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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. Alfwéc 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 Idcktsento or far from
the current shegtind 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[S1063-651X99)03505-9

PACS numbgs): 52.30—q, 52.65.Kj, 96.60.Vg, 96.50.Bh

I. INTRODUCTION AND MOTIVATIONS and compared them with those derived from space data ob-
taining a fine agreement, in particular as concerns the occur-
In the solar wind low-frequency range (1 min  rence of both signs of observeth-6B correlation and how

<1 day), compressive fluctuations are mainly observed ifhis occurrence is related t9) fluctuations spatial scaléij)
slow speed streams, close to the heliospheric current sheetlogation with respect to the current she@ii,) value of the
much lower level of compressive fluctuations being observe®'@8SMas. . ,

in fast streams. Space data analyses have been performed to! 1€ Correlation between proton density and temperature
characterize these compressive fluctuations, mainly througﬂn solar wind fluctuations has been studied by a number of

: . . uthors[5—§]. In particular, Bavassanet al.[8] studied the
thetstugy of_tthe corrglatlon bst\’\felg _fll:ctuz_attlons enh;ar OrSroperties of the compressive turbulence for the solar wind
proton density gn) and magnetic field intensityaB) or o in the inner heliosphere by using Helios data. These authors

proton density gn) and temperatureqTy). carried out a detailed analysis of the density-temperature cor-
As concerns the former correlation Vellante and Lazarugg|ation as a function of the solar wind speed and the radial
[1] have shown that for fluctuations at time scales largegistance from the Sun, always in the inner heliosphere. They
(smalley thant.~10 h, positive(negative correlations pre-  found that in general, cases with a well defined sign of the
vail. More detailed analysdg], which have been carried out density-temperature correlation are seldom observed in solar
in selected slow speed streams in the inner heliosphere, haw@nd, with very few cases reaching a value greater than 0.8
shown that in some cases the correlation remains negativas absolute valyefor the correlation coefficient. Moreover,
also at large scales. they found that on smaller scales, the sign of the correlation
This phenomenology has been studied by us in two preis mainly positive in fast streams, while both signs are
vious papergRefs.[3] and[4] hereinafter referred to as pa- present in slow streams.
per ). In these papers we supposed that properties of com- From a theoretical point of view, correlation between den-
pressible fluctuations were strictly related to thesity p and temperatur& in MHD turbulence has been con-
inhomogeneous character of the turbulence in slow speesidered within the so-called Nearly incompressible magneto-
streams, due to the presence of the large scale current shelegydrodynamicgNI-MHD) theory[9—13], in which the limit
To take into account this inhomogeneity, we have built upof small sonic Mach numbeMl is studied, i.e., small depar-
[3] a compressible numerical magnetohydrodynamicgures from incompressibility are considered. If the fluid is
(MHD) model of the plasma around the heliospheric currentonsidered as a polytropgdeat-fluctuations-modified fluid
sheet. We have then studied the propagation of Aiive (HFMF)], this theory predicts positive-T correlations, as
fluctuations, which, starting from solar corona, converge orwell as density fluctuations, scaling as the squared sonic
the two sides of the heliospheric current sheet. The dynamiMach numbef 8p/p<O(M?)]. On the contrary, if heat con-
cal evolution of such fluctuations displays a drastic change ofiuction is allowed[for heat-fluctuations-dominated fluid
their characteristics and in particular, it can be shown thatHFDF)], the density-temperature correlation is expected as
compressible fluctuations are generated. In paper | we havsegative, andsp/pcO(M). Klein et al. [5] have analyzed
analyzed the properties of these compressible fluctuationsuch scalings in solar wind data. They found that slow speed
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streams fit well the predictions of NI-MHD theory for a waves density and temperature fluctuations are anticorre-
HFDF, while the situation is rather ambiguous in fastlated, and the isoentropic conditios=f uniform) is clearly
streams. More recently, Bavassagioal. [8] considered the violated.
scalings of the density fluctuations with the sonic Mach num- From the above discussion it is clear that density-
ber for the cases where the sign of the correlation was betteemperature negative correlations require a nonuniform en-
defined, without finding the expected trend foreseen by théropy distribution. In the statistically homogeneous situation
NI-MHD theory. These results have to be related to the onesonsidered by the NI-MHD heat-fluctuations-dominated fluid
of Matthaeuset al. [11] who performed an analogous analy- model[10], this is achieved by including the effects of the
sis for the aforementioned scalings in the outer heliospherheat conduction. Heat conduction represents a source for en-
without finding a clear evidence of them in the data. tropy modulation/see Eq.(1)], and it can generate density-
From the above results, we have been pushed to look faemperature negative correlations also in an initially isoen-
an alternative solution to the problem posed by presence dfopic configuration. On the contrary, in the model which we
negativen-T, correlation in slow speed streams. This solu-propose the entropy modulation is not due to nonideal effects
tion is based on an idea similar to the one used in our presuch as heat conduction, but it is assumed to be present from
vious model[4,3], namely, the main ingredient is the inho- the outset, in the large scale inhomogeneity of the back-
mogeneity of the background medium. On the contraryground structure.
turbulence models which describes a statistically homoge- Slow speed streams are colder and denser than the sur-
neous situatiorisuch as the NI-MHD theopyneglect such an rounding fast speed streams. So, when moving from a slow
ingredient, and assume that the background is spatially hde a fast stream, the density and the temperature variations at
mogeneous. large scale are anticorrelated. In other words, the entropy
In order to illustrate the physical mechanism which weper-mass-unis changes, being smaller in a slow stream than
propose, let us consider the evolution equation of the entropin the surrounding fast streams. This large scale variation of
per-mass-unis, within the MHD framework{ 14] s has been explicitly taken into account in the present model,
by including it in the background structure. It represents the
9 new ingredient of the present model, which was lacking in
PT(EJFV'V)S:QJFV'Q- (1)  the previous onépaper ).
Similar to our previous model, Alfwgc perturbations are
) _ ) initially superposed on the background, and a spectrum of
In this equatiorQ represents heat sourcegis the heat flux, ye|qcity fluctuations forms. As a result, the coupling between
while v, p, andT are the velocity, density, and temperature, ihe |arge scale entropy inhomogeneity and the Alfaeper-
respectively. The ngh;-hand side contains the time de”Vat'V‘?urbation[represented by the second term in the left-hand
of s along the flow lines. In an ideal case, when energysije of Eq.(1)], will move the entropy modulation to in-
dissipation and heat conduction are both neglect@d ( creasingly smaller scales. This mechanism is then able to
=0, q=0), the entropys is simply convected by the fluid roquce density-temperature negative correlations at all the
mot_lon. So., ifs is spatlally homogengous at the |n|t|all time, gcales. On the other hand, as we have shown in paper |, the
it W|I_I remain unn‘orm during QII the time. Such.a c_onﬂgura— coupling between the Alfwéic perturbation and the large
tion is referred to assoentropic In an isoentropic situation, scale current sheet produces also magnetosoniclike fluctua-
compressive perturbations necessarily have density and tefjns, in which density and temperature are positively corre-
peraturepositively correlatedin fact since, in a perfect gas, |5ted. As a result, the actual sign of tpeT correlation, at
differents scales and locations, will be determined by the
) competition between these two mechanis(astropy cas-

