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ABSTRACT

We investigate the properties of the ion-scale spectra break of solar wind turbulence by means of two-dimensional high-resolution hybrid particle-in-cell simulations. We impose an initial ambient
magnetic field perpendicular to the simulation box and we add a spectrum of in-plane, large-scale, magnetic and kinetic fluctuations, with energy equipartition and vanishing correlation. We perform a set
of simulations with different values of the plasma beta, S, distributed over three orders of magnitude, from 0.01 to 10. In all cases, once turbulence is fully developed, the power spectrum of magnetic
fluctuations follows a power law with a spectral index of -5/3 in the inertial range. In the sub-ion range we observe another power law with a spectral index varying with g (from around -3.6 for small
values to around -2.9 for large ones). The two ranges are separated by a spectral break around ion scales. We identify the length scale at which such break occurs, which is found to be proportional to

the ion inertial length, d;, for B « 1 and to the ion gyroradius, p; = d; i/, for § > 1, i.e., to the larger between the two scales in both regimes. For intermediate cases, i.e., §~1, a combination of the two

scales in involved. We infer an empiric relation for the dependency of the spectral break on S that provides a good fit over the whole range of values. We compare our results with solar wind observations
and suggest possible explanations for such behavior.

SIMULATIONS SETUP

Numerical setting Initial conditions List of simulations

k-vector orthogonal to the main field
Units and normalizations . B, out-of-plane mean field rororthee k: ‘ RUN B™s(Bg) p Az (d;)  ppc ai Qg kb d,
space: d;=v,/Q, (protonb inertial length) . In-plane magnetic and velocity fluctuations Bo || -0.2<ky,y<0.2 A0.06B0.01 1/16 0.01 0.125 1000 -1.60 -3.60 2.79
P fald: bient field * modes with random phases A0.24B0.06 1/4 1/16 0.125 1000 -1.53 -3.36 3.04
magnetic field: B, (ambient field) . enerav equivartiion and A0.24B0.12 | 1/4 1/8 | 0.125 2000 | -1.64 -3.24  3.26
velocity: v, (Alfvén speed) vanigﬁlingqccr))rrelation between A0.24B0.25 | 1/4 1/4 0.125 4000 | -1.63  -3.10 2.86 1.2]
. A0.24B0.50 | 1/4 1/2 0.125 8000 | -1.63  -2.96 2.56 ,
Sggmg ds (20482 call) kinetic and magnetic fluctuations "nearpolarli:ation A0.24B1.00 1/4 1 0.125 12000 | -1.59 -2.94 2.10
square grids ce . Rims/R — - - shokxB. | ob?=u? A0.24B2.00 | 1/4 2 0.125 16000 | -1.60  -2.92 1.88
Ax=Ay < d. /4 B/By=1/16 = 1/2 (global amplitude) bRl <b.u>=0 A0.24B4.00 | 1/4 4 0.125 16000 | -1.71  -2.93 1.6l
varticles-per-cell = 1000 = 16000 * bp=Fe = [0.01,10] (proton and electron beta) A0.50B6.00 | 1/2 6 025 8000 | -1.69  -3.01  1.25
T . ° A =T /T — 1 roton tem erature anisotro A05OB800 1/2 8 0.25 8000 -1.70 -3.02 1.12
resistivity # 0 (fine-tuned) p= Toi/Tpy =11(p P Py) e A0.50B10.0 | 1/2 10 025 8000 | -1.72  -3.14  1.05
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EFFECTS OF THE PLASMIA BETA ~DISGUSSION

~ s=100 ¢ | | Our results are in agreement with observations
| | | of solar wind turbulence at high and low beta,
which shows a clear correlation of the ion-
scale spectral break with the larger of the two
scales in both limits [Chen et al., GRL 2014].
As possible mechanisms causing the break In
our spectra we can exclude the electron
Landau damping, due to the use of the hybrid

[4] Power spectra For all simulations, the spectrum of magnetic fluctuations
of magnetic fluctuations for exhibits two power-law ranges separated by an ion-scales
a few different values of break. The spectral index in the inertial range, a4, is always ~ —

— =1 | 5/3, while in the kinetic range, a,, varies with . The shape of

g _ggf the spectrum around ion-scales is different with §: a smoother
N st | transition for small values and a sharper break for high ones.

The position of this transition also depends on . The values of

—3=2.00
a1, a,, and the scale of the break are listed in the table. The

— 3 =4.003

- : I | spectra for low g tend to overlap if the x-axis is k,d;, while the ; . I | | model, while the cyclotron damping is not likely
L Pg(k.) vs. k,d; : | spectra for high g tend to overlap if the x-axis is k, p; [Fig. 1]. Al ——J | fO De quite a relevant process, since our
S| N _ _ _ - _ | kid, | setting is two-dimensional and a significant
il - | For each simulation, we identified the break by using the same method as in Chen et al. 2014, i.e., wWe || contribution of k, is inhibited. In the high-beta
e T | | computed the local power-law fit, a, of the magnetic field spectrum over small intervals and we defined the regime, the break could be related to the
kud, scale of the break as the wavevector at which a takes a value half way between a;and a, [Fig. 2]. oresence of kinetic Alfvén waves. In this limit

Compensated spectra T T [T T T The scale of the break is | |the scale at which the Alfvén turbulence
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. gzo : IO: - . [ = length, d;, for B« 1and to Aliven turbulence is expected to be p;. In the

Pglky) Xk, vs. k;d;  —iwl ; 4 the ion gyroradius, p;, for § > || low-beta regime, the bregk cpuld be mallnly

102f 10'} —reed 107 10! et ——ed 102 1 [Fig. 2], consistently with due to dissipation occurring in reconnecting

S e 5 T | solar wind observations [Fig. current sheets. Indeed, we observe many

) 210 S 100%’ """ *’ 4]. For intermediate cases, || current sheets forming around and _betwepn

) o'} =101} s B~1, a combination of the two coherent structure_s, and later _dlsruptmg

o the spectra with | ]  Fig.4  Chen et al., GRL 2014 | better reproduce the behavior. || P&cause reconnection occurs. If this process

low betas overlap Y 0 e e 0755 102 101 100 10t 10? was the main responsible for the steepening of

o T oo - the magnetic field spectrum around ion scales

k| We have looked for an empirical relation that could properly “{"” “Fig. 5 El the Iength scale of ’E)he break would be related

2228282; reproduce the dependence of the length scale associated to the n ? to the width of current sheets [Leamon et al

5/3 2 on- b | | | o

PR(ky) x k> vs. k, p; sow| | 10N scale spectral break on the plasma beta, [” = [(8), over the ApJ 2000]. This explanation would agree with

T~ P —=n| | the whole range of investigated values. We found thatl P st solar wind observations, which indicate that

N R et N m.w e b _ o (d- o Vd; pf@) —9d, [14+8Y2— By = such width, although variable, shows a good

= j L 2 Z + 2 I scaling with d; for low B8s [Vasquez et al., JGR

.. I3 | meets all the requirements: it is dimensionally correct, it | 2007]. An accurate statistical study about the

the spectra with | | approaches the asymptotic values 2d; and 2p; for f « 1 and | e | current sheets thickness would be necessary

/ highbetas overlap | | B> 1, respectively, and it recovers 3d; = 3p; for § = 1 [Fig. 5] b " ..'..(.).1 . 10 SR, '”I order tg) ?etter Ljn\{[?ftlgajc”e 'és stc;]allng ‘t’)‘{'thtthef

. 0. 10 100 It seems to represent a good approximation for # < [0.01, 10]. | T ‘ plasma beta, and this will be the subject o
Fig. 1 b [4] || future work.
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