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At solar minimum, the solar wind1,2 is observed at high solar latitudes as a predominantly fast 40 

(> 500 km/s), highly Alfvenic, rarefied stream of plasma originating deep within coronal holes, 41 

while near the ecliptic plane it is interspersed with a more variable slow (< 500 kms) wind3.  42 

The precise origins of the slow wind streams are less certain4, with theories and observations 43 

supporting sources from the tips of helmet streamers5,6, interchange reconnection near 44 



coronal hole boundaries7,8, and origins within coronal holes with highly diverging magnetic 45 

fields9,10. The heating mechanism required to drive the solar wind is also an open question 46 

and candidate mechanisms include Alfven wave turbulence11,12, heating by reconnection in 47 

nanoflares13, ion cyclotron wave heating14 and acceleration by thermal gradients1.  At 1 au, 48 

the wind is mixed and evolved and much of the diagnostic structure of these sources and 49 

processes has been lost. Here we present new measurements from Parker Solar Probe15 at 36 50 

to 54 solar radii that show clear evidence of slow, Alfvenic solar wind emerging from a small 51 

equatorial coronal hole.  The measured magnetic field exhibits patches of large, intermittent 52 

reversals associated with jets of plasma and enhanced Poynting flux and interspersed in a 53 

smoother and less turbulent flow with near-radial magnetic field.  Furthermore, plasma wave 54 

measurements suggest electron and ion velocity-space micro-instabilities16,10 that have been 55 

identified with plasma heating and thermalization processes. Our measurements suggest an 56 

impulsive mechanism associated with solar wind energization and a heating role for micro-57 

instabilities and provide strong evidence for low latitude coronal holes as a significant 58 

contribution to the source of the slow solar wind. 59 

 60 
Magnetic Field Structure:  The first solar encounter (E1) of Parker Solar Probe occurred during 61 

solar minimum, the spacecraft orbit remained within 5° of the heliographic solar equator and 62 

unlike any previous spacecraft, was co-rotational with the Sun for two intervals surrounding 63 

perihelion.  Figure 1 summarizes the radial magnetic field (BR) structure observed by the 64 

FIELDS experiment17 for a six-week time interval centered on perihelion (November 6, 2018).  65 

Panel (a) shows 1 second cadence measurements of BR (see Methods) which show the overall 66 

1/r2 behavior expected from simple flux-conservation arguments18 as PSP’s heliocentric distance 67 



varied along its eccentric orbit. Upon this background, dramatic and unexpected rapid polarity 68 

reversals of order δBR/|B| ~ 1 are superposed.  One-hour statistical modes (most probable value – 69 

see Methods) of BR in Fig. 1b remove the transient polarity inversions and reveal the large-scale 70 

magnetic structure.  Time series predictions of BR generated from the simple, but widely used, 71 

Potential Field Source Surface (PFSS) model19,20,21 are shown for comparison in black and green. 72 

The implementation of this model and the procedure to connect it to the location of PSP and 73 

generate time series is discussed in the Methods section. 74 

 75 

PFSS is a zero-current force free model of the global solar corona, meaning it assumes magnetic 76 

pressure dominates over gas pressure (low plasma beta) to such an extent that the problem 77 

reduces to magnetostatics, giving a solution of a static field configuration which rigidly corotates 78 

with the sun. The role of gas dynamics is approximated by requiring the tangential field vanishes 79 

at a spherical “source surface” of some radius RSS, which simulates how the outflowing solar 80 

wind drags the field lines out into the heliosphere.  The magnetostatic approximation limits the 81 

accuracy and applicability of the model.  Nevertheless, PFSS is widely used as a computationally 82 

tractable first approximation and forms the basis for the more sophisticated models21,22.  We note 83 

that PSP E1 took place very close to solar minimum, with low solar activity low, reducing the 84 

impact of non-potential transient events and active regions.   85 

In Fig 1b, two model evaluations are shown with RSS = 2.0 Rs (green) and RSS = 1.2Rs (black 86 

respectively.  In both cases RSS is well below the canonical value23 but is necessary to provide 87 

good agreement for all model inputs (see Methods) and is not without precedent24,25. Model 88 

comparison reveals an overall very good agreement for both models, but also shows the polarity 89 

inversions at features A and C are washed out except with the lower source surface height (black 90 



line). Meanwhile the timing of feature G is better captured with the higher source surface height 91 

