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Abstract Saturation properties of whistler wave instability driven by electron temperature anisotropy
in a plasma with two electron components are investigated using particle-in-cell (PIC) simulations. Most of
the previous self-consistent PIC simulations or quasi-linear theory used a single bi-Maxwellian distribution
of electrons, which might apply to solar wind or magnetosheath. In the inner magnetosphere, however,
there is frequently a cold and dense electron component, coexisting with a hot electron component. In this
work, we investigate the relation between temperature anisotropy (4) and parallel plasma beta (§) at
saturation. Our results agree well with the previous conclusion obtained from linear theory in most cases.
However, We show that the inverse relation breaks when |, is larger than certain value f) ;;,,, beyond
which A increases with increasing §. We also investigated the dependence of the saturation wave intensity
on plasma beta and the initial linear growth rate and show that the saturation amplitude can be modeled
as a function of the maximum initial linear growth rate even in a plasma with two electron components.
Our results might be useful to couple the microscopic wave excitation process with macroscopic global
energetic electron dynamics and to understand whistler wave excitation in the inner magnetosphere.

1. Introduction

Whistler mode waves are electromagnetic emissions with frequency (w) between the lower hybrid resonance
frequency (wy ) and the electron cyclotron frequency (€2,). These waves are commonly observed in the
magnetosphere and play important roles in accelerating and scattering energetic electrons, leading to the
formation of the outer electron radiation belt (Horne et al., 2005; Reeves et al., 2013; Thorne et al., 2013) and
diffuse and pulsating aurora (e.g., Nishimura et al., 2010; Thorne et al., 2010). In the inner magnetosphere,
whistler mode waves are typically driven by electron temperature anisotropy and reaches saturation within
several hundreds or thousands of electron cyclotron periods. For a dipole L shell value of 5, the typical
gyroperiod of electrons is about 107* s; therefore, whistler instability saturates within less than a second.
As a result, if we investigate plasma conditions with satellite observations, we will most probably see two
kinds of state: the whistler mode saturation state, or a more relaxed state in which whistler waves cannot
be generated at all. This suggests the existence of whistler instability upper bound and the importance of
studying saturation properties of whistler mode waves.

The purpose of this work is to investigate two kinds of saturation properties of whistler mode waves suitable
for plasma conditions in the inner magnetosphere. The first saturation property we focus on is the relation
between electron temperature anisotropy (A) and parallel plasma beta (f). Previous studies for a single
bi-Maxwellian electron distribution have demonstrated that at saturation, A and By can be modeled as

A= 1)

Here S and « are two fitting constants. These studies use either linear theory (Gary & Wang, 1996),
particle-in-cell (PIC) simulations (An et al., 2017; Gary & Wang, 1996), or quasi-linear analysis (Davidson
et al., 1972; Kim et al., 2017; Tao et al., 2017). Observations show good agreement with theory (Gary et al.,
2005; Yue et al., 2016). Based on the assumption of single hot electron component, results of these studies
should be applicable to the solar wind or the magnetosheath. However, for the inner magnetosphere, there
typically exists a dense cold electron population and a hot electron component. Therefore, how the presence
of cold electrons modifies equation (1) requires further quantitative study.
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Using linear analysis, Gary et al. (2012) extended their analysis to bi-Maxwellian plasma into situation where
cold electrons exist and studied the effect of the number density percentage of cold electrons in detail. They
still found that even if cold electrons are added, the inverse relation between A and By for hot electrons can
still be described by equation (1). Besides, assuming a threshold maximum growth rate, y,.. = 0.001€,,
Gary et al. (2012) also found that fitting parameters (S and «) depend on the percentage of the cold electron
number density as

n, n.\?2
S =0.206 — 0.107-< — 0.0326<—> , 2
n n

nC nC 2
a=0.574 + 0.178 =< —0.198(—> (3)
n n

for 0.0 < n,/n < 0.95. Similar linear analysis for two-component electrons with bi-Kappa distributions
have been done by Xiao et al. (2006). It is clear that linear theory cannot predict the value of S or & without
assuming a value of y,,.. Therefore, one motivation of this study is to test the previous conclusions about
the A-p relation from linear theory (Gary et al., 2012) using self-consistent PIC simulations.

