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Outline
1. Some solar wind history and concepts
2. A little bit about turbulent heating
3. The solar wind at 1 AU and beyond is more thermalized by collisions
4. As we go closer to the Sun, we should see more ‘plasma physics’ and 

intermittency
5. NASA Parker Solar Probe (PSP) will launch this summer (!) and enter the 

corona



The Sun
A boring, middle-aged star
G type, population 1, ‘yellow dwarf’
Photospheric blackbody ~5000-6000K

Sunspots and ‘active regions’



The solar corona



The solar corona



The corona is very hot and magnetized
Scale height (H ~ kT/mg) is not consistent with simple hydrostatic equilibrium
- Using 6000 degrees C as a temperature, if the atmosphere is hydrogen then H = 175 km 
(110 miles)
- Instead, from the eclipses the scale height is clearly comparable to the radius of the Sun, or 
H = 695,500 km (430,000 miles)
- So the corona is very hot or we have some new, lighter elements ‘ coronium’

Alfvén (1941) estimated coronal brightness scale 
height (~2 Rs) and suggested hot ‘atmosphere’ 

Edlén (1942) identified line emission with highly 
ionized Fe implying electron temperatures of T >106 

C – temperature inversion!
E corona – emission lines from ionized, heavy 
elements in the corona – UV-soft x-ray

- H and He are fully ionized – no emission
- Minor ions are partially ionized
- Polarization of emission lines gives line-of-sight     

magnetic field



Chapman’s solar ‘atmosphere’

complements Parker’s one which is based boundary 
conditions imposed on his hydrodynamic solutions of 
the steady state coronal expansion.  

 

Figure 1. This plot shows the first radial 
distribution of the coronal temperature  as determined 
in 1941, by Alfvén3 from the scale height of an 
empirical radial density profile of  the coronal electron 
inferred from eclipse observations. The coronal 
temperature T(R) is related to E(R) by E=(3/2)kT.  
The coronal temperature has a maximum between  
1.5 and 3 RS : Tmax = 1.98x106 K = 0.12 Eo,   
where   Eo =  (3/4) go RS mH = 1490 eV. 

 
HYDROSTATIC  MODELS OF THE 

SOLAR CORONA 

Empirical Coronal Temperature and 
Density Distributions. 

Using the same method as Alfvén3, Pottasch8 
calculated T(r), a similar radial coronal temperature 
distribution from the density scale heights of  ne(r), 
another equatorial density distribution deduced, from 
observations of the 1952 eclipse. The solid curve with 
symbols in Fig. 2 shows T(h)  as a function h,  the 
altitude between h=1.2RS, and 20RS

 1.  Empirical 
coronal temperature profiles derived from more 
contemporary eclipse observations show similar 
trends. Smaller peak values are found over the poles. 

Pottasch’s temperature profile was calculated under 
the assumptions: (i) that the corona is in hydrostatic 
equilibrium, (ii) that its brightness and density 
distributions are spherically symmetric, (iii) that it is 
formed of 90 % H+ ions and 10% He++ ions, (iv) that 
the ion and electron temperatures are the same, and 
finally (v) that the plasma is quasi-neutral.  The peak 
temperature is Tmax = 1.43 106 K at h = 0.5RS. Note 
that Brandt9 showed that T(h)  is not significantly 
                                                 
1 There is definite advantage to use the altitude  h instead of the 
radial distance r, to map the distributions of density, temperature ,  
scale height, etc…in the inner corona, where these physical 
quantities vary drastically over small distances.  

affected for h < 3RS , when a subsonic hydrodynamic 
expansion of the inner corona is assumed, instead of 
hydrostatic equilibrium. 
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Figure 2.   Coronal temperatures versus altitude 

above the photosphere. The diamond symbols: 
Pottasch’s8 empirical temperature distribution deduced 
from eclipse observations; peak value: Tmax = 1.43x106

 
K. The solid line at h > 0.5 RS is Chapman’s10 

conductive temperature model. The dotted line is an 
isothermal coronal model similar to that of van de 
Hulst11. The dotted-dashed line is a conductive 
temperature distribution fitting Pottasch’s empirical 
temperature gradient somewhere between h = 2 RS and 
4 RS. 
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Figure 3.   Coronal electron densities versus the 

altitude above the photosphere. Diamond symbols 
show Pottasch8 empirical densities.  Solid thick line is 
Chapman’s10 conductive hydrostatic model.  Dotted 
line: isothermal hydrostatic model for T(h) = 1.43x106

 
K. The doted-dashed line with steep vertical slope at h 
= 5.2 RS is a density obtained with an alternative 
conductive hydrostatic model fitted to match 
Pottasch’s8 temperature gradient somewhere between 
h =  2 RS and 4 RS. 

Chapman (1957) assumed a static 
‘atmosphere’ as a ideal gas in 
hydrostatic equilibrium

dp

dr
= �⇢
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Collisional heat flux 
and r · q = 0
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This gives a density profile with a minimum at ~100 Rs
which would be convectively unstable!  The system is 
dynamic…  Also too much pressure at heliopause

(figure:  Lemaire)





7/26/18 where M = U/c 

Can be integrated…(isothermal)
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Parker’s solar wind model
(Comet tails and boundary conditions)



Parker’s solar wind model
A ‘solar wind’ is accelerated from the corona

- Hydro solution (like Bondi
accretion)

- Predicts a supersonic 
atmosphere ‘wind’

- Similar to ‘de Laval nozzle’ 
or a jet engine

- Requires energy input (gas 
pressure) at the base.  kTph
is not nearly enough!  

- ‘Alfven point’ in 
magnetized plasma 
determines extent of 
corona - corotation



de Laval nozzle !

⇢�w = const
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Mariner 2 measurements

Parker’s solar wind is confirmed
The solar wind is highly variable



Solar wind acceleration profiles20 Steven R. Cranmer

Figure 8: Radial dependence of solar wind outflow speeds. UVCS Doppler dimming determinations for
protons (red; Kohl et al., 2006) and O+5 ions (green; Cranmer et al., 2008) are shown for polar coronal
holes, and are compared with theoretical models of the polar and equatorial solar wind at solar minimum
(black curves; Cranmer et al., 2007) and the speeds of “blobs” measured by LASCO above equatorial
streamers (open circles; Sheeley Jr et al., 1997).

parallel kinetic temperature (for more details, see Kohl and Withbroe, 1982; Noci et al., 1987;
Kohl et al., 2006). In coronal holes, Doppler-dimmed line intensities from UVCS are consistent
with the outflow velocity for O+5 being larger than the outflow velocity for protons by as much
as a factor of two at large heights (Kohl et al., 1998; Li et al., 1998; Cranmer et al., 1999b).
Figure 8 illustrates the outflow speeds measured by UVCS in coronal holes, and compares with
the theoretical model of the fast solar wind presented by Cranmer et al. (2007). Also shown for
comparison are observational and theoretical data for the slow solar wind associated with equatorial
helmet streamers at solar minimum.

In contrast to many prior analyses of UVCS data, which concluded that there must be both
intense preferential heating of the O+5 ions and a strong field-aligned anisotropy, Raouafi and
Solanki (2004), Raouafi and Solanki (2006), and Raouafi et al. (2007) reported that there may
not be a compelling need for O+5 anisotropy depending on the assumptions made about the
other plasma properties of the coronal hole (e.g., electron density). However, Cranmer et al.
(2008) performed a detailed re-analysis of these observations and concluded that there remains
strong evidence in favor of both preferential O+5 heating and acceleration and significant O+5

ion anisotropy (in the sense T?i > Tki) above r ⇡ 2.1R� in coronal holes. In determining these
properties, it was found to be important to search the full range of possible ion temperatures and
flow speeds, and not to make arbitrary assumptions about any given subset of the parameters.

