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Role of turbulent dissipation and thermal convection
in solar wind’s temperature evolution
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Abstract. In this brief report we calculate the turbulent dissipation rates in
the solar wind using the Kolmogorov-like MHD turbulence phenomenology with
Kolmogorov’s constants calculated by Verma and Bhattacharjee [1995]. We find
that the turbulent heating cannot account for the total heating of the non-Alfvénic
streams in the solar wind. Solar wind observations indicate that the thermal
conduction could contribute significantly to the temperature evolution of the solar
wind plasma. In this paper we theoretically estimate the contribution of turbulent

thermal convection to the temperature evolution; the theoretical estimates are

consistent with observations.

Introduction

The proton temperature 7' of the solar wind, re-
garded here as a single magnetofluid parameter, is ob-
served to decrease slower than adiabatic cooling which
yields T(r) o< r=%/3, where r is the distance from the
sun. [Schwenn, 1983; Marsch et al., 1983; Schwartz
and Marsch, 1983; Gazis, 1984; Freeman and Lopez,
1985; Lopez and Freeman, 1986; Freeman et al., 1992].
The observed T(r) is proportional to 7=%7 in the outer
heliosphere and is proportional to r=% in the inner
heliosphere, with a variation of approximately £0.1 in
the exponent depending on velocity and other factors.
These observations indicate that the protons in the so-
lar wind are heated in transit. Note that in this pa-
per we will not discuss the temperature evolution of
the electrons and the alpha particles in the solar wind.
Also, the dissipation rates in the solar wind vary with
distance from the Sun; here we estimate typical dis-
sipation rates in the solar wind (at 1 AU). The solar
wind has spatial inhomogeneities which play an impor-
tant role in its evolution [Zhou and Maithaeus, 1990b).
We assume local homogeneity and isotropy in the wave
number space so that turbulence phenomenology can be
applied to the solar wind [Zhou and Matthaeus, 1990b;
Tu et al., 1984; Tu, 1988]. The temperature evolution
under these assumptions appears reasonable [Tu et al.,
1984; Tu, 1987, 1988; Verma et al., 1995].

Various attempts have been made to explain the ob-
served temperature evolution and heating in the so-
lar wind. The proposed sources of heating are shocks
[Whang et al., 1990], turbulence [Tu et al.,, 1984; Tu,
1987, 1988; Verma et al., 1995], interactions with neu-
tral particles [Isenberg et al., 1985] etc. Heat conduc-
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tion can lead to a redistribution of heat and can have
an 1mportant contribution to the temperature evolu-
tion of the solar wind [Gazis, 1984]. Recently, Verma
et al. [1995] have studied the temperature evolution
of the protons in the solar wind plasma and have es-
timated the dissipation rates which would be sufficient
to heat the plasma to the observed level. They invoked
turbulence as a heating mechanism in the solar wind.
However, they used a free parameter in their calcula-
tion. Recently, Verma and Bhattacharjee [1995] have
theoretically calculated this parameter for non-Alfvénic
streams (described below). We estimate a typical tur-
bulent dissipation rate in the solar wind using the con-
stants estimated by Verma and Bhattacharjee [1995].
We also estimate the contribution of turbulent thermal
convection to temperature evolution of the solar wind
plasma.

Tu et al. [1984], Tu [1988], and Verma et al. [1995]
(henceforth referred to as paper I) calculated turbulent
heating in the solar wind using the existing MHD tur-
bulence phenomenologies, Kolmogorov-like MHD tur-
bulence phenomenology [Marsch, 1990; Matthaeus and
Zhou, 1989; Zhou and Matthaeus, 1990a] and Dobrowolny
et al.’s generalized Kraichnan phenomenology [Dobro-
wolny et al. |, 1980; Kraichnan, 1965]. In the Kolmogorov-
like phenomenology [Marsch, 1990; Matthaeus and Zhou,
1989; Zhou and Matthaeus, 1990a], the energy spectra
E*%(k) of fluctuations z* = u=+b (u is the velocity
fluctuation, and b is the magnetic fluctuation in veloc-
ity units) are

