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Abstract The Alfvén-cyclotron instability is driven by an ion temperature anisotropy such that T⊥/T|| >1
where ⊥ and || denote directions perpendicular and parallel to a uniform background magnetic field Bo,
respectively. The computations presented here consider a model of a magnetized, homogeneous,
collisionless plasma. Two representations of the proton velocity distribution are considered: a single bi-
Maxwellian and a magnetospheric-like configuration of two components, a more dense, relatively cool,
isotropic component and a less dense, relatively hot, bi-Maxwellian component which drives the instability.
Only wave propagation parallel to Bo is considered. Using numerical solutions of the full kinetic linear
dispersion equation, concise analytic expressions for the scaling of the dimensionless maximum instability
growth rate and the corresponding dimensionless real frequency are derived as functions of three
dimensionless variables: the hot proton temperature anisotropy, the relative hot proton density, and the hot
proton β||. Furthermore, using one-dimensional hybrid particle-in-cell simulations of this same instability, a
third relation for the scaling of the maximum amplitude of the dimensionless fluctuating magnetic field
energy density is derived.

1. Introduction

The Alfvén-cyclotron instability in collisionless plasmas is driven by an ion temperature anisotropy of the type
T⊥/T||>1 where ⊥ and || denote directions perpendicular and parallel to a uniform background magnetic field
Bo, respectively [Gary, 1993]. This free energy excites enhanced fluctuating magnetic and electric fields at real
frequencies (ωr) and growth rates (γ) less than Ωp, the proton cyclotron frequency, maximum growth rates
(denoted by γm) at k×Bo= 0 and wave numbers satisfying kc/ωp ≤ 1 where ωp denotes the proton plasma
frequency. This instability is observed to arise in many different space plasmas including the solar wind
[Gary et al., 2016 and references therein], the terrestrial magnetosheath [Anderson et al., 1994 and references
therein], and the terrestrial magnetosphere [Anderson et al., 1992; Gary et al., 1995; Fraser and Nguyen, 2001;
Meredith et al., 2003; Min et al., 2012; Zhang et al., 2014], where the resulting enhanced fluctuations are often
termed “electromagnetic ion cyclotron” (EMIC) waves.

If large-scale magnetospheric processes drive sufficiently large proton anisotropies, the consequent growth
of the Alfvén-cyclotron instability leads to enhanced field fluctuations that scatter those protons, reducing
those anisotropies so as to stabilize the instability and to impose an upper bound on the anisotropies.
Using hybrid PIC (particle-in-cell) simulations in which ions are represented as an ensemble of superparticles
but the electrons are described more simply in terms of a fluid model to describe this proton-driven instabil-
ity, Gary et al. [1997] showed that this upper bound can be expressed in the form

T⊥p=T jjp– 1 ¼ Sp=βjjp
αp

where 0.4 ≤ αp ≤ 0.5, Sp< 1, subscript p represents protons and subscript e represents electrons. Here we
define β||j≡ 8πnjT||j/Bo

2 where j represents the jth plasma component. It is also convenient to use, at times,
a β defined in terms of the total electron density, that is, eβ||j≡ 8πneT||j/Bo2. These fluctuations also scatter rela-
tivistic electrons causing the detrapping of such particles from the terrestrial magnetosphere [Liu et al., 2010
and citations therein]. Although the plasma physics of these processes is understood in a qualitative sense,
quantitative representations of this physics have not yet been formulated due to their strongly nonlinear
character and to the large number of physical variables needed to describe space plasmas in environments
such as the magnetosphere.
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Currently, the most favored approach to the modeling of magnetospheric dynamics involves computations
of the large-scale, slowly varying behavior of the plasma [Jordanova et al., 2014 and citations therein].
Computational limitations prevent such models from including small-scale, high-frequency wave processes.
Various approaches have been proposed to include small-scale physics into large-scale models of the
magnetosphere but, to our knowledge, each of these approaches has made substantial simplifications with
respect to either or both of the nonlinear physics or the broad range of plasma parameters.

A general approach to understanding the consequences of ion-driven instability growth in magnetospheric
plasmas is to use kinetic linear dispersion theory in conjunction with hybrid PIC simulations obtain analytic
expressions for the scaling properties of enhanced fluctuations. Kinetic linear dispersion theory can yield
concise analytic expressions for the maximum growth rate of the Alfvén-cyclotron instability. Then a large
number of nonlinear hybrid PIC simulations [Fu et al., 2016] may be used to yield further analytic expressions
relating maximum growth rates with fluctuating field amplitudes, the proton temperature anisotropies, and
β||p at instability saturation. Under the assumption that the time scales for instability growth and saturation
are faster than the time rates of change of large-scale magnetospheric processes, these analytic expressions
can then be inserted into large-scale models of the magnetosphere to provide simple but accurate
expressions for the physical consequences of Alfvén-cyclotron instability growth.

