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Abstract

The power spectral density of magnetic fluctuations in the solar wind exhibits several power-law-like frequency
ranges with a well-defined break between approximately 0.1 and 1 Hz in the spacecraft frame. The exact
dependence of this break scale on solar wind parameters has been extensively studied but is not yet fully
understood. Recent studies have suggested that reconnection may induce a break in the spectrum at a “disruption
scale” \p, which may be larger than the fundamental ion kinetic scales, producing an unusually steep spectrum just
below the break. We present a statistical investigation of the dependence of the break scale on the proton
gyroradius p;, ion inertial length d;, ion sound radius p;, proton—cyclotron resonance scale p., and disruption scale
Ap as a function of 3, ;. We find that the steepest spectral indices of the dissipation range occur when (3, is in the
range of 0.1-1 and the break scale is only slightly larger than the ion sound scale (a situation occurring 41% of the
time at 1 au), in qualitative agreement with the reconnection model. In this range, the break scale shows a
remarkably good correlation with Ap. Our findings suggest that, at least at low (3,, reconnection may play an
important role in the development of the dissipation range turbulent cascade and cause unusually steep (steeper
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than —3) spectral indices.
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1. Introduction

Plasma in the solar wind exhibits a turbulent cascade over a
very wide range of scales (Chen 2016). The turbulent power
spectrum consists of several power-law-like ranges, in which
different physical mechanisms are involved in the transfer of
energy to smaller scales. The scaling behavior of the spectral
breaks between these power laws, as well as the spectral
indices in the different ranges, provide useful ways to test
different turbulence models.

In the “inertial range,” between the outer scale L, and an
“ion kinetic break scale” A\p < L,, the turbulence appears to
mainly consist of strongly nonlinear, highly anisotropic
(Horbury et al. 2008), Alfvénically polarized (Belcher &
Davis 1971) fluctuations propagating up and down the
background magnetic field. The power spectrum of magnetic
fluctuations in this range is generally close to E (k) o< kjs/ 3
(e.g., Matthaeus & Goldstein 1982; Chen et al. 2011).

Below the ion Kkinetic break scale Mg, in the so-called
“dissipation range,” the turbulent spectrum steepens—gener-
ally the spectral index is approximately —2.8 or steeper in this
range (below Ap but above a second break or exponential cutoff
at electron kinetic scales; Alexandrova et al. 2009; Sahraoui
et al. 2010). This steepening of the spectrum has been
explained (Schekochihin et al. 2009; Howes et al. 2011;
Boldyrev & Perez 2012) by the fact that below the
characteristic ion kinetic scales, the dispersion relation of the
characteristic fluctuations of the plasma changes. At moderate-
to-high ion plasma beta (3; = 2pyn;kgT; /BOZ), Alfvén waves
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turbulence — waves

(AW) transition into dispersive kinetic Alfvén waves (KAW)
when the perpendicular wavenumber becomes comparable
to the inverse gyroradius, k p; ~ 1, where p;, = v /€2, the
ion’s perpendicular thermal speed is vy, 1; = /2kgT\;/m; and
the ion gyrofrequency is €); = ZeBy/m;. For (§; < 1 (and
simultaneously, [, = 2pyn.kgT, / Boz < 1), this transition

occurs at ki p, ~ 1, where p, = p;/ZT,/2T; is the ion sound
radius. Thus, one might expect Ag ~ p, at §; 2 1 and Ag ~ p,
at §; < 1. The former scaling appears in measurements of the
break scale at 3; ~ 1 (Alexandrova et al. 2009; Sahraoui et al.
2010). However, Chen et al. (2014) studied the behavior of A
in two different regimes. For 3; > 1, they found Ag ~ p; as
expected from the KAW dispersion relation. On the other hand,
for §; < 1, they found that the break scale was much closer
to the ion inertial length, A\g ~ d; = ¢/wy; = p; / \/E where

