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Local anisotropy in incompressible magnetohydrodynamic turbulence
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It is a well known fact that in the presence of a dc applied magnetic field, magnetohydrodynamic
(MHD) turbulence develops spectral anisotropy from isotropic initial conditions. Typically, the
reduced spectrum is steeper in the direction of the magnetic field than it is in any transverse
direction. One might expect that a dc field is not essential, and it is the local mean field that is
responsible. To address this issue, three-dimensional MHD pseudo-spectral incompressible
relaxation simulations are performed, and structure functions computed according to whether the
separation is parallel to, or transverse to, the local mean magnetic field. Correlation lengths are
longer in the locally averaged magnetic field direction than in any perpendicular direction, even
when the global mean magnetic field is zero. Local anisotropy is observed to be stronger in regions
of strong magnetic field. A general definition of anisotropy angles and a methodology to study local
anisotropy are proposed. ®&001 American Institute of Physic§DOI: 10.1063/1.1369658

I. INTRODUCTION where p is the plasma densityp is the total (kinetic plus
) . ) magneti¢ pressure an®* represent the dissipation terms,
It is very well established that in the presence of a doyich are negligible in the inertial range. The first term in
(constant both in space and timepplied magnetic field, he right hand sidéRHS) of Eq. (1) represents the nonlinear
magnetohydrodynamiMHD) turbulence develops spectral jieractions between the” fields, while the second term
anisotropy from an isotropic initial conditiorf The reduced represents lineafAlfvénic) wave propagation along the dc

spectrum is steeper in the direction of the dc magnetic ﬁe'%agnetic field. Rearranging terms in Ed) we obtain
than it is in any transverse direction. The turbulent cascade

transfers energy to the perpendicular wavenumbers up to the
dissipation scale in the usual way, but no cascade occurs in

the parallel directiod=’ This theoretical picture is supported

by experiment&° astrophysical observatioHs!2 and nu- Where we choos@. to point in the (0,0,1) directiony
merical simulation€3631ts full implications in MHD tur- = (9x9y,0) andV,=(0,04;). Consider the case in whiay,

bulence theory are diverse, and have not yet been completeipe s?ze of the fluctuations, is much sm_aller than t_he dc field
realized. amplitude. In a turbulent state, the nonlinear term is expected

A simple and intuitive interpretation of spectral anisot- (0 Overcome, or at least to balance the Afficeterm. It fol-

ropy was given in Ref. 2. In incompressible MHD all non- 10Ws from Eq.(2) that these terms are balanced if
linear interactions occur among triads of wavevectors satis- V.| 2
fying k;=k,+ks. In the presence of a dc magnetic field WNB_'
B4c, @ perturbative analysis shows that for resonant triads, L de
one of the members must sati¥yBy.= 0, and the other two  Thus, parallel variations are much smaller than perpendicular
have an equal and opposite component in the direction pakariations, and the ratio is proportional #3/B..>° Note
allel to By.. Thus, resonant spectral transfer can only in-that if the nonlinear term overcomes the Alfiie term, the
crease the perpendicular component of the wavevectors. Thatio of typical lengths could be much smaller than what is
relevance of these triad interactions was first put into déubt estimated in Eq(3). Similar lines of reasoning give place to
and later on confirmeéd®®by different authors. the reduced MHDIRMHD) equations®-2which in the last

It is important to note that spectral anisotropy is nottwo decades have been widely used in the context of mag-
confined to the field of weak turbulence, or that of perturbanetized plasmas, as well as of the “critically balanced” tur-
tion theory; it is intrinsically related to the structure of the bulence phenomenolody.
MHD equations. Consider the incompressible MHD equa-  One might expect that a dc field is not essential, and it is
tions in the presence of a dc magnetic fiBlgl (all magnetic  the local mean field that is responsible for inducing dynamic
fields in this paper are expressed in velocity unitgitten in  anisotropy. This would be an important consistency result,
terms of the Elsser variableg™=v=B," and gives motivation for the present paper, in which we in-

vestigate the occurrence of local anisotropy in three-

i i} 1
hzt=—2"-V, 2"+ (By+2") - Vjz* — ;VDJFDi’ @)

()

