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Signatures of kinetic instabilities in the solar wind

Lorenzo Matteini1,2, Petr Hellinger3, Bruce E. Goldstein4, Simone Landi2, Marco

Velli2,4, and Marcia Neugebauer5

Abstract. An analysis of ion non-thermal properties in the fast solar wind based on
Ulysses data is reported. The radial evolution of the main proton moments (density, tem-
perature, and drift velocities) and their empirical correlations with other plasma param-
eters are investigated in detail and compared with theoretical expectations. The stabil-
ity of the plasma is studied against different ion kinetic instabilities driven by ion tem-
perature anisotropies and differential velocities, focusing on the identification of possi-
ble signatures of relevant instabilities in the observed core-beam structure of proton dis-
tributions. The temperature anisotropy of the total proton distribution appears to be
constrained by fire hose instabilities, in agreement with previous studies, while if con-
sidered separately, beam and core populations exhibit opposite anisotropies, with core
protons characterized by perpendicular temperatures larger than the parallel ones, pos-
sibly (marginally) unstable for ion-cyclotron instability. The evolution with distance of
the drift velocity between the secondary population and the main core is found to be
non adiabatic, leading to the identification of a marginal stability path of a magnetosonic
ion-beam instability. As a conclusion, we find that a large fraction of the proton distri-
butions observed by Ulysses display signatures of either a beam or a fire hose instabil-
ity, suggesting that such kinetic processes play an important role in regulating the so-
lar wind thermal energetics during the plasma expansion.

1. Introduction

The weakly collisional solar wind plasma is far from ther-
modynamical equilibrium. Several non-thermal features are
observed in the ion velocity distribution functions, in par-
ticular temperature anisotropies and ion differential stream-
ing [Marsch et al., 1982a, b]. Such effects are more pro-
nounced in the fast solar wind, where protons often consist
of two populations, a more dense dominant core and faster
less dense beam, characterized by temperature anisotropies
and differential velocities varying with the radial distance.
Closer to the Sun, a temperature anisotropy T⊥ > T‖ (par-
allel and perpendicular temperatures, T‖ and T⊥, are de-
fined with respect to the direction of the ambient magnetic
field) is systematically observed in proton cores, while such
an anisotropy relaxes with radial distance and T⊥ . T‖ at
1 AU [e.g., Matteini et al., 2007]. At the same time, the
drift velocity between the core and beam proton populations
between 0.3 and 1 AU is observed to decrease with radial
distance [Marsch et al., 1982b]. Similarly, also the relative
proton-alpha drift speed decreases with distance [Marsch
et al., 1982a; Neugebauer et al., 1996].

The presence of temperature anisotropy is a source of free
energy for many different plasma instabilities; when this
exceeds a certain threshold the systems reacts generating
unstable fluctuations that scatter particles towards a more
isotropic configuration. In this process, the dominant tem-
perature direction loses some energy that is transferred to
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the other component and to electromagnetic fluctuations, so
that the global kinetic energy decreases; the local power of
fluctuations increases while particles are cooled down. In the
last years several studies have addressed the issue of compar-
ing the level of observed particle temperature anisotropies in
the solar wind with theoretical instability thresholds, at var-
ious heliocentric distances and for different spacecraft. In-
vestigations on protons [Kasper et al., 2002; Hellinger et al.,
2006; Marsch et al., 2006; Matteini et al., 2007; Bale et al.,
2009] have revealed the presence of apparent observational
boundaries in the distribution of the measured temperature
anisotropies. Similar boundaries are also observed for al-
pha particles [Maruca et al., 2012] and possibly electrons
[Štverák et al., 2008], even if for the latter Coulomb colli-
sions play an important role and are largely responsible for
the thermal evolution of the particles [Landi et al., 2012].
These observational limits are relatively in good agreement
with the theoretical constrains derived from linear theory of
plasma instabilities. This suggests that those kinetic pro-
cesses, as fire hose, ion-cyclotron and mirror instabilities,
play a role in the regulation of the solar wind thermody-
namics along the expansion. Kinetic numerical simulation
studies that include the effect of the radial expansion of the
solar wind on the plasma [Hellinger et al., 2005; Matteini
et al., 2006; Hellinger and Trávńıček , 2008; Matteini et al.,
2012] confirm this interpretation. Moreover, the analysis of
magnetic fluctuations in the solar wind reveals an enhance-
ment of magnetic power when the plasma is observed to be
close to the instability thresholds [Bale et al., 2009; Wicks
et al., 2013], suggesting a presence of a wave activity ex-
cited by temperature-anisotropy driven instabilities close to
the ion inertial length scale and blended together with the
solar wind turbulence.

The possibility of exciting temperature-anisotropy driven
instabilities depends on many plasma parameters, but
primarily on the plasma beta (besides the temperature
anisotropy); consequently it is has become common to plot
the instability analysis in a (β‖,T⊥/T‖) plane [cf., Gary
et al., 2001]. The dominant instabilities are electromag-
netic and typically need large betas (especially fire hoses
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which need substantial β & 1) their roles in the solar wind
plasma are expected to change with distance as both the
plasma beta and the temperature anisotropy depend on ra-
dial distance. As a consequence, plasma that is stable at a
given heliocentric distance will not remain stable and con-
fined within the same region of the parameter space at larger
distances. In the slow solar wind, due to its very variable
conditions (and possibly due to a non negligible collisional-
ity), signatures of an evolution path in the parameter space
are difficult to find; on the contrary, a clear path can be re-
covered in fast wind observations, as demonstrated by Mat-
teini et al. [2007].