The second saturation property we are going to study is the saturation amplitude of whistler waves and
its dependence on the initial linear growth rate or f at saturation. This is practically important because
such kind of dependence could potentially allow the incorporation of microscopic physical processes
(wave saturation) into macroscopic global models such as Ring current Atmosphere interactions Model
(Jordanova et al., 2010). For a single bi-Maxwellian electron distribution, Tao et al. (2017) demonstrated
using quasi-linear theory that the saturation intensity could be modeled as a function of the maximum ini-
tial linear growth rate. Using PIC simulations, An et al. (2017) modeled the saturation wave amplitude as
a function of plasma beta at saturation. Therefore, the other purpose of this work is to study whether the
relations between the saturation wave amplitude and the initial linear growth rate or plasma beta at satu-
ration still apply with the presence of a dense cold electron population, and how they are affected by the
percentage of the cold electron population.

The remaining part of the paper is organized as follows. We briefly introduce our simulation method in
section 2 and show the simulation results with only hot electron distributions as the benchmark case in
section 3. The simulation results with the presence of a cold electron component are presented in section 4.
Finally, we discuss and summarize our work in section 5.

2. Simulation Method

A one-dimensional particle simulation code, DAWN (Tao, 2014), is used to investigate saturation properties
of whistler wave instability with a cold electron component. In this code, waves are assumed to be parallel
propagating along the z direction, and the velocity is fully 3-D. We use a one-dimensional simulation code,
because for the range of § investigated in this study, the linear growth rate peaks in the parallel direction
(Garyetal., 2011). The cold electron component is modeled using fluid equations to save computation time,
and hot electrons are simulated using PIC techniques. When needed, however, both components can be
modeled using PIC methods in the DAWN code. Since our main purpose is to compare with previous linear
kinetic theories for an infinite uniform plasma, periodic boundary conditions are used for both waves and
particles. Ions are assumed to be fixed, because whistler wave frequency is much larger than ion cyclotron
frequency.

For each simulation below, we choose the grid size to be 0.05¢Q;* and the time step to be 0.02Q]" to satisfy
the Courant condition (Az > cAt). Thus, for each period of whistler mode waves, at least 314 time steps are
calculated. The system contains 1024 cells, and the full length is 51.2cQ;!, which is typically 10 times larger
than the wave length of the most unstable mode. The number of time steps is chosen to be large enough so
that the macroscopic properties of plasma such as wave amplitude and electron temperature do not change
significantly at the final stage. For each cell, 500 super particles are used. These settings allow small enough
sampling noise level to obtain the saturation properties of waves and plasmas in all cases below.

3. Results With Hot Electrons Only

As abenchmark case and the demonstration of our method, we first use simulation to find the A-py relation
in a plasma with only a hot electron component and parallel propagating whistler waves. Such a case has
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Figure 1. (a) Initial and saturated hot electron temperature anisotropy and parallel plasma beta. Black circles represent
initial values, and blue for saturated. The red line shows the fitting result of A = S/ ﬂﬁ‘. (b) Saturated wave intensity

(represented by average value of (5B/B)?) and B (blue circles), and a least absolute deviation fitting (red line). (c)
Saturated wave intensity and maximum initial linear growth rate y,,,., and least absolute deviation fitting results for
them.

been well studied by several authors using different methods, including linear (Gary & Wang, 1996) and
quasi-linear analysis (Tao et al., 2017), and PIC simulations (Gary & Wang, 1996).