The first step toward implementing such a self-consistent procedure for incorporating the nonlinear physics
and the extensive range of plasma parameters for EMIC fluctuations in the inner terrestrial magnetosphere is
to obtain concise scaling relations for the properties of growing modes such as the Alfvén-cyclotron instabil-
ity. Fu et al. [2016] used both linear dispersion theory and hybrid PIC simulations to compute such relations
between the maximum linear growth rate and the saturation wave amplitude of this instability. Here we use
the same tools to consider the maximum growth rate, the real frequency at maximum growth, and the
fluctuating magnetic field energy density at saturation of the Alfvén-cyclotron instability as dependent
variables and derive their scaling relations as functions of three independent variables: the hot proton
temperature anisotropy, the relative density of the hot proton component, and β||h.

In section 2 we derive analytic forms of the scaling relations for the Alfven-cyclotron instability for the rela-
tively simple model in which there is a single, hot, anisotropic proton component. In section 3 we consider
the more realistic, but more complex, case of two proton constituents, a relatively dense, relatively cool, iso-
tropic component and a relatively tenuous, relatively hot, anisotropic component. In section 4 we use one-
dimensional hybrid PIC simulations of this same instability to derive a relation for the scaling of the maximum
amplitude of the fluctuating magnetic field energy density. Section 5 is a summary and conclusion.
Throughout this manuscript the plasma frequency of the jth component is denoted as ωj, and the cyclotron
frequency of the jth component is represented by Ωj.

2. Kinetic Linear Dispersion Theory: Hot Protons Only

Solutions of the kinetic linear dispersion equation for the Alfvén-cyclotron instability driven by a proton
temperature anisotropy yield maximum growth rates at propagation parallel or antiparallel to Bo. Thus, under
the assumption that both protons and electrons are represented by bi-Maxwellian velocity distributions, the
kinetic dispersion equation for electromagnetic waves and instabilities at k×Bo= 0 in homogeneous,
collisionless, magnetized plasmas, for example, Gary [1993, equation (7.1.6)] can then be used to determine
the scalings of the dependent dimensionless variables γm/Ωp and the corresponding dimensionless real
frequency ωm/Ωp as functions of the independent dimensionless variables β||p and T⊥p/T||p. For typical
magnetospheric parameters the maximum growth rate of the Alfvén-cyclotron instability is independent
of vA/c and Te/Tp so that the scaling relations we derive in this section are well described as functions only
of the proton temperature anisotropy and β||p. We use vA/c= 4.67 × 10�4 and Te/Tp= 1.0 for the linear theory
results of this section.

Gary [1993, equation (7.1.8)] suggests that, for sufficiently large proton temperature anisotropies, the maxi-
mum growth rate of the Alfvén-cyclotron instability is a linear function of T⊥p/T||p. More specifically, Bortnik
et al. [2011, Figure 5], Fu et al. [2016, Figure 3], and sample calculations not displayed here show that the
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maximum growth rate of this mode is approximately proportional to T⊥p/T||p for values of this parameter
greater than 2 and less than 5. So we assume the functional form

γm=Ωp ¼ g1 þ g2 T⊥p=T jjp
� �

(1)

where g1 and g2 are functions only of β||p. Figure 1a shows that, for the β||p values used here and the given
proton anisotropies, γm/Ωp at constant values of β||p indeed satisfies equations of the form of (1). If we then
fit this equation to the points of Figure 1a, we obtain

g1≅� 0:18βjjp
0:25 (2a)

and

g2≅0:11βjjp
0:40 (2b)

which provides a closed-form expression for the maximum linear growth rate of this instability on the para-
metric domain 2 ≤ T⊥p/T||p ≤ 5 and 0.25 ≤ β||p ≤ 2.5. The dashed lines of Figure 1a are equation (1) with equa-
tions (2a) and (2b).

Figure 1. This figure represents results for the case in which the protons are modeled as a single bi-Maxwellian velocity
distribution. The symbols indicate solutions to the kinetic linear dispersion equation for the Alfvén-cyclotron instability
at k × Bo = 0 as a function of the proton temperature anisotropy, and the dashed lines represent equation (1) with equa-
tions (2a) and (2b)and equation (3) with equations (4a) and (4b). Black corresponds to β||p = 0.05, blue to β||p = 0.10, green to
β||p = 0.25, orange to β||p = 0.50, red to β||p = 1.0, and dark red to β||p = 2.5. (a) The maximum instability growth rate and (b)
the real frequency corresponding to the maximum growth rate.
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We further hypothesize that the real frequency corresponding to γm/Ωp is also a linear function of the proton
temperature anisotropy so that by analogy with equation (1), we assume for 2 ≤ T⊥p/T||p ≤ 5

