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ABSTRACT15

We use fluctuating magnetic helicity to investigate the polarisation properties of Alfvénic fluctuations at ion-16

kinetic scales in the solar wind as a function of βp, the ratio of proton thermal pressure to magnetic pressure,17

and θvB, the angle between the proton flow and local mean magnetic field, B0. Using almost 15 years of Wind18

observations, we separate the contributions to helicity from fluctuations with wave-vectors, k, quasi-parallel19

and oblique to B0, finding that the helicity of Alfvénic fluctuations is consistent with predictions from linear20

Vlasov theory. This result suggests that the non-linear turbulent fluctuations at these scales share at least some21

polarisation properties with Alfvén waves. We also investigate the dependence of proton temperature in the22

βp-θvB plane to probe for possible signatures of turbulent dissipation, finding that it correlates with θvB. The23

proton temperature parallel to B0 is higher in the parameter space where we measure the helicity of right-24

handed Alfvénic fluctuations, and the temperature perpendicular to B0 is higher where we measure left-handed25

fluctuations. This finding is inconsistent with the general assumption that by sampling different θvB in the solar26

wind we can analyse the dependence of the turbulence distribution on θkB, the angle between k and B0. After27

ruling out both instrumental and expansion effects, we conclude that our results provide new evidence for the28

importance of local kinetic processes that depend on θvB in determining proton temperature in the solar wind.29

1. INTRODUCTION30

The solar wind is a variable flow of plasma that escapes31

from the solar corona out into the heliosphere. In-situ mea-32

surements of the solar wind provide insights into the funda-33

mental physical processes occurring in expanding astrophys-34

ical plasmas. Fluctuations in the solar wind plasma and elec-35

tromagnetic fields exist over many orders of magnitude in36

scale, linking both microscopic and macroscopic processes37

(see Matteini et al. 2012; Alexandrova et al. 2013, and ref-38

erences therein). The couplings between large-scale dynam-39

ics and small-scale kinetic processes are central to our un-40

derstanding of energy transport and heating in these plasmas41

(Verscharen et al. 2019). There are still many open questions42

in regards to wave dissipation and plasma heating in collision-43

less plasmas. Understanding these mechanisms in the colli-44

sionless solar wind plasma is a major outstanding problem in45

the field of heliophysics research.46

In solar wind originating from open field lines in the47

corona, fluctuations are predominantly Alfvénic (Coleman48

1968; Belcher et al. 1969; Belcher & Davis Jr. 1971), with49

only a small compressional component (Howes et al. 2012;50

Klein et al. 2012; Chen 2016; Šafránková et al. 2019). At51

scales 105 . L . 108 m, called the inertial range, non-linear52

interactions between fluctuations lead to a turbulent cascade53

of energy towards smaller scales (Tu & Marsch 1995; Bruno54

& Carbone 2013). This range is characterised by fluctuations55

with increasing anisotropy toward smaller scales, k⊥ � k‖,56
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where k‖ and k⊥ are components of the wave-vector, k, in the57

direction parallel and perpendicular to the local mean mag-58

netic field, B0, respectively (Horbury et al. 2008; MacBride59

et al. 2010; Wicks et al. 2010; Chen et al. 2011, 2012).60

At scales close to the proton inertial length, dp, and pro-61

ton gyro-radius, ρp, typically L ∼ 105 m at 1 au, the prop-62

erties of the fluctuations change due to Hall (Galtier 2006;63

Galtier & Buchlin 2007) and finite-Larmor-radius (Howes64

et al. 2006; Schekochihin et al. 2009; Boldyrev & Perez 2012)65

effects. The non-linear turbulent fluctuations at these ion-66

kinetic scales exhibit some properties that are consistent with67

those of kinetic Alfvén waves (KAWs; Leamon et al. 1999;68

Bale et al. 2005; Howes et al. 2008; Sahraoui et al. 2010;69

Woodham et al. 2019).70

Solar wind proton velocity distribution functions (VDFs)71

typically deviate from local thermal equilibrium due to a low72

rate of collisional relaxation (Kasper et al. 2008; Marsch73

2012; Maruca et al. 2013; Kasper et al. 2017). The cou-74

pling of small-scale electromagnetic fluctuations and the ki-75

netic features of the proton VDFs can lead to energy trans-76

fer between fluctuating fields and the particles. Collisionless77

damping of these fluctuations can lead to dissipation of turbu-78

lence via wave-particle interactions such as Landau (Leamon79

et al. 1999; Howes et al. 2008) and cyclotron (Marsch et al.80

1982, 2003; Isenberg & Vasquez 2019) resonance, or other81

processes such as stochastic heating (Chandran et al. 2010,82

2013) and reconnection-based mechanisms (Sundkvist et al.83

2007; Perri et al. 2012). These mechanisms are dependent on84

the modes present and the background plasma conditions, i.e.,85
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a function of the ratio of proton thermal pressure to magnetic86

