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Effects of entropy inhomogeneity on density-temperature correlation in solar wind
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Compressive fluctuations in solar wind slow speed streams are studied by means of a magnetohydrodynam-
ics ~MHD! model, which represents the plasma in the vicinity of the heliospheric current sheet. The model
contains a current sheet, as well as density and temperature variations, corresponding to a large scale modu-
lation of the specific entropy. Alfve´nic fluctuations are initially superimposed on the background equilibrium
and compressive fluctuations are consequently generated during the time evolution. The resulting correlation
between density and temperature fluctuations at various spatial scales is interpreted in terms of both generation
of magnetosonic fluctuations and of an ‘‘entropy cascade.’’ The latter phenomenon arises as a consequence of
the interaction between the MHD turbulence and the underlying large scale entropy structure. In particular, it
is responsible for anticorrelated density and temperature fluctuations detected at various scales. The results of
the model are compared with the proton density-temperature correlation calculated during several crossings of
solar wind slow speed streams by the Helios spacecraft. The model reproduces to a good extent the main
observed features, in particular the dependence of the correlation coefficient on location~close to or far from
the current sheet! and on the fluctuation scale. The results show that large scale inhomogeneities, in particular,
that of specific entropy, are important ingredients in the dynamics of the MHD turbulence in slow speed
streams.@S1063-651X~99!03505-9#

PACS number~s!: 52.30.2q, 52.65.Kj, 96.60.Vg, 96.50.Bh
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I. INTRODUCTION AND MOTIVATIONS

In the solar wind low-frequency range (1 min,t
,1 day), compressive fluctuations are mainly observed
slow speed streams, close to the heliospheric current she
much lower level of compressive fluctuations being obser
in fast streams. Space data analyses have been perform
characterize these compressive fluctuations, mainly thro
the study of the correlation between fluctuations either
proton density (dn) and magnetic field intensity (dB) or of
proton density (dn) and temperature (dTp).

As concerns the former correlation Vellante and Laza
@1# have shown that for fluctuations at time scales lar
~smaller! thantc;10 h, positive~negative! correlations pre-
vail. More detailed analyses@2#, which have been carried ou
in selected slow speed streams in the inner heliosphere,
shown that in some cases the correlation remains nega
also at large scales.

This phenomenology has been studied by us in two p
vious papers~Refs.@3# and @4# hereinafter referred to as pa
per I!. In these papers we supposed that properties of c
pressible fluctuations were strictly related to t
inhomogeneous character of the turbulence in slow sp
streams, due to the presence of the large scale current s
To take into account this inhomogeneity, we have built
@3# a compressible numerical magnetohydrodynam
~MHD! model of the plasma around the heliospheric curr
sheet. We have then studied the propagation of Alfve´nic
fluctuations, which, starting from solar corona, converge
the two sides of the heliospheric current sheet. The dyna
cal evolution of such fluctuations displays a drastic chang
their characteristics and in particular, it can be shown t
compressible fluctuations are generated. In paper I we h
analyzed the properties of these compressible fluctuat
PRE 591063-651X/99/59~5!/6023~9!/$15.00
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and compared them with those derived from space data
taining a fine agreement, in particular as concerns the oc
rence of both signs of observeddn-dB correlation and how
this occurrence is related to~i! fluctuations spatial scale,~ii !
location with respect to the current sheet,~iii ! value of the
plasmab.

The correlation between proton density and tempera
on solar wind fluctuations has been studied by a numbe
authors@5–8#. In particular, Bavassanoet al. @8# studied the
properties of the compressive turbulence for the solar w
in the inner heliosphere by using Helios data. These auth
carried out a detailed analysis of the density-temperature
relation as a function of the solar wind speed and the ra
distance from the Sun, always in the inner heliosphere. T
found that in general, cases with a well defined sign of
density-temperature correlation are seldom observed in s
wind, with very few cases reaching a value greater than
~as absolute value! for the correlation coefficient. Moreover
they found that on smaller scales, the sign of the correla
is mainly positive in fast streams, while both signs a
present in slow streams.