(green), illustrating the difficulty PFSS has with assuming a single source surface height and 92 

supports previous findings of a varying “true” source surface height25,26.  Finally, Fig 1. (c) and 93 

(d) depict field line mappings derived from the same PFSS models shown in panel (b) to connect 94 

the spacecraft down to the lower corona to establish context for the in situ measurements. The 95 

spacecraft trajectory is shown projected onto the source surface colored by its measured polarity.  96 

The background is a synoptic map of EUV emission in the 171Å wavelength for which dark 97 

regions imply lower density plasma and the likely location of open magnetic field lines. This 98 

background is shown in isolation in Extended Data Figure 4 along with its corresponding map 99 

for the 193Å wavelength for the readers reference.  The neutral lines derived from the PFSS 100 

models are shown as single contours in the same color as their time series in Fig. 1(b). Panel (c) 101 

shows how the neutral line topology explains the polarity inversions measured by PSP.  Panel (d) 102 

zooms in to the 2-week interval closest to perihelion (330° longitude).  During the entire 2-week 103 

co-rotation loop period, PSP remained connected to a small, negative polarity, isolated equatorial 104 

coronal hole, suggesting the rapid magnetic field polarity reversals seen in Fig. 1a are magnetic 105 

structures emerging from this coronal hole and sweeping past the PSP spacecraft.  Extended Data 106 

Figure 5 indicates the configuration schematically.  For most of this interval, SWEAP27 107 

measurements of the solar wind velocity indicated an Alfvenic slow wind stream (see Fig 2. 108 

below), suggesting a significant slow wind source rooted in equatorial coronal holes at the Sun.  109 

Polarity inversions B and E are associated with (transient) fluxrope and coronal mass ejection28 110 

events, respectively.   111 

 112 
Alfvenic Fluctuations and Plasma Jets:  Time series magnetic field and velocity structures 113 

show the correlations (Fig. 2c, 2d, and 2e) expected of propagating Alfvén waves29, especially 114 



during the quiet, radial field intervals.  The δBR polarity reversal intervals show enhanced radial 115 

wind velocity (Fig. 2e) and the Alfvénic correlations (δv to δB) within the polarity inversions 116 

and jets suggest that these structures may be interpreted as large amplitude, 3D Alfvénic 117 

structures convected away from the Sun.  As a simple measure, statistics of zero-crossings 118 

(polarity reversals – see Methods) show that ~6% of the temporal duration of E1 is comprised of 119 

jets, so defined.   Many jet intervals show signatures of compressibility (Fig. 2a), in this case 120 

anti-correlated plasma density ne and magnetic field magnitude |B| suggesting slow-mode or 121 

pressure-balanced behavior30.  While isolated Alfvénic features associated with magnetic field 122 

reversals have been identified at 60 RS31, near 1 au32 and in the polar heliosphere by Ulysses33, at 123 

those greater distances little or no compressive signatures were present. It has been suggested34 124 

that these magnetic structures could be signatures of impulsive reconnection events in the Sun’s 125 

atmosphere35; simulations36 show qualitative similarities to the E1 events but do not reproduce 126 

the observed magnetic field reversals past 90o.      127 

 128 

Alfvénic structures and waves have long been considered to be an important energy source for 129 

the wind11,12.  The radial Poynting flux SR = ExB/µ0 (see Methods) in the spacecraft frame (Fig. 130 

2b) is ~10% of the kinetic energy flux (blue curve) and shows enhancements during the jet 131 

intervals, suggesting that these plasma jets may impart energy to the emerging solar wind.  As 132 

seen in Fig. 1a and Fig. 2e, the plasma jets appear to be clustered and interspersed in an 133 

otherwise quiet solar wind flow with prominently radial magnetic field.   134 

Micro-instabilities and Turbulence:   The quiet radial flow intervals contain plasma waves 135 

consistent with expectations of micro-instabilities associated with ion14 and electron16 velocity-136 

space structure (Fig. 3).  The electric field spectrum from ~11 to ~1688 kHz, shows signatures of 137 



plasma quasi-thermal noise37 (Fig. 3a) at the electron plasma frequency fpe (used to estimate the 138 

total plasma density in Fig. 2a).  Intense bursts of narrowband, electrostatic Langmuir waves 139 

