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Anomalous three-dimensional symmetries of solar-wind plasma
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An example of a combination of Kolmogorov three-dimensional properties with Alfwen-dimensional
properties in solar-wind plasma is given using recent data obtained with the Advanced Composition Explorer
satellite at the L1 libration point. Both spectral and moments scaling analyses are used to demonstrate the
possibility of such a combination. Two-decade scaling and the large number of the scaling exponents under
consideration indicate the robustness of this observation.
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Solar wind is an actively evolving turbulent magnetofluid, oretical reason for the slope of the resulting power spectra to
stirred by solar rotation and shears between and withimpproach the Kolmogorov value ef5/3 since the medium
streams. The Alfve nature of the solar wind originates in the is compressible and not isotropic. However, in solar-wind
solar corona, but is modified and reduced in the heliospherpower spectra of the magnetic field or velocity fluctuations
by velocity shears. It is of fundamental importance to learnoften contained an “inertial” range with a slope of approxi-
the nature of three-dimension@D) symmetries of the solar- mately —5/3, which is the value predicted and observed for
wind fluctuations because it is the three-dimensional properisotropic incompressible Navier-Stokes fluid turbulef8g
ties that determine how both solar energetic particles andhe early solar-wind observations could not distinguish
galactic cosmic rays propagate throughout the heliospheregjearly between the Kolmogorov 5/3 slope and the Irosh-
determining, e.g., whether or not solar energetic particleikov —3/2 slope predicted for ideal isotropic incompress-
from flares and coronal mass ejections will impact the Earthible magnetohydrodynami¢MHD) turbulence. The first
However, the symmetries of the solar-wind fluctuations are—5/3 wave number solar-wind magnetic energy spectrum
still an open problen{see, for recent reviews Reffl,2]). measurement was reported in R&f]. The next two decades
How much of the observed population of fluctuations withsaw strenuous assertion of the3/2 exponent. More recent
wave vectors highly oblique to the mean magnetic fieldworks indicate that the spectral slope is more ofteb/3.
originates in the corona and how much is generatesituby ~ While it could be argued that the solar wind is approximately
velocity shear? This distinction is particularly important be-incompressible, at least in regions devoid of shock waves
cause quasi-two-dimensional turbulence originating in theand corotating interaction regions, the presence of a rela-
solar corona will not pitch-angle scatter the energetic partively strong magnetic field indicates that isotropy is not a
ticles. When the quasi-two-dimensional component of solargood assumption, and one might therefore expect that the
wind fluctuations was first describga], it was assumed to Iroshnikov prediction of the-3/2 for the Alfven turbulence
have arisen due to the effect of the background magnetiould be observed. The first demonstration of the tendency
field (see, for corresponding numerical simulations, in Refstowards anisotropy in the presence of a nonzero mean mag-
[4,5]). There also exist other mechanisms that can produce @etic field was a numerical simulation due to the authors of
large component of wave vectors peaked orthogonal to thRef.[10]. The first suggestion of a 5/3 2D MHD isotropic
background magnetic field. These include velocity shearspectrum in two directions perpendicular to the mean mag-
pressure-balanced structures, and quasistatic conditions iretic field, simultaneously with a non-power-law falloff,
the solar corona. At 1 a.u. the solar wind consists of a mix odlominated by slower transfer in the parallel direction, was
Alfvén fluctuations, convected structures, streams of variougiven by Montgomeny11].
amplitudes, and propagating compressive structures. All of The simplest interpretation of the strong Alfveature of
these interact after leaving the solar corona. At periodsolar-wind fluctuations is that they are both planar and par-
shorter than the solar rotation period, the interaction betweeallel propagating. Such waves pitch-angle scatter charged
fast and slow solar-wind streams drives nonlinear couplingsparticles efficiently as they propagate along the background
producing a flow of energy in wave number space from larganagnetic field, but allow for relatively little transverse diffu-
to small scales, which is ultimately dissipated by kinetic ef-sion across the magnetic field. The first indication that this
fects. Although even small amplitude waves will be distortedsimple point of view was inadequate was an analj/3]sof
by velocity shear or by density gradients including linearnearly two years of magnetometer data from the ISEE-3
mode coupling, both simulations and observations indicatspacecraft which accumulated solar-wind magnetic field data
that velocity shears in the solar wind drive nonlinear inter-nearly continuously at the Earth’s libration point. By orga-
actions that reduce the Alfwenature of the turbulence. nizing the magnetometer data into statistically stationary