2 cade and production of magnetosoniclike fluctuations
The paper is organized as follows. In the next section both
the physical and the numerical models are shortly reviewed.
(y being the adiabatic indg¢xs= uniform during all the time  Then the main results of the simulation are described in Sec.
implies Il and further discussed in the last section.

sxln
oC
p? !

-1
Toep?™, ©) IIl. THE MODEL

The numerical model derives from that used in previous
papers[3,4], the main difference being in the initial condi-
tion. Here we report its main characteristics, referring the

model$ the polytropic equatiorp/p”=const is assumed reader to the above-cited papers for a more detailed descrip-
which is equivalent to the conditiof8). ' tion. We integrated the nonlinear, dimensionless, magneto-

Concerning this point, we note also that when the abovdYdrodynamicsMHD) equations in 2 1/2 dimensions for a
polytropic equation is assumed, only magnetosonic Wavegompressmle plasma. Vlsco§|ty, resistivity and thermal con-
are found as small amplitude compressive perturbations. IfUCtion terms are included in the equations of momentum,
such waves density and temperature are always positiveljfduction, and energy balance:
correlated. In a more general case, when the polytropic equa-
tion is relaxed, also entropy waves can be found among the f7_P+V (pv)=0 )
small amplitude compressive perturbatiddg]. In entropy arT P '

