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ABSTRACT

Using data from orbits one to eleven of the Parker Solar Probe (PSP) mission, the magnetic field
spectral index was measured across a range of heliocentric distances. The previously observed transi-

tion between a value of −5/3 far from the Sun and a value of −3/2 close to the Sun was recovered,

with the transition occurring at around 50R⊙ and the index saturating at −3/2 as the Sun is ap-

proached. A statistical analysis was performed to separate the variation of the index on distance from

its dependence on other parameters of the solar wind that are plausibly responsible for the transition;
including the cross helicity, residual energy, turbulence age and the magnitude of magnetic fluctua-

tions. Of all parameters considered the cross helicity was found to be by far the strongest candidate

for the underlying variable responsible. The velocity spectral index was also measured and found to

be consistent with −3/2 over the range of values of cross helicity measured. Possible explanations for
the behaviour of the indices are discussed, including the theorised different behaviour of imbalanced,

compared to balanced, turbulence.

1. INTRODUCTION

The solar wind is known to contain a turbulent cas-
cade and it is proposed that this cascade plays a role

in its heating and acceleration (Coleman 1968; Belcher

1971; Alazraki & Couturier 1971; Bruno & Carbone

2013). An important diagnostic of the turbulence is

the spectral index, α, defined by E(k) ∝ kα, where
E(k) is the trace power spectrum and k is wavenum-

ber. The Parker Solar Probe (PSP) mission (Fox et al.

2016; Raouafi et al. 2023) allows us to measure this in-

dex across an unprecedented range of heliocentric dis-
tances and environments, having already reached a he-

liocentric distance of less than 14R⊙. Using data from

its first two orbits, Chen et al. (2020) found the mag-

netic field spectral index, αB, to vary with heliocentric

distance, appearing consistent with −5/3 at 0.6 au but
consistent with −3/2 at 0.17 au. Whether the spectrum

would continue to shallow for measurements closer to

the Sun was unclear. Using later encounters Shi et al.

(2021) and Sioulas et al. (2023) found the same transi-
tion in αB across a wider range of distances.

The two extremes of the transition, −5/3 and −3/2,

are common predictions for αB from theoretical models

of MHD turbulence. As these predictions are arrived at

by making different assumptions about the turbulence,
the value of the index can give us insight into its physics.

To construct such models it is useful to consider the

turbulence in terms of the Elsasser variables, defined

as δz± = δv ± δb, where δv is the perturbation to the

velocity field and δb = δB/
√
µ0ρ, where ρ is the density,

is the perturbation to the magnetic field in velocity units
(Elsasser 1950). From the ideal MHD equations, the

evolution of these Elsasser variables is given by

∂tδz
± ∓ (VA · ∇)δz± + (δz∓ · ∇)δz± = −∇p̃, (1)

where VA is the Alfvén velocity and p̃ is the total pres-

sure, the sum of the plasma pressure and the magnetic
pressure. From this, perturbations to the Elsasser fields

can be viewed as wave packets travelling along the back-

ground field at the Alfvén speed, with δz+ and δz−

corresponding to travel in opposite directions. Since the

nonlinear term in Equation (1) requires the presence of
both variables to be non-zero, MHD turbulence can be

viewed in terms of the interaction of these counter prop-

agating wave packets (Kraichnan 1965).

In the Iroshnikov-Kraichnan model (Iroshnikov 1964;
Kraichnan 1965) the turbulence is taken to be isotropic

and, in the picture described above, a wave packet must

interact with many others to be significantly deformed.

In other words the characteristic propagation time of the

wave packets is shorter than the nonlinear time of their
interactions, this is known as weak turbulence. The re-

sulting spectral index is −3/2. However, solar wind tur-

bulence is anisotropic (Horbury et al. 2012; Chen 2016).

This is accounted for in the Goldreich & Sridhar (1995)
model, where the wave packets are elongated along the

backgroundmagnetic field such that only one interaction

of wave packets is necessary to significantly deform those

wave packets. Here the turbulence is critically balanced,
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where the propagation and nonlinear times are taken to

be equal — this condition has been observed to hold in

the solar wind (Chen 2016). The result is a −5/3 scal-

ing with respect to k⊥, the wavenumber perpendicular
to the background field, and a −2 scaling with respect

to k‖, the wavenumber parallel to the background field.

