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We calculate the probability density functioRsof burst energye, durationT, and interburst intervat for
a known turbulent system in nature. Bursts in the Earth-Sun component of the Poynting flux at 1 AU in the
solar wind were measured using the MFI and SWE experiments on the NASA WIND spacecraft. \Wéefind
andP(T) to be power laws, consistent with self-organized critical®0DC0. We find also a power-law form
for P(7) that distinguishes this turbulent cascade from the expond?{igl of ideal SOC, but not from some
other SOC-like sandpile models. We discuss the implications for the relation between SOC and turbulence.

PACS numbgs): 05.65:+b, 47.27.Sd, 47.65.a, 96.50.Bh

In their seminal papergl,2], Bak, Tang, and Wiesenfeld high electrical conductivity. In this ideal magnetohydrody-
(BTW) demonstrated that a discrete cellular automatomamic(MHD) approximation, the electric field’ in the rest
model of an artificial sandpile had a spatial response to sloitame of the moving plasma is given B =E+vXxXB=0
fuelling that was characterized by a scale-free distribution ofrom Ohm’s law. The electromagnetic energfoynting
energy release events or “avalanchesee also Ref{3]).  flux ExH along the Sun-Earth ling can be approximated
Scale invariance was shown by a power-law probability denby v(B2+B2)/ u, assuming a radial solar wind. This quan-

. . JEPA y' =z
S'ty functpn (P[.)F) P of gvalanche ared, P(A)=CA™“. tity was calculated from “key parameter” measurements of
This scale-invariant spatial structure led BT to propose B and|v| from the MFI and SWE experiments, respectively
the sandpile as a toy model of turbulence because, in Kol(-)n the WIND spacecraftL1] between January i995 and De-’

mogorov turbulencg4], long-wavelength, injection-range } . )
perturbations cause a scale-free forward cascade of eneri?mber 1998t mc;\l/uswe. Thte tyr?lctalcliy 80,[_1310 ZGave;aged
transport until the dissipation scale is reached and therefo easurements df/| were interpolated on to the s time

one might expect the PDFs of burst quantities in turbulenf@mpPles oB. _ o
systems to be power laws too. These have recently been In the resu!tmg time series, bursts were |dent|f|eq, by the
shown in burst area for a generic inverse cascade model Method used in Ref12], as intervals when the Poynting flux
[5], in burst energye and durationT for both a shell model exceeded a given fixed threshold. Thresholds were set at the
[6], and reduced 2D MHD turbulence simulatidiid, and in ~ 10,2Q...90percentiles of the cumulative probability distri-
peak burst power for 1D MHD turbuleng8]. bution of the Poynting flux. For each threshold, the PDF of
Boffetta et al. [6] (hereafter B9 have also shown that the burst energg, burst lifetimeT, and interburst intervat
the PDFP of interburst intervalsr in a shell model of tur- was calculated, where the burst energy is the sum of the
bulence is a power law too but that this is not so for thePoynting flux samples over the burst lifetinffe The PDFs
BTW sandpile in whichP(7) is exponential. B99 postulated are shown in Fig. 1. The burst energy PR&p panel can be
that the power lawP(7) found for solar flare$9] was con-  seen to have a power-law region over about 4 orders of mag-
sistent with a shell model of turbulence rather than the BTWhitude between about 18 and 101 J m 2. The burst life-
sandpile. Here we demonstrate that the predicted avalanchiene PDF (second panglalso exhibits a power-law region
phenomenologypower laws inP(e),P(T), andP(7)] ofa  and can be fitted by a power law with exponential cutoff
shell model of turbulence is observed within a naturalsimilar to that found previously for the solar wirdfunction
system—the solar wind—for which there is direct indepen{13]. In these respects, the solar wind Poynting flux has the
dent evidence of turbulendéO0]. avalanche phenomenology common to both the BTW sand-
The solar wind is a near-radial supersonic plasma outflovpile and turbulence.
from the solar corona which carries with it solar magnetic The interburst interval PDF has been plotted on both a
flux into interplanetary space by virtue of the plasma’s verylog-log scale(third pane] and a log-linear scalébottom
pane). It is readily seen that this PDF is a power law rather
than an exponential. A power law with an exponent of 1.67
*Present address: University of Cambridge, Cambridge, UK.  is shown by the thick dashed curve in the third panel. This
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= 6 ' ' ' ] bulent fluid from the sun rather than by an energy cascade
T b Fagreetessese i within the solar wind itself Chapmar(personal communica-
o - tion)]. We can expect the solar wind outflow from the Sun to
E ® i be strongly influenced by energy dissipation events in the
> OoF - solar corona such as nanoflaféd] because these events can
E I change the thermal pressure gradient that drives the solar
= —Er ] wind [15] and/or allow reconfigurations of the solar mag-
& —ar . netic field that aid or inhibit plasma outflow from the Sun.
' ' ' ' : These observations are also topical in magnetospheric phys-
-8 -6 -4 -2 0 . : L
log, [ (J m~2)] ics because we have previously shoj3] a S|m_|lar|ty be- _
tween the avalanche phenomenology present in geomagnetic
perturbationg 12,13 (which measure dissipative currents in
-2 the Earth’s ionosphejeand that in the energy delivered by
73r the solar wind to the Earth’s magnetic and plasma environ-
'g,/ —4r ment. Independently, an analysis of tRES Hurst exponents
o 51 of solar wind variables and magnetospheric indice8 has
5 -6t drawn similar conclusions.
E L So what does the observation of avalanche phenomenol-
¥ sl ogy in a natural system tell us about its physics? BTW pos-
- _g tulated[1,2] that the appearance of “avalanche phenomenol-

ogy” (power-law burst PDHsin Nature was due to an
underlying “critical” fixed point in the dynamics which was
attractive (“self-organized”)—self-organized criticality
(SOO. Renormalization group studigd7] have demon-