From a theoretical point of view, correlation between de
sity r and temperatureT in MHD turbulence has been con
sidered within the so-called Nearly incompressible magne
hydrodynamics~NI-MHD ! theory@9–13#, in which the limit
of small sonic Mach numberM is studied, i.e., small depar
tures from incompressibility are considered. If the fluid
considered as a polytrope@heat-fluctuations-modified fluid
~HFMF!#, this theory predicts positiver-T correlations, as
well as density fluctuations, scaling as the squared so
Mach number@dr/r}O(M2)#. On the contrary, if heat con
duction is allowed @for heat-fluctuations-dominated flui
~HFDF!#, the density-temperature correlation is expected
negative, anddr/r}O(M ). Klein et al. @5# have analyzed
such scalings in solar wind data. They found that slow sp
6023 ©1999 The American Physical Society
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streams fit well the predictions of NI-MHD theory for
HFDF, while the situation is rather ambiguous in fa
streams. More recently, Bavassanoet al. @8# considered the
scalings of the density fluctuations with the sonic Mach nu
ber for the cases where the sign of the correlation was be
defined, without finding the expected trend foreseen by
NI-MHD theory. These results have to be related to the o
of Matthaeuset al. @11# who performed an analogous anal
sis for the aforementioned scalings in the outer heliosph
without finding a clear evidence of them in the data.

From the above results, we have been pushed to look
an alternative solution to the problem posed by presenc
negativen-Tp correlation in slow speed streams. This so
tion is based on an idea similar to the one used in our p
vious model@4,3#, namely, the main ingredient is the inho
mogeneity of the background medium. On the contra
turbulence models which describes a statistically homo
neous situation~such as the NI-MHD theory! neglect such an
ingredient, and assume that the background is spatially
mogeneous.

In order to illustrate the physical mechanism which w
propose, let us consider the evolution equation of the entr
per-mass-units, within the MHD framework@14#

rTS ]

]t
1v•“ D s5Q1“•q. ~1!

In this equationQ represents heat sources,q is the heat flux,
while v, r, andT are the velocity, density, and temperatu
respectively. The right-hand side contains the time deriva
of s along the flow lines. In an ideal case, when ene
dissipation and heat conduction are both neglectedQ
50, q50), the entropys is simply convected by the fluid
motion. So, ifs is spatially homogeneous at the initial tim
it will remain uniform during all the time. Such a configura
tion is referred to asisoentropic. In an isoentropic situation
compressive perturbations necessarily have density and
peraturepositively correlated. In fact since, in a perfect gas

s} lnS T

rg21D ~2!

(g being the adiabatic index!, s5uniform during all the time
implies

T}rg21, ~3!

i.e., positive~negative! variations ofr correspond to positive
~negative! variations ofT. For instance, this situation is typ
cally recovered when~as usual in many MHD turbulenc
models! the polytropic equationp/rg5const is assumed
which is equivalent to the condition~3!.

Concerning this point, we note also that when the ab
polytropic equation is assumed, only magnetosonic wa
are found as small amplitude compressive perturbations
such waves density and temperature are always positi
correlated. In a more general case, when the polytropic e
tion is relaxed, also entropy waves can be found among
small amplitude compressive perturbations@14#. In entropy
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waves density and temperature fluctuations are antico
lated, and the isoentropic condition (s5uniform) is clearly
violated.

From the above discussion it is clear that densi
temperature negative correlations require a nonuniform
tropy distribution. In the statistically homogeneous situati
considered by the NI-MHD heat-fluctuations-dominated flu
model @10#, this is achieved by including the effects of th
heat conduction. Heat conduction represents a source fo
tropy modulation@see Eq.~1!#, and it can generate density
temperature negative correlations also in an initially iso
tropic configuration. On the contrary, in the model which w
propose the entropy modulation is not due to nonideal effe
such as heat conduction, but it is assumed to be present
the outset, in the large scale inhomogeneity of the ba
ground structure.

Slow speed streams are colder and denser than the
rounding fast speed streams. So, when moving from a s
to a fast stream, the density and the temperature variation
large scale are anticorrelated. In other words, the entr
per-mass-units changes, being smaller in a slow stream th
in the surrounding fast streams. This large scale variation
s has been explicitly taken into account in the present mo
by including it in the background structure. It represents
new ingredient of the present model, which was lacking
the previous one~paper I!.

Similar to our previous model, Alfve´nic perturbations are
initially superposed on the background, and a spectrum
velocity fluctuations forms. As a result, the coupling betwe
the large scale entropy inhomogeneity and the Alfve´nic per-
turbation @represented by the second term in the left-ha
side of Eq.~1!#, will move the entropy modulation to in
creasingly smaller scales. This mechanism is then able
produce density-temperature negative correlations at all
scales. On the other hand, as we have shown in paper I
coupling between the Alfve´nic perturbation and the larg
scale current sheet produces also magnetosoniclike fluc
tions, in which density and temperature are positively cor
lated. As a result, the actual sign of ther-T correlation, at
differents scales and locations, will be determined by
competition between these two mechanisms~entropy cas-
cade and production of magnetosoniclike fluctuations!.