(Fig. 3a) occur throughout the perihelion encounter; narrowband Langmuir waves are driven by 140 

electron beams and damp rapidly, suggesting the presence of an intermittent, local population of 141 

electron beams.   142 

 143 
The electric field spectrum (Fig. 3b) from 0.3 to ~75 kHz shows intermittent bursts of 144 

electrostatic whistler wave activity, peaked in power below the electron gyrofrequency fce.  Also 145 

present are waves containing harmonic structure consistent with electron Bernstein wave 146 

emission.  Electrostatic whistler/Bernstein bursts16 are generated by features in the electron 147 

velocity distribution function fe(v) and are not observed in the solar wind at 1 au.  Here they 148 

occur only in the quiet radial field intervals.  A wavelet spectrogram (divided by PK~ f-5/3) of 149 

search coil magnetometer and fluxgate magnetometer data in Fig. 3c shows the spectral content 150 

of the magnetic field to ~146 Hz.  A spectral break between 1-10 Hz (in the spacecraft frame) is 151 

highly variable and associated with the transition from a magnetohydrodynamic (MHD) 152 

turbulent cascade to dissipation and/or dispersion ranges at ion kinetic length scales38. Note that 153 

overall turbulent levels are lower and more intermittent in the quiet radial wind (Fig. 3c and Fig. 154 

4a).  The spectrum of magnetic helicity σm39 in Fig. 3d indicates intervals of large (1 > σm > 0.5 155 

in red, -0.5 < σm < -1 in blue) circular polarization often associated with ion cyclotron (IC) 156 

waves040.  These ion wave events are apparent during quiet, radial field intervals. 157 

 158 
The (trace) magnetic field spectra (see Methods), averaged over 30 minutes (upper panel Fig. 4), 159 

show broken power-law behavior, with spectral indices roughly comparable to the -5/3 and -8/3 160 

predictions for MHD and kinetic scale turbulence38, respectively. This suggests that by 36.6 Rs, 161 



the solar wind has already developed a turbulent cascade to transport energy from large scale 162 

motions to the micro-scales where it can be dissipated. In the radial quiet wind (blue), where the 163 

turbulence level is significantly lower, an enhancement of wave power near the ion cyclotron 164 

frequency is observed. In the active jet wind (black), a steep spectrum is seen at the plasma ion 165 

inertial and gyroscales, indicating a transition to kinetic range turbulence and possibly the 166 

dissipation of turbulent energy to heat the solar wind as it expands to fill the heliosphere. In both 167 

types of wind, the power levels are several orders of magnitude larger than at 1 au.  The 168 

magnetic compressibility41, defined as   shows an increase at high 169 

frequencies as expected for kinetic range turbulence (lower panel Fig. 4).  At low frequencies, 170 

the compressibility is larger in jet wind than in quiet wind, but remains small, Cbb <~ 0.1, 171 

indicating that jet fluctuations have an enhanced compressible component but are still 172 

predominantly Alfvenic41. In the quiet wind, the band of enhanced power near the cyclotron 173 

frequency has a reduced magnetic compressibility as expected for quasi-parallel ion cyclotron 174 

waves40. 175 

PSP Encounter 1 reveals a more structured and dynamic solar wind than is seen at 1 au, with 176 

impulsive, magnetic-field reversals and plasma jets embedded in a quiet radial wind emerging 177 

from a small equatorial coronal hole.  As PSP goes to lower altitudes, eventually to 9.8 RS, 178 

during the upcoming solar maximum, we expect to descend below the Alfvén surface and 179 

measure the interface between the corona and the solar wind for the first time. 180 

 181 
Data Availability  The data used in this study are available from November 12, 2019 at the NASA Space 182 
Physics Data Facility (SPDF).  183 
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Fig. 1.  Radial magnetic field measurements are highly structured, map back to the Sun, and 271 

are consistent with a low source surface.  a.  The measured radial magnetic field BR is comprised 272 

of the large-scale field, which scales as ~1/r2 (dotted lines) and rapid, large amplitude, δBR/|B|~1 273 

polarity reversals associated with jets of plasma (Fig 2b).   b.  One-hour statistical modes of BR (on 274 

a bi-symmetric log plot) show the large-scale radial field colored for polarity (red=outward, 275 

blue=inward).  Predicted radial field profiles from a PFSS model are over-plotted using a source 276 

surface height RSS = 1.2 RS (black curve, unscaled) and 2.0 RS (green curve, multiplied by a factor 277 

of 6.5).  RSS at 1.2 RS reproduces many of the measured polarity changes (labeled A, C, F, and G).  278 

