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ABSTRACT

Large-scale compressive slow-mode-like fluctuations can cause variations in the density, temperature,

and magnetic-field magnitude in the solar wind. In addition, they also lead to fluctuations in the

differential flow Upα between α-particles and protons (p), which is a common source of free energy for

the driving of ion-scale instabilities. If the amplitude of the compressive fluctuations is sufficiently large,

the fluctuating Upα intermittently drives the plasma across the instability threshold, leading to the
excitation of ion-scale instabilities and thus the growth of corresponding ion-scale waves. The unstable

waves scatter particles and reduce the average value of Upα. We propose that this “fluctuating-beam

effect” maintains the average value of Upα well below the marginal instability threshold. We model

the large-scale compressive fluctuations in the solar wind as long-wavelength slow-mode waves using
a multi-fluid model. We numerically quantify the fluctuating-beam effect for the Alfvén/ion-cyclotron

(A/IC) and fast-magnetosonic/whistler (FM/W) instabilities. We show that measurements of the

proton-α differential flow and compressive fluctuations from the Wind spacecraft are consistent with

our predictions for the fluctuating-beam effect. This effect creates a new channel for a direct cross-scale

energy transfer from large-scale compressions to ion-scale fluctuations.

1. INTRODUCTION

The solar wind plasma consists of ions and electrons

that are continuously energized in the solar corona and

expand into the heliosphere. The plasma conditions in
this environment are weakly collisional. Therefore, the

velocity distribution functions of the ions often develop

and maintain non-thermal features. If these features

are sufficiently strong, they provide free energy to drive

kinetic instabilities (Hellinger et al. 2006; Maruca 2012;
Verscharen et al. 2013a; Zhao et al. 2018; Bowen et al.

2020).

Among the ion species in the solar wind, the α-

particles are the second-most abundant species af-
ter the protons. They typically account for about

1−5% of the total ion number density and thus about

4−20% of the total ion mass density (Robbins et al.

1970; Bame et al. 1977). The α-particle abundance

shows, on average, a positive correlation with the
solar-wind speed (Aellig et al. 2001; Kasper et al. 2007;

Alterman & Kasper 2019).

Protons and α-particles often exhibit distinct bulk

velocities Uj , where j = p, α, respectively. We de-
fine the differential flow velocity between α-particles

and protons as Upα = Uα − Up. The resulting vec-

tor is generally parallel or anti-parallel to the local

magnetic field (Kasper et al. 2006) and exhibits corre-

lations with Up, heliocentric distance R, and the colli-

sional age (Neugebauer et al. 1996; Stansby et al. 2019;
Ďurovcová et al. 2019; Mostafavi et al. 2022). Kinetic

instabilities driven by proton-α differential flow have

typical thresholds of order the local Alfvén speed

VA ≡
B0

√

4πnpmp

(1)

(Verscharen et al. 2013b), where B0 is the background

magnetic field, np is the proton number density, and mp

is the proton mass. As the solar wind travels away from

the Sun, VA decreases as long as B2
0 decreases faster

with distance than np, which is generally true in the in-

ner heliosphere. If we assume that all relevant plasma

variables follow monotonic radial profiles and that Up

and Uα follow a ballistic trajectory, this decrease in the

Alfvén speed with R leads to an increase in Upα/VA

with R, bringing Upα closer to the local thresholds of the

instabilities driven by proton-α differential flow. Once
Upα crosses a local instability threshold, small-scale fluc-

tuations in the electromagnetic field grow at the ex-

pense of the Upα, and, in turn, the instabilities regu-

late the value of Upα by limiting it to the local thresh-
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old (Marsch et al. 1982; Marsch & Livi 1987; Gary et al.

2000a; Verscharen et al. 2013a).

The proton-α differential flow primarily excites two

kinds of kinetic instabilities: a group of A/IC in-
stabilities and the FM/W instability (Gary 1993;

Verscharen et al. 2013b; Gary et al. 2016). The paral-

lel FM/W instability has lower thresholds than other α-

particle-driven instabilities when βp is large, while the

oblique A/IC instabilities have lower thresholds at large
beam density or small βp (Gary et al. 2000a), where

βj ≡
8πnjkBTj

B2
0

(2)

is the ratio of thermal energy of species j to mag-

netic field energy, nj is the density of species j, kB
is the Boltzmann constant, and Tj is the tempera-

ture of species j. The FM/W instability threshold
strongly depends on T⊥α/T‖α, β‖p as well as T‖α/T‖p

(Gary et al. 2000b), where T⊥j is the temperature of

species j perpendicular to the magnetic field, T‖j is the

temperature of species j parallel to the magnetic field,

and β‖j ≡ βjT‖j/Tj. Verscharen et al. (2013a) find a
new, parallel A/IC instability in the parameter range

1 < βp < 12. The minimum Upα for driving this paral-

lel A/IC instability ranges from 0.7VA when T⊥α = T‖α

to 0.9VA when T‖α/T‖p = 4, while the threshold for
the FM/W instability is about 1.2VA (Gary et al. 2000a;

Li & Habbal 2000). The temperature anisotropy of the

α-particles can also significantly reduce the thresholds

of parallel A/IC and FM/W instabilities in terms of Upα

(Verscharen et al. 2013b).
Only about 2% of the overall solar-wind fluctuations,

in terms of their relative fluctuating power, are compres-

sive (Chen 2016). Observations show that slow-mode-

like fluctuations are a major component among these
compressive fluctuations in the solar wind (Howes et al.