Besides the observed apparent bounds on ion properties,
some correlations between different ion quantitities are of-
ten observed. Marsch et al. [2004] reported the presence of
an anti-correlation between the anisotropy and the parallel
beta of the proton cores in the fast wind between 0.3 and 1
AU. This anti-correlation departs from the double-adiabatic
prediction, hence suggesting the presence of a perpendicu-
lar heating contrasting the rapid cooling of protons in the
direction transverse to the mean magnetic field imposed
by particle magnetic moment conservation (µ = v2

⊥/B, so
v2

⊥ ∝ B ∝ R−2 in a radial magnetic field). Tu et al. [2004]
reported for the first time the existence of a correlation be-
tween the relative core-beam drift velocity in proton dis-
tributions and the core parallel beta in Helios data, while
Goldstein et al. [2010] have found that there is a good cor-
relation between the anisotropy of the beam population and
the core-beam relative drift, normalized to the local Alfvén
speed. Such findings seem to suggest that a tight connec-
tion exists among these parameters and support the idea
that different plasma processes are at work in shaping glob-
ally the proton distributions. These different correlations
are not well understood; some of the correlations may be
related to kinetic instabilities and boundaries imposed by
these instabilities in the multidimensional plasma parame-
ter space.

Concerning theoretical modeling, mechanisms for the
generation of ion beams related to parametric instabilities
of Alfvén waves at parallel [Araneda et al., 2008, 2009; Mat-
teini et al., 2010b] and oblique propagation [Matteini et al.,
2010a] have been recently proposed. In this framework, the

Figure 1. Overview of the Ulysses data used in this
work. Top panels: Heliographic latitude as a function
of the radial distance R (left), heliocentric distance as a
function of time (right). Bottom panels: solar wind bulk
velocity as a function of R (left) and estimated collision-
ality (right).

acceleration of beams appear to be more efficient at low
plasma beta, thus in regions closer to the Sun. This is con-
sistent with the idea that the generation of ion differential
velocities (and large temperature anisotropies) occurs within
few solar radii [e.g. Antonucci , 2006], and that at larger dis-
tance we observe their relaxation during the solar wind ex-
pansion. Such a relaxation appears however complicated, as
discussed above.

Proton beams measured by Helios between 0.3 and 1 AU
show densities of the order of nb/ne ∼10-20%, with few cases
with nb/ne >30% [Marsch et al., 1982b], while Ulysses ob-
servations report secondary proton beams that are remark-
ably larger [Goldstein et al., 2000; Goldstein et al., 2010],
with mean densities of around 30% and sometimes the rel-
ative density of the secondary population becomes compa-
rable to the one of the core. This suggests the presence of
an evolution with distance of the proton core-beam struc-
ture, possibly mediated by wave-particle interactions and
ion-beam instabilities[Marsch and Livi , 1987; Daughton and
Gary , 1998; Daughton et al., 1999]. However, there were dif-
ferences in the analysis techniques that would account for
differences. Marsch et al. [1982b] required that the beams
be clearly distinguishable, whereas Goldstein et al. [2000];
Goldstein et al. [2010] included cases in which a two beam
fit was superior to a single beam, such as a shoulder on a
distribution.

According to the picture described, several instabilities
may be at work in the solar wind, driven by proton to-
tal, core, and beam temperature anisotropy, proton core-
beam drift, alpha anisotropy, and alpha-proton drift. In
this paper, we focus on proton properties measured by the
Ulysses spacecraft and we discuss a first large analysis of
core-beam proton non-thermal features and their associ-
ated plasma instabilities. The evolution of temperature
anisotropies and drift velocities are investigated in details.
Properties of alpha particles, that have been investigated
in previous Ulysses analysis [Neugebauer et al., 1996; Gary
et al., 2002], and their associated instabilities will be the
subject of a future work.

The paper is organized as it follows: in section 2 we de-
scribe the Ulysses data used in this analysis and the model
adopted; in section 2.1 we report the observed radial trends
of proton moments, discussing their main implications in
terms of kinetic instabilities; section 3.1 reports the observed
properties of the total proton distribution description, while
3.2 contains the analysis in the case of a two-population core-
beam model; in section 4 we consider the role of the relative
core-beam velocity in the stability of the plasma; we sum-
marize the results in session 5 and, finally, in the conclusion
(session 6) we discuss their outcome in the framework of
solar wind models, as well as their implications for future
observations and space missions.

2. Data analysis

Figure 1 shows the Ulysses trajectory in the plane of ra-
dial distance and latitude (left top), the radial distance as
a function of time (right top), the observations as points in
the plane of the radial distance and the solar wind velocity
(left bottom), and the observations as points in the plane of
νppte - the product of the proton-proton collision frequency
νpp ∝ nT−3/2 and the transit time te = R/vsw - and the
solar wind velocity (right bottom), for the dataset analyzed
in this work, ∼150.000 data points. In the selected period,
corresponding to the first Ulysses north pole passing dur-
ing 1995-96, in a phase of solar minimum, the orbit of the
spacecraft covered a radial distance from 1.3 to almost 5 AU,
globally ranging from -30 to 80 degrees of heliographic lati-
tude. During this scan Ulysses encountered mainly fast solar
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wind, especially at high latitudes, while some slow wind was
measured closer to the ecliptic, below 1.5 AU and beyond 4
AU. As shown in the bottom right panel, the Ulysses data
display an anti-correlation between the bulk velocity and
the estimated collisional rate νppte; Previous studies have
shown that collisions can play a role in regulating the inter-
species drifts up to νppte ∼ 0.1 [Neugebauer , 1976; Kasper
et al., 2008]. The figure confirms that, while the observed
slow wind has a variable and more relevant collisionality,
the fast wind analyzed in this work (selected according to
vsw > 630 km/s, as shown in the lower panels of the fig-
ure by the dotted line) is essentially collisionless, so that
we can reasonably associate the evolution of the observed
non-thermal structures in proton distribution to interactions
with waves/fluctuations of the plasma.

