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ABSTRACT

Due to the relatively low rate of particle-particle collisions in the solar wind, kinetic instabilities (e.g., the mirror and firehose) play
an important role in regulating large deviations from temperature isotropy. These instabilities operate in the high 8, > 1 plasmas, and
cannot explain the other limits of the temperature anisotropy reported by observations in the low beta 8 < 1 regimes. However, the
instability conditions are drastically modified in the presence of streaming (or counterstreaming) components, which are ubiquitous in
space plasmas. These effects have been analyzed for the solar wind conditions in a large interval of heliospheric distances, 0.3-2.5 AU.
It was found that proton counter-streams are much more crucial for plasma stability than electron ones. Moreover, new instability
thresholds can potentially explain all observed bounds on the temperature anisotropy, and also the level of differential streaming in the

solar wind.
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1. Introduction

The adiabatic expansion of the solar wind predicts important
deviations from the isotropy of the temperature, for exam-
ple, an isotropic plasma parcel from the outer corona will
arrive at 1 AU from the Sun with a temperature anisotropy
Ay =T,4/T)a <0.03 (where T, , and T}, denote the temper-
atures in the directions perpendicular and parallel to the ambient
magnetic field, respectively, and index a refers to protons a = p,
or electrons a = e) (Phillips & Gosling 1990). However, the in-
situ observations by the Wind spacecraft have shown (Bale et al.
2009; Hellinger et al. 2006; Stverék et al. 2008; Maruca et al.
2011) that the temperature anisotropy at 1 AU is limited; it is
0.1 A, < 10 for protons and 0.5 < A, < 2 for electrons. In the
histograms reporting the observed anisotropy A, as a function of
parallel plasma beta 8, = 8nnkgT|./B* (B is the strength of the
ambient magnetic field, n the number density, and kg the Boltz-
mann constant), the data distribute into a specific region of rhom-
bic shape centered on the equipartition of the particle kinetic
energy density and the magnetic energy density, 8 = 1. There
are different models that attempt to explain the observed bounds
on the temperature anisotropy. Interesting results were obtained
from hybrid Vlasov-Maxwell simulations (Servidio et al. 2014).
These simulations use an isotropic turbulent Maxwellian plasma
(A, = 1) as an initial condition and the time evolution shows, in
particular, that the plasma turbulence self-consistently generates
temperature anisotropy similar to the solar wind observations
(Bale et al. 2009). In the absence of particle collisions, an alter-
native explanation of the observed limitations on the temperature
anisotropy may result from the instability constraints (Hellinger
et al. 2006; Stverak et al. 2008; Bale et al. 2009): plasma driven
beyond the stable range of parameters causes fluctuations which
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determine the plasma to return to a stable regime. These qua-
sistationary plasma states change their (8, A)-bounds with the
heliocentric distance (Matteini et al. 2007). In the current study,
we focus exactly on this possibility.

The velocity distributions of the solar wind protons are usu-
ally modeled by a drifting bi-Maxwellian (Kasper et al. 2002,
2006; Maruca et al. 2011; Maruca 2012), while the electrons
exhibit a dual (thermal core plus suprathermal halo) composi-
tion described either by a sum of two bi-Maxwellians (Feldman
et al. 1975; Marsch 1991) or by a combination of a bi-Maxwellian
and a bi-kappa distribution (Maksimomic et al. 2005; Stverak
et al. 2008; Lazar et al. 2016). For non-streaming bi-Maxwellian
plasmas, linear theory predicts instabilities of mirror, firehose,
and electromagnetic cyclotron fluctuations (Bale et al. 2009;
Hellinger et al. 2006; Stverdk et al. 2008; Maruca et al. 2011).
Compared with the observations, thresholds of these instabili-
ties can constrain (Hellinger et al. 2006; Lazar et al. 2017) only
the temperature anisotropy of high-8, > 1 plasmas, whereas
they fail for 8, < 1. There is therefore an open question: Which
instabilities can operate in the low-8), < 1 regimes that would
explain the limits of the temperature anisotropy observed in the
solar wind.