ωm=Ωp ¼ f 1 þ f 2 T⊥p=T jjp
� �

(3)

Figure 1b plots ωm/Ωp computed from the kinetic linear dispersion theory as a function of this temperature
anisotropy for six different values of β||p. This figure clearly demonstrates that, for the given range of the hot
proton anisotropy, the dispersion equation yields ωm/Ωp values which satisfy equation (3). Fitting these six
curves to equation (3) gives approximate scalings for the two fitting parameters:

f 1≅0:23βjjp
�0:20 (4a)

and

f 2≅0:11βjjp
0:18 (4b)

The dashed lines in Figure 1b are equation (3) with equations (4a) and (4b).

The quality of these approximate fits to the exact results obtained from the kinetic linear dispersion equation
are discussed in Appendix A. Table A1 shows that the fits to ωm/Ωp are generally good for all values of β||p
considered here, but that the quality of fits to γm/Ωp is good only for relatively large values of β||h. The poor
fits are apparently associated with the relatively small values of maximum growth rates at low β||p.

3. Kinetic Linear Dispersion Theory: Hot Protons Plus Cool Protons

To consider conditions more appropriate for the magnetosphere, this section describes a linear dispersion
analysis of the Alfvén-cyclotron instability in a model plasma with two distinct proton contributions, a rela-
tively cool, isotropic, more dense component (denoted by subscript c) and a relatively hot, anisotropic, less
dense component (denoted by subscript h) with nc+ nh= ne, Te= Tc and T||c<< T||h. As in Fu et al. [2016]
we use kinetic linear dispersion theory as described in Gary [1993, section 7.1.2] with the electron and cool
proton components represented as Maxwellian velocity distributions and the hot proton component repre-
sented as a bi-Maxwellian. Again, as in Fu et al. [2016], we assume that the maximum instability growth rate is
at k ×Bo= 0 and we compute γm/Ωp and the corresponding ωm/Ωp of this instability which here is driven by
T⊥h/T||h> 1. As in section 2 and in Fu et al. [2016], we find that, for a specified range of parametric variations,
the maximum growth rate of the instability as well as the corresponding real frequency are approximately
linear functions of the hot proton temperature anisotropy. We then derive approximate analytic expressions
for these quantities as functions of three dimensionless variables, T⊥h/T||h, β||h, and the relative hot compo-
nent density nh/ne. Here we consider the range 2 ≤ T⊥h/T||h ≤ 5, and nh/ne<< 1, as well as the order-of-
magnitude range 0.10≤ β||h≤ 1.0 which includes the 0.10≤ β||h≤ 0.25 values corresponding to the EMICmagne-
tospheric observations of Zhang et al. [2014]. Throughout this section our calculations assume T||h=3000 T||c;
sample calculations at different values of T||h/T||c>> 1 show no significant changes in γm/Ωp indicating that,
for the parameters considered here, the cool protons are noncyclotron resonant with this instability. We use
vA/c=4.67×10

�4 and Te/Tc=1.0 for the linear theory results of this section.

Our first step here was to calculate γm/Ωp andωm/Ωp as functions of T⊥h/T||hwith β||h and nh/ne held constant,
with the results shown in Figure 2. Figure 2a shows that there is an approximate linear relationship between
γm/Ωp and T⊥h/T||h; this also follows from Gary [1993, equation (7.1.8)] (Note the missing minus sign in the
exponential factor of this equation.) because the cool proton component term vanishes in the limit of zero
T||c (See also Bortnik et al. [2011, Figure 5] and Fu et al. [2016, Figure 3]). Thus, as in equation (1), we assume for

γm=Ωp ¼ g1 þ g2 T⊥h=T jjh
� �

(5)

and the resulting values of the fitting parameters g1 and g2 are as given in Table 1. Using the numbers of this
table, various attempts at fitting parameters as functions of β||h and the dimensionless hot proton density
suggest the trial functions

g1 ¼ k1 nh=neð Þα1βjjhα11 (6a)
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and

g2 ¼ k2 nh=neð Þα2βjjhα22 (6b)

Figure 3 shows the maximum growth rate of this instability as a function of nh/ne with the other two dimen-
sionless parameters held to fixed values. Figure 3 demonstrates that, when the maximum growth rate of this
instability is computed using the parameters stated here and using a kinetic dispersion equation like Gary
[1993, equation (7.1.6)] the maximum growth rate is not proportional to nh, as claimed by Bortnik et al.