Proton data are obtained from the SWOOPS instrument
on Ulysses [Bame et al., 1992]; the integration time is of the
order of some tens of seconds. Under typical conditions 2-4
spins are needed to obtain a full distribution function, each
spin being 12s durations. Data points are taken every 4 or 8
minutes, depending on the spacecraft operation mode. Pro-
tons and alpha particles are separated by finding the energy
channel between the proton and alpha particle peaks with
the minimum total counts. This works most of the time as
the proton and alpha particle peaks in energy/charge are
separated by about a factor of two, but can fail in rare cir-
cumstances when the proton temperature is very high. A
numerical deconvolution procedure is used to remove the
instrument response from the proton and alpha particle dis-
tributions see Appendix A in Neugebauer et al. [2001] for
a detailed description of the method. Following previous
works [Neugebauer et al., 2001; Goldstein et al., 2010] we
adopt two different models to describe the proton distribu-
tion functions: one model for the total distribution and a
second model to represent the core-beam structure. For the
first model, the properties of the proton distribution are ob-
tained through summation in velocity space; this results in
the velocity, the total density np and temperatures T‖p, T⊥p.
The second model assumes a core-beam distribution based
on two drifting bi-Maxwellian proton distributions; this is
parametrized by: nc, T‖c, T⊥c for the core, nb, T‖b, T⊥b for
the beam, by the differential velocity vD between the two
populations, and by the bulk velocity of the whole proton
distribution. The parameter values are obtained by a least
squares fit of the deconvolved phase space density estimates
to the core-beam model. Subscripts p refers to the total dis-
tribution, while c and b refer to core and beam populations,

Figure 2. Density of total, core, and beam populations
as a function of the radial distance in the fast wind.

Figure 3. Parallel and perpendicular temperature pro-
files for total (top) and core (bottom) protons. Solid and
dashed lines show the linear best fits for perpendicular
and parallel temperatures, respectively.

respectively, and e to electrons. We define the plasma beta
of each component i : β‖,⊥i = 8πnikBT‖,⊥i/B2

0 . Moreover,
since the two-populations model does not always fit suc-
cessfully the proton distribution (i.e., when a slower dom-
inant core and a faster more tenuous beam are not iden-
tified), we have restricted our analysis to the cases where
0.1ne < nb < 0.4ne. Note, however, that cases of “reversed”
distributions with a more dense faster beam and a less dense
slower one are typical for particular solar wind conditions
(switchbacks), when a reversal in the magnetic field with re-
spect to the dominant polarity is observed [Neugebauer and
Goldstein, 2012]. These events, possibly associated to ve-
locity shears [Landi et al., 2006], are thus not included in
the present analysis, but future investigations on the pro-
ton properties during magnetic field switchbacks cases are
planned.

2.1. Radial profiles

In Figure 2 is shown the density radial dependence of the
total distribution, as well as of core and beam separated

Figure 4. Core-beam drift velocity vD as a function
of distance, in km/s (top) and in units of vA (bottom).
Dashed lines displays the linear fit, vD ∝ R−.5 and
vD/vA ∼ const.
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populations in the fast wind (note that the total density
np is multiplied by a factor 5). All components approxima-
tively fall off as R−2, consistently with a spherical expansion
at constant speed. However, it is worth noting that some
departures in the slope can be observed when focusing on
shorter intervals; in particular the total density profile shows
a steeper slope between 1.5 and 2 AU than when considering
data between 2 and 4 AU. A consistent evolution is observed
also in the velocity profile (bottom left panel of Figure 1),
showing a slight acceleration for R <2 AU and a decelera-
tion at larger distances, so that density and velocity seem to
radially vary preserving the total mass flux F = R2nmpvsw

[Goldstein et al., 1996]. This behavior is likely due to some
latitudinal dependence that is present in the dataset, as al-
ready discussed in the past [McComas et al., 1995, 2003]

In a collisionless magnetized plasma, in the absence of
interactions and heat fluxes, we expect two adiabatic invari-
ants to be conserved [Chew et al., 1956]:

T⊥

B
= const. and

T‖B
2

n2
= const. (1)

This is so called double-adiabatic or CGL prediction. For
a constant speed expansion in a radial magnetic field, as
the observed polar wind in first approximation, the CGL
predicts:

T⊥ ∝ R−2 and T‖ = const. (2)

Such a theoretical evolution for the proton temperatures
in the absence of external interactions suggest two main
comments. First, for a radial field, any T⊥ slope observed
weaker than R−2 indicates that some perpendicular heating
is at work to contrast the rapid double-adiabatic perpendic-
ular cooling, while any decrease of T‖ reveals the presence
of parallel cooling. Second, if relations (2) are satisfied all
along the expansion, an increasing temperature anisotropy
T‖ > T⊥ is expected to develop with heliocentric distance
in the plasma, becoming eventually unstable; this issue is
addressed in the next section.

The first point can be investigated directly considering
Figure 3, that shows the radial profiles of parallel and per-
pendicular temperatures for total (top) and core (bottom)
population respectively (note that in the figure a factor is
used to prevent the overlap of data points in the plots); solid
and dashed lines correspond to the perpendicular and par-
allel, respectively, linear best fits: T‖p, T⊥p ∝ R−0.8 for the
total population, and T‖c ∝ R−0.2, T⊥c ∝ R−0.9 for core
protons. According to the evolution of total temperatures,
based on the global distribution and so including the con-
tribution of the kinetic energy of the drift velocity into the
computation of the parallel temperature, both T‖p and T⊥p

are observed to decrease with distance with a similar slope.
In the approximation of a radial magnetic field, suitable for
high latitudes and smaller distances in the Ulysses dataset,
the slower than R−2 decrease of T⊥p indicates the presence
of a perpendicular heating, and, at the same time, some ad-
ditional parallel cooling is also needed to account for the
decrease of T‖p. The deductions based on the temperature
profiles at large distances are in qualitative agreement with
detailed Helios observations closer to the sun, where the
same trends are observed in the fast wind between 0.3 and 1
AU [Hellinger et al., 2011]. A more qualitative derivation of
the external heating/cooling rates needed in the polar wind
based on the present proton dataset is in preparation. Also,
note that the protons exhibit typically T‖p > T⊥p and that
due to the similar scalings for both the temperatures, the to-
tal temperature anisotropy does not vary significantly with
distance.

