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Scalings for the Alfvén-cyclotron Instability:
Linear Dispersion Theory and Hybrid Particle-in-Cell Simulations

S. Peter Gary?, Xiangrong Fu?, Misa M. Cowee3, Dan Winske3, and Kaijun Liu*
1 December 2016

AbStract. The Alfvén-cyclotron instability is driven by an ion temperature

an such that TJ_/TH >1 where | and || denote directions perpendicular

and parallel to a uniform background magnetic field B,. The computations
présented here consider a model of a magnetized, homogeneous, collisionless

pl Two representations of the proton velocity distribution are considered: a
single j-Maxwellian and a magnetospheric-like configuration of two components, a
m se, relatively cool, isotropic component and a less dense, relatively hot, bi-
Maxwellian component which drives the instability. Only wave propagation parallel
to onsidered. Using numerical solutions of the full kinetic linear dispersion

equation, concise analytic expressions for the scaling of the dimensionless

maximUyn instability growth rate and the corresponding dimensionless real

fre cy are derived as functions of three dimensionless variables: the hot proton
te ure anisotropy, the relative hot proton density, and the hot proton f3;.
Furmore, using one-dimensional hybrid particle-in-cell simulations of this same
instghilify, a third relation for the scaling of the maximum amplitude of the
diw)rlﬂess fluctuating magnetic field energy density is derived.

sitroduction
fvén-cyclotron instability in collisionless plasmas is driven by an ion

temperature anisotropy of the type TJ_/TH >1 where | and || denote directions
perpendicular and parallel to a uniform background magnetic field B, [Gary, 1993].
Thi& free energy excites enhanced fluctuating magnetic and electric fields at real
fre cies (or) and growth rates (y) less than Qp, the proton cyclotron frequency,
m@n growth rates (denoted by ym) at k x B, = 0 and wavenumbers satisfying
kc/®p'= 1 where wp denotes the proton plasma frequency. This instability is
obgfrved to arise in many different space plasmas including the solar wind [Gary et
) and references therein], the terrestrial magnetosheath [Anderson et al,
1 9Qdeaidtl references therein], and the terrestrial magnetosphere [Anderson et al,
19‘35': ggiry et al, 1995; Fraser and Nguyen, 2001; Meredith et al, 2003; Min et al,
2012; Zyang et al, 2014], where the resulting enhanced fluctuations are often
termed "electromagnetic ion cyclotron” (EMIC) waves.
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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 gs togtabilize the instability and to impose an upper bound on the anisotropies.
[isj:g Hybrid PIC (particle-in-cell) simulations in which ions are represented as an
en@t:j)f superparticles but the electrons are described more simply in terms of
afl el to describe this proton-driven instability, Gary et al. (1997) showed
tiodeiblei& upper bound can be expressed in the form

- o
O Tip/Tip = 1=Sp/Pyp P

wh, 4 < op £ 0.5, Sp < 1, subscript p represents protons and subscript e
re ts electrons. Here we define 3= 8nn;T|;/Bo2 where j represents the jth
plaﬁomponent. [t is also convenient to use, at times, a 3 defined in terms of the

-

total electron density, that is, Pla = 8mneT|;/Bo2. These fluctuations also scatter

rel ic electrons causing the detrapping of such particles from the terrestrial
m sphere [Liu et al, 2010 and citations therein]. Although the plasma physics
of rocesses is understood in a qualitative sense, quantitative representations

of &ai ysics have not yet been formulated due to their strongly nonlinear
character and to the large number of physical variables needed to describe space
p s in environments such as the magnetosphere.

rrently, the most favored approach to the modeling of magnetospheric

dynamics involves computations of the large-scale, slowly varying behavior of the
plagma [Jordanova et al. (2014) and citations therein]. Computational limitations
prevent such models from including small-scale, high-frequency wave processes.
Va@approaches have been proposed to include small-scale physics into large-
sca dels of the magnetosphere but, to our knowledge, each of these approaches
ha substantial simplifications with respect to either or both of the nonlinear
HEF the broad range of plasma parameters.
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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 copcise analytic expressions for the maximum growth rate of the Alfvén-
cydotron instability. Then a large number of nonlinear hybrid PIC simulations (Fu et
al, may be used to yield further analytic expressions relating maximum
gr es with fluctuating field amplitudes, the proton temperature anisotropies,
an deemen t instability saturation. Under the assumption that the time scales for
ins?bility growth and saturation are faster than the time rates of change of large-
scale magnetospheric processes, these analytic expressions can then be inserted
int@e-scale models of the magnetosphere to provide simple but accurate
exp ions for the physical consequences of Alfvén-cyclotron instability growth.

