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Abstract saturation properties of parallel propagating broadband whistler mode waves are investigated
using quasilinear theory. By assuming that the electron distribution stays bi-Maxwellian, we combine the
previously obtained energy equation of quasilinear theory with wave equation to self-consistently model
the excitation of broadband whistler waves. The resulting evolution profile of wave intensity, spectrum, and
electron temperature are consistent with those from particle-in-cell (PIC) simulations. We obtain the inverse
relation between the saturation temperature anisotropy (A) and parallel plasma beta () directly from
quasilinear theory. Our A-f relation agrees very well with previous results from observation and PIC
simulation. We also demonstrate that it might be possible to predict the wave amplitude from the initial
maximum linear growth rate alone and show that the peak frequency and spectrum width are well-defined
functions of the final g, at saturation, but not of the initial .

1. Introduction

Whistler waves are important naturally occurring electromagnetic emissions in space plasmas [Helliwell,
1965]. These waves have been observed in the solar wind, magnetosheath, and planetary magnetospheres
[e.g., Shaikh and Zank, 2010; Breneman et al., 2010; Stansby et al., 2016; Smith and Tsurutani, 1976; Tsurutani
and Smith, 1974; Thorne et al., 1973]. Whistler waves play important roles in energetic electron dynamics
in the inner magnetosphere. They can cause acceleration of a few hundred keV electrons and lead to the
enhancement of MeV radiation belt electron fluxes during geomagnetically disturbed times [e.g., Horne and
Thorne, 1998; Horne et al., 2005; Reeves et al., 2013] and precipitation of keV to a few tens of keV electrons to
form diffuse aurora [Thorne et al., 2010], pulsating aurora [Nishimura et al., 2010], and pancake distributions
[Taoetal, 2011].

Saturation properties of whistler mode waves are important to quantify related wave-particle interactions.
Previous analysis of saturation properties of whistler mode waves has mainly used particle-in-cell (PIC) sim-
ulations [Gary and Wang, 1996; An et al., 2017]. The main advantage of PIC simulations is that all nonlinear
wave-particle and wave-wave interactions are included. The main disadvantages of PIC simulations are that
sometimes it is difficult to identify the main physical process and that simulations typically have high statisti-
cal noise. Saturation properties of broadband waves can also be analyzed using quasilinear theory [Kennel and
Engelmann, 1966]. Yoon and Seough [2012] used quasilinear theory and obtained the anisotropy-beta relations
for combined mirror and proton cyclotron instabilities for the case of T, /T, > 1, where T is the temperature
and subscripts “L” and “||” denote perpendicular and parallel directions with respect to the background mag-
netic field. In a companion paper, Seough and Yoon [2012] reported the quasilinear analysis for parallel proton
cyclotroninstability for T, /T, > 1 and parallel firehose instabilities for T, /T, < 1.Kimetal. [2017] analyzed the
electron temperature anisotropy regulation by whistler mode waves using quasilinear theory within the con-
text of solar wind. In this study, we use quasilinear theory to analyze the saturation properties of broadband
whistler mode waves.

Two kinds of saturation properties will be investigated. The first one is plasma properties at saturation,
i.e., the inverse relation between temperature anisotropy (A = T, /T, — 1) and the parallel plasma beta
8, = 87mT”/BZ). Here n is the number density, and B is the magnetic field strength. Using linear theory anal-
ysis and assuming a bi-Maxwellian distribution for electrons, Gary and Wang [1996] pointed out that there
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exists an upper bound on the electron temperature anisotropy due to the excitation of whistler mode waves,
and the threshold temperature anisotropy satisfies the relationship

T
= —1=5/p/, (M
T” Il

where S and « are two fitting constants. This constraint on A was then confirmed by 2-D PIC simulations [Gary
and Wang, 1996]. However, in linear analysis, an assumption about the maximum linear growth rate (y,,) is
needed to obtain values for S and a. For example, assuming y,,, = 0.01Q, Gary and Wang [1996] found that
(S,@) = (0.27,0.57), and if y,, = 0.1Q, the values of (S, @) change to (0.58,0.45). Here Q is the unsigned
electron cyclotron frequency. Using Cluster measurement, Gary et al. [2005] reported that the constraint on
electron anisotropy upper bound in the magnetosheath isindeed given by equation (1) and for0.1 < g, < 1.0,
S ~0.2,and @ ~ 0.6.Recently, Yueetal. [2016] used Van Allen Probes data and demonstrated that the electron
temperature anisotropy constraint associated with excitation of whistler mode chorus waves is well described
by equation (1). The upper bound of temperature anisotropy was demonstrated to be in good agreement
with that from 2-D PIC simulations by An et al. [2017].