An attempt to modify the well-known instability conditions
has been made by Schlickeiser et al. (2011) who incorporated
the effect of collisional damping, but without a satisfactory
agreement with the observations. In the context of the solar
wind an additional source of free energy, which can destabilize
the plasma, can be provided by the differential streaming (or
counterstreaming) of different species and particle components.
The observations demonstrate that the velocity distributions of
solar wind electrons (Stverak et al. 2008) and protons (Marsch
et al. 1982) exhibit quite often a second peak along the magnetic
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field corresponding to a beam (or strahl) component. These
beaming components are a characteristic of the fast winds, which
may also lead to counterstreaming (or double-strahls) struc-
tures at a co-rotating interaction (CIR) or any closed magnetic
field topologies (e.g., in interplanetary shocks, coronal mass
ejections).

The temperature anisotropy instabilities in magnetized
(counter-)streaming bi-Maxwellian plasmas have been revisited
recently showing that differential streaming may change drasti-
cally the instability conditions (Ibscher et al. 2013; Ibscher &
Schlickeiser 2013, 2014; Schlickeiser & Yoon 2014; Vafin et al.
2014, 2015a,b; Chen et al. 2016). However, a detailed compar-
ison with the solar wind data has not been provided yet. The
present paper provides realistic estimations for the new insta-
bility conditions (Vafin et al. 2015b) (e.g., mirror, firehose)
for conditions typically encountered in the solar wind, and the
instability thresholds are contrasted with the observed limits
of temperature anisotropy. It should be stressed that our study
considers only the instability conditions and not the maximum
growth rates of the instabilities. The latter issue is important,
since the nonlinear cascade rate can be fast enough to invali-
date the constancy of parameters assumed in the linear processes
(Matthaeus et al. 2014). However, this question requires more
detailed comparative investigations going beyond the scope of
the current manuscript.

2. Instability conditions for counterstreaming
bi-Maxwellian plasma

Although the solar wind plasma is extremely complex, here
we use a simplified model to identify the main trends. To a
good approximation, the counterstreaming distributions of pro-
tons (¢ = p) and electrons (¢ = e) can be assumed to be
bi-Maxwellian:

fa(UJ_,UZ) = Z €a,s

3/2,,2
K 0 uJ.,a,suH,d,S

2 _Va52
xexp(— A 2| (1)

L.a,s ull.a,s

where €, = ngs/n, ngs is the number density of particles a
streaming with velocity V,, n is the total plasma number den-
sity, and Ulas = VszTll,a,s/ma and u, 45 = 2kgT L 45/my
are, respectively, the parallel and perpendicular thermal veloc-
ities. The conditions for charge and current neutrality require
Ys€s =1 and Y €,V,s =0. In the solar wind, protons and
electrons have comparable temperatures (at 1 AU they may dif-
fer only by a factor 2-3 Breech et al. 2010), and here we assume
their temperature components to be equal, that is, 7, = T) and
T,.s = T,.. We have also adopted the premise that the tem-
peratures are independent of streaming components, which is
not always the case (Marsch 2012). Furthermore, the plasma
is considered homogeneous enough and in a locally constant
and homogeneous magnetic field B. Our previous work (Vafin
et al. 2015b) on the linear instability analysis of bi-Maxwellian
counter-streaming plasmas provides that, for

8sin®
I
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the instability conditions of firehose and mirror fluctuations are
given, respectively, by 0 < A < Ar and A > Aj,. Here,

_ 1 +sin’¢ - p'/?

A
d 4sin’

“

_ L+sin® ¢ +p!'/?

A
M 4sin® ¢

&)

For p < 0, these modes become unstable at all temper-
ature anisotropies A = T, /T > 0. Here, 8 = 8ankgT/B>,
Vaa =B/ (4ntnmy)'/?, and { is the angle between the wave-vector
and the ambient magnetic field. We note that based on our
assumptions we drop the subscripts p and e for A and g;. Thus,
the curves Ap(B)) and A (B)) describe the marginal instability
conditions in the plane (5, A).

