 November 52018 uTatabout36.6R,,.

aregenerated by featuresin the electron velocity distribution function
f.(v) and are not observed in the solar wind at 1 Au. Here they occur
onlyinthe quiet radial-field intervals. A wavelet spectrogram (divided
by a function P, < f>?) of the search coil magnetometer and fluxgate
magnetometer data in Fig. 3c shows the spectral content of the mag-
netic field to around 146 Hz. A spectral break between 1-10 Hz (in the
spacecraftframe) is highly variable and associated with the transition
from a magnetohydrodynamic turbulent cascade to dissipation or
dispersion ranges at ion kinetic lengthscales®. Note that the overall
turbulent levels are lower and more intermittent in the quiet radial
wind (Figs. 3¢, 4a). The spectrum of magnetic helicity® o, in Fig. 3d
indicatesintervals of large (1>0,,> 0.5, red; -0.5<0,,<-1,blue) circular
polarization often associated with ion cyclotron waves*’. These ion
wave events are apparent during quiet radial-field intervals.

The (trace) magnetic field spectra (see Methods), averaged over
30 min (Fig. 4a), show broken power-law behaviour, with spectral
indices roughly comparable to the —5/3 and -8/3 predictions for
magnetohydrodynamic and kinetic-scale turbulence®, respectively.
This suggests that by 36.6R,,, the solar wind has already developed a
turbulent cascade, to transport energy from large-scale motions to
the microscale, where it can be dissipated. In the radial quiet wind
(blue trace), where the turbulence level is substantially lower, an
enhancement of wave power near the ion cyclotron frequency is
observed.Intheactivejet wind (black trace), asteep spectrumis seen at
the plasmaioninertial and gyroscales, indicating atransition tokinetic
range turbulence and possibly the dissipation of turbulent energy to
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Fig.4|Power spectral density and magnetic compressibility of magnetic
field fluctuationsin quietand jet wind. a, Thirty-minute integrated power
spectraof fluctuationsin quiet (blue) and jet (black) solar wind conditions
show the transition from amagnetohydrodynamicinertial range to
dissipation- or dispersion-range turbulence, here compared to the spacecraft-
frame frequency f~**>and f*? power laws. The quiet wind spectrum (blue)
showsincreased power near theion cyclotron frequency (f; dashed vertical
line) thatis associated with enhanced magnetic helicity (Fig. 3e). b, The ratio of
magnitude (|B]) to tr(B) spectraindicates increased magnetic compressibility
duringjetintervals (black) compared to quiet wind (blue) up to the dissipation
scale (aslope of -8/3). Theion cyclotron band corresponds to lower
compressibility, as expected.

heat the solar wind as it expands to fill the heliosphere. In both types
of wind, the power levels are several orders of magnitude larger than
at1Au. The magnetic compressibility*—defined as C,,, = (5|B|/|5B|)*>—
shows an increase at high frequencies, as expected for kinetic range
turbulence (Fig. 4b). Atlow frequencies, the compressibility is larger
injet wind than in quiet wind, but remains small (C,, less than about
0.1), indicating that jet fluctuations have an enhanced compressible
componentbutarestillpredominantly Alfvénic*. In the quiet wind, the
band of enhanced power near the cyclotron frequency has areduced
magnetic compressibility, as expected for quasi-parallelion cyclotron
waves*,

PSP encounter 1reveals amore structured and dynamic solar wind
thanisseenat1Au, withimpulsive magneticfield reversals and plasma
jetsembeddedinaquiet radial wind emerging from asmall equatorial
coronal hole. As PSP goes to lower altitudes, eventually to 9.8R_ dur-
ing the upcoming solar maximum, we expect to descend below the
the altitude where the wind becomes super-Alfvénic (vg > v,) and
measure the interface between the corona and the solar wind for the
first time.
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Methods

Heliocentric RTN coordinates

We use so-called heliocentric RTN coordinates in our study. R points
from the Sun centre to the spacecraft. T lies in the spacecraft plane
(close to the ecliptic) and is defined as the cross product of the solar
rotation axis with R. T points in the direction of prograde rotation. N
completes aright-handed system.

Statistical modes

To examine the large-scale magnetic structure (Fig. 1b), we seek to
remove the rapidly varying spikes observed in Fig. 1a. To do this we
produce statistical modes which are defined by binning the full cadence
magnetic field observationsinto one-hourintervals and foreachinter-
val, calculating the modal value—the peak of the histogram of field
values within each interval.