The RSS = 2.0 RS model better predicts the timing of polarity inversion G (see Methods section).   279 

Co-rotation CR1 and CR2 (green) and the perihelion PH (red) at 35.7 RS are labeled.  c.  An EUV 280 

synoptic map of 171Å (Fe IX) emission shows structure associated with active regions and lower 281 

density plasma in coronal holes (darker regions).  The PSP trajectory at the source surface is 282 

superimposed, colored as above for measured field polarity. E1 begins at the orange diamond, 283 

moves westward (in decreasing longitude) across the map through perihelion at ~330°, and ends at 284 

the yellow diamond.  A line shows the location of the model polarity inversion line (PIL) at the 285 

source surface (RSS = 1.2 is black, RSS = 2.0 RS is green).  Red and blue colored squares indicate 286 

the polarity either side of the PIL models.  Red (BR > 0) and blue (BR < 0) lines map the magnetic 287 

field from RSS back to the photosphere for RSS = 2.0 RS; for RSS = 1.2 RS the model field lines are 288 

radial.  d.  The EUV map of the perihelion interval showing field lines mapping back to the Sun 289 

into a small, equatorial coronal hole, and the location of the adjacent PIL associated with the 290 

heliospheric current sheet, from the 2.0 RS model. 291 

 292 
Fig 2.  Magnetic field reversals and plasma jets carry Poynting flux.  a.  Time series 293 

measurements of magnetic field magnitude |B| (black) and total plasma density ne (blue) show anti-294 

correlation during jet events, consistent with MHD slow-mode behavior.  b.  Radial Poynting flux 295 

SR (black) and ion kinetic energy flux Fp (blue) showing large enhancements during jet/field 296 



reversal events.  c.  Tangential (T) component of the magnetic field (black) and plasma velocity 297 

(green) components showing Alfvenic fluctuations. d.  The N component of magnetic field (black) 298 

and plasma velocity (green).   e.  Radial magnetic field (black) and plasma velocity (green) 299 

showing an interval of quiet, radial field and flow adjacent to magnetic structure associated with 300 

jets of plasma.  Measurements are made on ~00:00-03:00 on November 5, 2018 at ~36.6 RS.  The 301 

Alfvén speed during the quiet interval is approximately vA ~ 100 km/s. 302 

 303 
Fig 3.  Plasma wave activity near perihelion differs in quiet wind and jets.  a.  Spectral density 304 

measurements of electric field fluctuations near the electron plasma frequency fpe show intense 305 

bursts of electrostatic Langmuir waves with intensities ~102-104 V2/Hz above the thermal 306 

background, suggesting the presence of electron beams.   b.  Electrostatic waves near the electron 307 

cyclotron frequency fce (white dashed line) and its harmonics are often present in intervals of 308 

ambient radial magnetic field, but not jet plasma  c  A wavelet spectrogram of the magnetic field 309 

shows bursts of turbulent fluctuations with a distinct spectral break between 1-10 Hz associated 310 

with transition to dissipation scales.  d. Magnetic helicity (from the wavelet spectrogram) shows 311 

narrowband fci < f < fci + VR/VA (the expected Doppler-shifted frequency - dashed lines) signatures 312 

associated with ion cyclotron waves, again in quiet radial solar wind.  e.  The normalized radial 313 

magnetic field BR/|B| shows distinct intervals of quiet wind with radial field, reduced turbulent 314 

levels, and enhanced occurrence of electrostatic whistler and ion cyclotron instability.  315 

Measurements are made on ~00:00-03:00 on November 5, 2018 at ~36.6 RS. 316 

 317 
Fig 4.  Power spectral density and magnetic compressibility of magnetic field fluctuations in 318 

quiet and jet wind.   Thirty-minute integrated power spectra of fluctuations in quiet (blue) and jet 319 

(black) solar wind conditions show the transition from MHD inertial range to dissipation and/or 320 

dispersion range turbulence, here compared to spacecraft-frame frequency f-5/3 and f-8/3 power laws 321 

(upper panel).  The quiet wind spectrum (blue) shows enhanced power at near the ion cyclotron 322 

frequency (fci) associated with enhanced magnetic helicity (Fig. 3e).  The ratio of magnitude (|B|) 323 



to Trace (B) spectra (lower panel) indicates enhanced magnetic compressibility during jet intervals 324 