The paper is organized as follows. In the next section b
the physical and the numerical models are shortly review
Then the main results of the simulation are described in S
III and further discussed in the last section.

II. THE MODEL

The numerical model derives from that used in previo
papers@3,4#, the main difference being in the initial cond
tion. Here we report its main characteristics, referring
reader to the above-cited papers for a more detailed des
tion. We integrated the nonlinear, dimensionless, magn
hydrodynamics~MHD! equations in 211/2 dimensions for a
compressible plasma. Viscosity, resistivity and thermal c
duction terms are included in the equations of momentu
induction, and energy balance:

]r

]t
1“•~rv!50, ~4!
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]v

]t
1~v•“ !v52

1

r
“~rT!1

1

r
j3b1

1

rSn
“

2v, ~5!

]b

]t
5“3~v3b!1

1

Sh
“

2b, ~6!

]T

]t
1~v•“ !T1~g21!T~“•v!

5
g21

r F 1

Sk
“

2T1
1

Sn
S ]v i

]xj

]v i

]xj
D1

1

Sh
j2G , ~7!

with j5“3b andg55/3 is the adiabatic index. The length
are normalized to the shear lengtha, the magnetic fieldb,
and the mass densityr, to the respective characteristic valu
B0 andr0, the velocities to the Alfve´n velocity correspond-
ing to these values. The timet, pressurep, and temperature
T, are normalized consistently. The quantitiesSn andSh rep-
resent, respectively, the viscous and magnetic Reyn
numbers, whileSk is a dimensionless number associat
with the heat conductivity coefficient. Since dissipative c
efficients are very low in solar wind we have used for t
above quantities the largest values allowed by comp
limitations: Sn5Sh5Sk /(g21)51400.

All quantities depend on two space variables (x and y),
but vector quantities have three nonvanishing compone
Equations~4!–~7! have been numerically solved in a recta
gular spatial domainD5@2 l ,l #3@0,pRl#, with vanishing
normal derivatives and periodic boundary conditions, alonx
andy, respectively.

The initial condition is given by a background nonun
form equilibrium, with a large amplitude fluctuation supe
imposed. The background equilibrium is a model for t
large scale structure of a magnetic sector boundary; it c
tains two ingredients.

(a) A current sheet.The interplanetary magnetic fiel
changes polarity going from one magnetic sector to ano
and a current sheet is associated to such a change. In
model we assume that the background magnetic field is
allel to theyz plane and depends only onx, which represents
the direction of inhomogeneity. They axis is the initial
propagation direction of the perturbation. Increasingx, the
background magnetic field accomplishes a rotation, thy
component being positive~negative! for x.0 (x,0). This
reproduces the change in polarity. A current sheet is ass
ated to the magnetic field inhomogeneity: the current is
rected alongz and it is mainly concentrated in a layer o
width .a51. The domain width (2l 58) is much larger
than the current sheet.

(b) A large scale entropy modulation.The slow speed
solar wind streams are colder and denser than the surro
ing fast streams. In particular, the ion density and tempe
ture are anticorrelated on a time scale;1 day, the density
displaying in many cases a rough maximum close to
current sheet location. In our model the background den
and temperature vary along the cross-current-sheet~x! direc-
tion. The density is maximum and the temperature is m
mum at the centerx50 of the current sheet, while the ass
ciated variation lengthae52 is larger than the current she
width a. The productrT is initially uniform to ensure gas
ds

-

er

ts.

n-

er
our
r-

ci-
i-

d-
a-

e
ty

i-

pressure equilibrium in the background structure. Cor
spondingly, the specific entropys varies on the same scal
ae . As discussed in the Introduction, we expect that the n
linear evolution of the perturbation induces an entropy c
cade to smaller scales.

In order to single out the effects due to entropy modu
tion on the dynamical evolution, we neglect the veloc
large scale variation associated to the stream structure.
assume a uniform background velocity, which is vanishing
a reference frame moving with the plasma. Solar wind o
servations@15# show that in many cases the magnetic sec
boundary is totally embedded into slow-speed streams
that the typical length scale for the associated current s
~some hours! is generally much less than the typical width
slow-speed streams~some days!. In such cases neglectin
background velocity inhomogeneities related to the stre
structure is a reasonable approximation. We will discuss
point with reference to particular samples of the Helios d
set, which will be examined in detail.

