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Abstract: The existence of close relations between the temperature, density and velocity of the solar plasma and
the heliospheric magnetic field (HMF) was shown along the space probe Ulysses orbit. A simple mathematical
formula describing a relation between the HMF and the solar plasma temperature and density was introduced and
the expected values of the HMF were calculated using daily Ulysses data. The regression equation and correlation
coefficients between the values of measured and calculated magnetic fields are shown. Ulysses hourly data were
used to show the role of plasma density and temperature in the formation of magnetic field peaks observed in the
heliospheric sector zone. The formation of a magnetic field peaks in the compression regions resulted from fast
and slow solar wind interactions is described. Connections between the magnetic peaks and corotating interaction
regions (CIRs) are discussed.
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1 Introduction
In this work we have considered a possibility to express
the magnetic field in the heliosphere by means the local pa-
rameters of heliospheric plasma - temperature and density.
Magnetic field and plasma measurements on the Ulysses
probe enable us to determine the relations between the
HMF and the plasma parameters at the different heliolati-
tude and distances to the Sun.

The relation between the HMF and the plasma parame-
ters can be expressed in a following form:

B = Kn
√

T +B0, (1)

where n and T are plasma density and temperature, K and
B0 parameters, which were defined from comparison of
measured and calculated magnetic fields along the Ulysses
orbit. The Ulysses measured magnetic fields, in depen-
dence on the distance r to the Sun, can be described by two
sets of K and B0 parameters, namely, at r = 1-2.5 AU K =
0.003 and B0 = 0.6 nT and at r = 2.5-5.4 AU K = 0.006 and
B0 = 0.2 nT.

It should be noted that the expression (1) can be written
as B = Knv+B0, where v =

√
kT/m ∝

√
T is the mean

thermal velocity of plasma particles. As the plasma density
n is simultaneously a charge density then nv = j, where
j is a density of current. Then B = K j + B0, where the
first term is proportional to the density of current and the
second term is some additional field.

We also intend to discuss the origin of the peaks in
the magnetic field which are observed in the heliospheric
sector zone near the corotating interaction regions (CIRs).
The interaction between fast solar wind from coronal holes
and slow solar wind from the belt of coronal streamers
forms a region of compressed plasma with enhanced den-
sity and temperature. As magnetic field supposedly de-
pends on plasma density and temperature, the formation
of a CIR is simultaneously the formation of a magnetic
peak. Using the Ulysses hourly data the different role of
plasma density and temperature in the formation of mag-
netic peaks will be shown.

2 Measured and calculated magnetic fields
along the Ulysses orbit at a daily scale

Ulysses was the first space probe which made observations
of the magnetic fields and heliospheric plasma along a
near-polar orbit around the Sun. Ulysses began to move to
the south pole of the Sun after its encounter with Jupiter in
February 1992, and to the middle of 1993 it was in the sec-
tor zone and regularly crossed fast solar wind fluxes from
developing south coronal hole. Comparison of the mea-
sured on board the Ulysses magnetic fields and calculated
in accordance with expression (1) magnetic fields is shown
in Fig. 1 for the time period July 1992 - June 1993. The
Ulysses daily averaged data on magnetic fields and helio-
spheric plasma [1] are used in Fig. 1.

Figure 1: Comparison of the measured magnetic field
B(Ulysses) (blue) and calculated magnetic field Bcalc (red)
in the presence of fast solar wind fluxes from coronal hole.
The heliolatitude of the spacecraft is shown by a dashed
line. Ulysses’ distances from the Sun at the beginning and
end of the examined time interval and the correlation coef-
ficient R between two sets are also shown.

The variation of solar velocity during July 1992 - June
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Figure 2: Comparison of the measured and calculated mag-
netic fields during the 1996 solar activity minimum. Nota-
tions in the figure are the same, as in the previous Fig. 1.

1993 was considered as an illustrative and simple example
of CIRs formation with fourteen fast solar wind fluxes
during annual period [2, 3, 4]. The large magnetic peaks
with a periodicity approximately that of the solar rotation
are also seen in Fig. 1.

In Fig. 2 the HMF in the northern hemisphere is shown
during the 1996 solar activity minimum. During its first
”fast scan” Ulysses was immersed into fast solar wind and
into a unipolar magnetic field from the northern polar coro-
nal hole at 20◦ of northern latitude in April 1995. In the
middle of 1995 the spacecraft flied over the north polar re-
gion of the Sun. Only in September 1996 Ulysses entered
the sector zone at 27◦ of northern latitude. More then one
and a half year Ulysses spent in the unipolar magnetic field
and none large magnetic peak was registered during that
time.

Figure 3: Comparison of the measured magnetic fields
B(Ulysses) with the values B−B0 =Kn

√
T , B0 = 0.2 nT in

the first half of 2006. Notations on the figure are the same
as in the preceding ones.

In Fig. 3 the measured magnetic fields B(Ulysses) are
compared with the values B−B0 = Kn

√
T , where B0 = 0.2

nT. High correlation between B(Ulysses) and Kn
√

T can
be interpreted as an indication on originating of magnetic
fields from the currents running in the same place where
the measurements are made. The origin of the parameter
B0 included in the calculated magnetic field module B is
not understood. The value of B0 = 0.2 nT used in calcula-

tions at distances r = 2.5-5.4 AU to the Sun is not negli-
gible small and it seems the B0 is decreasing with the dis-
tance more slowly then 1/r2.

