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Abstract. We look in detail at the multifractal scaling of the sheets Borovsky, 201Q Li et al., 201J), this system has
fluctuations in the interplanetary magnetic field strength asembedded magnetic coherent structu@pher et al.2011)
measured onboard Voyager 2 in the entire heliosphere andnd exhibits magnetic phase synchronisati©hién and Mi-
even in the heliosheath. More specifically, we analyse theranda 2009, which are both believed to contribute to in-
spectra observed by Voyager 2 in a wide range of solar actermittent space plasma turbulencgafiraoui 2008. It is
tivity cycles during the years 1980-2009 at various helio-also known that the solar wind is characterized by nonlin-
spheric latitudes and distances from 6 to 90 astronomicakar Alfvén waves (e.gelcher and Davis1971), which are
units (AU). We focus on the singularity multifractal spec- associated with directional discontinuities and magnetic de-
trum before and after crossing the termination heliosphericcreases {surutani et al. 2009 2011a b). Because of the
shock by Voyager 2 at 84 AU from the Sun. In addition, we complexity of the solar wind structure, a phenomenological
investigate here the parameters of the model that describe thegpproach can still provide important information about so-
asymmetry of the spectrum, depending on the solar cycle. Itar wind turbulence Erisch 1995. We therefore hope that
is worth noting that the spectrum is prevalently right-skewedour multifractal model will be a useful tool for analysis of
inside the whole heliosphere. Moreover, we have possiblyintermittent turbulence in the heliospheric plasma. We also
observed a change in the asymmetry of the spectrum at thbelieve that multifractal analysis of various complex envi-
termination shock. We show that the degree of multifractality ronments can shed light on the nature of turbulerBreifo
is modulated by the solar activity. Hence these basic resulteand Carbong2013.
also bring significant support to some earlier claims suggest- We remind that a fractal is a rough or fragmented geomet-
ing that the solar wind termination shock is asymmetric. rical object that can be subdivided into parts, each of which
is (at least approximately) a reduced-size copy of the whole.
Strange attractors are often fractal sets that exhibit a hidden
order within (irregular but deterministic) chaotic behaviour.
1 Introduction We know that fractals are generadiglf-similarand indepen-
dent of scale (with a particular fractal dimension). A gen-
The general aim of this paper is to report on the develop-eralization of this geometrical concept is a multifractal set.
ments in magnetic turbulence using multifractals based on an fact, this object demonstrates various self-similarities, de-
generalized two-scale weighted Cantor set as first proposegcribed by a multifractal spectrum of dimensions. One can
by Macek(2007). We have subsequently applied this model say that self-similarity of multifractals is scale dependent, re-
to intermittent multifractal turbulence in the solar wind mag- sulting in the singularity spectrum. A multifractal is therefore
netized plasma in the inner and the outer heliosphere at thﬁ] a certain sense like a set of intertwined fractals.
ecliptic and at high heliospheric latitudes, and even in the  Starting from seminal works dfolmogorov (1941) and

heliosheath, beyond the termination shock. Admittedly, theKraichnan(j_gGS’ many authors have attempted to recover
solar wind is a very complex medium. Besides the current
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the observed scaling laws, and subsequently various multi2012, and compared our results with those for Voyager 1 lo-
fractal models of turbulence have been develogddne-  cated above the equatorial plardacek et al. 2017). The
veau and Sreenivasah987 Carbone 1993 Frisch 1995. objective of this study is to test again the multifractal scal-
In particular, multifractal scaling of the energy flux at var- ing for the wealth of data provided by Voyager 2, exploring
ious scales in solar wind turbulence using Helios (plasma)in detail various regions of the heliosphere, especially before
data in the inner heliosphere has been analyseMiéssch  and after crossing the termination shock. Therefore, we anal-
et al. (1996. It is known that fluctuations in the solar mag- yse time series of the magnetic field fluctuations measured
netic fields may also exhibit multifractal scaling laws. The by Voyager 2 at a wide range of distances, heliolatitudes,
multifractal spectrum has been investigated using magneti@and phases of solar cycles. This will allow us to investigate
field data measured in situ by Advanced Composition Ex-the parameters of the model that describe multifractality and
plorer (ACE) in the inner heliospher&fcek and Wawrza- asymmetry of the spectrum, depending on solar activity.
szek 2011), by Voyager in the outer heliosphere up to large  This paper is organized as follows. In S&ta generalized
distances from the SurB(rlaga 1991, 1995 2001, 2004 two-scale Cantor set model is summarised, and the Voyager 2
Macek and WawrzaszeR009, and even in the heliosheath data are introduced in Se@. The methods related to the
(Burlaga and Nes201Q Burlaga et al.2005 2006 Macek  concept of the multifractal singularity spectrum in the con-
etal, 2011 2012. text of turbulence scaling are reviewed in SettThe re-

To quantify scaling of solar wind turbulence, we have de- sults of our analysis are presented and discussed in Sect.
veloped a generalized two-scale weighted Cantor set modeThe importance of our more general asymmetric multifractal
using the partition techniqueMacek 2007 Macek and  model is underlined in Seds.