Identification of jetintervals

We calculate that approximately 6% of the duration of encounter 1
consists of jet intervals. That number is computed by measuring the
duration of positive polarity By intervals (58,973 s) occurring from 30
October2018to11 November 2018 UT (103,6800 s total). This interval
was chosento correspond to the negative polarity interval centred on
D (Fig.1b), which has primarily negative polarity over the coronal hole,
and does not have transient coronal mass ejection events. The positive-
polarity jets were identified using a simple zero-crossing algorithm
applied to 1-s cadence radial magnetic field data B,. Of course, not all
so-called jets contain full polarity reversals. Biasing this calculation
with an amplitude offset will produce a larger fraction of jet times;
thisis an ongoing study.

PSP/FIELDS measurement details

Measurements presented here were made by the FIELDS" and SWEAP%
instruments on the PSP spacecraft. Magnetic field measurements in
Fig.1awere made by the FIELDS fluxgate magnetometer and are aver-
agedtol-s cadencefromtheir native cadence, which varies fromabout
2.3t0293 samples per second over encounter 1. The By data shown in
Fig.1b are derived from the 1-s data by computing the distribution of
amplitudesinone-hourintervals withanamplitude resolutionof 1nT,
and by finding the peak value of that distribution: that is, the statistical
mode. This technique removes the fluctuating ‘jet’ intervals, without
introducing the amplitude bias of an averaging algorithm.

The magnetic field measurementsin Fig. 2 startat1-s cadence, aver-
aged down fromtheir native cadence as described above. All magnetic
field measurements here are calibrated accurate to better than 0.5nT.
SWEAP velocity measurements are made by the Solar Probe Cup (SPC)
sensor at a cadence of about 1 measurement per 0.87 s and then aver-
agedto5-sintervals. The1-s cadence magnetic field dataare then aver-
aged onto these 5-s time intervals. This reduces fluctuation noise in
the SPC dataand provides velocity and magnetic field measurements
at the same cadence. The plasma density measurements in Fig. 1a are
made using the FIELDS Low Frequency Receiver (LFR)*?, which measures
the fluctuating electric field across the V1-V2 antenna pair” and com-
putes the spectral density (also shown in Fig. 3a). The spectral peakis
identified and associated with the electron plasma frequency f,., as
described previously®. Hence, the frequency of the peak amplitude
gives areliable estimate of the total plasma density. The spectral reso-
lution of the LFR instrument is Af/f~ 4%. The plasma frequency f,.. is
proportional to. /n,, where n. is the electron (total) density; therefore
the resulting uncertainty in the density measurement is
An/n = 2Af/f=8%. Electric field measurements used to compute the
radial Poynting fluxin Fig.2b are measured directly as differential volt-
age pairs* between the V1-V2 and V3-V4 antennas” and are then cali-
bratedtoelectric field units by comparison to—v x Bas computed from
the SPC velocity and fluxgate magnetometer data. This enables us to

remove spacecraft offset electric fields and compute an effective probe-
separationlength, astandard technique used to calibrate electric field
instrumentation**. The electric field measurement is accurate to
approximatelylmvm™.,

Measurements in Fig. 3a show the full spectrum of the RFS/LFR*
receiver inspectrogram form, as measured by the V1-V2 antenna pair.
Waveintensity in Fig. 3aranges fromabout 6 x10™ t0 1.4 x10°V2Hz!
andis represented logarithmically. The spectral bandwidth of the LFR
receiver is Af/f=4.5% and the cadence of the measurement is 1 spec-
trum per 7 s. Figure 3b shows the electric field spectrogram of dif-
ferential voltage measurements on the V1-V2 antenna pair from the
Digital Fields Board (DFB) subsystem*?, with intensity in arbitrary
logarithmic amplitude units. The spectral resolution of this channel
ofthe DFBis Af/f=~-6-12% and the measurement cadenceis1spectrum
per 5.5s. Figure 3¢ shows the magnetic field spectrogram of search
coil magnetometer measurements from DFB*, with intensity in arbi-
trary logarithmic amplitude units. The wavelet spectrogramin Fig.3d
and magnetic helicity spectrumin Fig. 3e were computed using the
wav_data routine for the IDL programming language in the SPEDAS*
suite of IDL analysis routines. Wave intensity in Fig. 3cisrepresentedin
logarithmic power inarbitrary units and is divided by a factor P < f >
(flattened), such that a power spectrum with spectral index —5/3 has
no frequency dependence.

PFSS modelling and connection to PSP

Modelling the magnetic field time series (Fig. 1b) and tracing field lines
from PSP down into the corona (Fig. 1c, d) was performed in two main
steps.