975 = — 77 V7 + B V7" EVp+ D* (1) dimensional MHD. Our main que_stions are the followi(_@:
t - e p ' does the local mean magnetic field provide an effective an-
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isotropy direction for spatial correlations even in the absencéne magnetic omnidirectional power spectra. We defige
of a dc field?(b) In the presence of a dc field, what is the =27/k,.c, our “energy containing scale,” as the length
influence of considering the direction of the local méam  unit, u, as the velocity and magnetic field uxiecall that the
stead of the dcmagnetic field? To answer these questions magnetic field is written in velocity unitsandty=Lo/u as
we perform three-dimensiondBD) MHD pseudo-spectral the time unit. The normalization consta@tin Eq. (4) is
incompressible relaxation simulations, and propose a metithosen so tha{b?)=(v?)=23,E"®(k)=1 (at t=0). For
odology to study local anisotropy, based on the computatiofthe dc run,B4.=1 as well. The magnetic Prandtl number is
of second order structure functions accumulated according teet to 1, the macroscopic Reynolds numbeRis ugLo/v

whether the separation is parallel to, or transverse to, the-200 and the resolution is 12n all the runs. In all cases

local mean magnetic field. the solutions approximately satisfy variance isotropy:
Spectral anisotropy occurs both in compressible and in- o 9 2 5 2 2
compressible MHD turbulence. We note that, in addition to (V) ={vy)=(vz),  (bi)~(by)~(b3), ©)

spectral anisotropy, the fulcompressible, polytropidMHD  where the brackets) mean hereafter the spatial average over
equations verify variance anisotroggnisotropy in the vari-  the whole computational volume. The fluctuating fieldsnd
ance of the Cartesian components of the fluctuating fieldsp average to zero at all timeér)=0=(b).

for the strong dc field caséor small plasmgg) and low In addition, we perform a hydrodynami¢iD) simula-
Mach numbef? That is, the fluctuating components of the tion, that we label “HYDRO run.” Even though our goal in
velocity fieldv and magnetic field tend to be perpendicular this paper is to study MHD anisotropy, it turns out that a HD
to the dc magnetic field. Nonetheless, variance anisotropyun is useful to clarify some aspects of the dynamics, as
from an initially isotropic state does not happen in the in-discussed in Sec. Il D. The macroscopic Reynolds number

compressible cases reported in Refs. 13 and 23 nor in th@r this run is 200 and resolution 12@&s in the other two
simulations that we analyze here. We stress the fact that n§imulations.

variance anisotropy is needed to obtain spectral anisotropy,
as it is shown for instance in the arguments proceeding from
Edg. (3. ll. RESULTS
The paper is orgamzed as foIIows_. A _brlef _descrlpt|on ofA. Anisotropy in presence of a de field
the numerical simulations performed is given in Sec. Il. The
main results of our analysis are reported in Sec. Ill, and In order to introduce new notation and ideas, while link-
summarized and discussed in Sec. IV. In Appendix A weing them to the familiar case in which a dc external field acts
describe some of the details of the data analysis. Finally, imn the fluid, we begin studying the output of the dc run.
Appendix B we discuss the relation between the dynamidince the fluctuations are initially of the same order of mag-
anisotropy studied in this paper and the well known kine-nitude as the dc field, we expect moderate spectral anisot-
matic anisotropy between longitudinal and lateral structureopy. The anisotropy level typically saturates when the dc
functions. fields exceed the magnitude of the fluctuations by about a
factor 32 Figure 1 shows the reduced spectraa2. Note
that E’i’b(kx)wEﬁ'b(ky)>E’i’b(kz) for wavenumbers in the
Il. NUMERICAL SIMULATIONS inertial (and dissipative range. This is due to the cascade
We perform a series of 3D MHD incompressible relax- suppressior_l in the parallel direction, induced by the presence
ation simulations. We solve the standard MHD incompress®f the dc field?™" We recall that the reduced spectra are
ible dissipative equations usirignder the assumption of pe- defined as
riodic boundary conditions a pseudo-spectral Fourier
technique as described in Ref. 13. We label our runs as fol- E'i’b(ki)=k2( E4°(K) (6)
lows: A

« dc run. We let a dc magnetic fie},= By, 2 act on the  [where E4(k) = 3|v(k)|? and E3(k) = 3|b(k)|? are, respec-
plasma, and study the relaxation of the MHD fieldstively, the kinetic and magnetic modal energy spectra and
v(x,t) andB(x,t) =Byt b(x,t). {i,j,I} denotes any permutation ¢X,y,z}].