For a non-streaming plasma (V,; = 0), Egs. (4) and (5)
reduce to the well-known instability conditions (Stix 1962)
invoked previously to explain the solar wind temperature
anisotropy (Bale et al. 2009; Kasper et al. 2002; Maruca et al.
2011; Hellinger et al. 2006). For the particular cases of parallel
(¢ = 0) and perpendicular ({ = 7/2) propagation, the instability
conditions read, respectively,

A<1—[%”, ©)
1 2\'?
A>§[1+(l+ﬁ—”) } ™

Although the plasma state in a nonstreaming model is
defined by the four quantities n, T, T}, and B, they enter the
instability conditions (6) and (7) only via two parameters A and
By In this case, Egs. (6) and (7) can be straightforwardly illus-
trated in the (8, A)-plane. However, for V,; # 0 the instability
conditions (4) and (5) depend additionally on n and B through the
parameter P o 1 /me. Thus, in order to compare these instabil-

ity conditions with the observations (Maruca et al. 2011; Stverak
et al. 2008; Bale et al. 2009; Hellinger et al. 2006), we need to
specify the counterstreaming parameter P as a function of §j,
which is a non-trivial problem.

Due to their mass, protons make the major contribution to
this parameter, and the instability criteria are mainly condi-
tioned by the proton counterstreams. Let us assume that the
protons have two components with the number densities n, and
np and the streaming velocities V. and V;, denoted as “core”
(subscript ¢) and “beam (subscript b), respectively. Due to the
quasi-neutrality n. + n, = n = n,, in the proton center of mass
that moves with velocity V, = (n.V. + n,V})/n, the velocities
of this components become accordingly AV, = V. -V, and
AV, =V, — V,. In this referential frame they result in coun-
terstreams (since n.AV,. + n,AV, = 0), and the parameter P
becomes

Pz@(l
n

_ ”b) Vi ®

=) ==,

nl’v Ay

where Vp =V, — V..
At the same time, the observations in the fast solar wind

indicate (i) 0.1 < g < 1 depending on the heliocentric distance
(Hellinger et al. 2006), and (ii) the drifting velocity Vp in the
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fast wind is frequently higher than in the slow wind (Marsch
et al. 1982). Thus, it is reasonable to expect for the ratio Vp/Vy
a maximum value depending on 5 and, implicitly, on the helio-
centric distance. Moreover, Tu et al. (2004) have found the power
low dependence Vp/Vy , o ,Bﬁ'zg for 0.1 < B < 0.6. Therefore,
we also use power functions to construct a model dependence for
Vp/ V4, p that has a maximum at some ). As aresult, to study the
streaming effect we propose the following model:

Vb (Bi/Bo)"
D o, BWPO) )
Vap r (B1/Bo)™

In this case, the ratio Vp/V, ;, reaches its maximum value n
at 8 = Bo. The observed value of 7 is limited by n < 3 (Marsch
et al. 1982). In the current work, we aim to figure out the prin-
cipal behavior of the instability conditions in the presence of
counterstreams for the solar wind conditions. However, Eq. (9)
is expected to be more complicated, implying additional effects,
for example, interplay with temperature anisotropy (Chen et al.
2016), which need first to be clarified by the observational anal-
ysis. Using Eq. (9), the counterstreaming parameter (8) becomes

(Bu/Bo)*
(1+ (ﬁu/ﬁo)za)2

where Py = £(1 — &) 7% is the maximum value of the counter-
streaming parameter and & = ny/n is the relative beam-plasma
density. Observations show (Marsch et al. 1982; Tu et al. 2004)
that typically & < 0.2 (although, higher values of & are also
observed Goldstein et al. 2000). Now, Eq. (10) can be plugged
into Egs. (4) and (5) to obtain conditions Ar(8)) and Ap(B))).

