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Background

Out-of plane 
current

of the alpha to proton temperature ratio looks different in the two cases: in panel (a), alpha particles are
preferentially heated in the center of the current sheet, while in panel (b) the differential heating occurs on both
edges of the current sheet. This is a quite general behavior, in the sense that, close to each coherent current
structure identified in the spatial domain, the alpha to proton temperature ratio displays a peak in themiddle of

Figure 4. (a)Out of plane current density jz. The isolines of themagnetic potentialAz are indicated by (black/white) lines. (b)Ratio
between alpha particle and proton temperatures. Panels (c) and (d): ò for both protons and alpha particles, respectively. Each contour
map is at themaximumof the turbulent activity.

Figure 5. Spatial profiles of the squared current density jz
2 (red dashed line, panels (a) and (b)) and of the squared vorticity z

2X for
protons (green dashed line, panels (c) and (d)) and for alpha particles (green dot-dashed line, panels (c) and (d)). In all panels, the alpha
particle to proton temperature ratio is also shown (black solid line). All profiles are evaluated along the y direction at two different
fixed spatial points: x d110 p_ (panels (a) and (c)) and x d50 p_ (panels (b) and (d)).
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Ion non-
Maxwellianity

[Valentini et al., 2016]

J

𝜺

[Marsch et al., 1982; 2018]



Theory
•We define the deviation from bi-Maxwellianity as:

where

•We use ion moments to determine fmodel:
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We use a bi-Maxwellian because we do not 
want a quantity that scales with T||/T⟘.
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electron di�usion regions, the bowshock, and magnetosheath turbulence, and section 686

states the conclusions.87

2 Data88

In this paper we use high-resolution burst mode data from the four MMS spacecraft89

[Burch et al., 2016]. We use particle distributions and moments from Fast Plasma Investi-90

gation (FPI) [Pollock et al., 2016]. Three-dimensional electron distributions and moments91

are sampled every 30 ms. The electron distributions are sampled over 32 energy channels92

ranging from 10 eV to 30 keV, which covers the thermal electron energy range in the outer93

magnetosphere and magnetosheath. Ion distributions and moments are sampled every94

150 ms. We use electric field E and magnetic field B data from the Electric field Dou-95

ble Probes (EDP) [Lindqvist et al., 2016; Ergun et al., 2016] and Fluxgate Magnetometer96

(FGM) [Russell et al., 2016], respectively. The spacecraft potential Vsc is computed from97

the Spin-plane Double Probes (SDP).98

3 Theory and methods99

In this section we define the non-Maxwellianity parameter ✏ . The non-Maxwellianity100

✏ is defined as the velocity-space integrated absolute di�erence between the observed dis-101

tribution function and a model bi-Maxwellian distribution function given by the particle102

moments:103

✏ =
1

2ni

π
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| fi(v, ✓, �) � fmodel(v, ✓, �)|v2 sin ✓dvd✓d�, (1)

where v is the electron speed, ✓ is the polar angle, � is the azimuthal angle, ne is the104

electron number density, fe(v, ✓, �) is the observed velocity-space density, and fmodel(v, ✓, �)105

is the velocity space density of the model distribution. The factor 1/(2ne) normalizes ✏ to106

a dimensionless quantity with domain ✏ 2 [0, 1], where ✏ = 0 corresponds to no devia-107

tion of fe(v, ✓, �) from fmodel(v, ✓, �) and ✏ = 1 corresponds to a maximal deviation, such108

that there is no overlap fe(v, ✓, �) and fmodel(v, ✓, �) in velocity space. For fmodel we use a109

bi-Maxwellian distribution, given by:110
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where Te, k and Te,? are the parallel and perpendicular electron temperatures, ve, k =
p

2kBTe, k/me111

is the parallel electron thermal speed, Vk is the bulk velocity parallel to B, V? is the mag-112

nitude of the bulk velocity perpendicular to B, and kB is the Boltzmann constant. This113
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Example distributions
n = 20 cm-3

T = 4 eV

T⟂ /T∥ = 0.7 
𝜀 = 0.12

n = 9 cm-3

T = 5 eV

T⟂ /T∥ = 1.7 
𝜀 = 0.56



Solar wind example

• Example of ion Non-
Maxwellianity in the 
solar wind. 