Wpi = JniZ%?*/eym; is the ion plasma frequency; rather than
Ap ~ p, as would be expected from the KAW dispersion
relation. Several studies have suggested that the break
frequency in the 3; ~ 1 case can be well approximated with
the proton—cyclotron resonance scale defined as p. = d; + ¢;
where the pseudo-gyroscale 0; = vy; /€2 and vy,); is the ion’s
parallel thermal speed (e.g., Bruno & Trenchi 2014; Bruno &
Telloni 2015; Woodham et al. 2018). This method relies on the
cyclotron resonance condition for protons, which is satisfied
when k) is large enough to allow resonance with the proton
population. Since the turbulence is usually highly anisotropic
(ki > kj; e.g., Chen et al. 2010a, 2010b) the measured
frequency spectrum generally corresponds to a k; wavenumber
spectrum and so the proton—cyclotron resonance scale cannot
explain the break without also posing an injection of energy
into magnetic fluctuations at high kj (e.g., by instabilities, see
Klein & Howes 2015).
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The (;-dependent behavior of the ion-scale break is thus
somewhat of a mystery. The goal of this Letter is to study the
behavior of A\g across the whole range of (3, ; in the solar wind,
thus extending the work of Chen et al. (2014) on how Ap
behaves at extreme [, ; values.

Recently, Mallet et al. (2017) and Loureiro & Boldyrev
(2017) proposed that sheet-like turbulent structures naturally
generated by the inertial range turbulence dynamics (Boldyrev
2006; Chandran et al. 2015; Howes 2016; Mallet et al. 2016;
Mallet & Schekochihin 2017; Verdini et al. 2018) may be
disrupted by the onset of reconnection below a characteristic
“disruption scale,”

Apln = 2] = G L (d,p)*°, (1)

where d, = c/w,, is the electron inertial length, w,, =

Jn.e?/eym, is the electron plasma frequency and Cp is an
undetermined dimensionless prefactor of the order of unity.
Ap[n = 2] is the disruption scale of the so-called “n = 2”
fluctuations, which determine the second-order structure
function and power spectrum. Since a detailed study of
intermittency (fluctuations with n = 2) is beyond the scope
of this paper, we will adopt Equation (1) as a single disruption
scale, henceforth denoted \p.

Besides Equation (1), there is an alternative scaling proposed
by Loureiro & Boldyrev (2017) that relies on a different tearing
profile

Apln = 21 ~ Li(de/L0)¥* (py/L1)""?". @)

The two scalings are observationally indistinguishable from
one another in our data set. Due to this close agreement, we
elect to use Equation (1) in this Letter.

Equation (1) is only valid when Ap is larger than the
fundamental ion kinetic scale at which the waves become
dispersive (i.e., p,), which happens for 3, < 8™ given by

1/2
g = &/ Z_Zme(g) ’ 3)
2m; \ p,

thus, at low (., reconnection may induce a break to a steeper
spectrum at a larger scale than one might expect solely on the
basis of the KAW dispersion relation.

This reconnection model relies on the phenomenon of
dynamic alignment, which leads to three-dimensionally (3D)
anisotropic eddies and a —3/2 spectral index in the inertial
range (Boldyrev 2006; Chandran et al. 2015; Mallet &
Schekochihin 2017). Although solar wind measurements
indicate that the spectral index is closer to —5/3, several
observational studies have found clear evidence for 3D
anisotropy of the turbulence (Chen et al. 2012; Vech &
Chen 2016; Verdini et al. 2018), suggesting that one might
expect the structure to be unstable to the onset of reconnection
at >\D'

Mallet et al. (2017) suggested that the turbulent fluctuations
are converted from sheet-like structures above Ap to flux-rope-
like (or vortex-like) structures just below Ap—such “Alfvén
vortex” structures have been observed in the solar wind just
above the ion scales (Alexandrova 2008; Lion et al. 2016;
Perrone et al. 2016; Roberts et al. 2016; Perrone et al. 2017),
although the exact mechanism generating these structures is a
matter of debate. This significantly accelerates the cascade of
the disrupted structures. In order to maintain constant energy
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flux through scale, the turbulent structures therefore adjust with
a sudden drop in amplitude at the disruption scale. The flux-
rope-like structures then cascade as is usual in Alfvénic
turbulence, becoming progressively more sheet-like, and so on
—until the scale at which the KAW dynamics take over, p.
The relatively shallow spectral index associated with the usual
Alfvénic dynamics present in this secondary cascade will act to
“smooth out” the rapid drop in amplitude associated with
disruption events. This smoothing is increasingly effective as
the scale separation between A\p and p, increases; i.e., as the
range of scales over which the usual Alfvénic dynamics apply
becomes more important relative to the sudden drop in
amplitude caused by disruption. Specifically, Mallet et al.
(2017) predict that between Ap and p,, the power spectrum
would be steeper than k| >, becoming progressively steeper as
Ap — p, from above (i.e., the spectrum is predicted to be
steepest when (3, is only moderately low, so that Ap is only
slightly larger than p,). Therefore, reconnection may funda-
mentally change the nature of the small-scale fluctuations.