« ISO run. This is an isotropic run, with no dc field. We Spectral analysis is useful to study global anisotropy,
let v(x,t) andB(x,t) =b(x,t)relax in time, from an iso- since it involves an expansion of the solutions in Fourier
tropic initial condition with no net mean magnetic modes. For a local study of anisotropy, a real-space analysis
field. is needed instead. We propose to use second order structure

Both runs start with isotropic, power-law, random-phage functions of the form

b) fields, with unit energy, zero cross helicity and zero mag-  S(I)= (| u(x) — u(x+1)|?), (7)

netic helicity. More explicitly, the initial fields are so that whereu denotes eithev or b. In Fig. 2, we evaluate Ed7)

with 1=12 (parallel case and I=1X (perpendicularcase.
1+ (kg™ (40 Note that both Figs. 1 and 2 reflect the fact that variations in
kne the parallel §) direction are much smoother than the varia-
wherek,,.e=4Kq, ko being the smallest wavenumber of the tions in the perpendicular plane. The fluctuating fields re-
system.EV(k) and EP(k) are, respectively, the kinetic and main correlated over longer distances in the parallel direc-

E*(K)=E"(Kk) =
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FIG. 1. Reduced energy spectra for the dc run. The parallel direction is DC run, t=2

given by the dc fieldBy.=2. The reduced spectra in thedirection are
almost identical to the ones in tlyedirection, due to isotropy in the perpen-
dicular planes.

FIG. 2. Parallel and perpendicular structure functions for the dc run. The
parallel direction is given by the dc fiel&y.=2.

tion, than they do in any perpendicular direction. This is A comparison of Figs. 2 and 3 shows a slight increase in
indeed the basis for reduced MHD-like models in which tur-gig6tropy when the local mean magnetic field is considered,

bulence is confined to wavenumbers which are nearly pefsiead of the global one. Thus, it seems natural that even
pendicular to the main, dc magnetic field.

) ) h when no dc field is present, the local mean field will give an
~ Figure 3 displays structure functions computed follow- o isatropy direction. This conjecture is confirmed in Sec.
ing a fairly d|_fferen£allpproach. We divide the physical space; ¢ Note that a quantitative measure of local anisotropy is
in boxes of sizépe,= 310, and define docal mean magnetic  eeded to proceed. We address this issue in the next section.
field By within each box, as

BOE<B>box: Bact <b>box1 8

where (- - - )« means a spatial average over the box. WeB. Generalized anisotropy angles
then compute parallel and perpendicifaith respect ) In the presence of a dc magnetic field, a measure of the

structure functions, according to the definition given in Eq'spectral anisotropy level is given by ti&hebalin angled
(7) and with respect t@,: Let us choose a reference frame in which the dc field points

Bo in the Z direction. The Shebalin angle for the velocity field is
S(H=s(ly), where |HE|@' (9 given by
2 v
%XB, = k2 ES(K)
S, (h=s(,), where I, =I : 10 tarf(f)= ——5———, (11)

The unit vector in thex direction[X=(1,0,0] is arbitrarily ~ wherekf=kZ and ki =kZ+kZ. Note that the RHS in Eq.
chosen to obtain a direction which is perpendiculaBgdby  (11) gives an estimate of the ratio between a “typical” per-
means of the vector product. Note that in this scheme, hoth pendicular wavenumber and a “typical” parallel wavenum-
andl, are functions of the positior, since their orientation ber. Isotropy in the perpendicular planese, for instance,
changes from box to box. Details on the implementation ofFig. 1) allows us to rewrite Eq(11) in terms of the reduced
Egs.(9) and(10) are given in Appendix A. spectrum, either in th& or in they direction:
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By construction, definitior{15) reduces to the classical defi-
nition (11) in the situation in which the parallel direction is
given globally(by the direction of a dc magnetic figld

We can now give a quantitative measure of the increase
in anisotropy observed in Fig. 3 with respect to Fig. 2, when
considering the local mean field instead of the dc field. Esti-
matingl'~S, (Al)/S,(Al), whereAl is the grid size, we get
the following:

« from Fig. 2, using the dc field',=2.5;I",=2.2;

« from Fig. 3, using the local mean fieldl;,= 3.4,

r,=2.6;

wherel', andI’", correspond, respectively, to structure func-
tions computed fob andv. This confirms that anisotropy
with respect to the local mean field is greater than anisotropy
with respect to the dc field.