i.e., positive(negative variations ofp correspond to positive
(negative variations ofT. For instance, this situation is typi-
cally recovered wherjas usual in many MHD turbulence
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v 1 1 1, pressure equilibrium in the background structure. Corre-
S (v V)v=— ;V(PTH ;JXbJr S Ve, (5  spondingly, the specific entropyvaries on the same scale
v a.. As discussed in the Introduction, we expect that the non-

b 1 linear evolution of the perturbation induces an entropy cas-
—=VX(vXb)+—V?2b, (6)  cade to smaller scales.
aT n In order to single out the effects due to entropy modula-
tion on the dynamical evolution, we neglect the velocity
large scale variation associated to the stream structure. We
assume a uniform background velocity, which is vanishing in
a reference frame moving with the plasma. Solar wind ob-
v, ﬂvi) N 1 .2} @ servationg 15] show that in many cases the magnetic sector
X OX; an ! boundary is totally embedded into slow-speed streams and
that the typical length scale for the associated current sheet
with j=V x b and y=5/3 is the adiabatic index. The lengths (Some hoursis generally much less than the typical width of
are normalized to the shear lengiththe magnetic fieldh,  Slow-speed stream&ome dayp In such cases neglecting
and the mass densify, to the respective characteristic values Packground velocity inhomogeneities related to the stream
Bo andp,, the velocities to the Alfie velocity correspond-  Structure is a reasonable approximation. We will d|squss this
ing to these values. The time pressure, and temperature Point with reference to particular samples of the Helios data
T, are normalized consistently. The quantit&sandS, rep- ~ Set, which will be examined in detail. _
resent, respectively, the viscous and magnetic Reynolds The large amplitude perturbation is Alfvieally corre-
numbers, whileS, is a dimensionless number associatedlated and it has opposite correlation on the two sides of the
with the heat conductivity coefficient. Since dissipative co-CUrTent sheet, so it propagates in the same direction. The
efficients are very low in solar wind we have used for theMagnitude|B| of the total magnetic fieldbackground plus

limitations: S,=S,=S,/(y—1)=1400. homogeneous, such a perturbation would propagate without

All quantities depend on two space variablesandy), distorsions. In Refd.4] and[3] we have shown that both the
but vector quantities have three nonvanishing component®resence of the current sheet and the interaction between the
Equations(4)—(7) have been numerically solved in a rectan- OPPOsitely correlated Alfugic fluctuations generate a dy-
gular spatial domairD=[—1,11x[0,7RI], with vanishing namical evolution. The presence of the entropy modulation

normal derivatives and periodic boundary conditions, atong Will further contribute to such an evolution. The largest
andy, respectively. wavelengthi ,,, Of the perturbation in the periodicity direc-

The initial condition is given by a background nonuni- tion is qual to the domain length. The value used for the
form equilibrium, with a large amplitude fluctuation super- 8Spect ratiR=0.15 corresponds Wya,/a=37/5.
imposed. The background equilibrium is a model for the The initial condition is expressed by the following equa-
large scale structure of a magnetic sector boundary; it corliONs:
] L (8)

aT
ZHV' V)IT+(y—1)T(V.v)

p

Cy-1f1_, 1
- S, S,

tains two ingredients.

(@) A current sheetThe interplanetary magnetic field o
changes polarity going from one magnetic sector to another p(x.y,7=0)=po) 14
and a current sheet is associated to such a change. In our
model we assume that the background magnetic field is par-
allel to theyz plane and depends only enwhich represents

X 2

e

— 4
coslt(x/a,) P

b(x,y,7=0)=A{e cog ¢(y)]e+sin(a)F(x)g,

the direc_tion _of in_homogeneity. Thg _axis is the_initial +\/1—sin2(a)F2(x)+ezsin2[¢(y)]éz},

propagation direction of the perturbation. Increasiaghe

background magnetic field accomplishes a rotation, ythe 9

component being positivenegative for x>0 (x<<0). This

reproduces the change in polarity. A current sheet is associ- ( 0)= o )5b(x,y,r= 0) 10
ic field i ity is di- vV(X,y,7=0)= o(X)————x=,

ated to the magnetic field inhomogeneity: the current is di y \/m

rected alongz and it is mainly concentrated in a layer of
width =a=1. The domain width (P=8) is much larger
than the current sheet.

