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Stochastic growth of ion cyclotron and mirror waves in Earth’s magnetosheath
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Electromagnetic ion cyclotron and mirror waves in Earth’s magnetosheath are bursty, have widely variable
fields, and are unexpectedly persistent, properties difficult to reconcile with uniform secular growth. Here it is
shown for specific periods that stochastic growth thé®@T) quantitatively accounts for the functional form
of the wave statistics and qualitatively explains the wave properties. The wave statistics are inconsistent with
uniform secular growth or self-organized criticality, but nonlinear processes sometimes play a role at high
fields. The results show SGT’s relevance near marginal stability and suggest that it is widely relevant to space
and astrophysical plasmas.

DOI: 10.1103/PhysReVE.64.056408 PACS nunther52.35.Hr, 52.35.Qz, 94.30.Tz, 94.30.Va

Earth’s magnetosheath contains solar wind particles thdbw pitch angle protons from the draping regiémhich re-
have been slowed, compressed and heated at the bow shodkicesT /T, ). This demonstration of closeness to marginal
and are being deflected around Earth’s magnetopétige  stability is very rare in space physics. However, the uniform
1) [1]. Since the magnetosheath is not in thermodynami®ecular growth model cannot explain many properties of the
equilibrium, it contains high levels of waves from frequen- EMIC and mirror waves in planetary magnetosheaths, in-
cies well below the proton gyrofrequency few H2 to the cluding their burs_,tiness_, highly variable magnetic field
electron plasma frequendy,, (~20-50 kHz)[2-5]. Atten- strengths, and their persistence far from thg pow shock and
tion is focused here on mirror mode and electromagnetic iofhroughout much of the magnetosheath. Similarly, the pro-
cyclotron (EMIC) waves that have frequencies of order theCesses limiting the wave growth remain unknown. Until re-
proton gyrofrequency and beldi&,4—7]. Observations show cently resolved by SGT, similar problems were posed by
these waves to be dynamically important, quantitatively lim-Langmuir-like waves and driving electron beams associated
itihg proton temperature and pressure anisotropfes7].  With type IlI solar radio burst$8,9] and Earth's foreshock
The waves are usually very bursty, with widely varying mag-[11—-13, while persistence of electron streams is a long
netic fields that range from relative weakness to fields comstanding astrophysical problem, i.e., in radio jets and pulsar
parable to the background fie, (the latter suggesting a magnetospheres. _ _
possible role for nonlinear processeand persist throughout ~ SGT treats situations in which a source of free energy
much of the magnetosheath. Similar waves are observed #teracts with driven waves and the inhomogeneous ambient
the magnetosheaths of Mercury, Venus, Mars, and the outéR€dium and evolves to a state in which the particle dis-
planets, as well as behind traveling interplanetary Shockg_.rlbutlon fluctuates stochastically about a state very close to
They are often observed in laboratory plasmas and are efime- and volume-averaged marginal stability af@l the
pected in astrophysical shock systems. In this paper it i¥ave gal_nG is astophgstlc variable in position and time. For
demonstrated that a recent theory, stochastic growth theoM/aves with magnetic field, G and the energy growth rate
(SGT) [8-13, can explain many properties of these wavesare related to each other and a reference figjcby B?(t)
including their statistics, burstiness, widely variable fields,=B3e®"=Bgexf[dtI']. SGT describes the random walk in
and persistence, with only a minor role for nonlinearG using the standard wave equations
processes.

The usual “uniform secular” model for wave growth in dB(r,t) = T(ruBr,y — dGr,b
plasma physicg1,14] involves an initially homogeneous dt 2 ’ dt
plasma in which waves grow exponentially in time with con-
stant growth rate until saturated by nonlinear processes,
while the wave growth relaxes the particle distribution to-

=I'(r,t), (1

Magnetopause

wards marginal stability by reducing gradients in the velocity
distribution function (quasilinear relaxation At marginal
stability, emission and absorption are balanced. Recently it
has been demonstrated directly using particle measurements
and linear instability theory that the EMIC and mirror waves

in Earth’s magnetosheath are close to marginal stability for
proton temperature anisotropy instabilit/&s-7]. These tem-
perature anisotropies, between the temperatures perpendicu-
lar (T, ) and parallel T,) to By, originate partly at the
bow shock, as a result of incomplete thermalization there,

and partly in the magnetosheath, due to draping of the solar FIG. 1. Earth’s magnetosheath lies between the magnetopause
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whereG(r,t) is a stochastic variable rather than the spatially T l"I"PI L I ]
homogeneous valugs(t)=1"t and constani” assumed in 3 7
the linear phase of the uniform secular model. SGT is then a i ]
natural theory for bursty waves with widely variable fields in A g 7
time and spacédue to the random walk i6 and logB) that ; - ]
exist together with the driving distribution unexpectedly far orf
from its source(due to the closeness to marginal stabjlity T irror EMIC mirror
Qualitatively, it is envisaged that preexisting inhomogene- P S Ao L R S
ities in the ambient plasma define favored sites for wave
growth, in which wave-particle interactions inject fluctua- 3
tions into the particle distribution that then evolve toward an o~
SGT state. £g