pressure, βp = npkBTp/(B2
0/2µ0), where np is the proton den-87

sity, and Tp is the proton temperature. Each mechanism leads88

to distinct fine structure in proton VDFs, increasing the effec-89

tive collision rate. These processes ultimately lead to plasma90

heating, and therefore, changes in the macroscopic properties91

of the plasma (e.g., Marsch 2006).92

In addition to damping of turbulent fluctuations, non-93

Maxwellian features of solar wind VDFs such as tempera-94

ture anisotropies relative to B0, beam populations, and rela-95

tive drifts between plasma species provide sources of free en-96

ergy for instabilities at ion-kinetic scales (Kasper et al. 2002a,97

2008, 2013; Hellinger et al. 2006; Bale et al. 2009; Maruca98

et al. 2012; Bourouaine et al. 2013; Gary et al. 2015; Alter-99

man et al. 2018). These modes grow until the free energy100

source is removed, acting to limit departure from an isotropic101

Maxwellian. Ion-scale kinetic instabilities are prevalent in102

collisionally young solar wind (Klein et al. 2018, 2019), al-103

though the interaction between instabilities and the back-104

ground turbulence is still poorly understood (e.g., Klein &105

Howes 2015). As the solar wind flows out into the helio-106

sphere, instabilities, local heating, heat flux, and collisions all107

alter the macroscopic thermodynamics of the plasma through108

coupling between small-scale local processes and large-scale109

dynamics. These processes lead to a deviation from Chew-110

Goldberger-Low theory (CGL; Chew et al. 1956) for double111

adiabatic expansion (Matteini et al. 2007).112

Alfvénic fluctuations in the solar wind are characterised by113

magnetic field fluctuations, δB, with a quasi-constant field114

magnitude, |B|. Since the fluctuations have large amplitudes,115

δB/B0 ∼ 1, the magnetic field vector traces out a sphere of116

constant radius (Barnes 1981), leading to fluctuations in the117

angle, θRB, between the local field, B = B0 + δB, and the ra-118

dial direction. These fluctuations correlate with proton motion119

and therefore, the solar wind bulk velocity, vsw, also exhibits120

a dependence on θRB (Matteini et al. 2014, 2015). If these121

fluctuations play a role in plasma heating, we also expect a122

correlation between them and the proton temperature. Recent123

studies have shown that the proton temperature anisotropy at 1124

au exhibits a dependence on θRB (D’Amicis et al. 2019a) that125

is not present closer to the Sun (Horbury et al. 2018), suggest-126

ing ongoing dynamical processes related to these fluctuations127

in the solar wind. In fact, larger wave power in transverse128

Alfvénic fluctuations is also correlated with proton tempera-129

ture anisotropy (Bourouaine et al. 2010), consistent with an130

increase in fluctuations in θRB.131

Single-spacecraft observations have an inherent spatio-132

temporal ambiguity that complicates investigation of the cou-133

pling between Alfvénic fluctuations and the plasma bulk pa-134

rameters. These measurements are restricted to the sampling135

of a time series defined by the trajectory of the spacecraft with136

respect to the flow velocity, vsw. This limitation means that we137

can only resolve the component of k along the sampling direc-138

tion, i.e., predominantly the radial direction. Previous studies139

(e.g., Horbury et al. 2008; Wicks et al. 2010; He et al. 2011;140

Podesta & Gary 2011b) assume that the underlying distribu-141

tion of turbulence in the solar wind is independent of θvB, the142

angle between vsw and B0. Based on this assumption, these143

studies use measurements of the solar wind plasma at differ-144

ent θvB to probe the turbulence as a function of θkB, the angle145

between k and B0. However, if there is indeed a dependence146

of the plasma bulk parameters (including the temperature and147

temperature anisotropies as observed) on θRB ' θvB, then this148

assumption may not be valid.149

In this paper, we investigate whether the solar wind pro-150

ton temperature anisotropy depends on the polarisation prop-151

erties of small-scale Alfvénic fluctuations, and hence θvB, in152

the context of turbulent dissipation. In Section 2, we discuss153

the linear theory and polarisation properties of Alfvén waves.154

In Sections 3 and 4, we describe our analysis methods, us-155

ing single-spacecraft measurements to measure the polarisa-156

tion properties of Alfvénic fluctuations at ion-kinetic scales157

in the solar wind. We present our main results in Section 5,158

testing how the dissipation of turbulence at these scales af-159

fects the macroscopic bulk properties of the solar wind. We160

show that Alfvénic fluctuations present at ion-kinetic scales in161

the solar wind share at least some polarisation properties with162

Alfvén waves from linear Vlasov theory. By also investigating163

the statistical distribution of proton temperature in the βp-θvB164

plane, we find that there is a clear dependence in this reduced165

parameter space that also correlates with the magnetic helic-166

ity of Alfvénic fluctuations. We discuss the implications of167

our results in Section 6, namely that we cannot sample dif-168

ferent θvB to analyse the dependence of the turbulence on θkB169

without considering other plasma properties. In Section 7,170

we consider both instrumental and expansion effects, show-171

ing that they do not account for the observed temperature dis-172

tribution. Finally, in Section 8, we conclude that our results173

provide new evidence for the importance of local kinetic pro-174

cesses that depend on θvB in determining proton temperature175

in the solar wind.176

2. POLARISATION PROPERTIES OF ALFVÉN WAVES177

In collisionless space plasmas such as the solar wind, the178

linearised Vlasov equation describes linear waves and insta-179

bilities. Non-trivial solutions exist only when the complex180

frequency, ω = ωr + iγ, solves the hot-plasma dispersion re-181

lation (Stix 1992). Here, ωr is the wave frequency and γ is182

the wave growth (γ > 0) or damping (γ < 0) rate. One such183

solution is the Alfvén wave, which is ubiquitous in space plas-184

mas. At k‖dp� 1 and k⊥ρp� 1, this wave is incompressible185

and propagates along B0 at the Alfvén speed, vA, resulting in186

transverse perturbations to the field (Alfvén 1942). The fluc-187

tuations in velocity, δv, and the magnetic field, δb, exhibit188

a characteristic (anti-)correlation, δv = ∓δb, for propagation189

(parallel) anti-parallel to B0. Here, b is the magnetic field in190

Alfvén units, b = B/√µ0ρ, where ρ is the plasma mass den-191

sity. The Alfvén wave has the dispersion relation:192

ωr(k) = kvA cosθkB. (1)

Approaching ion-kinetic scales, k‖dp ' 1 or k⊥ρp ' 1, the193

dispersion relation splits into two branches: the Alfvén ion-194

cyclotron (AIC) wave for small θkB (Gary & Borovsky 2004)195

and the KAW for large θkB (Gary & Nishimura 2004).196

We define the polarisation of a wave as:197

P = −
iδEy

δEx

ωr

|ωr|
, (2)

where δEx and δEy are components of the Fourier amplitudes198

of the fluctuating electric field transverse to B0 = B0 ẑ (Stix199

1992; Gary 1993). Therefore, P gives the sense and degree of200

rotation in time of a fluctuating electric field vector at a fixed201

point in space, viewed in the direction parallel to B0. A cir-202

cularly polarised wave has P = ±1, where +1 (-1) designates203

right-handed (left-handed) polarisation. In this definition, a204
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right-hand polarised wave has electric field vectors that ro-205

tate in the same sense as the gyration of an electron, and a206

left-hand polarised wave, the same sense as ions. For more207

general elliptical polarisation, we take the real part, Re(P).208

Magnetic helicity is a measure of the degree and sense of209

spatial rotation of the magnetic field (Woltjer 1958a,b). It is210

an invariant of ideal magnetohydrodynamics (MHD) and de-211

fined as a volume integral over all space:212

Hm ≡
∫

V
A ·Bd3r, (3)

where A is the magnetic vector potential defined by B =213

∇×A. Matthaeus et al. (1982) propose the fluctuating mag-214

netic helicity, H ′m(k), as a diagnostic of solar wind fluctua-215

tions, which in spectral form (i.e., in Fourier space) is defined216

as:217

H ′m(k)≡ δA(k) · δB∗(k), (4)

where δA is the fluctuating vector potential, and the aster-218

isk indicates the complex conjugate of the Fourier coefficients219

(Matthaeus & Goldstein 1982b). This definition removes con-220

tributions to the helicity arising from B0. By assuming the221

Coulomb gauge, ∇ ·A = 0, the fluctuating magnetic helicity222

can be written:223

H ′m(k) = i
δByδB∗z − δB∗y δBz

kx
, (5)

where the components of δB(k) are Fourier coefficients of a224

wave mode with k. This result is invariant under cyclic per-225

mutations of the three components x,y,z (See Equation 2 in226

Howes & Quataert 2010). We define the normalised fluctuat-227

ing magnetic helicity density as:228

σm(k)≡ kH ′m(k)

|δB(k)|2
, (6)

where |δB(k)|2 = δB∗x δBx + δB∗y δBy + δB∗z δBz. Here, σm(k) is229

dimensionless and takes values in the interval [−1,1], where230

σm = −1 indicates fluctuations with purely left-handed helicity,231

and σm = +1 purely right-handed helicity. A value of σm = 0232

indicates no overall coherence, i.e., there are either no fluc-233

tuations with coherent handedness or there is equal power in234

both left-handed and right-handed components so that the net235

value is zero.236

Gary (1986) first explored the dependence of Re(P) for237

small-scale Alfvén waves on different parameters by numer-238

ically solving the full electromagnetic dispersion relation,239

showing that it changes sign depending on both θkB and240

βp. In the cold-plasma limit (βp � 1), the Alfvén wave has241

Re(P) < 0 for all θkB. However, from linear Vlasov theory, at242

βp ' 10−2, the wave has Re(P) < 0 for 0◦ ≤ θkB . 80◦, but243

has Re(P) > 0 for θkB & 80◦. As βp increases, the wave has244

Re(P)> 0 for an increasing range of oblique angles so that at245

βp ' 10, the transition occurs at about 40◦. This result reveals246

that the changing polarisation properties on both θkB and βp247

will affect possible wave-particle interactions, and hence tur-248

bulence damping mechanisms that can occur in a plasma. For249

example, left-handed AIC waves can cyclotron resonate with250

ions, leading to heating perpendicular to B0. On the other251

hand, right-handed KAWs are compressive at small scales,252

giving rise to density fluctuations and a non-zero component253

Figure 1. (a) The real part of the polarisation, Re(P), and (b) normalised
fluctuating magnetic helicity density, σm(k), of Alfvén waves with kdp = 0.05
as a function of βp and θkB, calculated using the NHDS code (see main text).
The black lines indicate the isocontours Re(P) = 0 and σm(k) = 0.