Szczepaniak2008, which leads to complementary informa-

tion about the multifractal nature of the fluctuations as the

rank-ordered multifractal analysis (dfamy et al, 2010. 2 Two-scale weighted Cantor set model

We have investigated the spectrum of generalized dimen-

sions and the corresponding multifractal singularity spec-Let us consider the generalized weighted Cantor set, as dis-
trum depending on one probability measure parameter andussed byvlacek(2007). Here this set with weigh# and two

two rescaling parameters. In this way we have looked at thescales is schematically shown in Fig. 1, taken from the pa-
inhomogeneous rate of the transfer of the energy flux indicatper byMacek(2007). This simple example of a multifractal
ing multifractal and intermittent behaviour of solar wind tur- is explained in several textbooks (efplconer 199Q Ott,
bulence. In particular, we have studied in detail fluctuations1993 and provides a useful mathematical language for the
in the velocity of the flow of the solar wind, as measured complexity of turbulent dynamics, as discussedNdgcek

in the inner heliosphere by HelioMécek and Szczepaniak and Wawrzaszef2009. At each stage of construction of this
2008, and by ACE in the inner heliosphet®4czepaniak and generalized Cantor set we thus have two rescaling parame-
Macek 2008 and Voyager in the outer heliospheMdcek  ters,/; andlp, wherely + 12 < L = 1 (normalized) and with
and WawrzaszekR009 2011, Macek et al. 2011, 2012, in- two different probability measurep; = p andp, = 1— p.
cluding Ulysses observations at high heliospheric latitudes To obtain the generalized dimensiobg = 7(q)/(¢ — 1)
(Wawrzaszek and MaceR010. for this multifractal set, we use the following partition func-

It is well known that Voyager 1 crossed the termina- tion (a generator) at the-th level of constructionHentschel
tion heliospheric shock, which separates the Solar Systenand Procaccidl983 Halsey et al.1986:
plasma from the surrounding heliosheath, with the subsonic
solar wind on 16 December 2004 at heliocentric distances of pi 1-pa\

94 AU (at present its distance to the Sun is about 126 AU afr (.12, p) = (lr(q) IIT) =
ter crossing the heliopaus8trumik et al, 2013 Gurnett et 1 2

al., 2013. Please note that (using the pressure balance) thWe see thatr(¢) does not depend on, and aftern it-
distance to the nose of the heliopause has been estimated g?ations we have(") intervals of widthl’ lkln—k where
L =

be~120AU (Macek 1998. Later, in 2007, Voyager 2 also 1,...,n, visited with various probabllmes The result-
crossed the termination shock at least five times at dlstance§lg set of 2 closed intervals (increasingly narrow segments
of 84 AU (now at 103 AU). The data have revealed a com ~of various widths and probabilities) far— oo becomes the

plex, rippled, quasi-perpendicular supercritical magnetohy- weighted two-scale Cantor set. For apgne obtainD, =
drodynamic shock of moderate strength, with a reformation (¢)/(¢ — 1) by solving numerically the following transcen-

of the shock on a scale of a few hours, suggesting the i |mpordental equation (e.@tt, 1993:
tance of ionized interstellar atoms (so-called “pickup” pro-
tons) at the shock structurBirlaga et al.2008. P (1— p)d

Admittedly, we have already analysed the interplanetarqu) t—w
magnetic field strength as measured on the Voyager 2 spaces l
craft located below the solar equatorial plaiMatek et al,

1)

-1 @)
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Fig. 2. The singularity multifractal spectruryi(«) versus the sin-

Fig. 1. Two-scale weighted Cantor set model for asymmetric solargularity strengthw with some general properties: (1) the maximum

wind turbulence, taken fromacek(2007). value of f («) is Do; (2) f(D1) = D1; and (3) the line joining the
origin to the point on thef («) curve, wherex = D1, is tangent to
the curve, as taken fro@tt (1993.

3 Solar wind data

The heliospheric distances from the Sun and the heIiographiE]eraIIZGd measures are related. to mhqmogeneﬂy, with V\./h'Ch
latitudes during each year of the Voyager mission are given inthe energy (or magnetic) flux is Q|str|buted between diffe-
Fig. 1 of the paper bivlacek et al(2012), cf. e.g.Richardson rent eddle§ Meneveau anq Sreenll\{asalrggj). In the case

et al.(2004. Voyager 1 and 2 crossed the termination helio- of magnetic turb_ulepce, high positive yalueSQ_()(Ieft part
spheric shock in 2004 and 2007 at heliocentric distances o?f the spectrl_Jm in Fig2) emphasize regions Of. Intense mag-
94 and 84 AU respectively. However, Voyager 2 is of specialnet'c ﬂuctu_auons larger than the average, while negative val-
interest in this paper. Therefore, we like to test again the mulUes ofq (right part) accentuate fluctuations lower than the
tifractal scaling for the wealth of data provided by this Space_averagel'BurIaga 1993. .

craft during various phases of the solar cycle, exploring thus Fpllqwmg Bu'rlaga(199.5, let us take a stationary mag-
in detail various regions of the entire heliosphere. Namely,n_e'[IC f'_eIdB_(t) In the hellosphere. We can (_jecompose this
we analyse time series of fluctuations in the daily averagescfIgnal into time intervals of S'.Zm corre_spon_dlng fothe spa-

of the magnetic field strength measured by Voyager 2 at e{'al scglesl - USWm'.Then with each time mterval one can
wide range of heliospheric distances (and heliolatitudes), es@ssociate a magnetic flux past the cross-section perpendicu-
pecially before the termination shock crossing (during theIar to thedplane du'rlng tha}t tlmfed. I.T every con&dﬁlre;]d. year
years 1980—2006), namely betwee and~80AU from  Weusea iscrete time series 0 lal y averages, which is nor-