In Fig. 4 the B(Ulysses) – B scattering diagram con-
structed for the whole sets of the Ulysses data for the years
1990-2008 (number of points 6576) is shown. The regres-
sion equation is:

B = (0.16±0.011)+(0.97±0.0067)B(Ulysses),

with the correlation coefficient R = 0.874 ± 0.003. In order
to check the dependence of the regression and correlation
coefficient R on points with the peak values of magnetic
fields the regression equation was calculated under restric-
tions B(Ulysses)≤4 nT, B ≤4 nT. It was obtained in that
case:

B = (0.24±0.008)+(0.87±0.0063)B(Ulysses),

with the correlation coefficient R = 0.867 ± 0.003 and
number of points 6301. It means that the high correlation
between B(Ulysses) and B is not caused by the peak values
of magnetic fields.

Figure 4: The scattering plot for the whole sets of the
Ulysses data in the years 1990-2008. The regression equa-
tion and the correlation coefficient R are also shown.

3 Magnetic field peaks and corotating
interaction regions

In solar activity minima during the Ulysses full orbits over
both poles of the Sun of 6.2 years duration the spacecraft
spent approximately 3 years in the magnetic fields of polar
coronal holes. As it seen in Fig. 2 these fields are character-
ized by moderate fluctuations and without large magnetic
peaks.

To discuss the relationship between magnetic fields, so-
lar wind velocity and plasma density and temperature we
consider in more details the part of the picture taken from
Fig. 1, namely days 240-340 of 1992 (Fig. 5). In the upper
part of Fig. 5 four large (2.5-3.5 nT) magnetic peaks (mea-
sured and calculated) are seen. Each peak in the magnetic
field coincides with the leading front of the fast solar wind
stream, that is with the interaction region of fast and slow
solar wind fluxes. In the bottom part of the figure plasma
density and temperature are shown.
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Figure 5: Upper panel: the measured (blue) and calculated (red) magnetic fields as well as the solar wind velocity (green)
in August 27 - December 5 1992 at distances to the Sun 5.28-5.12 AU and south heliolatitudes 16.1◦− 21.4◦. Bottom
panel: plasma density and temperature in the same place.

As it is seen in Fig. 5 the variations of plasma density
and temperature taken separately are not similar to the vari-
ations of magnetic fields. During the formation of mag-
netic peaks at first a density increases, and temperature
peak appears by the time when the density is already de-
creasing. Variations of plasma density and temperature are
considerably different in the case of small (nearly 1 nT)
magnetic peaks formation. But the combination of plasma
density and temperature in the form Kn

√
T describe both

high and low magnetic peaks with a quite good accuracy.
It is worth to note that the magnetic field in heliosphere is
extremely sensitive to the variations of solar wind veloc-
ity. That is clearly seen in Fig. 5. Small variations of so-
lar wind velocity result in significant variations of plasma
density and temperature and consequently in the magnetic
field variations.

To show a single magnetic peak in more details we use
the Ulysses hourly data and choose a peak from the pre-
vious Fig. 5 (days 333-336). In Fig. 6 the measured and

calculated magnetic fields (upper panel) as well as the
plasma density and temperature (bottom panel) are shown
for that peak. Rather good coincidence is seen between the
measured and calculated magnetic fields, but neither the
density nor the temperature correlates with the magnetic
fields separately. A magnetic peak arises as a result of joint
changes of the density and temperature. Note that in the
formation of a leading edge of the peak the key role plays
a density increase while a shape of the peak trailing edge
is formed by sharp drop of the temperature. It should be
noted the existence of a gap between the density and tem-
perature peaks. We assume that magnetic peaks observed
in sector zones are magnetic images of CIRs. Main fea-
tures of CIRs were considered in [4, 5, 6]. The interaction
between fast wind streams from a coronal hole and slow
solar wind from a coronal region close to the heliospheric
current sheet results in creation of a compression region (a
stream interface) with enhanced plasma density and higher
temperature. In the compression region a pair of pressure
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Figure 6: Upper panel: the measured (blue) and calcu-
lated (red) magnetic fields. Bottom panel: the plasma den-
sity (green) and temperature (brown). Time (in hours) is
counted out since the beginning of the year 1992.

waves appears which in the course of time are turned to for-
ward and reverse shock waves at a distance of 2 AU. A rar-
efaction region with low plasma density appears between
the reverse shock wave and a stream interface.

A density peak on the leading part of a solar wind flux
is connected with the forward shock wave in a CIR as well
as with the leading edge of a magnetic peak. The trailing
edge of the magnetic peak with its step-like temperature de-
crease may be a location of the intersection of the reverse
shock wave by the Ulysses spacecraft. A gap between the
density and temperature peaks corresponds to a rarefaction
region. Spatial extent of the magnetic peak under consider-
ation is about 1 AU at solar wind velocity 700 km/s, which
agrees with distance between forward and reverse shock
waves in a developed CIR.

4 Conclusions
1. Magnetic field in the heliosphere can be expressed in a
simple form as a function of plasma density and tempera-
ture.
2. Magnetic field peaks observed in sector zones are gener-
ated in the heliosphere in the interactions between fast and
slow solar wind streams.
3. It is supposed that the magnetic peaks in sector zones
are magnetic images of CIRs.
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