C. Local anisotropy with no dc field

We now analyze the results of the globally isotropic
simulation, repeating the average procedure described in Sec.
IIIA and Appendix A. Even though there is no dc magnetic
field, the local mean magnetic fieBh=(B) = (b)pox Pro-
vides a well defined direction with respect to which correla-
tions are anisotropic, as we show below.

Motivated by definition(15) for the generalized anisot-
ropy angles, we plot the ratio of perpendicular to parallel
structure functions; Fig. 4 showsS, (1)/S(l), for t
=0,1,2,3. It is evident that anisotropy angles grow mono-
tonically in time. This behavior indicates a dynamical build

FIG. 3. Parallel and perpendicular structure functions for the dc run. Theup of local anisotropy from the random isotropic initial con-

parallel direction is given by the local mean fieBly=Bg.+(b)y.x. The

dashed lines illustrate a discussion from Sec. IV.

tarf(9)=2I'=2

We can now writel” in terms of structure functions, by not-

ing that

1 |
% k?Ei(ki>=§<|ﬁivIZ>=llg o

As a result,

tarf(9)=2I"=2lim
|—0

If the field v is isotropic, therl'=1 and tang)=1/2.

51 KEES ()
2y KEE (k)

S(Ii)

S(1%)

S(12)

dition. Note that the magnetic field is more anisotropic than
the velocity field, a feature observed in numerical studies of
global anisotropy:*3

Figure 5 shows the same rat® (1)/S(l), att=3, but
computed following a conditional average procedure. The
idea behind this procedure is to investigate the effect of the
intensity of By. Only data coming from boxes in which the
local mean field intensitB, is larger than a certain threshold
is considered for the computation of bo# (1) and S(I)
(see Appendix A for details It is evident from the figure
that such a conditional average gives stronger anisotropy for
higher thresholds. That isinisotropy is bigger in regions of
a strong magnetic fieldThis result is consistent with previ-
ous results for the globally anisotropic c&$dn which spec-
tral anisotropy is seen to increase linearly with the intensity
of the dc applied fieldspecifically cos§)eb/By., whereb is
the rms of the fluctuating magnetic figld

So far, the results for the analysis of anisotropy with
respect to a locally defineB, are intuitive, and provide a
local version of the well known global anisotropy which

Note that Eq(14) involves the computation of structure arises in the presence of a dc magnetic field. It is also inter-

functions which are either parallel or perpendicular with re-gsting to analyze the possible effect of a locally defikgd
spect to the dc magnetic field direction. It seems natural tQye address this in the next section.

extend the definition to the general case in which the parallel
and perpendicular directions are given either locally or glo-
bally (see the previous sectipn

tarf(9)=2I'=2lim
|—0

S ()
Si(h -

D. The role of the local mean velocity field

There is a fundamental difference between the addition
of a constant magnetic field and the addition of a constant
velocity field to the MHD equations. While the latter has no
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FIG. 4. The ratio between perpendicular and parallel structure functions foFIG. 5. The ratio between perpendicular and parallel structure functions for

the 1SO run, for different timest=0 (continuoug, t=1 (dashef t=2 the ISO run. The local meaB, gives the parallel direction. Threshold

(dash—dotandt=3 (dash—dot—dot—dptThe local mearB, gives the par- ~ values are O(continuous, (B,) (dashed and (Bg)+ o (dashed-dotted

allel direction. where(Bg) ando are, respectively, the mean and the standard deviation of
B, over the values it takes at different boxes.

effect on the dynamics of the flow and can easily be removed

through a Galilean transformation to a moving coordinated"oW consistently in timéFig. ), nor do they as a function
system, the former cannot be eliminated from the equation®f the value of the threshol(Fig. 7). These results give a
and has the physical effect of propagation of perturbations ifirst indication that the role 0¥, is not analogous to the role
both directions along field lines, at the Alivespeed’  Of Bo.