The spherical expansion influences the development of aubsets of what they assumed to be a single ensemble of the
turbulent cascade for parallel propagating fluctuationsnterplanetary magnetic field, the authors of R] suc-
[6]—the effect on nearly two dimensional fluctuations isceeded in constructing a two-dimensional correlation func-
similar [7]. Although a turbulent cascade can be sustained ition of the interplanetary magnetic fieldMF) fluctuations.

a spherically expanding magnetofluid, there is no known theThe correlation function revealed the existence of a second
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component, in addition to the expected Alfvéluctuations, 103
that had the symmetry of quasi-two-dimensional structures.
More precisely, the results indicate that the ensemble is
dominated by two populations: fluctuations with large corre-
lation lengths perpendicular to the mean magnetic figjd
and fluctuations with large correlation lengths paralleBgo 10" }
Subsequent analysis suggested that nearly 80% of the inteLLI
planetary turbulence might consist of fluctuations viitper-
pendicular toB, [12]. In contrast, other works suggest that
the non-Alfven component of the fluctuations involves
“structures” with magnetic fluctuations parallel td, 101 |
[13,14. In paper[15] the role of small velocity shears in
generating a significant population of fluctuations with wave

10% |

— B, /30 Jan. 2002/

-2 . 1 . 1 N )
numbers nearly orthogonal 8, was also analyzed. 10 107 102 10 )
Though the comprehensive analysis of the two year mag-
netometer data performed in R¢8] gives a general statis-  [min™]

tical picture of the fluctuations population it seems to be
useful to look at an individual “element” of this population FIG. 1. Energy spectra of thB, component of the IMRmea-
with a certain three-dimensional symmetry and in its ownsured in n7. The straight line(the best fit is drawn to indicate
characteristic time scales. scaling law dependencén the log-log scales The line slope

For this purpose we will first use one-déyanuary 30, —1.7=0.1 indicates Kolmogorov-like scaling 5/3.
2002 data set obtained from a AGRdvanced Composition
Exploren satellite magnetometer. The reason for such timelore this observation further we have calculated the inter-
frames is the intrinsiscaling properties of the “individual” ~ mittency exponentg, extracted from the data in the scaling
fluctuations(see below. In order to get away from the ef- assumption
fects of the Earth’s magnetic field, the ACE spacecraft orbits (|AB,JP)~ At 1)
at the L1 libration point which is a point of Earth-Sun gravi- X '
tational equilibrium about 1810° km from Earth and
148.5< 10° km from the sun. With a semimajor axis of ap- where
proximately 200000 km the elliptical orbit affords ACE a
prime view of the Sun and the galactic regions beyond. ACE ABy=By(t+At) = By(t). (]
stays in a relatively constant position with respect to the
Earth as the Earth revolves around the Sun. The two magne-. ) ,
tometers on ACE are wide-range- 0.004 to 65536 n)rtri- ’ ?—|gure 2 shows log([AB,|") Versus IOQO.M for first five
axial fluxgate magnetometers. They are mounted remotel oments p:_1,2_, - 40) a_nd thetraight Ilne_s(the b_est fix
from the spacecraft on separate booms in order to reduce a e drawn to indicate scaling). The magnetic field is mea-

effect of magnetics from the spacecraft and other instrus red in the units 10 nT here. The most significant observa-

ments. They measure the amplitude and direction of the int—Ion here is that

terplanetary magnetic field thirty times per second. We then

use 1-min averaging data. We use the magnetometer value 10° [ 50 Jan. 2002
in so-called GSM(geocentric solar magnetospheraoordi- 108 | |
nates. The GSM system of coordinates hag &sgis from the 107 L 5