In this Letter, we use over 13 years of Wind spacecraft data
to study the ion spectral break scale Az and dissipation-range
spectral index, and how these depend on fundamental ion
length scales p;, ps, d;, pe, and the disruption scale Ap, as well as
on the fundamental parameters (3, ; and (3,. We will show that,
at least in terms of scalings, Ap from the reconnection model
(Mallet et al. 2017) seems to correlate with the measured
behavior of the break scale Az of the solar wind turbulent
power spectrum better than any of the fundamental ion kinetic
scales. In addition to this, the steepest spectral indices appear at
moderately low (., and when \g is only slightly larger than py,
as expected qualitatively from the reconnection model. Both of
these observations suggest that reconnection may play an
important role in the development of the dissipation range
turbulent cascade.

2. Method

We use a statistical approach based on Wind spacecraft
observations to study the variation of the break scale as a
function of physical parameters. The investigated period
extends from 2004 January to 2016 December during which
Wind was in the pristine solar wind. The time series of the
magnetic field (11 Hz; Lepping et al. 1995), on board ion
moments, ion parameters (92 s cadence both), and electron
moments (37 s cadence; Lin et al. 1995; Ogilvie et al. 1995)
were split into 10 minute intervals (~5.8 x 10° intervals
overall) and the averages of (31;, (e, d;, pi» ps» and p. in each
interval were calculated.

To estimate Ap, we use Equation (1), and assume that the
break frequency between the energy-containing and inertial
ranges is a constant 10" Hz (Podesta et al. 2007), calculating
L, = V,,/(2w10%). The average value of L, in our study is
7.4 x 10°km, in good agreement with previous studies, which
suggest that L, ~ 10° km under average solar wind conditions
(Matthaeus et al. 2014). While we do not expect the outer scale
to be truly constant over the 13 years of data, in practice this
does not introduce a significant source of error in our estimate
of Ap, since it appears only as a nearly constant factor of Li/ % in
Equation (1). We will determine the dimensionless prefactor
Cp in Equation (1) from the data.

For each interval, the power spectral density (PSD) of each
magnetic field component was computed via Fourier transform
and then the components were summed up to obtain the total
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PSD (Koval & Szabo 2013). The spectral index and ion-scale
break frequency (f,) were identified using the approach of
Vech et al. (2017). A sequence of 43 logarithmically spaced
frequencies was generated from 0.1 to 5.17 Hz and 33 linear fits
were made in frequency ranges between the ith and i 4+ 10th
elements of this sequence having a ratio of 2.55. From this set
of fits, the steepest spectral index was selected and the low
frequency end was identified as f,. The overall distribution of
J, shows excellent agreement with the study of Markovskii
et al. (2008), where f, was identified manually for 454 solar
wind intervals. The mean and standard deviation of the
dissipation range spectral index is —2.99 £ 0.65 in excellent
agreement with previous studies (e.g., Leamon et al. 1998;
Smith et al. 2006). We note that we filtered out cases when the
dissipation range spectral index and f;, were affected by the
noise floor; see Vech et al. (2017).

3. Results

To study the scaling behavior of £ as a function of physical
parameters in Figure 1, we plot 2D histograms of f, normalized
to frequencies corresponding to five scales of interest. In all
panels, the data is binned in a 50 x 50 grid, and bins with
fewer than 10 samples are discarded. For each 5% of the data
(as binned by the quantity on the x-axis), the averages and
standard deviation of the quantity on the y-axis are plotted,
together with the best power-law fit to the whole 2D
distribution of the raw data. These power-law exponents and
their 95% confidence intervals from Figure 1 are summarized
in Table 1.

Figures 1(a) and (b) show the ratio of the break frequency
and the frequency corresponding to the convected ion
gyroradius (]j][ = Viw /(27rpi)) and ion inertial length (f, =
Viw/(27d;)) as a function of f;, respectively. Our results
agree with Chen et al. (2014): for solar wind intervals with
Bri < 1 the break closely aligns with f;, while in the 8; > 1
case the break is closest to f ; however, this appears to be
a coincidence—the white curves and the 2D histograms show
no sign of “flattening” and becoming independent of 3, ; at high
or low (,; in Figures 1(a) and (b) respectively. We therefore
find little evidence that the behavior of the break is truly
explained by either p; at §,; > 1 or d; at 3,; < 1. Indeed, the
white lines in Figure 1 show no significant difference from the
overall best-fit power laws shown in black for any value of 3, ;.
Overall, the break frequency shows significantly stronger
dependence on f, than Ja: we will discuss one potential
reason for the rather shallow dependence of f, /f, at the end of
this section.