Figure 2. This figure, as well as all subsequent figures, represents results for the case in which the protons aremodeled as the
sum of cool Maxwellian and hot bi-Maxwellian velocity distributions. The symbols indicate solutions to the kinetic linear
dispersion equation for the Alfvén-cyclotron instability at k×Bo= 0 as a function of the proton temperature anisotropy at
nh/ne= 0.10 and β||h = 0.05 (black points), β||p= 0.10 (blue points), β||p= 0.25 (green points), β||p = 0.50 (orange points), and
β||p= 1.0 (red points). (a) The maximum instability growth rate where the dashed line represents equation (5) with equations
(6a), (6b), and (7) and the colors as stated in the preceding sentence. (b) The real frequency corresponding to the maximum
growth rate where the dashed line represents equation (8) with equations (9a), (9b), and (10) and the colors as stated above.

Table 1. The Fitting Parameters g1 and g2 of Equation (5) as Obtained From Solutions of the Linear Dispersion Equation
for the Maximum Growth Rate of the Alfvén-Cyclotron Instability for the Parameters β||h and nh/ne as Given

g1 β||h = 0.10 β||h = 0.25 β||h = 0.50 β||h = 1.0

nh/ne = 0.05 �0.0251 �0.0295 �0.0306 �0.0275
nh/ne = 0.10 �0.0360 �0.0416 �0.0422 �0.0378
nh/ne = 0.20 �0.0506 �0.0592 �0.0602 �0.0548

g2 β||h = 0.10 β||h = 0.25 β||h = 0.50 β||h = 1.0

nh/ne = 0.05 0.0180 0.0261 0.0332 0.0403
nh/ne = 0.10 0.0233 0.0337 0.0425 0.0515
nh/ne = 0.20 0.0292 0.0425 0.0537 0.0650
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[2011]. Rather γm/Ωp is a weaker function of the dimensionless hot proton density, scaling approximately as
(nh/ne)

0.6. We believe that our result is the more appropriate conclusion. This is because the dispersion equa-
tion of Gary [1993] is exact in the linear approximation, and the usual analytic approximation for the linear
growth rate, as, for example, in Gary [1993, equation (7.1.8)] shows that γm/Ωp is not only an explicit function
of nh/ne but also an implicit function of the hot proton component relative density through the presence of
terms containing the real frequency ωr.

Then, further fits of the linear theory results to the forms of equations (6a) and (6b) on the ranges 0.10≤ β||h≤ 1.00
and 0.05≤ nh/ne≤ 0.20 yield the following results:

k1≅� 0:12

k2≅0:12

α1≅0:50

α2≅0:34

α11≅0

α22≅0:38

(7)

Figure 2b shows that the real frequency corresponding to the maximum growth rate is also a monotonically
increasing function of the hot proton temperature anisotropy. By analogy with equation (3) we assume

ωm=Ωp ¼ f 1 þ f 2 T⊥h=T jjh
� �

(8)

and, by analogy with equations (6a) and (6b),

f 1 ¼ κ1 nh=neð Þα1βjjhα11 (9a)

and

f 2 ¼ κ2 nh=neð Þα2βjjhα22 (9b)

Then, further fits of the linear theory results to the forms of equations (9a) and (9b) on the ranges 0.10≤ β||h≤ 1.00
and 0.05≤ nh/ne≤ 0.20 yield the following:

κ1≅0:36

κ2≅0:074

a1≅0:24

a2≅0:52

a11≅� 0:24

a22≅0:054

(10)

Figure 3. Themaximum linear growth rate of the Alfvén-cyclotron instability from the kinetic linear dispersion equation
for electromagnetic fluctuations at k × Bo = 0 as a function of the dimensionless hot proton density at β||h = 1.0 as well as
T⊥h/T||h = 2.0 (black points), 3.0 (blue points), 4.0 (green points), and 5.0 (red points). The dashed lines represent equation (5)
with equations (6a), (6b), and (7) with the colors corresponding to the hot proton temperature anisotropies stated in the
preceding sentence.
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The dashed lines in Figure 2b are equation (8) with equations (9a), (9b), and (10). The quality of these fits com-
pared to the exact linear dispersion results are again discussed in Appendix A. Table A2 shows that the fits to
ωm/Ωp are generally good for all values of β||h considered in Figure 2b, but that the quality of fits to γm/Ωp is
good only for relatively large values of β||h. Once again, the poor fits are associated with the relatively small
values of maximum growth rates.