Earth to the Sun. Th¥ axis is defined to be perpendicular to A
the Earth’s magnetic dipole so that tke plane contains the 2
m

dipOle axis. 10° _ /
Then we consider analogous data for an additional six-day<l  10* |
period: 31 January—5 February 2002, but now with 5-min V 100 L M

10°F

averaging. )
Figure 1 shows energy spectra of Bgcomponent of the 107
measured magnetic fieleheasured in nl. The straight line 10"
(the best fit is drawn to indicate scaling law dependerice 1 L L L '
the log-log scales The line slope—1.7+0.1 indicates 1 10" 10? 10°
Kolmogorov-like scaling—5/3. At [min]
To relate the observed slope strictly to the Kolmogorov
one we need the Taylor frozen-flow hypothesis: substitution giG. 2. logo(|AB,|P) Vs logAt for the first five momentsi(
of frequency for wave numbgg]. To justify the use of the =12, ... 5) and thetraight lines(the best fit are drawn to indi-
Taylor hypothesis one needs information on the local veloceate scaling1). The magnetic field is measured in units of 10 nT
ity field, which unfortunately is not available to us. To ex- here.
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FIG. 3. Extended self-similaritfeSS representation of the data

shown in Fig. 2 FIG. 5. Energy spectra for thB, component of the IMF. The

straight line(the best fit is drawn to indicate scaling law depen-
dence(in the log-log scales The line slope—1.55+0.10 indicates

the Iroshnikov scaling-3/2.
{3=1 3

L Now let us turn to theB, component of the magnetic
stemming, in the Kolmogorov theory, from energy CONSeNVay .+ “Fiviire 5 shows ener. VS ectrum for Biecomponent
tion under the assumptions of incompressibility, homogene:l_he'strg]li ht line(the best f%lyispdrawn t0 indicate r—fscaliﬁ
ity, and isotropy(the latter can be relaxed, see, e.g., R&}. law de egndenceéin the log-log scalés The lines slope 9
This observation is compatible with.Fi.g. 1. Moreover, Fig. 3 1 55i|00 10 indicates theglrosghnikov scaling3/2 P
(Ssh eo ;’\,' Sf (;Tils:)e\‘i?ejl/s,dsgﬁg%?c\j/vieela S:Q;ﬁgf%r? E;tg)a gi? ) Th(_a incc_)mp?]resfsible magnetohydrodynamic equations can
uses scalé|AB,|3) instead of scale\t. The ESS allows us °° written in the form
to make a minor correction of the high moments. Figure 4 B
shows the corrected intermittency exponeis versus p 0z +z"-Vz-+Vp=vAz", divz"=0, (4)
(circles. We also show for comparison the intermittency ex-
ponents obtained for Kolmogorov fluid turbulen@osses, \yherez* denote the Elsser variableg® =v—+B. There are
of Table 1 Ref[16]). Thus, one has the Kolmogorov nature good reasons to doubt the unit magnetic Prandtl number as-
not only for one energy spectrum scaling exponent, but fosymption for the solar winfil7]. This assumption, however,
additional five scaling exponents describing the fine intermitpjaces no restrictions on our analysis if we consider the in-
tency properties oB, fluctuations.
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O T 30 Jan. 2002 % qo7 [ 30Jan- 2002
14 O AB, I
[ X Kolmogorov b 108
1.2 A :
I a2  10°
1F 2] > -
Q. | m 104
AN L
08 < .
5 v 10°
06
10°
04} ;
& 101
02
1 ]
0 . 1 . 1 . 1 . 1 . ) 102
0 1 2 3 4 5
At [min]
P i
FIG. 6. log(|ABy|P) vs logipAt for the first five momentsg
FIG. 4. The intermittency exponents, versusp (circles. =1,2,...,5). Thestraight lines(the best fit are drawn to indicate
Crosses correspond to the intermittency exponents obtained farcaling(1), but now for theB, component of the IMKthe magnetic
Kolmogorov fluid turbulencéTable 1 of Ref[16]). field is measured in units of 10 nT
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FIG. 7. The intermittency exponents extracted from Fidgtré (measured in _n)l' fo_r a six-day period: 31 Ja”“_'a“_’—f’ FebWaW
angles. Circles correspond to the intermittency exponents oBhe 2002. The stralg_ht lineghe best fit are dravyn to indicate scaling
component. The dotted curve corresponds to the Kolmogorov intelj,-""w, dependencén the !og-log §cale)s The line ;Iope— 1.7x0.1
mittency [16], and the dashed curve corresponds to the data ob'—nd'c"’lte_s Kolmogorov-llke ;cahng 5_/3 and the line slope-1.55
tained in Ref[18] for the Elsasser variables in the driven 2D MHD +0.10 indicates the Iroshnikov scaling3/2.
turbulence.