Consistent with this, Horbury et al. (2008) reported a

k−2

‖ scaling in the solar wind. To this picture the

Boldyrev (2006) model adds that the angular alignment

of the velocity and magnetic field fluctuations is depen-

dent on scale, giving a k
−3/2
⊥ scaling and resulting in

the wave packets having a three-dimensional anisotropic

structure. Observations of the solar wind (Podesta et al.

2009; Wicks et al. 2013; Chen et al. 2012; Verdini et al.

2018) and simulations (Mason et al. 2006; Perez et al.

2012; Verdini & Grappin 2015; Mallet et al. 2016) pro-
vide mixed evidence for such alignment of fluctuations or

3D anisotropic structure in MHD turbulence. All these

models assume homogeneous background conditions,

the picture becomes more complicated when gradients
in these conditions are considered (Chandran & Perez

2019). Further, these models assume the energy in the

two Elsasser fields to be of comparable magnitude, this

is known as balanced turbulence.

It is known that the level of imbalance in en-
ergy between the two Elsasser fields varies with he-

liocentric distance (Roberts et al. 1987; Tu & Marsch

1995; Bavassano et al. 1998, 2000; Matthaeus et al.

2004; Breech et al. 2005; Bruno et al. 2007; Chen et al.
2020) and αB has been found to depend on

the cross helicity, a measure of the imbalance,

and residual energy at 1 au (Podesta & Borovsky

2010; Chen et al. 2013; Wicks et al. 2013; Bowen et al.

2018). Sioulas et al. (2023) found a dependence
of αB with cross helicity across the distance

range provided by PSP. Further, some theoreti-

cal models (Lithwick et al. 2007; Chandran 2008;

Beresnyak & Lazarian 2008; Schekochihin 2022) and
simulations (Beresnyak & Lazarian 2009, 2010) sug-

gest imbalanced turbulence behaves differently from

balanced turbulence, though this has been disputed

(Perez & Boldyrev 2009, 2010). The level of imbalance

therefore appears as a clear, plausible parameter behind
the observed transition in αB with distance, however, no

previous theoretical work predicts this particular effect.

In contrast, the velocity spectral index, αv, has been

found to be consistent with −3/2 as cross helicity is var-
ied at 1 au (Podesta & Borovsky 2010; Chen et al. 2013;

Bowen et al. 2018) and to not vary with distance across

the distance range provided by PSP (Shi et al. 2021).

However, Roberts (2010) reported αv to evolve with he-

liocentric distance from −3/2 at 1 au to −5/3 at dis-

tances of several au, with some evidence of shallower

spectra being associated with regions of high cross he-

licity.

An alternative explanation for the transition in αB

could lie in the fact that plasma at greater radial dis-

tances has had a greater number of nonlinear times pass

during its journey from the Sun. It, therefore, might

be argued that the transition is reflective of the turbu-

lence evolving during its journey from an earlier tran-
sient state. Shi et al. (2021) suggested that the turbu-

lence age, a parameter characterising this effect, could

be behind the transition after finding variation of the

index with both solar wind speed and radial distance.
However, Chen et al. (2020) found that, for distances as

close as 35.7R⊙, the travel time from the Sun is much

greater than the outer scale nonlinear time so the tur-

bulence should already be well evolved.

As the parameters discussed above themselves vary
with distance it is possible that αB’s apparent depen-

dence on those parameters is merely a reflection of the

parameters’ and αB’s shared dependence on distance.

In this paper a statistical analysis is presented, which,
for the first time, rigorously separates the dependence of

αB on distance from αB’s dependence on other proper-

ties of the solar wind, in order to clearly identify which

is controlling its behaviour and therefore the nature of

the MHD inertial range in the solar wind.

2. DATA

PSP data from orbits 1 to 11 were used, covering

the date range 1st October 2018 to 31st March 2022.