The other kind of properties to be investigated are the saturation properties of waves, including satura-
tion amplitude, the peak frequency, and the spectrum width. These parameters are important to estimate
the effects of waves on particle dynamics. The saturation amplitude, e.g., is a key parameter in determin-
ing the acceleration and loss time scale of energetic electrons in the inner magnetosphere [e.g., Kennel and
Engelmann, 1966]. However, it is too time consuming with current computational power to use a PIC simula-
tion code to obtain global distribution of whistler wave amplitudes in the magnetosphere. Bortnik et al. [2011]
used local PIC simulations and demonstrated that the saturation amplitude of electromagnetic cyclotron ion
waves (EMIC) can be described as a function of maximum k;, which is the imaginary part of the wave number
k and is related to the linear growth rate y by k; = —y /v, with v, the group velocity. This kind of mapping
could be useful and important in global ring current simulations, which can give linear growth rate of waves
but not saturation amplitude [Jordanova et al., 2008]. Other properties (the peak frequency and the spectrum
width) are also important properties in modeling of energetic electron dynamics [e.g., Glauert and Horne,
2005]. In this work, we use quasilinear theory to investigate the dependence of saturation wave amplitude,
peak frequency, and the spectrum width on plasma parameters for whistler mode waves.

The remainder of the paper is organized as follows. In section 2, we briefly review quasilinear theory that will
be used in this study and compare quasilinear results with PIC simulation results for a case study. In section 3,
we perform quasilinear analysis for an ensemble of cases to obtain the inverse relationship between temper-
ature anisotropy A and the saturation g, directly, and the dependence of the saturation amplitude, peak wave
frequency, and spectrum width on plasma properties. We summarize our results in section 4.

2. Quasilinear Theory

2.1. Review of Quasilinear Theory

In this paragraph, we briefly review the quasilinear theory for parallel propagating waves and especially the
energy equations of Ossakow et al. [1972] and describe how we use the equations to study the evolution
and saturation properties of broadband whistler waves. The quasilinear equation describing the evolution of
phase space density f is

of _ ¢ ) kviN (1 9 kv, 9
L=V - ) (=2, |+ =22 2
ot  m? zk‘" il o, v, avlvl ), oV, @
i kv kv
- [(1__")14__”1] f, 3)
o, —Q — kv, W ) OV, oy Y

where k is the wave number, g is the charge, m is the mass, E is the electric field amplitude, v is the velocity,
o is the wave frequency, and o] is the complex conjugate of w,. Multiplying both sides by mvﬁ/z (or mvi/Z)
and integrating overall velocities and assuming that the magnetic field energy dominates (c2k?/w? > 1),
Ossakow et al. [1972] obtained

K0+ Y (IB,2/87) [2 + (wi/kzcz)] -c,. @)
k
2 2 /12,2 _
KO- X, (1B2/8) |1+ (wf/k2¢)] = ;. (5)
k
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HereK, , = (mvi”/z) are the average perpendicular and parallel kinetic energy of electrons, w,, is the plasma
frequency, c is the speed of light in vacuum, and B, is the magnetic field amplitude of the k,;, mode. The
two constants C; and C; depend only on the initial conditions. Equations (4) and (5) essentially describe the
transfer of perpendicular kinetic energy to the wavefield and the parallel kinetic energy, as whistler waves
are driven unstable. As wave energy grows, K, decreases and K increases, or A decreases and f, increases.
This is the quasilinear relaxation of the electron temperature anisotropy by interactions with whistler mode
waves. For other details of the theory, we refer the readers to Ossakow et al. [1972].