The large amplitude perturbation is Alfve´nically corre-
lated and it has opposite correlation on the two sides of
current sheet, so it propagates in the same direction.
magnitudeuBu of the total magnetic field~background plus
perturbation! is uniform. If the background medium wer
homogeneous, such a perturbation would propagate with
distorsions. In Refs.@4# and@3# we have shown that both th
presence of the current sheet and the interaction betwee
oppositely correlated Alfve´nic fluctuations generate a dy
namical evolution. The presence of the entropy modulat
will further contribute to such an evolution. The large
wavelengthlmax of the perturbation in the periodicity direc
tion is equal to the domain length. The value used for
aspect ratioR50.15 corresponds tolmax/a53p/5.

The initial condition is expressed by the following equ
tions:

r~x,y,t50!5r0H 11DF 1

cosh2~x/ae!
1pS x

ae
D 2G J , ~8!

b~x,y,t50!5A$e cos@f~y!#êx1sin~a!F~x!êy

1A12sin2~a!F2~x!1e2sin2@f~y!#êz%,

~9!

v~x,y,t50!5s~x!
db~x,y,t50!

Ar~x,y,t50!
, ~10!

T~x,y,t50!5r0T0 /r~x,y,t50!. ~11!

In the equation above

p5
tanh~ l /ae!

~ l /ae!cosh2~x/ae!

is a parameter that ensures the fulfillment of the bound
conditions for the density and temperature,D51/4 is the
amplitude of the entropy inhomogeneity, and the prod
r0T0 is the total, constant, kinetic pressure. The functi
F(x) is defined by
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F~x!5
tanhx2x/cosh2l

tanhl 2 l /cosh2l
. ~12!

The background magnetic field@obtained by puttinge50 in
Eq. ~9!# rotates by an angle 2a ~we useda5p/4 and A
5A2). The parametere50.5 measures the amplitude of th
Alfvénic perturbation and its spectrum is defined byf(y),
for which we used a power law

f~y!52k0 (
m51

mmax

m25/3~cosmk0!, ~13!

where k052p/lmax, and we have chosenmmax532. The
fluctuating partd f of any quantityf is defined as

d f ~x,y,t!5 f ~x,y,t!2
1

pRlE0

pRl

f ~x,y,t!dy, ~14!

the solutions being periodic along they direction.
We point out that in this initial condition, due to the de

sity and temperature modulation@Eqs.~8! and~11!# both the
Alfvén speed and the sound speedcs5@gT0(x,y,t50)#1/2

~whereg is the adiabatic index! are not uniform, both be-
coming larger with increasing the distance from the curr
sheet. However, the plasmab5cs

2/cA
2 is still uniform in the

entire domain.

III. COMPARISON BETWEEN NUMERICAL
AND EXPERIMENTAL DATA

We are mainly interested in studying the compress
fluctuations produced by the interaction between Alfve´nic
fluctuations and the inhomogeneous background structur
this analysis we studied the behavior of the correlation
tween compressive quantities: density, temperature,
magnetic field intensity. We define

s f g5
^D f Dg&Dx

A^~D f !2&Dx^~Dg!2&Dx

, ~15!

where f 5 f (x,y) andg5g(x,y) are two physical quantities
and the angular brackets represent a running average ove
lengthDx:

^ f &Dx5
1

DxE2Dx/2

Dx/2

f ~x1j,y,t!dj. ~16!

The quantities have been periodically extended foruxu. l in
order to compute the averages~16! in points closer to the
boundariesx56 l thanDx/2. The symbolD f represents the
difference D f 5 f 2^ f &Dx , namely, the contribution to the
field f owed to the scales smaller thanDx.

Plottings f g(x,y0) as a function ofx for a given valuey0
shows how the quantitiesf andg are correlated along a pa
ticular line y5y0 crossing the current sheet. Such plo
s f g(x,y0) generally keep the same qualitative behavior wh
changing the value ofy0, i.e., when moving along the direc
tion of periodicity. Since we want to give a general inform
tion about the behavior of the correlation coefficient acr
the inhomogeneity, we will average it in they direction,
t

e

In
-

nd

the

n

-
s

always considering the quantitŷs f g&y . This also allows a
more direct comparison between our results and the exp
mental data, where all the quantities are known along a o
dimensional trajectory.

As in paper I, we carried out three runs, named runs 1
and 3, with different values of the plasmab parameter:

b5
cs

2

cA
2

5
4pgkBrT

B0
2

, ~17!

wherekB is the Boltzmann’s constant. We used the valu
b50.2, 1.0, 1.5, respectively, as in paper I, in order to co
pare the numerical results with the observations.