To obtain the relation between the saturation temperature anisotropy and parallel plasma beta, we perform
series of simulations using the DAWN code with different initial conditions (Figure 1). In this work, we select
six different initial A's times seven different initial 's. The initial f's are logarithmically evenly spaced
between 0.1 and 3, and the initial A's are logarithmically evenly spaced between 1 and 10, shown as black
dots in Figure 1a. The plasma frequency (w,, = y/4zne?/m) is chosen to be w,, = 4Q,, where Q, = eB/mc
is the unsigned positive electron cyclotron frequency, n is the electron number density, B is the background
magnetic field strength, e is the unit charge, m is the electron mass, and c is the speed of light in vacuum. In
cases of whistler instability driven by temperature anisotropy, wave scattering leads to the decrease of the
temperature anisotropy and the increase of parallel temperature, and therefore, the 3 becomes larger than
its initial values. Consistent with previous studies, Figure 1a shows that the saturation A-f relation can be
well fit by a straight line with a negative slope in a log-log plot, indicating that A and g can be described
by the inverse power law function: A = S/ By with S > 0 and « > 0. Linear fitting of log A and log § results
in S = 0.213 and a = 0.590, which agree well with previous research by Gary and Wang (1996); Kim et al.
(2017); Tao et al. (2017) using linear, PIC, or quasi-linear analysis.
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Figure 2. Saturated A — # I for different cold electron density. WDpec /R, = 4,8,16 and 20 for (a), (b), (c), and (d),
respectively. Black circles represent initial values while blue and orange circles mark the saturated value. Two kinds of
fitting are shown in different colors. The solid green lines represent the first fitting method, in which only cases with
B < 2.5 are used (blue circles). Cases with §|| beyond this range are denoted as orange circles. The dashed red curves
show fitting results of the new fitting function, for which both blue and orange circles are used.

Figures 1b and 1c present the saturation wave intensity, (5B/B)?, as a function of B, at saturation and the
maximum initial linear growth rate, following previous studies of An et al. (2017) and Tao et al. (2017). The
R? parameter, which is also called the coefficient of determination, for a fitting function f(x) used for data X;
and y, is defined as

_ Zi(yi - fi)2
Zi(yi —(y)? ’

where x is the independent variable. The value of R? being close to 1 indicates that the fitting results are
consistent with the input data. Comparing R? of Figures 1b and 1c, where R? is 0.75 and 0.90, respectively,
we conclude that the saturation wave intensity can be better modeled as a function of the initial y,,,, than
B, at saturation. This is also consistent with those of Tao et al. (2017).

R = 4

4. Results With a Cold Electron Component

To investigate the effect of adding a cold electron component on saturation properties of whistler waves,
we fix the plasma frequency of the hot electron component and vary the number density of the cold elec-
tron component, following Gary et al. (2012). We choose seven different cold electron number densities:
Dpe /2 =2,4,6,8,12,16, and 20, or wp, /@y, ), = 0.5,1,1.5,2,3,4, and 5 for w,, , /Q, = 4, respectively. For
@pe /€2 = 20, n./n ~ 96%. Here subscript ¢ denotes the cold electron component, & denotes the hot compo-
nent, and n is the total number density. The range of the cold electron number density is roughly consistent
with that of Gary et al. (2012).

4.1. Saturation Relation Between A and g,
We set up other initial parameters in the same way as in section 3. For each w,,, ., we perform 42 simulations,
six for A and seven for f, to find saturation properties. Four characteristic results with w,, ./, = 4, 8,16, 20
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Figure 3. This figure shows how fitting parameters, S and @, change with cold electron proportion. Different colors
represent different hot electron density, dashed lines for « and solid lines for S. The results obtained from linear
analysis (Gary et al., 2012) are shown as black lines.

are shown in Figure 2. For saturation f;, < 2.5, which is the range of § considered by Gary et al. (2012),
A and p satisfy the inverse relation predicted by the linear theory. However, for all §, considered, we note
that as w, ./, increases, the A-f, relation deviates from the inverse relation A = S/ By For example, for
@, /€2 = 20, saturation A increases with saturation f for ) 2 2.

To better describe the A-f, relation for a larger range of f, we use A = S, / ﬁltlll +S, ﬁITZ to fit A and g, where
S1.5,, a1, and a, are all nonnegative. This fitting function has the property that as g, — 0, the first term
dominates, consistent with previous results. The fitting results are shown in Figure 2 for the four character-
istic cases presented. It is clear that a critical value of g, fy,, separates A and §, relation into two regions.
Results with f < f;, follows the well-known inverse relation A = S/ B> while for > fim, A and f are
positively correlated at saturation. In addition, the value of g, decreases with increasing n,/n.

4.2. Comparison of the A-B Relation With Linear Theory

In this section, we compare the PIC simulation results with linear theory as described by Gary et al. (2012).

First, we limit f to be in the same range as that considered by Gary et al. (2012), §; < 2.5, and performs

linear fitting between log A and log j, to obtain S and «, as shown in Figure 2. We also perform two more
batches of simulations with different w,, ) /€,’s, 2 and 8, to see if there is
any dependence on @, /€, of S and a.