The UVCS results discussed above are similar in character to in situ measurements made in
the fast solar wind, but they imply more extreme departures from thermodynamic equilibrium
in the extended corona. For example, proton velocity distributions measured in the fast solar
wind between 0.3 and 1 AU have anisotropic cores with Tp? > Tpk, and their magnetic moments
increase with increasing distance; this implies net input of perpendicular energy on kinetic scales

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2009-3

(Cranmer, 2009)

‘Fast’ and ‘slow’ 
profiles

Fast wind is relatively 
uniform

Slow solar wind is 
impulsive

Minor ions show 
enhanced 
acceleration – field-
aligned flow



Solar wind temperature profiles

Minor ions are heated strongly and are primarily perpendicular 
to B (cyclotron res?).  T/T of 10+ is huge!

18 Steven R. Cranmer

Figure 6: Radial dependence of empirical and model temperatures in polar coronal holes and fast wind
streams. Mean plasma temperatures from a semi-empirical model (dashed black curve; Avrett and Loeser,
2008) and from a turbulence-driven coronal heating model (solid black curve; Cranmer et al., 2007). Te

from o↵-limb SUMER measurements made by Wilhelm (2006) (dark blue bars) and Landi (2008) (light
blue bars), Tp from UVCS measurements assembled by Cranmer (2004b) (see text), and perpendicular O+5

ion temperatures from Landi and Cranmer (2009) (open green circles) and Cranmer et al. (2008) (filled
green circles). In situ proton and electron temperatures in the fast wind (r > 60R�) are from Cranmer
et al. (2009).

key details about the velocity distributions of H0, O+5, and Mg+9 to be derived. For the reso-
nantly scattered emission lines seen at large heights with UVCS, the most straightforward plasma
diagnostic is to use the Doppler-broadened line width as a sensitive probe of the overall variance of
random particle motions along the line of sight. In other words, measuring the line width provides
a constraint on the so-called “kinetic temperature” (i.e., a combination of microscopic stochastic
motions and macroscopic [but unresolved] motions due to waves or turbulence) along the direction
perpendicular to the (nearly radial) magnetic field lines.

In the ionized solar corona, a given hydrogen nucleus spends most of its time as a free proton,
and only a small fraction of time as a bound H0 atom. Thus, the measured plasma properties
of neutral hydrogen are considered to be valid proxies of the proton properties below about 3R�
(Allen et al., 2000). Spartan 201 and UVCS observations of the H i Ly↵ emission line in coronal
holes indicated rather large proton kinetic temperatures in the direction perpendicular to the
magnetic field (Tp? ⇠ 3 MK) and also the possibility of a mild temperature anisotropy (with
Tp? > Tpk) above heights of 2 – 3R� (Kohl et al., 1997; Cranmer et al., 1999b; Antonucci et al.,
2004; Kohl et al., 2006).

UVCS observations indicated that the O+5 ions are much more strongly heated than protons in
coronal holes, with perpendicular temperatures in excess of 200 MK (see Figure 7). This exceeds the
temperature at the central core of the Sun by an order of magnitude! The UVCS measurements also
provided signatures of temperature anisotropies possibly greater than T?i/Tki ⇡ 10 (e.g., Cranmer
et al., 1999b, 2008). The measured kinetic temperatures of O+5 and Mg+9 are significantly greater
than mass-proportional when compared with protons, with Ti/Tp > mi/mp (see also Kohl et al.,
1999, 2006). The surprisingly “extreme” properties of heavy ions in coronal holes have led theorists

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2009-3

(Cranmer et al., 2008)



The solar wind is bimodal

Fast wind emerges from 
coronal holes, slow wind 
from streamer belt



But energy flux is constant…

Le Chat et al. 2012
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Figure 1. Panel (a): monthly solar sunspot number superimposed on Helios (green), Ulysses
(red), and Wind (blue) heliocentric latitudes. Panel (b): solar-wind speed measured by Helios
(green), Ulysses/SWOOPS (red) and Wind/SWE (blue). Panel (c): solar-wind energy flux
obtained from Equation (1) for Helios/E1 Plasma Experiment data (green), Ulysses/SWOOPS
data (red), and Wind/SWE data (blue). Speed and energy-flux data are averaged over a solar
rotation (taken as 27.2 days) and the energy flux is scaled to 1 AU for Helios and Ulysses.
The time period between the Helios and Ulysses epochs have been removed. The yellow bands
highlight intervals when Ulysses and Wind encounter very different solar-wind conditions and
at very different latitudes.

3. Energy Flux Independence on Latitude and Flow Speed

3.1. Averaged Values of the Energy Flux

Figure 1 (c) shows the energy flux [with ρ = npmp] obtained from the Helios/E1
Plasma Experiment, Ulysses/SWOOPS and Wind/SWE data. We compare it
to the solar-wind speed measurements (Figure 1 (b)), the solar activity rep-
resented by the monthly sunspot number (SIDC-team, 1975– 2011) and the
latitude of each spacecraft (Figure 1 (a)). The energy flux has been calculated
from Equation (1) using hourly averaged data, and then averaged over a solar
rotation (taken as 27.2 days) to reduce the effect of transient events such as
CMEs or CIRs. The averaged energy flux measured by the three spacecraft is
(1.5±0.4)×10−3Wm−2 at 1 AU, compatible with the value previously found by
Schwenn and Marsch (1990). The mean values at 1 AU for each spacecraft are
respectively: (1.4± 0.2)× 10−3Wm−2 for Helios, (1.7± 0.4)× 10−3Wm−2 for
Ulysses, and (1.3±0.3)×10−3Wm−2 for Wind. Thus, the energy flux measured
by Helios is compatible with those measured decades later by Ulysses and Wind.

SOLA: astroph_energyFlux.tex; 7 March 2012; 1:31; p. 3

One mechanism at the source?



What is the energy source?  
Waves/turbulence vs reconnection

Footpoint shuffling of open field lines 
generates Alfven waves.  Waves 
propagate upward and damp –
“somehow”

Reconnection injects energy 
from closed field regions

(Cranmer cartoon)



Alfven waves
CoMP at NSO
FeXIII at 1074.7 nm

- ‘Waves’ are faster than sound
- Propagate along magnetic field
- Low intensity

Hinode (JAXA) CaII measurements



Plasma wave launching
- 1) Footpoint ‘shuffling’ generates currents, magnetic fields
- 2) Alfven waves propagate upward, some reflect
- 3) Produce a turbulent cascade that terminates in damping
- 4) Damping (Landau and transit-time) or heating (cyclotron, stochastic) 

heats the plasma or maybe form current sheets and reconnect?

(Chandran cartoon)



The solar wind is heated continuously

- Helios spacecraft 
measurements from 0.3 –
1 AU

- Voyager spacecraft 
measurements outward

- Tp ~ 1/r

- Adiabatic cooling predicts 
a much more rapid decay

- Requires continuous, 
distributed energy input

Kinetic Scale Density Fluctuations in the Solar Wind
C. H. K. Chen∗, G. G. Howes†, J. W. Bonnell∗, F. S. Mozer∗, K. G. Klein† and S. D.

