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We report observations of solar wind turbulence derived from measurements by the Parker Solar
Probe. Our findings reveal the emergence of finite magnetic helicity within the transition range
of the turbulence, aligning with signatures of kinetic Alfvén waves (KAWs). Notably, as the wave
scale transitions from super-ion to sub-ion scales, the ratio of KAWs with opposing signs of magnetic
helicity initially increases from approximately 1 to 6 before returning to 1. This observation provides,
for the first time, compelling evidence for the transition from imbalanced kinetic Alfvénic turbulence
to balanced kinetic Alfvénic turbulence.

Introduction Alfvénic turbulence is prevalent in
the heliosphere [1, 2] and is believed to exist in astro-
physical environments [3, 4]. The dissipation of this tur-
bulence is proposed to be a major contributor to heating
in the solar wind, solar corona, and other astrophysi-
cal plasmas [5–15]. Observations indicate that Alfvénic
turbulence encompasses a broad range of scales, evolving
from magnetohydrodynamics (MHD) scales down to sub-
ion kinetic scales, potentially extending to sub-electron
kinetic scales [16–22]. As the turbulence cascade scale ap-
proaches the ion gyroradius, anisotropic turbulence mod-
els predict a transition from MHD-scale Alfvénic waves
to kinetic Alfvén waves (KAWs) [23–30]. Despite sub-
stantial evidence of KAWs occurring at ion kinetic scales
in satellite observations and numerical simulations [17–
22, 31–35], the precise evolution of turbulence at ion ki-
netic scales remains unknown.

Solar wind turbulence is often highly imbalanced at
MHD scales, meaning that outward fluctuations propa-
gating away from the Sun dominate inward fluctuations
[1, 36, 37]. Based on the signatures of magnetic helic-
ity at ion scales observed in solar wind turbulence [38–
41], it has been suggested that KAWs are predominantly
outward-propagating, indicating that imbalanced kinetic
Alfvénic turbulence arises at ion kinetic scales [39, 42, 43].
At kinetic scales, imbalanced turbulence may be affected
by nonlinear processes from copropagating KAWs or dy-
namics arising from a helicity barrier [44, 45]. Also, at
kinetic scales, the power spectral density of the mag-
netic field is often characterized by a transition range,
occurring at scales approximately equal to the ion gyro-
radius, and a kinetic-inertial range between ion and elec-
tron scales [17–22, 46–48]. These observations prompt a
fundamental question concerning the evolution of turbu-
lence at kinetic scales: how does imbalanced Alfvénic tur-
bulence evolve toward smaller scales? This phenomenon
remains largely unexplored experimentally.

Using in-situ measurements from Parker Solar Probe
[PSP; 49, 50], this Letter investigates solar wind turbu-

lence at kinetic scales. Our findings present, for the first
time, observational evidence of the transition from im-
balanced to increasingly balanced kinetic Alfvénic turbu-
lence in the solar wind, shedding light on the evolution
of imbalanced turbulence.

Methodology Previous studies commonly employ
the normalized magnetic helicity, defined as σmTN =
2Im(BTB

∗
N )/B2, to identify KAWs, where BT and

BN represent the magnetic field components in radial-
tangential-normal coordinates. It has been suggested
that negative (positive) values of σmTN in the outward
(inward) sectors of the solar wind magnetic field, par-
ticularly as θVB → 90◦, serve as signatures of KAWs
[38, 39, 42, 43, 51]. Here, θVB denoting the angle between
the solar wind magnetic field B and the solar wind bulk
velocityV. Recently, a novel identification method utiliz-
ing magnetic helicity in field-aligned coordinates — based
on B and V — has been developed to distinguish the sig-
natures of highly oblique KAWs from quasi-parallel ion-
scale waves [52]. In this Letter, we enhance this method
to analyze kinetic Alfvénic turbulence.

We apply the Morlet wavelet transform to time se-
ries magnetic field data merged from fluxgate and search
coil magnetometers on PSP/FIELDS [53], with narrow-
band noise induced by PSP’s reaction wheels [54] re-
moved using short-time Fourier transform technology.
The data is reconstructed in field-aligned coordinates
(ê(B0×V0)×B0

, êB0×V0 , ê∥), using averaged values of B0

and V0 over 20 seconds. This allow us to obtain the
complex wavelet amplitude W(f, t) at the frequency f =
(w0 +

√
2 + w2

0)/(4πs), where the nondimensional fre-
quency w0 = 6 is used [55]. In our definitions, êB0×V0 ≡
B0 ×V0/(|B0||V0|), ê(B0×V0)×B0

≡ êB0×V0 × ê∥, and
ê∥ ≡ B0/|B0|. The wavelet scale s is defined accordingly,
and the solar wind bulk speedV is measured by the Solar
Probe Cup (SPC) instrument [56] on PSP/SWEAP.

