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Abstract In-situ observations of the solar wind (SW) show temperature increas-
ing with the wind speed, while such dependence is not observed in interplanetary
coronal mass ejections (ICMEs). The aim of this paper is to understand the main
origin of this correlation in the SW and its absence in ICMEs. For that purpose
both the internal-energy and momentum equations are solved analytically with
various approximations. The internal-energy equation does not provide a strong
link between temperature and velocity, but the momentum equation does. In-
deed, the observed correlation in the open magnetic-field configuration of the
SW is the result of its acceleration and heating close to the Sun. In contrast,
the magnetic configuration of ICMEs is closed, and moreover the momentum
equation is dominated by magnetic forces. It implies no significant correlation
between temperature and velocity, as observed.

Keywords: Coronal Mass Ejections, Interplanetary; Magnetic fields, Interplan-
etary; Solar Wind; Velocity Fields, Solar Wind

1. Introduction

Since the pioneering work on the solar wind (SW) in the 1950s and 1960s,
especially the seminal work of Parker (1958, 1963), a large number of works
and progress in understanding the SW have been made (see e.g. Velli, 2001;
Cranmer, 2002; Parker, 2007). Still some basic questions remains. For example,
what is the dominant mechanism which heats and accelerates the SW? Is it by
the cascade of energy to small scale with the development of MHD turbulence, or
by the damping of waves (such as Alfvén or ion-cyclotron waves), or is no extra
energy input needed, but fast electrons, in the tail of the distribution function,
are driving the wind by creating a large scale electrostatic electric field such as in
exospheric models? This list of plausible processes is indeed far from exhaustive
(see e.g. Meyer-Vernet, 2007), showing that the acceleration of the SW is far
from being understood.
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2 P. Démoulin

An observational clue on the physical processes involved is provided by the
in-situ measured temperature and its radial gradient away from the Sun. Various
spacecraft have accumulated data over a range of solar distances. Only in rare
cases two spacecraft are well co-aligned radially to study the evolution of similar
plasma blobs with distance (Phillips et al., , 1995; Skoug et al., , 2000). In
general, data from only one spacecraft are available. These data do not permit
to follow the evolution of plasma blobs as they travel away from the Sun, but they
rather provide a statistical result, over a large amount of data, on how the mean
plasma temperature changes with distance. This is expected to represent the
typical evolution of a blob of plasma traveling outward, so finally this provides a
clue as to how much the plasma needs to be heated. The measured temperature
(T ) is typically fitted with a power law of the distance (r) to the Sun: T ∝ r−nT

(see references below).
For electron temperature, the results have been summarized by Maksimovic,

Gary, and Skoug (2000) in their Table 1. The results are typically in between the
isothermal (nT = 0) and the adiabatic case (nT = 1.33). They range between
nT ≈ 0.2 to 1 between 0.3 and 1 AU (Marsch et al., , 1989; Pilipp et al., , 1990).
At larger, distances, typically between 1 and 5 AU, nT is found around 0.8 (Mak-
simovic, Gary, and Skoug, 2000; Skoug et al., , 2000). When the measurements
are restricted to the core of the electron distribution, the results are more spread:
0.4 < nT < 1.1 between 1 and 5 AU (e.g. Issautier et al., , 1998; Skoug et al.,
, 2000). In fact, the results are difficult to precisely intercompare since they
depend on many factors and several of them are typically different between two
studies. These include the heliospheric range explored (radial and latitudinal),
the binning or not with the SW velocity, the phase of the solar cycle, the part
of the electron distribution measured (e.g. core, halo, or full distribution), and
the criteria used to select the SW period studied. This last point is especially
important since the SW contain shocks and interplanetary coronal mass ejections
(ICMEs) which are expected to have different thermodynamic properties than
the SW.

Inside the inner heliosphere (r < 1 AU), the proton temperature is typically
decreasing faster with distance than the electron temperature, so the evolution
of the protons is more adiabatic (Marsch et al., , 1989; Totten, Freeman, and
Arya, 1995). For the range of distance [1.5, 3.] AU, Goldstein et al., (1996) found
nT ≈ 1.03 and ≈ 0.81 for the northern and southern hemisphere, respectively.
For the range of distance [1.5, 4.8] AU Feldman et al., (1998) found a proton-
temperature evolution close to adiabatic (nT ≈ 1.2 ± 0.2). As the interval of
distances considered extends further out to 20–40 AU, the proton temperature
decrease more similarly to the electron temperature: nT is typically in the inter-
val [0.5, 0.8] (Gazis et al., , 1994; Richardson et al., , 1995; Gazis et al., , 2006).
A precise comparison between proton and electron temperatures is however not
available since the various authors considered various data sets, in particular
different range of solar distances.