1 —_— N . J—
the Sun, and subsequently (2008-2009) at 85-90 AU, i.e. if"&ized SO that we haves(1)) = > _;_1 B(1) =1, where
the heliosheath. i=1,...,N=2" (takingn = 8). Next, given this (normali-

zed) time seriesB(;), we associate some probability mea-

. sure
4 Methods of data analysis
1 jAt
The generalized dimension®, as a function of index P(Xj,l)EN Z B@t)=p;(D) 3
g (Grassberger1983 Grassberger and Procaccid983 i=1+(j-DAr

Hentschel and Procacciz983 Halsey et al.198§ quantify with each interval of temporal scater (usingAr = 2%, with

mult|fractallty.of agien systemQtt, 1993. Altgrnatlvely: k=0,1,...,n), wherej = 2"~k i.e. calculated by using the
we can describe intermittent turbulence by using the SiNgU - cessive average valug(;,, A1) of B(r,) between; and
larity spectrumf(«) as a function of a singularity strength 1 + At (Burlaga et al.200 v ! !

a, which guantifies multifractality of a given system. This In the inertial raﬁ e 01; the turbulence spectrum. the
function sketched in Fig2 describes singularities occurring ng €SP S

in considered probability measure, allowing a clearer theo-f]'order tOt?.I pmb"?‘b"'tY measure, the partiion function (us-
retical interpretation by comparing the experimental results"? probability defined in Eg), should scale as

with those obtained from phenomenological models of tur-zp;{ ()~ 17D, (4)
bulence Halsey et al. 1986 Ott, 1993 Wawrzaszek and

Macek 2010. In this way in the case of turbulence these ge- With 7(¢) given in Eq. 6). In this caseBurlaga(1999 has

www.nonlin-processes-geophys.net/20/1061/2013/ Nonlin. Processes Geophys., 20, 10602013
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shown that the average value of fi¢th moment of the mag- The difference of the maximum and minimum dimensions,

netic field strengttB at various scaleb= vgyAt scales is associated with the least dense and most dense regions in the
considered probability measure, is given by

(BI()) ~ lV(q)’ (5)

. L . A = amax— amin = D—ooc— Do = log1 = p) - log(p) . (12)
with the similar exponeny/ (¢) = (¢ — 1)(D, — 1). Using logiz log/s
this measure we can construct both functiénsand f(«),
which are usually derived in the following way (see e.g.
Macek and WawrzaszeR009.

Namely, for a continuous indexoco < ¢ < oo using ag-
order total probability measurd(q,l) = Zf"zlp;’ (1) with
pi as given in Eq. ) and ag-order generalized informa-
tion entropyH (¢,1) = —log1 (q,1) = —log "N ; p{ (1) de-
fined by Grassberger and Procac¢iE983, one obtains the
usual g-order generalized dimensionkléntschel and Pro-
caccial983 D, =t(q) / (¢ — 1), where

In the limit p — O this difference rises to infinity. Hence,

it can be regarded as a degree of multifractality (see e.g.
Macek 2006 2007). The degree of multifractality is natu-
rally related to the deviation from a strict self-similarity. Thus
A is also a measure of intermittency, which is in contrast to
self-similarity (Frisch 1995 chapter 8). In the case of the
symmetric spectrum using EdL) this degree of multifrac-
tality becomes

A=D_s — Dioo =In(1/p — 1)/IN(L/2). (13)

In particular, the usual middle one-third Cantor set without

[—log Y, p! ()]

T@) :zlino log(1/1) (6) any multifractality, i.e. withA =0, is recovered withp =
1/2 andir = 1/3.

Following Chhabra and Jensef1989, we also define Moreover, using the value of the strength of singulasigy
a one-parametey family of generalized pseudoprobability at which the singularity spectrum has its maximufiteg) =
measures (normalized): 1, we define a measure of asymmetry by

q P
wilg,h = #. (7) A= (14)
Zi:l p; (l) max 0

Please note that the value= 1 (1 = I, = 0.5) corresponds
to the one-scale symmetric case, e.g. for the so-called
2 model.

For a giverny with the associated index of the fractal dimen-
sion f;(q,1) =logu;(g,1)/logl, the multifractal singularity
spectrum of dimensions is defined directly as the average
denoted by...) taken with respect to the measwéy, ) in

Eq. (1), 5 Results and discussion

X As usual we have analysed the slopég) of log;o(B?) ver-
) = ,“_%Z“i(‘l’l) fita. 1) = (f(9)). (8)  sus logy! and identified the range of scales from 2 to 16
i=1 days, over which the multifractal spectra are applicable. This

and the corresponding average value of the singularity?@S allowed us to obtain the valuesloj as a function of
strength is obtained b@hhabra and Jens¢b989): according to Eq.§). Equivalently, as discussed in Settthe
multifractal spectruny («) as given by Eqg.X1) as a function

N of scaling indices, Eq. (L0), exhibits universal properties of
alg) = lim Z“i(q’l) a; (1) = (a(q)). 9) multifractal scaling behaviour.
=014 In this paper the results for the singularity multifractal
, ) ) . spectrumf («) obtained using the Voyager 2 data of the so-
Hence by using ?v-order mixed Shannon information en- |5¢ \ind magnetic fields are presented in a wide range of
tropy S(g,1) = =3_;_1 (¢, )logpi (/) we obtain the sin- istances in the whole heliosphere. The calculated spectra
gularity strength as a function gt in the relatively near heliosphere at 6-40 AU (1980-1992),
N i.e. within the planetary orbits, and in the distant heliosphere
«(g) = lim (=2 iapi(q.DIogpiD] _ . (ogpi ) (10)  beyond the planets at 40-60 AU (1994-1999), are shown in
=0 log(1/1) =0 log(h) Figs.3 and4 respectively.
Voyager 2 crossed the heliospheric termination shock at
84 AU in 2007. Therefore, in Figh we show the results in
the very deep heliosphere before shock crossing, at the fol-
lowing heliocentric distances: (a) 66—-68 AU, (b) 69—71 AU,
(c) 75-77 AU, (d) 78-81 AU, and after that shock crossing,
namely at (e) 85—-88 AU and (f) 88—-90 AU respectively. Here