of the wave electric field, E‖ 6= 0. Hence, KAWs can Lan-254

dau resonate with both electrons and ions, leading to heating255

parallel to B0.256

We plot both Re(P) and σm(k) for Alfvénic fluctuations257

across the βp-θkB plane in Figure 1. The black lines are iso-258

contours of Re(P) = 0 and σm(k) = 0, respectively. We note259

that for waves with θkB ' 0, there is no difference between260

the values of Re(P) and σm(k). To calculate these lines, we261

solve the linear Vlasov equation using the New Hampshire262

Dispersion relation Solver (NHDS; Verscharen et al. 2013;263

Verscharen & Chandran 2018). Here, k = k⊥x̂ + k‖ẑ, and264

we assume a plasma consisting of protons and electrons with265

isotropic Maxwellian distributions, equal density and temper-266

ature, and no drifting components. We set kdp = 0.05,1 where267

the angle θkB defines k⊥ = k sinθkB and k‖ = k cosθkB. There-268

fore, k‖dp and k⊥ρp change throughout the βp-θkB plane,2269

while the normalised scale of the waves remains constant. We270

also set vA/c = 10−4, which is typical for solar wind conditions271

where vA' 50 km/s (Klein et al. 2019). While our assumption272

of an isotropic proton-electron plasma is not truly representa-273

tive of the more complex ion VDFs typically observed in the274

solar wind, protons remain the most important ion component275

for solar wind interaction with Alfvénic fluctuations. There-276

fore, we expect that the polarisation properties of Alfvénic277

1 The black lines in Figure 1 are constant over the range: kdp = [0.01,1].
2 The scales dp and ρp are related by: ρp = dp

√
βp.
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fluctuations in the solar wind are adequately described by the278

theoretical description provided in Figure 1.279

3. REDUCED SPECTRA FROM SPACECRAFT MEASUREMENTS280

In the solar wind, the polarisation properties of fluctuations281

are typically determined using the fluctuating magnetic helic-282

ity. However, from a single-spacecraft time series of magnetic283

field measurements, it is only possible to determine a reduced284

form of the helicity (Batchelor 1970; Montgomery & Turner285

1981; Matthaeus et al. 1982):286

H ′rm (ωsc) =
2Im{P r

T N(ωsc)}
kr

, (7)

where ωsc is the frequency of the fluctuations in the spacecraft287

frame, kr = k cosθkv is the component of the wave-vector along288

the flow direction of the solar wind plasma, vsw, and θkv is the289

angle between k and vsw. Here,290

P r
i j(ωsc) = δB∗i (ωsc) · δB j(ωsc) (8)

is the reduced power spectral tensor, where the δBi(ωsc) are291

the complex Fourier coefficients of the time series of B in292

radial-tangential-normal (RTN) coordinates.3 In this coor-293

dinate system, the solar wind flow is approximately radial,294

vsw ' vsw R̂. The reduced tensor is an integral of the true spec-295

tral tensor, Pi j(k) (Fredricks & Coroniti 1976; Forman et al.296

2011; Wicks et al. 2012):297

P r
i j (ωsc) =

∫
Pi j(k)δ

[
ωsc −

(
k ·vsw +ωpl

)]
d3k. (9)

Taylor’s hypothesis (Taylor 1938) assumes that the fluctua-298

tions in the solar wind evolve slowly as they are advected past299

the spacecraft so that the plasma-frame frequency, ωpl , satis-300

fies |ωpl | � |k · vsw| (Matthaeus & Goldstein 1982b; Perri &301

Balogh 2010). Therefore, the Doppler shift of the fluctuations302

into the spacecraft frame becomes:303

ωsc = ωpl + k ·vsw ' k ·vsw ≡ krvsw, (10)

so that the ωpl term drops from Equation 9. Then, a time se-304

ries of magnetic field measurements under these assumptions305

represents a spatial cut through the plasma and we can write306

P r
i j and H ′rm as functions kr using Equation 10. However, it is307

not possible to determine the full wave-vector, k, or θkB, from308

single-spacecraft measurements. Since vA� vsw, Taylor’s hy-309

pothesis is usually well-satisfied for Alfvén waves in the solar310

wind with the dispersion relation given by Equation 1, as well311

as for the small-wavelength extensions of the Alfvén branch312

under the parameters considered here (see Howes et al. 2014;313

Klein et al. 2014a).314

Based on the definition in Equation 6, the normalised re-315

duced fluctuating magnetic helicity density is then defined as:316

σr
m(kr)≡

krH ′rm (kr)

|δB(kr)|2
=

2Im{P r
T N(kr)}

Tr{P r(kr)}
, (11)

where Tr{} denotes the trace. Previous studies (e.g., Hor-317

bury et al. 2008; Wicks et al. 2010; He et al. 2011; Podesta318

& Gary 2011b) use θvB as a measure of a specific θkB in319

3 In the RTN coordinate system, R̂ is the unit vector from the Sun towards
the spacecraft, T̂ is the cross-product of the solar rotation axis and R̂, and N̂
completes the right-handed triad.

the solar wind. For example, measurements of σr
m(kr) sepa-320

rated as a function of θvB show a broad right-handed signa-321

ture at oblique angles and a narrow left-handed signature at322

quasi-parallel angles (He et al. 2011, 2012a,b; Podesta & Gary323

2011b; Klein et al. 2014b; Bruno & Telloni 2015; Telloni et al.324

2015). These signatures are associated with KAW-like fluctu-325

ations from the turbulent cascade and ion-kinetic instabilities,326

respectively (Telloni & Bruno 2016; Woodham et al. 2019).327

By defining the field-aligned coordinate system,328

ẑ =
B0

|B0|
; ŷ = −

vsw×B0

|vsw×B0|
; x̂ = ŷ× ẑ, (12)

so that vsw lies in the x-z plane with angle θvB from the ẑ di-329

rection (Wicks et al. 2012; Woodham et al. 2019), we can330

decompose σr
m(kr) into the components:331

σi j(kl) =
2Im

{
P r

i j(kl)
}

Tr{P r(kl)}
, (13)

where the indices i, j, l = x,y,z. We derive the following re-332

lationship between the components, σi j(kl), and σr
m(kr) (see333

Appendix):334

σxy(kz) = σr
m(kr)

kz

kr
, (14)

σxz(ky) = −σr
m(kr)

ky

kr
, (15)

and335

σyz(kx) = σr
m(kr)

kx

kr
. (16)