The magnetic field data were provided by the flux-

gate magnetometer (MAG) of the FIELDS instrument
suite (Bale et al. 2016), with the 4 samples per cycle

data product being used throughout this paper. The

ion velocity data were provided by the SPAN-I instru-

ment of the SWEAP suite (Kasper et al. 2016), with

bi-Maxwellian fits (Woodham et al. 2021) used during
encounters 2 to 7, where available, and moments being

used otherwise. Fits data were only used where at least

3 φ bins were fitted to, in order to ensure that the pro-

ton core was sufficiently captured. Density data were
obtained from the quasi-thermal noise (QTN) measure-

ments made by the Radio Frequency Spectrometer Low

Frequency Receiver (Moncuquet et al. 2020). Density

data from SPAN-I were also used but only as a check on

the quality of the velocity data, as described in Section
3.2.
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3. RESULTS

3.1. Dependence of magnetic spectral index with

distance

The magnetic field data were divided into intervals of

six hour duration in order to study the dependence of

the spectral index, αB, on heliocentric distance, r. Only
intervals where PSP was at a heliocentric distance of

less than 150R⊙ were considered and any intervals with

more than 1% of data points missing were excluded from

the analysis. This left 1873 intervals. For each interval a

fast Fourier transform was performed to produce a trace
power spectral density. Invoking the Taylor hypothesis

(Taylor 1938) allows such frequency spectra to be in-

terpreted as wavenumber spectra. Perez et al. (2021)

found the Taylor hypothesis to be appropriate for anal-
ysis with PSP data, even when working with data from

its closest approaches to the Sun. αB was calculated

for each interval in the spacecraft-frame frequency range

10−2Hz < fsc < 10−1Hz, it was verified that this cor-

responds to the MHD inertial range for each interval
used. All the analysis in this paper involving the mag-

netic spectral index was repeated with αB calculated

over a range of a fixed number of ion gyroradii (assum-

ing the Taylor hypothesis), this was found to have no
significant impact on the results.

The index, αB, calculated for each interval is shown

in Figure 1 as a function of heliocentric distance, r. At

large distances the results are consistent with a −5/3

scaling but are close to a −3/2 scaling at the closest dis-
tances to the Sun. The transition between the two val-

ues occurs at about 50R⊙. This result is in agreement

with Chen et al. (2020), with the additional finding that

the index appears to saturate near −3/2 as the Sun is
approached.

The transition is further illustrated in Figure 2. A

selection of trace power spectra from the intervals are

shown, with the colour of the spectra indicating the he-

liocentric distance at which they were measured. The
spectra have been smoothed by averaging over a sliding

window of a factor of two. Consistent with the above

discussion, the spectra measured closest to the Sun are

clearly shallower than those at the greatest distances
and are consistent, in their inertial range, with a −3/2

scaling indicated by the upper solid black line. The

spectra measured at the furthest distances are consis-

tent with a −5/3 scaling, indicated with the lower solid

black line.

3.2. Dependence on cross helicity and residual energy

To investigate the mechanism behind the transition

in the value of αB, other parameters of the solar wind,

plausibly underlying the transition, were also measured.
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Figure 1. The trace magnetic field spectral index, αB, of
six hour PSP intervals against the heliocentric distance, r,
with αB calculated in the frequency range 10−2 Hz < fsc <
10−1 Hz. The red line is a 75-point running mean. The
dashed lines mark the spectral index values commonly pre-
dicted from theory, −3/2 and −5/3.
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Figure 2. Example smoothed, six hour magnetic field power
spectra, E, coloured by the heliocentric distance, r, of the
intervals the spectra are calculated from. The solid black
lines mark slopes corresponding to spectral index values of
−3/2 and −5/3.

In order to determine which, if any, of these parameters
may be responsible for the transition, the variation of

αB with distance, r, was separated from its variation

with these parameters.

Those considered include the normalised cross helicity,

defined as

σc =
〈δz+2 − δz−2〉
〈δz+2 + δz−2〉 , (2)

and the normalised residual energy, defined as
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σr =
2〈δz+2 · δz−2〉
〈δz+2 + δz−2〉 , (3)

where the angular brackets represent averages taken

over the interval. The imbalance and alignment of

the Elsasser fields, characterised by σc and σr respec-

tively, are a factor in determining the magnitude of the

non-linear term in Equation (1), the governing equa-
tion of ideal MHD turbulence. This, and their known

radial dependence (Roberts et al. 1987; Tu & Marsch

1995; Bavassano et al. 1998, 2000; Matthaeus et al.

2004; Breech et al. 2005; Bruno et al. 2007; Chen et al.
2020), make σc and σr clear candidates for a potential

parameter underlying the αB transition.