E*(k) = C* (¢2)*/? (7) 723 513 (1)
where ¢t are the dissipation rates of z*, and C'* are
Kolmogorov’s constants for MHD turbulence. The fluc-
tuations z* are Alfvénic fluctuations with positive and
negative velocity and magnetic field correlations. Note
that using this scheme, we can obtain the dissipation
rates using the energy spectra of the wind and the con-
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stants C'*; for these estimates we do not need any de-
tailed knowledge of the dissipation mechanism. In pa-
per I it was found that the normalized cross helicity
0. = 2v-b/ (v? + b?), a measure of velocity and mag-
netic field correlation, plays an important role in deter-
mining dissipation in the solar wind. The constants of
the phenomenologies were treated as free parameters,
and it was assumed that C* = C~ = C. When we
choose €' = 1.0 for nonAlfvénic streams and C = 8.0
for Alfvénic streams, turbulent heating is sufficient to
heat the plasma to the observed level (paper I).

Recently, Verma and Bhattacharjee [1995] calculated
the values of the constants C* using direct interaction
approximation (DIA) of Kraichnan [1959]. They found
that the C* are not universal constants as is the case
in fluid turbulence, but that they depend on the Alfvén
ratio 4 (ratio of kinetic and magnetic energy) and the
normalized cross helicity o.. So far, Verma and Bhat-
tacharjee [1995] have succeeded in obtaining the con-
stants when o, = 0. In Table 1 we list some of the
values of these constants. These constants are in good
agreement with the simulation results [Verma et al.,
1996]. In this brief report we will use the constants C
obtained by Verma and Bhattacharjee [1995].

Tu et al. [1984] have calculated the dissipation rates
in the solar wind using Kraichnan’s MHD turbulence
phenomenology [Kraichnan, 1965] (also see Dobrowolny
et al. [1980]), in which the fluid and magnetic energy
spectra are given by

Eb(k) ~ E*(k) = A(eBy)/? k=32 (2)

where E* and E° are the fluid and magnetic energies
respectively, A is Kraichnan’s constant, and By is the
mean magnetic field or the magnetic field of the largest
eddies. Kraichnan’s constant A is believed to be of the
order of 1. We emphasize the Kolmogorov-like phe-
nomenology because its predictions appear most con-
sistent with the observed energy spectra of —5/3 for
both z* in the solar wind [Matthaeus and Goldstein,
1982: Marsch and Tu, 1990].

Thermal conduction can redistribute heat in the solar
wind and can have a significant effect in the tempera-
ture evolution of the solar wind. Hundhausen [1972],
Gazis [1984], and Marsch et al. [1983] performed ob-
servational studies on the thermal conduction of pro-
tons and electrons; they found that thermal conduction
can modify the temperature significantly from the adia-
batic evolution. Hundhausen [1972] calculated the heat

Table 1. Kolmogorov’s Constants for MHD Turbu-
lence for Various Values of Alfvén Ratio and Normal-
ized Cross Helicity

TA O, ct C-
0.5 0.0 4.04 4.04
1.0 0.0 3.38 3.38
2.0 0.0 2.58 2.58
5.0 0.0 1.92 1.92

Data from Verma and Bhattacharjee [1995].
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flux using classical transport coefficients of Braginsku:
[1965]. However, the solar wind plasma is collisionless
and turbulent; therefore the thermal conductivity cal-
culated using classical transport coefficients may be in-
appropriate. It is commonly observed that turbulence
enhances the heat flux due to turbulent convection by
large eddies [Landau and Lifshitz, 1987]. The heat flux
due to turbulence usually dominates the thermal con-
duction by electrons. Motivated by this phenomenon,
we argue that a similar enhancement could occur in
the solar wind. We derive two alternative formulas for
turbulent thermal diffusivity, one using turbulent eddy
convection, and the other by a modification of Holl-
weg’s formula for anomalous thermal conduction [Holl-
weg, 1975].

In this paper we estimate the heat flux due to tur-
bulent eddy convection, which is a fluid phenomenon.
Therefore we will ignore the kinetic effects which are im-
portant for heat transport by particles at microscopic
levels. The kinetic effects must be important for elec-
tron heat flux, but for protons, turbulent convection
probably dominates the heat transport. The other as-
sumption regarding heat flux is decoupling of electron
and proton heat fluxes. For this reason we assume that
the temperature of the protons in the solar wind is af-
fected by the heat flux of protons alone, not by the
heat flux of electrons. The decoupling of electron and
proton heat fluxes has also been argued in the classical
formalism of Braginskii [1965]; it hinges on the fact that
the proton-electron collision frequency is very small as
compared to electron-electron or proton-proton collision
frequencies [see Hundhausen, 1972; Priest, 1982].