Similarly, by using they-order generalized Shannon entropy
K(q,1) ==Y~ 1 mi(g,Dlogui(g,!) we obtain directly the
singularity spectrum as a function @f

(=X pilg. DIogui(q.D] _ - 109wi@.D) 4y

flg) = Jim log(1/1) ~0  log(l)
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1.0F ———-p=0.44, |;= |2_050—_ 1.0 ----p=0.43, I,= lz_oso-
r o0 1Bl 1 r o0 1Bl 1
0.8f . 0.8F .
S osf 1 Zosf ]
0.4 . 0.4F .
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; ! [ 1 ]
ot A : : ot i : : :
0.6 0.8 1.0 1.2 1.4 1.6 0.6 0.8 1.0 1.2 1.4 1.6
[ed [ed

Fig. 3. The singularity spectruny (o) as a function of a singularity strength The values are calculated for the weighted two-scale
(continuous lines) model and the usual one-scale (dashed pnes)del with the parameters fitted using the magnetic fields (diamonds)
measured by Voyager 2 in the relatively near heliosphere (within planetary orbits) &8 AU, (b) 16—18 AU, (c) 19-21 AU, (d) 25—

27 AU, (e) 31-33 AU, andf) 36—38 AU, respectively.

it is rather difficult to argue that there is an asymmetry in  Next, we look for the parameters of our model: weight
the calculated spectra: we see that there is some difference and scald; sketched in Fig. 1 depending on solar activ-
in the symmetric and asymmetric spectrum §o& 0 (right ity (p <0.5, I1 +1> >~ 1). The results obtained during four
part of the spectrum) for the years 2003 and 2009, blig. time intervals, namely solar minimum (MIN), solar maxi-
and f, where only one point determines asymmetry. Admit-mum (MAX), and declining (DEC) and rising (RIS) phases
tedly, during the period of 2003—2009 shown in Figspu-  of solar cycles are shown in Figa for p and Fig.6b for /1
rious large amplitude fluctuations in the magnetic field arerespectively. The crossing of the termination shock (TS) by
present and the average magnetic field strength is very weakoyager 2 in 2007 (at 84 AU) is marked by a vertical dashed
close to the measurement uncertainties. line. Certainly, these parametepsandi; are related to the
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L€ —— p=0.22, 1,=0.16, 1,=0.84] Ff p=0.48, 1,=0.55, ,=0.45]
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Fig. 4. The singularity spectruny(«) as a function of a singularity strength The values are calculated for the weighted two-scale
(continuous lines) model and the usual one-scale (dashed pnes)del with the parameters fitted using the magnetic fields (diamonds)
measured by Voyager 2 in the distant heliosphere (beyond the planetary ortafs} 244 AU, (b) 45-47 AU,(c) 48-50 AU,(d) 51-53 AU,
(e)54-56 AU, andf) 57-59 AU, respectively.

degree of multifractalityA and asymmetnA in the helio-  mately responsible for the asymmetry, form and develop in

sphere according to Egsld) and (L4). Please note that the this region Burlaga et al.2003. However, as also seen in

valuel1 = 0.5 (dotted) corresponds to the one-scale symmet+ig. 6b, the degree of asymmetry is roughly constdnt(

ric model. In this case fop = 0.5 there is no multifractality; 0.5 (A ~ 1)), suggesting a symmetric spectrum between the

A =0inEqg. 3. year 1996 (at 50 AU) and the termination shock crossing in
In fact, as noted bylacek et al.(2012, the value of the 2007 (at 84 AU), cfMacek et al(2012), Fig. 8. This is plau-

degree of asymmetry decreases (the spectrum becomessible, because the merged interaction regions damp out here,

more asymmetric) with increasing distance between 5 AUas discussed bgurlaga et al(2007).

and 50 AU (during the period 1980-1996). This is very pos- We see that similarly as for Voyager 1 in the heliosphere,

sible, since merged interaction regions, which could be ulti-there could only be a few points above= 0.5 at large
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Fig. 5. The singularity spectruny(«) as a function of a singularity strength The values are calculated for the weighted two-scale
(continuous lines) model and the usual one-scale (dashed pneg)del with the parameters fitted using the magnetic fields (diamonds)
measured by Voyager 2 in the very deep heliosphere (befofa) 86—68 AU, (b) 69-71 AU, (c) 75-77 AU,(d) 78-81 AU, and after cross-
ing the termination shock #&) 85-88 AU andf) 88—90 AU respectively.

heliospheric distances (cMacek et al. 2011 Fig. 3). Re- Table1l summarizes the values of and A calculated for

ally, inside the distant heliosphere the spectrum is prevaVoyager 2 data in the relatively near heliosphere (within the

lently right-skewed/q < 0.5, A < 1) and only twice (during  planetary system up to 40 AU, see F8), the distant helio-

the declining phase) was the left-skewed spectrigns 0.5, sphere (i.e. beyond the planets, 40—60 AU), Higand the

A > 1) possibly observed, even though it is still consistentvery deep heliosphere (65-80 AU), Fisa—d, together with

with a symmetric spectrum. Whatever the case, we see thahose in the heliosheath (85-90 AU), Fig and f.