For fluctuations with kz � kx, i.e., k quasi-parallel to B0,336

σxy(kz) is the dominant contribution to σr
m(kr). Similarly,337

σyz(kx) dominates for modes with kx � kz, i.e., k at oblique338

angles, θkB & 60◦. As the solar wind velocity is confined to339

the x-z plane, we have no information about ky from single-340

spacecraft measurements and σxz(ky) is not useful in a prac-341

tical sense. From Section 2, we expect that AIC waves gen-342

erated by kinetic instabilities have kz � kx. The anisotropic343

Alfvénic turbulent cascade leads to the generation of nearly344

perpendicular wave-vectors with kx � kz. Therefore, we345

can separate the helicity signatures of the two kinetic scale346

branches of the Alfvén wave using our decomposition tech-347

nique.348

4. DATA ANALYSIS349

We analyse magnetic field data from the MFI fluxgate mag-350

netometer (Lepping et al. 1995; Koval & Szabo 2013) and351

proton data from the SWE Faraday cup (Ogilvie et al. 1995;352

Kasper et al. 2006) instruments on-board the Wind spacecraft353

from Jun 2004 to Oct 2018. For each proton measurement, we354

define a local mean field, B0, averaged over the SWE integra-355

tion time (∼92 s). We estimate the normalised cross-helicity356

(Matthaeus & Goldstein 1982a) for each ∼92 s interval,357

σc =
2(δv · δb)
|δv|2 + |δb|2

, (17)

where δb = b − 〈b〉1h and δv = vsw − 〈vsw〉1h. Here, the mean358

is over a one hour window centred on the instantaneous val-359

ues and we assume that vsw ' vp, where vp is the proton bulk360
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velocity. An averaging interval of one hour gives σc for fluc-361

tuations in the inertial range. The cross-helicity, σc ∈ [−1,1],362

is a measure of the (anti-)correlation between velocity and363

magnetic field fluctuations, and therefore, Alfvénicity (e.g.,364

D’Amicis & Bruno 2015; D’Amicis et al. 2019b; Stansby365

et al. 2019; Perrone et al. 2020). A value |σc| = 1 indicates366

purely unbalanced Alfvénic fluctuations propagating in one367

direction, whereas σc = 0 indicates either balanced (equal368

power in opposite directions) or a lack of Alfvénic fluctu-369

ations. In case of σc = 0, we expect no coherent value of370

|σm|> 0 at ion-kinetic scales.371

Similarly to Woodham et al. (2019), we account for helio-372

spheric sector structure in the magnetic field measurements373

by calculating σc averaged over a running window of 12374

hours. For solar wind fluctuations dominantly propagating375

anti-sunward, the sign of σc depends only on the direction of376

B0. Therefore, if 〈σc〉 > 0, we reverse the signs of the BR377

and BT components for each ∼92 s measurement so that sun-378

ward fields are rotated anti-sunward. This procedure removes379

the inversion of the sign of magnetic helicity due to the di-380

rection of the large-scale magnetic field with respect to the381

Sun.4 We transform the 11 Hz magnetic field data associated382

with each proton measurement into field-aligned coordinates383

(Equation 12) using B0 averaged over ∼92 s. We then com-384

pute the continuous wavelet transform (Torrence & Compo385

1998) using a Morlet wavelet to calculate the magnetic he-386

licity spectra, σxy and σyz, as functions of fsc = ωsc/2π using387

Equation 13. We average the spectra over ∼92 s, correspond-388

ing to the SWE measurement cadence, to ensure that the fluc-389

tuations contributing to the helicity spectra persist for at least390

several proton gyro-periods, 2π/Ωp, giving a clear coherent391

helicity signature at ion-kinetic scales.392

We estimate the amplitudes of σxy and σyz at ion-kinetic393

scales by fitting a Gaussian function to the coherent peak394

in each spectrum at frequencies close to the Taylor-shifted395

frequencies, vsw/dp and vsw/ρp (see Woodham et al. 2018).396

We neglect any peak at f > fnoise, where fnoise is the fre-397

quency above which instrumental noise of the MFI magne-398

tometer becomes significant.5 We also reject a spectrum if399

the angular deviation in B exceeds 15◦ during the∼92 s mea-400

surement period to ensure that we measure the anisotropy of401

fluctuations at ion-kinetic scales with sufficient accuracy (see402

also Section 7.1). We designate the amplitude of the peak403

in each σxy spectrum as σ‖ ≡ maxkz σxy(kz) to diagnose the404

helicity of the modes with k quasi-parallel to B0, and σyz as405

σ⊥ ≡maxkx σyz(kx) to diagnose the helicity of the modes with406

k oblique to B0 (see Section 3 and Appendix).407

In our analysis, we include only measurements of Alfvénic408

solar wind, |σc| ≥ 0.8, and low collisionality, Nc < 1, which409

contain the strongest Alfvénic fluctuations with a non-zero410

magnetic helicity. Here, Nc is the Coulomb number (Maruca411

et al. 2013; Kasper et al. 2017), which estimates the number412

of collisional timescales for protons. We calculate Nc using413

the proton-proton collision frequency, neglecting collisions414

between protons and other ions. We bin the data in log10(βp)415

and θvB using bins of width ∆ log10(βp) = 0.05 and ∆θvB = 5◦.416

We restrict our analysis to 0.01≤ βp ≤ 10 and include the full417

range of θvB = [0◦,180◦] to account for any dependence on he-418

liospheric sector structure. In Figure 2, we plot the probability419

density distribution of the data,420

4 See Table 1 in Woodham et al. (2019).
5 See Appendix in Woodham et al. (2018).

Figure 2. Probability density distribution of solar wind data in the βp-θvB
plane, calculated using Equation 18. The dashed black lines indicate the
isocontours of σ̃m(θvB) = 0 mirrored about the line θvB = 90◦ (see main text).

p̃ =
n

N∆βp∆θvB
, (18)

in the βp-θvB plane, where n is the number of data points in421

each bin and N is the total number of data points. We over-422

plot the isocontour of σm(k) = 0 from Figure 1(b) by replacing423

θkB with θvB, i.e., σ̃m(θvB) = 0. If we assume the turbulence is424

independent of θvB, then any dependence on θvB exclusively425

reflects a dependence on θkB (see Horbury et al. 2008; Wicks426

et al. 2010; He et al. 2011; Podesta & Gary 2011b). We mirror427

the σ̃m(θvB) = 0 curve around the line θvB = 90◦ to account for428

heliospheric sector structure. The distribution of data in Fig-429

ure 2 shows two peaks at θvB ∼ 70◦ and θvB ∼ 110◦ around430

βp ∼ 0.5. There are fewer data points at quasi-parallel an-431

gles, showing that the majority of data are associated with432

oblique angles. Naïvely, one would expect the distribution to433

follow the large-scale Parker spiral, peaking at angles ∼ 45◦434

and ∼ 135◦. However, we note that θvB is calculated at ∼92435

s timescales, over with the local mean field B0 has already436

been deflected from the Parker spiral by Alfvénic fluctuations437

present at larger scales. There is also a clear βp dependence438

in Figure 2, with the majority of the data lying in the range439

0.1 . βp . 1, which is typical for quiescent solar wind (Wil-440

son III et al. 2018).441

5. RESULTS442

In Figure 3, we plot the median values of σ‖ and σ⊥ for443

each bin in the βp-θvB plane. We neglect any bins with fewer444

than 20 data points to improve statistical reliability. From445

Figure 1, we expect to measure KAW-like fluctuations with446

σ⊥ > 0 in the area of the βp-θvB plane enclosed by the two447

dashed lines at quasi-perpendicular angles, and AIC wave-448

like fluctuations with σ‖ < 0 at quasi-parallel angles. Figure449

3 is consistent with this expectation; we see a strong negative450

helicity signal at 0◦ ≤ θvB ≤ 30◦ and 150◦ ≤ θvB ≤ 180◦, with451

a minimum of σ‖ ' −0.8 approaching θvB ' 0◦, as well as452

a weaker positive signal of σ⊥ ' 0.4 at angles 60◦ ≤ θvB ≤453

120◦. Both σ‖ and σ⊥ are symmetrically distributed about454

the line θvB = 90◦ since we remove the ambiguity in the sign455
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Figure 3. (a) Median σ‖ and (b) median σ⊥ across the βp-θvB plane. The
dashed black lines indicate the isocontours of σ̃m(θvB) = 0 mirrored about the
line θvB = 90◦. We also include contours of constant σ⊥ = 0.3 in Panel (b) as
solid black lines.