The data were divided into one hour intervals. Only

intervals where PSP was at heliocentric distance of less

than 80R⊙ were considered. Any interval with at least
1% of the magnetic field data, 10% of the ion velocity

data or 80% of the density data missing was discarded.

Intervals where the average SPAN-I measured density

was less than 10% of the density measured from quasi-
thermal noise were also discarded. This final condition,

along with the condition on the heliocentric distances

of the intervals, is to ensure the SPAN-I measurements

are sufficiently capturing the velocity distribution of the

solar wind, which is not always fully in the instrument’s
field of view (Kasper et al. 2016). After application of

these conditions, 1894 intervals remained, of which 558

obtained their velocity data from bi-Maxwellian fits, the

remainder from moments.
Both σc and σr were calculated in the inertial range.

This was achieved by determining the perturbations

to the Elsasser variables in Equations 2 and 3 using

δz±(t) = z
±(t + τ) − z

±(t), with τ ≈ 100 s, a dura-

tion that corresponds to the inertial range. z
±(t) were

calculated using only the magnetic field and ion velocity

components perpendicular to B0, the mean magnetic

field of each interval. Figure 3(a) and (b) show |σc|
and |σr| as functions of r. The radial dependence of
both quantities is immediately apparent with intervals

of high imbalance and low residual energy being more

frequent closer to the Sun. Note that when calculated

with moments |σc| tended to be slightly lower than when

calculated with the bi-Maxwellian fits. The apparent de-
crease in |σc| as the Sun is approached at the smallest

r displayed, where only moments are available, is there-

fore possibly artificial.

For each interval αB was calculated, as described in
the previous section. The intervals were binned by ab-

solute cross helicity or absolute residual energy and the

mean index for each bin determined, with associated

standard error. The results are shown in 3(c) and (d)

for |σc| and |σr|, respectively. The clear trends of in-

creasing index for increasing imbalance and decreasing

index for increasing absolute residual energy are consis-

tent with the trends of αB, |σc| and |σr| with r. These
strong trends make both |σc| and |σr| good candidates

for the analysis of this paper.

To examine whether σc, say, may be behind the tran-

sition in αB, the variation of αB with r was separated

from the variation of αB with |σc|. In order to do this
one of r or |σc| was held approximately constant and

the response of αB to varying the other under this con-

straint was observed. Take first isolating the variation

of αB with |σc| from its variation with r. The intervals
were binned according to r and, within each bin, a linear

fit was performed of αB against |σc|. For each bin the

gradient of the linear fit, γ, and associated 95% confi-

dence interval from that fit are displayed in Figure 4(a),

against the arithmetic centre of the heliocentric distance
range of that bin. 12 of the confidence intervals do not

contain zero and so have an associated γ statistically

different from zero. This is strong evidence that, even

when r is kept approximately constant, αB continues to
vary with σc.

To isolate the variation with r from the variation with

σc a similar procedure was followed. In this case the in-

tervals were binned by |σc| and, within each bin, a linear

fit of αB to r was performed. Again a gradient, γ, and
associated 95% confidence interval were obtained, the

results are shown in 4(b). In this case only 4 of the bins

have an associated γ which is statistically different from

zero and the sign of γ is inconsistent across bins. There
is therefore little evidence of a trend with r remaining

when |σc| is held approximately constant. Figures 4(a)

and (b) therefore suggest cross helicity is a strong candi-

date for a parameter underlying the observed transition

in αB.
The above process was repeated with |σr| and r, the

results are shown in Figures 4(c) and (d). The data

points for bins containing fewer than 10 intervals are

not shown and are excluded from analysis, as is the case
throughout this paper. Figure 4(c) is analogous to 4(a)

with the intervals binned by r to isolate the variation

of αB with |σr|. 6 of the bins have confidence intervals

that do not contain zero. There is, therefore, weaker

evidence that the trend of αB with |σr| remains when r is
held approximately constant compared to the |σc| case.
Figure 4(d) is analogous to 4(b); the intervals are binned

by |σr| to isolate the effect of varying r on the index.