Since decades, in-situ measurements by spacecraft have shown a clear corre-
lation in the SW between the outward velocity (v) and the proton temperature
(T ). Lopez and Freeman (1986) fitted several functions T (v) to the SW data.
They concluded that the best fit is obtained with T having a quadratic (or
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cubic) dependance on v for v < 500 km s−1, and a linear dependance for
v > 500 km s−1. Neugebauer et al., (2003) rather used a quadratic function
in both v regions, and globally, they found a nearly linear relationship (see
their Figure 4). More recently, Elliott et al., (2005) removed the interplanetary
coronal mass ejections (ICMEs) from the SW data, and found a different linear
law for the compression and rarefaction regions since the SW temperature is
systematically lower in rarefaction regions. They also found no evidence for a
separate law in the slow and fast wind (as present in previous studies).

Lopez and Freeman (1986) and Totten, Freeman, and Arya (1995) interpreted
the T (v) correlation with the variation of the estimated polytropic index within
different range of the measured SW velocity. Only recently, Matthaeus, Elliott,
and McComas (2006) proposed a theoretical mechanism to explain this correla-
tion. One main purpose of present paper is to further analyze the physics of this
T (v) correlation.

Indeed, the observed T (v) correlation is such a strong result that it is recur-
rently used to define the expected temperature from the measured bulk velocity.
When the measured temperature is lower than half the expected temperature,
this defines one criteria to identify ICMEs (Richardson and Cane, 1995). ICMEs
are formed by the ejection from the Sun of magnetized plasma during CMEs
(e.g. Wimmer-Schweingruber et al., , 2006; Zurbuchen and Richardson, 2006).
Magnetic clouds (MCs) are a particular subset of ICMEs which have a well
structured magnetic field; they are formed by twisted magnetic flux tubes, called
flux ropes. Though there is still no consensus, non-MC ICMEs are probably also
formed by magnetic structures very similar to MCs. It is plausible that MCs are
only observed when the spacecraft crosses the magnetic structure close to its
centre (Jian et al., 2006) and when the flux rope is not strongly perturbed, for
example by an overtaken fast SW stream or by a another MC (see e.g. Dasso
et al., , 2009 for an example of two interacting MCs forming an extended ICME).
Typical characteristics of MCs are partially present in ICMEs, but usually they
are less pronounced. This is the case, for example of a lower proton temperature
than the expected one in the SW with similar speed. This is also the case for
bi-streaming electrons, which are interpreted as flowing along field lines still
connected to the Sun. The magnetic configuration of a MC is basically a twisted
magnetic field which stay rooted to the Sun, at least partially, for days, if not
weeks (e.g. Crooker and Horbury, 2006; Attrill et al., , 2008).

The main objective of the present paper is to understand the physical origin of
the T (v) correlation in the SW with a simple one fluid model. Then, the internal-
energy equation of the plasma is analyzed in Section 2. The heating by MHD
turbulence provides a heating which depends on the time spent from the SW
launch from the Sun. This type of heating implies a positive T (v) correlation.
However, a quantitative comparison of the model to the data shows that T is
increasing too slowly with v in this approach. In fact, the acceleration phase
of the SW should be taken into account, and the integration of the momentum
equation, together with the internal-energy equation, does provide generically
a T (v) dependence comparable to observations (Section 3). Then, the same
approach provides an explanation for the absence of significant dependence of T
on v in ICMEs (Section 4). Finally, the conclusions are given in Section 5.
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2. Internal-Energy Budget in the SW

2.1. Basic Equations

Following a blob of plasma, of mass M = ρV , with ρ the mass density and V
the volume, the equation of the internal energy (E) in a fluid description is

DE
Dt

= −pDV
Dt

+M Q− V ∇(q) , (1)

where Q is the heating per unit time and mass, q is the heat flux per unit surface
and time. The internal energy is E = fρkBTV/(2µ) and the plasma pressure
p = ρkBT/µ with f being the number of degree of freedom of the particles, µ
their mean mass, T their mean temperature, and kB the Boltzmann’s constant.

Let us consider a stationary flow with all variable depending only on the
distance (r) to the Sun. The conservation of mass can be expressed as

ρ(r) v(r) A(r) = fm , (2)

where v is the plasma radial velocity, fm is the mass flux (independent of r), and
A(r) is the cross section of the flux tube (∝ r2 for spherical geometry). Then,
for a stationary flow, Equation (1) simplifies to

f

2
dT
dr
− T d ln ρ

dr
=

ρ

T f/2−1

dT f/2/ρ
dr

=
µ

kB

(
Q

v
− d q/(ρv)

dr

)
, (3)

with q = qr̂. Without heating sources (Q = 0 and q = 0), Equation (3) simplifies
to the classical adiabatic case: T f/2/ρ = T 1/(γ−1)/ρ = constant, where γ =
(f + 2)/f is the adiabatic exponent.