mhe first step toward implementing such a self-consistent procedure for
inc ating the nonlinear physics and the extensive range of plasma parameters
for. fluctuations in the inner terrestrial magnetosphere is to obtain concise
scaliporelations for the properties of growing modes such as the Alfvén-cyclotron
insébility. Fuetal (2016) used both linear dispersion theory and hybrid PIC
simulations to compute such relations between the maximum linear growth rate
an aturation wave amplitude of this instability. Here we use the same tools to
cori®ef the maximum growth rate, the real frequency at maximum growth, and the
ing magnetic field energy density at saturation of the Alfvén-cyclotron
as dependent variables and derive their scaling relations as functions of
ependent variables: the hot proton temperature anisotropy, the relative
density of the hot proton component, and .

E—lﬂ Section 2 we derive analytic forms of the scaling relations for the relatively
simpdagnodel in which there is a single, hot, anisotropic proton component. In
S we consider the more realistic, but more complex, case of two proton
constituents, a relatively dense, relatively cool, isotropic component and a relatively
mrelaﬁvely hot, anisotropic component. In Section 4 we use one-

nal hybrid PIC simulations of this same instability to derive a relation for
tindjesaddng of the maximum amplitude of the fluctuating magnetic field energy
deRailies Section 5 is a summary and conclusion. Throughout this manuscript the
plasma srequency of the jth component is denoted as wj and the cyclotron frequency
of the jth component is represented by Q;.
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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 B,. Thus, under the assumption that both
protons and electrons are represented by bi-Maxwellian velocity distributions, the
kingtic dispersion equation for electromagnetic waves and instabilities at k x B, = 0
in Homogeneous, collisionless, magnetized plasmas, for example, Equation (7.1.6) of
Gam‘f), can then be used to determine the scalings of the dependent

di less variables ym/Qp and the corresponding dimensionless real frequency

(Bmm functions of the independent dimensionless variables By, and T | p/T||p,
Fo 2l magnetospheric parameters the maximum growth rate of the Alfvén-

cycjotngn instability is independent of va/c and Te/Tp so that the scaling relations
we@[:e in this section are well described as functions only of the proton

te ture anisotropy and Bjp. We use va/c=4.67 x 104 and Te/Tp= 1.0 for the
linWeory results of this section.

uation (7.1.8) of Gary (1993) suggests that, for sufficiently large proton
te ature anisotropies, the maximum growth rate of the Alfvén-cyclotron

insfability is a linear function of TJ_p/T”p. More specifically, Fig. 5 of Bortnik et al.
(2 "rig. 3 of Fu et al. (2016), and sample calculations not displayed here show

th aximum growth rate of this mode is approximately proportional to
T | B3/"¥|p for values of this parameter greater than 2 and less than 5. So we assume

ional form
E Ym/Qp = g1+ 82 (T1p/Tiip) (1)

where g1 and gz are functions only of Bjp. Figure 1a shows that, for the 3, values
us@ here and the given proton anisotropies, ym/{2p at constant values of B, indeed
satisfies equations of the form of (1). If we then fit this equation to the points of
Figfire ¥, we obtain

an!
g2 = 0.11 (3040 (2b)
VMOVides a closed-form expression for the maximum linear growth rate of this

insﬁy on the parametric domain 2 < TJ_p/THp <5and 0.25 < Bjp <2.5. The
da ines of Figure 1a are Equation (1) with Equations (2a) and (2b).

<

g1 =-0.18 B p22° (2a)
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We further hypothesize that the real frequency corresponding to ym/Cpis also a
linear function of the proton temperature anisotropy so that by analogy with

Equation (1) we assume for 2< T | p/T|jp < 5

et Om/CQp =1 + £2 (T 1p/T)p) (3)

lQ:I%ure 1b plots ®m/Qp computed from the kinetic linear dispersion theory as
af of this temperature anisotropy for six different values of j,. This figure
TedM™@emonstrates that, for the given range of the hot proton anisotropy, the

dis %N equation yields O)m/Qp values which satisfy Equation (3). Fitting these
six@s to Equation (3) gives approximate scalings for the two fitting parameters:

f1 =0.23 Bp 020 (4a)
anm ’
3 f2=0.11 B 018 (4b)

T ed lines in Figure 1b are Equation (3) in Equations (4a) and (4b).
l'Etlality of these approximate fits to the exact results obtained from the
kineticlinear dispersion equation are discussed in the Appendix. Table A1 shows
th@its to om/Qp are generally good for all values of B, considered here, but
that the quality of fits to ym/Qp is good only for relatively large values of B;jn. The
1ts are apparently associated with the relatively small values of maximum
gro ates at low Bjjp.