Shocks are one of the potential heat sources for the
solar wind. Whang et al. [1990] have performed ob-
servational and simulational studies on the corotating
shocks in the solar wind between 1 and 15 AU, and
they have shown that in this region, shocks are a major
heating source in the solar wind, with most of the heat-
ing confined to 1-5 AU. They found that the increase
in the entropy per shock is, on average, 0.8 x 1023
J/K/proton. They found approximately 400 shocks
in the 1-15 AU region which yield a dissipation rate
€shock Of approximately 1073 km?/s3. They have also
derived that the temperature variation due to the ob-
served entropy increase yields T(r) oc 7033,

Results

In paper I we derived a formula for the temperature
evolution of the solar wind protons due to turbulent
heating. Other sources of heating were not included
in that paper. However, one can easily generalize the
equation for the temperature evolution when the effects
of shocks and heat conduction are also included [see

Priest, 1982]. The generalized equation is
dT+2RT b3 n +V-q+Q
——+ = = —— | €urb T € — :
dr Cv r UCy turb shock p

(3)

where T is temperature, r is radial distance from the



VERMA: TURBULENT DISSIPATION, THERMAL CONVECTION, AND SOLAR WIND

Sun, R is Rydberg’s constant, Cy is specific heat per
unit mass at constant volume, ¥ is mass per unit mole
(=1 g for the solar wind plasma), U is solar wind mean
speed, €wurb 18 the turbulent dissipation rate per unit
mass, €shock 1S the dissipation rate per unit mass due to
shocks, q is heat flux, p is density, and @ is the sum
of contributions from other sources. Here, as well as
in paper I, we have assumed a constant speed for the
solar wind, hence p o« 7=2. We make this assumption to
simplify the analysis even though the density variation
is observed to differ marginally from »~2.
In paper I the best fit to the observed tempera-
ture evolution of the solar wind was obtained when
C = 1.0 for non-Alfvénic wind and C' = 8.0 for Alfvénic
wind. The dissipation rate at 1 AU was of the order of
10~3 km2/s3. In the outer heliosphere, most of the so-
lar wind streams have been observed to be non-Alfvénic
. ~ 0) with r4 ~ 0.5 (in the inertial range, i.e.,
E¥(k)/E%(k)). From Table 1, C = 4.04 [Verma and
Bhattacharjee, 1995] for these streams. Therefore the
correct turbulent dissipation rate is approximately (re-
fer to (1))
Con\312
€turb = €paperl (_P%CL

1072 ~ 1.25 x 10~ *km?s~3.

(4)

~

Note that in paper I it was found that €paper1 is the dis-
sipation rate required to heat the solar wind plasma to
the observed temperature. From the above expression
€rurb < €paperl 1D the outer heliosphere. Therefore tur-
bulent heating is not sufficient to heat the plasma to the
observed temperature. The remaining contribution to
the temperature evolution can be provided by shocks,
thermal conduction, and other mechanisms. Whang et
al. [1990] showed that shock heating is significant and
is of the order of 10~3 km?/s3. In the latter part of this
section we will discuss the observational and theoreti-
cal estimates of the contribution of thermal conduction
and turbulent convection to the temperature evolution
of the solar wind.

In the inner heliosphere, the fluctuations are some-
what fluid dominated. Therefore, C in the inner helio-
sphere is smaller than C' of the outer heliosphere (see
Table 1). If we take the inertial range r4 in the range of
1 to 2, C will be in the range of 3.38 to 2.58 (see Table
1). With these constants the turbulent heating contri-
bution in the inner heliosphere is higher than in the
outer heliosphere. Still it is at most C~3/2 ~ 25 — 30%
(approximately one-quarter) of the of observed heating
(heating rate of paper I) in the solar wind. The corotat-
ing shocks are absent in the inner heliosphere. There-
fore, shock heating is presumably not significant for
non-Alfvénic streams in the inner heliosphere. Hence,
neither shocks nor turbulence can provide enough heat-
ing in the inner heliosphere. It is possible that thermal
conduction plays an important role.