Bale∗,∗∗

∗Space Sciences Laboratory, University of California, Berkeley, California 94720, USA
†Department of Physics and Astronomy, University of Iowa, Iowa City, Iowa 52242, USA
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Abstract. We motivate the importance of studying kinetic scale turbulence for understanding the macroscopic properties of
the heliosphere, such as the heating of the solar wind. We then discuss the technique by which kinetic scale density fluctuations
can be measured using the spacecraft potential, including a calculation of the timescale for the spacecraft potential to react to
the density changes. Finally, we compare the shape of the density spectrum at ion scales to theoretical predictions based on a
cascade model for kinetic turbulence. We conclude that the shape of the spectrum, including the ion scale flattening, can be
captured by the sum of passive density fluctuations at large scales and kinetic Alfvén wave turbulence at small scales.
Keywords: solar wind, turbulence, plasmas, heating, heliosphere, spacecraft charging
PACS: 94.05.Lk, 52.35.Ra, 96.50.Bh, 96.60.Vg

1. INTRODUCTION

The solar wind contains fluctuations at a broad range of
scales: from large scale solar cycle variations down to
small scale turbulence at plasma kinetic scales. While
studying kinetic plasma turbulence is of intrinsic interest,
it is at these scales where plasma heating is though to
occur, so determining the nature of this turbulence is also
important for understanding the macroscopic properties
of the heliosphere.
For example, it is well known that the fast solar wind

proton temperature does not vary with radial distance
R as expected for isotropic adiabatic expansion. Fig. 1
shows the radial variation of proton temperature mea-
sured by Helios Plasma Experiment [1]. The plot con-
tains only data with a small collisional age Ac < 0.01,
where Ac is the ratio of solar wind transit time to pro-
ton collision time, e.g., [2]. This selects the fast, hot, low
density wind, i.e., the purest examples of collisionless
“fast wind.” The radial power law is –0.69± 0.17, which
is significantly shallower than for isotropic adiabatic ex-
pansion, for which the power law is –4/3 for an adia-
batic index of g = 5/3 [3]. This non-adiabatic expansion
is well known both inside [4–6] and outside [6–9] 1 AU.
In a collisionless plasma, one should ideally consider the
parallel and perpendicular temperatures separately, and
they also display non-adiabatic behavior [4, 10, 11].
Dissipation of plasma turbulence is a prime candidate

for the additional heating required for the non-adiabatic
radial temperature profiles in the inner heliosphere [12]
(in the outer heliosphere, heating from pickup ion gener-
ated waves is thought to dominate [13]). In order to un-
derstand solar wind heating, therefore, we need to know

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

101

102

R (AU)

T p (e
V)

−4/3

−0.69±0.17

Ac < 0.01

FIGURE 1. Variation of proton temperature with heliocen-
tric distance for collisionally young (Ac< 0.01) solar wind. The
darkness represents the number of points in each bin, normal-
ized to the maximum number for each R. The best fit line (red)
to the peaks of a Gaussian fit at each R is significantly shallower
than for isotropic adiabatic expansion (blue line).

how the turbulence dissipates at kinetic scales. While
there has been an increasing number of measurements of
turbulence in this range, there is currently still disagree-
ment about its nature (see, e.g., [14–16] and references
therein).
Recently, Chen et al. [16] measured the density fluc-

tuation spectrum of solar wind turbulence between the
ion and electron kinetic scales, finding a spectral index
of −2.75± 0.06. Here, we investigate this topic further
by examining the nature of the flattening of the density
spectrum at the ion scales.



Turbulent transport theory 
attempts to describe the rate 
energy cascades to small scales 
and the evolution of the large- and 
intermediate-scale fluctuations.  It 
does not describe the actual 
dissipation processes.

Helios observations 0.3 < R < 1.0 AU,

400 < VSW < 500 km/s,  T ~ R -1.0 ± 0.10

500 < VSW < 600 km/s,  T ~ R -0.8 ± 0.10

600 < VSW < 700 km/s,  T ~ R -0.8 ± 0.09

700 < VSW < 800 km/s,  T ~ R -0.8 ± 0.17

The solar wind is heated continuously



Turbulent ‘eddies’

evolution

viscous damping



Fluid turbulence



The Cascade ‘Paradigm’

Energy-containing 
range given to us 
by the Sun.

Inertial range: 
Reprocessed energy 
determined by MHD 
dynamics.
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Magnetized turbulent ‘eddies’

evolution

collisionless damping

Ambient magnetic field



Magnetized Turbulence



Anisotropic MHD turbulence



Alfvenic fluctuations and KAW at 
1 AU

E/B ~ phase speed

(Bale et al., 2005)

cies. An inverse FFT restores the cleaned signal and a
Morlet wavelet spectrogram was computed from this
cleaned Ey, as well as the original Bz. The wavelet has
136 log-spaced frequencies; the final wavelet PSD is com-
puted as the square of the spectrum averaged over time.
The wavelet PSD is also shown in Fig. 2 (in red). The
wavelet spectrum extends to lower frequencies than the
FFT, which is composed of ensembles of smaller data
intervals; however, these very low frequencies lie below
the ‘‘cone of influence’’ and are unreliable [15]. Here we
restrict our interpretation to the region where the FFT and
wavelet spectra agree. The FFT electric spectrum in Fig. 2
shows clearly the effect of the notch filters and residual
spin-harmonic spikes. The wavelet PSD, with its much
larger bandwidth, mostly averages over these residual fea-
tures although a depression near the notched portion of the
spectrum can be seen. The FFT and wavelet PSD spectra
agree remarkably well for both electric and magnetic
fields.

Of course, our (human) scheme of measuring time
means little to the solar wind plasma, so there is little
reason to expect the data to be inherently organized by a
power spectrum in Hertz. Since the solar wind is super-
Alfvénic (Fig. 1), the phase speed vA of the Alfvénic
fluctuations is much less than the wind speed itself; hence
the measured frequency spectrum is actually a Doppler-
shifted wave number spectrum ! ! kvsw. This is often
called Taylor’s hypothesis and might not be considered to
hold at large wave numbers, especially if waves are present
with phase speeds greater than the solar wind speed (such
as whistler waves).

As discussed above, it is considered that the fluidlike
behavior of the wind breaks down at near k!i ! 1, there-
fore k!i is a natural parameter for organization of the
power spectrum. The top panel of Fig. 3 shows the FFT
and wavelet power spectra organized by k!i, instead of
frequency. For the FFT spectrum, the local values of jvswj,
Ti, and jBj are used to compute k " !=vsw and the thermal
ion gyroradius !i " vi=!ci averaged over each (186 sec)
ensemble; the Ey and Bz power spectra are then interpo-
lated onto a linearly spaced set of values k!i 2 #0:006; 10$.
Since solar wind parameters vary slightly in each en-
semble, this also has the effect of smearing (averaging)
over the narrow band interference in the FFT PSD of Ey.
The wavelet spectrograms are time averaged onto 4 sec
intervals and then interpolated onto a set of log-spaced
values of k!i; panels (a) and (b) of Fig. 1 show these scaled
spectrograms as a function of time. In Figs. 1(a) and 1(b),
the fluctuation power has been divided by k% 5=3 to high-
light fluctuations above the average spectrum of the inertial
range. The electric and magnetic wavelet spectrograms are
then averaged to compute the composite spectra in
panel (a) of Fig. 3.