When considering the evolution of the proton core (Fig-
ure 3, bottom panel), we observe a majority of the opposite

anisotropy, with T⊥c > T‖c. Moreover, while the perpendic-
ular core temperature again decreases ∝ R−0.9 more slowly
than the prediction R−2, the parallel temperature of the
core stays much closer to the double-adiabatic prediction,
i.e., about constant with distance. This suggests that the
proton heating observed in the total temperature profiles,
and which is preferentially perpendicular, significantly af-
fects the main core population. On the contrary there is
also evidence that the complementary parallel cooling that
is observed when taking into account the total distribution,
is mainly connected to the dynamics of the secondary beam
population, since such a cooling appears strongly reduced
when restricting the analysis only to the core population.
This is consistent with previous studies based on Helios
data [e.g. Marsch et al., 1982b; Schwartz and Marsch, 1983],
where the decreasing of the total parallel temperature is ob-
served to be related to the evolution of the relative drift
velocity between core and beam with radial distance. Con-
cerning Ulysses data, Figure 4 shows the drift velocity vD

as a function of radial distance (top panel) and the drift
velocity vD normalized to the local Alfvén velocity vA as
a function of radial distance (bottom panel); dashed lines
show the fitted results vD ∝ R−.5 and vD/vA ∼ const. Fig-
ure 4 clearly shows that the amplitude of vD decreases with
distance; note that in the CGL approximation, for a ra-
dial magnetic field, the relative drift is predicted to remain
constant. When taking the relative drift normalized to the
local Alfvén speed vA, this ratio is not to be strongly depen-
dent on the heliocentric distance and is mostly constrained
between vA and 2vA. This might be a signature of some
kinetic processes, likely beam-type instabilities as these in-
stabilities are typically destabilized when vD is comparable
to vA. Also, it is interesting to note that in Helios data
[Hellinger et al., 2011, 2013] the cooling of the total parallel
temperature driven by the beam deceleration can be respon-
sible for a significant fraction of the perpendicular heating,
via some mechanism that converts the kinetic energy of the
core-beam drift into perpendicular thermal energy of parti-
cles. Again, this can be efficiently obtained by a pitch an-
gle scattering due to ion-beam instabilities [Matteini et al.,
2012].

On the other hand, it is worth noting that the approx-
imation of a radial field is limited to high latitudes and if
considering a magnetic field described by a Parker spiral,
the predictions by (1) lead to some different expectations at
lower latitudes and larger distances. For a field decreasing
more slowly than 1/R2, some parallel cooling is expected, so
that at large distances one might derive a scaling of the to-
tal parallel temperature and of the drift velocity approxima-
tively consistent with the observations, while in the perpen-
dicular direction proton still need to be substantially heated
also for a non radial field. Note that, on the other hand, in
this case the nearly flat profile of the parallel temperature
of the core population (R−0.2) can not be explained. Con-
sequently, some heating in both parallel and perpendicular
directions is needed for core protons at larger heliocentric
distances where the field becomes non radial. Such qualita-
tive picture is consistent with the quantitative estimation of
the proton heating and cooling rates obtained in Helios data
[Hellinger et al., 2011, 2013], showing that on the ecliptic,
approaching 1 AU, the necessary parallel cooling rate ob-
served closer to the Sun turns into a heating rate, as the
angle of the Parker spiral becomes more significant.

A more qualitative analysis of the solar wind energetics
with the Ulysses data is however complicated, since the ra-
dial profiles also contain a latitudinal dependence which is
not well understood yet. For this reason in this paper we
study the properties of protons and the related microphysics
focusing on some particular parameter spaces where, com-
paring observations and theoretical thresholds, signatures
of the activity of kinetic processes can be identified going
beyond the radial evolution of the plasma.
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Figure 5. Single proton population analysis: observational counts of the total temperature anisotropy
in the parameter space (β‖p, T⊥p/T‖p), for fast (left) and slow (right) wind. The lowest contour level
corresponds to 0.5% and 5% of the peak for fast and slow wind respectively. In both panels the thresholds
of ion-cyclotron (solid), mirror (dotted), parallel fire hose (dashed), and oblique fire hose (dot-dashed)
instabilities are shown. Dashed contours in left panel represents the distribution of Helios observations
at 0.3 AU adapted from Matteini et al. [2007]. Solid line refers to the anti-correlation (3) and dotted line
to the CGL prediction (2).

3. Temperature anisotropy

3.1. Total proton population

We start our analysis considering the case of the total
population. Figure 5 shows the histograms of the obser-
vational counts in the parameter space (β‖p, T⊥p/T‖p), for
fast (left) and slow (right) wind. The lowest contour level
corresponds to 5% and 0.5% of the peak for slow and fast
wind respectively. In the same figure we show the linear
theory predictions of the thresholds (or rather marginal sta-
bility relations with the maximum growth rate, γm, equal to
10−3 of the proton cyclotron frequency Ωcp) for four kinetic
instabilities driven by the proton temperature anisotropy:
ion-cyclotron (solid), mirror (dotted), oblique (dash-dotted)
and parallel (dashed) fire hoses. Here the linear predic-
tions are computed for a plasma with isotropic electrons,
bi-Maxwellian protons including a 5% of isotropic alpha par-
ticles, as in Matteini et al. [2007].

Slow wind observations are less frequent in the data set
(∼ 15.000 points, see Figure 1), and are plotted here only
as a reference; the slow wind histogram however qualita-
tively reproduces the main features observed in more rep-
resentative samples of WIND data discussed for example
by Hellinger et al. [2006] and Bale et al. [2009]. Glob-
ally, the slow wind data are distributed around β‖p ∼ 1
and T⊥p/T‖p . 1, with a large spread; as discussed in
Matteini et al. [2007], they show more localized clustering
when shorter temporal analysis windows are selected (in
order to select plasma with more uniform properties), so
that the wide dispersion of distributions in the parameter
space seems to be due to a combination of the very variable
slow wind conditions (density, temperature, collisionality).
Boundaries of the histogram show limits that are in reason-
able agreement with the constraints predicted by the linear
theory [see for example Hellinger et al., 2006, for a discus-
sion], especially at large betas; on the other hand, collisions
are thought to be responsible for proton isotropization at
low betas in the slow wind [Bale et al., 2009]. Most of data
show T‖p > T⊥p, which is the anisotropy expected at large
distances, according to a spherical expansion in an nearly
radial magnetic field. On the contrary, large T⊥p > T‖p

anisotropies are quite uncommon in the slow wind, being
mainly correlated with the most collisionless plasma at 1
AU (cf. Figure 1 of Bale et al. [2009]); consistently with

that, we do not find a significant fraction of T⊥p > T‖p in
the Ulysses observations for large distances, where is also
likely that such anisotropy has been relaxed, through (at
least partial) double-adiabatic cooling, as predicted by Eq.
(2).