• Large 𝜀 occurs in 
turbulent regions in this 
example. 
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to fe, and ✏ = 0.085. Despite fe and fmodel looking similar, non-Maxwellian features are277

observed in the thermal energy range, as shown in Figure 3f.278

In Figure 2c we overplot the median ✏ (✏50) in black, and the 10th and 90th per-279

centiles ✏10 and ✏90 (lower and upper red curves, respectively) as functions of ne. We find280

that ✏50 ⇡ 0.1 is approximately constant for 20 cm�3 . ne . 100 cm�3. Because of the281

strong statistical dependence of ✏ on ne, we need to consider the statistical median and282

percentiles when considering specific events to determine if the electron distributions are283

unusually non-Maxwellian compared with the median values of ✏ . We will use the per-284

centiles of ✏ calculated from Figure 2 as a function of ne to determine whether deviations285

from a bi-Maxwellian distribution in specific regions are significant or not.286

In Figure 4a we plot the histogram of log10 ✏ versus log10 Te. We find that statisti-287

cally ✏ increases as Te increases. This is primarily due to the statistical increase in Te as288

ne decreases. Low-density higher-temperature regions correspond to the outer magneto-289

sphere, while high-density lower-temperature regions typically correspond to the magne-290

tosheath. In Figure 4b we plot ✏ versus log10 Te, k/Te,?. Overall, we find that the statis-291

tical dependence of ✏ on Te, k/Te,? is relatively weak. However, the smallest ✏ are found292

for Te, k/Te,? ⇠ 1. In this study there are more distributions with Te, k/Te,? > 1 than293

Te, k/Te,? < 1, with a median and mean Te, k/Te,? of 1.1 and 1.2, respectively.294

We now compare ✏ with the agyrotropy of the electron distribution. We use the295

agyrotropy measure
p

Q as defined in Swisdak [2016]. This measure is based on the o�-296

diagonal components of the electron pressure tensor Pe and is given by297

p
Q =

 
P2

12 + P2
13 + P2

23

P2
? + 2P?Pk

!1/2

, (4)

where we have rotated the measured Pe into the field-aligned coordinates of the form:298

Pi =

©≠≠≠≠≠
´

Pk P12 P13

P12 P? P23

P13 P23 P?

™ÆÆÆÆÆ
¨
. (5)

The agyrotropic measure
p

Q has values between 0 and 1, with 0 corresponding to a gy-299

rotropic distribution and 1 to maximum agyrotropy. In Figure 4c we plot the histogram300

of ✏ versus
p

Q for ne > 5 cm�3 (at lower ne the agyrotropy measures tend to be unreli-301

able because the uncertainties in the o�-diagonal pressure terms become large). We find302

that the vast majority of distributions are approximately gyrotropic, with median and mean303

–12–
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[Swisdak, 2016]

𝜺



Statistics

• Distribution of 𝜀 for all 
available data.
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• Statistical relation 
between 𝜀 and sqrt(Q).
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• To further investigate the cause of high 𝜀, we calculate ‘proper’ temperatures of the 
distributions by computing the eigenvalues/vectors of the temperature tensor. 

Temperature components

[Servidio, et al., 2016]

• Cigar-shaped distribution with major axis 
perpendicular to B.



Example

• Non-gyrotropic and non-
Maxwellianity is primarily due 
to cigar-shaped distributions.

• Cigar-shaped 
distributions are regularly 
oblique to B.

𝜺



Statistics

Cigars

Pancakes

• Larger mean non-Maxwellianity 
is associated with cigar-shaped 
distributions.



Relation to turbulence

D. B. Graham et al.: Kinetic Electrostatic Waves and Current Structures

wave frequencies with the the electron plasma frequency calculated from the spacecraft potential.

The results show that the spacecraft potential is a reliable probe of the background electron plasma

density. The variability of the Langmuir wave frequency with respect to the estimated electron

plasma frequency can in part be explained by the variability of the wave number of Langmuir

waves.

5. Solar wind currents and waves

In this section, we estimate the currents in the solar wind and compare the occurrence of strong

currents with ion-acoustic and Langmuir waves. We use two methods to identify strong currents

and current structures in the solar wind, as follows.

In the first, we estimate current densities from the changes in B by assuming the current struc-

tures are frozen in to the solar wind flow. If we assume the current structures are moving with the

solar wind flow we can estimate the current densities in the y-z plane using

Jy =
1
µ0

�Bz

Vsw�t
, Jz = �

1
µ0

�By

Vsw�t
. (5)

Since the particle data is only intermittently available throughout June 2020, we simply assume

Vsw = �350 km s�1 in the x-direction, which is close to the median value calculated when ion

moments are available. We note that this estimate of J is most reliable when the normal to the

current structure is in the x-direction, as this method assumes Jx = 0. In cases where the normal is

highly oblique to the x-direction we expect J to be underestimated.