This paper’s primary aim is to establish that SGT quanti- n i
tatively accounts for the functional form of the wave statis- 2
tics, and so can qualitatively explain the growth and proper-
ties of mirror and EMIC waves in Earth’s magnetosheath. o ) . ]
This is important for several reasons: 8 19 20

(1) It is the first detailed explanation for these waves’ Time (UT)

burstiness, distribution of field strengths, and persistence. In

contrast, the uniform secular model and self-organized criti- FIG. 2. Magnetic field amplitudes as a function of time for 6

cality (SO0 [15] are demonstrably inconsistent with the ob- October 1984(day 280: (a) 6-s averaged data from the AMPTE

served wave statistics. magnetometeib) wave amplitude®’ described in the text. Labels
(2) These waves provide excellent opportunities to tesshow magnetopause crossings and periods with EMIC and mirror

SGT’s relevance in a situation independently shown to bavaves identified in Ref5].

close to marginal stability5,7], and so where it is favorable

(but not certaih, that SGT will apply. o increases linearly with time for constaht with differing

((3) Simultaneously, this is the first application of SGT to gjstibutions aboveB; for different nonlinear histories; e.g.,
primarily magnetic waves, waves driven by ions, and 10 &yponential nonlinear growth/damping leads to a uniform
temperature anisotropy instability. distribution whereas trapping leads to a peak at a nonlinear

The second aim is to argue strongly, based on these rgayel. SGT is also important as a member of a wide class of
sults and SGT's previous successes for very differengescriptions for instabilities in innomogeneous systems char-
electron-driven wavei®,11-13, that SGT should be consid-  acterized by different wave statistics. These differ due to
ered widely applicable in space plasmas and, by extension, ifrying degrees of randomness, inhomogeneity, and interac-
astrophysics. We also present weak evidence that nonlinegbns between the ambient plasma, unstable waves, and driv-
processes coexist at high fields with SGT for both EMIC andng distribution. In particular, whereas SGT involves lognor-
mirror waves. mal statistics and a self-consistent wave/driving distribution

Via the central limit theorem, the most fundamental andsystem interacting in an independent, inhomogeneous
testable prediction of SGT for relatively simple systems isplasma, SOC systenjd5] have power-law distributions of
that the probability distribution®(G)<P(logB) should be  propertiege.g.,B) and involve the medium, waves, and un-

Gaussian irG (lognormal inB) [8-12: stable particles all undergoing mutually self-consistent inter-
0 o actions. Analysis of wave statistics thus allows the physics of
P(logB)=(oy2m) te (9B w207 (2)  the wave growth and interactions with the medium to be

constrained.
where 4 and o are the average and standard deviation of The consistency of SGT with the statistics of mirror and
logB=log;B, and the distribution obeyfd(logB)P(logB)  EMIC waves in Earth’'s magnetosheath is next established by
=1. Using only standard wave field data, this prediction is acomparing the SGT prediction®) and (3) with data from
robust and rigorous way to test whether SGT is relevanNASA’s AMPTE-CCE spacecraft for the periods 1730—-030
[9,11,13. Stochastic growth physics can coexist with a non-UT on 6 October 1984day 280 and 0210—0420 UT on 13
linear process, which removes energy from the waves at higDecember 1984day 348. Anderson and Fuselidi5] dis-
fields above a threshoB,, with a revised predictiof9,10]  cussed both periods in detail using magnetometer, proton,

and electron data. They identified when EMIC and mirror

P(log B):((TA\/271-)*1(e*('°9B*M)Z’Z’"2 waves were present, justified the mode identifications, and
o showed that the waves were correlated with variations in the
— e (2logBelogB-u)%/20%)) (3 proton temperature anisotropy. The SGT analysis presented

here uses magnetic field vectors from the AMPTE magneto-

Here the normalization factoh= erf([logB.—u]/\20) in- meter[16], averaged over the 6-s spacecraft period, that were

volves the conventional error function. obtained directly from the National Space Science Data Cen-
In contrast, the uniform secular growth model predicts ater. Figure 2a) presents the magnetic field amplitude as a
uniform (flat) distributionP(log B) belowB,. [9], since logB  function of time, with labels showing where Anderson and
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FIG. 3. Circle symbols with+ N uncertainties show the ob- FIG. 4. The observed distributioR(log B') and best fits to the
served probability distributiorP(logB’) for mirror waves during  SGT predictions for EMIC waves during the period 0217-0250 UT
the period 1927-2018 UT on day 280, 1984. Dotted lines show th@n day 348, 1984, in Fig. 3's format.