2.2. Correlation Between Temperature and Velocity

The internal-energy equation (3), relates the temperature [T (r)] to the radial
velocity [v(r)] when the heating input (Q and q) is known. A priori, it is a
plausible origin of the observed correlation between T and v as suggested by
Matthaeus, Elliott, and McComas (2006). Then, only in present section, let us
also suppose that the process accelerating the solar wind is not important for the
T (v) correlation, so that v = U is independent of r (this is a good approximation
for distances larger than ≈ 0.1 AU). Furthermore, let us write the density as a
power law of r

ρ = ρo(ro/r)nρ , (4)

where ρo is the density at the reference distance ro. Then, Equation (3) may be
rewriten as (with v = U)

f

2
dT
dr

+ nρ
T

r
=

µ

kB

(
Q

U
− d q/(ρU)

dr

)
. (5)
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With three degrees of freedom per particle, f = 3, µ = 0.5 mP (half proton
mass), nρ = 2, and q = 0, this equation simplifies to Equation (1) of Matthaeus,
Elliott, and McComas (2006).

With U independent of r, the variable ζ = r/U is approximately measuring
the interval of time spent by the plasma since its departure from the Sun, so its
“age” (with an origin set for convenience at the Sun centre). Matthaeus, Elliott,
and McComas (2006) made the plausible hypothesis that the heating rate is only
a function of the SW age, so they suppose Q(ζ) and q = 0, then Equation (5) is
rewritten

f

2
dT
dζ

+ nρ
T

ζ
=

µ

kB
Q , (6)

which has the following general solution

T (ζ) =
2µ
kBf

ζ−2nρ/f

∫ ζ

ζo

Q(ζ ′)ζ ′2nρ/fdζ ′ + To

(
ζ

ζo

)−2nρ/f

, (7)

where To is the temperature for ζo = ro/U , and ro is a reference position close
to the Sun.

Since the wind has a uniform velocity (U), we have ζ/ζo = r/ro, so the last
term in Equation (7) is function only of r/ro. So, for Q = 0, the temperature
is simply a function of the distance r. In contrast to Matthaeus, Elliott, and
McComas (2006), the conclusion is that there is no correlation between T and
U for an adiabatic evolution, unless there was already a correlation close to the
Sun [so To(U)].

A correlation T (U) can still be created during the wind propagation with
a heating of the form Q(ζ) since the first term in Equation (7) depends also
directly on ζ (and not only on the ratio ζ/ζo as for the adiabatic term). For
a given distance r this implies in general T (U). Let us express this correlation
with Q being a power law

Q(ζ) = Q1ζ
−nQ , (8)

where Q1 and nQ are constants. This power law is justified below by the observed
radial dependence of the SW temperature, see the text after Equation (14), while
a more general heating function is simply a sum of power laws with different
exponents. With Equation (8), Equation (7) can be written

T (ζ) =
2µ Q1

kB f (2nρ/f + 1− nQ)

[
ζ1−nQ −

(
ζ

ζo

)−2nρ/f

ζ1−nQ
o

]
+To

(
ζ

ζo

)−2nρ/f

.

(9)
Written explicitly as a function of r and U , with nA = 2nρ/f being the adiabatic
exponent of T , we have

T (r, U) =
2µ Q1 U

nQ−1

kB f (nA + 1− nQ)

[
r1−nQ −

(
r

ro

)−nA

r1−nQ
o

]
+ To

(
r

ro

)−nA

.

(10)
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Indeed, there is a positive correlation between the SW temperature (T ) observed
at a fixed position (r) and its velocity (U) if nQ > 1, so if, for a given U , T (r)
decreases with the distance (r) to the Sun, as indeed is observed.

2.3. Typical Magnitudes for the SW

Let us consider the temperature measured at a distance r1. Equation (10) is
simplified and rendered dimensionless by introducing the reference velocity U1

and temperature TQ defined by

TQ =
2µ Q1 (U1/r1)nQ−1

kB f (nA + 1− nQ)
. (11)

Then Equation (10) can be rewritten

T (r, U) = TQ

(
U

U1

)nQ−1
[(

r

r1

)1−nQ

−
(
r

ro

)−nA
(
ro
r1

)1−nQ
]

+ To

(
r

ro

)−nA

.

(12)
Both U1 and TQ (see below) are typical values for various SW conditions present
at r = r1. At the distance r1, this further simplifies to

T (r1, U) = TQ

(
U

U1

)nQ−1

−TQ

(
U

U1

)nQ−1(
ro
r1

)1−nQ+nA

+To

(
ro
r1

)nA

. (13)

To and ro are the boundary conditions needed for the integration of the
internal-energy equation. They are typically set in the corona. However, here the
equations were simplified by supposing that the plasma velocity has no significant
radial gradient, so the boundary conditions cannot be set too close from the Sun.
A plasma density decreasing as ≈ r−2 beyond ro ≈ 10R� is observed (Leblanc,
Dulk, and Bougeret, 1998), which implies a nearly-constant velocity beyond ro
from Equation (2) and with A(r) ∝ r2, so we set ro = 0.05 AU. In fact, we do
not need to be precise in the choice of ro since, as shown below, using this model
the plasma temperature at 1 AU is mostly determined by the interplanetary
heating and not by the boundary condition in the corona, when the temperature
is decreasing significantly slower with distance than in the adiabatic evolution
(Tadia ∝ r−4/3).