Therefore, we do not expect the local mean velocity field to It has to be noticed that the directions given Wy and
produce local anisotropy. Notwithstanding, analysis of theBo in our simulations are correlated, because of dynamical
role of V, is to some extent subtle and certainly nontrivial, asalignment*** which tends to give finite|v-B|), even with

follows. zero cross helicityv-B).2° Figure 8 illustrates this point, by
To proceed, we define a local mean velocity field in thedisplaying histograms of

same spirit of Eq(8), v-B
Vo=(V)oo e  CSITNED 0

and repeat the analysis of the previous section, followdgg at different times. It is evident that the local alignment be-
(instead ofB,) as the parallel direction. Figures 6 and 7 tweenv and B [which corresponds to cag)~=*1] tends to
show the results thus obtained, which have to be contrastegtow in time and is non-negligible, since then. As a conse-
to Figs. 4 and 5. It is clear that there is some level of anisotgquence )V, is somehow a surrogate f@&,, which is consis-
ropy when the locaV, defines the local parallel direction. tent with the small level of anisotropy observed in Figs. 6
However, the amount of anisotropy is very low, giving riseand 7.

to values ofI'<1.3, which is fairly close to the isotropic To test this interpretation, we study a purely hydrody-
valueI'=1. It is also to be noted that, unlike what was ob- namic simulation. The results are shown in Figs. 9 and 10. In
served in the previous section, anisotropy angles here neithéhis caseS, (1)/S(1) is even closer to the isotropic value of
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FIG. 6. The ratio between perpendicular and parallel structure functions foFIG. 7. The ratio between perpendicular and parallel structure functions for
the 1SO run, for different timest=0 (continuou$, t=1 (dashedi t=2  the I1SO run. The local meaW, gives the parallel direction. Threshold
(dash-dotandt=3 (dash—dot—dot-dptThe local mearV, gives the par-  values are Qcontinuoug, (V,) (dashedland(V,)+ o (dash—dot whereo

allel direction. is the standard deviation &f, over the values it takes at different boxes.

1, as compared to the MHD cadéigs. 6 and . We analyze  correlation lengths are longer in the direction of the local

this small level of anisotropy in Appendix B, where we show mean magnetic field. We also find that in the presence of a
that the local analysis of anisotropy inherits some of thejc magnetic field, local structure functions are more aniso-
very well known kinematic anisotropy between lateral a”dtropic if they are computed with respect to the lotiaktead

longitudinal correlations in isotropic solenoidal vector

fields2” Nonetheless, we stress that this is a small effect, and 5

its contribution is negligible as compared to the levels of 2.0x10

anisotropy induced dynamically by the local mean magnetic ;
field. 15x10°[

IV. SUMMARY AND CONCLUSIONS

We present a study of local anisotropy in incompress-
ible, 3D MHD. We seek for a local analog to the well estab-
lished spectral anisotropy found in MHD turbulence, in the
presence of a dc magnetic fidid.We perform 3D MHD
pseudo-spectral incompressible relaxation simulations, and
compute second order structure functions accumulated ac- 0 ‘

1.0x10

5.0x10%] ]

histograms of cos(a)

cording to whether the separation is parallel to, or transverse
to, the local magnetic field. The main result of the investiga-

-0.5

0.0
cos(a)

0.5

ISO run, t=0.1.3

tion can be phrased as followte local mean magnetic field _ ,
B roduces local anisotro for the correlations. even in FIG. 8. Histograms of the cosine of the angiebetweenv andB for the
oP Py ! ISO run, for different timest=0 (continuou$, t=1 (dashed andt=3

cases in which th_e dynamical f_ields are globally isotropic gash—dot The histogram fot=2, which lies between the plots for 1
(i.e., when there is no magnetic dc field; see Sec. Il C andt=3, is omitted for clarity.
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4T ' ' customary in the literature>®*as already mentioned, thus
allowing a more straightforward link between the local and
the global analysis of anisotropy.