3. Kinetic linear dispersion theory: Hot protons plus cool protons
To consider conditions more appropriate for the magnetosphere, this section
de&'l'ﬂ!s a linear dispersion analysis of the Alfvén-cyclotron instability in a model

pl ith two distinct proton contributions, a relatively cool, isotropic, more

de mponent (denoted by subscript c¢) and a relatively hot, anisotropic, less

de mponent (denoted by subscript h) with n¢ + ny = ne, Te = Tcand T||c << T||h.
et al. (2016) we use kinetic linear dispersion theory as described in Section

7 ary (1993) with the electron and cool proton components represented as

Maxwellian velocity distributions and the hot proton component represented as a
bi-MaxWellian. Again, as in Fu et al. (2016), we assume that the maximum instability
gr ate is at k x Bo =0 and we compute ym/Q; and the corresponding wm/<2p of

@l stability which here is driven by Tlh/T| |h > 1. Asin Section 2 and in Fu et al.

This article is protected by copyright. All rights reserved.



(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, TJ_h/Tl |h, Bih, and the relative hot component density

nﬁeﬁﬂere we consider the range 2 < TJ_h/Tl |h <5, and nh/ne<< 1, as well as the
ormagnitude range 0.10 < Bjjn < 1.0 which includes the 0.10 < Bjn < 0.25

val esponding to the EMIC magnetospheric observations of Zhang et al.

(2 Qb Throughout this section our calculations assume Tjn = 3000T)c; sample
calgulations at different values of T|jn/T)|c >> 1 show no significant changes in ym/Qp
inc%ﬁlg that, for the parameters considered here, the cool protons are non-
cy@-resonant with this instability. We use va/c=4.67 x 104 and Te/Tc= 1.0
for near theory results of this section.

mur first step here was to calculate ym/Qp and om/€)p as functions of

T |h with Bjjn and nn /ne held constant, with the results shown in Figure 2.

Fi a shows that there is an approximate linear relationship between ym/<p and
T |h; this also follows from Equation (7.1.8) of Gary (1993) [Note the missing
mi n in the exponential factor of this equation.] because the cool proton

co nt term vanishes in the limit of zero T|c [See also Fig. 5 of Bortnik et al.

(2 nd Fig. 3 of Fu et al, 2016]. Thus as in Equation (1) we assume for

E Ym/Qp = g1 + g2 (T1n/Tiin) (5)
and the resulting values of the fitting parameters g and g are as given in Table 1.

Usigag the numbers of this table, various attempts at fitting parameters as functions
of §)jh anld the dimensionless hot proton density suggest the trial functions

g1 = ki (nn/ne)™t Byn 1t (6a)
dan
( g2 = k2 (nn/ne)”2 Bjn"22 (6b)
fd
g1 — By = 0.10 Bjn = 0.25 Bjn = 0.50 Byn=1.0
nh/ﬂ—‘J.OS -0.0251 -0.0295 -0.0306 -0.0275
Nh/Ne .10 -0.0360 -0.0416 -0.0422 -0.0378
Znf 0.20 -0.0506 -0.0592 -0.0602 -0.0548
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g2 Byn = 0.10 Byn = 0.25 Byn = 0.50 Byn=1.0
nn/ne = 0.05 0.0180 0.0261 0.0332 0.0403
nn/ne=0.10 0.0233 0.0337 0.0425 0.0515
nn/ne = 0.20 0.0292 0.0425 0.0537 0.0650

Tat e 1. The fitting parameters g1 and gz of Equation (5) as obtained from solutions
of \@ ear dispersion equation for the maximum growth rate of the Alfvén-
Otron nstability for the parameters jjnand nn/ne as given.