the right-skewed spectrumd (< 1) before the crossing of the Again the multifractal scaling is still asymmetric before

termination shock is preferred for both Voyager 1 and 2 datashock crossing, with the calculated degree of asymmetry at

(Macek et al.2012. distances 78-81 AU equal té = 1.144+0.23. We see that
this value changes tad =0.83+0.17 when crossing the
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Voyager 2 Table 1. Degree of multifractalityA and asymmetnA observed by
1.0] T T T T LA Voyager 2 in the heliosphere and the heliosheath.
L AA MAX xx%DEC <©OMIN 0OORIS !
= o0.8fF E . Heliocentric  Year Multifractality =~ Asymmetry
_ [ ! Distance A A
[0} 1
4‘2 0.6 E T 6-8 AU 1980 085+0.12 090+ 0.25
S N o o O : 16-18AU 1985  (60+£0.05  082+0.12
L o4l o A 1o ] 19-21 AU 1986 ®2+0.06 070+0.16
5 i AN Ax o 25-27AU 1988  (434+0.03 07740.09
3 : ° . 31-33 AU 1990 14+0.02 061+0.06
s 021 * ] 36-38 AU 1992 M8+0.01 075+0.03
Fa ™ 42-44AU 1994  (B0+006  044+0.09
0.0 L - - - TR 45-47AU 1995  (B5+0.04 06740.09
1980 1985 1990 1995 2000 2005 2010 48-50AU 1996  (#940.02  069+0.04
51-53 AU 1997 10+ 0.04 091+0.18
1.0[ ' ' ' ' T 54-56 AU 1998  (68+0.08 053+0.12
[ AN MAX XXDEC  ©OMIN DERIS 57-59AU 1999 0454002 096+ 0.08
S 0.8 b 66—68 AU 2002 19+ 0.02 102+ 0.06
5 69-71 AU 2003 (b14+0.03 074+0.08
© 0.6 N o - 75-77 AU 2005 6+ 0.04 109+0.18
€ N 78-8LAU 2006  (B8004 114023
Y 0.4 B O S xX% 1 85-88 AU 2008 8+ 0.05 083+0.17
T [ o A A A : © 88-90 AU 2009 84 0.05 066+0.11
8 ol xo o
= 0.2 o L]
b x TS !
0.0 L 1 1 1 1 1 :
1980 1985 1990 1995 2000 2005 2010 . . . .
Year gested bySahraou(2008, or possibly with magnetic phase

. . . coherenceChian and Miranda2009. In fact, the increase
Fig. 6. Evolution of both parametei(®) weight p and(b) scalel;  in phase synchronisation follows the increase in the mea-
of the generalized Cantor set modgl£ 0.5,/3 +I = 1) obtained  gyre of intermittency (multifractality)Ghian and Miranda
during solar minimum (MIN) and solar maximum (MAX), and de- 2009. Alternatively, the multifractal spectrum can be related
clining (DEC) and rising (RIS) phases of solar cycles (at various he- . . - .
to nonlinear Alfvén waves, or magnetic decreases associated

liospheric distances and latitudes). The valpe- 0.5 corresponds ith mi de struct ted bv bl instabili
to the one-scale symmetric model (dotted). The crossing of the terVIt MIrTor mode structures (generated by plasma instabili-

mination shock by Voyager 2, TS, is marked by a vertical dashedties) identified in the Voyager 1 heliosheath dafaurutani
line. etal, 2011gh).

termination shock at 85-88 AU, but because of large error6 Conclusions

bars and a rather limited sample, a symmetric spectrum is

still possible beyond the termination shock Bfirlaga and  We have studied the fluctuations in the interplanetary mag-

Ness 2010. Nevertheless, it would be worth noting a possi- netic field strength indicating multifractal and intermittent

ble change in the symmetry of the spectrum at the shock relbehaviour of solar wind magnetic turbulence in the entire he-

ative to its maximum at a critical singularity strength= 1, liosphere and even the heliosheath. We have demonstrated

whereA = 1. Since the density of the measure [*~1, this that, for the general weighted two-scale Cantor set model

is in fact related to changing properties of the magnetic fieldwith two different scaling parameters, a better agreement of

densitye at the termination heliospheric shock. the multifractal spectrum with the real data is obtained, espe-
Naturally, the multifractal scaling of the fluctuations in the cially for ¢ < 0.

interplanetary magnetic field strength should be somehow re- We show that for Voyager data the degree of multifractality

lated to the physical properties of our environment in spacefor magnetic field fluctuations in the solar wind is modulated

Even though it is far beyond the scope of this paper, we carby the solar activity. That would certainly require a specific

speculate that the multifractal turbulence in the heliospheramechanism responsible for such a correlation, resulting in the

and heliosheath could be associated with magnetic coheremtormal or lognormal distribution of the observed magnetic

structures or magnetic bubbleSgher et al.2011), reflect-  fields Burlaga et al.2005 Chen et al.2008 Burlaga et al.

ing the structure of solar coron@dlloni et al, 2009 as sug-  2009. This in turn can hopefully allow us to infer some new
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important information about the nature of the heliosphericBurlaga, L. F. and Ness, N. F.: Sectors and large-scale magnetic
shock and also about the evolution of the whole heliosphere. field strength fluctuations in the heliosheath near 110 AU: Voy-
In particular, we have again observed a possible change in ager 1, 2009, Astrophys. J., 725, 1306-1316,1dbi088/0004-

the asymmetry of the spectrum when crossing the termina- 637X/725/1/13062010.