The dependencies of S and a for f < 2.5 on n./n and w,, /€, are shown

10°

Wpe, /R =20
< —e— y=0.01Q,
7=0.005Q,
—e— y=0.001Q,
o0 PIC simulation

in Figure 3. The results of linear analysis with y,;,, = 0.001Q, (Gary et al.,
2012), equations (2) and (3) are presented as black solid lines. It is seen
that PIC simulation results show the same trend of variation of S(n,/n)
and a(n,/n) as linear theory predictions, and the difference between sim-
ulation and linear theory values of S and « is within a factor of 2 ~ 3. This
suggests that for g, < 2.5, our simulation results agree quite well with
o previous linear analysis (Gary et al., 2012). Figure 3 also show that val-
ues of S and « vary by less than a factor of 2 when w,, , /€2, changes from
210 8.

Now we remove the limitation of i and see if linear theory show simi-
lar qualitative change in the A-f), relation if §, becomes large for higher
n./n. We follow the method of Gary et al. (2012), with ,, ,/Q, = 4 and

10 10 10 10 10 @pec/Q, = 20. We show linear theory calculations with three different

B Ymax: 0-01Q,, 0.005Q,, and 0.001€2,. Both linear theory and PIC simula-
tion results are shown in Figure 4. It is clear from this figure that, even

Figure 4. A and ), relation obtained from different methods. Three groups though linear theory results show some deviations from A = S/ ﬂﬁz as ﬂ”

of lines in different colors represent results from linear analysis, while blue,
orange, and green lines stand for y,,,/Q, equals 0.01, 0.005, and 0.001,

increases beyond 2.5, there is no qualitative change in the dependence

respectively. The red circles mark the results of particle-in-cell (PIC) for the range of § considered. On the other hand, the PIC simulation

simulation at saturation.

results show that as §| increases, A first decreases and then increases with
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Figure 5. The circles mark saturated wave magnetic field intensity (regulated as (6B/B)?) and |- And the red line

shows the least absolute deviation fitting result. Panels (a to d) show situations with Bpec /Q, =4,8,16, and 20,
respectively.

increasing §). This kind of change is not described by linear theory and suggests the importance of using a
self-consistent approach to obtain the A-§,, relation.

4.3. The Dependence of Wave Amplitude on Plasma Parameters
In this section, we investigate the dependence of saturation wave intensity on g at saturation and initial
maximum linear growth rate with the a cold electron component.

An et al. (2017) used 2-D PIC simulations to obtain relation between wave intensity (6B/B)* with By at
saturation with a single hot electron component. They found that saturated wave intensity (6B/B)? roughly
scales with f, as B¢ with = 1.2 ~ 2. Our results with only a hot electron component (Figure 1) show that
(6B/B)* ﬁl(lm' The difference in the 8 index between our results with those of An et al. (2017) is caused by
the different ranges of §. In our results, §, is in the range of [0.1, 20], while that in An et al. (2017) is in the
range of [1072, 3]. If we only consider simulations with 0.1 < By < 3, our results are consistent with those
of An et al. (2017). For example, from An et al. (2017), we can see (§B/B)? is roughly 1073 when B, =0.1,
and about 1072 when B = 1. These values are quite close to our simulation results in Figure 1b. Note that
our results are more consistent with those of Tao et al. (2017), who used quasi-linear analysis to obtain the
dependence of (6B/B)? on B> because both studies have similar ranges of §,.

Now we present the dependence of (§B/B)? on B, at saturation and the maximum initial linear growth rate
with a cold electron component. We show simulation results with o, ./Q, = 4,8,16,20, and @, ,/Q, = 4in
Figures 5 and 6. From Figure 5, (6B/B)? scales with B, roughly as ﬁl‘l’ with 0.45 < 6 < 0.75 for the range of §,
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Figure 6. The circles mark saturated wave magnetic field intensity (§B/B)? and initial maximum linear growth rate
Ymax- And the red line shows the least absolute deviation fitting result. Panels (a to d) shows situations with

Wpe/Qe = 4,8,16, and 20, respectively. Note that the proportion of cold electron strongly affects linear growth rate, so
the yax S have different ranges in the four panels.