4. Hybrid PIC Simulations: Hot Protons Plus Cool Protons

Gary et al. [1997] showed that scaling relations for the Alfvén-cyclotron instability can be derived for prop-
erties at maximum growth rate (using kinetic linear dispersion theory) as well as the maximum value of
the fluctuating magnetic field energy density (using nonlinear hybrid particle-in-cell simulations). More
recently, Min et al. [2016] used full PIC simulations of the Alfvén-cyclotron instability driven by a proton
ring velocity distribution to demonstrate that both the maximum growth rate and the saturation levels
of the magnetic fluctuation energy density increase monotonically with increasing ion temperature aniso-
tropy. Here, as in Fu et al. [2016], we use the one-dimensional Los Alamos hybrid PIC code [Winske and
Omidi, 1993] to simulate this instability in a homogeneous, magnetized, collisionless plasma model using
the same proton velocity distribution described in section 3: a dense, cool, isotropic proton component
and a tenuous, hot, anisotropic proton component. The simulation parameters are the same as those sta-
ted in Fu et al. [2016, Table 2]: there are 256 cells along Bo, the cell size is 1.0 c/ωp, the time step is 0.05/Ωp,
and the number of superparticles per cell per species is 12,000. Using these simulation results, we here
derive an analytic expression for the scaling of the maximum fluctuating magnetic field energy density in
terms of the same three dimensionless parameters considered in section 3, that is, T⊥h/T||h, β||h, and nh/ne.

The initial values of the parameters used in this ensemble of simulations are as follows: ωe/Ωe= 5; eβ||h=0.3,
1.0, 3.0, and 10.0; nh/ne=0.05, 0.10, 0.20, and 0.40; and T⊥h/T||h=2.0, 3.0, 4.0, and 5.0. The consequences of
these simulations are similar to the results of earlier one-dimensional hybrid PIC simulations of the Alfvén-
cyclotron instability in a plasma of two proton components [Gary et al., 1994, 1995]: the fluctuating magnetic
field energy densities reach saturation at Ωpt~ 200, the temperature anisotropy of the hot protons is consid-
erably reduced, and the temperature anisotropy of the cool proton component is driven to T⊥c/T||c>> 1.

Following the format of Figures 1 and 2 above, Figure 4 presents the maximum fluctuating field energy den-

sity, εm≡ |δB|m
2/Bo

2, as a function of the hot proton temperature anisotropy from the eβ||h=1.0 simulations of
this ensemble. The figure shows that, for the range of 2 ≤ T⊥h/T||h ≤ 5 the maximum fluctuating magnetic field
energy density is not only a monotonic function of the hot proton temperature anisotropy but is reasonably

well fit as a linear function of that parameter. The same result obtains for theeβ||h=3.0 and 10.0 simulations of
this ensemble. So by analogy with equations (1) and (3), we assume over 2 ≤ T⊥h/T||h ≤ 5

Figure 4. The maximum dimensionless fluctuating magnetic field energy density of the Alfvén-cyclotron instability from
hybrid PIC simulations at k × Bo = 0 as a function of the hot proton temperature anisotropy with eβ||h = 1.0. Here the color
black corresponds to nh/ne = β||h = 0.05, blue represents nb/ne = β||h = 0.10, green stands for nb/ne = β||h = 0.20, and red
means nb/ne = β||h = 0.40. The individual points represent results from various simulations, and the dashed lines represent
equation (11) with fitting parameters ε1 and ε2 as given in Table 2.
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jδBjm2=Bo2 ¼ ε1 þε2 T⊥h=T jjh
� �

(11)

where the fitting parameters ε1 and ε2 are functions only of eβ||h and nh/ne. The resulting values of the fitting
parameters are given in Table 2.

Trial fits at constant values of the dimensionless temperature ratios show that ε1 and ε2 are relatively indepen-
dent of nh/ne, so we assume the fitting functions to be

ε1 ¼ c1βjjh
η11 (12a)

and

ε2 ¼ c2βjjh
η22 (12b)

Using the values of ε1 and ε2 given in the second column of Table 2, we find that, for eβ||h= 1.0, the following
fitting parameters result:

c1≅� 0:099

c2≅0:054

η11≅1:18

η22≅1:22

(13)

Note that, although equations (12a) and (12b) are explicitly independent of nh/ne, they are implicit functions
of the relative hot proton density through the definition of β||h. So the result that both η11 and η22 are of order
unity implies the physically plausible consequence that the maximum magnetic field energy density scales

Table 2. The Fitting Parameters ε1 and ε2 of Equation (11) as Obtained From Saturation Values of the Magnetic
Fluctuation Energy Densities From Hybrid PIC Simulations of the Alfvén-Cyclotron Instability for the Parameters eβ||h and
nh/ne as Given

ε1 eβ||h = 1.0 eβ||h = 3.0 eβ||h = 10.0

nh/ne = 0.05 �0.00279 �0.00739 �0.0187
nh/ne = 0.10 �0.00675 �0.0169 �0.0531
nh/ne = 0.20 �0.0154 �0.0392 �0.158
nh/ne = 0.40 �0.0327 �0.0896 �0.284