(black) compared to quiet wind (blue) up to the dissipation scale (-8/3 slope).  The ion cyclotron 325 

band corresponds to lower compressibility, as expected. 326 

 327 
 328 
Methods 329 

Heliocentric RTN Coordinates:  We use so-called Heliocentric RTN coordinates in our study, 330 

which are defined as follows:  R points from the Sun center to the spacecraft.  T lies in the 331 

spacecraft plane (close to the ecliptic) and is defined as the cross product of the solar rotation 332 

axis with R and points in the direction of prograde rotation.   N completes a right-handed system. 333 

 334 

Statistical Modes: To examine the large-scale magnetic structure, (Fig. 1b) we seek to remove 335 

the rapidly varying spikes observed in Fig. 1a. To do this we produce statistical modes which are 336 

defined by binning the full cadence magnetic field observations into 1-hour intervals and for 337 

each interval, calculating the modal value - the peak of the histogram of field values within each 338 

interval. 339 

 340 

Identification of Jet Intervals:  In the main text we state that approximately 6% of the duration 341 

of E1 consists of jet intervals.  That number is computed by measuring the duration of positive 342 

polarity BR intervals (58973 seconds) occurring from October 30, 2018 to November 11, 2018 343 

(1036800 seconds total).  This interval was chosen to correspond to interval D, of primarily 344 

negative polarity, in Fig. 1b over the coronal hole, and without transient coronal mass ejection 345 

events.  The positive polarity jets were identified using a simple zero-crossing algorithm applied 346 

to 1 second cadence radial magnetic field data BR.  Of course, not all so-called ‘jets’ contain full 347 



polarity reversals.  Biasing this calculation with an amplitude offset will produce a larger fraction 348 

of jet times; this is an ongoing study.   349 

 350 

PSP/FIELDS Measurement Details:  Measurements presented in the main text were made by 351 

the FIELDS17 and SWEAP27 instruments on the PSP spacecraft.  Magnetic field measurements in 352 

Fig. 1a are made by the FIELDS fluxgate magnetometer and are averaged to 1 second cadence, 353 

from their native cadence which varies from ~2.3 to 293 samples per second over E1.  The BR 354 

data shown in Fig. 1b is derived from the 1 second data by then computing the distribution of 355 

amplitudes in one-hour intervals, with amplitude resolution of 1 nT, and finding the peak value 356 

of that distribution:  the statistical mode.  This technique removes the fluctuating ‘jet’ intervals, 357 

without introducing the amplitude bias of an averaging algorithm.   358 

The magnetic field measurements in Fig. 2 start at 1 second cadence, averaged down from their 359 

native cadence as described above.  All magnetic field measurements here are calibrated accurate 360 

to better than 0.5 nT.  SWEAP velocity measurements are made by the Solar Probe Cup (SPC) 361 

sensor at a cadence of ~1 measurement per 0.87 sec and then averaged to 5 second intervals.  362 

The 1 second cadence magnetic field data is then averaged onto these 5 second time intervals.  363 

This reduces fluctuation noise in the SPC data and provides velocity and magnetic field 364 

measurements at the same cadence.  The plasma density measurements in Fig. 1a are made using 365 

the FIELDS Low Frequency Receiver (LFR)42, which measures the fluctuating electric field 366 

across the V1-V2 antenna pair17 and computes spectral density (also shown in Fig. 3a).  The 367 

spectral peak is identified and associated with the electron plasma frequency fpe, as described in 368 

Meyer-Vernet et al.25, hence the frequency of the peak amplitude gives a reliable estimate of the 369 

total plasma density.  The spectral resolution of the LFR instrument is ∆f/f ≈ 4%.  The plasma 370 



frequency fpe is proportional to √ne, where ne is electron (total) density; therefore the resulting 371 

uncertainty in the density measurement is ∆n/n ≈ 2 ∆f/f ≈ 8%.  Electric field measurements used 372 

to compute the radial Poynting flux in Fig. 2b are measured directly as differential voltage pairs43 373 

between V1-V2 and V3-V4 antennas17 and then calibrated to electric field units by comparison 374 

to –v x B computed from the SPC velocity and fluxgate magnetometer data.  This allows us to 375 

remove spacecraft offset electric fields and compute an effective probe separation length, a 376 

standard technique used to calibrate electric field instrumentation44.  The electric field 377 

measurement is accurate to approximately 1 mV/m. 378 

Measurements in Fig. 3a show the full spectrum of the RFS/LFR42 receiver, in spectrogram 379 

form, measured on the V1-V2 antenna pair. Wave intensity in Fig. 3a ranges from ~6 10-17 to 1.4 380 