Between k!i ! 0:015 and 0.45, the wavelet and FFT
spectra of electric and magnetic fluctuations show power

law behavior with indices of k% 1:7, which is consistent with
the Kolmogorov value of 5=3. Both "Ey and "Bz show
breakpoints at near k!i ! 0:45; the magnetic spectrum
becomes steeper with an index k% 2:12, while the electric
spectrum becomes enhanced. As discussed above, steep
magnetic spectra have been observed previously [6,8].
Above k!i ! 0:45, the electric spectrum is a power-law
like k% 1:26 to k!i ! 2:5. Above this second breakpoint, an
exponential exp#% k!i=12:5$ better fits the spectrum. At
these higher wave numbers, the electric field data are noisy
and show harmonics of the spin tone (as shown above). To
test the validity of these data, we perform two analyses.
The black dots of panel (c) in Fig. 3 show the correlation
between the electric and the magnetic wavelet power as a
function of k!i. It can be seen that the fluctuations are
strongly correlated through the inertial range (with coeffi-
cient ! 1), remain well correlated between the two break-

FIG. 3 (color). The wavelet (upper) and FFT (lower) power
spectra of Ey (green) and Bz (black) binned as a function of wave
number k!i (and offset for clarity) in panel (a). The electric
spectra are multiplied by factors to lie atop the magnetic spectra.
The spectrum is Kolmogorov k% 5=3 over the interval k!i 2
#0:015; 0:45$; a spectral breakpoint occurs for both Ey and Bz

at k!i ! 0:45. A second breakpoint occurs for the electric
spectrum at k!i ! 2:5 above which the electric spectrum is
more exponential. Panel (b) shows the ratio of the electric to
magnetic spectra in the plasma frame; the average Alfvén speed
( "vA ! 40 km=s) is shown as a horizontal line. The red line is a
fitted dispersion curve, discussed in the text. Panel (c) shows
both the cross coherence of "Ey with "Bz (as blue dots with error
bars) and the correlation between the electric and magnetic
power (as black dots).

PRL 94, 215002 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
3 JUNE 2005

215002-3

Electric field spectrum
Magnetic field spectrum

Phase speed is ~Alfven speed
Dispersion at short wavelength is like 
Kinetic Alfven Wave



Perpendicular (GS) cascade

4 R. T. Wicks, T. S. Horbury, C. H. K. Chen, and A. A. Schekochihin

Start R |B| VSW VA ni σc Ti ρi Inertial Range α
Day (AU) (nT) (km s−1) (km s−1) (cm−3) (×105K) (×103km) α(P⊥) α(P||)

100 1.48 2.82 758 56 1.21 0.65 2.49 1.52 −1.62± 0.03 −1.92± 0.02
150 1.76 1.98 780 49 0.77 0.66 2.09 1.98 −1.58± 0.02 −2.00± 0.01
200 2.11 1.46 785 45 0.50 0.57 1.91 2.57 −1.64± 0.01 −1.9± 0.1
250 2.46 1.17 779 41 0.38 0.52 1.75 3.06 −1.69± 0.01 −1.9± 0.1
300 2.77 0.97 766 38 0.31 0.46 1.61 3.56 −1.64± 0.02 −1.94± 0.04

Table 1. Results from five different periods of Ulysses data from 1995, showing start day and mean physical parameters for each period.
The spectral indices of the parallel and perpendicular inertial range are calculated fitting straight lines to the logarithm of the spectra
in the range 2× 10−2 < kρi < 2× 10−1.

ply, perhaps surprisingly, that the total width of the inertial
range does not change significantly with distance from the
Sun. Indeed Figure 3 shows that the range of scales from
where P⊥/P|| = 1 to kρi = 1 is always approximately two
decades (5 × 10−3 ! kρi ! 5 × 10−1). While (as previous
studies have shown (Bavassano et al. 1982; Horbury et al.
1996) both the outer scale and the ion gyroscale increase
with distance from the Sun (Table 1), they increase in such
a way as to keep the total width of the inertial range ap-
proximately constant.

Let us make a simple estimate of how the ratio of ρi
and the outer scale (L) varies with distance from the Sun
R. We assume |B| ∝ R−1.48, |V | ≈ constant, T ∝ R−1.02

and L ∝ R1.1, the scalings that have been obtained from
Ulysses observations (Ebert et al. 2009; Goldstein et al.
1996; Horbury et al. 1996). Then:

L
ρi

∝ L|B||V |√
T

∝ R0.13. (2)

This very weak dependence on R is essentially unmeasurable
due to the scatter in the power anisotropy measurements at
large scales and the small range of heliocentric distances cov-
ered. This explains why we do not see a significant increase
in the width of the inertial range.

This simple analysis taken in conjunction with the scal-
ing of the magnetic field strength from the Parker spiral
equation also leads to the conjecture that the inertial range
might be expected to be wider closer to the Sun. Close to
the Sun the magnetic field decreases like |B| ∝ R−2, whereas
further out in the heliosphere it decreases with |B| ∝ R−1

(Burlaga 1984, 2002). This would imply L/ρi ∝ R−1/2 close
to the Sun and L/ρi ∝ R1/2 further out in the heliosphere.
The Ulysses results appear to be in the transition region be-
tween these two behaviours where the L/ρi ∼ const. Thus,
the inertial range in the corona could be wider than that
observed in fast solar wind at 1 AU and wider again in the
outer heliosphere. The winding of the Parker spiral controls
the scaling of the magnetic field magnitude with radius and
so this scaling is also dependent on heliospheric latitude.

Finally, we show the similarity between the five periods
we analyse and the effect of power enhancement parallel to
the field close to the ion gyroradius by plotting compensated
spectra for the parallel and perpendicular power. Compen-
sated spectra are defined:

PC(k) =
P (k)
P⊥0

(

k
k0

)−α

, (3)

where k0ρi = 2×10−1 and P⊥0 = P⊥(k0ρi); indicated in Fig-
ure 4 by an arrow. The spectral indices used to compensate
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Figure 4. Perpendicular and parallel power for each of the five
periods in Table 1, compensated to remove a spectral gradient of
−5/3 from the perpendicular power and −2 from the parallel.

the spectra are α = −5/3 for the perpendicular spectrum
and α = −2 for the parallel spectrum.

Both P⊥ and P|| show a horizontal region between
2×10−2 ! kρi ! 5×10−1 implying that the spectral indices
are close to −5/3 and −2 for the perpendicular and paral-
lel power, respectively. At kρi < 10−2 the parallel spec-
trum turns downward, the steeper gradient indicating the
roll over towards isotropy and a spectral index of −1 has
begun. The outer scale break point is at kρi ≈ 10−3 where
another downward turn is seen in both the perpendicular
and parallel spectra.

At kρi ≈ 0.7, a clear peak can be seen in the parallel
power which coincides with the steepening of the perpendic-
ular spectrum. This is remarkably consistent across all five
periods used. The parallel power peak suggests a local en-
hancement (perhaps injection) of energy possibly due to ion
kinetic instabilities, but does not of course prove it. Ulysses
high speed wind particle distributions are often close to the
firehose instability threshold (Matteini et al. 2007, see also
simulations by Hellinger & Travnicek 2008). The enhance-
ment in P|| at kρi ≈ 0.7 is consistent with fluctuations
whose wavevectors are parallel to the field, although the
larger power when θB ≈ 90◦ means that such an enhance-
ment would not be detectable in the perpendicular power,
so the total wavevectors may be oblique. What is clear is

Bump – instability?