Only 5 of the bins have associated γ with confidence
intervals that do not include zero and therefore there is

some evidence that holding |σr| constant has removed

the apparent trend with r. Overall, Figures 4(c) and



Variation of magnetic field spectral index in the solar wind 5

10 20 30 40 50 60 70 80 90
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

10 20 30 40 50 60 70 80 90
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1
-1.8

-1.75

-1.7

-1.65

-1.6

-1.55

-1.5

-1.45

0 0.2 0.4 0.6 0.8 1
-1.8

-1.75

-1.7

-1.65

-1.6

-1.55

-1.5

-1.45

Figure 3. (a) The absolute cross helicity, |σc|, dependence and (b) the absolute residual energy, |σr|, dependence on heliocentric
distance, r. (c) The mean magnetic spectral index, αB, for intervals binned by |σc| with associated standard errors. The dashed
lines mark αB values of −3/2 and −5/3. (d) The equivalent for |σr| bins.

(d) suggest some evidence in favour of residual energy

as a candidate for a parameter underlying the observed

transition but this evidence is weaker than that for the

cross helicity.
It should be noted that σc and σr do not vary inde-

pendently and so it is possible that an apparent trend

with one is due to the trend with the other. The values

of σr and σc for the intervals used are plotted against
each other in Figure 5. From Equations (2) and (3)

it is apparent that σ2
c + σ2

r ≤ 1. There is a tendency,

observed in previous studies (Bavassano & Bruno 2006;

Bruno et al. 2007; D’Amicis et al. 2010; Chen et al.

2013; Wicks et al. 2013), for the points to preferentially
lie towards the edge of the circle this condition defines

and cluster in the negative residual energy, positive cross

helicity quadrant. Given this, it is important to sepa-

rate the dependence of αB on σc and on σr. The above
analysis technique was therefore used with |σc| and |σr|,
r no longer being considered. The results are shown in

Figure 6. Figure 6(a) shows γ for a fit of αB against

|σc| for intervals binned by |σr|. For 14 of the bins the

confidence interval does not include zero. This indicates

that, even with |σr| held constant, there is still good

evidence of statistically significant variation of αB with

|σc|. Figure 6(b) shows the reverse, with γ correspond-

ing to a fit of αB against |σr| for intervals binned by
|σc|. In this case only two of the intervals have a cor-

responding γ with a confidence interval that does not

include zero. When |σc| is held constant it appears the

trend with |σr| vanishes. This suggests that the appar-
ent trend with residual energy is simply a manifestation

of the underlying trend with cross helicity.

3.3. Dependence on turbulence age

A parameter also considered was the turbulence age

(Matthaeus et al. 1998), the approximate number of
outer scale nonlinear times that have passed for a par-

cel of plasma during its journey from the Sun, as it is

possible that the trend observed in αB may be due to

the turbulence evolving in time as it becomes fully de-
veloped.

Equation (1) suggests a form for the nonlinear time of

τnl ∼ λ/δb, where λ is the scale of the fluctuation and δb

is in velocity units. Note that this form of τnl does not
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Figure 4. (a) The gradient from a least squares linear fit, γ, of the magnetic spectral index, αB, against absolute cross helicity,
|σc|, for sets of intervals binned by heliocentric distance, r. (b) γ of αB against r for sets of intervals binned by |σc|. (c) γ of αB

against absolute residual energy, |σr|, for sets of intervals binned by r. (d) γ of αB against r for sets of intervals binned by |σr|.
95% confidence intervals for each γ are marked. In each case a dotted line marks γ = 0 to illustrate the statistical significance,
or lack thereof, of each γ. The data points for bins containing fewer than 10 intervals are not shown.

account for effects arising from alignment or imbalance

of the Elsasser fields. For this paper λ was taken to be

the correlation scale, measured as the time scale over

which the correlation function,

C(τ) = 〈δB(t+ τ) · δB(t)〉, (4)

where δB(t) = B(t) − 〈B〉, decreases by a factor of e;

which was then converted to a length scale using the
Taylor hypothesis (Isaacs et al. 2015; Chen et al. 2020).

δb was taken to be the square root of the value of the

magnetic field second-order structure function,

S2(τ) = 〈|B(t+ τ)−B(t)|2〉, (5)

at large scales, where it reaches a steady value, in veloc-

ity units (Chen et al. 2020). The resulting τnl for each of

the 1894 intervals used in the previous section is shown
in Figure 7(a). As the correlation scale increases with

distance and the magnetic fluctuation amplitudes de-

crease, the outer scale nonlinear time is seen to increase

with distance from the Sun.