10-10 V2/Hz and is represented logarithmically.  The spectral bandwidth of the LFR receiver is 381 

∆f/f = 4.5% and the cadence of the measurement is 1 spectrum each ~7 seconds.  Fig. 3b shows 382 

the electric field spectrogram of differential voltage measurements on the V1-V2 antenna pair 383 

from the Digital Fields Board (DFB) subsystem43, with intensity in arbitrary log amplitude units.  384 

DFB ‘AC’ spectral resolution is ∆f/f ~6-12% and the measurement cadence is 1 spectrum per 5.5 385 

seconds.  Fig. 3c shows the magnetic field spectrogram of search coil magnetometer 386 

measurements on the from the Digital Fields Board (DFB) subsystem43, with intensity in 387 

arbitrary log amplitude units.  DFB ‘DC’ spectral resolution is ∆f/f ~6-12% and the measurement 388 

cadence is 1 spectrum per 28 seconds.  The wavelet spectrogram in Fig. 3d and magnetic helicity 389 

spectrum in Fig. 3e were computed using the ‘wav_data’ IDL routine in SPEDAS42 suite of IDL 390 

analysis routines.  Wave intensity in Fig. 3d is represented in log power in arbitrary units and is 391 

divided by a factor PK ~ f-5/3 (flattened), so that a power spectrum with spectral index -5/3 would 392 

have no frequency dependence. 393 



 394 

PFSS modeling and connection to Parker Solar Probe: Modeling the magnetic field time 395 

series (Fig 1. Panel (b)) and tracing field lines from Parker Solar Probe down into the corona (Fig 396 

1. panels (c,d)) was performed with 2 main steps : 397 

(1) PFSS Implementation : PFSS19,20,9 modeling used the recent open source python 398 

implementation pfsspy46,47. This code package is freely available online, extremely flexible with 399 

regard to changing the input parameters, and efficient (a full PFSS solution can be extracted in 400 

~14 seconds including downloading the magnetogram on demand). Given a magnetogram and 401 

source surface height (RSS) as boundary conditions, the code solves the Laplace equation 402 

(Equation 1) for the magnetic scalar potential and outputs a full 3D magnetic field within the 403 

annular volume bounded by the photosphere and the source surface parameter. The choice of 404 

magnetogram data and values of source surface height depicted in figure 1 and discussed further 405 

below. 406 

 407 

∇2 Φ𝐵𝐵(𝑟𝑟) = 0      (Equation 1) 408 

 409 

(2) Ballistic Propagation : The procedure to magnetically connect PSP to a particular location at 410 

the outer boundary of the PFSS solution domain follows Nolte & Roelof48,49, 50, where the field 411 

line intersecting the position of PSP is assumed to follow a Parker spiral1 with a curvature 412 

determined by the co-temporal solar wind velocity measurement at that position. As discussed by 413 

Nolte & Roelof48, while at lower radii this approximation is strongly perturbed by both 414 

corotational effects and the acceleration of the solar wind, these effects actually shift the coronal 415 

longitude by a similar magnitude but in opposite directions resulting in an estimated error in 416 



longitude less than 10 degrees. This produces a very simple mapping (Equation 2) from 417 

spacecraft spherical Carrington coordinates (rPSP, θPSP, φPSP) down to coordinates on the source 418 

surface (r, θ, φ) which involves ΩS, the solar sidereal rotation rate and vR, the measured solar 419 

wind speed: 420 

 421 
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 423 

To generate time series predictions, we first download a magnetogram, choose a source surface 424 

height and generate a PFSS solution with (1). We then take PSP’s trajectory and use (2) to 425 

produce a time series of latitudes and longitudes on the source surface to which PSP was 426 

connected to (see red and blue trajectory in Figure 1 (c,d) and Extended Data Figures 1-3). For 427 

each latitude and longitude we obtain a BR value at the source surface from the PFSS model. 428 

Finally, we scale each BR value by C (RSS/rPSP)2 to produce an estimate of BR at PSP’s location 429 

as a function of time.  C is an empirically determined constant used to scale the time series 430 

prediction to match the peak measured magnetic field. Its value is dependent on the choice of 431 

magnetogram but also approaches unity as the source surface height decreases and more flux is 432 

opened to the heliosphere. For the model results shown in Figure 1, the values of C are 6.7 (2.0 433 

