Why proton temperature and velocity are correlated in the
SW and not in ICMEs?
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Abstract. The in situ correlation of the proton temperature with the bulk plasma velocity of the solar wind (SW) is a firm
result confirmed by several spacecraft, while in interplanetary coronal mass ejections (ICMEs) the proton temperature is both
cooler and not correlated with the velocity. For some specific heating mechanism, the internal energy equation alone could
provide a temperature increasing with velocity, but the increase remains much weaker than observed in the SW. In fact, it is
shown here that the observed correlation is generically obtained from a global energy conservation in thermally driven winds.
It results from the conversion of thermal to kinetic energy close to the Sun. The absence (or even anti-) correlation observed
in situ between electron temperature and SW velocity, together with the correlation found for proton temperature, show that
protons have a dominant role in the SW acceleration. In contrast, in ICMEs the plasma is contained by the magnetic field since
ICME:s have both a closed configuration and a low plasma f3. It implies no significant correlation between temperature and
velocity, as observed. In conclusion, a different dominating term in the impulsion equation is the main origin of the different

relation observed between the proton temperature and the bulk velocity in SW and ICME:s.
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1. INTRODUCTION

Just after the discovery of the SW by spacecraft, a cor-
relation was discovered between the outward velocity, v,
and the proton temperature, 7, [1, 2]. Several functions
T,,(v) have been fitted to the SW data [e.g. 3, 4]. More re-
cently, Elliott et al. [5] removed the ICMEs from the SW
data, and found a different linear law for the compres-
sion and rarefaction regions. They also found no signif-
icant variation of the proton temperature with the ICME
velocity (figure 1).

The observed T,,(v) correlation was found in an exo-
spheric SW model by [6] (at least for the slow SW, see
their figure 12). Rather, the 7),(v) correlation was inter-
preted with the variation of the estimated polytropic in-
dex within different range of the measured SW velocity
[3, 7]. Recently, Matthaeus et al. [8] proposed a theoret-
ical mechanism to explain this correlation.

The observed T,(v) correlation is such a strong re-
sult that it is recurrently used to define the expected T,
from the measured bulk velocity. One criteria to identify
ICME:s is a measured 7T}, lower than half the expected T,
[9]. ICMEs are formed by the ejection from the Sun of
magnetized plasma during CME:s [e.g. 10, 11].

The main objective of the present work is to under-
stand the physical origin of the T,,(v) correlation in the
SW with a simple one fluid model, following [12]. A
quantitative comparison of the model proposed by [8]
to the data shows that 7, is increasing too slowly with
v (section 2). In fact, the acceleration phase of the SW
should be taken into account. This does provide gener-

ically a 7,(v) dependence comparable to observations,
then the model is extended to a bi-fluid model (section 3).
Then, the same approach explains the absence of signifi-
cant dependence of 7, on v in ICMEs (section 4).

2. T,(v): DUE TO SPECIFIC HEATING?

Let us consider a stationary flow with all variables de-
pending only on the distance, r, to the Sun. With 7, =
T, =T, the internal energy equation is
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where Q is the heating per unit time and mass, g is the
heat flux per unit surface and time.

Matthaeus et al. [8] proposed that the observed 7),(v)
relationship is due to a specific property of Q in the
region far from the Sun where p o< 2 and where v
is almost independent of r, v = U. Then, the variable
§ = r/U is approximately measuring the “age” of the
plasma since its departure from the Sun. With the above
hypothesis, as well as Q({) and g = 0, equation (1) is
rewritten as
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which has the following general solution [12]
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FIGURE 1. Comparison of the results given by equation (4)
with the results of [8]. The data points are reproduced from
their paper. 7T is the proton temperature and U is the velocity;
both are measured by the ACE spacecraft. ICMEs and their
surroundings are removed in the SW data points (black).

where T, is the temperature for {, = r,/U, and r, is a
reference position close to the Sun.

Since the wind has a uniform velocity (U), we have
§/& =r/r,, so the last term in equation (3) is function
only of r/r,. In contrast to [8], the conclusion is that
there is no correlation between 7" and U for an adiabatic
evolution, unless there was already a correlation close to
the Sun [so 7, (U)].

A correlation T'(U) is created by the first term in equa-
tion (3) since it depends on & (and not only on §/,). For
a given distance r, this implies in general T(U). Let us

express this correlation with Q(§) = Q1§ "Q, where O
and ng are constants, then

(¢ =T | ¢ " - (é) 1| 1, (5)

CO C{)
with T} = mp Ql/(kB (7 — 3nQ)).