(1) PFSS implementation. PFSS**?° modelling used the recent open-
source Python implementation pfsspy***’. This code package is freely
available online, extremely flexible with regard to changing the input
parameters and efficient (a full PFSS solution can be extracted inabout
14 sincluding downloading the magnetogram on demand). Given a mag-
netogram and source-surface radius (Rgs) as boundary conditions, the
code solves the Laplace equation (equation (1)) for the magnetic scalar
potential, @, and outputs afull three-dimensional magnetic field within
the annular volume bounded by the photosphere and the source-surface
parameter. The choice of magnetogram data and values of source-surface
height depicted in Fig.1are discussed in Methods section ‘Choice of
magnetogram data and source-surface radius for Fig. 1’ below.

V2@u(r)=0 §))

(2) Ballistic propagation. The procedure to magnetically connect
PSPtoaparticularlocation at the outer boundary of the PFSS solution
domain follows refs. *5°, where the field line intersecting the position
of PSPis assumed to follow a Parker spiral' with a curvature determined
by the co-temporal solar wind velocity measurement at that position.
As discussed in ref. *8, although at lower radii this approximation is
strongly perturbed by both corotational effects and the acceleration
ofthesolarwind, these effects actually shift the coronal longitude by a
similar magnitude butin opposite directions, resultinginan estimated
errorinlongitude of less than10°. This produces a very simple mapping
(equation (2)) from spacecraft spherical Carrington coordinates (rpsp,
Bpsp, Prsp) to coordinates on the source surface (r, 8, ), involving the
solar sidereal rotationrate, Qg, the measured solar wind speed, vy, and
the source-surface height R.
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Togenerate time series predictions, we first download a magnetogram,
choose a source-surface height and generate a PFSS solution using
equation (1). Wethentake the trajectory of PSP and use equation (2) to
produce atimeseries of latitudes and longitudes on the source surface
towhich PSP was connected (see red and blue trajectoriesin Fig.1c, d,
Extended Data Figs. 1-3). For each latitude and longitude we obtain a
Bg value at the source surface from the PFSS model. Finally, we scale
each B, value by C(Rss/rpsp)* to produce an estimate of By at the location
of PSP as a function of time. Cis an empirically determined constant
used to scale the time series prediction to match the peak measured
magnetic field. Its value is dependent on the choice of magnetogram
butapproaches unity as the source-surface radius decreases and more
fluxis openedto the heliosphere. For the model results showninFig.1,
the values of Care 6.7 (2.0R, model) and 1.4 (1.2R_,model).

To producefield line traces and generate Fig. 1c, d, we start with the
time series of latitudes and longitudes on the source surface connected
to PSP. For each pair of coordinates, we use pfsspy’s built-in field line
tracer. Given the output of the pfsspy model, we supply the source-
surface latitudes and longitudes and the field line tracer generates a
field line which starts from that point and propagates it down to the
photosphere. The modelalso provides a polarity for each field line gen-
erated, and we use these to colourize the field lines plotted in Fig.1c, d.

Choice of magnetogram data and source-surface radius for Fig. 1
Synoptic maps of the photospheric magnetic field are available from
multiple sources, which give variable outputs from the PFSS model.
In this work we consider the NSO/GONG zero-point-corrected data
product®, SDO/HMI vector magnetogram data product®?, and the
DeRosa (LMSAL) modelled magnetogram®. GONG has the advantage
of being operationally certified for space weather predictions, SDO/
HMlis space-based and offers better resolution, and the DeRosamodel
assimilates HMI data and uses a surface flux transport and far-side
helioseismological data to simulate photospheric dynamics such as
differential rotation.

Additional variationin the outputs of the PFSS model arises from the
time evolution of photospheric observations. Synoptic magnetograms
arebuilt by many observations of the Sun from Earth as it rotates with
anapproximate 27-day period. Typically, only +60° longitude about the
central meridian (sub-Earth point) are used for each observation (the
grey regions in Extended Data Figs. 1-3). Although these maps can be
updated with new data as frequently as observations are made, parts
ofthe Sun facing away from Earth cannot be updated until they rotate
into view, meaning all synoptic maps consist of a mix of old and new
dataandevolveintime.

Finally, the model output depends considerably on the choice of
the source-surface radius parameter (Rss). The inferred structure at
the source surface changes as the source surface is lowered; implied
structure such as the PIL—the contour of B, =0—becomes more struc-
tured and warped. The foot points of open field lines at the photosphere
encompass larger areas, increasing the predicted size of coronal holes,
and also increasing the total amount (both positive and negative) of
magnetic flux crossing the source surface.