(Wicks et al., 2010)



Solar wind ion kinetics
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FIG. 2: The breakdown of a simple single fluid description of the solar wind is strongly ordered

by the collisional age Ac of the plasma, as illustrated by the panels in this figure. In (a) we

show the distribution of Tα/Tp with solar wind speed. Statistically, Tα ∼ Tp for low speeds, and

Tα/Tp ≥ 4 occurs more often a higher speeds, but the occurrence of non-thermal features is much

more strongly ordered by Ac, as can been seen in the distributions of (b) Tα/Tp, (c) T⊥p/T∥p, and

(d) ∆Vαp with age. For Ac > 1, collisions produce thermal equilibrium, with Tα = Tp, T⊥p/T∥p = 1,

and ∆Vαp = 0. For Ac < 1 the plasma is collisionless and non-thermal features persisting from the

corona or generated in situ are seen.

spacecraft that has been extensively used for for studies of temperature anisotropies and

helium abundance variation [11, 13]. Several million observations allow us to sample a broad

range of solar wind conditions. Second, in addition to data selection techniques described

in Kasper et al. [14], we use an evaluation of the accuracy of the ion measurements in

this dataset, which reported the uncertainty of ∆Vαp/Vp is less than 1% and about 8% for

temperature [10]. Propagating the temperature uncertainty allows us to estimate the typical

4 (November 7, 2008)

(Marsch et al) (Kasper et al)

- Core protons, proton 
beams, alphas

- Not generally thermal 
equilibrium

- relative drifts, 
finite/large temperature 
anisotropies

- collisionality – A ~ n t



Collisional evolution
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FIG. 2: The breakdown of a simple single fluid description of the solar wind is strongly ordered

by the collisional age Ac of the plasma, as illustrated by the panels in this figure. In (a) we

show the distribution of Tα/Tp with solar wind speed. Statistically, Tα ∼ Tp for low speeds, and

Tα/Tp ≥ 4 occurs more often a higher speeds, but the occurrence of non-thermal features is much

more strongly ordered by Ac, as can been seen in the distributions of (b) Tα/Tp, (c) T⊥p/T∥p, and

(d) ∆Vαp with age. For Ac > 1, collisions produce thermal equilibrium, with Tα = Tp, T⊥p/T∥p = 1,

and ∆Vαp = 0. For Ac < 1 the plasma is collisionless and non-thermal features persisting from the

corona or generated in situ are seen.

spacecraft that has been extensively used for for studies of temperature anisotropies and

helium abundance variation [11, 13]. Several million observations allow us to sample a broad

range of solar wind conditions. Second, in addition to data selection techniques described

in Kasper et al. [14], we use an evaluation of the accuracy of the ion measurements in

this dataset, which reported the uncertainty of ∆Vαp/Vp is less than 1% and about 8% for

temperature [10]. Propagating the temperature uncertainty allows us to estimate the typical

4 (November 7, 2008)

(Maruca et al, 2013, 
Kasper et al, 2017)

Extrapolating collisional evolution back to the 
inner heliosphere

dT↵

dt
= ⌫↵/�(T� � T↵)



A ‘zone’ of ion heating

of significant ò with faster wind speeds is simply due to the fact
that slower wind in general has a higher collisional age, leading
to a removal of the nonthermal structure by the time the plasma
reaches 1 au. This result is significant, because it implies that
mechanisms that could produce nonthermal heating may be
active in both slow and fast wind. In the following sections, we
use this theoretical framework to produce an estimate of how
far from the Sun this heating occurred.

3. Modeling the Preferential Heating Zone

The clear exponential dependence of ò on NC in Figures 1
and 2 is suggestive of the gradual thermalization due to
Coulomb relaxation on a nonthermal plasma. Spitzer (1962)
showed that nonthermal plasma relaxes to thermal equilibrium
through a series of small-angle scattering of ions mediated
by the Coulomb interaction. In the absence of any other
processes, two species with a temperature difference TD
will come into equilibrium at a rate d T dt TcnD = - D .
Ignoring any T dependence in cn , we can rearrange this
equation as d T T dtcnD D = - or, integrating both sides and
exponentiating,

T T e , 1o
dtcòD = D n- ( )

where we can define ToD as the initial temperature difference
and the collisional age Ac of the plasma as the integral over
time of all Coulomb collisions experienced by the plasma since
it began to relax,

A dt N . 2c c Cò nº � ( )

We now develop a more sophisticated model for the
behavior of T Tpa , which improves upon the assumption that

pna is constant and that the correct dynamical time is the transit
time from the center of the Sun to Earth at constant speed, as
used for Nc. Such an approach was used in Maruca et al.
(2013), which solved the ion temperature differential equations
backward in time to investigate the distribution of ò near the
Sun, finding that for radial distances of 0.1 au, � took on highly
nonthermal values for all solar wind speeds. In this paper, we
do the opposite: we assume that the plasma is highly
nonthermal near the Sun, with a large value of ò below some

radial boundary Rb, and that the observed variation in ò at 1 au
is subsequently determined solely by Coulomb relaxation.
Values for Rb are then obtained from comparing models for
radial solar wind behavior with in situ measurements at 1 au.
We make the following key assumptions in the construction

of our model, which are illustrated schematically in Figure 3.

1. There is a zone in the inner heliosphere where the
Coulomb collision frequency is sufficiently low and the
ion heating rate, due to unspecified mechanisms, is
sufficiently high to allow for preferential heating of ions.
Based on spectroscopic observations of ion temperatures
in the corona, this zone begins just R0.2 0.3 s– above the
photosphere, but the outer extent of this zone is unknown.

2. The preferential heating results in different ion tempera-
tures, with ò reaching an asymptotic value 0� within the
zone. Here we are motivated by the fact that the observed
spread in ò is very narrow for small Nc.

3. We assume that at some distance from the Sun, the
preferential heating falls off and quickly becomes
negligible. We define this outer boundary of the zone as
Rb.

4. Above R ,b � decays exponentially as a function of the
number of Coulomb collisions.

We acknowledge that this model makes several critical
simplifications, each of which merits further investigation. For
example, Rbmay vary with time, solar wind type, or level of
solar activity. The preferential heating, in practice, will not shut
off completely at Rb, and it would be worthwhile to investigate
the impact of a more gradual evolution. Finally, we know that
the steady-state ò in solar wind with low Ac is a function of
other plasma properties, such as differential flow and plasma
β (Kasper et al. 2013), and has a nonnegligible spread for a
given set of parameters. Nonetheless, for the purposes of this
paper—where we aim to determine if the mean value of the
observed temperature excess can be described using a fixed

Figure 2. Excess temperature T T 1p� = -a as a function of the solar wind
speed U and Coulomb number Nc. For all solar wind speeds, ò decays
exponentially with increasing NC, falling to about half its maximum value near
N 0.7C ~ , as one would expect from a simple relaxation process.