In equations (4) and (5), the parallel and perpendicular average kinetic energy are related to the corresponding
temperature by T, = m(vi)/z =K and T, = m(vﬁ) = 2K,. Within the quasilinear framework, the wave
growth is described by linear theory; therefore, the equation describing wave energy evolution of the ki,
mode is simply

0By

ot

where y, is the linear growth rate of the k,, mode. If we assume that the distribution stays bi-Maxwellian
[Gary and Wang, 1996; Yoon and Seough, 2012; Seough and Yoon, 2012], then y, can be calculated directly from
the parallel and perpendicular temperature. Taking the time derivative of equations (4) and (5), we have the
needed differential equations to describe the time evolution of the electron temperature

= 27k|Bk|2a (6)

B Tl o (o) "
@ = Lenter [+ ()] <8>

Similar equations have been derived by Seough and Yoon [2012] for EMIC waves.

Equations (6)-(8) are the main equations used in this study to analyze excitation and saturation of whistler
mode waves. We choose 100 k’s, corresponding to those of whistler mode waves with frequency between
0.05Q and 0.95Q, and assume a small initial noise level (e.g., by setting |B, |2 = 10~° for all k's). Then by solving
the closed set of equations (6)-(8), we self-consistently track the evolution of whistler waves and the parallel
and perpendicular temperature of electrons based on quasilinear theory.

2.2. A Case Study

Figure 1 shows an example of the quasilinear analysis results, chosen from the ensemble runs in section 3. The
initial A = 1.67, f; = 0.278, and w,,, /Q = 8. Figure 1 (top left) shows the evolution of K, and K| normalized
by C; = C; + ;. Because of the small initial noise level of B, C, , = K, ;(t = 0). Figure 1 (bottom left)
shows the evolution of the normalized wave magnetic field intensity. In the initial linear growth phase, the
wave energy quickly increases and saturates near t ~ 80Q~'. At the same time, the perpendicular kinetic
energy decreases and the parallel kinetic energy increases. This kind of evolution of particle energy and wave
energy is consistent with previous PIC simulations [Gary and Wang, 1996]. After saturation (t ~ 80Q7"), all
three quantities change very slowly.

Figure 1 (top right) shows the evolution of the wave spectrum, and Figure 1 (bottom right) shows the linear
growth rate as a function of w and t. In the linear growth phase, the excited spectrum is between ~0.25 Q and
about ~0.6 Q, consistent with the range of the initial positive linear growth rate. After t ~ 50Q~", the wave
intensity, (6B/B)?, has increased to about 1072, and the range of the frequency spectrum and the positive
range of linear growth rate quickly shift toward the lower frequency range. This is because the relaxation of
the temperature anisotropy reduces the maximum frequency of positive linear growth rate, which is given by
@,/ =A/(1+A) [Kennel and Petschek, 1966; Ossakow et al., 1972]. Note that nonlinear wave-wave coupling
is not included in quasilinear theory; therefore, the shift of the spectrum is purely due to the change of the
equilibrium distribution function.

2.3. Comparison Between Quasilinear Analysis and PIC Simulation

Before we analyze the saturation properties of broadband whistler mode waves, we compare the evolution
of wave energy between PIC simulation and quasilinear theory for a case. Here we use a one-dimensional
electromagnetic PIC simulation code [Tao and Lu, 2014; Tao, 2014], where field quantities are assumed to vary
along z direction and three components of the velocity are retained. Only parallel propagating whistler mode
waves are allowed, consistent with the assumption used in our quasilinear analysis. The electron distribution
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Figure 1. Results from quasilinear analysis: (top left) evolution of parallel and perpendicular average kinetic energy,
(top right) evolution of the wave spectrum, (bottom left) time evolution of the normalized wave intensity, and
(bottom right) time evolution of the linear growth rate.

used in the PIC simulation is a single bi-Maxwellian. For the case in this section, the simulation parameters are
taken from Ossakow et al. [1972]. We use T, /T = 4, @, /|| = 2, and w; /c = 0.07, where w/, is the parallel
thermal velocity. For this PIC simulation, we use 1024 simulation cells and 2000 number of particles per cell.
The cell size is Az = 0.05¢/Q, and the time step is At = 0.02Q7".