Because KAWs are highly elliptical polarized in the
perpendicular direction [57–59], or even appear linearly
polarized, we can evaluate their intrinsic perpendic-
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ular perturbation components using the two perpen-
dicular components WB0×V0 and W(B0×V0)×B0

. We
employ the following procedures. Firstly, we ob-
tain W⊥1

= WB0×V0 cos(ϕ) + W(B0×V0)×B0
sin(ϕ) and

W⊥2
= −WB0×V0 sin(ϕ) +W(B0×V0)×B0

cos(ϕ) for each
sample in (t, f) space in a new perpendicular plane ê1–ê2,
which is defined by rotating the ê(B0×V0)×B0

– êB0×V0

coordinates at an angle ϕ. Then, we determine W⊥1

and W⊥2
by finding maximum |W⊥2

| as ϕ varies between
−π/2 and π/2. W⊥2

in the new field-aligned coordinates
(ê⊥1

, ê⊥2
, ê∥) can serve as a reliable indicator of the

perpendicular perturbation of KAWs.

Using W⊥1
, W⊥2

, and W∥, we define the normalized
magnetic helicity as follows:

σm⊥1⊥2 = −2Im(W⊥1W
∗
⊥2

)/|W|2, (1)

σm⊥2∥ = −2Im(W⊥2W
∗
∥ )/|W|2, (2)

σm∥⊥1
= −2Im(W∥W

∗
⊥1

)/|W|2, (3)

where “∗” denotes the complex conjugate, and |W|2 =
W⊥1 ·W ∗

⊥1
+W⊥2 ·W ∗

⊥2
+W∥ ·W ∗

∥ .

The strong coherence between W⊥2
and W∥ can re-

sult in a non-zero value for σm⊥2∥, indicating the signa-
ture of KAWs. Since the coordinates (ê⊥1 , ê⊥2 , ê∥) are
approximately equivalent to the field-aligned coordinates
defined by

((
ê∥ × êk

)
× ê∥ , ê∥× êk, ê∥

)
(see Supplemen-

tal Material [60]), the sign of σm⊥2∥ directly corresponds
to the propagation direction of KAWs: a positive value
indicates propagation along B0, while a negative value
indicates propagation against B0. This wave property is
consistent between the solar wind frame and the space-
craft frame (see Supplemental Material [60]).

Additionally, the coherent relationship between W⊥1

and W⊥2 can result in a finite value of σm⊥1⊥2 , which
corresponds to the presence of quasi-monochromatic ion
cyclotron waves or magnetosonic whistler waves.

Event overview Recent observations from the PSP
have revealed a high prevalence of quasi-monochromatic
ion-scale waves in the near-Sun solar wind [54, 61–63].
To focus on turbulent fluctuations, we analyze a segment
of solar wind data spanning two hours and thirty minutes
during Encounter 1, which has a relatively low occurrence
rate of these waves. An overview of this typical solar wind
is presented in Figure 1.

Figures 1(a) and (b) display the measured magnetic
field and solar wind velocity in the spacecraft frame, with
êz oriented sunward. The magnetic field strength re-
mains approximately constant, while its direction shows
considerable variability due to the presence of switch-
backs. In contrast, the solar wind velocity experiences
only minor changes, predominantly streaming outward
from the Sun along the radial direction.

Figure 1(c) shows the distribution of σm⊥1⊥2
, which

quantifies the polarization of the waves relative to the
magnetic field. Positive (red) and negative (blue) values

FIG. 1. Plasma environment and magnetic helicity dur-
ing 06:00-8:30 UTC on 2018 November 5. (a) The strength
and three components of the magnetic field B in the space-
craft frame. (b) The solar wind speed V in the spacecraft
frame. (c) The distribution of σm⊥1⊥2 . (d) The distribution
of σm⊥2∥. (e) The distribution of σm∥⊥1

. (f) The distribu-
tion of θVB. The gray curves in (c)–(e) denote the proton
cyclotron frequency fcp.

of σm⊥1⊥2
correspond to right- and left-handed polar-

ized waves, respectively. The data indicate intermittent
left-handed polarized waves with σm⊥1⊥2 ∼ −0.75 and
f ≳ fcp, where f and fcp denote the wave frequency
and the proton cyclotron frequency, respectively. These
polarization characteristics suggest that these waves are
left-handed ion-cyclotron waves [54, 61, 62].