(b) A large scale entropy modulatiohe slow speed
solar wind streams are colder and denser than the surroun
ing fast streams. In particular, the ion density and tempera-
ture are anticorrelated on a time scaldl day, the density p= tanfil/ae)
displaying in many cases a rough maximum close to the (I/ag)cosl(x/ae)
current sheet location. In our model the background density
and temperature vary along the cross-current-sheelirec- is a parameter that ensures the fulfilment of the boundary
tion. The density is maximum and the temperature is miniconditions for the density and temperatutes=1/4 is the
mum at the centex=0 of the current sheet, while the asso- amplitude of the entropy inhomogeneity, and the product
ciated variation lengtla.=2 is larger than the current sheet pyT, is the total, constant, kinetic pressure. The function
width a. The productpT is initially uniform to ensure gas F(x) is defined by

T(X,Y,7=0)=poTo/p(X,y,7=0). (11

Idw_ the equation above
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_ tanhx— x/cosHl

F(X)= ————————.
(x) tanhl —1/cosHI

(12

The background magnetic fie[dbtained by putting=0 in
Eqg. (9)] rotates by an angle & (we useda=w/4 and A
=/2). The paramete¢=0.5 measures the amplitude of the
Alfvénic perturbation and its spectrum is defined dgy),
for which we used a power law

Mmax

B(y)=2ko 2, m™*(cosml), (13

where kg=2m/\ 2, and we have chosem,,,=32. The

fluctuating partsf of any quantityf is defined as FIG. 1. Density—magnetic-field-intensity correlation, ), (av-
| eraged in the periodicity directioprat several length scalesx
=4.0(thick-solid line), Ax=2.0 (thick-dashed ling Ax= 1.0 (thin-
f(x,y,m)dy, 14 S . .
6y, m)dy (14 solid line), andAx=0.5 (thin-dashed lingfor run 1 (8=0.2). The
time is 7=4.8 (dimensionless unijs

1 7R
5f(x,y,r)=f(x,y,r)—m .

the solutions being periodic along tlyedirection.

We point out that in this initial condition, due to the den- always considering the quantityr¢y),. This also allows a
sity and temperature modulatipEgs.(8) and(11)] both the  more direct comparison between our results and the experi-
Alfvén speed and the sound speeg=[ yTo(x,y,7=0)]¥?>  mental data, where all the quantities are known along a one-
(where y is the adiabatic indexare not uniform, both be- dimensional trajectory.
coming larger with increasing the distance from the current As in paper |, we carried out three runs, named runs 1, 2,
sheet. However, the plasmia=c?/c3 is still uniform in the ~ and 3, with different values of the plasnaparameter:
entire domain.

Cs AmykgpT
Ill. COMPARISON BETWEEN NUMERICAL B= C_i_ Bg ' (17)
AND EXPERIMENTAL DATA

We are mainly interested in studying the compressivé’VherekB is the Boltzmann's con;tant. We qsed the values
fluctuations produced by the interaction between Aiige A=0-2, 1.0, 1.5, respectively, as in paper |, in order to com-
fluctuations and the inhomogeneous background structure. 2 the numerical results with the observations.
this analysis we studied the behavior of the correlation be-
tween compressive quantities: density, temperature, and A. Density—Magnetic-field-intensity correlation

magnetic field intensity. We define We have performed a study of the density—magnetic-
(AfAQ) field—!r}tengity _correlations as we did in paper I. The initial
Oq= ax ' (15  condition is different from the one used in paper |, in that
¢ (AH)D)4((Ag)D) ax both density and temperature in the background structure are
spatially modulated. This further inhomogeneity contributes
wheref=f(x,y) andg=g(x,y) are two physical quantities to the dynamical evolution of the initial Alfwéc perturba-
and the angular brackets represent a running average over thén, and the resulting-b correlation could in principle be

2
S_

length Ax: different from that found in paper I. For this reason, it is
useful to compare thp-b correlation as it results in the two
aeng| tocreymae e models
ATAXS —axe o ' In Fig. 1, the correlation coefficierfir,), , averaged in

they direction, is plotted. This graph is relative to rurjlaw

The quantities have been periodically extended|%¢r1 in ~ B) and the values used for the length scalg are Ax
order to compute the averagé€sb) in points closer to the =0.5, 1.0, 2.0, and 4.0. These values are the same used in
boundariex= x| thanAx/2. The symbolAf represents the paper I, as well as the time in which the correlation is calcu-
difference Af=f—(f),,, namely, the contribution to the lated. Comparing the plots in Fig. 1 with those in Fig. 1 of
field f owed to the scales smaller tharx. paper I, it can be seen that in both casesgHe correlation