Rs model) and 1.4 (1.2 Rs model).  434 

To produce field line traces and generate Fig 1. (c,d), we start with the time series of latitudes 435 

and longitudes on the source surface connected to PSP.  For each pair of coordinates, we use 436 

pfsspy’s built-in field line tracer.  Given the output of the pfsspy model, we supply the source 437 

surface latitudes and longitudes and the field line tracer generates a field line which starts from 438 



that point and propagates it down to the photosphere. The model also provides a polarity for each 439 

field line generated which we use to colorize the field lines which we plot in Fig 1. (c,d). 440 

 441 

Choice of Magnetogram Data and Source Surface Height for Figure 1:  Synoptic maps of 442 

the photospheric magnetic field are available from multiple sources which can cause variation in 443 

PFSS model output. In this work we consider the NSO/GONG zero-point corrected data 444 

product51, SDO/HMI vector magnetogram data product52, and the DeRosa (LMSAL) modeled 445 

magnetogram53. GONG has the advantage of being operationally certified for space weather 446 

predictions, SDO/HMI is space-based and offers better resolution, while the DeRosa model 447 

assimilates HMI data, uses a surface flux transport and far-side helioseismological data to far 448 

side simulate photospheric dynamics such as differential rotation.  449 

Additional variation arises from time evolution of the photospheric observations. Synoptic 450 

magnetograms are built by many observations of the Sun from Earth as it rotates with a ~27 day 451 

period. Typically, only ± 60 degrees longitude about the central meridian (sub-Earth point) are 452 

used for each observation (grey regions in Extended Data Fig 1-3). While these maps can be 453 

updated with new data as frequently as observations are made, portions of the Sun facing away 454 

from Earth cannot be updated until they rotate into view, meaning all synoptic maps consist of a 455 

mix of old and new data and evolve in time. 456 

 Finally, the model output depends significantly on the choice of the source surface height 457 

parameter (RSS). The inferred structure at the source surface changes as the source surface is 458 

lowered: Implied structure such as the polarity inversion line (PIL) - contour of BR = 0 - 459 

becomes more structured and warped. The footpoints of open field lines at the photosphere 460 



encompass larger areas, increasing the predicted size of coronal holes and the total amount (both 461 

positive and negative) of magnetic flux crossing the source surface increases. 462 

Our approach to make robust conclusions is to generate model results for multiple times from all 463 

three magnetogram sources for varying source surface heights. Color maps of Br at the source 464 

surface and the associated PILs are shown in Extended Data Figures 1-3. The majority of models 465 

at 2.0 Rs and below predict polarity inversions in the vicinity of 240° and 310° longitude at all 466 

source surface heights, with additional polarity inversions around 10° and 140° longitude 467 

developing at lower source surface height. These features are all consistent with PSP 468 

measurements and we highlight that they are largely independent of time of observation and 469 

choice of magnetogram source. While the canonical23 2.5 Rs value still gives good results from a 470 

GONG evaluation, both HMI and the DeRosa models produce strong disagreement around the 471 

time of perihelion. In Figure 1 (b-d) we show results from the Gong zero-point corrected map 472 

evaluated on 11/06/2018 about which our time range of analysis is symmetric. This evaluation 473 

shows all the above features and produce good time series agreements. We show source surface 474 

heights of 2.0 Rs and 1.2 Rs. These lower source surface heights do have modern precedent: The 475 

2.0 Rs is consistent with PFSS modeling done for the same interval by Riley et al.25, where they 476 

chose this height to better match the observed extent of coronal holes.  Lee et al24 also 477 

investigated the impact of lowering the source surface height on model results, observing at solar 478 

minimum a lower (<2.0 Rs) source surface height was required to populate equatorial coronal 479 

holes with open field lines and improve estimates of magnetic field strength at 1 AU.  480 