2012; Klein et al. 2012). Slow-mode-like fluctuations are

characterized by an anti-correlation between density and

magnetic field strength, a property that these fluctu-

ations share with the magnetohydrodynamics (MHD)
slow mode in the low-βp limit. A large majority of the

compressive fluctuations in the solar wind are found to

be quasi-stationary pressure-balanced structures which

can be interpreted as highly-oblique slow modes, al-
though the exact orientation of their wavevectors and

thus their propagation properties are not fully under-

stood1 (Bavassano et al. 2004; Kellogg & Horbury 2005;

1 We do not invoke non-propagating pressure-balanced structures

for our proposed scenario in this article. We only reference to

pressure-balanced structures as observational evidence for the

slow-mode-like polarization of the compressive fluctuations in the

solar wind.

Yao et al. 2011, 2013). The three-dimensional eddy

shape of the compressive fluctuations is highly elongated

along the local mean magnetic field (Chen et al. 2012).

This wavevector anisotropy (k⊥/k‖) of the compressive
fluctuations is typically greater than six and thus about

four times greater than the wavevector anisotropy of the

Alfvénic fluctuations (Chen 2016), where k⊥ and k‖ are

the wavenumbers in the directions perpendicular and

parallel to the background magnetic field. Therefore,
most compressive fluctuations have an angle of propa-

gation greater than 80◦ with respect to the local mean

magnetic field. This result is confirmed by the agree-

ment between MHD predictions of slow-mode polariza-
tion properties assuming an angle of 88◦ and observa-

tions of the compressive fluctuations in the solar wind

(Verscharen et al. 2017).

Slow-mode-like fluctuations with large amplitudes

cause significant changes in the plasma density, tem-
perature, and magnetic field strength. This leads to

an effect known as the “fluctuating-anisotropy effect”

(Verscharen et al. 2016). In this framework, slow-mode-

like fluctuations quasi-periodically modify the values of
T⊥p/T‖p and β‖p at any given point in the plasma, fluc-

tuating around their average values. If these values cross

the thresholds for anisotropy-driven kinetic instabilities

during this parameter-space trajectory, ion-scale waves

grow and scatter the protons, altering the average value
of T⊥p/T‖p. The combined action of compressive fluctu-

ations and the anisotropy-driven instabilities maintains

an average value of T⊥p/T‖p away from the instability

thresholds at a location in parameter space that depends
on the amplitude of the large-scale compressive fluctua-

tions.

In this work, we extend the fluctuating-anisotropy ef-

fect to a broader “fluctuating-moment framework” by

incorporating differential flows between protons and α-
particles. We refer to the modification of Upα in the

presence of large-scale compressions and the associated

amplitude-dependent reduction of the effective thresh-

olds of beam-driven instabilities as the “fluctuating-
beam effect”. We hypothesize that long-wavelength

slow-mode-like fluctuations are able to lower the effec-

tive thresholds of α-particle-driven kinetic instabilities

in the solar wind.

In Section 2, we present our understanding of the
framework in which slow-mode-like fluctuations modify

the effective instability threshold. We present our re-

sults showing the dependence of the effective thresholds

of A/IC and FM/W instabilities. In Section 3, we test
our theoretical results against solar-wind measurements

from the Wind spacecraft. We present our results and
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discuss the limitations and further research directions in

Section 4.

2. ANALYSIS OF THE FLUCTUATING-BEAM

EFFECT

2.1. Conceptual Description

Figure 1 illustrates the fundamental concept of the

fluctuating-beam effect. In case (a), we assume that
no compressive fluctuations are present (δB‖ = 0) and

that Upα0 (i.e., the average Upα) is below the thresh-

old value Uth for any given α-particle-driven instability.

Since Upα < Uth at all times, this case corresponds to
an overall stable configuration.

In case (b), we now include a slow-mode-like fluctua-

tion with a small amplitude δB‖ 6= 0. Due to the pres-

ence of this fluctuation, all plasma and field parameters

participate in the fluctuations according to the polariza-
tion properties of the mode. This leads to quasi-periodic

fluctuations in Upα around Upα0 and in the instabil-

ity threshold Uth around its average value Uth0. These

quasi-periodic fluctuations in Upα and Uth are in phase
(as we see in Section 2.3). In case (b), we assume that

the amplitude δB‖ is so small that Upα < Uth through-

out the evolution of the large-scale compression. There-

fore, this system remains stable despite the fluctuations

in both Upα and Uth.
In case (c), we now assume that the amplitude δB‖

is so large that Upα > Uth for at least a finite time

interval during the quasi-periodic evolution of the large-

scale compression. We refer to this critical amplitude re-
quired to cause Upα > Uth at least once as δB‖,crit. Once

Upα > Uth, A/IC waves or FM/W waves begin to grow

due to the excitation of the relevant kinetic instability.

We assume the excited instability to grow faster than the

timescale of the large-scale compression2, so that Upα0

is then quickly reduced through wave–particle interac-

tions. We define the amplitude-dependent value of Upα0

for which Upα reaches Uth once during the large-scale

compression as Upα0,crit. Its value depends on the back-
ground plasma conditions and the amplitude of the slow-

mode-like compression. In the next section, we quantify

the dependence of Upα0,crit on β‖p and δB‖/B0.