Plotting o¢4(X,Yo) as a function ok for a given valuey,  tends to be more negative close to the current sheet than in
shows how the quantitieflsandg are correlated along a par- the homogeneous region. However, this tendency is stronger
ticular line y=y, crossing the current sheet. Such plotsin the model of paper I, in particular at smaller scalAx (
ai4(X,¥o) generally keep the same qualitative behavior when<2): in the present model the correlation is close to zero in
changing the value ofy, i.e., when moving along the direc- the current sheet and positive in the homogeneous region,
tion of periodicity. Since we want to give a general informa-while in the model of paper | it is negative in the current
tion about the behavior of the correlation coefficient acrossheet and with an undefined sign in the homogeneous region.
the inhomogeneity, we will average it in the direction, Thus, the presence of the large scale entropy modulation
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1.0 T . e

FIG. 2. Same plot as in Fig. 1 but for run € 1.5) at time FIG. 4. Same plot as in Fig. 3 but for run B€1.0) at time
T=4.2. 7=4.2
seems to reduce the generation of small scale slow magne- B. Density-temperature correlations
tosoniclike fluctuations, with a comparatively larger abun- In Fig. 3 we show the plots of the quantityr,r), at
dance of positive correlated fluctuations, at least for smaltlifferent length scaledx=0.5, 1.0, 2.0, and 4.0 for run 1.
values ofg. We remember that the length unit corresponds to the half

In Fig. 2 the correlation coefficiedr,,), is plotted, rela- ~ width of the current sheet. The quantities are plotted at a
tive to run 2, in whichB=1. Comparing these results with time 7=4.8. This time corresponds to few eddy turnover
those shown in Fig. 2 of paper |, it is seen that the behaviotimes, so nonlinear effects have had enough time to build up
of the p-b correlation in the two models is now very similar. the spectruni3]. One can see that, when averaging on the
In both cases the negative correlation prevails in a wide rewhole domain, a negative density-temperature correlation
gion around the current sheet, while it is mainly positiveprevails at large scale, whilgr,,r), tends to become increas-
close to the boundaries. In a similar way, the results of run 3ngly positive with decreasing the scale.
at f=1.5 (not shown are very close to the corresponding  The detailed behavior ofo 1), is different at different
results obtained from the model of pap€Flg. 3 of paper). scalesAx: at large scale the correlation is negative in the
Then, forg of the order or larger than 1 the presence of thewhole domain; decreasing the sc4te,r), remains slightly
entropy modulation in the background structure does nohegative at the center of the domain, while it becomes more
modify the behavior of the-b correlation, at the considered and more positive close to the boundaries, i.e., far from the
scales. inhomogeneity region.

The results of the model of paper | had been compared The negative correlation at larger scales essentially re-
with the density—magnetic-field-intensity correlation calcu-flects the entropy modulation of the background structure,
lated during periods of the Helios data set, finding goodwhich was present in the initial condition. The behavior of
agreement. In all those periogs=1. Then, we can conclude (o ,1), at smaller scales indicates that in the region where the
that the same good agreement exists also betweep-the background structure is more inhomogeneous small scale en-
correlation calculated in the present model and the corretropy fluctuations prevail; such fluctuations should result
sponding quantity observed in the considered Helios data. from an entropy cascade from large to small scales. In the

region where the background structure is more homoge-
LO—=-mmmmmees e neous, magnetosoniclike fluctuations dominate. In this same
region, the density—magnetic-field-intensity correlation is
positive too(see Fig. 1 This indicates that small scale com-
pressive fluctuations in the homogeneous region essentially
have properties similar to those of the fast magnetosonic
mode.

In Fig. 4, the same plot as in Fig. 3 is shown for a higher
valueB=1.0(run 2, at a different timer=4.2. We chose an
earlier time because for high@s the compressive phenom-
ena have shorter characteristic time scales. One can notice
that the behavior is similar to the previous case, even though
there is a stronger tendency to generate posjiiie corre-
lations at small scales with respect to the loygrun. In
particular, on larger scales the anticorrelations are dominant