A. Density–Magnetic-field-intensity correlation

We have performed a study of the density–magne
field-intensity correlations as we did in paper I. The initi
condition is different from the one used in paper I, in th
both density and temperature in the background structure
spatially modulated. This further inhomogeneity contribu
to the dynamical evolution of the initial Alfve´nic perturba-
tion, and the resultingr-b correlation could in principle be
different from that found in paper I. For this reason, it
useful to compare ther-b correlation as it results in the two
models.

In Fig. 1, the correlation coefficient^srb&y , averaged in
they direction, is plotted. This graph is relative to run 1~low
b) and the values used for the length scaleDx are Dx
50.5, 1.0, 2.0, and 4.0. These values are the same use
paper I, as well as the time in which the correlation is calc
lated. Comparing the plots in Fig. 1 with those in Fig. 1
paper I, it can be seen that in both cases ther-b correlation
tends to be more negative close to the current sheet tha
the homogeneous region. However, this tendency is stron
in the model of paper I, in particular at smaller scales (Dx
<2): in the present model the correlation is close to zero
the current sheet and positive in the homogeneous reg
while in the model of paper I it is negative in the curre
sheet and with an undefined sign in the homogeneous reg
Thus, the presence of the large scale entropy modula

FIG. 1. Density–magnetic-field-intensity correlation^srb&y ~av-
eraged in the periodicity direction! at several length scales:Dx
54.0 ~thick-solid line!, Dx52.0 ~thick-dashed line!, Dx51.0 ~thin-
solid line!, andDx50.5 ~thin-dashed line! for run 1 (b50.2). The
time is t54.8 ~dimensionless units!.
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seems to reduce the generation of small scale slow ma
tosoniclike fluctuations, with a comparatively larger abu
dance of positive correlated fluctuations, at least for sm
values ofb.

In Fig. 2 the correlation coefficient^srb&y is plotted, rela-
tive to run 2, in whichb51. Comparing these results wit
those shown in Fig. 2 of paper I, it is seen that the beha
of ther-b correlation in the two models is now very simila
In both cases the negative correlation prevails in a wide
gion around the current sheet, while it is mainly positi
close to the boundaries. In a similar way, the results of ru
at b51.5 ~not shown! are very close to the correspondin
results obtained from the model of paper I~Fig. 3 of paper I!.
Then, forb of the order or larger than 1 the presence of
entropy modulation in the background structure does
modify the behavior of ther-b correlation, at the considere
scales.

The results of the model of paper I had been compa
with the density–magnetic-field-intensity correlation calc
lated during periods of the Helios data set, finding go
agreement. In all those periodsb>1. Then, we can conclud
that the same good agreement exists also between ther-b
correlation calculated in the present model and the co
sponding quantity observed in the considered Helios dat

FIG. 2. Same plot as in Fig. 1 but for run 3 (b51.5) at time
t54.2.

FIG. 3. Density-temperature correlation^srT&y ~averaged in the
periodicity direction! at several length scales:Dx54.0 ~thick-solid
line!, Dx52.0 ~thick-dashed line!, Dx51.0 ~thin-solid line!, and
Dx50.5 ~thin-dashed line! for run 1 (b50.2). The time ist54.8
~dimensionless units!.
e-
-
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e-
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e
t
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B. Density-temperature correlations

In Fig. 3 we show the plots of the quantitŷsrT&y at
different length scalesDx50.5, 1.0, 2.0, and 4.0 for run 1
We remember that the length unit corresponds to the
width of the current sheet. The quantities are plotted a
time t54.8. This time corresponds to few eddy turnov
times, so nonlinear effects have had enough time to build
the spectrum@3#. One can see that, when averaging on
whole domain, a negative density-temperature correla
prevails at large scale, whilêsrT&y tends to become increas
ingly positive with decreasing the scaleDx.

The detailed behavior of̂srT&y is different at different
scalesDx: at large scale the correlation is negative in t
whole domain; decreasing the scale^srT&y remains slightly
negative at the center of the domain, while it becomes m
and more positive close to the boundaries, i.e., far from
inhomogeneity region.

The negative correlation at larger scales essentially
flects the entropy modulation of the background structu
which was present in the initial condition. The behavior
^srT&y at smaller scales indicates that in the region where
background structure is more inhomogeneous small scale
tropy fluctuations prevail; such fluctuations should res
from an entropy cascade from large to small scales. In
region where the background structure is more homo
neous, magnetosoniclike fluctuations dominate. In this sa
region, the density–magnetic-field-intensity correlation
positive too~see Fig. 1!. This indicates that small scale com
pressive fluctuations in the homogeneous region essent
have properties similar to those of the fast magnetoso
mode.