Between 0.3 and 5 AU, the mean electron and proton temperature varies
typically between r−1 and r−0.7 (see Section 1), then, the adiabatic term in
Equation (12) is unable to explain such gradients since nA ≈ 1.3. Rather, for
r/ro >> 1, the temperature profile is dominated by the first term in the right
hand side of Equation (12). We deduce the typical range of nQ

1.7 ≤ nQ ≤ 2 . (14)

Indeed, the needed dominance of the heating term to explain the observed mean
temperature gradient in most of the SW streams, and the approximate power
law observed for T (r) justify the simple form of Q given by Equation (8) as a
first-order estimation.
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The typical observed temperature at r1 = 1 AU in the SW is T1 ≈ 2 ×
105 K for U = U1 ≈ 600 km s−1, while the coronal temperature To ≈ 106K.
Since r1/ro ≈ 20 and nA ≈ 1.3, the last term in Equation (13) gives T ≈
2×104 K, a factor of ten times lower than T1. With 0.3 ≤ 1−nQ +nA ≤ 0.6, the
second term provides a contribution relative to the first term ranging between
0.16 and 0.4. The contributions of both second and third terms would be even
lower if the boundary conditions were set closer to the Sun. Then, TQ represents
approximatively the SW temperature at r1 for U = U1.

The exponent (nQ) could still extend outside the range given by Equation (14)
in some extreme cases. For example, this could be the case if the mean temper-
ature were dominated by electrons with a radial variation as low as r−0.2 in SW
streams with velocities ≈ 500 km s−1as found by Marsch et al., (1989) between
0.3 and 1 AU. The opposite case would be present if the mean temperature is
dominated by protons, since they are found to have a nearly adiabatic evolution
in slow SW streams between 0.3 and 1 AU (Lopez and Freeman, 1986). With
these extremes, nQ is in the extended range: 1.2 ≤ nQ ≤ 2.3. The consequence
of this extended range is also investigated below.

2.4. Comparison to Observations

In this section, we compare the prediction of Equation (13) with observed results.
Matthaeus, Elliott, and McComas (2006) analyzed in-situ data obtained with
Advanced Composition Explorer (ACE) spacecraft. This is an extension of the
previous work of Elliott et al., (2005) over a time period of seven years. They
separated the data obtained inside likely ICME from the SW. The three criteria
for ICME are: high α to proton density ratio (> 0.08), high O7+ to O6+ density
ratio (> 1), and low proton β (< 0.1). The data points which satisfy the three
ICME criteria defined the likely ICMEs. The data points satisfying at least one of
the criterion, or taken within one day of satisfying a criterion, define the possible
ICMEs. The selection of the possible ICMEs is broad enough that we can be
confident that most of the ICMEs have been selected, so that the remaining data
are from the SW (called non-ICME).

Since the heating process of the solar wind is still largely disputed (see Sec-
tion 1), we cannot rely on a model to derive the amount of heating, then presently
theory cannot provide an estimation of the coefficient Q1 and nQ in Equation (8).
However, with the hypothesis Q(ζ), the observed radial gradient of temperature
provides an interval of nQ. With the reference velocity set to U1 = 600 km s−1,
we explore a range of TQ values in order to cover the observed range of observed
T (Figure 1). This implicitly defined the amount of heat needed, so the coefficient
Q1 [Equation (11)].

By setting TQ in the range of observed values, we force the theory to be
close to the observations near U ≈ U1. Still, there is a significant deviation
between the prediction of Equation (13) and the main trend shown by the
observations in the SW (Figure 1). Indeed, assuming Q(ζ), together with the
observed approximative power law for T (r), implies strong constraints on the
predicted T (U) correlation deduced from the internal-energy equation.
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8 P. Démoulin

Figure 1. Comparison of the results given by Equation (13) with the results of Matthaeus,
Elliott, and McComas (2006). The data points are reproduced from their paper. T is the proton
temperature and U is the velocity; both are measured by the ACE spacecraft. The red points
are for data which satisfy three ICME criteria (see Section 2.4). A larger set of data points,
called “possible ICME”, are removed from the measurement series giving the non-ICME data
points which are from the SW.

With nQ within the range of Equation (14), the temperature predicted by
Equation (13) has a much lower slope than for the SW data (Figure 1a). Ex-
tended the range of nQ to lower values simply provides an even lower slope, while
increasing nQ does provide a large dependence of T on U for the first term in
Equation (13), but as nQ gets closer to nA + 1, this effect is masked by a larger
contribution of the adiabatic term (last term in Equation (13)). Then, increasing
nQ to larger values than in Equation (14) does not provide a steeper dependence
of T on U (Figure 1a).

