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Abstract. Anisotropy is a property of turbulence in solar wind plasma in which velocity and
magnetic fields fluctuate along and perpendicular to the ambient magnetic field. In situ measure-
ments confirmed that the solar wind in the inner heliosphere exhibits a temperature anisotropy.
The presence of this anisotropy results in magnetohydrodynamic (MHD) waves and instabili-
ties. In this report, we analyze proton temperature anisotropy using Ulysses spacecraft data and
investigate the radial variation of the temperature anisotropy for Fire-hose and Mirror instabili-
ties. From Ulysses observations, we find that the Fire-hose instability is dominant in the range
between 3 au to 4.5 au.

1 Introduction
The study of solar wind plasma provides crucial insights into the dynamic interactions between the Sun’s emission
of particles and the interplanetary medium. As the solar wind expands beyond the collision-dominated solar corona,
it encounters a largely collisionless plasma that flows supersonically through a weakly inhomogeneous magnetic
field region. This magnetic field significantly influences the plasma’s behaviour, leading to the development of
temperature anisotropies and shaping the overall dynamics of the solar wind [1]. Observations from Helios have
revealed that at 0.3 astronomical units (au) from the Sun, there are distinct anisotropic and isotropic populations of
solar wind plasmas that become indistinguishable at 1 au [2]. This transitional region is known as the polytropic
zone, where both isotropic and anisotropic plasmas coexist. The anisotropic cascade in this region is crucial as it
facilitates significant energy transfer, especially in magnetized plasmas where large perpendicular wavenumbers
(k⊥) are dominant. The particle distribution functions in these plasmas often exhibit anisotropy, particularly in
proton temperature, which can drive various instabilities.

Solar wind plasmas are frequently in a turbulent state characterized by a broad spectrum of fluctuations across
various wave vectors. This turbulence promotes an ongoing cascade of energy between different wave vectors,
leading to an anisotropic cascade in the presence of a background magnetic field (B0). Theoretical models, sim-
ulations and observational data consistently show that energy is preferentially transferred to large values of k⊥,
where k⊥ is the wave number perpendicular to B0. This results in a cascade dominated by perpendicular fluctua-
tions [3, 4].

In low-collisionality plasmas like the solar wind, the particle distribution function can also display anisotropy
relative to the magnetic field. For instance, the temperature anisotropy T⊥p/T∥p, where T⊥p and T∥p are the
temperatures perpendicular and parallel to the magnetic field, respectively, can drive various plasma instabili-
ties. When T⊥p/T∥p > 1, the plasma may become unstable to parallel-propagating Alfvén/ion-cyclotron (A/IC)
waves or non-propagating mirror modes [5, 6]. Conversely, when T⊥p/T∥p < 1, the plasma can excite fast-
magnetosonic/whistler (FM/W) waves or oblique firehose modes [7, 8]. These instabilities help constrain the
temperature anisotropy, driving the plasma toward a marginally stable state [9, 10].



The firehose instability, occurring when T∥p > T⊥p is vital in regulating temperature anisotropy in high-β
plasmas, where β represents the ratio of plasma pressure to magnetic pressure. This instability has been extensively
studied, revealing both parallel and oblique firehose modes as mechanisms that can relax anisotropy and prevent
the plasma from becoming excessively elongated along the magnetic field [11, 8]. Observational studies, such as
those by [12], have identified thresholds for these instabilities in the solar wind, underscoring their role in shaping
proton distribution functions.

Similarly, the mirror instability, triggered when T⊥p > T∥p, imposes constraints on the perpendicular temper-
ature in the solar wind. This instability is particularly relevant in high-β regions, where it leads to the formation
of non-propagating structures that contribute to energy redistribution within the plasma [13, 10]. Additionally,
the ion-cyclotron instability, which emerges under similar conditions, has been linked to the generation of Alfvén
waves propagating along the magnetic field, further contributing to the turbulent cascade [14].

Understanding the interplay between these instabilities and the turbulent cascade is essential for comprehending
the dynamics of the solar wind and other astrophysical plasmas. As the solar wind expands away from the Sun,
these processes collectively influence the evolution of temperature anisotropies, resulting in a complex distribution
of proton temperatures that reflects the balance between turbulent energy transfer and kinetic instabilities [15].

This paper investigates which instability is dominant while the solar wind plasma expands as function of
heliographic latitude and heliocentric distance, by analyzing Ulysses data. This can gain deeper insights into the
mechanisms regulating plasma behavior on a kinetic scale, enhancing our understanding of space weather and
heliospheric conditions. The paper is organized as follows: section 2 presents dataset, method and results, while
section 3 provides the discussion and conclusions.