Fast wind data (∼ 100.000 points, selected for the high
latitudes > 30 deg) are shown in the color histogram of left
panel of Figure 5. These data display a distribution which
is consistent with the previous analysis based on data from
a period of solar maximum (compare with Figure 1 of Mat-
teini et al. [2007]). In the same panel, Helios data from fast
solar wind protons observed at 0.3 (dashed contour) are also
shown, as well as the anti-correlation between temperature
anisotropy and parallel beta:

T⊥/T‖ ∝ β−0.55
‖ (3)

found by Marsch et al. [2004] between 0.3 and 1 AU (solid
line), and the CGL prediction for a radial field (dotted line).

As known from previous studies [e.g., Marsch et al.,
1982b], the solar wind plasma cools down more slowly than
adiabatically, since the observed trajectory, mostly following
the anti-correlation (3) in solid line, departs from equations
(2), which assuming a spherical expansion for a radial mag-
netic field predict: T⊥p/T‖p ∝ 1/β‖p (dotted line). Note
that invoking a non radial magnetic field does not solve
the inconsistency between theory and observations; assum-
ing B ∝ R−1.6, a scaling consistent with the Ulysses mag-
netic data al large distance, leads to a predicted anisotropy
T⊥p/T‖p ∝ 1/β2

‖p so producing an even larger departure of
the predicted trajectory from the observations [see Matteini
et al., 2012, for a more detailed discussion of the effects of a
non radial field on the proton anisotropy evolution].

Moreover, the comparison between Helios and Ulysses
data, reveals the progressive approach with distance of fast
wind proton distribution to the fire hose unstable region,
driven by the expansion. As already discussed in Matteini
et al. [2007] the trajectory of protons in this parameter
space after 1 AU departs from that observed at smaller dis-
tances (solid line) and indicates an evolution characterized
by more isotropic temperatures. The trajectory traced in
the (β‖p, T⊥p/T‖p) plane is then in qualitative agreement
with the marginal stability path constrained by a fire hose
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Figure 6. Observational counts of the temperature anisotropy in the parameter space (β‖, T⊥/T‖) for
core (left) and beam (right) proton populations; lowest contour level corresponds to 5% of the peak.
Instability thresholds are shown as in Figure 5. The solid line in both panels correspond to the anti-
correlation found in Helios core protons (3).

instability, as suggested by numerical simulations that in-
clude the effects of the expansion on the ion thermal ener-
getics [Matteini et al., 2006; Hellinger and Trávńıček , 2008].
This result is confirmed here using a larger data set and for
a different solar wind condition (solar minimum).

Further indications of the activity of some kinetic insta-
bilities is suggested by analyses of the local properties of
Ulysses magnetic field spectra [Wicks et al., 2010, 2013].
These show an enhancement of wave power when protons
are closer to the instability threshold. Moreover, theoret-
ical expectations for fire hose instabilities [Hellinger and
Trávńıček , 2008; Matteini et al., 2012] predict such a power
to be associated to k-vectors that are more aligned with the
local magnetic field, in contrast with the dominant fluctu-
ations associated to the perpendicular solar wind turbulent
cascade. A confirmation of this prediction through a more
detailed comparison between Ulysses particle and magnetic
field data to infer the role of kinetic instabilities is in prepa-
ration (Wicks et al., in prep).

Despite the reasonable good agreement between data and
theoretical predictions at this stage, the comparison still
shows some discrepancies. This can be due to the limited
assumption of a single anisotropic population, thus using to-
tal temperatures in the analysis, while the real distribution
functions are more complicated and display at least two dis-
tinct ion populations. Consequently, we have extended our
analysis of the linear stability of the proton velocity distri-
bution functions to a more detailed core-beam distribution
model.

3.2. Core-beam distribution

We consider now a different description for the proton
distribution consisting of two distinct populations, a main
core and a drifting beam, both modeled by a bi-Maxwellian
distribution [Goldstein et al., 2010]. As described in Sec-
tion 2, we consider here only those cases where the fitting
was successful in identifying core and beam populations with
required properties. This leads to a subset of ∼ 45.000 dis-
tributions. Note however that this does not mean that a
secondary drifting population is not present in the excluded
distributions; a structure aligned with the magnetic field is
constantly observed in the data, but this is not always suf-
ficiently resolved to make the adopted model converging.

In Figure 6, observations of the core and beam temper-
ature anisotropy are shown. In the histograms the lowest
contour level corresponds to 5% of the peak. Protons of
the core distribution are characterized by T⊥c > T‖c, while

beam protons show mainly T⊥b < T‖b. As a consequence,
when plotted in the parameter space, the histograms of the
observational counts display some differences with respect
to the case of total temperatures.

We show in Figure 6 as reference the linear thresh-
olds of the temperature-anisotropy driven instabilities as
in Figure 5. Note, however, that these are computed for
a single bi-Maxwellian proton velocity distribution func-
tion corresponding to the total proton population, so that
some care must be used when comparing those thresh-
olds to the observations of the core and beam populations,
which are described as separated proton components. A
more correct approach would imply computing the sta-
bility of one population against its anisotropy and beta,
considering a multi-ion plasma (core, beam and alphas)
and taking as external parameters the properties of the
other populations. In practice this approach becomes very
difficult to handle, due to the large numbers of param-
eters (nb/nc, T⊥c/T‖c, T⊥b/T‖b, β‖c, β‖b, vD and all the al-
pha properties) that can not be easily reduced in a two-
dimensional space, so that we prefer to simply plot data
with the usual thresholds, but making the reader aware of
the approximation made.

Considering first the left panel of Figure 6, we note that
the anisotropy of the core population is close to the ion-
cyclotron and mirror thresholds and that some of the data
points appear to be unstable when compared to the linear
prediction for a single population bi-Maxwellian distribu-
tion (solid and dotted lines). As also inferred from Figure 3,
large T⊥c > T‖c anisotropies are observed mostly at closer
distances to the Sun, while the value of the anisotropy re-
laxes with radial distance, in agreement with the expectation
that the core is cooled down by the expansion. However, the
observed variation of the core anisotropy is compatible with
the slope inferred from Helios observations [Marsch et al.,
2004] (solid line) and is weaker than the double-adiabatic
prediction. This supports further the idea that some pro-
cesses must be at work in the plasma to perpendicular heat
the plasma and counteract the adiabatic cooling driven by
the expansion.