The distribution of σm⊥2∥ shown in Figure 1(d) is used
to identify KAWs. A clear signature of σm⊥2∥ < 0 is ob-
served within the frequency range of f ≳ 1 Hz, indicating
the presence of KAWs in the near-Sun solar wind, con-
sistent with previous findings [47, 51]. Furthermore, the
signature of negative σm⊥2∥ varies over time and is closely
linked to the observational features associated with θVB

(Figure 1(f)).

Figure 1(e) illustrates the distribution of σm||⊥1
. This

quantity typically hovers around zero, suggesting a lack
of coherence between W⊥1

and W∥. Such behavior aligns
with theoretical predictions that σm∥⊥1

∼ 0 for linear
KAWs.

Magnetic helicity and turbulent spectra A
crucial parameter for analyzing the distribution of mag-
netic helicity and power spectral density of the magnetic
field is θVB, which represents the angle between the local
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FIG. 2. (a) σm⊥2∥ as functions of θVB and f . Gray points de-
note the Doppler shifting frequency fρp = V sin(θVB)/(2πρp)
at the averaged proton gyroradius ρp ≃ 6.5 km. (b) The power
spectral density of the magnetic field PB in four different θVB

ranges: 75◦–90◦, 90◦–105◦, 105◦–120◦, and 120◦–135◦. The
upper panel shows PB with σm⊥2∥ overlaid, whereas the lower
panel shows the spectral indices across the four θVB ranges.
(c) PB (upper panel) and σm⊥2∥ (lower panel) as a function
of ρpk

∗. (d) PB (upper panel) and σm⊥2∥ (lower panel) as a
function of λpk

∗. The purple colors in (b)-(d) highlight the
transition range. The minimal PB at each f is used to evalu-
ate the noise level, shown as dotted curves in (c) and (d).

magnetic field direction and the local solar wind velocity
direction. This angle is calculated using a Gaussian aver-
age [38, 39]. The relationships among these parameters
during the selected event are illustrated in Figure 2. To
maintain a quiet background for analysis, data with an
angular deviation greater than 15◦ between B and B0,
referred to as θBB0 , are excluded from consideration [52].

Figure 2(a) presents the distribution of σm⊥2∥ as func-
tions of frequency f and angle θVB. This figure clearly
demonstrates that the observed frequency f increases as
θVB decreases from 180◦ to 90◦ for waves exhibiting con-
siderably negative σm⊥2∥ (indicated in blue). This trend
can be intuitively understood by considering the assump-
tion of quasi-perpendicular waves (k ≃ k⊥), which pre-
dicts that f ≃ V⊥k⊥/(2π) in the super-Alfvénic bulk
flow, where V⊥ = V sin(θVB). The predicted frequency
at the proton gyroradius, denoted as fρp = V⊥/(2πρp)
(with ρp ∼ 6.5 km), is overlaid in Figure 2(a). The cor-
respondence between the enhanced region of σm⊥2∥ < 0
and fρp

supports the assumption of quasi-perpendicular
waves at ion scales.

Figure 2(b) illustrates the power spectral densi-
ties of the magnetic field, defined as PB(f, θVB) =
(2dt/N)

∑
i W(ti, θVB) · W∗(ti, θVB), across four θVB

regimes: 75◦–90◦, 90◦–105◦, 105◦–120◦, and 120◦–135◦.
Here, dt represents the time resolution of the magnetic
field data, and N is the number of data points in each
θVB range. Assuming that PB follows a power-law dis-
tribution, i.e., PB = Cfα, we can derive the spectral
index α at a specific f by fitting the observed PB within
the frequency range f/2 to 2f . The distribution of α
shown in Figure 2(b) reveals a steep transition in the fre-
quency range of approximately 3–15 Hz, where the aver-
age value of α is around −3.25 ± 0.05. In contrast, the
average α is about −1.62 ± 0.06 in the lower frequency
range of approximately 0.2–1 Hz (the inertial range) and
−2.52 ± 0.02 in the higher frequency range of approxi-
mately 20–100 Hz (the kinetic-inertial range).

To represent PB in wavenumber space (as discussed
by [64]), we employ the expression PB(Lk

∗, θVB) =
(dt/πN)

∑
i[Vk(ti)W(ti, θVB) ·W∗(ti, θVB)/L(ti)], where

L can be either ρp or λp (the proton inertial length),
k∗ = 2πf/V⊥, and V⊥ = V sin(θVB). Figures 2(c) and
(d) illustrate PB and σm⊥2∥ as functions of ρpk

∗ and
λpk

∗, respectively. Both PB(ρpk
∗) and PB(λpk

∗) ex-
hibit similar power-law distributions across the four θVB

ranges. The transition range occurs at ρpk
∗ ∼ 0.4–2.2 for

PB(ρpk
∗) and at λpk

∗ ∼ 0.8–4.2 for PB(λpk
∗) distribu-

tions. This implies that the transition from the inertial to
transition range starts at a scale larger than the ion scale,
consistent with the prior PSP observations reported by
[13].