tion shock by Voyager 2 in 2007. Consequently, a concentraBuraga, L. F., Wang, C., and Ness, N. F.: Amodel and observations
of the multifractal spectrum of the heliospheric magnetic field

tion of magnetic fields stretches, resulting in fatter flux tubes strength fluctuations near 40 AU, Geophys. Res. Lett., 30, 1543

or weaker curre.nt concentration in the hehosheath_. Admit- 40i*10.1029/2003GL 016902003,

tedly we can st.|II have an approximately symmetrlc SPEC-Byrlaga, L. F., Ness, N. F., Acufia, M. H., Lepping, R. P., Conner-

trum in the heliosheath, where the plasma is expected t0 ey 3 E. P, Stone, E. C., and McDonald, F. B.: Crossing the

be roughly in equilibrium in the transition to the interstel-  termination shock into the heliosheath: Magnetic fields, Science,

lar medium. We also confirm that before the shock crossing 309, 2027—-2029, ddi0.1126/science.1117542005.

turbulence is more multifractal than that in the heliosheathBurlaga, L. F., Ness, N. F., and Acufia, M. H.: Multiscale struc-

(Macek et al, 2011, 2012. ture of magnetic fields in the heliosheath, J. Geophys. Res., 111,
We believe that the solar wind could be considered a tur- A09112, doi10.1029/2006JA01185Q006.

bulence laboratory&runo and Carbon@013. We therefore ~ Burlaga, L. F., F-Vifias, A., and Wang, C.: Tsallis distributions of

propose our somewhat more general asymmetric multifractal magnetic field strength variations in the_ heliosphere: 5 to 90 AU,

model as a useful tool for analysis of intermittent turbulence 2 G€oPhys. Res., 112, A07206, d@1:1029/2006JA012213

in space environments. We hope that this model could als%uflg(;;' L. F. Ness, N. F, Acufia, M. H., Lepping, R. P
shed light on the nature of turbulence. iy A L TR

Connerney, J. E. P, and Richardson, J. D.: Magnetic fields
at the solar wind termination shock, Nature, 454, 75-77,
doi:10.1038/nature07022008.

AcknowledgementsThis work has been supported by the Na- Burlaga, L. F, Ness, N. F,, Acufia, M. H., Richardson, J. D., Stone,
tional Science Center through Grant NN 307056440, and is E., and McDonald, F. B.: Observations of the heliosheath and
also supported by the European Community’s Seventh Frame- solar wind near the termination shock by Voyager 2, Astrophys.
work Programme ([FP7/2007_2013]) under grant agreement J., 692, 1125-1130, ddi0.1088/0004-637X/692/2/1128009.

no. 313038/STORM. We would like to thank the magnetic field Carbone, V.: Cascade model for intermittency in fully developed
instruments team of the Voyager mission, NASA National Space Mmagnetohydrodynamic turbulence, Phys. Rev. Lett., 71, 1546—
Science Data and the Space Science Data Facility for providing 1548, doi10.1103/PhysRevLett.71.1548993.

data. Chen, M. Q., Chao, J. K., Lee, L. C., and Ting, N. H.: Heliosphere

termination shock as a transformer of magnetic field from log-
Edited by: B. Tsurutani normal to normal distribution, Astrophys. J., 680, L145-1148,
Reviewed by: A. C.-L. Chian and one anonymous referee doi:10.1086/5895622008.

Chhabra, A. and Jensen, R. V.. Direct determination of the
f(a) singularity spectrum, Phys. Rev. Lett., 62, 1327-1330,
doi:10.1103/PhysRevLett.62.1321089.

References Chian, A. C.-L. and Miranda, R. A.: Cluster and ACE observa-

tions of phase synchronization in intermittent magnetic field tur-

Belcher, J. W. and Davis, L., J.: Large-amplitude Alfvén waves in  bulence: a comparative study of shocked and unshocked solar
the interplanetary medium, 2, J. Geophys. Res., 76, 3534-3563, wind, Ann. Geophys., 27, 1789-1801, ddi:5194/angeo-27-
doi:10.1029/JA076i016p03534971. 1789-20092009.

Borovsky, J. E.: Contribution of strong discontinuities to the power Falconer, K.: Fractal Geometry: Mathematical Foundations and Ap-
spectrum of the solar wind, Phys. Rev. Lett,, 105, 111102, plications, J. Wiley, New York, 1990.
doi:10.1103/PhysRevLett.105.1111@D10. Frisch, U.: Turbulence. The legacy of A.N. Kolmogorov, Cambridge

Bruno, R. and Carbone, V.: The solar wind as a turbulence lab- Univ. Press, Cambridge, 1995.
oratory, Living Rev. Solar Phys., 10, db0.12942/Irsp-2013;2  Grassberger, P.: Generalized dimensions of strange attractors, Phys.
2013. Lett. A, 97, 227-230, dol:0.1016/0375-9601(83)90753-3083.