Between 0.3 and 5 AU, the mean electron and proton
temperature varies typically between r~! and r~%7 then,
the adiabatic term in equation (4) is unable to explain
such gradients. Rather, for r/r, >> 1, the temperature
profile is dominated by the first term, so that nq is in the
typical range 1.7 < ng < 2. Moreover, the approximate
power law observed for T'(r) justify the simple form of
Q given above as a first-order estimation.

With ng within the range 1.7 < ng < 2, the temper-
ature predicted by equation (4) has a much lower slope
than for the SW data (figure 1). Extending the range of
nq to lower values simply provides an even lower slope.
Increasing nq does provide a large dependence of 7' on
U for the first term in equation (4), but as ng gets closer

to 7/3, this effect is masked by a larger contribution of
the adiabatic term.
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FIGURE 2. Comparison of the results given by equation (9)
with the results of [8]. A is the polytropic index, and r, is the
distance from the Sun where the polytropic law is supposed to
begin. The radial dependance of the temperature for r >> r, is
indicated.

In conclusion, assuming Q(r/U) does provide a posi-
tive correlation between T and U, but the implied slope
in this correlation is significantly lower than observed.
The observed correlation would require a heating term
of the form U¢{~"Q with the exponent e typically in the
interval [2,3]. So this would require an ad hoc and an
important deviation from the concept proposed by [8].

Inside the inner heliosphere (r < 1 AU), the proton
temperature is typically decreasing as »—"'T [13, 7]. This
observational result can be incorporated in a model with
a polytropic law:

Ty =Tpo(p/po) ", (5)

where 4, is the polytropic index. This provides a sim-
ple solution of the internal-energy equation. Equation (5)
provides a T),(v) correlation if A, is function of v. How-
ever, such correlation was not found in the inner helio-
sphere. The data rather show that the 7),(v) correlation
observed at 1 AU has almost the same form at least as
close as 0.3 AU [see figure 3 in 13]. This indicates that
the origin of the 7),(v) correlation is closer to the Sun.

3. CORRELATION 7),(v) IN THE SW

For a radially-symmetric and stationary SW flow the
radial projection of the momentum equation is
dv dP/dr GMg
V— = — -
dr P r?

+fr (6)

where f, incorporates any extra force per unit mass. In
contrast to the analysis done in section 2, the velocity v
is explicitly a function of r, while T, =T, =T.
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FIGURE 3. Comparison of the results given by equation (11) with the results of [8]. The data points are reproduced from their
paper. A is the polytropic index, and r, is the distance from the Sun, in AU, where the polytropic law is supposed to begin. The

radial dependance of the temperature for r >> r, is indicated.

The integration of equation (6) from r, to r, provides
a generalized Bernoulli equation
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The temperature is mostly given by equation (1) with
only a weak effect of the velocity (section 2). The veloc-

ity is mostly given by the Bernoulli equation. The term

[rt, dpgdr dr is approximately proportional to the tempera-

ture (with a distance weighting within the integral). This
is the main origin of the 7},(v) correlation: with a higher
temperature, the wind is accelerated to higher velocity.
This is a general property of thermally driven winds.
The above property is illustrated with a polytropic law.
With equation (5), equation (7) is rewritten as
vV kg 22
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where C collects all the terms that do not depend on v or
T (so we suppose f; independent of v and T to stick to
the basic argumentation). With p o< r~2, and for r >> r,,
equation (8) is rewritten as

A—1 [ r\ A0 my (v
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For a fixed distance r, and a given A, T is a quadratic
function of v. The comparison to the data is shown in
figure 2 for the simple case C = 0, a case where the
acceleration provided by f, is just compensating for the
difference of gravitation potential. Cases with C # 0
are simply deduced by translation of the curves along
the v-axis when C is independent of 7" and v. If some
acceleration model provides such dependence then the
curves are deformed accordingly.

It is remarkable that such a simple approach provides
the main trend present in the observations without in-
putting extra hypothese. Fixing the parameters, A, r,, and

C, T(v) has a quadratic dependence as observed if we
consider the global distribution of the data points (fig-
ure 2). Moreover, the above polytropic model also per-
mits to interpret the increase of T dispersion with an in-
creasing v, with variable polytropic index A.