Figure 3. Our simple three-zone model for ion temperature ratios in the inner
heliosphere. The upper panel schematically indicates the ratio of the relative
rates of preferential ion heating to Coulomb relaxation as a function of distance.
The lower panel indicates the resulting excess temperature of He2+ relative to
H+. Close to the surface of the Sun, the plasma is highly collisional and
isothermal with T T 1 0p� = - =a . Above some height, collisions are
inefficient, and ò rises to an equilibrium value. At the outer boundary Rb, the
preferential heating stops, and ò decays exponentially with time proportional to
the collision frequency. The observed value of ò at a spacecraft such as Wind is
then a function of the equilibrium value in the preferential heating zone and the
effects of collisions integrated from Rb to the observer.
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The collisional evolution 
equation

Can be integrated back to 
a starting point in the 
inner heliosphere.

This starting point seems 
to be related (equal?) to 
the Alfven radius!

And the Alfven radius 
moves around with solar 
cycle.

dT↵

dt
= ⌫↵/�(T� � T↵)



Electron velocity distributions
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Wind/3DP electron measurements



Electron heat flux

Spitzer-Härm collisionless

q0

Fig. 2.— Plot of the most probable values (modes)
of q∥/q0 in bins of λfp/LT with standard error er-
rorbars (very small). Red points are the computed
modes, black points are modes determined from
log normal fits. Again, the black diagonal line
in the upper panel is the SH Equation (1). The
measured values depart from SH behavior above
λfp/LT ∼ q∥/q0 ! 0.28. The cumulative distribu-
tion in the bottom panel shows that approximately
65% of this dataset corresponds to SH heat flux. A
symbol at q∥ = q0 show the free-streaming value.

magnetosonic

whistler

Fig. 3.— Data from Figure 2 broken into four in-
tervals of electron thermal βe. In each interval, the
data are consistent with the SH relationship with
the temperature gradient index α as a free param-
eter. The βe dependence of α is summarized in
Table 1. Dotted horizontal lines are the thresholds
of the magnetosonic instability (red) and whistler
instability (blue), both from Gary et al (1994).
The whistler instability appears inconsistent with
the heat flux levels in the collisionless regime.
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-  Strahl decreases with distance, but 

still present at 10 AU (Walsh 2013) 

-  Halo increases with distance 

-  Possible scattering of strahl 
electrons to halo 

-  Width of the strahl is increasing 
(Hammond et al., 2006). But it 
shouldn’t. 

 
 

€ 

µ =
mv⊥

2

2B
=
W⊥

B

(Bale et al., 2013)
Into the corona -> Strahl dominates the suprathermal electron

population in the corona…
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Large core drift rates exceed the Alfven and sound speeds!  
This should be unstable and/or modify wave damping (heating) rates

Core drift normalized to Alfven speed

Electron core drift to vA



Solar wind velocity2 T. S. Horbury et al.

hot plasma jet and an upwardly propagating Alfvénic disturbance.
While the simulated jets interact with the ambient plasma and
hence do not propagate to large distances, the Alfvénic distur-
bances, being essentially undamped and travelling at the Alfvén
speed, can travel rapidly through the background plasma and
far from the Sun (Uritsky et al. 2017), up to at least 10 RS
(Roberts et al. 2017).

Recently, Matteini et al. (2014, 2015) have pointed out that
the mean (Parker spiral) magnetic field direction, combined with
the near-constant magnetic field magnitude in the presence of anti-
Sunward propagating Alfvénic fluctuations, results in an asymme-
try in the variations in the solar wind speed, with large enhance-
ments being more common than reductions, first observationally
identified by Gosling et al. (2011). This geometrical e↵ect is more
pronounced at lower Parker spiral angles and since the amplitude of
the speed variations can in principle reach twice the Alfvén speed
for large amplitude fluctuations, the amplitudes of these events
could be larger at lower solar distances for a given field angle
change. This asymmetry in speed variations is present in the solar
wind at 60 RS (Matteini et al. 2015) but by itself does not demon-
strate a particular origin of the Alfvénic fluctuations themselves.

In this work, we consider these velocity variations in more de-
tail and demonstrate that the near-Sun fast solar wind is not smooth,
but is filled with short Alfvénic velocity spikes up to 250 km/s
above the background wind, which carry a small but significant
fraction of the total kinetic energy of the plasma. These spikes last
tens of seconds to minutes and recur on scales of minutes to tens of
minutes and might therefore be the direct signatures of impulsive
chromospheric or coronal energy release. If true, this potential link
would open a new window on impulsive solar processes, which are
a ubiquitous aspect of solar dynamics.

We present examples of these events and evidence for their ul-
timate origins. In addition since the velocity variations are so large
and can occur on timescales of seconds, we discuss the resulting
challenges for measurements of the solar wind in the inner helio-
sphere by upcoming missions, along with how such variations can
be allowed for when studying solar wind structure and small scale
turbulence.

2 OBSERVATIONS OF VELOCITY SPIKES

The closest in situ solar wind measurements to the Sun to date were
taken by the twin Helios probes at 0.29 AU (43 ⇥ 106 km, 62 RS ).
Figure 1 shows several days of the bulk plasma speed during one
high speed stream measured by Helios 2 at 0.29 AU in 1976. Also
shown are two intervals, of the same length, in high speed streams
at 1 AU at low latitudes (from Wind in 2008) and 2.4 AU at high lat-
itudes (from Ulysses in 1995). While the polar stream is generally
smoother and all three exhibit variations on timescales of several
hours associated with microstreams (Neugebauer 2012), the most
striking di↵erence between the three data sets is the large, short
speed enhancements at 0.3 AU throughout the interval.

A shorter interval of 0.3 AU data (Figure 2) shows the broadly
homogeneous stream, with a near-constant magnetic field magni-
tude, density and temperature. In contrast, the velocity is spiky
and in particular the spikes are clearly asymmetric, appearing as
enhancements over a slower background. These spikes are gen-
erally anti-correlated with variations in the radial magnetic field
component, consistent with them being Alfvénic fluctuations with
an anti-Sunward propagation sense in the solar wind frame (e.g.
Matteini et al. 2014). Indeed, there is a field-velocity anticorrela-

Figure 1. Radial solar wind speed in three di↵erent high speed streams,
at 0.3 (Helios 2, starting at 1976 day 106), 1.0 (Wind, 2008 day 18) and
2.4 AU (Ulysses, 1995 day 268) from the Sun. The Helios (40 s) and Wind
(97 s) data have been decimated to the same 4 min cadence as Ulysses to
ease comparison.

tion in all three components during this time. Fluctuations on these
scales have been extensively studied statistically, both at 0.3 AU
with Helios and elsewhere (Bruno & Carbone 2013). What is strik-
ing here is that the variations are asymmetric, being dominated by
speed increases above a background, and that these enhancements
are short and isolated. We proceed to analyse these events in more
detail, which requires a consideration of the measurements made
by the Helios spacecraft.

2.1 Data sets

In the analysis presented here, we use 4 samples/s magnetome-
ter data (Musmann et al. 1975) and 40.5 s ion data (Schwenn et al.
1975). The measurements are over 40 years old and present some
analysis challenges so care must be taken. The magnetometer data
calibration is adequate for our purposes here with an important
caveat that values above 50 nT in any component are not present;
this does not significantly a↵ect the results here. The plasma data
present more challenges; see Marsch et al. (1982) for more detailed
discussion.

We timestamp the plasma data based on the time at which the
energy of the peak of the distribution function is measured; for high
speed wind, this is around 11 s after the time of the beginning of
the distribution measurement. We have used field-velocity cross-
correlations, taking advantage of the Alfvénicity of the wind, to
confirm this time which is important when we are trying to find
distributions which have been measured entirely within these short
events.