In the second, we use the Partial Variance of Increments (PVI) method to identify strong dis-

continuities in the solar wind. For single spacecraft measurements the PVI value is given by (Greco

et al. 2008)

PVI =
|�B(t, ⌧)|
p
h|�B(t, ⌧)|2i

, (6)

where �B(t, ⌧) = B(t + ⌧) � B(t), ⌧ is the separation in time, and h...i indicates the average. Here,

we calculate PVI over the entire June 2020 interval. The PVI value is increased by both changes in

the magnitude of B and rotational changes (Greco et al. 2018).

To provide an overview of the currents observed over June 2020 we plot the histograms of J

and PVI values over the entire month in Figure 8. Figure 8a shows the histograms of Jk and J?

(where we have used the same coordinate transformation as for E). As expected we find that the

distributions peak at J = 0 and are non-Gaussian. We find that the maximum values of Jk are

⇠ 50 nA m�2. If we compare with the threshold currents required for instability based on Figure 2,

we find that only the ion beam driven case has a threshold J comparable to the maximum observed

Jk. For the simple electron-ion streaming instability we find that the maximum observed Jk is

almost two orders of magnitude smaller than the threshold J required for instability. We note that

J can be underestimated, for example, when the solar wind is slow or when current sheet normals
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we calculate PVI over the entire June 2020 interval. The PVI value is increased by both changes in

the magnitude of B and rotational changes (Greco et al. 2018).

To provide an overview of the currents observed over June 2020 we plot the histograms of J

and PVI values over the entire month in Figure 8. Figure 8a shows the histograms of Jk and J?

(where we have used the same coordinate transformation as for E). As expected we find that the

distributions peak at J = 0 and are non-Gaussian. We find that the maximum values of Jk are

⇠ 50 nA m�2. If we compare with the threshold currents required for instability based on Figure 2,

we find that only the ion beam driven case has a threshold J comparable to the maximum observed

Jk. For the simple electron-ion streaming instability we find that the maximum observed Jk is

almost two orders of magnitude smaller than the threshold J required for instability. We note that

J can be underestimated, for example, when the solar wind is slow or when current sheet normals
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Fig. 1. Ion-acoustic wave simultaneously observed by the LFR and TDS
receivers: (a) Potentials V12 (black), V13 (red), and V23 (blue) from LFR;
(b) Potentials V13 (black), V21 (red), and V2 (blue) from TDS; (c) Ey
computed from the LFR (black) and TDS receivers (red); (d) Ez com-
puted from the LFR (black) and TDS receivers (red); (e) Power spectra
of E from LFR (black) and TDS (red). The blue vertical line indicates
the ion plasma frequency fpi calculated from ne,S C .

found for other events where LFR and TDS capture snapshots
simultaneously (not shown).

We also use Vpsp from LFR to calculate the local solar wind
electron density ne,S C , which is calibrated by comparing Vpsp
with the plasma line identified from quasi-thermal noise. The de-
tails of the calibration can be found in Khotyaintsev et al. (2021).
In brief, ne,S C is calculated by comparing Vpsp with ne derived
from the plasma line due to quasi-thermal noise. This calibration
changes for every change of the bias settings. In Section 4.2, we
compare ne calculated with the frequencies of Langmuir waves
ne,pk observed by TDS to assess the reliability of ne,S C .

In this paper, we investigate ion-acoustic and Langmuir
waves observed over June 2020, when Solar Orbiter was close
to its first perihelion. At this time, Solar Orbiter was located at a
distance of ⇠0.5 AU from the Sun.

3. Theory

In this section, we consider the theory of electrostatic kinetic
instabilities, which can generate ion-acoustic waves in the solar
wind. To model the instability, we use the kinetic unmagnetized
electrostatic dispersion equation:

0 = 1 �
X

j

!2
p j

k2v2
j
Z0
⇣
⇣ j
⌘
, (2)

where !p is the angular plasma frequency, k is the wave number,
v =
p

2kBT/m is thermal speed, ⇣ = (!� kVj)/kv j, V is the bulk
speed aligned with k, kB is Boltzmann’s constant, T is the tem-
perature, m is the particle mass, Z0 = �2[1+ ⇣Z(⇣)] is the deriva-
tive of the plasma dispersion function Z (Fried & Conte 1961),

and the subscripts j refer to the di↵erent particle species. Equa-
tion (2) assumes the distributions are Maxwellian. We consider
the following three cases: (1) one electron and one ion compo-
nent; (2) two electron components and one ion component; and
(3) one electron component and two ion components. In each
case the relative drift between di↵erence components is the cause
of instability.