The temperature anisotropy of beam protons displays a
larger dispersion in the parameter space, but mostly in the
stable part. Also in this case, the anti-correlation between
anisotropy and parallel beta (Eq. (3), solid line) is able to
describe the trend of the observations, but not as well as in
the core case. A closer inspection of the beam population
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shows that the beam perpendicular temperature decreases
more slowly (∼ R−0.7) than the parallel (∼ R−1), in contrast
with the core temperatures. Those scalings are consistent
with the analysis of Goldstein et al. [2010] on a smaller sam-
ple of Ulysses data, showing that the cooling with distance
of the perpendicular temperature is faster for the core than
for the beam, whereas the latter population has a stronger
parallel cooling. Such an evolution, which is contrast with
the double-adiabatic expectation T⊥b/T‖b ∝ R−2 for a radial
field, may be explained by the presence of a mechanism able
to regulate the properties of the beam population along the
solar wind expansion, as for example, ion-beam instabilities
[Hellinger and Trávńıček , 2011]. We know from numerical
simulations [Daughton et al., 1999] that these processes lead
to the perpendicular heating of the beam population as one
of their main effects.

Moreover, the anisotropy of the beam population T⊥b/T‖b

appears well correlated with the core-beam drift velocity
when normalized to the local Alfvén speed. This correla-
tion, outlined for the first time by Goldstein et al. [2010],
is here recovered and confirmed in Figure 8, where we
show the observational count of observations in the plane
(T⊥b/T‖b, vD/vA). This validates the idea that the core-
beam drift also plays a important role in regulating the level
of anisotropy of the protons, and thus controlling the stabil-
ity of the plasma; we focus on the evolution of the relative
velocity between core and beam, and the associated insta-
bilities in the next section.

4. Core-beam relative drift

Using a model based on two proton populations enables
the analysis of the radial evolution of the velocity drift be-
tween the core and the beam. As discussed in section 2.1,
vD is observed to decrease with radial distance (Figure 4),
however the drift velocity is also a function of the plasma
properties and composition. In analogy to the temperature
anisotropy, the stability of the core-beam structure can be
effectively studied as a function of the plasma beta; both
panels of Figure 7 show the observational count histogram
of the core-beam drift normalized to the local Alfvén speed
and β‖c; as in the previous figure, the lowest contour level
corresponds to 5% of the peak. According to a CGL evolu-
tion, we expect a direct correlation between β‖c and vD/vA.
Since for a double-adiabatic system the parallel velocities
are expected to follow the relation vD ∝ n/B [e.g. Matteini
et al., 2012], and the Alfvén velocity vA ∝ B/

√
n, we then

expect:

vD

vA
∝

n3/2

B2
and β‖c ∝

n3

B4
, (4)

so that one can simply predict:

vD

vA
∝ β0.5

‖c . (5)

Note that, remarkably, this relation is independent from the
profile of the magnetic field, so that it is expected to be valid
for a generic interplanetary magnetic field.

The plot confirms the presence of a well defined corre-
lation between the parameters; this is however not well de-
scribed by the CGL prediction, Eq. (5), shown as the dotted
line on Figure 7. On the contrary data appear to be bounded
by an observational threshold, having a slope compatible
with the relation: vD/vA = 2.16β‖c

0.28, found between 0.3
and 1 AU in Helios data by Tu et al. [2004] and shown as
a solid line (Figure 7, left panel). There is a slight shift be-
tween the Tu et al. [2004] analysis and our case, probably
due to some systematic difference in computing the value
of the temperatures, which contribute to the calculation of

beta, but the slope of the correlation is very well reproduced,
revealing a good agreement between Helios and Ulysses ob-
servations. Moreover, thanks to the large Ulysses statis-
tical sample analyzed in this work, the shape of the data
strongly suggests that the relation of Tu et al. [2004] can be
interpreted as an observational constraint for protons in the
(β‖c, vD/vA) plane rather than a simple correlation. The ex-
istence of such a direct correlation/boundary, extended over
a large range of distances from the Sun, strongly suggests
the presence of a mechanism able to regulate the value of the
drift velocity during the solar wind plasma expansion. As
pointed out by previous studies [e.g. Marsch and Livi , 1987;
Goldstein et al., 2000] this mechanism can be due to an ion-
beam instability. While these instabilities are importantly
controlled by the core beta and the drift velocity, these are
not the only relevant parameters governing the beam insta-
bilities, and as remarked in previous works, it is not trivial
to find a combination of the plasma parameters which are
able to explain the shape of observations (see for example
Figure 2 of Tu et al. [2004]).

To outline this aspect, we have shown in the two panels
of Figure 7 the linear predictions for the magnetosonic ion-
beam instability [Montgomery et al., 1975; Daughton and
Gary , 1998] at parallel propagation, computed for two differ-
ent combinations of plasma parameters. We have computed
the linear dispersion for a plasma with two proton drifting
populations, with densities nb = 0.2ne and nc = 0.7ne and
alpha particles (nα = 0.05ne). Electrons and alpha parti-
cles are considered isotropic, with βe = 1 and βα = 0.5.
In left panel, the dashed line corresponds to the isocontour
of the maximum growth rate γm = 10−2Ωcp for a stan-
dard case, where isotropic proton populations are assumed
and we have fixed the other plasma parameters; consistently
with the results of Tu et al. [2004], this prediction does not
provide a good agreement with the data. A significant shift
of the threshold, improving the agreement with the observa-
tions can be obtained when considering anisotropic proton
populations; in particular, it was shown by Daughton and
Gary [1998] that a T⊥b < T‖b temperature anisotropy in
the beam distribution can enhance the instability growth
rates at small drift velocities. Since the instability depen-
dence on the beam anisotropy can be quite strong, keep-
ing the latter fixed for the linear calculations is not com-
pletely suitable. As shown in Figure 8 these two parame-
ters are correlated and when testing the linear stability for
a given drift velocity, a related temperature anisotropy for
the beam should be adopted. In order to better describe
the solar wind conditions, we have considered in the lin-
ear theory realistic variations of the parameters reproduc-
ing the correlations observed and discussed in this study.
Using equation (3), which reasonably describes correlations
observed in Figure 6, we have expressed the proton param-
eters (β‖b, T⊥c/T‖c, T⊥b/T‖b) as a function of β‖c. These
are: T⊥c/T‖c = β−0.6

