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The discrete structure of solar wind sources: 
Alfvenic switchbacks and hot, fast plasma 
emerging from supergranule boundaries



Outline

• NASA’s Parker Solar Probe (PSP) mission
• Short review of Alfvenic switchbacks
• A PSP case study showing switchbacks associated with 

hot, fast plasma organized by supergranulation
• More from Encounter 09 (August 2021)



Parker Solar Probe Science Objectives
L1 Science Objectives Sample Processes Needed Measurements Instruments

1. Trace the flow of 
energy that heats and 
accelerates the solar 
corona and solar wind.

2. Determine the 
structure and dynamics 
of the plasma and 
magnetic fields at the 
sources of the solar wind. 

3. Explore mechanisms 
that accelerate and 
transport energetic 
particles.

4.  Dust!

- heating mechanisms 
of the corona and the 
solar wind; 

- environmental 
control of plasma and 
fields;

- connection of the 
solar corona to the 
inner heliosphere.

- particle energization
and transport across 
the corona

- electric & magnetic fields 
and waves, Poynting flux, 
absolute plasma density & 
electron temperature, 
spacecraft floating potential 
& density fluctuations, & 
radio emissions

- energetic electrons, protons 
and heavy ions

- velocity, density, and 
temperature of solar wind e-, 
H+, He++

- solar wind structures and
shocks

FIELDS
- Magnetic Field
- Electric Field
- Electric/Mag Wave

ISOIS
- Energetic electrons
- Energetic protons and heavy 

ions
- (10s of keV to ~100 MeV)

SWEAP
- Plasma e-, H+, He++
- SW velocity & temperature

WISPR
- White light measurements of 

solar wind structures

- …removed from L1



Parker Solar Probe



Solar Wind Electrons Alpha and 
Protons (SWEAP) Investigation 
Solar Probe Cup (SPC)

SWEAP Investigation SPAN 
B

Thermal
Protection

System

FIELDS Antennas (4)

FIELDS Magnetometers (3)

Solar Wind Electrons 
Alphas and Protons
(SWEAP) SPAN A+

FIELDS and SWEAP Instruments

FIELDS ‘V5’Some heroic instrument engineering…



• Perihelion 01/02/03 at 35.7 
Rs

• Perihelion 04/05 at 27.8 Rs
• Perihelion 06 at ~20.36 Rs on 

~2020-9-27/09:16:00
• Corotation on 2020-9-24
• Corotation on 2020-9-30
• ~90° sweep in longitude

E01E06

E04Orbit families in Carrington 
Coordinates



• Perihelion 07 at 20.36 Rs
• Perihelion 08/09 at 16 Rs
• Perihelion 10 at ~13.3 Rs on 

~2021-11-15
• ~90° sweep in longitude

E01E06

E04

Orbit families in Carrington 
Coordinates

E07

E08

E09

E10
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PSP Encounter 01
• Perihelion at 35.7 Rs
• Early November 2018
• Solar Minimum (!)
• Magnetically connected to a small, 

equatorial coronal hole
• Switchbacks + Quiet IP Field

• These are qualitatively different
• NOT so much like 1 AU

[Bale et al., 2019, Badman et al., 2020a]



What are switchbacks?
• Localised, sharp mostly 

Alfvenic fluctuations
• Outward propagation 

sense: enhancement in 
speed

• Typically sharp 
boundaries, but no 
consistent shape

• Scales of seconds to 
tens of minutes at s/c

BR

BN

BT

(Drake et al, 2020)



Switchbacks are folds, not polarity 
reversals
Evidence from:
• Cross helicity and 

turbulence: McManus 
2020, Bouraine 2020

• Electron pitch angles: 
Froment 2021, Whittlesey

(Froment et al, 2021)

Pitch angle not 
reversed in 
switchback(MacNeil et al., 2020)



Patches and occurrence (Bale et al, 2019)

Switchbacks occur in patches separated by smooth, quiet wind



‘Patches’:  T|| is 
modulated by SB 
patches

Proton T⊥ is strongly correlated to Vsw

Proton T|| is enhanced within patches of 
SBs, but not necessarily individual SBs

(Woodham et al., 2021, Wooley et al., 2020)



Switchbacks are spherically/arc 
polarized
• The magnetic field 

moves on the tip of a 
sphere

• As expected for |B| ~ 
const.

(Matteini et al, 2014; Bowen et al, 2021)



Energy content of switchbacks
• Proton core can carry more than 

twice the kinetic energy than 
ambient wind nearby

• How fast can a switchback go? 𝑉!" +
2𝑉# ≥ 1000 𝑘𝑚/𝑠

• Has anyone calculated a full energy 
budget (KE and thermal of core, 
beam, alphas; Poynting flux, etc) of 
switchbacks?

(Horbury et al, Helios)

Poynting flux – in and 
out of SB

(Mozer et al., 2020)



Deflection direction
• Some evidence for 

consistent deflection 
direction of switchbacks 
within patches

• Is this related to flow 
deflections? 