ε2 eβ||h = 1.0 eβ||h = 3.0 eβ||h = 10.0

nh/ne = 0.05 0.00134 0.00427 0.0126
nh/ne = 0.10 0.00337 0.00992 0.0328
nh/ne = 0.20 0.00788 0.0231 0.0916
nh/ne = 0.40 0.0170 0.0522 0.181

Figure 5. The fitting parameters �ε1 (red points) and ε2 (blue points) of the maximum fluctuating field energy densities
from hybrid PIC simulations of the Alfvén-cyclotron instability at k × Bo = 0 as functions of β||h. The individual symbols
represent results from Table 2, whereas the solid lines represent the eβ||h = 1.0 fits of equations (12a), (12b) and (13), that is,
�ε1 = 0.099β||h

1.18 and ε2 = 0.054β||h
1.22.
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approximately as the parallel thermal energy of the hot proton component. Figure 5 represents a broader
range of results, including the 16 points of Table 2, showing that the parameter fits of equation (13) which

were derived from theeβ||h=1.0 simulations are also approximately valid for values of that parameter ranging
from 0.30 to 10.0.

The error analysis of these approximate fits to the simulated results is discussed in Appendix A. Table A3
shows that the fits to δB|m

2/Bo
2 become better as the relative density of the hot component increases.

Combining this result with the error analyses from sections 2 and 3 leads us to the general conclusion that
the larger the independent variables, the better the quality of the fit.

5. Conclusions

We have considered kinetic linear dispersion theory and hybrid PIC simulations of the Alfvén-cyclotron
instability driven by a hot, anisotropic, tenuous proton component in the presence of a cool, isotropic, dense
proton component in a magnetized, homogeneous, collisionless plasma. Linear theory yields scaling rela-
tions for the dimensionless maximum growth rate and the corresponding real frequency, whereas the simu-
lations yield a scaling relation for the dimensionless magnetic field fluctuation energy density at instability
saturation. All three scaling relations are relatively concise, analytic expressions which are functions of three
independent dimensionless variables: nh/ne, β||h, and the hot proton temperature anisotropy. As each of
these independent variables increases, so also increase the dependent variables, particularly the maximum
growth rate and the maximum fluctuating fields. This is an expected result, because each independent vari-
able contributes to the free energy driving the instability [e.g., Min et al., 2016; Fu et al., 2016]. Specifically, all
three scaling relations are approximately linear functions of the temperature anisotropy [Fu et al., 2016,
Figures 3 and 6] on the range 2 ≤ T⊥h/T||h ≤ 5, but the dimensionless maximum growth rate is a considerably
weaker function of nh/ne than the dimensionless fluctuating field energy density at saturation.

Our model of two bi-Maxwellian proton components is idealized; more realistic representations must even-
tually be used to more fully describe the complex plasma physics of actual magnetospheric ion dynamics. So
future derivation of such scaling relations should include the presence of singly ionized helium [e.g., Gendrin
et al., 1984; Chen et al., 2011; Gary et al., 2012; Fu et al., 2016] and other heavy ions [e.g., Omidi et al., 2013], as
well as the non-Maxwellian character [e.g., Min et al., 2016] of many observed magnetospheric plasmas.

Appendix A

The accuracy of our fits to the scalings derived from linear dispersion theory can be estimated through use of

Ξγ ≡ Σ γm=Ωp– g1 þ g2 T⊥j=T jjj
� �� �� �2

= γm=Ωp
� �2

and

Ξω ≡ Σ ωm=Ωp– f 1 þ f 2 T⊥j=T jjj
� �� �� �2

= ωm=Ωp
� �2

where γm/Ωp and ωm/Ωp are the exact growth rates and frequencies from the kinetic linear dispersion equa-
tion and g1, g2, f1, and f2 are the approximate values obtained by our fitting procedures. Similarly, estimates of
the accuracy of our fits to the scalings derived from the hybrid simulations use

Ξε ≡ Σ jδBjm2=Bo
2– ε1 þ ε2 T⊥j=T jjj

� �� �n o2
= δBjm2=Bo

2
� 	

where |δB|m
2/Bo

2 represents the dimensionless maximum fluctuating magnetic field energy density from a
simulation and ε1 and ε2 are the approximate values obtained by our fitting procedures. Here Σ represents
a sum over the several values of T⊥j/T||j in our computations as illustrated in Figures 1, 2, and 4 and j= p for
Figure 1 and j= h for Figures 2 and 4. A 0 value of a Ξ variable represents exact agreement between the com-
puted values and fitted variables, so that the goodness of fit decreases as this quantity increases.
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For the case of a single bi-Maxwellian proton velocity distribution discussed in section 2 and illustrated in
Figure 1, we obtain the linear theory results stated in Table A1.