2.2. Slow-mode-like Fluctuations and Their Effect on

α-particle Beams

2 For highly-oblique slow-mode waves at scales comparable to the

top end of the inertial range of the solar-wind turbulence, this

is a good assumption, even if the maximum growth rate of the

instabilities is ∼ 10−4Ωp, where Ωp is the proton cyclotron fre-

quency.

We solve the linear dispersion relation of slow-mode

waves with a multi-fluid plasma model to obtain the

associated polarization properties for all relevant quan-

tities. Xie (2014) provides the Plasma Dispersion Rela-
tion – Fluid Version (PDRF) code that solves the lin-

earized multi-fluid equations. We obtain all eigenvalues

(λ) and eigenvectors (X) of the linearized multi-fluid

eigenvalue problem at a fixed wavenumber (k) and with

specified background plasma parameters. The number
of eigenvalue-eigenvector pairs is 4s+6 for each calcula-

tion, where s is the total number of plasma species. In

our case, s = 3.

For the evaluation of the large-scale compression, we
consider a homogeneous plasma consisting of electrons,

protons, and α-particles with isotropic temperatures

(T‖j = T⊥j) in a uniform background magnetic field

B0 = B0êz. We only allow for parallel differential back-

ground flows. We ignore viscosity and relativistic effects,
so the governing fluid equations are

∂nj

∂t
= −∇ · (njUj) , (3)

∂Uj

∂t
= −Uj · ∇Uj +

qj
mj

(

E +
1

c
Uj ×B

)

−
∇Pj

njmj

,

(4)

∂E

∂t
= c∇×B− 4π

∑

j

qjnjUj , (5)

∂B

∂t
= −c∇×E, (6)

where qj is the charge, mj is the mass, and Pj is the

scalar pressure of species j; B is the magnetic field; E

is the electric field; and c is the speed of light. We
close these equations through the use of the polytropic

relation

Pj = Cjn
−γj

j , (7)

where Cj is a constant, and γj is the polytropic index.

We work in the proton rest frame, which means that

Up = 0. Given the background values np0, nα0, and
Upα0, we obtain ne0 and Ue0 from the current-free and

charge-neutrality conditions.

We assume highly oblique propagation for our slow

mode and set θ (k,B0) = 88◦, where θ (k,B0) is the

angle between the wavevector k and B0. We focus on
the parameter range 0 < Upα0/VA < 1.5 and 0.1 <

β‖p0 < 10. This range covers the majority of solar-

wind conditions at 1 au (Maruca et al. 2011). We list

all background parameters of our calculation in Table 1.
In the inner heliosphere, γe ∼ 1.18 based on Parker

Solar Probe data (Abraham et al. 2022). Observations

suggest that γp ∼ 5/3 as expected for an adiabatic,

mono-atomic gas (Huang et al. 2020; Nicolaou et al.
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Figure 1. Illustration of the fluctuating-beam effect. We assume the velocity distribution functions of protons (red half-circles)
and α-particles (blue half-circles) are initially Maxwellian with the same thermal speed. The initial bulk velocity of each
component is represented by a black dot. We work in the reference frame of the proton bulk velocity but note that this is not
an inertial frame when a slow-mode-like compression is present. (a) Case without slow-mode-like compressions (δB‖ = 0). Both
Upα and Uth remain constant, i.e., Upα = Upα0 and Uth = Uth0. (b) Case with slow-mode-like compressions with an amplitude
0 < δB‖ < δB‖,crit. This configuration is still stable throughout all phases of the large-scale compression since Upα < Uth at all
times. (c) Case with slow-mode-like compressions with an amplitude δB‖ > δB‖,crit. In this case, Upα crosses the instability
threshold Uth at least one time instance during the evolution of the large-scale compression. ∆Upα, ∆Uth, ∆Pp, and ∆Pα

represent the variations of the corresponding quantities, where Pj indicates the scalar pressure of species j.

2020), and γα ∼ 1.61 (Ďurovcová et al. 2019). The

observed polytropic indexes for α-particles are gener-
ally different for the parallel (γ‖α) and perpendicular

(γ⊥α) pressures, and depend on the solar-wind speed

(Ďurovcová et al. 2019). In fast wind, γ‖α ∼ 1.65 and

γ⊥α ∼ 1.57. In slow wind, γ‖α ∼ 1.05 and γ⊥α ∼ 1.24.

Since the largest Upα are observed in fast wind – mak-
ing fast wind more relevant for our study –, we choose

the average fast-wind polytropic index γα ∼ 1.61 in our

analysis below. We discuss the dependence of our re-

sults on the particular choice of polytropic indexes in
Appendix 4. The density ratios and temperature ra-

tios are set according to representative values measured

in the solar wind (see Kasper et al. 2008; Maruca et al.

2013).

Our PDRF analysis confirms that, in slow modes, all

plasma and field quantities fluctuate, including nj , Tj ,
Uj , and B. This allows us to quantify the variations of

Upα and Uth to determine Upα,crit.