We note in passing that, in showing that the appearance
of spectral anisotropy is not dependent upon the simulta-
neous presence of a dc magnetic field and three-dimensional
rectangular periodic boundary conditions, a potential concep-
tual objection to the latté? has been avoided; no magnetic
field of a larger spatial scale than the dimension of the sys-
tem being investigated is required. Instead, the correlation
anisotropy is sustained entirely by local effects.

s C - It could be questioned whether our results depend on the
0.05 0.10 0.15 0.20 election of the size of the boxes used to average in order to
' obtain the local mean magnetic field. Our numerical explo-
HYDRO run, t=0.1.2.3 ration shows that the results do not depend qualitatively on
FIG. 9. The ratio between perpendicular and parallel structure functions fothe size of the boxes; furthermore, the quantitative depen-
the HYDRO run. The local mea¥, gives the parallel direction. The inten- dence is weak, even though. Nonetheless, extremely high
sity of the lines increases in time<0,1,2,3). spatial resolution would be needed to explore box sizes suf-
ficiently smaller than the energy containing scdtever
which the average local magnetic field is meaningless as a

of the global mean magnetic fiel@Sec. 11l A). Anisotropy is ~ direction in spaceand big enough to avoid possible con-
observed to be stronger in regions of a strong magnetic ﬁe|bam|nat|0n_ from the solenoidal kinetic anisotropy discussed
(Fig. 5. in Appendix B.

We propose in Sec. Il B a generalization of the Shebalin_ It is interesting to n_ote that. the.magnetic field lines de-
anisotropy angléswhich is suitable for the study of local fme locally two perpen@cular dlrec_:'uons: the normal a_nd the
anisotropy. Note that the RHS of E(L5) can be interpreted blnorma_ll. Anlsotropy in p_erp_end|cular planes, relative to
as the square of the ratio of the parallel Taylor microscale tghese directions, may in principle oco@s it was suggested
the perpendicular Taylor microscale, which gives a simple?y & refereg However, note that our definition of a local
interpretation to the definition. A paper on local anisotropyMean field that is constant within each box, does not allow a
in globally anisotropic MHD turbulencén the presence of a computgtlon_of these directior{associated to the curvature
dc field has been presented recently elsewRerin this of the field lines. Or_1 the other hand, the_use_of the local
work, local anisotropy is measured by means of second ordéfdlue of the magnetic field as a parallel direction would al-
structure functions, as well as we do here, but following aloW & study of this point, but would have some of the incon-
different method, which ultimately measures an anisotropic/€niences described in Appendix B. A preliminary examina-
quantity which is not directly related to the Shebalin tion of thls proplem W|th.our data seems to mqute_ that, if
angles® In contrast, our analysis is based on a generalizatheré exists anisotropy in perpendicular planes, it is much

tion of the definition of global anisotropy angles which is smaller than the anisotropy studied in this paper. A further
analysis of this issue in a future work may lead to interesting

results.

Other directions for future work are perhaps more
4077 ' ' ' straightforward. One would like to see how the local anisot-
ropy depends on the Reynolds numbers, even though it is
reasonable to expect a result consistent with the global one:
that anisotropy increases with the value of the Reynolds
numbers. It could also be interesting to study the scale de-
oL E pendence of anisotropy. Another interesting work would be
to study the statistically steady turbulent regime by means of
simulations with the addition of a forcing term. Finally, it
would be interesting to see if compressible MHD turbulence
develops local variance anisotropy, in analogy with the glo-
bal case&?

kinetic S,(1)/S«1)

kinetic S,(1)/S\(1)

0.05 0.10 0.15 0.20
|
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APPENDIX A: THE AVERAGE PROCEDURE 2

u
__ 2 4
We discuss here some technical aspects on the compu- St 1) = )\2| +001%), (B4)

tation of S (1) andS, (I) in terms of a local mean magnetic
field. Since the calculation of these two quantities is totallywhereu2£u§=u§=u§ and\?2=u?/S](0). In analogy with
analogous, we sometimes only mentigytl). As mentioned Eg. (15, we define

in Sec. lll A, we divide the physical space My, boxes, and S.()

calculate a local mean magnetic fieRh=(B)yox in each T gatchero= M — s =
box. We then compute, for each box, a local contribution to 1—0 Ston(1)
S, (1) andS(1), according to Egs(9) and (10). We finally
average the contributions from all the boxes to get

2, (B5)

where the last equality holds from Eq®&3) and(B4). This
anisotropic behavior is purely kinematic. It does not depend
on the structure of the dynamic equations for the fieldt
Sih= m Zl Sii(h, (A1) all. It is to be stressed that definitio(s5) and (B5) are not
equivalent, sinc&, andS, differ from S, andSy, as it is
whereS, i(1) is the contribution from théth box to the glo-  clear from the simple inspection of their definitions. None-
bal result. theless, these quantities are related, as we show below.