Burlaga, L. F.: Multifractal structure of the interplanetary magnetic Grassberger, P. and Procaccia, |.: Measuring the strangeness of
field: Voyager 2 observations near 25 AU, 1987-1988, Geophys. strange attractors, Physica D, 9, 189-208, kbit016/0167-

Res. Lett., 18, 69-72, 1991. 2789(83)90298-11983.
Burlaga, L. F.: Interplanetary Magnetohydrodynamics, Oxford Gurnett, D. A., Kurth, W. S., Burlaga, L. F., and Ness, N. F.: In situ
Univ. Press, New York, USA, 1995. observations of interstellar plasma with Voyager 1, Science, 341,

Burlaga, L. F.: Lognormal and multifractal distributions of the he-  1489-1492, doi0.1126/science.1241684013.
liospheric magnetic field, J. Geophys. Res., 106, 15917-15927Halsey, T. C., Jensen, M. H., Kadanoff, L. P., Procaccia, |., and
doi:10.1029/2000JA000102001. Shraiman, B. I.: Fractal measures and their singularities: The
Burlaga, L. F.: Multifractal structure of the large-scale heliospheric  characterization of strange sets, Phys. Rev. A, 33, 1141-1151,
magnetic field strength fluctuations near 85AU, Nonlin. Pro-  doi:10.1103/PhysRevA.33.1141986.
cesses Geophys., 11, 441-445, H0i5194/npg-11-441-2004
2004.

www.nonlin-processes-geophys.net/20/1061/2013/ Nonlin. Processes Geophys., 20, 10602013


http://dx.doi.org/10.1029/JA076i016p03534
http://dx.doi.org/10.1103/PhysRevLett.105.111102
http://dx.doi.org/10.12942/lrsp-2013-2
http://dx.doi.org/10.1029/2000JA000107
http://dx.doi.org/10.5194/npg-11-441-2004
http://dx.doi.org/10.1088/0004-637X/725/1/1306
http://dx.doi.org/10.1088/0004-637X/725/1/1306
http://dx.doi.org/10.1029/2003GL016903
http://dx.doi.org/10.1126/science.1117542
http://dx.doi.org/10.1029/2006JA011850
http://dx.doi.org/10.1029/2006JA012213
http://dx.doi.org/10.1038/nature07029
http://dx.doi.org/10.1088/0004-637X/692/2/1125
http://dx.doi.org/10.1103/PhysRevLett.71.1546
http://dx.doi.org/10.1086/589569
http://dx.doi.org/10.1103/PhysRevLett.62.1327
http://dx.doi.org/10.5194/angeo-27-1789-2009
http://dx.doi.org/10.5194/angeo-27-1789-2009
http://dx.doi.org/10.1016/0375-9601(83)90753-3
http://dx.doi.org/10.1016/0167-2789(83)90298-1
http://dx.doi.org/10.1016/0167-2789(83)90298-1
http://dx.doi.org/10.1126/science.1241681
http://dx.doi.org/10.1103/PhysRevA.33.1141

1070 W. M. Macek and A. Wawrzaszek: Multifractal magnetic turbulence

Hentschel, H. G. E. and Procaccia, I.: The infinite number of gene-Meneveau, C. and Sreenivasan, K. R.: Simple multifractal cascade
ralized dimensions of fractals and strange attractors, Physica D, model for fully developed turbulence, Phys. Rev. Lett., 59, 1424~
8, 435444, doit0.1016/0167-2789(83)90235-X983. 1427, doi10.1103/PhysRevLett.59.1421987.

Kolmogorov, A.: The local structure of turbulence in incompress- Meneveau, C. and Sreenivasan, K. R.: The multifractal nature
ible viscous fluid for very large Reynolds’ numbers, Dokl. Akad.  of turbulent energy dissipation, J. Fluid Mech., 224, 429-484,

Nauk SSSR, 30, 301-305, 1941. doi:10.1017/S002211209100183®91.
Kraichnan, R. H.: Inertial-range spectrum of hydromagnetic turbu- Opher, M., Drake, J. F., Swisdak, M., Schoeffler, K. M., Richardson,
lence, Phys. Fluids, 8, 1385-1387, 1965. J. D., Decker, R. B., and Toth, G.: Is the magnetic field in the

Lamy, H., Wawrzaszek, A., Macek, W. M., and Chang, T.: New heliosheath laminar or a turbulent sea of bubbles?, Astrophys. J.,
multifractal analyses of the solar wind turbulence: Rank-ordered 734, 71, doil0.1088/0004-637X/734/1/72011.
multifractal analysis and generalized two-scale weighted CantorOtt, E.: Chaos in dynamical systems, Cambridge Univ. Press, Cam-
set model, Twelfth International Solar Wind Conference, 1216, bridge, 1993.
124-127, doit0.1063/1.339581,&010. Richardson, J. D., Wang, C., and Burlaga, L. F.: The solar
Li, G., Miao, B., Hu, Q., and Qin, G.: Effect of current sheets on  wind in the outer heliosphere, Adv. Space Res., 34, 150-156,
the solar wind magnetic field power spectrum from the Ulysses doi:10.1016/j.asr.2003.03.068004.
observation: from Kraichnan to Kolmogorov scaling, Phys. Rev. Sahraoui, F.: Diagnosis of magnetic structures and intermittency in
Lett., 106, 125001, dal0.1103/PhysRevLett.106.1250@D11. space-plasma turbulence using the technique of surrogate data,
Macek, W. M.: Large-scale structure and termination of the he- Phys. Rev. E, 78, 026402, db@.1103/PhysRevE.78.026402
liosphere, in: Highlights of Astronomy, edited by Andersen, J., 2008.
11B, 851-856, IAU Kyoto Conference, Kluwer Academics, Dor- Strumik, M., Czechowski, A., Grzedzielski, S., Macek, W. M.,

drecht, Netherlands, 1998. and Ratkiewicz, R.: Small-scale local phenomena related to the
Macek, W. M.: Modeling multifractality of the solar wind, Space magnetic reconnection and turbulence in the proximity of the
Sci. Rev., 122, 329-337, d&D.1007/s11214-006-8185-2006. heliopause, Astrophys. J. Lett., 773, L23, d6i1088/2041-

Macek, W. M.: Multifractality and intermittency in the solar wind, 8205/773/2/L232013.