Transition from imbalanced to balanced ki-
netic Alfvénic turbulence Because the sign of σm⊥2∥
serves as a diagnostic for wave propagation direction, we
can elucidate the degree of imbalance in kinetic Alfvénic
turbulence by statistically analyzing the number of data
points N in the σm⊥2∥–f space, as shown in Figure 3.

Figure 3(a) depicts the distribution of N̄(σm⊥2∥, f),
which is defined as N(σm⊥2∥, f) normalized by its maxi-
mum at each frequency f . The primary features observed
are: (1) as f increases, the position of N̄ = 1 (the maxi-
mum N) rapidly shifts to smaller values of σm⊥2∥ within
∼ 1–10 Hz, mainly arising in the transition range; and
(2) N̄ in the kinetic-inertial range displays a broader dis-
tribution in the σm⊥2∥ space compared to that in the
transition range.

Figure 3(b) shows the probability distribution function
(PDF) of N(σm⊥2∥) at four representative frequencies:
f = 0.3, 3.1, 10.5, and 50.1Hz. The PDF at f = 0.3Hz
roughly follows a Gaussian distribution, suggesting that
σm⊥2∥ behaves randomly in the inertial range. In the
transition range (i.e., at f = 3.1 and 10.5Hz), the PDF
exhibits a significant imbalance, indicating that most
data points have σm⊥2∥ < 0. At f = 50.1Hz, the PDF
roughly resembles a hat-top distribution, suggesting that
turbulence evolves toward a balanced state within the



4

FIG. 3. (a) The number of the data N(σm⊥2∥, f) normal-
ized by the maximum N(σm⊥2∥, f) at each f , denoted by
N̄(σm⊥2∥, f). (b) The probability distribution function of
N(σm⊥2∥), denoted by PDF(N), at four typical frequencies:
f = 0.3, 3.1, 10.5, and 50.1 Hz. (c) The ratio between
the total data numbers with negative and positive σm⊥2∥,
Nt(σm⊥2∥ < 0)/Nt(σm⊥2∥ > 0). (d) The distribution of PB

normalized by the maximum PB at each f , where PB is cho-
sen as the median PB in the bins in the σm⊥2∥–f space. In
(d), the grey curve is the position of N̄ = 1 in the σm⊥2∥–f
space, and the data with number smaller than 1000 are dis-
carded. This figure uses the data limited with θBB0 < 15◦

and |θVB − 90◦| < 45◦.

kinetic-inertial range.

To quantify the degree of imbalance, we calculate the
ratio R of data points with negative to those with positive
σm⊥2∥:

R =
Nt(σm⊥2∥ < 0)

Nt(σm⊥2∥ > 0)
,

as illustrated in Figure 3(c). The value of R initially
increases up to f ∼ 5Hz before decreasing, indicat-
ing a transition from imbalanced to balanced turbulence
within the transition range. The frequency f ∼ 5Hz cor-
responds to spatial scales of ρpk ∼ 0.6 and λpk ∼ 1.3,
which are approximately at the ion characteristic scale.

Finally, Figure 3(d) presents the distribution of PB as
functions of σm⊥2∥ and f , where PB(σm⊥2∥, f) is normal-
ized by its maximum value at each frequency f (denoted
as P̄B). The position of N̄ = 1 is overlaid in this fig-
ure. We observe that the maximum PB primarily occurs
at N̄ = 1 between 0.1 and 10 Hz. Above this range, the

maximum PB approximatly follows N̄ = 1 as f . Further-
more, in the kinetic-inertial range, the distribution of P̄B

is broader than that in the transition range, similar to
the distribution of N̄ .