of the helicity due to the direction of B0. The distribution456

of σ‖ is consistent with the presence of quasi-parallel propa-457

gating AIC waves from kinetic instabilities in the solar wind458

(Woodham et al. 2019; Zhao et al. 2018, 2019a). Elsewhere459

in Figure 3(a), the median value of σ‖ is zero, showing that460

a coherent signal of parallel-propagating fluctuations at ion-461

kinetic scales in the solar wind is not measured at oblique462

angles.463

In Figure 3(b), there are two peaks in the median σ⊥ close464

to βp ∼ 1, located at θvB ∼ 70◦ and θvB ∼ 110◦. Despite these465

peaks, the signal is spread across the parameter space, ex-466

cept at quasi-parallel angles where σ⊥ ' 0. We interpret this467

spread using Taylor’s hypothesis. Due to the k ·vsw term in the468

δ-function in Equation 9, a cosθkv factor modifies the contri-469

bution of all modes to the reduced spectrum measured in the470

direction of vsw. If θkv = 0◦, then cosθkv = 1, and the waves471

are measured at their actual k. However, oblique modes mea-472

sured at a fixed ωsc correspond to a higher k in the plasma473

frame. Since the turbulent spectrum decreases in amplitude474

with increasing k, the reduced spectrum is most sensitive to475

the smallest k in the sampling direction. For parallel prop-476

agating fluctuations such as AIC waves, θvB ' θkv, but for a477

broader k-distribution of obliquely propagating fluctuations,478

multiple fluctuations with different k and therefore, different479

θkB, contribute to a single θvB bin. The signal at θvB . 30◦480

is then likely due to fluctuations with θkB & 60◦, since they481

contribute to σ⊥, i.e., have a significant k⊥ component.482

As the polarisation properties of small-scale Alfvénic fluc-483

tuations are consistent with predictions from linear theory, it484

is reasonable to expect that Tp is also correlated in the βp-θvB485

plane. This expectation follows because different Alfvénic486

fluctuations are associated with different dissipation mecha-487

nisms, leading to distinct heating signatures. On the other488

hand, if the properties of the turbulence are truly indepen-489

dent of θvB, then we expect the dissipation mechanisms, and490

therefore, proton heating to be independent of θvB. To test491

this hypothesis, we plot the median values of Tp,⊥/〈Tp,⊥〉492

and Tp,‖/
〈
Tp,‖
〉

for each bin in the βp-θvB plane in Figure 4.493

Here,
〈
Tp,⊥/‖

〉
is the average value of Tp,⊥/‖ over all angles494

for each bin in log10(βp). This column normalisation removes495

the systematic proportionality of Tp with βp. The colour of496

each bin in the θvB-βp plane, therefore, shows as a function of497

θvB whether the proton temperature is equal to, larger than, or498

smaller than the average for a specific βp.499

Figure 4 shows a clear dependence of the median column-500

normalised Tp,⊥ and Tp,‖ on both θvB and βp. In general, we501

see higher Tp,⊥/〈Tp,⊥〉 at quasi-parallel angles where σ‖ is502

largest in Figure 3(a), associated with AIC waves driven by503

kinetic instabilities (Kasper et al. 2002b; Matteini et al. 2007;504

Bale et al. 2009; Maruca et al. 2012; Woodham et al. 2019).505

We also see higher Tp,‖/
〈
Tp,‖
〉

at oblique angles where σ⊥506

is largest in Figure 3(b), associated with KAW-like fluctua-507

tions (Leamon et al. 1999; Bale et al. 2005; Howes et al. 2008;508

Sahraoui et al. 2010). However, there are also enhancements509

in Tp,⊥/〈Tp,⊥〉 where σ⊥ ' 0.3, as indicated by the contours510

of constant σ⊥ from Figure 3(b). Despite enhancements in511

both the column-normalised Tp,⊥ and Tp,‖ in this region of512

parameter space, the proton temperature remains anisotropic513

with Tp,⊥/Tp,‖ < 1. We note that a lack of helicity signa-514

ture does not imply that waves are not present. Therefore, if515

the enhancements in proton temperature are associated with516

different dissipation mechanisms, we do not expect a perfect517

correlation with σ‖ and σ⊥ in the θvB-βp plane.518

Hellinger & Trávníček (2014) recommend to exercise cau-519

tion when bin-averaging solar wind data in a reduced parame-520

ter space. While conditional statistics have been employed in521

several studies (e.g., Bale et al. 2009; Maruca et al. 2011; Os-522

man et al. 2012), this non-trivial procedure may give spurious523

results as a consequence of superposition of multiple correla-524

tions in the solar wind and should be interpreted cautiously.525

We find no evidence that the correlations shown in Figure 4526

are caused by or related to other underlying correlations in527

the solar wind multi-dimensional parameter space. In partic-528

ular, we rule out the known correlation between vsw and Tp529

(Matthaeus et al. 2006; Perrone et al. 2019) by separating our530

results as a function of solar wind speed, finding that Figure 4531

is largely unchanged (not shown). This is consistent with the532

fact that the βp-θvB parameter space we investigate is deter-533

mined by the properties of Alfvénic fluctuations, which exist534

in both fast and slow wind (e.g., D’Amicis et al. 2019b).535

6. DISCUSSION536

It is well-known that Alfvénic turbulence is anisotropic, its537

properties dependent on the angle, θkB. For a single space-538

craft sampling in time, the common assumption of ergodic-539

ity means that we measure a statistically similar distribution540

of turbulent fluctuations. Hence, by sampling along differ-541

ent directions relative to a changing θvB, we measure dif-542

ferent components of the same distribution, e.g., the spec-543

trum of magnetic fluctuations parallel and perpendicular to544
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Figure 4. (a) Median proton perpendicular temperature, Tp,⊥/
〈

Tp,⊥
〉

and
(b) median proton parallel temperature, Tp,‖/

〈
Tp,‖
〉

, across βp-θvB space. In
both panels, we column-normalise the data by the median temperature in each
βp bin,

〈
Tp,⊥/‖

〉
, to remove the systematic dependency of βp on temperature.

The dashed black lines indicate the isocontours of σ̃m(θvB) = 0 mirrored about
the line θvB = 90◦. We also include contours of constant σ⊥ = 0.3 from Figure
3(b) as black lines.