Next, modifying the value of TQ also does not allow to explain the general
tendency of the correlation T (U) (Figure 1b). Moreover, as explain above, the
boundary values (ro,To) have small influence on these results, so modification of
these values also cannot improve the results.

The result of Equation (13) was also compare to the results of Elliott et al.,
(2005) where they plotted separately the compression and the rarefaction regions
(defined by positive and negative slope, respectively, of a 2-day running average
of SW speed versus time, and with an absolute slope magnitude above 2.2 ×
10−4 km s−2). Even for the best cases (nQ ≈ 1.7 up to ≈ 2, Equation (13)
predicts a too small slope with an intersection of the T = 0 axis far from v ≈
250 km s−1 as present in their linear fit of the data (Figure 2), so Equation (13)
cannot interpret the mean results of Elliott et al., (2005). Since their linear
fit is dominated by the most populated region (the regions in Figures 1 and 2
where individual data points cannot be distinguished), Equation (13) is also not
appropriate to interpret the core of the T (v) distribution. Moreover, the increase
dispersion of T with increasing v is not explained.

In conclusion, assuming a SW heating that is only a function of ζ = r/U does
provide a positive correlation between T and U in the SW at distances far from
the Sun (i.e. where the heating term dominates in the internal-energy equation).
But the implied slope in this correlation is significantly lower than observed both

demoulin_corel_vT.tex; 23 march 2009; 15:32; p. 8



Temperature and Velocity Correlation in SW and ICMEs 9

Figure 2. Comparison of the results given by Equation (13) with the results of Elliott et al.
(2005). The data points are reproduced from their paper. T is the proton temperature and U
is the velocity; both are measured by the ACE spacecraft. The orange and blue points are for
SW data with compression and rarefaction, respectivelly. The average T , by bins of 25 km s−1,
is shown with black dots and the standard deviation with error bars. A linear fit of the binned
data is added with a black line.

for the core and the high temperature tail of the distribution (Figures 1, 2). The
observed correlation would require a heating term of the form Ueζ−nQ 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 Matthaeus, Elliott, and
McComas (2006). In the next section, a different approach is explored.

3. Global Energy Budget in the SW

3.1. Correlation Between Temperature and Velocity

The momentum equation is

ρ
Dv
Dt

= −∇p+ j×B− ρ GM�
r2

r̂ + ρ f , (15)

where j is the current density, B the magnetic field, G the gravitational con-
stant, M� the solar mass and f incorporates any extra force per unit mass (e.g.
deposition of momentum by waves).

For a radially-symmetric and stationary SW flow the radial projection of
Equation (15) is

v
dv
dr

= −dP/dr
ρ

− GM�
r2

+ fr . (16)

We have neglected the contribution of the magnetic force since close to the Sun
the magnetic field is mainly radial, while at larger distances, when the azimuthal
component becomes significant, the magnitude of this force is small compare to
the inertial term (B2/µ0 << ρv2).
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The integration of Equation (16) from ro to r, provides a generalized Bernoulli
equation

v2

2
+
∫ r

ro

dP/dr
ρ

dr − GM�
r
−
∫ r

ro

frdr =
v2
o

2
− GM�

ro
. (17)

In contrast to the analysis done in previous section (inside and after Section 2.2),
the velocity v is explicitly a function of r. Indeed, as shown below, the increase
of v with r, mostly close to the Sun, is the main point giving the correlation
between T and v.

The internal-energy equation is provided by Section 2.1. Equations (2,3,17)
are coupled equations describing the radial variation of ρ, T, v when boundary
conditions are set at ro. Their numerical solution provides a SW model that de-
pends on the heat input selected (Q,q) and the extra force used (fr). However, it
is also worth simplifying these equations, retaining only the main terms, in order
to understand the main physical implications of these equations, in particular
for understanding the physical origin of the correlation T (v).

The density in the SW is well described by a power-law (Equation 4), with
nρ ≈ 2, since A(r) ∝ r2 and v ≈ uniform is a good approximation in Equation (2)
for r ≥ 0.1 AU. The temperature is in large measure given by the integration
of the internal-energy Equation (3) with only a weak effect on the velocity
(Section 2). The velocity is mostly given by the Bernoulli equation. Indeed v

increases with r due to the work done by the pressure force. The term
∫ r
ro

dP/dr
ρ dr

is approximately proportional to the temperature (with a weighting with the
distance within the integral). This is the main origin of the T (v) correlation:
with a higher temperature, the wind is accelerated to higher velocity (and most
of this acceleration occurs close to the Sun). More precisely, a higher heating
rate provides a higher acceleration and a higher temperature. These kinetic and
thermal input then propagate to large distance giving a strong T (v) correlation.
It implies that the physical base of the correlation is quite general, so that a
strong positive T (v) correlation is expected for a large range of models (however
exceptions are still possible if the functions Q, q and fr go strongly against this
general behavior of the equations). Below we explore this conclusion with a
simple model.