considered. As the percentage of cold electrons (n./n) is increased, (6B/B)? still scales with B, but the slope
decreases slightly with increasing n./n. As wp, /€, increases from 2 to 20, & decreases from 0.57 to 0.47.
Figure 6 shows the dependence of (§B/B)? on the maximum initial linear growth rate y,,,,. Consistent with
Tao et al. (2017), we find (6B/B)? scales better with y,,,, than B, according to the value of the R? parameter.
The dependence of (6B/B)? on y,,,, can be roughly written as (6B/B)? « yk.y Where the slope u varies
between 0.70 and 0.76 (Figure 6). This value is close to the quasi-linear theory results obtained by Tao et al.
(2017), who showed that (6B/B)? = 0.17y%76 with only hot electrons.

max
5. Conclusions

In this work, we have used self-consistent PIC simulations to investigate the saturation properties of whistler
waves in a uniform background magnetic field with both cold and hot electrons. Our main conclusions can
be summarized as follows.

1, We confirm previous linear theory of Gary et al. (2012) that in a plasma with a cold electron component,
A and p roughly satisfy A = S/ ﬂl‘l’ at saturation when f < 2.5. This agrees also with previous results given
by linear theory (Gary & Wang, 1996) and quasi-linear theory (Kim et al., 2017; Tao et al., 2017) for a plasma
without cold electrons. The dependence of S and « on n,/n also agrees with predictions of Gary et al. (2012).
We also investigate the effect of hot electron density by using w,, /€2, = 2,4, 8. We find that for the values
of @, , /€, considered, S and « change within about a factor of 2 for the range of w,, , /Q, considered.
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2, In more general cases where By can be larger than 2.5, we showed that the inverse relation between A
and f#, does not necessarily hold, especially when w,,./Q, is large. So we proposed a new function, A =
S/ ﬁﬁl +3S, ﬁsz, with both S and « being positive, to take into account the increase of A with increasing
at large §. We also demonstrated that linear theory cannot predict this kind of A-§, relation. This implies
the importance of using self-consistent approaches to understand the A-§,, relation.

3, We investigated the dependence of the saturation wave intensity as a function of saturation f and max-
imum initial linear growth rate. We found that with the presence of cold electrons, the scaling index 6 in

(6B/B)? « ﬁﬁ decreases from 0.73 to 0.47 as wp, /€, increases from 2 to 20. On the other hand, the scal-

ing index y as in (6B/B)* « y/,, changes between 0.70 and 0.76. The R? parameter suggests that it is better
using y,,y than g to model saturation wave intensity.

The scaling laws obtained from our simulations between saturation properties of waves and the initial con-
ditions show the potential of incorporating microscopic wave excitation and saturation processes in global
macroscopic models. However, our simulations assume an infinite uniform plasma and therefore the peri-
odic boundary conditions, while in Earth's magnetosphere, open boundary conditions for waves and a
dipole background magnetic field might be more appropriate. Taking more realistic boundary and plasma
configuration conditions into consideration is beyond the scope of this work and will be left as a future study.

References

An, X., Yue, C., Bortnik, J., Decyk, V., Li, W., & Thorne, R. M. (2017). On the parameter dependence of the whistler anisotropy instability.
Journal of Geophysical Research: Space Physics, 122, 2001-2009. https://doi.org/10.1002/2017JA023895

Davidson, R. C., Hammer, D. A., Haber, I., & Wagner, C. E. (1972). Nonlinear development of electromagnetic instabilities in anisotropic
plasmas. The Physics of Fluids, 15(2), 317-333.

Gary, S. P., Lavraud, B., Thomsen, M. F., Lefebvre, B., & Schwartz, S. J. (2005). Electron anisotropy constraint in the magnetosheath: Cluster
observations. Geophysical Research Letters, 32, L13109. https://doi.org/0.1029/2005GL023234

Gary, S. P, Liu, K., Denton, R. E., & Wu, S. (2012). Whistler anisotropy instability with a cold electron component: Linear theory. Journal
of Geophysical Research, 117, A07203. https://doi.org/10.1029/2012JA017631

Gary, S. P, Liu, K., & Winske, D. (2011). Whistler anisotropy instability at low electron f: Particle-in-cell simulations. Physics of Plasmas,
18(8), 082902. https://doi.org/10.1063/1.3610378

Gary, S. P, & Wang, J. (1996). Whistler instability: Electron anisotropy upper bound. Journal of Geophysical Research, 101(A5),
10,749-10,754.