Figure 2 shows an example of each of these instabilities. We
have chosen drift parameters marginally larger than the thresh-
old required for growth to assess the current densities associated
with each instability. In each case, the total number density is
30 cm�3, which is the median density measured over June 2020.
Figure 2a shows the electron and ion distributions with a relative
drift (case 1) and the associated unstable mode (Figure 2b). The
unstable mode, real frequency ! and growth rate �, are shown,
as well as the Doppler shifted dispersion relation (black dashed
line) when k and the solar wind velocity Vsw are aligned for
Vsw = 350 km s�1. We have used Te = 15 eV, Ti = 3 eV, and
use an electron drift speed of 0.25ve. Without Doppler shift the
dispersion relation has frequencies ranging from 0 at k�D = 0 to
⇠ !pi at k�D = 1, where !pi is the ion plasma frequency and �D
is the Debye length. For the Doppler shifted dispersion relation
we find that the frequency is substantially larger than ! in the
rest frame, thus the linear dispersion relation becomes ! ⇡ kVsw,
i.e., the frequency increases approximately linearly with k. This
is perhaps unsurprising, since the ion-acoustic speed is predicted
to be CS ⇡ 50 km s�1 for the conditions used in the model, and
thus CS ⌧ Vsw. Therefore, the observed wave frequency will
typically be substantially larger than the wave frequency in the
plasma rest frame, except when B and Vsw are close to perpen-
dicular.

In Figure 2c, we show a distribution consisting of a single
ion population, a core electron population, and a dense elec-
tron beam that is 6.7% of the total electron density (case 2).
This relative density is consistent with the relative density of the
strahl measured near 0.5 AU (Maksimovic et al. 2005). This dis-
tribution is unstable due to the electron-electron-ion instability.
For these conditions the source of instability is the interaction
between the electron beam and the stationary ion population.
The resulting dispersion relation is almost the same as in Fig-
ure 2b. As the beam speed is increased, the beam electrons will
interact with the core electrons instead of the ions, generating
beam-mode waves or electron-acoustic waves, with significantly
higher phase speeds and frequencies. Thus, distributions of this
form can be unstable to ion-acoustic waves or higher-frequency
electrostatic waves.

In Figure 2e, we consider the case of two ion populations
(case 3), a core ion population and an ion beam, and a sin-
gle electron population. For these conditions two modes in the
ion plasma frequency range are found (Figure 2f). The higher
frequency mode is the ion-acoustic wave. This mode is stable
for the conditions used in Figure 2e (see caption). The lower-
frequency mode is the ion-ion-acoustic mode (also called the
ion beam-driven mode), which is unstable due to the interaction
between the ion beam and core ion population. The dispersion
relation is very similar to previous examples.

To provide an indication of the current density J required
for instability, we compute J associated with the distributions in
Figure 2, using J =

P
j e jn jV j, where e j is the charge of each

particle species. The current densities are J = 2.8⇥ 103 nA m�2,
2.7 ⇥ 102 nA m�2, and 60 nA m�2 for the distributions in panels
(a), (c), and (e), respectively. The value of J required for instabil-
ity due to the relative drift between ions and electrons in Figure
2a is extremely large compared with other streaming instabili-
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• Ion-acoustic 
waves can be 
generated by a 
variety of 
streaming 
instabilities.

Highly non-Maxwellian 
ion distribution.

•Based on estimated current 
densities, electron-ion-ion 
instability is most like to 
generate ion-acoustic waves.
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Ion-acoustic wave examples



Non-Maxwellianity and ion-acoustic waves

• 𝜀 = 0.5



Statistics

• Slightly larger 𝜀 are 
observed in association 
with ion-acoustic waves. 



Conclusions

• Ion non-Maxwellianity is routinely observed in the solar wind.

• Ion non-Maxwellianity is not strongly correlation with local 

turbulent structures in the solar wind. 

• Slightly enhanced non-Maxwellianity is observed at the same 

time as ion-acoustic waves. Kinetic instability of ion 
distributions is a plausible source of ion-acoustic waves. 