2.3. Thresholds for A/IC and FM/W Instabilities
Depending on Slow-mode Amplitude

Verscharen et al. (2013b) derive two analytical ex-

pressions for the parallel A/IC and FM/W instabilities

driven by the relative drift between α-particles and pro-

tons. According to their derivation, the A/IC instability
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Table 1. Assumed plasma parameters for our evaluation of
the linearized multi-fluid equations.

j qj mj/mp nj0/np0 T⊥j0/T‖j0 T‖j0/T‖p0 γj

p +1 1 1 1 1 5/3

α +2 4 0.05 1 4 1.61

e −1 1/1836 1.1 1 1 1.18

is excited when

Upα >
1

2

[

σ1wp + VA +

√

(VA + σ1wp)
2
− 2V 2

A

]

−σ1wp,

(8)

where σ1 = 2.4 and wj ≡
√

2kBTj/mj is the thermal

speed of species j. The condition for driving of the

FM/W instability is

Upα > VA +
V 2
A

4σ2wα

, (9)

where σ2 = 2.1. The dimensionless parameters σ1 and

σ2 are empirical and based on comparisons between the

analytical expressions and solutions of the linear Vlasov–

Maxwell dispersion relation with γm = 10−4Ωp when
nα/np = 0.05 and Tα = 4Tp = 4Te, where Ωp is the pro-

ton cyclotron frequency and γm is the maximum growth

rate of the instabilities. Since we consider isotropic tem-

peratures only, the slow-mode fluctuations impact the
instability thresholds by modifying wp, wα, |B| and np.

Our three-fluid model predicts that the relative am-

plitudes and the phase differences of wp and np to δB‖

do not depend on k‖dp when k‖dp . 10−2 (not shown

here), where dp ≡ VA/Ωp is the proton inertial length.
Hence, we extend the applicability of our results to all

slow-mode waves at k‖dp ≪ 10−2. We choose solutions

at k‖dp = 3× 10−4 to conduct our further analysis.

Since our assumed background density and tem-
perature ratios are the same as those used by

Verscharen et al. (2013b), we directly use Equations (8)

and (9) to study the variation of the instability thresh-

olds driven by slow-mode waves. While evaluating these

expressions, we ensure that the fluctuating temperatures
Tj and densities nj of all species remain positive during

a full slow-mode wave period.

2.4. Determination of the Effective Instability

Thresholds

From the dispersion relation, we construct the time

series of each quantity Q (t) = Q0 + δQ(t), assuming
a plane-wave fluctuation of all quantities with δQ(t) =

Re(Q̃e−iωt), where Q̃ represents the complex amplitude

of quantity Q, ω is the wave frequency, and Re(·) ex-

tracts the real part of a complex variable. We calculate

the time series of Upα(t) and Uth(t). In general, δQ(t) is

in phase or anti-phase with δB‖(t). By analyzing Upα (t)
and Uth (t) as functions of t and δB‖/B0, we determine

δB‖,crit/B0 depending on Upα0/VA0 and β‖p0, where VA0

and β‖p0 represent the values of VA and β‖p in the limit

δB‖ → 0.

2.4.1. Fluctuating-beam effect for the A/IC Instability

Figure 2 shows the dependence of Upα0,crit on β‖p0

and δB‖/B0 for the A/IC instability. When there is
no slow-mode wave (δB‖/B0 = 0), the A/IC instability

threshold changes slowly from ∼ 0.7VA0 at β‖p0 = 0.1

to ∼ 0.95VA0 at β‖p0 = 10. This case corresponds to the

classical limit in a homogeneous plasma without large-
scale compressions.

When a small-amplitude slow-mode wave (δB‖/B0 =

0.01) is present, Upα0,crit decreases compared to the clas-

sical case. The decrease of Upα0,crit is more significant

at β‖p0 . 1. However, Upα0,crit is still greater than
0.85VA0 at β‖p0 > 5 even at large wave amplitudes

(δB‖/B0 ∼ 0.2). Our solutions break down at low β‖p0

first, as the wave amplitude increases. These are param-

eter regimes, in which our linear framework produces
negative densities or temperatures, which is unphysical.

We mark these break-down points as black dots at the

low-β‖p0 end of our solution plots.

2.4.2. Fluctuating-beam effect for the FM/W Instability

Figure 3 has the same format as Figure 2 but shows

the FM/W instability thresholds. Unlike the case of the

A/IC instability, the effective FM/W instability thresh-
old decreases from ∼ 1.35VA0 at β‖p0 ∼ 0.1 to ∼ 1.05VA0

at β‖p0 ∼ 10 when δB‖/B0 = 0. The slow-mode fluc-

tuations mainly affect the FM/W instability thresholds

at β‖p0 < 2. Upα0,crit is reduced as the wave amplitude

increases. At β‖p0 > 2, the curves in our figure approxi-
mately overlap as long as our method provides physical

solutions.

3. COMPARISON WITH OBSERVATIONS

We compare our theoretical predictions from Section 2

with measurements of protons, α-particles, and com-

pressive fluctuations in the solar wind recorded by the
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Figure 2. Dependence of the maximum permitted Upα0 in
terms of Upα0,crit/VA0 on β‖p0 and δB‖/B0 for the A/IC in-
stability. The normalized amplitude δB‖/B0 varies between
0 to 0.2.
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Figure 3. Dependence of the maximum permitted Upα0 in
terms of Upα0,crit/VA0 on β‖p0 and δB‖/B0 for the FM/W in-
stability. The normalized amplitude δB‖/B0 varies between
0 to 0.2.