If τnl is taken to be constant for a given plasma parcel

over its journey from the Sun, then the turbulence age is

estimated as At = T/τnl, where T is the travel time from

the Sun. However, calculated this way, τnl was found

to increase at such a rate with distance that At would
decrease with distance, which clearly cannot be correct.

The assumption that the nonlinear time is constant was

therefore abandoned and the following integral instead

considered,

At(t) =

∫ t

0

dt′

τnl(t′)
. (6)

Taking the solar wind speed, Vsw, to be constant with

distance and performing a change of variables gives,

At(r) =
1

Vsw

∫ r

r0

dr′

τnl(r′)
. (7)

It was then assumed that τnl follows a power law, τnl ∝
ra. Figure 7(a) gives justification to this assumption,

with τnl appearing reasonably well captured by a such
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Figure 5. The dependence of the residual energy, σr, on the
cross helicity, σc. The circle marks σ2

c
+ σ2

r
= 1. Note that a

positive σc does not always correspond to an excess of energy
in the Elsasser variable propagating away from the Sun, as
the direction of B has not been altered in the calculation of
σc to ensure this.

a function. If τnl is measured at some distance rm to be

τnl,m = τnl(r = rm) then τnl = (r/rm)aτnl,m. Performing

the integral gives,

At(r) =
1

1− a

ram
Vswτnl,m

[r1−a − r1−a
0 ]. (8)

The value of a was calculated to be 1.85 by perform-

ing a fit of τnl against distance as shown in Figure 7(a).

This value was used for all intervals. For each interval
rm and τnl,m were taken to be the values as calculated for

that interval, as was the case for Vsw. A value had to be

set for r0, 13R⊙ was used for each interval — this being

a value below all heliocentric distances of the intervals

used. While setting a value too far from the Sun will
result in a systematically underestimated At, note that

what is important for this present analysis is the relative

At between points, rather than the absolute At. The re-

sults are shown in 7(b), with a least squares fit demon-
strating that At increases with distance. At ≫ 1 for

all intervals, consistent with Chen et al. (2020), which

would suggest well developed turbulence, and so appears

to undermine the suggestion that the turbulence age

may be behind the transition, though, as stated above,
the form of τnl,m used here does not take into account

imbalance or alignment of the Elsasser fields.

The intervals were binned by the calculated At and the

mean αB for each bin determined with associated stan-
dard error, the results are shown in Figure 7(c). Unlike

in the cases of the trend with r, σc or σr, there is no

clear trend of αB with At. Nevertheless, the analysis of

the previous section was repeated to attempt to sepa-

rate any dependence of αB on At from the dependence

on r. Analogous to the above analysis, the intervals were

binned according to distance and γ was calculated for

each, with associated 95% confidence intervals, and is
shown in Figure 7(d). Only 5 bins have associated error

bars do not include zero. From this, and Figure 7(c), it

follows that the evidence for turbulence age being the

parameter underlying the transition in the spectral in-

dex is far weaker than is the case for cross helicity.

3.4. Dependence on further parameters

Other parameters possibly underlying the variation in
αB were considered and the above statistical analysis

repeated for each. The 1894 intervals of the previous

two sections were used for each parameter examined.

Chen et al. (2021) found αB to depend on wind type,

which the solar wind velocity is a common proxy for.
Further Shi et al. (2021) reported a trend of increasing

index with increasing velocity. The mean solar wind

velocity, Vsw, against r for each interval is shown in Fig-

ure 8(a), clearly showing the acceleration of the solar
wind from the Sun. Figure 8(b) shows the results of

separating any dependence of αB on Vsw from its ap-

parent dependence on r, with the intervals being binned

by r, and γ with associated confidence interval being

determined for each. 5 bins have associated confidence
intervals that do not include zero and the sign of γ is

inconsistent across these bins. The evidence for Vsw as

the underlying parameter is therefore weak.

A further parameter considered was the sampling
angle — the angle between the mean magnetic field

and mean solar wind velocity in the spacecraft frame.