In Fig. 4, the same plot as in Fig. 3 is shown for a high
valueb51.0 ~run 2!, at a different timet54.2. We chose an
earlier time because for higherbs the compressive phenom
ena have shorter characteristic time scales. One can n
that the behavior is similar to the previous case, even tho
there is a stronger tendency to generate positiver-T corre-
lations at small scales with respect to the lowerb run. In
particular, on larger scales the anticorrelations are domin
everywhere in the simulation domain. On smaller scales
sign of the correlation is positive close to the boundari
while in the central region̂srT&y is slightly negative or very
close to zero, according to the value ofDx. A further run
~run 3! was carried out with a bigger valueb51.5; the cor-

FIG. 4. Same plot as in Fig. 3 but for run 2 (b51.0) at time
t54.2
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responding plots are very similar to those obtained in
caseb51.0.

We point out that the plots of Figs. 3 and 4 illustrate t
situation averaged along the periodicity direction. A look
the two-dimensional contour plots ofsrT ~not showed here!
demonstrates that small scale fluctuations both with a c
negative correlation and with a positive correlation a
present in the central inhomogeneity region, with a slig
prevalence of the former over the latter. Such fluctuatio
appear to be localized in different positions alongy. Thus,
particular ‘‘cuts’’ srT(x,y0) would show positive or nega
tive small scale correlation in the central region, according
the particular positiony0. In this sense the plots of Figs. 3,
can be considered as representative of the~statistical! mean
behavior of the density-temperature correlation, avera
over several crossings of slow speed streams. Then, th
sults of Figs. 3 and 4 cannot reproduce the detailed beha
of the correlation during a particular data period. Rath
they should be compared with general features displayed
the density-temperature correlation in several slow sp
stream crossings.

Let us now consider the analogous analysis for the ob
vations. For this we used data from the Helios 2 mission.
studied the correlation between proton densityn and tem-
peratureTp , assuming the behavior of the proton tempe
ture in slow speed streams as representative of that of
total temperatureTp1Te @6#. The correlationsnT has been
calculated for several periods, each containing a se
boundary. We selected, in particular, four periods~denoted
by H1, . . . ,H4) in which the large scale structure is mo
similar to the one used in our model: namely, the maxim

TABLE I. Quantities relative to the data in Figs. 5–8.

Parameters H1 H2 H3 H4

tstart2tend ~days! 45.9–46.9 54.5–55.5 80.7–81.7 19.5–20
R ~AU! 0.905 0.85 0.6 0.98
^b& ;1.0 ;5.1 ;2.9 ;1.5
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of proton density is near to the location of the heliosphe
current sheet. These periods are listed in Table I, along w
the distanceR from the Sun and the value of the plasmab.

In Fig. 5 hourly averages~top panel! of the proton density
and temperature are shown for the selectedH1 period, along
with the correlation coefficientsnT ~bottom panel! calculated
on various time scalesDt52, 6, 12, 24 h. Assuming a shea
crossing timeta;6 h, those times roughly correspond to th
scale lengthsDx used in the simulations. The data have be
hourly averaged before working out the correlations, in or
to filter out the oscillations uninteresting for our comparis
and that degenerate the clearness of the plots. For this pe
it is b;1. The magnetic field changes sign in proximity
t;46.4~as shown by Pilippet al. @15#!, while the position of
the heliospheric current sheet is denoted by a thick segm
on horizontal axis~top panel!. At that location the density
has a bump and the temperature a hole. These condit
correspond to those we used in our simulations. It is appa
from the plot that, corresponding to the density peak,snT has
a negative sign at all time scales. Far from both the curr
sheet and the density maximum the sign of correlation
comes increasingly positive by going towards smaller sca
The qualitative behavior is in fairly good agreement with t
trend observed in the simulations.

A similar situation is represented in Fig. 6, where t
same plot as in Fig. 5 is shown for the periodH2. In this
case, the value ofb is much higherb;5.1. The position of
density peak appears slightly displaced with respect to
current sheet. The behavior of the correlation is akin to t
observed at smallerb ~Fig. 5!. Again, in correspondence o
the density peaksnT is negative at all time scales. Movin
away from the density peak,snT is still negative at large
scales, becoming positive at small scales.