We compute field-parallel and perpendicular temperatures by
fitting a bi-Maxwellian to the proton core rather than taking mo-
ments, so the supra-thermal proton beam and alpha particles do
not a↵ect the values; we crudely estimate the beam fraction as the
remainder of the measured distribution. An important limitation is
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Helios spacecraft measurements 
at 0.3 AU show that the radial 
velocity of the solar wind is very 
impulsive.  

This effect is reduced as the 
wind evolves out to 1 AU (Wind) 
and 2.4 AU (Ulysses)



Solar wind speed

(Horbury et al, 2018)

Speed enhancements in the near-Sun fast wind 3

Figure 2. Several hours of a 0.3 AU high speed stream. Top to bottom,
panels are: field magnitude, radial field component, proton core number
density, core perpendicular (red) and parallel (black) temperautres and core
speed.

the low cadence of the plasma data. Distributions were built up over
multiple spacecraft spins, each of which lasted 1 s. In general, the
bulk velocity (from which we remove the spacecraft aberration ve-
locity, about 70 km/s at 0.29 AU) remains reliable, but core proton
temperatures and densities do not. In order to avoid the e↵ects of
mixing di↵erent particle distributions, we use these temperatures
and densities only when the magnetic field remains within 20� of
the mean over the time taken to measure the proton core distri-
bution, which is around 10 s: this is a significant limitation when
the field changes rapidly within these short events. Extensive test-
ing and comparison with moments derived using other algorithms
makes us confident that the velocities, temperatures and densities
presented here are reliable; the statistical plasma properties pre-
sented later in this paper use only these values.

We concentrate here on the high speed stream measured at
0.29 AU by Helios 2 on 1976 days 106 00:00-110 00:00, but similar
events are present in other high speed streams.

2.2 Example event: 11:44, 18th April 1976

One large amplitude short velocity enhancement is shown in Fig-
ure 3. This is a particularly clear example, but there are many other
similar events. The magnetic field magnitude remained relatively
constant throughout the event, which is visible as a reversal in the
radial component of the magnetic field. In this example, the mag-
netic field rotated almost 180� , but this is not the case in all events.
The field returned to the ambient near-Parker spiral orientation af-
ter around 2 minutes and had a sharp boundary at both beginning
and end.

Given the short duration of the event, there are very few
plasma measurements within and around it – and rapid changes
in field direction mean that the proton core temperature and density
are unreliable and discarded. Nevertheless, it is clear that the pro-
ton radial speed increased to around 1000 km/s from a background
of around 700 km/s; the core protons within the event therefore had
around twice the kinetic energy of the surrounding material. Such

Figure 3. A short duration velocity enhancement observed by Helios 2 in a
high speed solar wind stream at 0.29 AU. Panels are, top to bottom, mag-
netic field magnitude; radial magnetic field component; proton number den-
sity; parallel (black) and perpendicular (red) core proton temperature; and
core proton speed.

large amplitude short duration velocity changes do not occur in the
high speed wind at 1 AU but are common in the Helios measure-
ments of such wind at 0.29 AU.

We note that the velocity and magnetic field variations in this
event, as is generally true in fast wind, were correlated as for an
anti-Sunward propagating Alfvénic fluctuation. The ion distribu-
tions within the event (not shown here) indicate the presence of a
proton beam traveling Sunward in the bulk plasma frame, consis-
tent with this being a local “fold" in the magnetic field, and not a
mini-sector of opposite polarity magnetic field.

2.3 Statistical properties

While short, sharp speed increases like that in Figure 3 are com-
mon in the near-Sun fast wind, they vary considerably in duration
and amplitude. We have attempted to find them by first calculat-
ing a running 30 minute boxcar moving average solar wind speed
Vsmooth and then �V = VSW � Vsmooth , the instantaneous devi-
ation from this background (Figure 4). We identify a velocity spike
as a time when |�V | > 75 km/s, this rather subjective boundary
being around half the local Alfvén speed. Over the 4 day interval
we identified 294 positive speed increases and only 26 speed de-
creases by the same criterion. Most (221) of the events were only
one plasma data point (40.5 s) in duration, only 7 were longer than
two data points and the longest was 8 minutes.

The mean time between events was 19 minutes but their spac-
ing was rather variable. Their overall amplitude and occurrence rate
appears to vary with speed within the fast stream, as can be seen in
Figure 1, with fewer and smaller events when the wind was slower.

The mean speed of the events was 849 km/s, compared to
725 km/s for the entire interval. The kinetic energy of the plasma
within the events was 35% higher than the average over the entire
stream: the events occurred during 5.4% of its duration, contained
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The velocity ‘spikes’ can be as 
large at 1000 km/s (2x the 
ambient speed)

The radial velocity spikes 
correspond to radial magnetic 
field spikes.

The spikes are Alfvenic in nature.

Remnants of coronal ’jets’?



What can we expect to measure in 
the corona?
1. Large pressure/temperature anisotropies
2. Active ion heating – mass proportional?
3. Nonthermal electron and ion populations (beams, tails, strahl)
4. Impulsive Alfvenic structures and waves
5. Little collisional processing



NASA Parker Solar Probe (PSP)
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2018 launch
In Phase B
~9.5 Rs perihelion
~90 day orbit
7 yr mission



PSP Level 1 Science Objectives
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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.

- 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



The PSP Plasma Environment

43

Helios (0.29 AU), 1 AU, and remote sensing measurements extrapolated into 10 Rs

(a) (b)

(c) (d)

Helios 

- Magnetic field
- Velocity
- Proton density
- Proton temperature
Helios + models

- Electron temperature



Plasma environment…
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Parameters ~10+Rs+Typical 55+Rs+Typical 1+AU+Typical
Magnetic)Field |B0|)~)δB 2000)nT 70)nT 6)nT
Electric)Field |E|)~)vswB0 100)mV/m 30)mV/m 3)mV/m
Density ne)~)δne 7000)cmA3 120)cmA3 7)cmA3

Electron)Temperature Te 85)eV 25)eV 8)eV
Solar)Wind)Speed vsw 210)km/s 400)km/s 450)km/s
Alfven)Speed vA 500)km/s 125)km/s 45)km/s
Plasma)Frequency fpe 750)kHz 100)kHz 24)kHz
Electron)Gyrofrequency fce 60)kHz 2)kHz 160)Hz
Proton)Gyrofrequency fci 32)Hz 1)Hz 0.1)Hz
Convected)Debye)Scale vsw/λD 250)kHz)(4)µs) 125)kHz)(8)µs) 45)kHz)(22)µs)
Convected)Electron)Inertial)Length vsw/(c/ωpe) 3.5)kHz)(0.3)ms) 825)Hz)(1.2)ms) 180)Hz)(5.5)ms)
Convected)Ion)Inertial)Length vsw/(c/ωpi) 75)Hz)(13)ms) 20)Hz)(50)ms) 4)Hz)(250)ms)
Convected)Ion)Gyroradius vsw/ρi 300)Hz)(3)ms) 35)Hz)(30)ms) 5)Hz)(200)ms)
DC/LF)Electric)Fluctuations δEA)~)vA)δBA 1)V/m 10)mV/m 1)mV/m
Kinetic)Electric)Fluctuations δEL 1)V/m 70)mV/m 10)mV/m

- High cadence sampling
- Burst memory system
- Floating voltage preamps
- Large dynamic range