B0. The same is true for magnetic helicity, where the left- or545

right-handedness is determined only by the sampling direc-546

tion. Certain fluctuations may still exist and we do not mea-547

sure them since we do not sample close enough to the k of548

these modes for them to make a significant contribution to the549

k ·vsw term in Equation 9. Therefore, if turbulent dissipation is550

ongoing, we expect the resultant heating to exhibit the same551

distribution as the fluctuations at ion-kinetic scales. This is552

because the polarisation properties of solar wind fluctuations553

affect what dissipation mechanisms can occur.554

We initially hypothesised that the proton temperature would555

not exhibit a systematic dependence on either θvB or σ‖,⊥.556

However, we show a clear dependence of Tp,⊥/‖/
〈
Tp,⊥/‖

〉
on557

θvB in Figure 4 that also correlates with the magnetic helic-558

ity signatures of different Alfvénic fluctuations at ion-kinetic559

scales. This result suggests that the properties of the turbu-560

lence also change with θvB. In other words, differences in the561

spectra of magnetic fluctuations with changing θvB are due to562

both single-spacecraft sampling effects and differences in the563

underlying distribution of turbulent fluctuations. If this inter-564

pretation is correct, studies that sample many angles θvB as the565

solar wind flows past a single spacecraft to build up a picture566

of the turbulence in the plasma, i.e., to sample different θkB,567

need to be interpreted very carefully (e.g., Horbury et al. 2008;568

Wicks et al. 2010; He et al. 2011; Podesta & Gary 2011b). In569

this study, we measure θvB at ∼92 s timescales, which sup-570

presses large-scale correlations such as the Parker-spiral. In-571

stead, we show correlations between small-scale fluctuations572

with respect to a local mean field and the macroscopic proton573

temperature. Therefore, it is fair to assume that the depen-574

dence of Tp,⊥/〈Tp,⊥〉 and Tp,‖/
〈
Tp,‖
〉

on θvB and βp reflects575

the differences in the localised dissipation and heating pro-576

cesses at ion-kinetic scales in the solar wind.577

A large enough Tp,⊥/Tp,‖ can drive AIC waves unstable in578

the solar wind (Kasper et al. 2002b; Matteini et al. 2007; Bale579

et al. 2009; Maruca et al. 2012). The driving of these waves580

is enhanced by the frequent presence of an α-particle proton581

differential flow or proton beam in the solar wind (Podesta582

& Gary 2011a,b; Wicks et al. 2016; Woodham et al. 2019;583

Zhao et al. 2019b, 2020a). The enhancement in Tp,⊥/〈Tp,⊥〉584

at quasi-parallel angles in Figure 4(a) is likely responsible585

for the driving of these modes and correlates with the peak586

in σ‖ at these angles in Figure 3(a), where we measure the587

strongest signal. While we are unable to observe AIC waves588

at oblique angles using a single spacecraft, we also measure589

KAW-like fluctuations at these angles using σ⊥ in Figure 3(b).590

The peaks in σ⊥ correlate with the observed enhancement in591

Tp,⊥/〈Tp,⊥〉, and therefore, are consistent with the dissipa-592

tion of these fluctuations leading to perpendicular heating. A593

common dissipation mechanism proposed for KAW-like fluc-594

tuations is Landau damping (e.g., Howes 2008; Schekochihin595

et al. 2009); however, this leads to heating parallel to B0. In-596

stead, perpendicular heating may arise from processes such597

as stochastic heating (Chandran et al. 2010, 2013) or even cy-598

clotron resonance (Isenberg & Vasquez 2019), although more599

work is needed to confirm this.600

We note that several studies (Markovskii & Vasquez 2013,601

2016; Markovskii et al. 2016; Vasquez et al. 2018) show that602

non-linear fluctuations confined to the plane perpendicular603

to B0 can produce the observed right-handed helicity signa-604

ture in σ⊥ in the same way as linear KAWs (e.g., Howes605

& Quataert 2010; He et al. 2012b). In this study, we refer606

to KAW-like fluctuations as non-linear turbulent fluctuations607

with polarisation properties that are consistent with linear608

KAWs, rather than linear modes. This interpretation does not609

preclude the possibility of resonant damping (Li et al. 2016,610

2019; Klein et al. 2017a, 2020; Howes et al. 2018; Chen et al.611

2019) or stochastic heating (e.g., Cerri et al. 2021) discussed612

above, however, additional processes cannot be ruled out. For613

example, kinetic simulations show perpendicular heating of614

ions by turbulent processes that may be unrelated to wave615

damping or stochastic heating, although, the exact heating616

mechanism is still unclear (e.g., Parashar et al. 2009; Servidio617

et al. 2012; Vasquez 2015; Yang et al. 2017).618

The variation of Tp,‖/
〈
Tp,‖
〉

in the βp-θvB plane in Figure619

4(b) is more difficult to interpret. This result could also be620

a signature of proton Landau damping of KAW-like fluctu-621

ations, although, this process is typically stronger at βp & 1622

(Gary & Nishimura 2004; Kawazura et al. 2019). While623

we measure fluctuations that can consistently explain the en-624

hancement in Tp,‖/
〈
Tp,‖
〉
, other fluctuations may be present625

that we do not measure. Direct evidence of energy transfer626

between the fluctuations and protons is needed to confirm this627

result, for example, using the field-particle correlation method628

(Klein & Howes 2016; Howes et al. 2017; Klein 2017; Klein629

et al. 2017b; Chen et al. 2019; Li et al. 2019). This evidence630

will require higher-resolution data than provided by Wind. We631
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note that caution must be given when interpreting these re-632

sults, since several other effects may also explain the tem-633

perature dependence seen in the βp-θvB plane. For example,634

instrumental effects and the role of solar wind expansion may635

result in similar temperature profiles. We now discuss these636

two effects in turn, showing that they cannot fully replicate637

our results presented in this paper.638

7. ANALYSIS CAVEATS639

7.1. Instrumentation & Measurement Uncertainties640

The SWE Faraday cups on-board Wind measure a reduced641

VDF that is a function of the average direction of B0 over642

the measurement interval (Kasper 2002). As the spacecraft643

spins every 3 s in the ecliptic plane, the Faraday cups mea-644

sure the current due to ions in several angular windows. The645

Faraday cups repeat this process using a different voltage646

(energy) window for each spacecraft rotation, building up647

a full spectrum every ∼92 s. By fitting a bi-Maxwellian648

to the reduced proton VDF, the proton thermal speeds, wp,‖649

and wp,⊥, are obtained and converted to temperatures via650

Tp,⊥/‖ = mpw2
p,⊥/‖/2kB, where mp is the proton mass. Due to651

the orientation of the cups on the spacecraft body, the direc-652

tion of B0 with respect to the axis of the cups as they integrate653

over the proton VDF can cause inherent uncertainty in wp,‖654

and wp,⊥. For example, if B0 is radial, then measurements of655

wp,‖ have a smaller uncertainty compared to when the field656

is perpendicular to the cup, i.e., B0 is orientated out of the657

ecliptic plane by a significant angle, θvB & 60◦ (Kasper et al.658

2006). In Figure 5, we plot the percentage uncertainty in wp,‖659

and wp,⊥,660

U(wp,⊥/‖) =
∆wp,⊥/‖

wp,⊥/‖
×100%, (19)

in the βp-θvB plane, where ∆wp,⊥/‖ is the uncertainty in661

wp,⊥/‖, derived from the non-linear fitting of the distribution662

functions. We note that these uncertainties are not equiva-663

lent to Gaussian measurement errors; however, they provide a664

qualitative aid to understand systematic instrumental issues in665

the Faraday cup data.666

We see that wp,⊥ has a larger uncertainty (∼40%) at quasi-667

parallel angles in Figure 5(a), which is almost independent of668

βp. While the median Tp,⊥/〈Tp,⊥〉 in Figure 4(a) is larger at669

these angles, it exhibits a clear dependence on βp. Therefore,670

increased uncertainty in the temperature measurements alone671

cannot completely account for the observed enhancement in672

Tp,⊥/〈Tp,⊥〉 at these angles in the βp-θvB plane. At quasi-673

perpendicular angles, the uncertainty in wp,⊥ is less than 10%,674

suggesting that the enhancements in Tp,⊥/〈Tp,⊥〉 in Figure675

4(a) at βp ' 1 and 40◦ . θvB . 140◦ are unlikely to result676

from instrumental uncertainties. From Figure 5(b), the un-677

certainty in wp,‖ is largest at θvB ' 90◦, although there is a678

larger spread to 70◦ . θvB . 110◦ at βp & 0.3. By compar-679

ing with Figure 4(b), the enhancement in Tp,‖/
〈
Tp,‖
〉

over the680

entire βp range does not coincide exactly with the regions of681

βp-θvB space where these measurements have increased un-682

certainty. We also expect that any increased uncertainty in683

the wp,‖ measurements would lead to increased noise that de-684

stroys any coherent median signal in this space, weakening685

the enhancement seen in Figure 4(b). Therefore, we conclude686

that the increased uncertainty in wp,‖ at oblique angles is not687

the sole cause of the observed enhancement in Tp,‖/
〈
Tp,‖
〉
.688
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Figure 5. Median percentage uncertainty in (a) wp,⊥ and (b) wp,‖, across
βp-θvB space. The dashed black lines indicate the isocontours of σ̃m(θvB) = 0
mirrored about the line θvB = 90◦. We also include contours of constant σ⊥ =
0.3 from Figure 3(b) as black lines.