Figure 1(c) shows the ratio of f, /fp: ( fps = Viw /(27rpx)) as a
function of (3,;, respectively. Similarly to f; /1, and Io s
Jo /1, has a clear dependence on (3 ;. We therefore conclude
that neither p;, d;, nor p, can physically explain the behavior of
the ion break scale in the solar wind.

On the other hand, Figure 1(d) shows that f /f\  (f\, =
Viw/ (27 Ap)) is nearly constant as a function of (,;. This
suggests that the ion break scale in the solar wind may be
determined by Ap given by Equation (1), as predicted by the
reconnection model of Mallet et al. (2017). One obvious caveat
to this is that the value of f, /f, is significantly less than unity,
by around half an order of magnitude, across the whole range

of ;.
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Figure 1. The 2D histograms show the number of data points in each bin in the
@ /[y B, ©) (g By © (/s B)s (D) (fy ffips Bri), and
(e) (fy, /f., Bui) grids, respectively. In each panel, least-square fits are indicated
with black lines; their slopes are summarized in Table 1. For each 5% of the
data (as binned by the quantity on the x-axis), the averages and standard
deviation of the quantity on the y-axis are plotted in white.

In Figure 1(e), the frequency corresponding to the proton—
cyclotron resonance scale (f, = Vi /(2mp,)) also shows
reasonable agreement with the break frequency across the
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Table 1
Summary of the Power-law Fits Shown in Figures 1, 3, and 4

95% Confidence Interval

[0.376, 0.379]
[—0.109, —0.106]
[0.2183, 0.221]
[0.0454, 0.0479]
[0.0979, 0.1005]

Parameters Slope of the Power-law Fit

fb/fpl versus (3 ; 0.377
Jo [y versus Bi; —0.107
o /1, versus Bu 0.219
fo [fp versus B 0.046
fi /. versus fBi; 0.099

fo/ho versus Bi; —1.9 x 1074
£ /. versus i 0.1047

[—0.0020, 0.0016]
[0.1028, 0.1066]

B; versus T, /T, —0.317 [—0.3200, —0.3156]

entire distribution of f3;: its best-fit slope parameter is only
slightly larger than that of f /f, (Table 1). Based on these
observations alone, we cannot conclusively identify if Ap or p,.
controls the break frequency.

In Figure 2, the (f; /fp 0.) plane is shown and the color
represents the median dissipation range spectral index in each
bin. The distribution indicates a significant steepening of the
spectral index at “moderately” small [, values between
approximately 0.1-1, where f, is slightly smaller than f
this region, the spectral indices are typically steeper than 3 in
a narrow range just above the break (see Sahraoui et al. 2010).
Mallet et al. (2017) predict that the steepest indices should be
attained for 3, values just low enough that the reconnection-
induced break occurs only just before the transition from AW
to KAW (at the ion scale). Our technique (see Section 2)
measures the spectral index over a fixed range of [ f, 2.55 - f,].
If there is a steep subrange narrower than this just above the
break, this approach cannot capture its true steepness. Due to
this limitation in our fitting technique as well as the narrow
range of scales involved, we are only able to claim qualitative
similarity with the Mallet et al. (2017) prediction.

To resolve the ambiguous results obtained with Figures 1(d)
and (e), we repeat our analysis with the subset of the data
within the black square in Figure 2, which encloses 41% of
the total data and is bounded by 0.1 < 8, <1 and 0.12 <
T /]; < 0.63. The spectral indices are significantly steeper in
this region, and if this is caused by reconnection, then Az may
have significantly better scaling with A\p in the marked region
than with p.. In Figure 3(a), the slope of the power-law fit for
1 /f. as a function of 3, ; closely agrees with the one based on
the full distribution. In contrast, in Figure 3(b), the slope of the
power-law fit for f, /f,  as a function of 3, ; is remarkably close
to 0. Based on this, we suggest that at least at low (3, magnetic
reconnection may control the ion-scale break of the solar wind
turbulence. The intercept of the power-law fit is 10706728
implying Cp = 4.7 (see Equation (1)).