The case of two proton components discussed in section 3 and illustrated in Figure 2 yields the linear theory
results stated in Table A2.

The case of two proton components discussed in section 4 and illustrated in Figure 4 yields the hybrid simu-
lation results stated in Table A3.

We conclude that our fitting procedures yield improved agreement with theory and simulations with an
increasing hot proton component β or an increasing nh/ne. Furthermore, our approximate analytic expres-
sions do a better job of representing the real frequency than the maximum growth rate. Generally speaking,
the relative accuracy of the scaling relations derived here increases with increasing values of the three inde-
pendent variables, which should be a useful guideline in the application of these results.

References
Anderson, B. J., R. E. Erlandson, and L. J. Zanetti (1992), A statistical study of Pc 1-2 magnetic pulsations in the equatorial magnetosphere, 1.

Equatorial occurrence distributions, J. Geophys. Res., 97(A3), 3075–3088, doi:10.1029/91JA02706.
Anderson, B. J., S. A. Fuselier, S. P. Gary, and R. E. Denton (1994), Magnetic spectral signatures in the Earth’s magnetosheath and plasma

depletion layer, J. Geophys. Res., 99, 5877–5892, doi:10.1029/93JA02827.
Bortnik, J., N. Omidi, L. Chen, R. M. Thorne, and R. B. Horne (2011), Saturation characteristic of electromagnetic ion cyclotron waves,

J. Geophys. Res., 116, A09219, doi:10.1029/2011JA016638.
Chen, L., R. M. Thorne, and J. Bortnik (2011), The controlling effect of ion temperature on EMIC wave excitation and scattering, Geophys. Res.

Lett., 38, L16109, doi:10.1029/2011GL048653.
Fraser, B. J., and T. S. Nguyen (2001), Is the plasmapause a preferred source region of electromagnetic ion cyclotron waves in the magne-

tosphere?, J. Atmos. Sol. Terr. Phys., 63(11), 1225, doi:10.1016/S1364-6826(00)00225-X.
Fu, X., M. M. Cowee, V. K. Jordanova, S. P. Gary, G. D. Reeves, and D. Winske (2016), Predicting electromagnetic ion cyclotron wave amplitude

from unstable ring current plasma conditions, J. Geophys. Res. Space Physics, 121, doi:10.1002/2016JA023303.
Gary, S. P. (1993), Theory of Space Plasma Microinstabilities, Cambridge Univ. Press, New York.
Gary, S. P., M. B. Moldwin, M. F. Thomson, D. Winske, and D. J. McComas (1994), Hot proton anisotropies and cool proton temperatures in the

outer magnetosphere, J. Geophys. Res., 99, 23,603–23,615, doi:10.1029/94JA02069.
Gary, S. P., M. F. Thomsen, L. Yin, and D. Winske (1995), Electromagnetic proton cyclotron instability: Interactions with magnetospheric

protons, J. Geophys. Res., 100, 21,961–21,972, doi:10.1029/95JA01403.
Gary, S. P., J. Wang, D. Winske, and S. A. Fuselier (1997), Proton temperature anisotropy upper bound, J. Geophys. Res., 102, 27,159–27,170,

doi:10.1029/97JA01726.
Gary, S. P., K. Liu, and L. Chen (2012), Alfvén-cyclotron instability with singly ionized helium: Linear theory, J. Geophys. Res., 117, A08201,

doi:10.1029/2012JA017740.
Gary, S. P., L. K. Jian, T. W. Broiles, M. L. Stevens, J. J. Podesta, and J. C. Kasper (2016), Ion driven instabilities in the solar wind: Wind obser-

vations of 19 March 2005, J. Geophys. Res. Space Physics, 121, 30–41, doi:10.1002/2015JA021935.
Gendrin, R., M. Ashour-Abdalla, Y. Omura, and K. Quest (1984), Linear analysis of ion cyclotron interaction in a multicomponent plasma,

J. Geophys. Res., 89, 9119–9124, doi:10.1029/JA089iA10p09119.
Jordanova, V. K., Y. Yu, J. T. Niehof, R. M. Skoug, G. D. Reeves, C. A. Kletzing, J. F. Fennell, and H. E. Spence (2014), Simulations of inner

magnetospheric dynamics with an expanded RAM-SCB model and comparisons with Van Allen Probes observations, Geophys. Res. Lett.,
41, 2687–2694, doi:10.1002/2014GL059533.