(@]

L_Eigure 3 shows the maximum growth rate of this instability as a function of
nn/ge With the other two dimensionless parameters held to fixed values. Figure 3
de@rates that, when the maximum growth rate of this instability is computed
using the parameters stated here and using a kinetic dispersion equation like
Eq@ (7.1.6) of Gary (1993), the maximum growth rate is not proportional to ny,
as claimed by Bortnik et al. (2011). Rather ym/Qp is a weaker function of the
dirﬂnless hot proton density, scaling approximately as (nn/ne)%6. We believe

ou t is the more appropriate conclusion. This is because the dispersion

eqyeeien of Gary (1993) is exact in the linear approximation, and the usual analytic
ap imation for the linear growth rate, as for example in Eq. (7.1.8) of Gary

(19 hows that ym/Q; is not only an explicit function of nn/ne but also an implicit

furfctorj of the hot proton component relative density through the presence of
terms containing the real frequency .

en, further fits of the linear theory results to the forms of Equations (6a)
on the ranges 0.10 < Bjjn < 1.00 and 0.05 < np/ne < 0.20 yield the following
results:

ki=-0.12
k2= 0.12
a1 = 0.50 (7)
o2 = 0.34
o1 =0
o2 = 0.38

uthor

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

A
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®m/Qp = f1 + f2 (T 1n/Tn) (8)
and, by analogy with Equations (6a) and (6b),

-+ f1 = k1 (nn/ne)21 Byne11 (9a)

anO_

f2 = k2 (nn/ne)22 Bin22 (9b)

Th&,‘ﬂﬂ‘ther fits of the linear theory results to the forms of Equations (9a) and (9b)
on@nges 0.10 < Bjjn < 1.00 and 0.05 < np/ne < 0.20 yield the following:

K1 = 0.36

k2 = 0.074

a1 = 0.24 (10)
az = 0.52

a1 =-0.24

az2 = 0.054

dNus

The daShed lines in Figure 2b are Equation (8) with Equations (9a), (9b), and (10).

Eity of these fits compared to the exact linear dispersion results are again

disc d in the Appendix. Table A2 shows that the fits to om/Q; are generally good
lues of B considered in Figure 2b, but that the quality of fits to ym/Qp is

good only for relatively large values of 3n. Once again, the poor fits are associated
Wi* the relatively small values of maximum growth rates.

4. d PIC Simulations: Hot Protons plus Cool Protons
ary et al. (1997) showed that scaling relations for the Alfvén-cyclotron

i:my can be derived for properties at maximum growth rate (using kinetic
li ispersion theory) as well as the maximum value of the fluctuating magnetic
fi rgy density (using nonlinear hybrid particle-in-cell simulations). More

instabil¥y driven by a proton ring velocity distribution to demonstrate that both the
ma m growth rate and the saturation levels of the magnetic fluctuation energy

wmrease monotonically with increasing ion temperature anisotropy. Here,
u

recentls, Min et al. (2016) used full PIC simulations of the Alfvén-cyclotron

etal (2016), we use the one-dimensional Los Alamos hybrid PIC code

This article is protected by copyright. All rights reserved.



[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 stated in Table
2 of Fu etal [2016]: there are 256 cells along B,, the cell size is 1.0 c/wy, the time
step is 05/Q)p, and the number of superparticles per cell per species is 12000.
Usthg these simulation results we here derive an analytic expression for the scaling
ofmum fluctuating magnetic field energy density in terms of the same three

dimensionless parameters considered in Section 3, that is, TJ_h/T”h, Bin, and np/ne.
N

uhe initial values of the parameters used in this ensemble of simulations are:

we@s; Bilh =0.3,1.0, 3.0 and 10.0; nn/ne = 0.05, 0.10, 0.20, and 0.40; and

Tmh =2.0, 3.0, 4.0 and 5.0. The consequences of these simulations are similar
to ults of earlier one-dimensional hybrid PIC simulations of the Alfvén-

cy instability in a plasma of two proton components (Gary et al, 1994, 1995):
the flucfuating magnetic field energy densities reach saturation at Qut ~ 200, the
temperature anisotropy of the hot protons is considerably reduced, and the

ter!Eerature anisotropy of the cool proton component is driven to TJ_C/Tl |c>> 1.

gﬂi‘llowing the format of Figures 1 and 2 above, Figure 4 presents the
ma fluctuating field energy density, em = |0B|m?/Bo?2, as a function of the hot

protolmeemperature anisotropy from the ’8”}” =1.0 simulations of this ensemble.