Figure 2 shows the evolution of wave intensity from PIC simulation and the quasilinear analysis. The initial
noise level of the wavefield in quasilinear analysis is chosen to roughly match that of the PIC simulation. We
fit the linear growth phase of the wave intensity from PIC simulation and quasilinear analysis by C, exp®'?,
where C, and C; are two constants. Clearly, C; = 27, where 7 is the average linear growth rate. From Figure 2,
7/Q = 0.025 for PIC simulation and 0.035 for quasilinear analysis. The difference of the saturation inten-
sity between quasilinear theory analysis and the PIC simulation is within a factor of 2. Considering the

50 100 150
1Q

200

Figure 2. Comparison between quasilinear results (solid blue lines) and

PIC simulation results (solid orange lines). Dashed lines denote the

power law fitting to the linear growth phase.

approximations made in the quasilinear
analysis, we conclude that results from
the quasilinear analysis roughly agree
with those from PIC simulation, and that
quasilinear theory can roughly capture
the main physical process in the evolu-
tion of broadband whistler mode waves.

3. Saturation Properties
of Broadband Whistler Mode
Waves

In this section, we apply the quasilin-
ear analysis to an ensemble of cases
to obtain statistically the saturation
properties of broadband whistler mode
waves. In all following analysis, we
use 10 initial §'s logarithmically evenly
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spaced between 107" and 10. This range

10 § § § § S o 0 wpel2=2 of g has been used by Gary and Wang
56066 6 6 6 B [1996]. We do not use smaller g, because
888388888, 0w ious studi
2399 9%9%8% %98 %, o initial values previous studies [e.g., Gary et al., 2011]

~ 10°A S 22999 % 8% 8 3 — A=024ip,0 have demonstrated that, for g < 0.02,
g o o o o o R2=0.997 the excited whistler mode waves are
o o o o o o predominately oblique, therefore not

consistent with our assumption that par-

107 allel propagating waves dominate the

%s%%. spectrum. We select 12 initial A’s. There

S are 10 logarithmically evenly spaced A’s

10" 10° 10" 102 between 10° and 10'. We add A = 0.25
B and 0.5 so that some of the initial condi-

Figure 3. The A-f) relation at saturation from quasilinear analysis.

tions (A, §;) fall below the final threshold

The solid red line is the fitting using A = S/ﬂﬁ‘. Black circles denote initial A~ line, as will be seen below. We also
conditions, while color circles denote saturation conditions. The solid select three ratios of plasma frequency
purple line denotes the A-p;, relation from PIC simulation results from to cyclotron frequency (@pe/Q = 2.4,

Gary and Wang [1996], the dashed purple line from Gary et al. [2005]. and 8) to test the dependence of satu-

ration properties on @, /Q. Some of the
selected cases have very large initial linear growth rate, and we have removed all cases with y,,,,/©Q > 1, where
Yom i the maximum initial linear growth rate. For all cases, we solve equations (6)-(8) from tQ = 0 to 600 and
verify that the wavefield has reached the saturation stage.

3.1. The A-B, Relationship

Previous studies based on linear theory [Gary and Wang, 1996], PIC simulation [An et al., 2017], or observation
[Gary et al., 2005; Yue et al., 2016] have suggested that the saturation A-g, relation for whistler mode waves
should satisfy equation (1). As discussed in section 1, linear theory cannot determine the value of S or « in
equation (1), because the distribution is assumed to be the unperturbed initial distribution all the time. On
the other hand, as having been demonstrated, quasilinear theory can directly give A and f, at saturation.

Figure 3 shows A and 3 at t = 0 and after wave saturation for all cases calculated. It clearly shows that the
final A-g, relation from quasilinear theory can be well fit by equation (1) with S = 0.24 and ¢ = 0.67, and
fitting parameters S and « are independent of w,, /Q. To quantify the goodness of regression, we use the R?
parameter, which is defined by

R2 —1_ Zi(yi _fi)2
2= (%‘))2’

where y; is the ith value of the dependent variable, f; is the value of the fitting function for the ith independent
variable x;, and (y;) is the mean value of y,. For the current case, y = A,.x = f, and f = 0.24/ﬂﬁ"67. The
parameter R? takes value between 0 and 1. An R? of 1 suggests that the regression line perfectly fits the data.
For this case, R? = 0.997 suggests that A = 0.24//3|‘|"67 can well describe the relationship between A and ), at

saturation.