Table A1. Error Analysis for the Linear Theory Results of the Case Illustrated in Figure 1

β||p = 0.05 β||p = 0.10 β||p = 0.25 β||p = 0.50 β||p = 1.0 β||p = 2.5

Ξγ 5700 0.19 0.0094 0.0044 0.00026
Ξω 0.0028 0.0011 0.00088 0.00077 0.00082 0.0036

Table A2. Error Analysis for the Linear Theory Results of the Case Illustrated in Figure 2

β||h = 0.05 β||h = 0.10 β||h = 0.25 β||h = 0.50 β||h = 1.0

Ξγ 0.49 0.11 0.0050 0.0075 0.012
Ξω 0.00032 0.00025 0.00014 0.00012

Table A3. Error Analysis for the Hybrid PIC Simulation Results of the Case Illustrated in Figure 4

nh/ne = 0.05 nh/ne = 0.10 nh/ne = 0.20 nh/ne = 0.40

Ξε 1.75 0.27 0.062 0.018

Journal of Geophysical Research: Space Physics 10.1002/2016JA023425

GARY ET AL. SCALINGS OF ALFVEN-CYCLOTRON INSTABILITY 473

Acknowledgments
The portion of this work carried out at
Los Alamos National Laboratory was
performed under the auspices of the U.
S. Department of Energy. The research
of X.F. was supported by NASA grants
NNH13AW83I and NNH14AX90I. The
research efforts of SPG and KL were
supported by NSF-GEM projects
1303300 and 1303623, respectively. The
numerical values used in this manu-
script are listed in the references, fig-
ures, and tables. Numerical values not
explicitly stated are available from SPG
upon request.

 21699402, 2017, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2016JA

023425 by A
uburn U

niversity L
ibraries, W

iley O
nline L

ibrary on [27/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://doi.org/10.1029/91JA02706
http://doi.org/10.1029/93JA02827
http://doi.org/10.1029/2011JA016638
http://doi.org/10.1029/2011GL048653
http://doi.org/10.1016/S1364-6826(00)00225-X
http://doi.org/10.1002/2016JA023303
http://doi.org/10.1029/94JA02069
http://doi.org/10.1029/95JA01403
http://doi.org/10.1029/97JA01726
http://doi.org/10.1029/2012JA017740
http://doi.org/10.1002/2015JA021935
http://doi.org/10.1029/JA089iA10p09119
http://doi.org/10.1002/2014GL059533


Liu, K., D. S. Lemons, D. Winske, and S. P. Gary (2010), Relativistic electron scattering by electromagnetic ion cyclotron fluctuations: Test
particle simulations, J. Geophys. Res., 115, A04204, doi:10.1029/2009JA014807.

Meredith, N. P., R. M. Thorne, R. B. Horne, D. Summers, B. J. Fraser, and R. R. Anderson (2003), Statistical analysis of relativistic electron energies
for cyclotron resonance with EMIC waves observed on CRRES, J. Geophys. Res., 108(A6), 1250, doi:10.1029/2002JA009700.

Min, K., J. Lee, K. Keika, and W. Li (2012), Global distribution of EMIC waves derived from THEMIS observations, J. Geophys. Res., 117, A05219,
doi:10.1029/2012JA017515.

Min, K., K. Liu, and S. P. Gary (2016), Scalings of Alfvén-cyclotron and ion Bernstein instabilities on temperature anisotropy of a ring-like
velocity distribution in the inner magnetosphere, J. Geophys. Res. Space Physics, 121, 2185–2193, doi:10.1002/2015JA022134.

Omidi, N., J. Bortnik, R. Thorne, and L. Chen (2013), Impact of cold O
+
ions on the generation and evolution of EMIC waves, J. Geophys. Res.

Space Physics, 118, 434–445, doi:10.1029/2012JA018319.
Winske, D., and N. Omidi (1993), Hybrid codes: Methods and applications, in Computer Space Plasma Physics: Simulation Techniques and

Software, edited by H. Matsumoto and Y. Omura, pp. 103, Terra Sci., Tokyo.
Zhang, J.-C., et al. (2014), Excitation of EMIC waves detected by the Van Allen Probes on 28 April 2013, Geophys. Res. Lett., 41, 4101–4108,

doi:10.1002/2014GL060621.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023425

GARY ET AL. SCALINGS OF ALFVEN-CYCLOTRON INSTABILITY 474

 21699402, 2017, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2016JA

023425 by A
uburn U

niversity L
ibraries, W

iley O
nline L

ibrary on [27/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://doi.org/10.1029/2009JA014807
http://doi.org/10.1029/2002JA009700
http://doi.org/10.1029/2012JA017515
http://doi.org/10.1002/2015JA022134
http://doi.org/10.1029/2012JA018319
http://doi.org/10.1002/2014GL060621


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