2 Dataset, Methods and Results
We utilize the proton moments data from the Solar Wind Observations Over the Poles of the Sun [16] electrostatic
instrument and we use magnetic field measurements from the magnetic field investigation instrument the Vector
Helium, and other Flux Gate Magnetometer [17] experiment. The list of the data is available from NASA’s SPDF-
Coordinated Data Analysis Web 1 spanning from 1992 January 1 to 1998 December 31 [18]. Figure 1 shows the
Ulysses spacecraft trajectory in the plane of radial distance and latitude and solar wind plasma parameters that we
analyze in this study. Ulysses explores the region from 1.25 to 5.4 au and encountered mainly fast solar wind,
especially at high latitudes, while some slow wind was measured closer to the ecliptic, below 1.5 au and beyond
4.5 au. More dense plasma with slow solar wind was measured around 1.5 au and in the range of 3 au to 4.5 au.
This region has a more dense distribution and slow solar wind speed. The slow solar wind is measured in the range
beyond 4.5 radial distance and latitude in the range [60◦,−20◦] as shown in Figure 1.

This timing of the mission has enabled Ulysses to make direct measurements of the high-latitude solar wind
coming from the Sun’s polar coronal holes, and thus characterise the global structure of the heliosphere during
solar minimum conditions when the corona is in its simplest configuration.

The Chew-Goldberger-Low model (CGL) fluid theory gives the two adiabatic equations of states, neglecting
the heat flux vector, which are given by [19] as
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These would lead to an evolution for the parallel and perpendicular ( with respect to B) particle temperatures, T∥
and T⊥ as:

T⊥ ∝ B and T∥ ∝ n2/B2, (2)

where B is the magnitude of the ambient magnetic field and n is the plasma density. In the case of CGL double-
adiabatic expansion, with a constant flow velocity and in a radial magnetic field, these parameters would change
with the radial distance R as B ∝ n ∝ R−2; consequently, the relations in (2) predict the development of strong
temperature anisotropy

T⊥

T∥
∝ R−2 and β∥ ∝ R2, (3)

A useful technique for studying solar wind temperature anisotropy is examining how T⊥p/T∥p varies as a
function of plasma-β

T⊥p

T∥p
= 1 +
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)b . (4)

1https://cdaweb.gsfc.nasa.gov/index.html



Following [9], for our instability analysis we choose the fitting parameters where (a,b,c) are given by (0.43,0.42,-
0.0004) for proton cyclotron instability (PCI), (0.77,0.76,-0.016) for mirror instability (MI), and (-0.47,0.53,0.59)
for parallel firehose instability (PFH), and β∥ = 2µ0npkBT∥p/B

2
0 .

The radial profile and plasma properties of the spacecraft that we examine in this work are displayed in Figure 1.
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Figure 1: An overview of key parameters measured by Ulysses for this study: (top panel) heliocentric range (black)
and heliolatitude (red) trajectory; (second panel) Solar wind speed; (third panel) plasma number density; (Fourth
panel) temperature; (bottom panel) magnetic field of Ulysses.

3 Discussion and Conclusion
The Ulysses observations are consistent with the parallel fire hose instability in the range between 3 au and 4.5
au. In this region, our result shows that the temperature anisotropy ratio in the range 0.6 < T⊥p/T∥p < 0.9 is in
the mean stream component of the solar wind. In this range, we find that the average of T⊥p/T∥p is 0.85, which
has similar results to studies by [20, 21]. Figures 2 show the evolution of radial (R) information of temperature
anisotropy and the region of instability that approaches the fire-hose instability with increasing distance in the
range of 3 au to 5.41 au.

Based on Helios and Ulysses observation in the range of proton temperature anisotropy evolution from 0.3
to 2.5 au [22] indicated that both the slow and fast wind are found to approach the fire hose instability regions
with increasing distance. Similarly, based on the report by [23], the fire hose instability plays a major role in
constraining the proton anisotropy during solar wind expansion, and with increasing distance, the wind approaches
the fire hose instability region. Based on Ulysses’ observations and empirical correlations of plasma parameters
[23] indicated that a large portion of proton distribution in the solar wind has fire hose instability.
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Figure 2: Logarithmic values of proton temperature anisotropy versus β∥ at different heliocentric distances. Curves
indicate the firehose (red), mirror (black), and cyclotron (magenta) instabilities

.

This study highlights the significance of anisotropic cascades and temperature anisotropies driven by the back-
ground magnetic field and varying wave vectors in turbulent plasma. The Ulysses spacecraft data, covering he-
liocentric distances from 1.25 to 5.4 au, show how instabilities like the firehose and mirror modes affect the
redistribution of energy within the solar wind, driven by temperature anisotropies relative to the magnetic field.
The study finds that firehose instability plays a dominant role in the regulation of proton anisotropy between 3.25
au and 4.5 au, where the solar wind approaches a marginally stable state. Our results show that in this region
the temperature anisotropy ratio lies within the range 0.6 < T⊥p/T∥p < 0.9, which is typical of the mean stream
component of the solar wind. The average anisotropy in this range is approximately T⊥p/T∥p is 0.85, consistent
with earlier studies [20, 21]. The presence of these instabilities facilitates an understanding of space weather and
heliospheric conditions. This study provides crucial insights to understand energy transfer, wave-particle interac-
tions, and space weather impacts, as its temperature and velocity anisotropies drive key instabilities and turbulence
in space plasmas.
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