However, most of the SW data points are grouped
in a narrower region. Elliott er al. [5] concluded that a
linear fit represents well the mean tendency of T'(v) for
the full range of v. Their linear fit are around the curve
A = 1.5 in figure 2. It is remarkable that this correspond
to a typical value of the temperature gradient in the SW,
nt ~ 1, independently deduced from other observations.
Moreover with the observed dispersion in 7, one can
hardly distinguish the curves around A = 1.5 from a
linear dependance. Then, equation (9) is also compatible
with the mean linear tendency found by [5].

The above derivation can be generalized to a multi
fluid model. Let us consider only electrons and protons.
Due to their large difference of mass and low level of col-
lisions in the SW electrons and protons are expected to
have a low exchange rate of energy, so different temper-
atures, T, and T}, as observed [e.g. 14]. Equation (7) is
simply modified with P replaced by P, + P,. Assuming a
polytropic law for both species, so equation (5) with 4,
and A,, as supported by observations [13], equation (8)
is transformed to
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The dominant contributions are given by the tempera-
tures T, , and 7),,. If the electrons would be dominant
in accelerating the SW, then equation (10) would imply a
quadratic T,(v) relationship, while no or even a negative
correlation is observed [e.g. 15]. Indeed coronal obser-
vations indicate that T}, , is greater than T , by a factor 2
to 3 [e.g. 16]. Then, equation (10) implies no significant
link between 7T, and v.



As above, with p o< r~2, and for r >>r,, equation (10)
is rewritten as
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With T, , << Tp,, equation (11) implies a quadratic
T, (v) relationship, but with 7, twice larger than with a
single fluid (compare figures 2 and 3a). With a typical
coronal temperature T, , = 10° K, the model is closer to
the data for low velocities (figure 3b). Finally, the main
trend of the data is reproduced by this simple bi-fluid
model with a polytropic law starting closer to the Sun
(figure 3c).

4. NO T(v) CORRELATION IN ICMES

The properties of plasma measured in ICMEs are sig-
nificantly different than in the SW [e.g. 17]. Moreover,
not only is the proton temperature much lower in ICMEs
than in the SW, but also the correlation T (v) disappears
as reproduced in figures 1-3 from the results of [5, 8].

Is the heating mechanism different or in a different
regime? This is, a priori, plausible, in view of the very
different characteristics measured in the SW and ICMEs,
as follow. In the SW, the magnetic field is variable and
the plasma-f3 fluctuates around unity. In contrast, a well-
organized magnetic field with low fluctuations, and a
low B (< 0.1) are observed in ICMEs. Indeed, figure 1
shows that heating with ng ~ 2.3 could explain 7, (v)
observed in ICMEs. However, this hypothesis, of an
heating decreasing with distance faster than in the SW, is
not supported by the similar power laws found for 7,(r)
and T,(r) in the SW and ICMEs [e.g. 17].

Rather, in the line of thought of section 3, the momen-
tum equation is also one of the main equations governing
the physics of ICMEs. However, the dominant terms, as
well as the geometry of the magnetic field, are different
in the SW and in ICMEs, and it is worth analyzing the
consequences.

The main difference is that SW magnetic field lines
are open, while ICME field lines are dominantly closed
and still connected to the Sun [e.g. 18, 19]. Let us con-
sider different winds with different heating. As the heat-
ing increases, the temperature and the plasma pressure
increases, accelerating the plasma to higher velocities
along the open magnetic field lines. The same happens
with a larger deposition of momentum. However, in a
closed magnetic configuration, this cannot happen, un-
less the plasma pressure becomes high enough so that
the magnetic configuration is blown up towards an open
magnetic-field configuration. In ICMEs, this last case

could not happen, since the plasma f is significantly less
than unity.

Let us summarize further the physics of ICMEs, in or-
der to contrast it with the one present in the SW. The
general momentum equation applies to both, but equa-
tion (6) applies only to the SW, since the main term in
ICMEs, the Lorentz force, is neglected in equation (6).
Indeed, this magnetic force, together with the contribu-
tion of a drag force, determine the temporal evolution of
the velocity in ICME:s, in good agreement with the ob-
served velocity of CMEs/ICME:s in the inner heliosphere
[e.g. 20]. Then, the evolution of the field configuration
and of the main velocity components (expansion and ve-
locity of the mass centre) of ICMEs, are expected to be
nearly independent of the thermodynamics of the ICME
plasma. It implies that no significant correlation between
T and v is expected in ICME:s, as observed.
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