Our approach to make robust conclusions is to generate model
results for multiple times from all three magnetogram sources for
varying source surface radii. Colour maps of By at the source surface and
the associated PILs are shownin Extended Data Figs.1-3. The majority
ofmodelsat2.0R, andbelow predict polarity inversionsin the vicinity
of 240° and 310° longitude at all source-surface radii, with additional
polarity inversions around10° and 140° longitude that develop at lower
source-surface radii. These features are all consistent with PSP meas-
urements; we emphasize that they are largely independent of the time
of observation and the choice of magnetogram source. Although the

established® value of 2.5R,, still gives good results from a GONG evalu-
ation, boththe HMIand DeRosa models produce strong disagreement
around the time of perihelion. In Fig. 1b-d we show results from the
GONG zero-point-corrected map evaluated on 6 November 2018 ut
about which our time range of analysis is symmetric. This evaluation
shows all the above features and produces good time series agree-
ments. We show source-surface radii of 2.0R, and 1.2R,,. These lower
source-surface radii do have modern precedent: 2.0R,, is consistent
with previous PFSS modelling done for the same interval®, where that
radius was chosen to better match the observed extent of coronal holes.
Another previous work* investigated the impact of lowering the source
surface radius on model results, observing that at solar minimum a
lower (<2.0R,) source-surface radius was required to populate equato-
rial coronal holes with open field lines and improve their estimates of
magnetic field strength at1Au.
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Extended DataFig.1| Variation of PFSS neutralline topology with time and
magnetogram choice at Rss=2.5R,.. Colour maps of By at the source surface
from PFSS extractions with source-surface radius Rss=2.5R,. Red indicates
positive polarity and blue indicates negative polarity. The black line shows the
PIL (the contour of By =0). Superposed s the ballistically projected PSP
trajectory coloured by the measured polarity. Perihelion occurred around 330°
longitude. Left to right, the columns show extractions from the NSO/GONG,

150

200 250 300 o 100 150 200 250

SDO/HMIand DeRosa LMSAL models. From top tobottom, the models are
evaluated ataweekly cadence spanning six weeks about perihelion, with input
magnetograms from each source taken as closein time as possible. Thegrey
shading shows theregion +60°about the central meridian on the date of the
model evaluation, indicating the portion of the Sun that could be observed at
thetime of observation.
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Extended DataFig. 2| Variation of PFSS neutral line topology with time and magnetogram choice at Rss=2.0R,.. Colour maps of By at the source surface from
PFSS extractions with Rgs=2.0R,,. Other features are as described in Extended Data Fig. 1.
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Extended DataFig. 3| Variation of PFSS Neutral Line topology with time and magnetogram choice at Rgs=1.2R. Colour maps of By at the source surface from
PFSS extractions with Rgs=1.2R,,. Other features are as described in Extended Data Fig. 1.
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Extended DataFig. 4 |Synoptic maps of extreme-ultraviolet coronal
emission from Carringtonrotation 2,210, assembled from the STEREO-A/
EUVIand SDO/AIA instruments. Top, 171-Adata showing coronal Fe 1X
emissionataround 600,000 K. Thisis the background of Fig.1c, d. Bottom,
193-A (AlA) and 195-A (EUVI) data showing emission from coronal Fe X1t
emissionataround1,000,000K. Thebrightnessis positively correlated with

AIA 193 A/EUVI 195 A Synoptic Map - CR 2210

200 250 300 350

theintegrated plasma density squared along the line of sight. The dark regions
inbothimages are probable locations of coronal holes, which are threaded by
openmagnetic field lines that allow plasmato evacuate into interplanetary
space, resultingin under-denseregions. Carrington rotation 2,210 occurred
from20:5126 October 2018 UTto 04:1123 November 2018 UT.



equatorial coronal hole

‘jets’ or ‘switchbacks’
PSP spacecraft

Extended DataFig.5|During encounter 1, PSP connected magneticallytoa
small negative-polarity equatorial coronal hole. This schematic shows a
potential field extrapolation of the solar magnetic field at the time of the first
perihelion pass of PSP. The solar surfaceiis shown, coloured by AIA 211-A
extreme-ultraviolet emission (see Extended Data Fig. 4 for other wavelengths).
Coronal holes appear as alighter shade. Superposed are various field lines
initialized at the solar disk. Black lines indicate closed loops, blue and red
illustrate open field lines with negative and positive polarities, respectively. As
depicted hereandinFig.1c, d, at perihelion PSP connected to anegative
equatorial coronal hole. The ‘switchbacks’ (the jets) observed by PSP (Fig. 1a)
areillustrated as kinksin the open field lines emerging from the coronal hole
that connect to PSP. (Note that neither the radial distance to the spacecraft nor
thescale oramplitude of the jets or switchbacks areto scale.) Spacecraft
graphicis courtesy of NASA/Johns Hopkins APL.
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