Another case with highb is shown in Fig. 7, that corre
sponds to the periodH3 in Table I. Also in this case, the
trend is similar to the one observed in the previous perio
A well defined density peak~corresponding to the zon
where the magnetic field changes polarity! is embedded be-
tween two temperature bumps. Again the correlation is ne
y

e

FIG. 5. ~a! Hourly averages of the densit
~thick line! and temperature~thin line! for the pe-
riod H1. ~b! Values of the density-temperatur
correlation snT at different time scales:Dt
524 h ~thick-solid line!, 12 h ~thick-dashed
line!, 6 h ~thin-solid line!, and 2 h~thin-dashed
line! for the same period~data from the Helios 2
data set of year 1976!.
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FIG. 6. Quantities in the same format as
Fig. 5 but for periodH2.
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tive at all scales where the density is higher, and positive
small scales on the wings. The last case, shown in Fig. 8
relative to the periodH4, in whichb;1.5. Also in this case,
the behavior of density-temperature correlation is similar
that described above.

In summary, the behavior displayed bysnT as a function
of both position ~close or far from the current sheet an
density maximum! and time scale, in the considered perio
of the Helios data set, is essentially reproduced by
model. Moreover, the above described features ofsnT appear
to be essentially independent of the value ofb; this is also
verified for ther-T correlation, as it results from our mode

IV. DISCUSSION AND CONCLUSIONS

In this paper we have built up a model to describe
generation of both positive and negative correlations
tween density and temperature fluctuations in solar w
at
is

o

r

e
-

d

slow speed streams. In a previous model~Ref. @3#, paper I!
interactions among two fluxes of oppositely correlat
Alfvénic fluctuations and a large scale current sheet h
been studied, in order to describe the formation of compr
sive fluctuations around the heliospheric current sheet. T
model predicts that the correlation between density and m
netic field intensity changes according to length scale, lo
tion ~close or far from the current sheet! and value ofb.
Such results compare well with the behavior of the pro
density–magnetic-field-intensity correlation in slow spe
streams, as calculated from space data~paper I!. In the model
of paper I, density, temperature, and entropy per-mass-us
are initially uniform. Then, from Eq.~1! it follows that s
keeps uniform also at subsequent times, except for the eff
of dissipation and/or thermal conduction. Such effects c
modulates, but essentially at small scales. In consequence
this quasi-isoentropic state, fluctuations ofr andT have been
found to be always positively correlated@Eq. ~3!#. In other
in
FIG. 7. Quantities in the same format as
Fig. 5 but for periodH3.
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FIG. 8. Quantities in the same format as
Fig. 5 but for periodH4.
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words, compressive fluctuations generated in the mode
paper I are only of magnetosonic nature~fast and slow!. This
is in contrast with observations, since both positive a
negativen-Tp correlation has been found in solar wind da
@8#.

The present model represents an improvement of the
vious one, in that both positive and negativer-T correlation
is produced. The model includes, as a new ingredient, a la
scale variation of both density and temperature: when m
ing away from the current sheet,r decreases andT increases,
corresponding to a large scale variation of the entropy p
mass-units. The observed proton density is typically high
and temperature is lower in a slow speed stream than in
surrounding high speed streams. In many cases gas pre
equilibrium postulated in our model does not hold in so
wind. However, at large scalesn andTp are always anticor-
related~see Figs. 5–8!; this implies a large scale modulatio
of the entropy, which represents the main physical ingred
of our model. Neglecting the small nonideal terms, Eq.~1!
indicates thats is convected by fluid motion as a passi
scalar: the turbulent velocity field~essentially generate
close to the current sheet@3#! extends the modulation ofs to
increasingly small scales. Such an entropy cascade acco
for the production ofr-T anticorrelations at all the scale
This mechanism acts in competition with the generation
magnetosoniclike fluctuations@3#, in which ther-T correla-
tion is positive.

Concerning this point, we note that, while negativer-T
correlations necessarily requires an entropy modulation,
nonisoentropic state positive and negativer-T correlations
coexist. In other words, a situation can be figured, in wh
magnetosoniclike fluctuations and entropy modulations
superposed. This kind of situation has been considered
Malaraet al. @16# who studied the formation of small scale
in a small amplitude disturbance, propagating in a n
uniform plasma. Decomposing the perturbation as a supe
sition of linear modes, it was shown that both magnetoso
waves and static entropy waves had been generated
former with a positive and the latter with a negativer-T
correlation@16#.
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In the large amplitude, nonlinear situation considered
the present paper it is not possible to separate the solutio
a superposition of modes. However, both signs of ther-T
correlation can be found; in case of positive correlation
can think that fluctuations of magnetosonic origin domin
at the given location and/or spatial scale, while in case
negative correlation the modulation of the entropy prevai

The results obtained by our model have been compa
with the proton density-temperature correlationsnT in solar
wind slow speed streams, considering several samples o
Helios spacecraft data set. We have found that the dep
dence ofsnT both on location~close or far from the curren
sheet! and on the fluctuation scale is qualitatively reproduc
by the numerical model. Moreover, the behavior of this c
relation does not show a significant dependence on the v
of b, both in the simulation results and in data analys
These similarities indicate that the main physical mec
nisms which determine the density-temperature correla
observed in slow speed streams have been included in
model. So, we can try to give a physical interpretation for
n-Tp correlation observed in the vicinity of the heliospher
current sheet.