Horne, R. B, Thorne, R. M., Shprits, Y. Y., Meredith, N. P., Glauert, S. A., Smith, A. J., & Decreau, P. M. E. (2005). Wave acceleration of
electrons in the Van Allen radiation belts. Nature, 437, 227-230. https://doi.org/10.1038/nature03939

Jordanova, V. K., Thorne, R. M., Li, W., & Miyoshi, Y. (2010). Excitation of whistler mode chorus from global ring current simulations.
Journal of Geophysical Research, 115, AOOF10. https://doi.org/10.1029/2009JA014810

Kim, H. P., Hwang, J., Seough, J. J., & Yoon, P. H. (2017). Electron temperature anisotropy regulation by whistler instability. Journal of
Geophysical Research: Space Physics, 122, 4410-4419. https://doi.org/10.1002/2016JA023558

Nishimura, Y., Bortnik, J., Li, W., Thorne, R. M., Lyons, L. R., Angelopoulos, V., & Auster, U. (2010). Identifying the driver of pulsating
aurora. Science, 330, 81-84. https://doi.org/10.1126/science.1193130

Reeves, G. D., Spence, H. E., Henderson, M. G., Morley, S. K., Friedel, R. H. W., Funsten, H. O., & Niehof, J. T. (2013). Electron acceleration
in the heart of the Van Allen radiation belts. Science, 341, 991-994. https://doi.org/10.1126/science.1237743

Tao, X. (2014). A numerical study of chorus generation and the related variation of wave intensity using the DAWN code. Journal of
Geophysical Research: Space Physics, 119, 3362-3372. https://doi.org/10.1002/2014JA019820

Tao, X., Chen, L., Liu, X,, Lu, Q., & Wang, S. (2017). Quasilinear analysis of saturation properties of broadband whistler mode waves.
Geophysical Research Letters, 44, 8122-8129. https://doi.org/10.1002/2017GL074881

Thorne, R. M., Li, W,, Ni, B., Ma, Q., Bortnik, J., Chen, L., & Kanekal, S. G. (2013). Rapid local acceleration of relativistic radiation-belt
electrons by magnetospheric chorus. Nature, 504, 411-414. https://doi.org/10.1038/nature12889

Thorne, R. M., Ni, B., Tao, X., Horne, R. B., & Meredith, N. P. (2010). Scattering by chorus waves as the dominant cause of diffuse auroral
precipitation. Nature, 467, 943-946. https://doi.org/10.1038/nature09467

Xiao, F., Zhou, Q., Zheng, H., & Wang, S. (2006). Whistler instability threshold condition of energetic electrons by kappa distribution in
space plasmas. Journal of Geophysical Research, 111, A08208. https://doi.org/10.1029/2006JA011612

Yue, C., An, X., Bortnik, J., Ma, Q., Li, W., Thorne, R. M., & Kletzing, C. A. (2016). The relationship between the macroscopic state of
electrons and the properties of chorus waves observed by the Van Allen probes. Geophysical Research Letters, 43, 7804-7812. https://doi.
org/10.1002/2016GL070084

WU ET AL.

5128


https://doi.org/10.1002/2017JA023895
https://doi.org/0.1029/2005GL023234
https://doi.org/10.1029/2012JA017631
https://doi.org/10.1063/1.3610378
https://doi.org/10.1038/nature03939
https://doi.org/10.1029/2009JA014810
https://doi.org/10.1002/2016JA023558
https://doi.org/10.1126/science.1193130
https://doi.org/10.1126/science.1237743
https://doi.org/10.1002/2014JA019820
https://doi.org/10.1002/2017GL074881
https://doi.org/10.1038/nature12889
https://doi.org/10.1038/nature09467
https://doi.org/10.1029/2006JA011612
https://doi.org/10.1002/2016GL070084
https://doi.org/10.1002/2016GL070084
https://doi.org/10.5281/zenodo.3227642
https://doi.org/10.5281/zenodo.3227642

	Abstract


<<
  /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