Another source of uncertainty from the SWE measurements689

arises from the changing magnetic field direction over the690

course of the ∼92 s measurement interval (Maruca & Kasper691

2013). We quantify the angular fluctuations in B using:692

ψB =
N∑

i=1

arccos
(

B̂i · B̂92

)
/N, (20)

where N is the number of spacecraft rotations in a single mea-693

surement, B̂92 is the average magnetic field direction over the694

whole measurement interval, and B̂i is the magnetic field unit695

vector averaged over each 3 s rotation. A large ψB can lead696

to the blurring of anisotropies in the proton thermal speeds.697

In other words, the fluctuations in B over the integration time698

result in a broadening of the reduced VDFs, increasing uncer-699

tainty in these measurements (e.g., see Verscharen & Marsch700

2011). To reduce this blurring effect, we remove SWE mea-701

surements with angular deviations ψB > 15◦. Maruca (2012)702

provides an alternative dataset of proton moments from SWE703

measurements to account for large deviations in the instanta-704

neous magnetic field, using an average B0 over each voltage705

window scan (i.e., one rotation of the spacecraft, ∼3 s) to cal-706

culate wp,⊥ and wp,‖. Maruca & Kasper (2013) show that the707

Kasper (2002) dataset often underestimates the temperature708

anisotropy of proton VDFs. Our comparison with this alter-709

native dataset (not shown here) reveals that both Tp,⊥/〈Tp,⊥〉710
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and Tp,‖/
〈
Tp,‖
〉

show a similar, albeit slightly reduced, de-711

pendence on both βp and θvB. This result suggests that the712

temperature dependence we see in the βp-θvB plane is unlikely713

caused by the blurring of proton temperature anisotropy mea-714

surements.715

7.2. CGL Spherical Expansion716

Another possible source of proton temperature dependence717

on θvB is the expansion of the solar wind as it flows out into the718

heliosphere. The double adiabatic closure presented by Chew719

et al. (1956) predicts the evolution of Tp,⊥ and Tp,‖ assuming720

no collisions, negligible heat flux, and no local heating:721

d
dt

(
Tp,⊥

B

)
= 0 and

d
dt

(
Tp,‖B2

n2
p

)
= 0, (21)

where d/dt is the convective derivative. Under the assump-722

tion of steady-state spherical expansion, which is purely trans-723

verse to the radial direction with a constant radial velocity,724

vsw = vsw R̂, the continuity equation gives np ∝ 1/r2, where r725

is the radial distance from the Sun. We assume that the radial726

evolution of the magnetic field in the equatorial plane follows727

the Parker spiral (Parker 1958),728

B∝
√

cos2φ0 + r2 sin2φ0

r2 , (22)

which gives a radial dependence of B ∝ 1/r2 when φ0 = 0◦729

and B ∝ 1/r when φ0 = 90◦. The angle, φ0, is the foot-point730

longitude of the field at the solar wind source surface, given731

by:732

φ0 = arctan
(

r0Ω�
vsw

)
, (23)

where Ω� = 2.85× 10−6 rad/s is the constant solar angular733

rotation rate and r0 ' 20R� (Owens & Forsyth 2013). There-734

fore, a value of vsw sets the value of φ0 at a given radius,735

r0. Then, φ = tan−1 (Bφ/Br) is the azimuthal angle of B in736

the equatorial plane at a distance, r, from the Sun. The two737

angles are related by tanφ = R tanφ0, where R = r/r0. From738

Equations 21, 22, and the radial dependence of np, we obtain:739

Tp,⊥

T0,⊥
=

√
cos2 (φ0) + R2 sin2 (φ0)

R2 , (24)

740

741

and742

Tp,‖

T0,‖
=

1
cos2 (φ0) + R2 sin2 (φ0)

, (25)

where T0,⊥ and T0,‖ are the perpendicular and parallel proton743

temperatures at r0, respectively. We use Equations 24 and 25744

to investigate the dependence of proton temperature on φ at745

r = 215R� ' 1 au. Since the solar wind velocity is radial, the746

angle φ is approximately equal to θvB. We set T0,⊥ = 10 and747

T0,‖ = 1, giving R = 10.75 for r0 = 20R�. We create a distri-748

bution of angles φ0 using Equation 23 by selecting a range of749

wind speeds: 100≤ vsw ≤ 1000 km/s. This range of φ0 gives750

20◦ . φ . 80◦ at 1 au. In Figure 6, we show the variation of751

Tp,⊥ and Tp,‖ with φ. We choose a larger T⊥,0 to show more752

Figure 6. The temperature profiles Tp,‖ and Tp,⊥ as functions of φ at r ' 1
au for CGL spherical expansion given by Equations 24 and 25.

clearly the variation in Tp,⊥. We see that Tp,‖ remains simi-753

lar to the value set close to the Sun (small φ), and decreases754

rapidly with increasing φ, approaching zero at φ & 70◦. On755

the other hand, Tp,⊥ is largest at φ & 60◦ and approaches 0.1756

for φ . 30◦. This dependence of Tp,⊥ and Tp,‖ is opposite to757

what we observe in Figure 4, which in general shows larger758

Tp,‖ at θvB' 90◦ and larger Tp,⊥ at θvB' 0◦. Therefore, spher-759

ical expansion alone cannot explain our results.760

8. CONCLUSIONS761

We use magnetic helicity to investigate the polarisation762

properties of Alfvénic fluctuations with finite radial wave-763

number, kr, at ion-kinetic scales in the solar wind. Using764

almost 15 years of Wind observations, we separate the contri-765

butions to helicity from fluctuations with wave-vectors quasi-766

parallel and oblique to B0, finding that the helicity of Alfvénic767

fluctuations is consistent with predictions from linear Vlasov768

theory. In particular, the peak in magnetic helicity at ion-769

kinetic scales and its variation with βp and θvB shown in Fig-770

ure 3 are in agreement with the dispersion relation of linear771

Alfvén waves (Gary 1986), when modified by Taylor’s hy-772

pothesis. This result suggests that the non-linear turbulent773

fluctuations at these scales share at least some polarisation774

properties with Alfvén waves.775

We also investigate the dependence of local kinetic heat-776

ing processes due to turbulent dissipation on θvB. In Figure777

4, we find that both Tp,⊥ and Tp,‖, when normalised to their778

average value in each βp-bin, show a clear dependence on779

θvB. The temperature parallel to B0 is generally higher in the780

parameter-space where we measure a coherent helicity signa-781

ture associated with KAW-like fluctuations, and perpendicular782

temperature higher in the parameter-space where we measure783

a signature expected from AIC waves. We also see small en-784

hancements in the perpendicular temperature where we mea-785

sure the strongest helicity signal of KAW-like fluctuations.786

However, we re-iterate the important fact that the lack of a787

wave signal is not the same as a lack of presence of waves.788

Our results suggest that the properties of turbulent fluctua-789

tions at ion-kinetic scales in the solar wind depends on the an-790

gle θvB. This finding is inconsistent with the general assump-791

tion that sampling different θvB allows us to sample different792

parts of the same ensemble of fluctuations that is otherwise793

unaltered in its statistical properties. Therefore, studies that794

sample different θvB in order to sample different θkB need to be795
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interpreted very carefully. Instead, if we assume that the dis-796