— :i | strated that the Abelian BTW model indeed exhibits such an
n attractive fixed point. However, although BTW argued that
& 4r SOC implied avalanche phenomenology, the converse is not
€ 751 true; and, in particular, the observation of avalanche phe-
o -6F nomenology in natural systemh$8] does not by itself prove
E vt that such systems are SOC.
@ gl B 4 There are many examples of systems that are either not
I , , , self-organized or not critical, or both, that nevertheless
2 3 4 5 present avalanche phenomenology. Avalanche phenomenol-
logyq [T (5)] ogy has been seen in the forest fire mddél| controlled by

a repulsive rather than an attractive fixed point; it thus has to
be tuned to exhibit scalin20]. Some other model§18]
exhibit power-law distributions without finite size scaling
and so are nobona fidecritical. Avalanche phenomenology
can also be produced by coherent noise driiag] or by
“sweeping of an instability” [22]. In addition, the fixed-
threshold method of estimating burst sizes that was used in
Ref.[12] and the present work may generally result in scale-
free PDFs if applied to certain types of time series. The
action of slicing through a fractional Brownian motion
(fBM) time series at a fixed level generates a set of crossing
times known as an isoset, for which the PDF of the time
interval between two subsequent crossings has a power law

FIG. 1. Probability density functions of burst measures for theform [23]. Hence the burst duration and interburst interval
solar wind Poynting flux. From top to bottom, the measures arestatistics drawn from such an fBM time series by the fixed
burst energye, durationT, and interburst intervat. The PDFs of all  threshold method would also be expected to be power laws.
measures have power-law regions. Clearly it is not sensible to apply the SOC label generally

to systems exhibiting avalanchehenomenology24]. In-

power-law form distinguishes the solar wind from a systemstead we should follow B99 in using a restricted definition of
having the properties of the BTW sandpile and instead showSOC, implicit in BTW’s choice of name, as being the
it to be consistent with the shell model of turbulence used bynechanisnof self-organization to a critical state. From this
B99. This is the same result they found for solar flares, foipoint of view, in order to show the presence of SOC, one has
which there was not the direct independent evidence of turto demonstrate those properties of self-organization and criti-
bulence that there is for the solar wind. cality that are unique to the process of SOC rather than sim-

It is possible that the solar wind avalanche phenomenolply observing the avalanche phenomena that SOC was de-
ogy is simply dominated by the advection of an already tursigned to account for.

log o [D (1) (s™1)]
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In consequence, the important question rem@ifjsas to  sandpiles. However, it has yet to be shown that any of these
the generality of B99's identification of an exponentir) systems are still SOC in the sense of both posessing an at-
with the SOC mechanism. Exponenti(r) implies that en-  tractive fixed point and showing finite size scaling.
ergy release episodes are uncorrelated in time because of thelf B99 are correct in identifying time correlation of bursts
standard result that Poisson-distributed random number@s @ diagnostic for the absence of SOC, then there should
have an exponential distribution of waiting times. This will then be no instance of a model that has an attractive fixed
give rise to a 1f? power spectrum(18] for frequencies point and finite size scalin¢self-organized and criticabnd

higher than those corresponding to the longest correlatio}hich also has time correlated bursts of energy flspecifi-
time. In the BTW model, this is the time for the longest Cally @ 1f spectrum or nonexponenti®(r)]. That is, the

avalanche and is set by the system length. Jeasah [25] ti_me c_orrelation in dissi_pative, running and continuous sand-
piles is actually the signature of the breakdown of self-

grganized criticality. The apparent paradox of the observa-
tion of scale-free burst PDFs in such models is resolved
W when one recognizes that scaling may survive away from the
fixed point, and can thus coexist with time correlat{@8].
écaling in both space and time can thus be a robust “ge-
neric” property of such “near-SOC” systems even if exact
criticality is not. The test of Boffett@t al. can then test for

In this caseP() is found to be exponentiaR7]. However, the presence of SOC but cannot distinguish any of the modi-

there is also a nonconservative form of the nearest-neighb(ﬂed sandp!'les frolm turbglence .mlodels, ‘.”m.d henfce such
OFC model[27,18 in which dissipation is introduced. This  neal-SOC” models remain possible descriptions of turbu-
was recently shown to cease to be critit28] and, in this lence
dissipative caseR(7) is found to differ from an exponential We are grateful to R. P. Lepping and K. W. Ogilvie for
[27,29. This supports the identification of exponenti(r) solar wind data from the NASA WIND spacecraft. We ac-
with SOC. knowledge valuable discussions with Sandra Chapman, lain
Three classes of sandpile model, all of which modify as-Coleman, Tim Horbury, Sean Oughton, Carmen do Prado,
pects of BTW SOC, exhibit time correlation between Dave Tetreault, and Tom Chang. We appreciate the provi-
bursts—variously reported as a nonexponerfiét) in the  sion of preprints by Giuseppe Consolini, Channon Price,
dissipative OFC moddl27,29 and as a “1f” power spec- Jouni Takalo, and Donald Turcotte. N.W.W. acknowledges
trum in both running[30] and continuouge.g., Ref.[31])  the generous hospitality of the people at MIT.

1/f spectrum indicative of long-time correlation.

Whilst exponentialP(7) certainly holds for the BT
sandpilg[26,6], this is not true for some other sandpile mod-
els. For example, let us consider the nearest-neighbor OF
model[27,18. The conservative form of this model has been
shown to be critica]28] and to evolve to a steady stdtEs].
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