Nonlin. Processes Geophys., 14, 695-700,1d0§194/npg-14-  Szczepaniak, A. and Macek, W. M.: Asymmetric multifractal model
695-2007 2007. for solar wind intermittent turbulence, Nonlin. Processes Geo-

Macek, W. M. and Szczepaniak, A.: Generalized two-scale phys., 15, 615-620, ddi0.5194/npg-15-615-2002008.
weighted Cantor set model for solar wind turbulence, Geophys.Telloni, D., Antonucci, E., Bruno, R., and D’Amicis, R.: Persis-
Res. Lett., 35, L02108, ddi0.1029/2007GL032262008. tent and self-similar large-scale density fluctuations in the so-

Macek, W. M. and Wawrzaszek, A.: Evolution of asymmetric mul-  lar corona, Astrophys. J., 693, 1022-1028, #®i1088/0004-
tifractal scaling of solar wind turbulence in the outer heliosphere, 637X/693/1/10222009.

J. Geophys. Res., 114, A03108, d€i:1029/2008JA013795 Tsurutani, B. T., Guarnieri, F. L., Echer, E., Lakhina, G. S.,
2009. and Verkhoglyadova, O. P.: Magnetic decrease formation from

Macek, W. M. and Wawrzaszek, A.: Multifractal structure of small <1 AU to ~5 AU: Corotating interaction region reverse shocks,
and large scales fluctuations of interplanetary magnetic fields, J. Geophys. Res., 114, A08105, d@i:1029/2008JA013927
Planet. Space Sci., 59, 569-574, d@6i1016/j.pss.2010.02.006 20009.

2011. Tsurutani, B. T., Echer, E., Verkhoglyadova, O. P., Lakhina,

Macek, W. M. and Wawrzaszek, A.: Multifractal two-scale Cantor G. S., and Guarnieri, F. L.: Mirror instability upstream
set model for slow solar wind turbulence in the outer heliosphere of the termination shock (TS) and in the heliosheath,
during solar maximum, Nonlin. Processes Geophys., 18, 287— J. Atmospheric Solar-Terrestrial Phys., 73, 1398-1404,
294, do0i10.5194/npg-18-287-2012011. doi:10.1016/j.jastp.2010.06.00Z011a.

Macek, W. M., Wawrzaszek, A., and Carbone, V.: Observation of Tsurutani, B. T., Lakhina, G. S., Verkhoglyadova, O. P., Echer, E.,
the multifractal spectrum at the termination shock by Voyager 1, Guarnieri, F. L., Narita, Y., and Constantinescu, D. O.: Magne-
Geophys. Res. Lett., 38, L19103, dd):1029/2011GL049261 tosheath and heliosheath mirror mode structures, interplanetary
2011. magnetic decreases, and linear magnetic decreases: Differences

Macek, W. M., Wawrzaszek, A., and Carbone, V.: Observation and distinguishing features, J. Geophys. Res., 116, A02103,
of the multifractal spectrum in the heliosphere and the he- doi:10.1029/2010JA015912011b.
liosheath by Voyager 1 and 2, J. Geophys. Res., 117, A12101Wawrzaszek, A. and Macek, W. M.: Observation of the multifractal
doi:10.1029/2012JA018122012. spectrum in solar wind turbulence by Ulysses at high latitudes, J.

Marsch, E., Tu, C.-Y., and Rosenbauer, H.: Multifractal scaling of = Geophys. Res., 115, A07104, di®:1029/2009JA01517@2010.
the kinetic energy flux in solar wind turbulence, Ann. Geophys.,

14, 259-269, do1:0.1007/s00585-996-0259-1996.

Nonlin. Processes Geophys., 20, 106167Q 2013 www.nonlin-processes-geophys.net/20/1061/2013/


http://dx.doi.org/10.1016/0167-2789(83)90235-X
http://dx.doi.org/10.1063/1.3395816
http://dx.doi.org/10.1103/PhysRevLett.106.125001
http://dx.doi.org/10.1007/s11214-006-8185-z
http://dx.doi.org/10.5194/npg-14-695-2007
http://dx.doi.org/10.5194/npg-14-695-2007
http://dx.doi.org/10.1029/2007GL032263
http://dx.doi.org/10.1029/2008JA013795
http://dx.doi.org/10.1016/j.pss.2010.02.006
http://dx.doi.org/10.5194/npg-18-287-2011
http://dx.doi.org/10.1029/2011GL049261
http://dx.doi.org/10.1029/2012JA018129
http://dx.doi.org/10.1007/s00585-996-0259-4
http://dx.doi.org/10.1103/PhysRevLett.59.1424
http://dx.doi.org/10.1017/S0022112091001830
http://dx.doi.org/10.1088/0004-637X/734/1/71
http://dx.doi.org/10.1016/j.asr.2003.03.066
http://dx.doi.org/10.1103/PhysRevE.78.026402
http://dx.doi.org/10.1088/2041-8205/773/2/L23
http://dx.doi.org/10.1088/2041-8205/773/2/L23
http://dx.doi.org/10.5194/npg-15-615-2008
http://dx.doi.org/10.1088/0004-637X/693/1/1022
http://dx.doi.org/10.1088/0004-637X/693/1/1022
http://dx.doi.org/10.1029/2008JA013927
http://dx.doi.org/10.1016/j.jastp.2010.06.007
http://dx.doi.org/10.1029/2010JA015913
http://dx.doi.org/10.1029/2009JA015176