Solar wind turbulence is known to be anisotropic

(Horbury et al. 2012; Chen 2016) meaning that differ-

ent properties may be observed depending on the angle
PSP’s path makes with the background field, potentially

explaining the observed index trend with distance. The

measured angles, θBV, for each of the intervals used are

shown against r in Figure 8(c). There is a clear trend
with distance, with greater θBV values tending to be ob-

served further from the Sun. A similar analysis to the

above is shown in Figure 8(d), the intervals here again

binned by r to isolate any trend with θBV. Only 3 of

the bins have γ which are statistically different from zero
and so there is little evidence for a trend with the sam-

pling angle once the trend with distance is taken into

account.

The magnitude of the magnetic field fluctuations, both
unnormalised and normalised by the background field,

were also considered. The latter is a factor in determin-

ing the turbulence strength and so may plausibly play

a role in the transition of αB. δB was calculated as in
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Figure 6. (a) The gradient from a least squares linear fit, γ, of the spectral index, αB, against absolute cross helicity, |σc|,
for sets of intervals binned by absolute residual energy, |σr|. (b) γ of αB against |σr| for sets of intervals binned by |σc|. 95%
confidence intervals for each γ are marked. The data points for bins containing fewer than 10 intervals are not shown.

Figure 7. (a) The dependence of the nonlinear time, τnl, on heliocentric distance, r. (b) The dependence of the turbulence age,
At, on r with the age calculated using Equation 8. (c) The mean spectral index, αB, for intervals binned by At with associated
standard errors. (d) The gradient from a least squares linear fit, γ, of αB against At for sets of intervals binned by r with 95%
confidence intervals.
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Figure 8. The dependence of (a) the solar wind speed, Vsw; (c) the sampling angle, θBV; (e) the magnitude of the magnetic
field fluctuations, δB, squared and (g) the normalised fluctuation magnitude, δB/B0, squared on the heliocentric distance, r.
(b) The gradient from a least squares linear fit, γ, of the spectral index, αB, against Vsw for sets of intervals binned by r, with
95% confidence intervals, and the equivalent for γ of αB against (d) θBV, (f) δB2 and (h) δB2/B2

0 . The data points for the
largest r bin in (b) and (d) are not shown due to having large associated confidence intervals, to allow the confidence intervals
of other bins to be seen clearly.

Section 3.3 but was not converted to velocity units. The

unnormalised values against distance are shown in Fig-

ure 8(e) and the normalised in Figure 8(g). While there
is a very clear negative trend with distance in the un-

normalised case there is no clear trend in the normalised

case. Similar analysis to the above yields Figures 8(f)

and 8(h) for the unnormalised and normalised case re-

spectively. In the case of the unnormalised fluctuation
magnitude only 3 bins have a γ statistically different

from zero, in the case of the normalised fluctuation it

is only 2, and so the evidence for either underlying the

transition in αB is weak.

3.5. The velocity field spectral index

To aid with the interpretation of the above results,

that point to cross helicity as the underlying parameter

behind the dependence of the magnetic field spectral
index with distance, the dependence of the velocity field

spectral index, αv, on cross helicity was considered.

The lower cadence of the velocity measurements com-

pared to the magnetic field measurements makes obtain-

ing a good measure of αv considerably more difficult
than obtaining a good measure of αB. SPAN-I mo-

ments were used, rather than fits, to measure αv due

to noise in the fits data at high frequencies. The data

were divided into one hour intervals, only those with a
resolution of at least 11 seconds were used. The selec-

tion criteria described in Section 3.2 were also applied.

For each interval a fast Fourier transform was performed

to produce a velocity power spectrum which was then

smoothed by averaging over a sliding window of a fac-

tor of two. Many values for αv were then obtained by

calculating αv over frequency ranges set by a sliding win-
dow, 0.2 f∗ < fsc < f∗, with f∗ ranging from fmax, the

maximum available frequency, down to 0.5 fmax. These

ranges are selected as fmax is in the MHD inertial range

for all intervals. The resulting set of indices were subject

to a moving mean of a constant number of data points,
with the variance associated with each mean recorded.

The mean corresponding to the smallest variance was

then selected as the final value for αv for the interval,

the process being designed to select a frequency range
to measure αv over which the value of αv is as close to

constant as possible.