Wind spacecraft at 1 au. We use data from the two
Faraday cups which belong to the Solar Wind Exper-

iment (SWE; Ogilvie et al. 1995). They generate an

ion spectrum with ∼90 s cadence in most situations.

We base our analysis on the non-linear fitting rou-
tine provided by Maruca (2012). This procedure pro-

vides us with the plasma density, velocity, and tem-

perature for both protons and α-particles. It incor-

porates magnetic-field measurements with a cadence of

3 s from the Magnetic Field Investigation experiment

(MFI; Lepping et al. 1995) to determine the parallel

and perpendicular components of temperature and ve-

locity. The procedure also provides the differential flow
Upα between α-particles and protons, assuming it aligns

with the magnetic-field direction. This dataset spans

from 1994 November 21 to 2010 July 26 and contains

2 148 228 ion spectra, after removing measurements near

the Earth’s bow shock or with poor data quality. We di-
vide the dataset into non-overlapping 1-hour intervals.

We exclude all intervals with data gaps greater than

20 min from further analysis.

For each 1-hour interval, we calculate the average val-
ues np0, Tp0, Upα0, VA0, and B0. We then obtain the

average β‖p0 and the average Upα0/VA0 from these av-

erages. For the amplitude of the compressive fluctua-

tions, we use the root-mean-squared (rms) value of δ |B|,

denoted as δ |B|rms, instead of δB‖, to avoid the im-
pact of inaccuracies in the determination of the parallel

magnetic field direction. We bin the data into eight

β‖p0 ranges from 0.1 to 10 on a logarithmic scale. For

each β‖p0 bin, we divide the sub-dataset into 30 bins of
δ |B|rms /B0 in the range from 0.0 to 1.0. We then calcu-

late the probability density function (PDF) of Upα0/VA0

for each δ |B|rms /B0 bin.

Figure 4 shows the PDF of solar-wind data in the

Upα0/vA0-δ|B|rms/B0 plane for six different β‖p0-ranges.
We also overplot the effective instability threshold

Upα0,crit/vA0 (black curve) for the A/IC instability. The

parameter space below the effective instability thresh-

old represents the stable region. The PDF of the mea-
sured data is largely confined to this stable parameter

space in all cases shown. Only an insignificant num-

ber of points are beyond the thresholds. We find that

Upα0,crit/VA0 decreases with δ|B|rms/B0, and the PDFs

of our measured data broadly follow this trend. Upα0,crit

bounds the data well in the stable region, especially for

β‖p0 < 0.5. At β‖p0 ∼ 0.75, the decrease of the maxi-

mum Upα0/VA0 is steeper than the decrease in Upα0,crit

while in the high β‖p0-range, the data points locate
farther away from the Upα0,crit-curve. This finding is

consistent with our concept that large-scale slow-mode-

like fluctuations regulate Upα0 through the fluctuating-

beam effect. Some data points lie in the parameter

space in which our linear model breaks down when
β‖p0 ∼ 0.13, which is indicated by the vertical line.

We emphasize that our results are strictly only valid for

δ|B|rms/B0 ≪ 1, when the linear assumption is valid.

We mark a relative amplitude of δ|B|rms/B0 = 0.2 with
a black arrow in each panel in Figure 4 and Figure 7

(see Appendix 4) to indicate a reasonable limit for the

application of our model.
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Figure 4. Comparison of our theoretical predictions for the effective instability thresholds Upα0,crit with observations from
Wind. We show the comparison for six different β‖p0 values. The color-coding represents the binned PDFs of 1-hour averaged
Upα0/VA0 for each δ|B|rms/B0 bin. The thick solid black curves show the theoretical effective thresholds Upα0,crit for the A/IC
instability from Section 2. The vertical black line marks the amplitude above which our linear model breaks down, which is
only the case in the first panel. The arrows in each panel below the abscissa indicate the amplitude δ|B|rms/B0 = 0.2, the
approximate limit of validity of the linear model in all panels.

4. DISCUSSION AND CONCLUSIONS

We introduce the new concept of the “fluctuating-

beam effect” as part of a broader “fluctuating-moment

framework”. The fluctuating-beam effect describes a
link between large-scale compressive fluctuations and

small-scale kinetic instabilities driven by relative drifts

between ion components in collisionless plasmas. In

the solar wind, long-period slow-mode-like fluctuations
modulate the background plasma parameters, including

nj , Tj , B, Upα, and Uth. Once Upα0 is greater than the

amplitude-dependent critical value Upα0,crit, this slow-

mode modulation creates unstable conditions for the

growth of beam-driven kinetic microinstabilities. These
microinstabilities generate waves on a timescale much

shorter than the period of the slow-mode-like fluctua-

tions. The separation of timescales is very large in the

solar wind as we show in the following. We estimate the
typical slow-mode wave frequency of waves with a wave-

length comparable to the top end of the inertial range of

solar-wind turbulence at heliocentric distances of about

1 au as (Tu & Marsch 1995; Bruno & Carbone 2013)

ωs ∼ k‖dp
√

βpΩp ∼ 10−6Ωp, (10)

where k‖dp ∼ 10−6 and 0.1< βp <10 under typical

plasma conditions for our study. The typical relevant
maximum growth rate of the beam-driven instabilities

is

γm ∼ 10−4 − 10−3Ωp (11)

according to observations (Klein et al. 2018) and simu-

lations (Klein et al. 2017). Therefore, we find

γm ≫ ωs. (12)

Equation (12) is a critical condition for the applicability
of our model.