Discussion and conclusions This Letter inves-
tigates kinetic Alfvénic turbulence in the near-Sun so-
lar wind, utilizing magnetic field measurements from the
PSP. To effectively identify wave modes, we introduce a
magnetic helicity method that employs field-aligned co-
ordinates defined by the background magnetic field and
the wave vector. Our primary focus is on the magnetic
helicity σm⊥2∥, which quantifies the coherence between
fluctuations in the parallel magnetic field and principal
perpendicular magnetic field fluctuations. This method-
ology successfully identifies signature of KAWs. Our
analysis reveals the prevalence of KAWs characterized by
notably negative values of σm⊥2∥, particularly when the
wave frequency exceeds the proton cyclotron frequency.
Our examination of the probability density function

PDF(σ⊥2∥, f) and the ratio N(σ⊥2∥ < 0)/N(σ⊥2∥ > 0)
reveals two distinct trends as wave frequency increases.
First, the PDF(σ⊥2∥, f) broadens with respect to σ⊥2∥.
Second, the ratio N(σ⊥2∥ < 0)/N(σ⊥2∥ > 0) initially in-
creases before declining. Furthermore, we demonstrate
a transition from imbalanced to increasingly balanced
kinetic Alfvénic turbulence occurring within the transi-
tional range. Additionally, we find that the wave data
number distribution in the σ⊥2∥−f space shows a strong
correlation with PB .
These findings prompt two critical questions regarding

our understanding of solar wind turbulence at and below
the ion scale.
The first question addresses why the imbalance in-

creases toward the transition range. This increase contra-
dicts predictions from models of anisotropic Alfvénic tur-
bulence, which suggest that imbalanced turbulence at the
MHD scale evolves toward balance as the turbulent scale
decreases [65, 66]. One potential explanation for this con-
tradiction is that the helicity barrier causes a significant
portion of the energy flux of outward-propagating waves
to become stuck at the ion scale [35, 45], resulting in an
increase in imbalance. Additionally, there may be an-
other source of KAWs beyond the anisotropic cascade
and helicity barrier models. Although previous stud-
ies have suggested that plasma instabilities can generate
KAWs [67, 68], observational evidence supporting this
claim remains limited.
The second question addresses the evolution of tur-

bulence within the kinetic-inertial range. Our observa-
tions reveal that turbulence in this range remains imbal-
anced, with outward KAWs carrying a larger portion of
the wave energy compared to inward KAWs. This find-
ing contrasts with the predictions of the helicity barrier
turbulence model [35], which suggests the formation of
balanced turbulence. Thus, a definitive resolution to this
discrepancy remains unclear.
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In conclusion, the novel observations presented in this
Letter highlight the necessity for new theoretical frame-
works to accurately model solar wind turbulence at ki-
netic scales.
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and P. M. Trávńıček, Plasma Turbulence and Kinetic In-
stabilities at Ion Scales in the Expanding Solar Wind,
The Astrophysical Journal Letters 811, L32 (2015).

[69] S. P. Gary, Low-frequency Waves In a High-beta Colli-
sionless Plasma: Polarization, Compressibility and He-
licity, Journal of Plasma Physics 35, 431 (1986).

https://doi.org/10.1007/s11214-015-0206-3
https://doi.org/10.1007/s11214-015-0206-3
https://doi.org/10.3847/2041-8213/ab9abb
https://doi.org/10.3847/2041-8213/ab9abb
https://doi.org/10.3847/1538-4357/abed51
https://doi.org/10.3847/1538-4357/abed51
https://doi.org/10.1029/2020JA027813
https://doi.org/10.1029/2020JA027813
https://doi.org/10.3847/1538-4365/ab6c65
https://doi.org/10.3847/1538-4365/ab6c65
https://doi.org/10.1175/1520-0477(1998)079<0061:APGTWA>2.0.CO;2
https://doi.org/10.1175/1520-0477(1998)079<0061:APGTWA>2.0.CO;2
https://doi.org/10.3847/1538-4365/ab5a7b
https://doi.org/10.3847/1538-4365/ab5a7b
https://doi.org/10.1029/1998JA900132
https://doi.org/10.1029/1998JA900132
https://doi.org/10.1088/0004-637X/793/2/107
https://doi.org/10.3847/1538-4357/ac59b7
https://doi.org/10.3847/1538-4365/ab86af
https://doi.org/10.3847/1538-4365/ab86af
https://doi.org/10.3847/1538-4357/acd53b
https://doi.org/10.3847/1538-4357/acd53b
https://doi.org/10.3847/2041-8213/ad68fb
https://doi.org/10.3847/2041-8213/acaeff
https://doi.org/10.3847/2041-8213/acaeff
https://doi.org/10.1086/589432
https://doi.org/10.1017/S0022377822000721
https://doi.org/10.1007/s11214-013-0004-8
https://doi.org/10.1007/s11214-013-0004-8
https://doi.org/10.1088/2041-8205/811/2/L32
https://doi.org/10.1017/S0022377800011442

	Observations of Transition from Imbalanced to Balanced Kinetic Alfvénic Turbulence
	Abstract
	Acknowledgments
	References