Regarding Alfvénic streams, in paper I it was found
that the observed temperature evolution of the Alfvénic
streams are in good agreement with the predictions of
Kolmogorov-like phenomenology if Kolmogorov’s con-
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stant for MHD turbulence C' is equal to 8.0. Currently,
we do not have good estimates of the constants C* for
Alfvénic streams; future calculations of C* will give us
a better handle on the turbulent dissipation rates of
Alfvénic streams in the solar wind.

Kolmogorov’s constant for Alfvénic streams being
close to 8.0 appears unrealistic. If Kolmogorov’s con-
stant is lower than 8.0, then the predicted dissipation
rate by Kolmogorov-like turbulence phenomenology will
be higher than what has been estimated in paper I
(note that paper I sets an upper limit on the dissipation
rate). This appears to be a contradiction. One possi-
ble resolution to this contradiction is that Kolmogorov-
like turbulence phenomenology is not valid for Alfvénic
streams, possibly because turbulence in the Alfvénic
streams may not have reached steadystate. This has
been conjectured by Marsch [1991] and Grappin et al.
[1991]. The nonlinear interactions may be distribut-
ing energy among large and intermediate wavenumbers,
with only a small amount of energy flowing into the
dissipation range. Therefore, the real dissipation rate
could be lower than that predicted by the phenomenol-
ogy, which assumes that the system is in steadystate.
Any modeling of “approach toward steady state turbu-
lence” will shed light on the evolution of energy spectra
and help us to correctly estimate turbulent heating in
the Alfvénic streams of the solar wind.

Having seen that the turbulent heating is probably
not sufficient to heat the non-Alfvénic streams to the
observed temperature, we now consider the contribu-
tion of thermal conduction (V - q/p term of (3)) to the
temperature evolution of the solar wind.

Hundhausen [1972], Gazis [1984], Marsch et al. [1983],
Marsch and Richter [1984] have performed observa-
tional studies on thermal conduction in the solar wind.
According to Hundhausen [1972], the heat fluxes q; ,
by protons and electrons, are 10~° and 0.007 ergs cm™?2
s~! respectively. Gazis [1984] found that the conduc-
tion rate is (2.5 £ 1.0) x 10~2 ergs cm~2 s™1; this heat
flux is the sum of the electron and the proton heat fluxes
because Gazis used a one-fluid equation. Marsch and
Richter [1984] estimated that the proton heat flux q; is
speed dependent and is approximately 10~* ergs/cm?
s.

In this paper we will only concentrate on the pro-
ton heat flux. For the electron heat flux the kinetic
effects probably play an important role. However, for
the proton flux the turbulent convection probably dom-
inates the microscopic kinetic effects. For this reason,
for the following discussion we assume that the tem-
perature of the protons in the solar wind is affected by
the heat flux of the protons alone, not by the heat flux
of the electrons. For classical transport calculations, it
is widely believed that the coupling between electrons
and protons is weak because the proton-electron colli-
sion frequency is very small as compared to the electron-
electron or the proton-proton collision frequencies. This
argument is not well founded because of low collision-
ality in the solar wind; still, in the absence of a well-
formulated theory, we make the above assumption.
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In the following discussion we will estimate the heat
flux using classical transport coefficients, the eddy trans-
port coefficient, and Hollweg’s [1975] formula. Ac-
cording to the classical formalism of Braginskii [1965],
the parallel and perpendicular heat conductivity K (of
q = KVT) are

IX’” ~ pC’vvl,
and
~ pCVUl

(wir)®
where v is the thermal speed of the protons, [ is the
mean proton-proton collision length, w; is the pro-
ton gyrofrequency, and 7; is the proton-proton colli-
sion time. Substitution of typical values of the solar
wind parameters at 1 AU, v ~ 50 km/s, | ~ 103
cem, and w;r; ~ 108 yields K ~ 5 x 10* ergs/cm s
K, and K; ~ 5 x 1078 erg/cm s K. These constants
give ¢; ~ KT/r ~ 5 x 10=* erg/cm? s, with most
of the conduction dominated by parallel conductivity.
These results are in the order of magnitude range of
the observed values of Hundhausen [1972], Marsch et
al. [1983], Marsch and Richter [1984], and Gazis [1984].
However, since the solar wind plasma is collisionless and
turbulent, application of classical transport formulas
appears questionable. Thus, in the following discus-
sion, we attempt to estimate thermal diffusivity due to
turbulence.