‖c
, T⊥b/T‖b = β0.3

‖c , and β‖b = β−0.3
‖c

/2.5.
Note that in the range of β‖c considered here, this leads
to variations of these parameters within the most popu-
lated regions of the parameter space by the observations
: 0.3 < β‖b < 0.8; 0.6 < T⊥c/T‖c < 4; 0.5 < T⊥b/T‖b < 1.3.
We assumed a beam density of nb = 0.2ne. A relative drift
of alphas with respect to protons is also included, with a
velocity of 0.6vA which is a quite representative value in the
Ulysses dataset [Goldstein et al., 2010]; however the results
do not appear significantly sensitive to this parameter.

The resulting picture is shown in the right panel of the
Figure 7, where the solid lines shows the isocontours of the
maximum growth rate of the magnetosonic ion-beam insta-
bility for γm = 10−3, 10−2, 10−1Ωcp. The agreement be-
tween data and theory is in this case reasonably good and
seems to support the interpretation of the observed shape
being constrained by the marginal stability of the magne-
tosonic ion-beam instability. However, some care must be
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Figure 7. Histogram of the observational counts of the core-beam drift, normalized to the local Alfvén
speed, as a function of the core parallel beta (both panels); lowest contour level corresponds to 5% of
the peak. In left panel, the dotted line refers to the CGL prediction, relation (5), while the solid line
represents the correlation observed in Helios data by Tu et al. [2004]; the linear theoretical γm = 10−2Ωcp

level of the magnetosonic ion-beam instability with isotropic proton populations is shown in dashed line.
In right panel the linear computation of the magnetosonic instability is obtained using a combination of
parameters that empirically reproduces the trends observed in the Ulysses data: the solid lines show the
γm = 10−3, 10−2, 10−1Ωcp levels of the instability.

used when interpreting this result; even if this is not an ad
hoc choice of the parameters, since they are derived from the
observed solar wind trends, different combinations of those
may significantly affect the agreement. On other hand, the
fact that adopting more realistic parameters and their trends
pushes the linear threshold/marginal stability constraints in
a direction which approaches the observed bounds is quite
encouraging, and suggests that similar techniques might be
useful for future studies.

5. Discussion

According to the observations presented in this work, the
radial temperature profiles of both the total and the dis-
tinct core-beam proton populations suggest the presence of
wave-particle interactions that influence the thermodynam-
ics of ions during the expansion. Parallel and perpendicular
temperatures of the total distribution are observed to de-
crease with a similar slope, with significant departure from
the double-adiabatic/CGL expectation (2). For core pro-
tons the perpendicular temperature decreases faster than
the parallel, which on the contrary displays a much flatter
profile. This suggests that the parallel component of the
core follows a more adiabatic-like evolution, while in the di-
rection perpendicular to the magnetic field, protons need to
be significantly heated. For the beam population, stronger
departures are observed, since the parallel temperature is
found to decrease slightly faster than the perpendicular.

Total temperature anisotropies observed at solar mini-
mum (Fig. 5) reproduce well the evolution path in the pa-
rameter space (β‖p,T⊥p/T‖p) found in Ulysses data at so-
lar maximum [Matteini et al., 2007], confirming that a fire
hose instability is likely at work in constraining the proton
anisotropy after 1 AU. This is consistent with the obser-
vation of enhanced magnetic field fluctuations in the same
dataset during periods when the plasma is closer to the un-
stable regions in the parameter space (β‖p, T⊥p/T‖p) [Wicks
et al., 2013]. At the same time, the core of the distribu-
tions, which exhibit a significant T⊥c > T‖c anisotropy, is
possibly unstable to ion-cyclotron instability (Fig. 6). Such
an instability may constitute a constrain to the amount of
T⊥c > T‖c anisotropy that can be generated though the per-
pendicular heating needed in the solar wind to explain the
proton temperature profiles [e.g., Hellinger et al., 2011], and

which is likely provided by the interaction of protons with
plasma waves and/or turbulence [e.g. Chandran et al., 2010].

The core-beam relative drift is observed to decrease with
distance faster than adiabatic, providing an explanation for
the rapid decrease observed in the parallel temperature of
the total proton distribution. During the expansion the reg-
ulation of the relative velocity of the secondary population
with respect to the main core is likely due to an ion-beam
instability and this produces also some different scalings in
the core and beam temperature with distance, as also pre-
liminarily discussed by Goldstein et al. [2010]. In this kind
of process part of the kinetic energy associated with the rel-
ative speed of core and beam is converted into thermal en-
ergy of each population, leading to a preferential perpendic-
ular heating, at the cost of drift relaxation, and producing a
change in the particle anisotropies, in particular for the more
dilute population (proton beam or alpha particles) [Matteini
et al., 2012]. The observational need for a kinetic mechanism

Figure 8. Correlation between the proton core-beam
drift, in units of vA, and the temperature anisotropy of
the beam population, after Goldstein et al. [2010]. Lowest
contour level corresponds to 5% of the histogram peak.
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transferring energy from the parallel to the perpendicular di-
rection along the expansion of the fast solar wind has been
recently inferred by Hellinger et al. [2011] and an ion-beam
type instability is a strong candidate for this role [Schwartz
et al., 1981; Hellinger and Trávńıček , 2011].

A possible direct signature for such a dynamics is the
presence of a well defined observational limit in the left panel
of Figure 7. In the (β‖c,vD/vA) parameter space, protons
appear to be bounded by a threshold (solid line) that de-
parts from the CGL prediction of relation (5, dotted line).
The same correlation was observed also in Helios data closer
to the Sun. We have shown, for the first time, that such an
evolution of protons is compatible with the constraints of lin-
ear Vlasov theory of the magnetosonic ion-beam instability
when parameter correlations consistent with those observed
in the solar wind are used. This result suggests that this
instability is at work in the solar wind, and that the ob-
served core-beam relative drift evolution is regulated by its
activity.