• Unclear

Patches of switchbacks 
with the same 

deflection direction

(Horbury et al., 2020)



Switchback deflect preferentially

(Bale, Laker, in progress)

+/- N deflection

+/- T deflection

Black – background
Red - switchbacks

A preference for +T deflection



Switchbacks are long and thin
• Widths 104km at 30 RS
• Lengths up to 1 RS
• Aligned with local 

Parker spiral

• Very short events at 
s/c are not necessarily 
short structures (Laker et al, 2021)

This is the true 
aspect ratio of a 

switchback



Where do we see switchbacks?
Fewer  and weaker switchbacks nearer to the Sun

(Mozer et al., 2021) (Badman et al., 2021 – Br opposite to mode(Br)



In press, ApJ



Parker Solar Probe Encounter 06



Perihelion at 20 Rs
PFSS Connectivity on Sept 27, 2020

• Rss = 2.2 Rs

• PSP is connected to a southern 
coronal hole (CH) at around -60°

• Black contours are magnetic 
pressure at 14 Mm altitude
• Network magnetic field

• This is a quiet solar interval – no 
flares, radio bursts, big ARs

Parker Solar Probe Encounter 06



PSP Encounter 06

Unipolar strahl

Modulations of |B|

Modulations of ntot

Modulations of switchbacks

Modulations of VR

HCS is nearby here

CL

Angular scale is supergranulation scale – a few degrees



0

Alfven speed
Proton core speed

Alpha speed
Proton beam speed

Alpha flux/proton core flux

Alpha abundance

Radial field - switchbacks

Yellow bars for AHe > 1%

Suprathermals, enhanced AHe and higher Mach radial flows

Suprathermal ions



-

SPANi proton
SPANi He++
ISOIS Epi-Lo

SPANi proton
SPANi He++
ISOIS Epi-Lo

Suprathermal ions to ~85 keV

SPANi Mass-resolved thermals
Epi-Lo TOF suprathermals

He++ or O+ or both We suggest alphas/He++ to 85 keV



Structures are pressure-balanced

|B| R2

ne R2

Magnetic field pressure

Total pressure/rs

Alpha abundance

Alpha pressure

Proton core pressureElectron pressure

Pressure balance

Depressed |B|

Enhanced plasma pressure



Electron strahl energy Alpha Tpara

Proton core Tpara

Electron core Tperp
Alpha Tperp

Proton core Tperp

Electron Tperp/Tpara

Electron core Tpara

Alpha Tperp/Tpara

Proton core Tperp/TparaTperp/Tpara IC

Vpb/VA Va/VA

Ion temperatures are elevated, electron temperatures are depressed

Alpha abundance

Total pressure
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⊥
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Proton Beam T
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Proton Beam T
||
 

Proton Core T
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Proton Core T
||
 

Electron Core T
⊥
 

Electron Core T
||

Electron Strahl T  

Ion temperatures are elevated within these structures
- compares well to Helios (e.g. Stansby et al, 2019)

Electron temperatures are slightly depressed
- like fast solar wind



Alphas are hot Ta/Tp > 5 – peaks at Ta/Tp ~ 8
Alphas are mostly isotropic

Proton beam is warm – Tp,b/Tp,c > 1
Proton beam is mostly isotropic

Proton core is very anisotropic Tperp/Tpara >= 2

Electrons are cooler Te/Tp < 1
Electrons are mostly isotropic

Alphas and beam protons have a similar 
distribution of anisotropy and heating (per 
mass) – a common mechanism?

T
α
/Tp,c

Te,c/Tp,c

Tp,b/Tp,c

core protons

alphas
beam protons

core electrons



B_T, B_N in upper panel
V_T, V_N in lower panel

|B| in upper panel
BR in upper panel

AHe in lower panel
VR in lower panel
Proton temperatures in lower panel
EPI-Lo ions in lower panel

Mapped ballistically into Carrington longitude

Yellow bars are enhanced Ahe
Blue bars are hotter leading edge

• Structure is clustered near boundaries
• Switchbacks are clustered near leading 

edge

BR, Max

B(T, N)

|B| R2

Te

BR, Min

BR, Mode

N1 N5N2 N4N3

TPara, Max

TPerp, Max

AHe

VR, Mode

VR, Max

V(T, N)

EPI-Lo

TPerp, Mode

TPara, Mode

VR, Min

In Carrington Longitude…



N1 N2 N3 N4 N5

BR, Min

BR, Max

N1 N2 N3 N4 N5

VR, Min

VR, Max

AHe

Te
TPara

TPerp

N1 N2 N3 N4 N5

Polar representation



Magnetic ‘funnels’ at network field concentations



Potential field solution with shear field – (a la Hackenberg and Mann, 2000)

Superradial expansion gives 
|B| depression in center
- B_R ~ 1/A
- B_(T,N) ~ 1/sqrt(A)

• Cusp regions between 
nodes

• Cusps have antiparallel 
geometry (in 2D)

• Cusp altitude is controlled 
by shear field

• Cusp altitude might 
control alpha abundance



• Similar Carrington longitudes 
during E6

• Measured solar wind from same 
sources
– But not wind released at the 

same time!
• Importantly, also very similar 

latitude

Solar Orbiter and PSP

(Horbury et al)



Ballistic mapping to 2.5𝑅! source surface

(Horbury et al)



Source Carrington longitude (deg)

Parker
Orbiter

(Horbury et al)



(Horbury et al)



Observations
• Switchbacks are modulated on supergranulation angular scales
• Photospheric field has B2 modulations on similar scales
• Pressure balanced – spatial structure at 20 Rs
• Fast wind-like (higher) AHe and lower strahl energy – frozen-in from 

source, associated with open magnetic field
• Higher b, hotter ions, and flow speed within structures
• Suprathermal ions to 85 ~keV
• Depressed |B| – overexpansion of magnetic field below PSP – funnels
• vp ~ vHT (not shown)
• Structure is mostly evolved away by 200 Rs
• Similar events for Encounters 07, 08, and 09

– Why not before?  Dispersion of alpha population maybe?





End