e shows that, for the range of 2 < T v/ T|jh < 5 the maximum
fluctuating magnetic field energy density is not only a monotonic function of the hot
prcgon temperature anisotropy but is reasonably well fit as a linear function of that

pamer. The same result obtains for the Bl = 3.0 and 10.0 simulations of this

en e. So by analogy with Equations (1) and (3) we assume over 2 < TLh/T”h
wfud  |0B|m?/Bo? = €1+ €2 (T 1n/T|n) (11)

D i

3
wherggie fitting parameters €1 and 2 are functions only of [ and nn/ne. The
ng values of the fitting parameters are given in Table 2.
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€1
Bl _ 14 Bilb _50 | PlIb Z100

A= 8.05 | -0.00279 20.00739 20.0187
ez 010 | -0.00675 20.0169 20.0531
nhO 20.0154 20.0392 20.158
N,/ =0 | 00327 20.0896 20.284
[ = |
£2 S Bin B 3

p Plik ~ 19 Plik ~ 39 Pk~ 10,0
nAe=d 05 | 0.00134 0.00427 0.0126
nh/Begd.10 | 0.00337 0.00992 0.0328
nn 20 |0.00788 0.0231 0.0916
nh/Re=040 | 0.0170 0.0522 0.181

U

e 2. The fitting parameters €1 and €2 of Equation (11) as obtained from

sa n values of the magnetic fluctuation energy densities from hybrid PIC

n

simulations of the Alfvén-cyclotron instability for the parameters Bin and nn/neas
gi

a

its at constant values of the dimensionless temperature ratios show that &:
and g awe relatively independent of nn/ne, so we assume the fitting functions to be

g1 =c1 B! (12a)
ang
g2 = C2 Byn"'22 (12b)
Us@ values of €1 and ¢z given in the second column of Table 2, we find that, for
p ||/ vy the following fitting parameters result:
—— c1 = -0.099
e c2 = 0.054 (13)
s N = 1.18
: N2z = 1.22
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Note that, although Equations (12a) and (12b) are explicitly independent of
nn/ne, they are implicit functions of the relative hot proton density through the
definition of [jn. So the result that both 11 and n322 are of order unity implies the
physically plausible consequence that the maximum magnetic field energy density
scales approximately as the parallel thermal energy of the hot proton component.
Figyire Jrepresents a broader range of results, including the twelve points of Table
2, showing that the parameter fits of Equation (13) which were derived from the

p |17 mdmasimulations are also approximately valid for values of that parameter
rangiagsrom 0.30 to 10.0.

%ﬂrror analysis of these approximate fits to the simulated results is discussed
in @pendix. Table A3 shows that the fits to 6B|m?/Bo? become better as the

rel ™= density of the hot component increases. Combining this result with the
err; lyses from Sections 2 and 3 leads us to the general conclusion that the
lar e independent variables, the better the quality of the fit.

)

5. Conclusions

ve considered kinetic linear dispersion theory and hybrid PIC simulations

of Mén-cyclotron instability driven by a hot, anisotropic, tenuous proton
co nt in the presence of a cool, isotropic, dense proton component in a

wed, homogeneous, collisionless plasma. Linear theory yields scaling
rela for the dimensionless maximum growth rate and the corresponding real
f] ency, whereas the simulations 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
inMdent dimensionless variables: nn/ne, Bjjn, and the hot proton temperature
anisgfropy. As each of these independent variables increases, so also increase the
dent variables, particularly the maximum growth rate and the maximum
fluct®®ling fields. This is an expected result, because each independent variable
co tes to the free energy driving the instability [e.g., Min et al., 2016; Fu et al,
Zﬁmpecifically, all three scaling relations are approximately linear functions of
t}qq;gmperature anisotropy [Figs. 3 and 6 of Fu et al, 2016] on the range 2 <

T s |h <5, but the dimensionless maximum growth rate is a considerably
we unction of nn/ne than the dimensionless fluctuating field energy density at

saturaff' n.

This article is protected by copyright. All rights reserved.
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Our model of two bi-Maxwellian proton components is idealized; more
realistic representations must eventually 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
etal, 1984; Chen et al, 2011, Gary et al,, 2012; Fu et al, 2016] and other heavy ions
[e.g., Omyidi et al., 2013], as well as the non-Maxwellian character [e.g., Min et al.,

2 of many observed magnetospheric plasmas.