In fluid turbulence it is observed that turbulence en-
hances thermal diffusion. This is because the large ed-
dies carry heat more effectively than the electrons at
a microscopic level. In fluids the turbulent thermal
diffusivity due to convection Kius, can be estimated
by pCvvl/Pr, where v and [ are the large-scale veloc-
ity and length scales respectively [Landau and Lifshitz,
1987], and Pr is the Prandtl number. Since the solar
wind is a turbulent plasma, we apply this formula for
the solar wind as well. MHD turbulence phenomenolo-
gles are not as sound as Kolmogorov’s fluid turbulence
phenomenology; however, we estimate K using the ex-
isting turbulence phenomenology as a first approxima-
tion. We assume that Pr is of the order of 1 for the solar
wind. With v ~ 20 km/s (speed of large eddies) and [
~ 10'3 cm (size of the large eddies), Kyyp ~ 2 x 104
erg/cm s K. This result, however, is close to the classi-
cal K};. From turbulent Ky, the heat flux ¢; again will
be of the order of 10~* erg/cm? s. Note that the large-
scale eddies are not affected by the microscopic kinetic
process, therefore, for our estimates of Ky, we do not
need to have a detailed understanding of the dissipation
processes occurring at the microscopic level.

As an alternative to the classical heat conductivity,
Hollweg [1975] proposed that the anomalous electron
heat flux g, should be expressed as

K,

qe = (3/2)n. KT, vercab (5)
where vt 18 a critical speed associated with the insta-
bility criterion for the heat conduction driven wave, b
is a unit vector along the mean magnetic field By with
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the radial component pointing outward from the Sun,
and « is a bugger factor that Hollweg estimates to lie
in the range 2.0 — 7.0. The vt has been estimated to
be of the order of the proton thermal speed (50 km/s).
For typical values of the solar wind parameter, these ar-
guments yield ¢, ~ 10~* erg/cm? s. This is lower than
the observational estimates (¢. ~ 0.02 erg/cm? s) and
from what is estimated by classical transport formula.

We conjecture that the proton heat flux ¢; due to
turbulent convection could also be expressed using a
formula similar to (5),

qi = (3/2)n; KT verit (6)
In the above we argued that heat flux in a turbulent
fluid or plasma is primarily dominated by turbulent
convection, which depends on large length scales and
large velocity scales. Therefore we take the large-scale
speed, where the large-scale instabilities (e.g., shear) oc-
cur, as verit. With typical values of solar wind param-
eters (verr ~ 20 km/s) we obtain ¢; ~ 107% erg/cm?
s, which is in the same range as observed in the so-
lar wind. It must be emphasized that these statements
are mere conjectures with plausible arguments offered
in their favor. These arguments must be tested using
detailed simulations and observations. However, these
estimates appear to yield results that are close to the
observed results and are encouraging.

Now we can estimate the contribution of heat flux to
the temperature evolution and compare it with those by
turbulent dissipation and shock heating. To this end we
construct a quantity

Voai 4
p rp

Hi=— (7)

At 1 AU with ¢; ~ 10~* erg/cm? s, we obtain H; ~ 1074
km? s73. Our order of magnitude estimates are in gen-
eral agreement with the observational results of Marsch
and Richier [1984], Marsch et al. [1983], and Hund-
hausen [1972]. The contribution of turbulent convec-
tion to the temperature evolution H; appears to be 1
to 2 orders of magnitude lower than turbulent dissipa-
tion and shocks; still it may be comparable and could
have significant effects. In the inner heliosphere, H;
due to turbulent thermal convection will be somewhat
higher because in the inner heliosphere the tempera-
ture is higher and r is lower than in the outer helio-
sphere. Therefore turbulent thermal conduction could
potentially affect the temperature evolution in the in-
ner heliosphere significantly. Note that the corotating
shocks are absent in the inner heliosphere; therefore
shock heating contribution is presumably not significant
for non-Alfvénic streams in the inner heliosphere. Of
course, other sources, e.g., stream-stream interactions
and neutral ions, may also provide significant heating
in the inner heliosphere. ,