The scattering of α-particles by the unstable waves

is the main contributor to the reduction of the local

Upα and hence to the reduction of the average Upα0.
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This process maintains Upα0 well below the classical

(average) instability thresholds Uth0 in a homogeneous

plasma. The difference between Uth0 and Upα0,crit de-

pends on the amplitude of the compressive fluctuations.
The effective threshold Upα0,crit decreases with increas-

ing δB‖/B0. If Upα0 > Upα0,crit, the plasma becomes

unstable at least for a portion of each compressive fluctu-

ation period. Otherwise, if Upα0 < Upα0,crit, the plasma

is stable throughout the evolution of the slow-mode com-
pression, even though the instantaneous Upα varies.

We quantify the dependence of Upα0,crit on the back-

ground plasma parameters and the compression ampli-

tude for A/IC and FM/W instabilities. For the A/IC
instability, Upα0,crit decreases with increasing slow-mode

wave amplitude. For the FM/W instability, Upα0,crit is

significantly reduced when β‖p0 . 1 compared to Uth0.

We note, however, that the validity of our linear model

for the slow-mode-like fluctuations is questionable even
at smaller amplitudes.

Although solar-wind turbulence is a nonlinear process,

its fluctuations display many properties that are sim-

ilar to the properties of linear waves (He et al. 2011;
Chen et al. 2013; Howes et al. 2012). A large body of

observational work (Yao et al. 2011; Klein et al. 2012;

Howes et al. 2012; Chen et al. 2012; Verscharen et al.

2017; Šafrankova et al. 2021) suggests the presence of

slow-mode-like fluctuations in the solar wind, although
the origin of these fluctuations is still unclear. According

to linear theory, classical slow-mode waves are strongly

damped in a homogeneous Maxwellian plasma, espe-

cially at intermediate to high βp and when Te . Tp

(Barnes 1966). Their confirmed existence in the solar

wind is thus a major outstanding puzzle in space physics.

Possible explanations for this discrepancy between the-

ory and observations include the passive advection

of slow-mode-like fluctuations through the dominant
Alfvénic turbulence (Schekochihin et al. 2009, 2016),

the fluidization of compressive plasma fluctuations by

anti-phase-mixing (Parker et al. 2016; Meyrand et al.

2019), or the suppression of linear damping through ef-
fective plasma collisionality by particle scattering on mi-

croinstabilities (Riquelme et al. 2015; Verscharen et al.

2016).

Our comparisons of the effective instability thresh-

olds of the A/IC instability with measurements from
the Wind spacecraft show that the effective instabil-

ity thresholds bound the distribution of observed Upα0-

values well. This result is consistent with our predictions

for the fluctuating-beam effect. We use this observation
to justify our use of linear multi-fluid theory to the large-

scale compressions in the solar wind.

Our results are largely independent of the averaging

time for the definition of the background drift speed

Upα0. To illustrate this point, we make the follow-

ing comparison. In our dataset, the average dp is
about 98 km, and the average solar-wind speed is about

426 km/s. Therefore, the convection time of slow-mode

waves with k‖dp ∼ 3 × 10−4 is about 80min. Under

typical solar-wind conditions (0.1 < β‖p0 < 10 and

0 < Upα0/VA < 1.5), the phase speed for these slow-
mode waves ranges from ∼ 0.4VA to ∼ VA based on

multi-fluid calculations. Hence, the periods of these

waves are between ∼ 11.6 h and ∼ 29 h. The charac-

teristic growth time for the instability is about 16min.
Therefore, during the one-hour averaging interval, the

spacecraft approximately measures 1/20-th wave period

on average. During this phase, the instability has suf-

ficient time to reduce the local drift velocity of the α-

particles, as required by our set of assumptions.
Our model for the slow-mode-like compressions is

based on the linearized multi-fluid equations. This lin-

earization is only valid when δB‖/B0 ≪ 1. Neverthe-

less, linear predictions often describe the solar wind well,
even when the fluctuation amplitude is greater than jus-

tifiable based on the linear assumption (Howes et al.

2012; Chen et al. 2012; Verscharen et al. 2017). To

some degree, the good agreement between our model

predictions and our observations in Figure 4 supports
our application of linear theory beyond the very-small-

amplitude limit a posteriori. We emphasize at this

point, however, that our framework based on linear pre-

dictions is strictly applicable only when δB‖/B0 ≪ 1.
The slow-mode-like compressions provide a self-

consistent parallel electric field E‖ ∼ ∇Pe. In our insta-

bility analysis, we implicitly treat this large-scale electric

field as constant due to the large spatial and temporal

scale separation between the slow-mode wave and the
instability. Such a constant E‖ impacts the (assumed to

be constant) bulk speed of the local background plasma

for the instabilities. In our instability analysis, the local

background bulk velocity of the plasma is defined as the
superposition of the global background plasma velocity

vector and the local bulk speed fluctuation vector of the

slow-mode wave. We evaluate the instability criteria in

the reference frame in which the local background bulk

velocity is zero. This choice of reference frame does not
affect the physics of the kinetic instability.