are drawn to indicate scaling), but now forB, component
ertial range. To justify the use of the Edser variables to Of the magnetic fieldthe magnetic field is measured in the
interpret the magnetometer data we again need informatiodnits 10 nT herg The intermittency exponents extracted
on the local velocity field(e.g., whether the velocity field from this figure are shown in Fig. 7 as triangles. The previ-
was equipartitioned or the extent to which it was aligned ously discussed exponents correspondingfocomponent
which is not available for us. The absence of measuremeng€ also showifas circleg for comparison. The dotted curve
of the velocity fieldv makes it quite a leap of faith to test corresponds to the Kolmogorov intermittendg6], and
theoretical predictions derived for the Edsar variables, us- dashed curve corresponds to the numerical simulation data

ing measurement d alone. obtained in Ref[18] for the Elssser variables in the driven
One of the main differences between hydrodynamic and?D® MHD turbulence.
MHD turbulence is the interaction time. In MHD turbu- Finally, Fig. 8 shows energy spectra of tBg and B,

lence the interaction time is governed by the large-scale components of the magnetic field fluctuations measured for
magnetic field By: 7(Bok) 1. Small-scale fluctuations @additional six days: 31 January—5 February 2002. One can
behave like Alfive waves traveling in opposite directions. S€€ that the picture is similar to those shown in Figs. 1 and 5.
Assuming that the energy dissipation is proportional to thét iS also worth noting that during all these days the local
interaction timer, dimensional analysis leads to the Iroshni- Méan magnetic field was practically perpendicular to xhe
kov scaling—3/2 for the energy spectruiiin this situation  aXIS

the energy spectrum is controlled by the Alfveffech. The

same dimensional analysis for structure functions of the Els- 2 211/2

esser variables leads to the nonintermittent scaling, [(By)"+(Bx)’] ~16

(=

(15 (x+ 1) =25 (x)[P)~r e, (5)

(cf. Refs.[19,2Q and references thergin

. . . . The example of the specific three-dimensional symmetries
W't.h $p=pla, mstea@ of th_e nonintermittent Kolmogorov re- ¢ <514 ind fluctuations at the libration point given in the
lation ?P: p/3. F_OF Intermittent case l_:)oth Kolmogorov and present paper can be considered as a complementary one to
Iroshnikov predictions of the, behavior are violated. But the two-year IMF ensemble analysis discussed aH@le

for ordinary fluid turbulence the particular valug=1 is ;g example(“event”) shows a remarkable possibility of
still valid, because this is a rigorous consequence of the nination of the profound Kolmogoro@D) properties

Navier-Stokes equations. There are arguments that the patpg Ajfven (2D) properties in a single event not only on the
ticular equation,=1 can be sustained in the intermittent ghecirum level, but also on the level of fine intermittency.

MHD, but no exact relation supporting this assumption stillg,ch an occurrence represents a challenge for modern

suggested. Though results of a direct nume_rical simulation ng)lasma theory, but seems to be a characteristic part of the
adriven 2D MHD turbulence[ 18] support this statement. solar-wind plasma.

Figure 6 shows logy(|AB,|P) versus logeAt for first five
moments p=1,2, ...,5) and thetraight lines(the best fit The author is grateful to K.R. Sreenivasan for discussion.
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