P =4P, (10)

3. Results

Figure 1 illustrates the instability conditions for Sy = 1 and
a = 0.3 (similar to Tu et al. 2004), and different values of the
maximum value of the counterstreaming parameter Py. When
the value of Py is increased, the instability conditions Ar(5))
and Ay(B))) approach each other, extending the unstable regions
in the lower and upper parts of the (5),A)-plane. When Py
approaches 1.5, the two marginal conditions split leading to two
distinct stable regions. One is at small 8 and limited by the
left-hand black or blue curves in Fig. 1, and the other region
of stability lies within the area bounded by the right-hand black
or blue lines. The existence of these two separated stable regions
seems to disagree with the observations, which do not exhibit
similar contours (Bale et al. 2009; Hellinger et al. 2006). The
properties of the solar wind particles at 1 AU correspond in
principle to the right-hand side stable region in Fig. 1, while
the second stable region is not well represented. It is, however,
interesting to note that from a glance at the data distribution in
Fig. 6.10 from Maruca (2012), we can identify a contour with a
saddle point similar to that shown by the red curve in Fig. 1.
These results reveal that the instability conditions of firechose
and mirror fluctuations are extremely sensitive to the presence of
counterstreams. The instability conditions are drastically mod-
ified, when p approaches 0, because the region of stability in
this case becomes considerably smaller because it splits into two
separate parts. Our quantitative estimates demonstrate that the
minimum value of Py for this modification to take place is around
1.5. At the same time, the observed limits (Marsch et al. 1982)
provide ¢ < 0.2 and n < 3 resulting in Py < 1.44. This number

10!
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Fig. 1. Instability conditions for the firechose and mirror instabilities,
(= arcsin(l/\/g), Bo = 1, @ = 0.3. Magenta: P, = 0.001. Green:

Py =1. Red: Py = 1.45. Black: Py = 1.51. Blue: P, = 1.6. Unstable

[Tast] [Tt}

and stable regions are marked by the letters “u” and “s”, respectively.

is very close to the value 1.5 found in our model. Thus, we can
conclude that the upper limits on & and 7 can be explained by
relative streaming of plasma particles. Once & > 0.2 and n > 3,
the unstable region in the parameter space (3, A) becomes large,
but the solar wind plasma reacts to reduce such large deviations
in the limits £ < 0.2 and 1 < 3 reported (statistically) by the
observations.

We have compared our analytical instability criteria
Egs. (4) and (5) with available solar wind data (Hellinger et al.
2006; Matteini et al. 2007). Results are shown in Figs. 2 and 3.
For the best agreement we set the values of & and 7 close to
0.2 and 3, respectively. The value of Sy is chosen such that the
counterstreaming parameter P achieves its maximum close to
the maximum of observational counts (4,()). We have deter-
mined by visual inspection the value of @ such that our analytical
predictions approach the observed contours. The cyan region
illustrates the maximum of the probability distribution function
in (B, A). The color lines in Figs. 2 and 3 show the predicted
instability conditions for different angles ¢ between the wave
vector and the ambient magnetic field. For a given value of ¢,
the curves Ap(B)) and A (B)) have the same color. The upper
line (of the same color) always shows A, and the lower one Ag.
The plasma is stable between the upper and lower curves (area
where the plasma is stable at all angles).

The top panel of Fig. 2 compares our results with the fast
solar wind data from Helios at 0.3 AU, with most of the data
present at 8 < 0.3. We have therefore set @ = 0.3, which is sim-
ilar to that found by Tu et al. (2004) for the low beta regime.
Other parameters are 8y = 0.1, n = 2.79, and ¢ = 0.18. The sta-
bility strongly depends on the wave vector angle with respect to
the magnetic field. Under the given parameters, there is a sta-
ble region (limited by the upper yellow and lower magenta lines)
where the plasma is stable at all angles, and which can therefore
explain fairly well the observations.