(©)

For comparison, we also plot the A = S/ﬁﬁ‘ line with S = 0.42 and a = 0.50 from Gary and Wang [1996], and
S =0.21 and a = 0.60 from Gary et al. [2005]. As can be seen, the quasilinear results agree surprisingly well
with those from Gary et al. [2005], based on Cluster observations in the magnetosheath. Compared with Gary
and Wang [1996], our temperature anisotropy upper bound is smaller by about 0.05 for g ~ 0.1 and about 0.2
for § ~ 20. Note that the temperature anisotropy upper bound from 2-D PIC simulation results from An et al.
[2017] are consistently lower than the one from Gary and Wang [1996] by about 0.1 ~ 0.2 for 107! < By sS4
therefore, we conclude that the quasilinear theory results agree very well with PIC simulation results for this
B, range. Our analysis suggests that the saturation A-g;, relation can be well described by quasilinear theory
for this f range, even though we assumed that the distribution stays bi-Maxwellian.

3.2. The Dependence of the Saturation Wave Properties on Plasma Parameters
In this section, we investigate the dependence of the saturation wave amplitude, the peak frequency, and
spectrum width at saturation on plasma parameters.
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Figure 4. The normalized saturated wave magnetic field energy as a function of the initial (left) o, and the (right) ;| at
saturation.

Figure 4 (left) shows the normalized saturation intensity as a function of maximum initial linear growth
rate, y,,,- We fit the saturation amplitude using a power law function, and the resulting fitting function is
0.17(¥om/€2)%78. Note that there is larger spread at smaller y,,,. However, for a given y,,,, the difference
between maximum and minimum saturation intensity is within a factor of 2.

Anetal. [2017] used 2-D PIC simulation and investigated the relationship between the saturation wave inten-
sity with f at saturation. Here we present the quasilinear results for this relation. Figure 4 (right) shows the
dependence of saturation wave intensity as a function of B, at saturation. We fit the saturation intensity as
a function of g, using a power law function, following An et al. [2017]. The (5B/B)? scales with B roughly as
ﬂl‘l"s. The slope 0.5 is smaller than that obtained by An et al. [2017], which is about 1.5-2. However, note that
the main range of the saturation f; is from about 0.1 to 100 in this work, while the range in An et al. [2017] is
from 1072 to ~ 3.In the larger By region (8, > 0.1) of An et al. [2017] results, the power law index is apparently

§ (001, -052, -2.13) §  5(—0.04, —0.52, — 1.65)
0.4 R2=0.852 0414 R2=0.998
a 0.3 o (l)l)g/sz i
g ¥
3 0.21& O ), /Q2=8
0.1-
0 5 10
9(—0.03, —0.26, —3.23) B (005, -023, -3.01)
0.06+ R2=0.791| 0-061% R2=0977

0.04 -

0.02

initial 4 final g

Figure 5. The (top row) peak wave frequency and the (bottom row) spectrum width as a function of the (left column)
initial § and the (right column) final By - Red lines are fitting functions using the form given by equation (10).
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much smaller than 2. If we only compare the saturation intensity for 0.1 < f < 3, we see that the saturation
intensity (68/B)? is consistent with that from An et al. [2017]. For example, from An et al. [2017], (68/B)? is on
the order of 1073 for By = 107" and on the order of 1072 for By = 1. These values are very close to quasilinear
results shown in Figure 4. Comparing Figure 4 (left and right), we conclude that it might be possible to predict
(6B/B)? based on y,,,, but not B at saturation, since (6B/B)? is not a well-defined single-value function of By-