The results of our model show that the anticorrelati
betweenr and T, initially present only at large scales,
gradually extended toward small scales. This process is
fective mainly in the inhomogeneous region, where nega
correlation forms at all the considered spatial scales.
shown in Malaraet al. @3#, in the current sheet region
strong turbulence forms, due both to the interaction betw
oppositely correlated Alfve´nic fluctuations and to the larg
scale inhomogeneity. This inhomogeneity has now beco
more complex because of the presence of the large s
modulation of density and temperature. As discussed ab
the turbulence which develops in the inhomogeneous reg
acts on the entropy modulation present in the backgro
configuration, by ‘‘mixing’’ the spatial structure ofs and
generating an entropy cascade.

On the other hand, in Malaraet al. @3# it has been shown
that the turbulence close to the current sheet contains c
pressive slow magnetosoniclike fluctuations, at all the c
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sidered scales. This same phenomenon happens also w
large scale density and temperature modulation is includ
since the behavior of ther-B correlation is similar to that
found in the previous model. Then, the prevalence of ne
tive n-Tp correlation at small scales in solar wind data, in
cates that, close to the current sheet the entropy casca
dominant with respect to the generation of magnetoso
fluctuations.

Far from the current sheet, our results indicate that
r-T correlation is negative at large scales, but it becom
increasingly positive when decreasing the spatial scale. T
fact can be understood thinking that in this region variatio
in density and temperature of the background structure
reduced with respect to the central region. So, the equ
rium is closer to an isoentropic condition. Corresponding
the efficiency of the entropy cascade is reduced. At the s
time, far from the current sheet, other mechanisms, suc
parametric decay, are at work to generate a spectrum of c
pressive fluctuations, which extends to small scales~Malara
et al. @3#!. Such fluctuations belong to the magnetoso
mode, so the associated density and temperature fluctua
are positively correlated. The positiven-Tp correlation found
in such region at small scales indicates that the latter me
nisms dominate on the entropy cascade. On the contrary
negative correlation at large scales implies that no relev
magnetosonic fluctuations are produced at large scales
that the negativen-Tp correlation of the background struc
ture remains essentially unaffected by the dynamical ev
tion.

Bavassano et al. @8# studied the proton density
temperature correlation for fluctuations at frequencies of
min and 3 h, that are both in our ‘‘small-scale’’ range. Th
found that, while in fast speed streams such correlatio
essentially positive, cases with both signs are found in s
speed streams. This fact again supports the idea that neg
correlations found in slow speed streams can be unders
in terms of a large scale entropy modulation and a sub
quent entropy cascade generated by the dynamical evolu
These phenomena are not relevant in fast streams, the b
ground large scale structure being more homogeneous
in slow streams.

Let us discuss briefly the validity of our assumptions,
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particular the fact that we neglected the velocity field sh
in our simulations. For each one of the periods in Table I
plotted separately~these plots are not shown here! the proton
velocity as a function of time. In all the cases except per
H1, we found that the average speed never exceeded
Km/s and its profile was roughly flat. This means the s
lected intervals were always embedded in remarkably u
form slow speed streams. Moreover, for periodsH2 andH3
the velocity shows only very slow variations during fo
days, before and after the current sheet, while the transi
between slow and fast wind is located well outside per
H4. A more important velocity variation is present durin
period H1, in which the velocity increases of about 16
Km/s in 20 h, but this variation is clearly smaller than tho
associated to the stream structure. In summary, our mod
which the stream structure has been neglected applies we
periodsH2, H3, andH4, while it represents a reasonab
approximation for periodH1, and we can assume that
these periods the considered correlations should not be in
enced by the stream structure.

The results of this model and comparisons with so
wind data indicate that the large scale inhomogeneity as
ciated to slow speed streams and to the heliospheric cur
sheet plays an important role in determining major featu
of compressive fluctuations. In particular, the observ
density-temperature correlation can be due to the presenc
an entropy cascade and to the generation of a spectrum
magnetosonic fluctuations. Both phenomena are driven
the dynamical interaction between Alfve´n waves propagating
away from the Sun and nonuniformities intrinsic to the lar
scale configuration of the background medium. Then, mod
treating the MHD turbulence in slow speed streams sho
include inhomogeneity effects.
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