FIG. 3. Density-temperature correlatioa,r), (averaged in the everywhere in the simulation domain. On smaller scales the
periodicity direction at several length scaled:x=4.0 (thick-solid ~ Sign of the correlation is positive close to the boundaries,
line), Ax=2.0 (thick-dashed ling Ax=1.0 (thin-solid line, and  While in the central regiokio 1), is slightly negative or very
Ax=0.5 (thin-dashed lingfor run 1 (3=0.2). The time isr=4.8  close to zero, according to the value &k. A further run
(dimensionless unijs (run 3 was carried out with a bigger valyg=1.5; the cor-
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TABLE I. Quantities relative to the data in Figs. 5-8. of proton density is near to the location of the heliospheric
current sheet. These periods are listed in Table I, along with
Parameters H1 H2 H3 H4 the distancer from the Sun and the value of the plasiga
tour—teng(days 45.9-46.9 545-555 80.7-81.7 19.5-20.5 IN Fig. 5 hourly averageftop panel of the proton density
R (AU) 0.905 0.85 0.6 0.98 and temperature are shown for the sele¢tddperiod, along
(B) ~1.0 ~51 ~29 ~15 with the correlation coefficient,, (bottom panelcalculated

on various time scaleAt=2, 6, 12, 24 h. Assuming a shear
crossing time,~6 h, those times roughly correspond to the
responding p|0ts are very similar to those obtained in thécale |ength$X used in the simulations. The data have been
casef=1.0. hourly averaged before working out the correlations, in order
We point out that the plots of Figs. 3 and 4 illustrate theto filter out the oscillations uninteresting for our comparison
situation averaged along the periodicity direction. A look atand that degenerate the clearness of the plots. For this period,
the two-dimensional contour plots of, (not showed hepe it is B~1. The magnetic field changes sign in proximity of
demonstrates that small scale fluctuations both with a cledr-46.4(as shown by Pilipet al.[15]), while the position of
negative correlation and with a positive correlation arethe heliospheric current sheet is denoted by a thick segment
present in the central inhomogeneity region, with a slighton horizontal axistop panel. At that location the density
prevalence of the former over the latter. Such fluctuationdias a bump and the temperature a hole. These conditions
appear to be localized in different positions alongrhus, correspond to those we used in our simulations. It is apparent
particular “cuts” o,7(X,yo) would show positive or nega- from the plot that, corresponding to the density peglg; has
tive small scale correlation in the central region, according ta negative sign at all time scales. Far from both the current
the particular positioty,. In this sense the plots of Figs. 3,4 sheet and the density maximum the sign of correlation be-
can be considered as representative of(#tatistical mean comes increasingly positive by going towards smaller scales.
behavior of the density-temperature correlation, averagedhe qualitative behavior is in fairly good agreement with the
over several crossings of slow speed streams. Then, the rtsend observed in the simulations.
sults of Figs. 3 and 4 cannot reproduce the detailed behavior A similar situation is represented in Fig. 6, where the
of the correlation during a particular data period. Rathersame plot as in Fig. 5 is shown for the peribl@. In this
they should be compared with general features displayed bgase, the value g8 is much highei3~5.1. The position of
the density-temperature correlation in several slow speedensity peak appears slightly displaced with respect to the
stream crossings. current sheet. The behavior of the correlation is akin to that
Let us now consider the analogous analysis for the obselbserved at smalleg (Fig. 5. Again, in correspondence of
vations. For this we used data from the Helios 2 mission. Wehe density peakr, is negative at all time scales. Moving
studied the correlation between proton densitand tem- away from the density pealg,t is still negative at large
peratureT,, assuming the behavior of the proton tempera-scales, becoming positive at small scales.
ture in slow speed streams as representative of that of the Another case with higlB is shown in Fig. 7, that corre-
total temperaturd ,+ T, [6]. The correlationo,r has been sponds to the periot#i3 in Table I. Also in this case, the
calculated for several periods, each containing a sectdrend is similar to the one observed in the previous periods.
boundary. We selected, in particular, four perigdenoted A well defined density peaKcorresponding to the zone
by H1,... H4) in which the large scale structure is more where the magnetic field changes polariy embedded be-
similar to the one used in our model: namely, the maximuntween two temperature bumps. Again the correlation is nega-

25 —3x10°
a
20
=15 —2x10°
S 2
c 10 , a
- 1x10 FIG. 5. (a) Hourly averages of the density
5 (thick line) and temperaturéhin line) for the pe-
, riod H1. (b) Values of the density-temperature
0 . . ' - ' 0x10 correlation o,r at different time scales:At

=24 h (thick-solid line, 12 h (thick-dashed
line), 6 h (thin-solid ling, and 2 h(thin-dashed
line) for the same perioddata from the Helios 2
data set of year 1976