3.2. Example of Correlation with a Polytropic Evolution

In this section we use a particular model to illustrate quantitatively the above
deduced T (v) correlation. The model is selected among others to provide analyt-
ical results, while being realistic enough to be applied as a first approximation
to the SW.

In interplanetary space, the heat flux (q) is expected to be different from
the classical value derived for a strongly-collisional plasma since the mean free
path of electrons is expected to be comparable or even larger than the typical
scale length of the density gradient (especially for electrons above the average
thermal energy). In a mostly collision-less plasma, based on previous works,
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Figure 3. Comparison of the results given by Equation (23) with the results of Matthaeus,
Elliott, and McComas (2006). The data points are reproduced from their paper. α is a dimen-
sionless constant defined in Equation (18), and ro is the distance from the Sun, in AU, where
the polytropic law is supposed to begin.

Hollweg (1976) proposed the following expression for the heat flux (see also
Meyer-Vernet, 2007 for a recent summary)

q =
3α
2
ρ

µ
v kBT , (18)

where α is a constant of the order of unity and T is the electron temperature
(taken here equal to the proton temperature). This approximate expression is
derived from an electron distribution function with a tail truncated in the solar
direction, and with electrons coupled to protons by an electric field, so that they
move globally at the SW speed.

With the above heat flux and Q = 0, Equation (3) has an analytical integral
giving a polytropic variation of the temperature as a function of the density

T = To(ρ/ρo)2/(f+3α) , (19)

with a polytropic index λ = 1 + 2/(f + 3α). This provides a simple solution
of the internal-energy equation, sufficient for the present purpose to derive the
T (v) correlation from the momentum equation. This is an extreme case where
the temperature is not linked to the velocity in the internal-energy equation.

With Equation (19), the pressure term in Equation (17) is simply integrated

v2

2
+ (

f

2
+ 1 +

3α
2

)
kB(T − To)

µ
− GM�

r
−
∫ r

ro

frdr =
v2
o

2
− GM�

ro
. (20)

This is rewritten as

v2

2
= (

f

2
+ 1 +

3α
2

)
kB(To − T )

µ
+ C , (21)

where C collects all the terms that do not depend on velocity or temperature
(here we suppose no such of dependence for fr to stick to the basic argumenta-
tion).
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Figure 4. Comparison of the results given by Equation (23) with the results of Elliott et al.
(2005). The data points are reproduced from their paper. The same curves than in Figure 3a
are shown. α = 0.3 corresponds to nT ≈ 1 and α = 0.7 to nT ≈ 0.8 [Equation (22)], so to
typical radial temperature gradient observed in the SW.

With Equation (4) and nρ = 2, Equation (19) may be rewritten as

T = To(ro/r)4/(f+3α) , (22)

so nT = 4/(f + 3α). With nT in the range [0.7, 1] and f = 3, α is in the range
[0.3, 0.9], so of the order of unity as expected by the kinetic theory.

With Equation (22), Equation (21) can be rewritten as

T (r, v) =
µ

kB

v2 − 2C
f + 2 + 3α

1
(r/ro)4/(f+3α) − 1

. (23)

For a fixed distance r, and a given heating flux (so α value, or equivalently a
given polytropic index λ), the temperature is a quadratic function of the velocity.
The comparison to the data is shown in Figure 3 for the simple case C = 0, a case
where there is not a significant acceleration provided by fr (just compensating
for the difference of gravitation potential). Cases with C 6= 0 are simply deduced
by translation of the curves along the v-axis when C is not dependent of T and
v. If some acceleration model provides such dependence, via fr, then the curves
are deformed accordingly.

It is remarkable that such a simple approach provides the main trend present
in the observations without inputting extra hypothese. Fixing the parameters,
so for a given heat flux (α fixed), for a given range of distances where this heat
flux is applicable (r ≥ ro), T (v) has a quadratic dependence which is the typical
dependence observed if we consider the global distribution of the data points
(Figure 3). However, most of the SW data points are grouped in a narrower
region (black region). Elliott et al., (2005) found that a linear fit represents
well the mean tendency of T (v) for the full range of v, in particular when they
split the data between rarefaction and compression regions. Their linear fit are
around the curve α = 0.3 in Figure 4. It is remarkable that this correspond to
a typical value of the temperature gradient in the SW, nT ≈ 1, independently
deduced from other observations (Section 1). This curve (and all the ones in the
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neighborhood) has indeed a low curvature when restricted to the most dense
part of data points. Moreover with the observed dispersion in T this curve can
hardly be distinguished from a linear dependance. Then, Equation (23) is also
compatible with the mean linear tendency found by Elliott et al., (2005).