As mentioned earlier, Gazis [1984] estimated the ther-
mal energy flux at 1 AU in the solar wind and found
it to be equal to (2.5 4 1.0) x 1072 erg /cm? s, which
corresponds to V - q/p ~ 2 x 1072 km? s~3, that is
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approximately 10 times larger than the dissipation rate
estimated in paper I. However, note that in Gazis’ for-
malism, the thermal condition was considered the only
source of entropy increase [see Gazis, 1984, equation
(24)]; therefore the heating rate calculated by Gazis
was an over-estimate. This is not surprising, since
Gazis [1984] sets an upper limit on the total heat flux
q (g +qe)-

Regarding thermal conduction, it must be noted that
all three theoretical estimates, classical, turbulent, as
well as that of Hollweg [1975], yield ion heat fluxes
close to what is observed. Here we have emphasized
the turbulent convection and Hollweg’s argument be-
cause classical arguments may not be applicable to the
collisionless and turbulent solar wind plasma. However,
at this stage the turbulent conduction and Hollweg’s ar-
guments are conjectures, and they need further exami-
nation.

Conclusions

We have estimated the contributions of turbulent dis-
sipation to the heating of the solar wind using Kol-
mogorov’s constants for MHD turbulence calculated
theoretically by Verma and Bhattacharjee [1995]. We
find that for the non-Alfvénic streams, turbulent heat-
ing contributes only partly to the total heating in the
solar wind. The remaining contribution to the temper-
ature evolution should be provided by the corotating
shocks, turbulent thermal convection, stream-stream in-
teractions, interactions with the neutral ions, and other
sources. The corotating shocks are present in the outer
heliosphere. As shown by Whang et al. [1990], shocks
could be one of the major heating sources in the outer
heliosphere, at least in 1-15 AU where they have been
studied, and could provide a major fraction of the heat-
ing. In the inner heliosphere the corotating shocks are
absent; therefore turbulent dissipation and turbulent
thermal convection may provide significant contribu-
tions to the temperature evolution.

For the Alfvénic streams, so far we do not have the-
oretical values of Kolmogorov’s constants C*. There-
fore proper estimation of turbulent dissipation rates for
Alfvénic streams is lacking. However, Kolmogorov’s
constant 8.0 used in paper I appears unrealistic. It
is probably somewhat lower. With a lower constant,
Kolmogorov-like turbulence phenomenology will predict
dissipation rates higher than the upper limit calculated
in paper L. This contradiction appears to reinforce the
conjecture by Marsch [1991] and Grappin et al. [1991]
that the Alfvénic streams have not reached steady state,
and the energy is just being distributed among vari-
ous modes, with only a fraction of the energy flowing
into the dissipation range and heating the plasma. Fu-
ture investigations on the “approach to steady state”
will help us to properly estimate turbulent heating in
Alfvénic streams and to understand other related prob-
lems.

Hundhausen [1972], Gazis [1984], and Marsch et al.
[1983] performed observational studies of heat fluxes
in solar heating. Hundhausen [1972] estimated classi-
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cal thermal conductivity using one- and two-fluid mod-
els. Since the solar wind plasma is turbulent and col-
lisionless, we estimate turbulent thermal convection in
the solar wind using a formula used in fluid turbulence;
this formula is based on turbulence phenomenology. We
have also obtained another formula for turbulent ther-
mal diffusivity by modifying Hollweg’s [1975] expression
for anomalous electron heat flux. Both diffusivities, tur-
bulent heat diffusivity due to convection, and Hollweg’s
modified formula yield significant V - q/p, which are
in the order of magnitude range of turbulent dissipa-
tion and shock heating rates. However, we would like
to point out that the turbulent thermal convection and
Hollweg’s arguments are mere conjectures.

The order of magnitude calculations show that the
contribution of thermal convection to the solar wind
temperature evolution is significant both in the inner
as well as outer heliosphere. In the absence of corotat-
ing shocks in the inner heliosphere, turbulent thermal
convection probably plays an important role in the tem-
perature evolution there.

The estimates calculated in this paper shed some light
on the contributions of various sources to the tempera-
ture evolution of the solar wind. A proper modeling of
the sources will be useful in detailed studies of temper-
ature and momentum evolution of the solar wind.
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