06-13 Solar Probe Plus Critical Design Review 

2018 Baseline Mission Design 
Mission Trajectory  

Venus Flyby #7 
Nov 2, 2024 

Mercury 

Venus 

Earth 

Sun 

First Perihelion 
at 35.7 RS 

Nov 1, 2018 

First Min Perihelion 
at 9.86 RS 

Dec 19, 2024 

Venus Flyby #1 
Sept 28, 2018 

Venus Flyby #2 
Dec 22, 2019 

Venus Flyby #3 
Jul 6, 2020 

Venus Flyby #4 
Feb 16, 2021 

Venus Flyby #5 
Oct 11, 2021 

Venus Flyby #6 
Aug 16, 2023 

Launch 
July 31, 2018 

Venus-Venus-Venus-Venus-Venus-Venus-Venus-Gravity-Assist (V7GA) Trajectory 

!  Repeated 7 Venus gravity 
assists to lower orbit to 
reach the Sun 

!  Switching between resonant 
and non-resonant Venus 
encounters to minimize 
mission duration 

!  Orbit phasing matched 
between flybys so that no 
deep space maneuvers are 
required 

!  Multiple solar encounters at 
various distances  

!  Solar distances not beyond 
Earth for a solar powered 
spacecraft 

16-19 March 2015 
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Investigation Overview  

Investigation Instruments Principal Investigator 
Fields Experiment 
(FIELDS) 

5 x Electric Antennas 
2 x Fluxgate Magnetometer (MAG) 
1 x Search Coil Magnetometer (SCM) 

Prof. Stuart D. Bale,  
University of California Space Sciences 
Laboratory, Berkeley, CA 

Integrated Science 
Investigation of the 
Sun (ISIS) 

High energy Energetic Particle 
Instrument (EPI-Hi) 
Low energy Energetic Particle 
Instrument (EPI-Lo) 

Dr. David J. McComas,  
Southwest Research Institute, San 
Antonio, TX 

Solar Wind Electrons 
Alphas and Protons 
(SWEAP) 

Solar Probe Cup (SPC) 
2 Solar Probe ANalyzers (SPAN) 

Dr. Justin Kasper,  
University of Michigan, Ann Arbor, MI & 
Smithsonian Astrophysical Observatory, 
Cambridge, MA 

Wide-field Imager for 
Solar PRobe 
(WISPR) 

White light imager Dr. Russ Howard, Naval Research 
Laboratory, Washington, DC 

Heliospheric Origins 
with Solar Probe Plus 
(HeliOSPP)  

Observatory Scientist  
- addresses SPP science objectives via 
multi-instrument data analysis to 
optimize the scientific productivity of the 
mission 

Dr. Marco Velli,  
Jet Propulsion Laboratory, Pasadena, CA 

16-19 March 2015 

Princeton Univ

UCLA

Prof

Prof

Prof

X

X

X



PSP remote sensing – ‘WISPR’

Simulated WISPR Observation during 9.8Rs perhelion passage. Fly-through a Streamer Stalk of 
0.15Rs radius with fine-scale structure (filaments are 1400 km-wide).
Movie duration = 30 min.
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Spacecraft Overview 

!  NASA selected instrument suites 
!  685kg max launch wet mass 
!  Reference Dimensions: 

"  S/C height: 3m 
"  TPS max diameter:2.3m 
"  S/C bus diameter: 1m 

!  C-C Thermal protection system 
!  Hexagonal prism s/c bus configuration 
!  Actively cooled solar array 

"  388W electrical power at encounter 
"  Solar array total area: 1.55m2  

"  Radiator area under TPS: 4m2  

!  0.6m HGA, 34W TWTA Ka-band science DL 
!  Science downlink rate: 167kbps at 1AU  

16-19 March 2015 
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SWEAP 
SPC 

FIELDS  
Search Coil 

Magnetometer 
(SCM) 

FIELDS Fluxgate  
Magnetometers 

(MAGo and MAGi) 

FIELDS V5 
Antenna 

FIELDS V1  
Antenna FIELDS V4  

Antenna 

FIELDS V3 
Antenna 

FIELDS V2 
Antenna 

Payload Accommodation on S/C (1/3) 

SWEAP  
SPAN B 

16-19 March 2015 
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Fields & Waves Instrument capabilities 
meet Level 1 requirements with margin 

Magnetic  
Field 

Electric 
Field 

Plasma 
Waves 

Quasi-thermal 
Noise 

Frequency (log) 
~DC          10Hz 1kHz 1MHz 

L1 Requirement 

FIELDS FGM 
FIELDS SCM 

FIELDS TDS 
FIELDS DFB 

FIELDS TDS 
FIELDS DFB 

FIELDS RFS 

FIELDS RFS Radio 

Fields & Waves Sensors 
FIELDS/FGM 
FIELDS/SCM 
FIELDS/TDS 
FIELDS/DFB 
FIELDS/RFS 

16-19 March 2015 
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Particle Instrument capabilities meet 
Level 1 requirements with margin 

electrons 

protons 

ions (z>4) 

helium 

1eV/nuc 1keV/nuc 1MeV/nuc 1GeV/nuc 
Energy (log) 

Particle Sensors 
SWEAP/SPAN 
SWEAP/SPC 
ISIS/EPI-Lo 
ISIS/EPI-Hi 

iron 

SWEAP-SPC 
ISIS-EPI-Lo 

SWEAP-SPAN 

SWEAP-SPC 

SWEAP-SPC 
SWEAP-SPAN 

SWEAP-SPAN 

ISIS-EPI-Lo 

ISIS-EPI-Lo 

ISIS-EPI-Lo 

ISIS-EPI-Hi 

ISIS-EPI-Hi 

ISIS-EPI-Hi 

ISIS-EPI-Hi 

ISIS-EPI-Lo 
ISIS-EPI-Hi 

L1 Requirement 

16-19 March 2015 
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Payload Overview - Operations 

!  Encounter Operations 
"  Primary science data 

collection phase – All 
instruments powered on 

"  LGA or Fanbeam antenna 
periodically available for 
comm & nav data 

"  No recorded data playback 

Cruise/Downlink 
Period  

(10-11 Days)  

Solar Encounter Period 
Cruise/Downlink Period 

Solar Encounter 
Period  

Solar distance ≤ 0.25 AU 

Solar distance > 0.25 AU 

24 Solar Encounter Orbits 
Orbital Periods Vary (168 
to 88 days) 

!  Cruise Operations 
"  Instruments Powered On (Sun distance < 0.82 AU) 
"  Instruments may be off during special activities 
"  Fanbeam for comm – HSK data only; LGA during 

maneuvers 
"  Commanding as needed to support S/C maintenance 

!  Science Downlink Operations 
"  All instruments powered off 
"  HGA for comm – recorded data playbacks 
"  Commanding as needed to support S/C maintenance 

16-19 March 2015 



Status
Launch window opens July 31, 2018!
Delayed to NET August 11
Spacecraft is fully integrated
Being integrated to 3rd stage
Move to Complex 37 in one week



Summary/End

• The inner heliosphere is the birthplace of the solar wind
• The plasma conditions are likely to be very ‘kinetic’ and transient:  large 

plasma pressure anisotropies, nonthermal particle populations, inter-
species drifts, structured turbulence, etc

• NASA Parker Solar Probe will go to within the Alfven surface and make the 
first in situ measurements of this environment

• Solar Orbiter, DKIST, SKA, and other assets come online in the same 
timeframe:  a golden age for coronal and solar wind physics!