It is important to note that the magnetosonic instability,
unlike fire hose, does not need large betas to be excited; our
calculation in Fig. 7 is shown for β‖c > 0.1, but the un-
stable region extends also to lower betas. Moreover, other
ion-beam instabilities at oblique propagation are predicted
to be play a role at small beta [Daughton and Gary , 1998].
Consequently, these processes can also be at work closer
to the Sun. This seems to be confirmed by the Helios ob-
servations of Tu et al. [2004] that reveal the presence of a
correlation between β‖p and vD/vA already between 0.3 and
1 AU, and supported by the fact that proton drifts that are
comparable to the local Alfvén speed are observed already
at small heliocentric distances. Progressively, as the plasma
expands and the proton temperatures evolve, proton dis-
tributions approach the fire hose unstable region at larger
distances (typically for β‖p ∼ 1 at 1 AU), where observa-
tions suggest that the proton anisotropy starts to be further
regulated by this instability. Note that a secondary effect of
the fire hose activity can be also the destruction of the core-
beam structure, due to the strong pitch angle scattering of
protons by unstable fluctuations [Hellinger and Trávńıček ,
2011].

6. Conclusion

We have presented a large statistical study of non thermal
ion properties in the solar wind, based on Ulysses observa-
tions between 1.3 and 5 AU during the solar minimum of ac-
tivity. The analysis focused on the temperature anisotropy
of core and beam proton populations, as well as their relative
drift, as a function of distance and of plasma parameters.
Kinetic instabilities associated with these non thermal fea-
tures have been investigated in detail. Our results confirm
that a fire hose instability plays a major role in constraining
the proton anisotropy during the solar wind expansion, in
agreement with theoretical predictions [Matteini et al., 2006;
Hellinger and Trávńıček , 2008], and suggests that a magne-
tosonic ion-beam instability is also at work in the solar wind,
shaping the core-beam proton structure as a function of the
radial distance.

The combined analysis of the present results with previ-
ous Helios/Ulysses studies [Gary et al., 2002; Marsch et al.,
2004; Tu et al., 2004; Matteini et al., 2007], makes it pos-
sible to derive some general properties of the evolution of
proton distributions in the fast solar wind. According to
these findings, a significant part of the observed protons are
found close to an instability threshold (fire hose, ion-beam
and possibly mirror or ion-cyclotron for proton cores); one
could then argue that for a significant fraction of the time
the fast solar wind plasma at large distances is influenced

and constrained by wave-particle interactions. This makes
the investigation of the role of such processes absolutely nec-
essary in order to infer from observational trends (e.g., tem-
perature profiles) informations about the proton energetics
and the contribution by additional source of heating (i.e.,
turbulence), since all those quantities would be largely de-
pendent on the wave-particle effects for most of the time and
distances.

Such a global picture, outlining a non trivial evolution of
ion distributions with distance, also strongly indicates that
microphysics effects have to be retained in solar wind fluid
models in order obtain a realistic description of the plasma.
For example, in a model recently presented by Chandran
et al. [2011], constraints imposed by temperature anisotropy
driven instabilities are taken into account in the large scale
wind evolution. In this framework, the parallel cooling pro-
vided by the regulation of the core-beam drift through ion-
beam instability presented in this work, should be included
as well in order to efficiently control the thermal energetics
of ions along the magnetic field.

Moreover, kinetic instabilities may also contribute to the
evolution of magnetic structures that are frequently ob-
served in the solar wind plasma. It is known that tem-
perature anisotropy is expected to modify the growth rate
of the tearing instability [Chen and Palmadesso, 1984], thus
influencing the stability of current sheets and the associated
magnetic reconnection activity. Preliminary numerical sim-
ulations of the coupling between microscale processes driven
by temperature anisotropy and the intermediate solar wind
magnetic structures [Matteini et al., 2013] suggest that fluc-
tuations generated by kinetic instabilities (like those at work
in the solar wind), play a role in regulating the stability and
evolution of current sheets in anisotropic non homogenous
plasmas. This aspect should also be addressed in more detail
in the future.

We finally note that the agreement between data and lin-
ear theory presented in this work, particularly in the case of
the core population in Fig. 6, is still not fully satisfactory;
this is not surprising since the thresholds used as references
are computed for a bi-Maxwellian population, while the real
distributions are more complicated and this can introduce
changes in the instability thresholds [e.g. Isenberg , 2012].
On the other hand, we have shown that considering a more
realistic description of the plasma, with correlated velocity
drifts and different core-beam temperature anisotropies in
the Vlasov dispersion as we have done for the analysis of
the drift properties in section 4, significantly improves the
comparison between theory and observations. However, ide-
ally, a detailed analysis of the stability of the plasma based
on the local plasma dispersion as derived, for each mea-
surement, from the moments of the observed distribution,
would be then more suitable, even if more computationally
costly. In this direction, preliminary tests of the stability
of the plasma based on the local parameters, that we have
performed on a smaller sample of the data indicate that
this procedure does not completely solve the discrepancy be-
tween theoretical linear thresholds and observations in Fig.
6. This suggests that in some cases considering only mo-
ments of the distributions can be not accurate enough, and
that the overall stability of the plasma may crucially depend
on the details of the distribution function (e.g., presence of
plateaux, secondary peaks, and holes) since kinetic instabil-
ities have a resonant nature. Also, we have not taken into
account in this work the possible influence of waves and tur-
bulence on the distribution measurements, which might in-
troduce some apparent temperature anisotropy [Verscharen
and Marsch, 2011; Nariyuki , 2012]. The next generation of
spacecraft characterized by shorter time window for plasma
measurements will also contribute to clarify this aspect.

In conclusion, more theoretical work, including numerical
simulations, has to be done to better constrain the role of ki-
netic instabilities in regulating the observed anisotropy, and
more precise in situ particle observations are needed as well.
Observations provided by the high resolution instruments of
the forthcoming missions as Solar Orbiter and Solar Probe
Plus will be helpful in this task.
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