Figure 5 shows the normalized peak frequency w,,,,/€ and the spectrum width Aw/Q as a function of the
initial #, and the final f,. Denoting the wave power spectral density as P(w), the peak frequency is the fre-
quency with maximum intensity, i.e., P,y = P(®ma)- The spectrum width, Aw, is defined as the difference
between two frequencies w, and w, which satisfy P(w,) = P(w,) = P,,/10. From Figure 5, both ®,,,, and
Aw are better correlated with g, at saturation than with initial f;. After some experimentation, we choose to
fit data using the analytical function of the following form:

g(a,b,c) = exp [a(n p)> + bIn g +c|. (10)

The corresponding parameters are shown in Figure 5 for all four panels. The R? parameters are close to 1 for
Figure 5 (right column), suggesting that the chosen function g can almost perfectly describe the relationship
between w,,, and Aw as a function of the final . From Figure 5 (left column), the peak frequency and the
frequency width cannot be well predicted from the initial ,. We have also experimented with initial y,,, and
the initial A, both parameters give even worse results than the initial ;.

4. Summary

In this work, we used quasilinear theory to analyze the saturation properties of parallel propagating broad-
band whistler mode waves in a plasma where electrons have a single bi-Maxwellian distribution. Specifically,
we investigated the A-§) relationship and the dependence of saturation amplitudes, peak frequency, and fre-
quency width on initial linear properties and the saturation f. Using self-consistent quasilinear analysis, the
obtained A-p), relation agrees very well with observations in the magnetosheath using Cluster measurement
[Garyet al.,2005]. Our A-B,, relation also agrees with recent 2-D PIC simulations and the Van Allen Probes obser-
vation in the high g (8, > 0.1) regime [Yue et al., 2016]. Unlike linear theory [Gary and Wang, 1996], there is no
need to choose an initial maximum linear growth, and the inverse relationship between A and f, is directly
given in quasilinear theory. Compared with PIC simulation, the quasilinear theory analysis does not suffer
from high statistical noise, and it helps to identify that the main physical process involved in the evolution
and saturation of broadband whistler mode waves can be well described by quasilinear theory.

We investigated the relationship between saturation amplitude (68/B)? and the maximum initial linear
growth rate y,,, and f at saturation. We showed that it is possible to predict (6B/B)? from initial y,. This
conclusion might be useful when predicting whistler mode wave amplitude from global non-self-consistent
wave modeling codes, such as the ring current and atmosphere interactions model (RAM) code [Jordanova
etal., 2010]. And therefore, our results might be useful in coupling microphysical processes with global macro-
scopic simulations. We also compared (58/B)? as a function of B at saturation from our quasilinear results
with recent 2-D PIC simulations [An et al., 2017], and we found that the two results agree well with each other
for g >0.1.

We demonstrated that the peak frequency and the spectrum width are well-defined functions of §, at sat-
uration, but not of the initial §. We showed that both w,,, and Aw might be modeled as a function of §
at saturation using analytical form g(a,b,c) = expla(In /JH)2 + bln g, + c], where a, b, and c are the three
parameters. The R? parameters for both fittings are close to 1.

Finally, we would like to discuss the limitations of this work and the extensions that can be made. The main lim-
itation of this work is that the electron distribution is assumed to stay as bi-Maxwellian throughout the wave
excitation, so that the linear growth rate can be directly calculated using T, and T;. As pointed out by Yoon and
Seough [2012], this can be regarded as the lowest-order approximation. Our results, as discussed above, turn
out to agree very well with observations and PIC simulations, despite of this assumption. There are at least
two extensions to this work that can be made in the future. First, we considered only high-f region so that
parallel whistler mode waves dominate the spectrum, consistent with the assumption used in the quasilinear
analysis. In the low g, region (8, < 0.02), oblique whistler waves should become much more important [Gary
etal, 2011]. Correspondingly, to extend our work to low f;, region, one would have to incorporate excitation
of oblique waves and use 2-D quasilinear analysis. Second, in the inner magnetosphere, electron distribution
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typically has a cold component and a hot component. To make our results more applicable to the inner mag-
netosphere, a cold electron component needs to be added to the analysis. Note that adding a cold electron
component is expected to lower the anisotropy constraint and saturation amplitude but not to change the
scaling law obtained in this study [Gary and Wang, 1996].
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