The instability thresholds and thus the fluctuating-

beam effect depend on more parameters than we can

explore in this work. For example, the thresholds for the
A/IC and FM/W instabilities depend on T⊥α/T‖α, β‖p,

and β‖α (Verscharen et al. 2013b). The thresholds for

both instabilities have a modest dependence on nα/np



AASTeX v6.3.1 Sample article 9

in the range of 0.01 to 0.05, which is typical in both the

slow wind and fast wind (Bame et al. 1977; Kasper et al.

2007). Two-dimensional simulations of the FM/W in-

stability under solar-wind conditions show that, when
Upα0/VA0 ≈ 1.5, γm does not change with T‖e/T‖p and

only slightly decreases as T⊥p/T‖p and T⊥α/T‖α increase

from 0.5 to 1 (Gary et al. 2000a). The dependence of our

results on these other plasma parameters merits future

investigation.
Beams and temperature anisotropies often occur

together. For example, hybrid simulations of α-

particle-driven drift instabilities (Ofman & Viñas 2007;

Ofman et al. 2022) show that a Maxwellian α-particle
population with sufficiently large drift speed drives A/IC

instabilities, which then create temperature anisotropy

in the α-particle population through velocity-space dif-

fusion. During the nonlinear evolution of this combined

kinetic process, the α-particles develop a marginally
stable temperature anisotropy, and the drift speed de-

creases. Plasma turbulence is also capable of gener-

ating temperature anisotropy in the α-particle compo-

nent. However, simulations suggest that the instability-
induced generation of temperature anisotropy is more

efficient than the turbulence-induced generation of

temperature anisotropy in the α-particle component

(Ofman & Viñas 2007). This complex interplay be-

tween various kinetic processes highlights that a gen-
eral fluctuating-moment framework is necessary that in-

cludes the impact of large-scale fluctuations on all ki-

netic microinstabilities.

The fluctuating-beam effect is a consequence of the

turbulent nature of the solar wind. This inhomogeneity
leads to lower effective instability thresholds compared

to homogeneous plasmas. We anticipate that a simi-

lar fluctuating-beam effect also applies to proton-beam-

driven instabilities. Through the lower effective insta-

bility thresholds, kinetic microinstabilities are likely to
remove more free energy from the α-particle beams glob-

ally than previously expected, so that instabilities are

probably even more important than previously assumed

(Verscharen et al. 2015).
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APPENDIX

A. DEPENDENCE ON POLYTROPIC INDEXES

Plasma descriptions typically fall in one of two cat-
egories: fluid or kinetic descriptions. These two ap-

proaches do not necessarily lead to the same results

even at large fluid scales due to the assumed pressure

closure of the fluid equations. The compressive be-

havior of slow-mode-like fluctuations at large scales de-
pends on the choice of the effective polytropic indexes

γj of the involved plasma species. For large-scale ki-

netic slow modes, the effective polytropic indexes are

γe = 1, γp = 3, and γα = 3 (Gary 1993). This
choice represents one-dimensionally adiabatic protons

and isothermal electrons. It is consistent with the ki-

netic slow-mode dispersion relation ωs ≈ k‖cs (Gary

1993; Narita & Marsch 2015; Verscharen et al. 2017),

where

cs =

√

3kBTp + kBTe

mp

(A1)

is the phase speed of slow-mode waves in an electron–
proton plasma.

We repeat our analysis with these values for a com-

parison with the results using polytropic indexes con-

sistent with observations of the effective polytropic in-

dexes (Figures 2 through 4). We show the dependence
of Upα0,crit/VA0 on β‖p0 and δB‖/B0 for the A/IC and

FM/W instabilities in Figures 5 and 6, where we use

γe = 1, γp = 3, and γα = 3 .

A comparison between Figures 2 and 5 shows insignif-
icant differences in terms of the modified drift thresh-

olds. Only the break-down points extend to lower β‖p0

when using the observed polytropic indexes. The dif-

ferences between Figures 3 and 6 are significant in the

range of typical β‖p0 values for the solar wind. For
0.5 < β‖p0 < 1, the instability takes place for sub-

Alfvénic Upα0 when δB‖/B0 ≥ 0.5, while, under the
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Figure 5. Same as Figure 2 but using γe = 1, γp = 3, and
γα = 3.
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Figure 6. Same as Figure 3 but using γe = 1, γp = 3, and
γα = 3.

assumptions applied in Figure 6, the effective thresholds
are always super-Alfvénic in this parameter range.

For completeness, we compare our predictions for

γe = 1, γp = 3, and γα = 3 with measurements by

the Wind spacecraft in Figure 7. Since the dependence
of our results on the particular choice of polytropic in-

dexes is small in the explored parameter space, also this

comparison confirms that our theoretical curves limit

the data distribution well within the stable parameter

space.
Since the polytropic index of the α-particles dif-

fers significantly between slow wind and fast wind

(Ďurovcová et al. 2019), Figures 8 and 9 show our

analysis with the average slow-wind polytropic index
γα = 1.15 for a comparison with the fast-wind case

of γα = 1.61 (Figures 2 and 3). There is a noticeable

difference between Figure 2 and Figure 8, in that the

smallest effective threshold for δB‖/B0 = 0.01 appears

at β‖p0 ∼ 0.16 in the slow-wind case. The differences be-
tween Figures 3 and 9 are also significant. The effective

thresholds decrease to lower values for δB‖/B0 ≥ 0.05

in the slow-wind case compared to the fast-wind case.
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Figure 7. Same as Figure 4 but using γe = 1, γp = 3, and γα = 3. The vertical black lines mark in each panel the amplitude
above which our linear model breaks down. The arrows in each panel below the abscissa indicate the amplitude δ|B|rms/B0 = 0.2,
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Figure 8. Same as Figure 2 but using γe = 1.18, γp = 5/3,
and γα = 1.15.