sipation mechanisms and proton heating depend on θvB, the797

enhancements in proton temperature in Figure 4 are consis-798

tent with the role of wave-particle interactions in determining799

proton temperature in the solar wind. For example, whenever800

we measure the helicity of AIC waves or KAW fluctuations,801

then we also measure enhancements in proton temperature.802

However, the inverse is not necessarily true. We suggest that803

heating mechanisms associated with KAWs lead to both par-804

allel (Howes 2008; Schekochihin et al. 2009) and perpendic-805

ular (Chandran et al. 2010, 2013; Isenberg & Vasquez 2019)806

heating. We rule out both instrumental and large-scale expan-807

sion effects, finding that neither of them alone can explain the808

observed temperature profile in the βp-θvB plane.809

In summary, our observations suggest that the properties of810

Alfvénic fluctuations at ion-kinetic scales determine the level811

of proton heating from turbulent dissipation. This interpre-812

tation is consistent with recent studies showing that larger813

magnetic helicity signatures at ion-kinetic scales are associ-814

ated with larger proton temperatures and steeper spectral ex-815

ponents (Pine et al. 2020; Zhao et al. 2020b, 2021). Our find-816

ings, therefore, provide new evidence for the importance of817

local kinetic processes in determining proton temperature in818

the solar wind. We emphasise that our conclusions do not in-819

voke causality, just correlation. For example, we cannot rule820

out a lack of cooling rather than heating. However, while the821

adiabatic expansion of the solar wind causes the temperature822

to vary with θvB, this cannot explain the observed temperature823

profiles in the βp-θvB plane. Further work is ongoing in order824

to confirm these results and develop a theory for the processes825

associated with the polarisation properties of Alfvénic fluctu-826

ations that lead to the observed temperature profiles.827
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APPENDIX843

DECOMPOSITION OF FLUCTUATING MAGNETIC HELICITY844

Here we present a mathematical derivation that decomposes845

σr
m(kr) into the different contributions, σi j(kl), calculated us-846

ing Equation 13 (see also Wicks et al. 2012). In Figure 7, we847

plot the median value of the peak in σr
m(kr) across the βp-θvB848

plane, showing two helicity signatures of opposite handed-849

ness. This technique allows us to separate the helicity signa-850

tures of different fluctuations at ion-kinetic scales in the solar851

wind, as we show in Figure 3.852

We consider a spacecraft that samples a single mode with853

wave-vector:854

k = k⊥ cosα x̂ + k⊥ sinα ŷ + k‖ ẑ, (A1)

Figure 7. Median value of the peak in σr
m(kr) across the βp-θvB plane. The

dashed black lines indicate the isocontours of σ̃m(θvB) = 0 mirrored about the
line θvB = 90◦.

where α is the azimuthal angle of k in the x-y plane. The855

full signal from turbulence corresponds to a superposition of856

the signals from each of the modes, so considering a single857

mode is sufficient to understand how the components σi j(kl)858

are related to σr
m(kr). Without loss of generality, we take the859

solar wind velocity to be in the x-z plane,860

vsw = vsw sinθvB x̂ + vsw cosθvB ẑ, (A2)

and the local mean magnetic field to be B0 = B0 ẑ. We use the861

relation 2Im{a∗b} ≡ i (ab∗ − a∗b) to rewrite H ′rm (kr) in RTN862

coordinates from Equation 7 into the form:863

H ′rm (kr) = i
δBT δB∗N − δB∗T δBN

kr
. (A3)

The normalised reduced fluctuating magnetic helicity, σr
m(kr),864

is then given by Equation 11. We define the relation be-865

tween the RTN and the field-aligned (Equation 12) coordinate866

systems using the unit vector along the sampling direction,867

v̂sw = vsw/|vsw|:868

R̂ = v̂sw = sinθvBx̂ + cosθvBẑ;
T̂ = B̂0× v̂sw/|B̂0× v̂sw| = ŷ; (A4)

N̂ = R̂× T̂ = −cosθvBx̂ + sinθvBẑ.

By substituting for the RTN unit vectors in terms of x̂, ŷ, and869

ẑ and simplifying, we obtain:870

σr
m(kr) =

1
|δB(kr)|2

{[
i(δBxδB∗y − δB∗x δBy)

kz

]
kz cosθvB

+

[
i(δBxδB∗z − δB∗x δBz)

ky

]
ky sinθvB sinα

+

[
i(δByδB∗z − δB∗y δBz)

kx

]
kx sinθvB cosα

}
.

(A5)

http://spdf.gsfc.nasa.gov
https://github.com/danielver02/NHDS
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By defining the non-reduced fluctuating magnetic helicity871

(see also, Equation 5) as:872

H ′m(k) = i
δBxδB∗y − δB∗x δBy

kz

≡ i
δByδB∗z − δB∗y δBz

kx
≡ i

δBzδB∗x − δB∗z δBx

ky
,

(A6)

we can manipulate Equation A5 into the form,873

σr
m(kr) =

H ′m(k)
|δB(kr)|2

{kz cosθvB − ky sinθvB sinα

+kx sinθvB cosα},

≡σxy(kz)cosθvB +σxz(ky) sinθvB sinα
+σyz(kx) sinθvB cosα, (A7)

where we define the different contributions, σi j(kl), using874

Equation 13. We equate each of the terms between the two875

forms in Equation A7 to obtain the following direct relations876

between σr
m(kr) and σxy(kz), σxz(ky) and σyz(kx):877

σxy(kz) =
H ′m(k)
|δB(kr)|2

kz = σr
m(kr)

kz

kr
, (A8)

σxz(ky) = −
H ′m(k)
|δB(kr)|2

ky = −σr
m(kr)

ky

kr
, (A9)

and,878

σyz(kx) =
H ′m(k)
|δB(kr)|2

kx = σr
m(kr)

kx

kr
, (A10)

which are the same as Equations 14, 15, and 16.879

To highlight the separation of different fluctuations in the880

solar wind using this technique, we show in Figure 8(a) a time881

series of magnetic helicity spectra, σr
m, measured by Wind on882

01/07/2012. We plot the spectra as functions of frequency in883

the spacecraft frame, fsc = ωsc/2π (see Equation 10). In pan-884

els (b)-(d), we also plot σi j, showing the decomposition of885

σr
m into its three components. The two coherent signatures886

of opposite handedness at fsc ' 1 Hz in panel (a) are com-887

pletely separated into the components σxy and σyz in panels888

(b) and (c). In panel (d), we see only small enhancements889

close to 0.33 Hz, which corresponds to the spin frequency of890

the spacecraft. Besides this spacecraft artefact, there is no co-891

herent helicity signature in σxz, as expected.892
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Hellinger, P., & Trávníček, P. M. 2014, Astrophysical Journal Letters, 784,959

L15 5960
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