 481 
 482 
 483 
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Extended Data 555 
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 557 
Extended Data Figure 1: Variation of PFSS Neutral Line topology with time and 558 
magnetogram choice at 2.5 Rs Source Surface Radius.  Colormaps of Br at the source surface 559 
of PFSS extractions with Source Surface radius RSS = 2.5 RS. Red indicates positive polarity, 560 
while blue indicates negative. The black line shows the polarity inversion line (contour of BR = 561 
0).  Superposed is the ballistically projected PSP trajectory colored by the measured polarity. 562 
Perihelion occurred around 330 longitude. Left to right, the columns show extractions from 563 
NSO/GONG, SDO/HMI and the DeRosa LMSAL Model. From top to bottom, the models are 564 
evaluated at a weekly cadence spanning 6 weeks about perihelion, with input magnetograms 565 
from each source taken as close in time as possible.  The grey shading shows +/-60 degrees about 566 
the central meridian on date of model evaluation indicating the portion of the Sun that could be 567 
observed at the time of observation. 568 
 569 
 570 
Extended Data Figure 2:  Variation of PFSS Neutral Line topology with time and 571 
magnetogram choice at 2.0 Rs Source Surface Radius.   Colormaps of Br at the source surface 572 
of PFSS extractions with Source Surface radius RSS = 2.0 RS. Red indicates positive polarity, 573 
while blue indicates negative. The black line shows the polarity inversion line (contour of BR = 574 
0). Superposed is the ballistically projected PSP trajectory colored by the measured polarity. 575 
Perihelion occurred around 330° longitude. Left to right, the columns show extractions from 576 
NSO/ GONG, SDO/HMI and the DeRosa LMSAL Model. From top to bottom, the models are 577 
evaluated at a weekly cadence spanning 6 weeks about perihelion, with input magnetograms 578 
from each source taken as close in time as possible.  The grey shading shows +/-60 degrees about 579 
the central meridian on date of model evaluation indicating the portion of the Sun that could be 580 
observed at the time of observation. 581 
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 582 

Extended Data Figure 3:  Variation of PFSS Neutral Line topology with time and 583 
magnetogram choice at 1.2 Rs Source Surface Radius.   Colormaps of Br at the source surface 584 
of PFSS extractions with Source Surface radius RSS = 1.2 RS. Red indicates positive polarity, 585 
while blue indicates negative. The black line shows the polarity inversion line (contour of BR = 586 
0). Superposed is the ballistically projected PSP trajectory colored by the measured polarity. 587 
Perihelion occurred around 330° longitude. Left to right, the columns show extractions from 588 
NSO/ GONG, SDO/HMI and the DeRosa LMSAL Model. From top to bottom, the models are 589 
evaluated at a weekly cadence spanning 6 weeks about perihelion, with input magnetograms 590 
from each source taken as close in time as possible.  The grey shading shows +/-60 degrees about 591 
the central meridian on date of model evaluation indicating the portion of the Sun that could be 592 
observed at the time of observation. 593 
 594 

Extended Data Figure 4. Synoptic maps of Extreme Ultraviolet (EUV) coronal emission 595 
from Carrington Rotation 2210 assembled from the STEREO A/EUVI and SDO/AIA 596 
instruments. Top: 171 Å   data showing coronal Iron-9 emission from ~600 000 K. This is the 597 
background the Figure 1. Panels (c), (d).  Bottom: 193Å (AIA)/ 195Å (EUVI) data showing 598 
emission from coronal Iron-12 emission at 1000000 K. Brightness is positively correlated the 599 
integrated plasma density squared along the line of sight. Dark regions in both images are likely 600 
locations of coronal holes which are threaded by open magnetic field lines which allow plasma 601 
to evacuate into interplanetary space and hence result in under-dense regions.  602 
 603 
 604 
Extended Data Figure 5.  During encounter 1, Parker Solar Probe (PSP) connects 605 
magnetically to a small, negative polarity equatorial coronal hole. This schematic shows a 606 
potential field extrapolation of the solar magnetic field at the time of the first perihelion pass of 607 
PSP. The solar surface is shown colored by AIA 211Å extreme ultraviolet emission (see 608 
Extended data figure 4 for other EUV wavelengths). Coronal holes appear as a lighter shade. 609 
Superposed are various field lines initialized at the solar disk. Black lines indicate closed loops, 610 
blue and red illustrate open field lines with negative and positive polarities respectively. As 611 
depicted here, and in Figure 1(c), (d), at perihelion PSP connected to a negative equatorial 612 
coronal hole. The "switchbacks" (jets) observed by PSP (Figure 1(a)) are illustrated as a kinks in 613 
the open field lines emerging from this coronal hole and connecting to PSP.  (Note the neither 614 
the radial distance to the spacecraft nor the scale/amplitude of the jets/switchbacks are to scale.)  615 
Spacecraft image is courtesy of NASA/Johns Hopkins APL. 616 
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