Bowen, T. A., Mallet, A., Huang, J., et al. 2020, ApJS, 246,

66, doi: 10.3847/1538-4365/ab6c65

10−1 100 101

β||p0

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5

U
pα

0,
cr
it/V

A0

δB||/B0=0.0
δB||/B0=0.01
δB||/B0=0.05
δB||/B0=0.1
δB||/B0=0.2

Figure 9. Same as Figure 3 but using γe = 1.18, γp = 5/3,
and γα = 1.15.

Bruno, R., & Carbone, V. 2013, Living Reviews in Solar

Physics, 10, 2, doi: 10.12942/lrsp-2013-2

http://doi.org/10.3847/1538-4365/ab6c65
http://doi.org/10.12942/lrsp-2013-2


12 Zhu et al.

Chen, C. H. K. 2016, Journal of Plasma Physics, 82,

535820602, doi: 10.1017/S0022377816001124

Chen, C. H. K., Boldyrev, S., Xia, Q., & Perez, J. C. 2013,

Phys. Rev. Lett., 110, 225002,

doi: 10.1103/PhysRevLett.110.225002

Chen, C. H. K., Mallet, A., Schekochihin, A. A., et al. 2012,

ApJ, 758, 120, doi: 10.1088/0004-637X/758/2/120

Gary, S. P. 1993, Theory of Space Plasma Microinstabilities

Gary, S. P., Jian, L. K., Broiles, T. W., et al. 2016, Journal

of Geophysical Research (Space Physics), 121, 30,

doi: 10.1002/2015JA021935

Gary, S. P., Yin, L., Winske, D., & Reisenfeld, D. B. 2000a,

Geophys. Res. Lett., 27, 1355,

doi: 10.1029/2000GL000019

—. 2000b, J. Geophys. Res., 105, 20,989,

doi: 10.1029/2000JA000049

He, J., Marsch, E., Tu, C., Yao, S., & Tian, H. 2011, The

Astrophysical Journal, 731, 85,

doi: 10.1088/0004-637x/731/2/85

Hellinger, P., Trávńıček, P., Kasper, J. C., & Lazarus, A. J.

2006, Geophys. Res. Lett., 33, L09101,

doi: 10.1029/2006GL025925

Howes, G. G., Bale, S. D., Klein, K. G., et al. 2012, ApJL,

753, L19, doi: 10.1088/2041-8205/753/1/L19

Huang, J., Kasper, J. C., Vech, D., et al. 2020, ApJS, 246,

70, doi: 10.3847/1538-4365/ab74e0

Kasper, J. C., Lazarus, A. J., & Gary, S. P. 2008, PhRvL,

101, 261103, doi: 10.1103/PhysRevLett.101.261103

Kasper, J. C., Lazarus, A. J., Steinberg, J. T., Ogilvie,

K. W., & Szabo, A. 2006, Journal of Geophysical

Research (Space Physics), 111, A03105,

doi: 10.1029/2005JA011442

Kasper, J. C., Stevens, M. L., Lazarus, A. J., Steinberg,

J. T., & Ogilvie, K. W. 2007, ApJ, 660, 901,

doi: 10.1086/510842

Kellogg, P. J., & Horbury, T. S. 2005, Annales

Geophysicae, 23, 3765, doi: 10.5194/angeo-23-3765-2005

Klein, K. G., Alterman, B. L., Stevens, M. L., Vech, D., &

Kasper, J. C. 2018, PhRvL, 120, 205102,

doi: 10.1103/PhysRevLett.120.205102

Klein, K. G., Howes, G. G., & Tenbarge, J. M. 2017,

Journal of Plasma Physics, 83, 535830401,

doi: 10.1017/S0022377817000563

Klein, K. G., Howes, G. G., TenBarge, J. M., et al. 2012,

ApJ, 755, 159, doi: 10.1088/0004-637X/755/2/159
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294, 97, doi: 10.1007/s11207-019-1490-y

Verscharen, D., Bourouaine, S., & Chandran, B. D. G.

2013b, ApJ, 773, 163, doi: 10.1088/0004-637X/773/2/163

Verscharen, D., Bourouaine, S., Chandran, B. D. G., &

Maruca, B. A. 2013a, ApJ, 773, 8,

doi: 10.1088/0004-637X/773/1/8

Verscharen, D., Chandran, B. D. G., Bourouaine, S., &

Hollweg, J. V. 2015, The Astrophysical Journal, 806, 157,

doi: 10.1088/0004-637x/806/2/157

Verscharen, D., Chandran, B. D. G., Klein, K. G., &

Quataert, E. 2016, ApJ, 831, 128,

doi: 10.3847/0004-637X/831/2/128

Verscharen, D., Chen, C. H. K., & Wicks, R. T. 2017, ApJ,

840, 106, doi: 10.3847/1538-4357/aa6a56
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