46.0 46.2 46.4 46.6 46.8
Time (days)



PRE 59 EFFECTS OF ENTROPY INHOMOGENEITY ON ... 6029

25 —8x10*
a
| 4
20 6x10
S 2
< —4x10'
<
15+
—2x10"
10 ' ' ' ' ' FIG. 6. Quantities in the same format as in
’ . Fig. 5 but for periodH2.
0.5 .
5: 00
0.5

-1.0 T T T T
54.6 54.8 550 552 554

Time (days)

tive at all scales where the density is higher, and positive aslow speed streams. In a previous mo¢fef. [3], paper )
small scales on the wings. The last case, shown in Fig. 8, igteractions among two fluxes of oppositely correlated
relative to the periotH4, in which 8~ 1.5. Also in this case, Alfvenic fluctuations and a large scale current sheet have

the behavior of density-temperature correlation is similar tdeen studied, in order to describe the formation of compres-
that described above. sive fluctuations around the heliospheric current sheet. This

In summary, the behavior displayed by as a function ~model predicts that the correlation between density and mag-
of both position(close or far from the current sheet and netic field intensity changes according to length scale, loca-
density maximurmand time scale, in the considered periodstion (close or far from the current sheeand value ofg3.
of the Helios data set, is essentially reproduced by ouBuch results compare well with the behavior of the proton

model. Moreover, the above described features,gfappear ~ density—magnetic-field-intensity correlation in slow speed
to be essentially independent of the valuefthis is also  Streams, as calculated from space dptper ). In the model

verified for thep-T correlation, as it results from our model. Of paper I, density, temperature, and entropy per-masssunit
are initially uniform. Then, from Eq(1) it follows that s

keeps uniform also at subsequent times, except for the effects
of dissipation and/or thermal conduction. Such effects can
In this paper we have built up a model to describe themodulates, but essentially at small scales. In consequence of
generation of both positive and negative correlations bethis quasi-isoentropic state, fluctuationspodindT have been
tween density and temperature fluctuations in solar windound to be always positively correlat¢fg. (3)]. In other

IV. DISCUSSION AND CONCLUSIONS
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words, compressive fluctuations generated in the model of In the large amplitude, nonlinear situation considered in
paper | are only of magnetosonic natdfast and sloyw. This  the present paper it is not possible to separate the solution as
is in contrast with observations, since both positive anda superposition of modes. However, both signs of gh€
negativen-T, correlation has been found in solar wind datacorrelation can be found; in case of positive correlation we
[8]. can think that fluctuations of magnetosonic origin dominate
The present model represents an improvement of the pret the given location and/or spatial scale, while in case of
vious one, in that both positive and negatpd correlation  negative correlation the modulation of the entropy prevails.
is produced. The model includes, as a new ingredient, a large The results obtained by our model have been compared
scale variation of both density and temperature: when mowith the proton density-temperature correlatiof; in solar
ing away from the current shegt,decreases arilincreases, wind slow speed streams, considering several samples of the
corresponding to a large scale variation of the entropy perHelios spacecraft data set. We have found that the depen-
mass-units. The observed proton density is typically higher dence ofo,1 both on locationclose or far from the current
and temperature is lower in a slow speed stream than in theheet and on the fluctuation scale is qualitatively reproduced
surrounding high speed streams. In many cases gas pressimethe numerical model. Moreover, the behavior of this cor-
equilibrium postulated in our model does not hold in solarrelation does not show a significant dependence on the value
wind. However, at large scalesand T, are always anticor- of 3, both in the simulation results and in data analysis.
related(see Figs. 5-8 this implies a large scale modulation These similarities indicate that the main physical mecha-
of the entropy, which represents the main physical ingredientisms which determine the density-temperature correlation
of our model. Neglecting the small nonideal terms, Ef).  observed in slow speed streams have been included in our
indicates thats is convected by fluid motion as a passive model. So, we can try to give a physical interpretation for the
scalar: the turbulent velocity fieldessentially generated n-T, correlation observed in the vicinity of the heliospheric
close to the current sheig]) extends the modulation afto  current sheet.
increasingly small scales. Such an entropy cascade accountsThe results of our model show that the anticorrelation
for the production ofp-T anticorrelations at all the scales. betweenp and T, initially present only at large scales, is
This mechanism acts in competition with the generation ofgradually extended toward small scales. This process is ef-
magnetosoniclike fluctuatior8], in which thep-T correla-  fective mainly in the inhomogeneous region, where negative
tion is positive. correlation forms at all the considered spatial scales. As
Concerning this point, we note that, while negatpbd  shown in Malaraet al. [3], in the current sheet region a
correlations necessarily requires an entropy modulation, in atrong turbulence forms, due both to the interaction between
nonisoentropic state positive and negatjvd correlations oppositely correlated Alfugic fluctuations and to the large
coexist. In other words, a situation can be figured, in whichscale inhomogeneity. This inhomogeneity has now become
magnetosoniclike fluctuations and entropy modulations arenore complex because of the presence of the large scale
superposed. This kind of situation has been considered byodulation of density and temperature. As discussed above,
Malaraet al.[16] who studied the formation of small scales the turbulence which develops in the inhomogeneous region
in a small amplitude disturbance, propagating in a nonacts on the entropy modulation present in the background
uniform plasma. Decomposing the perturbation as a superp@onfiguration, by “mixing” the spatial structure of and
sition of linear modes, it was shown that both magnetosonigenerating an entropy cascade.
waves and static entropy waves had been generated, the On the other hand, in Malart al. [3] it has been shown
former with a positive and the latter with a negatipeT  that the turbulence close to the current sheet contains com-
correlation[16]. pressive slow magnetosoniclike fluctuations, at all the con-
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sidered scales. This same phenomenon happens also whepaaticular the fact that we neglected the velocity field shear
large scale density and temperature modulation is includedn our simulations. For each one of the periods in Table | we
since the behavior of thg-B correlation is similar to that plotted separatelithese plots are not shown hgthe proton
found in the previous model. Then, the prevalence of negavelocity as a function of time. In all the cases except period
tive n-T, correlation at small scales in solar wind data, indi-H1, we found that the average speed never exceeded 400
cates that, close to the current sheet the entropy cascadelsn/s and its profile was roughly flat. This means the se-
dominant with respect to the generation of magnetosonitected intervals were always embedded in remarkably uni-
fluctuations. form slow speed streams. Moreover, for peribtls andH3