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

N 2y =2{ym/Qp = [g1+ g2(TL/Ti1}* / (ym/C2p)?
= Eo=X{om/Qp - [fr+ £(Ty/Ti)1}> / (0m/Qp)?

wh /Qp and ®m/C)p are the exact growth rates and frequencies from the
kingiclinear dispersion equation, and g1, g2, f1 and f; are the approximate values
obtyj by our fitting procedures. Similarly, estimates of the accuracy of our fits to
thwgs derived from the hybrid simulations use

.= {|8Bw2/Bo? - [£1+ £2(T 1/ Ty)]}? / (3B|m?/Bo2)

where [0B|m?/Bo? represents the dimensionless maximum fluctuating magnetic
field energy density from a simulation and €1 and ¢; are the approximate values

ob by our fitting procedures. Here X represents a sum over the several
va TJ_]'/T”j in our computations as illustrated in Figures 1, 2, and 4 and j=p
for re 1 and j=h for Figures 2 and 4. A zero value of a = variable represents
ex eement between the computed values and fitted variables, so that the

of a fit decreases as this quantity increases.

or the case of a single bi-Maxwellian proton velocity distribution discussed in
Sectlon and illustrated in Figure 1, we obtain the linear theory results stated in

’—<\ Bup=0.05 | Byp=0.10 | Byp=0.25 | Byp=0.50 | By,=1.0 | By,=2.5

This article is protected by copyright. All rights reserved.

12



—
=

=y

5700

0.19

0.0094

0.0044

0.00026

—

-
-0

0.0028

0.0011

0.00088

0.00077

0.00082

0.0036

Table A1l. Error analysis for the linear theory results of the case illustrated in
Figure 1.

'lﬁase of two proton components discussed in Section 3 and illustrated in

Fields the linear theory results stated in Table A2.

Bn=0.05

Byn=0.10

Byn=0.25

Byn=0.50

Bin=1.0

0.49

0.11

0.0050

0.0075

0.012

0.00032

0.00025

0.00014

0.00012

T:ge‘Z. Error analysis for the linear theory results of the case illustrated in

'gmse of two proton components discussed in Section 4 and illustrated in
Fi
nn/Ne=0.05 | np/ne=0.10 | nh/ne=0.20 | nn/ne=0.40

yields the hybrid simulation results stated in Table A3.
C 1.75 0.27 0.062 0.018

Eg
Tam Error analysis for the hybrid PIC simulation results of the case illustrated
in FiguTe 4.

We lude that our fitting procedures yield improved agreement with theory and
Ions with an increasing hot proton component 3 or an increasing nn/ne.
Furthermore, our approximate analytic expressions do a better job of representing
thegreal frequency than the maximum growth rate. Generally speaking, the relative
ac}EEy of the scaling relations derived here increases with increasing values of the
thr; ependent variables, which should be a useful guideline in the application of
th@ults.
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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 x B, = 0 as a function of the proton temperature anisotropy, and the
daghed Jines represent Equation (1) with Equations (2) and Equation (3) with
Eqfiations (4). Black corresponds to B, = 0.05, blue to B, = 0.10, green to Bjp =
0. @ nge to Bp = 0.50, red to Bjp = 1.0 and dark red to Bp = 2.5. (a) The
ma"eEinstability growth rate and (b) the real frequency corresponding to the
mosssmem growth rate.
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igure 2. This figure, as well as all subsequent figures, represents results for
in which the protons are modeled as the sum of cool Maxwellian and hot bi-
ian velocity distributions. The symbols indicate solutions to the kinetic
persion equation for the Alfvén-cyclotron instabilityat kx B, =0 as a
function of the proton temperature anisotropy at nn/ne = 0.10 and Bjjn = 0.05 (black
pow”p = 0.10 (blue points), Bjp = 0.25 (green points), Bjjp = 0.50 (orange
points), and Bjp = 1.0 (red points). (a) The maximum instability growth rate where
thed line represents Equation (5) with Equations (6a), (6b), and (7) and the
colO™*s stated in the preceding sentence. (b) The real frequency corresponding to
th mum growth rate where the dashed line represents Equation (8) with

@i s (9a), (9b), and (10) and the colors as stated above.
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Figure 3. The maximum linear growth rate of the Alfvén-cyclotron instability from
th ic linear dispersion equation for electromagnetic fluctuations at kx B, = 0
as tion of the dimensionless hot proton density at B;jn= 1.0 as well as

|h = 2.0 (black points), 3.0 (blue points), 4.0 (green points) and 5.0 (red

he dashed lines represent Equation (5) with Equations (6a), (6b) and (7)
colors corresponding to the hot proton temperature anisotropies stated in
the preceding sentence.
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