The observations show a broad distribution of T (v). Elliott et al., (2005)
found a shift in temperature between the rarefaction and compression regions.
A broad distribution of T (v) is still present for both data sets, especially for
the set of compression regions. This is most likely due to the mixture of SW
with different properties, in particular different heating. The above polytropic
model also permits to interpret the increase of T dispersion with an increasing
v, either from a variable α, either as a variable ro (Figures 3,4). The physical
interpretation is different as follows: a variable α implies a variable efficiency of
the heat flux in interplanetary space (probably because of a variable tail in the
distribution function of electrons). A variable ro implies a variable extension of
the corona where Equation (18) does not apply (probably because of too many
collisions or/and a different distribution function of electrons).

The above results contrast with the results obtained with the internal energy
alone (Figures 1,2). The conclusion is that the momentum equation is the main
cause of the T (v) correlation. Using the approximation of a velocity spatially
uniform, v = U , is a priori a good approximation for a large part of the helio-
sphere (except close to the Sun) as shown from both observations and models
(for example, with the above model, v is only increasing by 4 to 9% between 0.2
and 1 AU with α in the range [0, 1.3] and v ≈ 600 km s−1). However, the trick
is that applying this approximation from the beginning of the analysis, as done
in Section 2 and in Matthaeus, Elliott, and McComas (2006), does not allow us
to understand the physical origin of the T (v) correlation.

4. Energy Budget in ICMEs

4.1. Thermal difference between SW and ICMEs

The properties of plasma measured in ICMEs are significantly different than
in the SW (see e.g. Liu, Richardson, and Belcher, 2005). Moreover, not only
is the proton temperature much lower in ICMEs than in the SW, but also the
correlation T (v) disappears (or at least is much weaker) as shown by the results of
Elliott et al., (2005) and Matthaeus, Elliott, and McComas (2006), reproduced
in Figures 1 and 3. 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-β fluctuates around unity. In contrast, a well-organized magnetic
field with low fluctuations, and a low β (≤ 0.1) are observed in ICMEs (the
difference with SW properties is even more pronounced in MCs). However there
are no strong observational clues to test this presently.

Three other possibilities, advocated by Matthaeus, Elliott, and McComas
(2006), are also, a priori, possible, as follows. First, the volume of a parcel
of plasma in an ICME is expanding faster than in the SW. Second, ICMEs
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Figure 5. Schematic of the different magnetic field configurations present in the SW and in
a flux rope ejected from the Sun (forming a MC or an ICME).

depart from spherical expansion. Finally, the conditions for an heating rate Q
depending only on ζ could be absent in ICMEs. Let us analyze these possibilities
with the results of Section 2. First, nρ ≈ 2 in Equation (4) for the SW, and
nρ ≈ 2.3−2.4 for ICMEs for solar distances larger than 0.3 AU (Liu, Richardson,
and Belcher, 2005; Wang, Du, and Richardson, 2005), so ICMEs do expand faster
than the SW, but nρ is not affecting the dominant term in Equation (12), and
more generally in Equation (7), so that the difference in the observed expansion
rate between ICMEs and SW cannot explain the strong difference observed for
T (v). Closer to the Sun, an important expansion of ICMEs can provide a strong
temperature decrease only if the heating term in Equation (7) is not dominant.
Next, it is true that ICMEs depart from spherical expansion, but this can be
taken into account by A(r) in Equation (2), and in the results of Section 2. This
would mainly change nρ (Equation 4) with again only a small effect on T (v) as
derived from Equations (9-13). Finally, the third proposal above, a fully different
heating rate Q, is plausible but it is difficult to test it with observations.

4.2. Expected T (V ) relationship in ICMEs

The results of Section 2 show that a heating Q depending only on ζ is not
sufficient to explain the observed correlation T (v) in the SW, while including
the acceleration of the SW, so solving the momentum equation (15), permits
to understand how this T (v) correlation appears (Section 3). The momentum
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 closed and still connected to the Sun (at least a majority of them,
see Section 1), as sketched in Figure 5. Let us consider different winds with
different heating. As the heating 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, unless 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 β is significantly less than unity. A higher
heating, or momentum deposition, can only produce a flow along the magnetic
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field if the deposition is asymmetric between the two legs of the flux rope (e.g.
this is expected when one leg gets disconnected by reconnection with an open
magnetic field). However, this asymmetric input of energy produces at most a
flow with a significant radial component (away from the Sun) only if one of
the leg of the flux rope is crossed by the spacecraft, but with no coherence in
sign between different ICMEs (since both the local heating asymmetry and the
observations are expected to be not associated with a specific leg). If rather the
leading part of the flux rope is crossed (called the nose), as it is frequently the
case for MCs, the extra velocity, produced by the heating or by the momentum
deposition, is mostly orthogonal to the radial direction in the core of the flux
rope. In conclusion, the results of Section 3 for the SW do not apply to the closed
magnetic configuration of ICMEs, and there is no expected correlation between
T and v in ICMEs.