The process was deemed to have performed sufficiently

well when the minimum variance was below 10−4. Dis-
carding intervals where this was not the case left 757

intervals. An additional 12 intervals, for which unphysi-

cal values of αv were calculated and which contained he-

liospheric current sheet crossings or where the velocity

distribution was not well captured, were also discarded.
The measured αv against |σc| for the remaining intervals

is shown in Figure 9, with σc determined as in previous

sections. There is no evidence for a trend of the αv with

|σc|, with the running mean being consistent with −3/2
for all values of |σc|.

4. DISCUSSION

In this paper a transition in the magnetic field spec-

tral index has been shown from−5/3 far from the Sun to
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Figure 9. The velocity field spectral index, αV, of one hour
PSP intervals against the absolute cross helicity, |σc|. The
red line is a 50-point running mean. The dashed lines mark
the spectral index values −3/2 and −5/3.

−3/2 close to the Sun, with the transition occurring at

around 50R⊙. This is in agreement with previous obser-

vations (Chen et al. 2020; Shi et al. 2021; Sioulas et al.

2023). A saturation of αB at −3/2 as the Sun is ap-
proached is shown clearly for the first time. To gain in-

sight into the physical mechanism responsible, the vari-

ation of the index with distance was separated from

its variation from a number of other parameters plau-
sibly responsible for the transition. Of all variables

considered, the normalised cross helicity was found to

be the only parameter to show a significant underly-

ing effect on the spectral index. Previous work has

found αB to vary with σc (Podesta & Borovsky 2010;
Chen et al. 2013; Wicks et al. 2013; Bowen et al. 2018;

Sioulas et al. 2023), this paper builds on those findings

by rigorously isolating the variation with σc from vari-

ation with other parameters of the solar wind. This
result contrasts with Bowen et al. (2018), who argued

that the residual energy is the main controlling param-

eter, and Shi et al. (2021), who argued for the turbu-

lence age. However, the analysis presented here does

not exclude the possibility of a secondary, weaker de-
pendence on these parameters. There is no evidence

for a similar trend for the velocity spectrum, which ap-

pears to be consistent with a −3/2 scaling regardless

of the cross helicity. This is in agreement with obser-
vations at 1 au (Podesta & Borovsky 2010; Chen et al.

2013; Bowen et al. 2018) and Shi et al. (2021), which

found no trend of αv with distance using PSP data.

Some existing models of imbalanced turbulence do pre-

dict different behaviour for imbalanced compared to
balanced turbulence (Lithwick et al. 2007; Chandran

2008; Beresnyak & Lazarian 2008; Schekochihin 2022)

but none predict the results obtained.

It is possible that excess magnetic energy in some re-

gions, represented by a negative residual energy, could
manifest as current sheets and Li et al. (2011) found the

presence of current sheets was associated with steeper

magnetic spectra. This would be consistent with the

found trend of the magnetic index on residual energy.

In agreement with this potential connection Dunn et al.
(2023) found discontinuities in the solar wind to be as-

sociated with steeper spectra. However, if such discon-

tinuities were behind the transition in αB it would be

expected that the dependence of αB on |σr| would be
stronger than its dependence on |σc|, which is the op-

posite to what has been found here. The apparent ten-

dency for the residual energy to be maximised for a given

cross helicity (Figure 5) may provide a means by which

the cross helicity could influence the index through this
mechanism despite this.

An alternative explanation for the transition could

lie in the potentially different behaviour of imbalanced,

compared to balanced, turbulence. The imbalanced re-
gions are, for example, where the theorised “helicity bar-

rier” is thought to be active (Meyrand et al. 2021). Un-

der certain conditions a forward cascade of cross helicity

meets a reverse cascade of magnetic helicity near the ion

gyroscale, limiting the energy that can cascade forward
for the dominant Elsasser field. The resulting buildup in

energy at the gyroscale could result in a shallower spec-

trum, hence explaining the different observed scalings

for different levels of imbalance. However, this would
not account for why there is only a transition in the

magnetic spectral index and not the velocity index, a

challenge any potential explanation has to overcome.

The mechanism behind the observed behaviour of αB

and αv remains an open question. The found strong
dependence of the magnetic spectral index on the cross

helicity perhaps points to an area where a new model of

imbalanced MHD turbulence could be developed. Such

a model would more fully capture the behaviour of the
solar wind fluctuations than existing models and may

better account for the impact of imbalance in MHD tur-

bulence in general.
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