Far from the current sheet, our results indicate that thehe velocity shows only very slow variations during four
p-T correlation is negative at large scales, but it becomeslays, before and after the current sheet, while the transition
increasingly positive when decreasing the spatial scale. Thisetween slow and fast wind is located well outside period
fact can be understood thinking that in this region variationdH4. A more important velocity variation is present during
in density and temperature of the background structure arperiod H1, in which the velocity increases of about 160
reduced with respect to the central region. So, the equilibKm/s in 20 h, but this variation is clearly smaller than those
rium is closer to an isoentropic condition. Correspondingly,associated to the stream structure. In summary, our model in
the efficiency of the entropy cascade is reduced. At the sam&hich the stream structure has been neglected applies well to
time, far from the current sheet, other mechanisms, such gseriodsH2, H3, andH4, while it represents a reasonable
parametric decay, are at work to generate a spectrum of conapproximation for periodH1, and we can assume that in
pressive fluctuations, which extends to small scélMalara  these periods the considered correlations should not be influ-
etal. [3]). Such fluctuations belong to the magnetosonicenced by the stream structure.
mode, so the associated density and temperature fluctuations The results of this model and comparisons with solar
are positively correlated. The positiveT , correlation found  wind data indicate that the large scale inhomogeneity asso-
in such region at small scales indicates that the latter mechaiated to slow speed streams and to the heliospheric current
nisms dominate on the entropy cascade. On the contrary, treheet plays an important role in determining major features
negative correlation at large scales implies that no relevanéf compressive fluctuations. In particular, the observed
magnetosonic fluctuations are produced at large scales, siensity-temperature correlation can be due to the presence of
that the negativen-T,, correlation of the background struc- an entropy cascade and to the generation of a spectrum of
ture remains essentially unaffected by the dynamical evolumagnetosonic fluctuations. Both phenomena are driven by
tion. the dynamical interaction between Alivevaves propagating

Bavassano et al. [8] studied the proton density- away from the Sun and nonuniformities intrinsic to the large
temperature correlation for fluctuations at frequencies of 45cale configuration of the background medium. Then, models
min and 3 h, that are both in our “small-scale” range. Theytreating the MHD turbulence in slow speed streams should
found that, while in fast speed streams such correlation isnclude inhomogeneity effects.
essentially positive, cases with both signs are found in slow
speed streams. This fact again supports the idea that negative ACKNOWLEDGMENTS
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