A procedure must still be prescribed to obt&Bp(l). Let us rewrite the magnetic structure functions, Eg,
Note thatBy is a discontinuous function of, the disconti- gg

nuities lying in the boundaries between boxes. To avoid pos-

sible pathologies arising as a consequence of these disconti- S(1)=3[{|BO)|?) +(|B(x+1)|?) = 2(B(x)-B(x+1))].
nuities, we confine all computations within each box to a (B6)
small region close to the center. We thus follow the follow-The first term on the RHS of EqB6) is just the total mag-
ing scheme: . _ netic energyE®. Due to homogeneity, if is a constant the

* we fix one point, say, in the center of the box; second term on the RHS of E¢B6) is also equal taEP.

* we compute parallel and perpendicular displacementgjowever, this result does not necessarily hold whései-
according to Eqs(9) and(10), with I=nAl, neN, N ther parallel or perpendicular to the local mean magnetic
<lpo/dAl, so Fhat all separations are smaller than oneld. Indeed, our simulations show thal(| B(x+1)|2)
fourth of the size of the boxes; slightly departs from the constant valB8 as a function of.

» we simply evaluateS, (1) = 3(|u(x) = u(x+1)[*)pox. The third term on the RHS of E@B6) is the interesting one.
Since «+1,) is not necessarily a grid point, a linear interpo- Consider the case in which the point-wise local value of the
lation method is used to evaluatg€x+1,). The quantity field B(x), instead of the mean field,, is used to give the
3lu(x) —u(x+1,)|? has to be averaged over different valuesparallel and perpendicular directions in E@6). In this
of x. Due to the limitation in spatial resolution, we can only case, this term only involves longitudinal correlations when

Nbox

compute this average over a few valuesxdfor each box, |, is used[correlations of the component &f which is par-
and we do not find any significant impact of this local aver-allel to the displacemert as in Eq.(B1)], and lateral corre-
age in the results. lations whenl, is chosen. However, the angle betwd&(x)
andl| takes any value without restrictions in definitiofil)
APPENDIX B: KINEMATIC VERSUS DYNAMIC and (B2) for S, and S;;;, while this same angle is identi-
ANISOTROPY cally zero in definition(9) for S, and 7/2 in definition (10)

We analyze in this section an initial condition #8r We for Si.' In this regard,S, can be obtained from EqB.l)’
Jeplacmg the ensemble average operator by a conditional av-

recall that the initial conditions are homogeneous, isotropi erage operator, which only accepts data for the average when
and solenoidal, which implies that they obey the kind Ofthe angle betweeB(x) and! is zero. Similarly.S, could be

anisotropy between longitudinal and lateral structure func- . N
tions degzribed by Batcf?el&? obtained from definitionB1) for S,,. However, we pres-

We review here these results, adapted to our terminologZ?fﬂytd% nothknow ?f any artlalyf/t;ﬁal way of expre5£s|ng|\/'|[he
and definitions. Consider longitudinal and lateral structure ec ohsuc,:[halrep Iacemen 0 et' a\;_erag_e ope(rja Or.th ore-
functions of the form over, when the local mean magnetic fil8g is used as the

parallel direction, as we do in this paper, the relation be-

Son(1)= (| ux(¥) = Uug(X+1%)?), (B1)  tweenS, andS,,, and betweerS, andS,, is even more

1 12 subtle. Therefore, we do not expect these quantities to be
Stad 1) =2 ux(X) ~ ux(x+19)[%), B2 igentical but we do not disregard a possible connection be-
where X=(1,0,0) andy=(0,1,0) are orthogonal Cartesian tween them. To quantify this connection, we refer to our
unit vectors. Assuming the existence of an order-4 Taylomumerical results.
expansion for these quantities, and making use of the isot- In Fig. 11 we plot the ratio of perpendicular to parallel
ropy and homogeneity of the field as well as the condition magnetic structure functions for the initial condition of the

V-u=0, it is possible to showsee Ref. 2F ISO run, using in one case the local mean fiBlgd and in
12 the other case the local valigx), as the parallel direction.
Son()== u_|2+o(|4), (B3) Note that no dynamics are associated to the magnetic field at
2)\? t=0, so that the only source of anisotropy could be the in-
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