Let us summarize further the physics of ICMEs, in order to contrast it with
the one present in the SW. The general equation (15) applies to both, but
Equation (16) applies only to the SW, since the main term in ICMEs, the Lorentz
force, is neglected in Equation (16). Indeed, this magnetic force, together with
the contribution of a drag force, determine the temporal evolution of the velocity
in ICMEs (Chen, 1989; 1996), in good agreement with the observed velocity of
CMEs/ICMEs in the inner heliosphere. Numerical MHD simulations confirm
this (e.g. Cargill and Schmidt, 2002; Shen et al., , 2007). Even the internal
expansion of the flux rope is dominated by the magnetic force, with negligible
contribution of the plasma pressure within the flux rope (Démoulin and Dasso,
2009). In summary, the evolution of flux ropes is mainly governed by the balance
between their internal magnetic forces and the forces present in the surrounding
SW (plasma, magnetic and dynamic pressures, as well as the drag force). Then,
the evolution of the field configuration and of the main velocity components
(expansion and velocity 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 ICMEs, as observed.

5. Conclusion

Since decades, in-situ measurements by spacecraft have shown a clear correla-
tion, T (v), in the SW between proton temperature and outward velocity. Lopez
and Freeman (1986) had interpreted this correlation with the variation of the
estimated polytropic index with velocity. This indicates that a larger energy
input is plausibly at the origin of both higher temperature and velocity in the
SW.

Only recently, Matthaeus, Elliott, and McComas (2006) proposed a theo-
retical interpretation for the observed T (v) correlation. They proposed that a
specific heating model, MHD turbulence, would provide a heating per unit time
and mass which would depend only on the SW age (since its departure from the
Sun). Then they showed that the internal-energy equation, with such heating,
naturally provides a positive correlation between temperature and velocity, as
they observed with the ACE spacecraft at 1 AU. However, after a quantitative
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analysis, solving the internal-energy equation, the T (v) relation found by this
approach has a much weaker dependence on v than that present in observations
(Section 2, Figures 1,2).

The previous approach is based on the approximation that the solar wind
velocity has negligible radial gradient. This is a good approximation far from
the Sun, e.g. at distances larger than ≈ 0.1 AU. Still, the magnitude of the SW
velocity depends on how it was accelerated, and a theory explaining the T (v)
correlation should incorporate explicitly the acceleration region close to the Sun.
This implies solving the momentum equation together with the internal-energy
equation (Section 3). The link between the acceleration region and the in-situ ob-
served region can be realized analytically with an integral form of the momentum
equation (giving a generalized Bernoulli’s equation). Then, even with an internal-
energy equation giving a temperature having no explicit dependence on velocity,
Bernoulli’s equation provides an in-situ temperature depending quadratically
on the velocity, basically as observed for the global distribution of the data
points (Figures 1,2), while the relation is approximately linear when the data
are restricted to the most frequent conditions observed in the SW (Figure 2). In
conclusion, the observed T (v) correlation is generically provided by the physics
in the acceleration region of the SW: the more it is heated, the faster it blows.

The observations of Elliott et al., (2005) and Matthaeus, Elliott, and McCo-
mas (2006) clearly show that the T (v) correlation is not present in ICMEs. With
the quantitative results of Section 2 on the internal-energy equation applied to
ICMEs, the observed faster expansion rate of ICMEs than in the SW is not at
the origin of a different T (v) relation (Section 4). The same conclusion applies
to the departure from spherical expansion of ICMEs. Another possibility is that
the heating in ICMEs is radically different than in the SW. This is plausible
in view of the very different physical conditions present in ICMEs and in the
SW, however this needs to be demonstrated. In fact, Section 3 shows that there
is a generic cause for a completely different behavior of T (v): the momentum
equation is dominated by different terms in ICMEs and in the SW. Indeed, the
closed magnetic configuration of ICMEs (Figure 5) and the dominance of the
magnetic force do not allow a significant effect of the heating magnitude on
the plasma velocity inside ICMEs. It implies that the temperature of ICMEs is
expected to be un-correlated with its plasma velocity, as observed.

This paper presents generic arguments to explain the almost-quadratic depen-
dence of temperature on the velocity in the SW and the absence of dependence
in ICMEs (when the entire distribution of data points is considered). These
results are expected to hold for a broad range of heating mechanisms, so the
observed T (v) relation is not a decisive tool to test diverse heating/accelerating
mechanisms of the SW. However, it does not mean that the T (v) relation is
independent of the heating, just that it is expected to be weakly depend on it.
The analysis of this dependence will be investigated in a future work.

On the observational side, it would be important to quantify the T (v) relation
and test its physical origin. This cannot be done by a single spacecraft, since
different plasma blobs, with different entropies, are measured. Rather it requires
following the same elements of plasma with distance. This can presently be
realized approximately when two spacecraft are nearly radially aligned, allowing
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approximately this association of plasma intervals both in the SW and in ICMEs
as realized in one case by Skoug et al., (2000). Having recurrent observations
with at least two radially-aligned spacecraft will provide us a deep insight in
the physics involved in the SW and ICMEs, and the closer these spacecraft are
to the Sun the better it is since, from the above results, the T (v) correlation is
expected to develop close to the Sun.
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