Both f, /f\, and f, /f. were close to normally distributed in
our data, thus we use an F-test to investigate whether they have
equal variance. The ratio of the sample variances is F =
a(zfij Jho) /U(sz ) = 0.8398 with 95% confidence intervals of
[0.8328; 0.8468]. Thus we reject the null hypothesis and
conclude that Ap predicts the break with smaller spread than p,.

Finally, the scaling of f, /JZ as a function of (3;, while
significant over the whole range of (; present in the data, is not
particularly strong. With reference to the results of Chen et al.
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Figure 4. 2D histogram showing the distribution of the measurements in the
(B, T./T,) plane. The least-square fit is indicated with a black line and the
average and standard deviation of each 5% of the data are marked in white.

(2014), Mallet et al. (2017) pointed out that correlations
between T, /T; and (3; could cause the scaling behavior of d; to
mimic that of Ap. Neglecting a nearly constant factor (L, /p,)'/°,

/18
Ap 279 __ b 7.\
— x p,7 > — x|6i— , 4
0 B a4 B T 4)

and so if T,/T; were anticorrelated with (;, the ratio Ap/d;
would scale less strongly with (; than otherwise expected.
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Figure 4 shows that empirically, such an anticorrelation does in
fact exist in the solar wind (at least at low [3;). Assuming that
the break scale Ag oc A\p (as does appear to be the case: see
Figures 1(d) and 3(b)), this contributes to the rather shallow
scaling of f, /f, in Figure 1(b). Similar consideration could
contribute to the shallow scaling of f /f. with 3, ;.

4. Conclusion

In this Letter, we have presented a statistical study of the
break scale \g between the inertial and dissipation ranges of the
solar wind turbulence spectrum, and to what extent Ag agrees
with the fundamental ion length scales p;, d;, ps, p. and the
disruption scale Ap (Equation (1)), as a function of 3, ;. Our
results suggest that the ion-scale break of the solar wind
turbulence may be controlled by magnetic reconnection in the
low 3, (0.1-1) case, which is the main result of this Letter.

The observed behavior of f, /f, and f, /f; as a function of

(.; are consistent with previous studies based on more limited
data sets (Chen et al. 2014; Wang et al. 2018): for §,; < 1 the
break occurs at the frequency of f; and for 3; > 1 the break is
closest to f,. However, both f /f, and f, /f; showed

significant dependence on (; across the whole range of (3, ;
present in the data, suggesting that the agreement with the
break frequency in narrow ranges at the extremes of [3|; is
somewhat coincidental. Thus, we find little evidence that either
p; or d; determine the break in the power spectrum. Similarly,
T /f has a clear scaling with (3, ; and thus cannot explain the
position of the break.

This contrasts with recent hybrid simulations by Franci et al.
(2016), which found that for 3,; < 1, Ag ~ d; independently
of 3;, and for §,; > 1, \g ~ p; independently of 3, ;. We note,
however, that their simulations may contain different physics
than the true solar wind turbulence; they are two-dimensional,
and also do not contain the electron inertial scale, which allows
the reconnection to occur in the model of Mallet et al. (2017).

Comparing the break scale to the scale predicted by the
reconnection model (Loureiro & Boldyrev 2017; Mallet et al.
2017), we found that f, /f, was nearly independent of 3, ;. To
obtain agreement in the magnitudes of Az and Ap a
dimensionless prefactor Cp = 4.7 must be inserted into
Equation (1) since this cannot be predicted from the simplified
model in Mallet et al. (2017), which only predicts scalings. The
ratio of the proton—cyclotron resonance scale p. to the break
scale showed a similarly shallow scaling with 3, ; and the best-
fit slope was only a factor of 2.15 steeper than that of f, /f, .
Thus based on the whole distribution of the data we cannot
conclusively identify if Ap or p. controls the break frequency.

At high (,, reconnection is not expected to cause a break
(see Equation (3)); this could be why the agreement between Ap
and \p has a slight dependence on (3, ; using the whole data set.
We therefore repeated our analysis for a significant subset of
the data (41% overall) bounded by 0.1 < 5, <1 and 0.12 <
NS /fps < 0.63 displaying unusually steep spectral 1ndlces
(steeper than —3), in qualitative agreement with the reconnec-
tion model of Mallet et al. (2017). For this subset of the data,
we found that A\g scales with A\p remarkably well, while G, ;
changes two orders of magnitude. In contrast, p. showed a clear
correlation with (3,; suggesting that at least at the low (3, case
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the break between the inertial and dissipation-range scales may
be controlled by the onset of magnetic reconnection.
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