In the middle and bottom panels of Fig. 2 the contrast is made
with the fast wind data at 0.9 AU and 1.5-2.5 AU, respectively.
To achieve a good agreement, we have increased a, accordingly,
to 0.7 and 1.7. Other parameters were specified as Sy = 0.25,
n = 2.8, & = 0.18 for the middle panel and By = 0.7, n = 2.8,
& = 0.17 for the bottom one. Most of the data in these cases are
found at B ~ 1, which is not covered in the study by Tu et al.
(2004).
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Fig. 2. Comparison between the analytical instability conditions
(Egs. (4) and (5)) and fast solar wind data (Vsy > 600 km s™!; Matteini
et al. 2007) from the Helios at 0.3 AU (fop panel) and 0.9 AU (mid-
dle panel), and from Ulysses at 1.5-2.5 AU (bottom panel). Top panel:
magenta: { = nr/13, red { = 7/10, blue: { = /7.5, green: { = n/6, yel-
low: ¢ = n/4. Middle panel: magenta: { = /10, red { = n/8, blue:
{ = n/7, green: { = n/6, yellow: { = m/4. Bottom panel: magenta:
{=n/10,red { = n/7,blue: { = n/S, green: { = /4, yellow: { = m/3.5.

Additionally, Fig. 3 provides comparisons with the large
data collection from the Wind/solar wind experiment (SWE;
Hellinger et al. 2006). In the fast wind conditions (top panel
of Fig. 3, Bp = 0.6, n = 2.9, £ = 0.18), we recovered the value
a = 1.4, which is close to the corresponding value for the Helios
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Fig. 3. Comparison between the analytical instability conditions
(Egs. (4) and (5)) and fast (Vsy > 600 km s~!, top panel) and slow
(Vsw < 600 km s™!, bottom panel) solar wind data (Hellinger et al.
2006) from WIND/SWE (1995-2001). Top panel: magenta: { = n/13,
red: { = nt/7, blue: { = nr/5, green: { = n/4, yellow: { = n/3.5. Bottom
panel: magenta: { = /10, red: { = n/7,blue: { = /5.5, green { = n/5,
yellow: ¢ = nr/3.5.

data. We also found some agreement from an attempt at com-
parison, for example, in the bottom panel of Fig. 3 (o = 1,
Bo =04, =238, ¢ = 0.18), with the slow solar wind data where
the (counter-) streams can be present infrequently (Marsch et al.
1982), making the validity of our model rather arguable.

4. Summary and discussion

In summary, we have presented a new stability model for the
temperature anisotropy instabilities that takes into account the
effects of plasma components (counter-)streaming along the
ambient magnetic field. Our predicted limits on n,/n and Vp /Vy,
as well as the value of « for the fast solar wind at 0.3 AU,
agree quite well with the observations (Marsch et al. 1982; Tu
et al. 2004). The unstable regimes can be markedly changed in
the presence of streams, and we have shown that the instabil-
ity thresholds can shape the anisotropy limits observed in the
low-beta regimes. Furthermore, the new instability thresholds
can explain the limits of temperature anisotropy reported by the
observations at different heliocentric distances. However, a good
agreement with the observations requires the values & = 0.18
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and n7 = 2.8 leading to the maximum value of the counterstream-
ing parameter Py ~ 1.15. Such high values of ¢ and 7 are already
very close to their observed upper limits (Marsch et al. 1982), but
from this point of view, it is not surprising that they determine
the upper instability limits. Once the counterstreams become
strong enough, they induce plasma fluctuations that react back to
reduce them (and the value of P). In the stable state, the counter-
streaming parameter ranges from 10>—10"" (Chen et al. 2016).
The counterstreams are therefore expected to play a crucial role
in the relaxation of the solar wind kinetic anisotropies. It must be
emphasized that the representation of the drift velocity in Eq. (9)
is central to our model. As mentioned above, this dependence
should be more involved and include temperature anisotropy.
However, this issue must be first clarified by the observational
analysis.
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