2 and 5 count lines. Solid and dashed lines show best fits to the
SGT predictiong2) and (3), respectively. very strong evidence that SGT quantitatively accounts for
the functional form of the EMIC wave statistics in this pe-

Fuselier[5] identified magnetopause crossings and period$iod, and that a nonlinear process is active at high wave
with EMIC and mirror waves. The figure shows bursty fields=15 nT. o _
waves superposed on the varying background figjd To Figure 4 shows the distributioR(logB) for the period
avoid biasing theP(log B) distribution, trends irB,, are re- 0217-0250 UT(excising the subinterval 02310233, as jus-
moved by subtracting a centered, 11 sample, sliding estimat#fied above for the mirror intervabn day 348, during which
of By, and the resulting field strengtt®’ =|B—B,| are EMIC waves are pr_eseﬁS],_foratotal of 257 fle_zlo_l samples.
compared with SGT. Figure(B)) shows that this procedure 1he format is identical to Fig. 3. Once again, fitting the SGT
removes trends i, very well, and also provides clear evi- Predictions(2) and(3) to the observed distribution Ieagls to
dence that EMIC and mirror waves are both intrinsically€xcellent quantitative and statistical agreemeRix)
bursty with widely varying amplitudes. Similar results are =89% and 85%, respectively. Figure 4 thus shows very
found for day 348not shown. strong eV|den.ce. thgt SQT accounts fo'r the fpnctmn_al f.o.rm of
Circle symbols in Fig. 3 show the observed distributionth? wave statistics in this pepod, this time Wlthput §|gn|f|cant
P(logB’) for mirror waves during the period 1927—-2018 UT evidence _for an active nonlinear process at high fields _
(excising the subinterval 1946—1955, due to large-scale ro- Analysis of other intervals during these days, during
tational discontinuities preventing accurate estimateByf ~Which EMIC and mirror mode waves are presgsg), yield
on day 280 with 350 field samples. Error bars shaw/N analagous resulténot shown. Typically, higher statistical
uncertainties, while dotted lines are the two and five coungignificances are found for shorter intervals free from obvi-
levels. The solid curve shows the best fit to the predict®n  ©US rotational dlsc_ontlnumes or oth_er chan_ges in plasma en-
for pure SGT, obtained by minimizing? using a geometric vironment. The _ewdence f(_)r an active nonlinear process also
simplex method17] for bins with more than two counts. varies from. period to period, ranging from nonexistent to
Very good quantitative agreement is apparent. Table | surStrong for either mode. o
marizes the parameters and statistics of the fit, which has  1he observed distribution8(logB) in Figs. 3 and 4 for

reasonable statistical significancg?=26.2 for ten degrees Mi"for and EMIC waves are thus strongly inconsistent with
of freedom: the significance probabiliBy( x2) (of obtaining both the uniform secular model and with SOC, which predict

a larger y? even if the model is corrertis 0.35%. The uniform and power-law distributions, respectively. Instead,

dashed line shows the best fit to the predicti8hfor SGT the observed distributions agree very well with the SGT pre-

with a coexisting nonlinear process at high fields. Now eX__dlct|ons, with some evidence for nonlinear processes becom-

cellent quantitative and statistical agreement exists, with 9 active fpr EMIC and mirror waves and rer.”o‘.’i”g wave
higher significance probability-26%. Thus, Fig. 3 shows €"€rgy at fields above-15 nT. SGT thus qualitatively ex-
plains the burstiness, widely varying fields, and persistence

of the wavegand their energy sourge¢hroughout the mag-
netosheath. In addition, these results represent a successful
test of the expectation that SGT applies where a system is

TABLE I. Fits of SGT predictions to observational data.

i 2 2
Mode Fit # s 0GB, X N P near marginal stability, since the mirror and EMIC waves
Mirror (2) 0.87+0.10 0.2%-0.10 26 10 0.3% both occur where independent measurements and theory
Mirror (3) 1.4+05 0.42:0.10 1.4-0.1 11 9 26%  show[5,7] that the observed proton distributions are close to
EMIC (2) 0.77+0.10 0.36:0.05 57 11 89%  marginal stability. Put another way, both the wave statistics

EMIC (3) 0.770.10 0.30-0.05 1.6-0.3 5.6 10 85% and the observed particle distributions are consistent with the
waves and particles being near marginal stability, confirming
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that an SGT state has developed near marginal stability angerved wave statistics are strongly inconsistent with both
that the theoretical hypotheses underlying SGT are selfuniform secular growth and SOC. There is weak evidence
consistent. that a nonlinear process coexists with SGT only at high fields
Why might an SGT state be attained here? Observation=15 nT. These results represent a successful test of SGT in
ally the linear instabilities producing the EMIC and mirror & situation where the waves are known independently to be
waves are driven by proton temperature anisotrotm.g], nea_ll’ marginal Stabl“ty Simultanequsly, this is the first appll-
with wave growth acting to decrease the temperature anisof@tion of SGT to primarly magnetic wavésather than high
ropy. An important insight, however, is that the temperaturdreduency, primarily electrostatic waves négr(9,11-13),
anisotropy rebuilds as draped magnetic field lines are carrietf Waves driven by ions rather than electrons, and to a tem-
closer to the magnetopause and particles with low pitc erature anisotropy mstgblllty rather than a beam instability.
angles and high parallel spee(sich contribute most @) _ GT also applies in a]l six contexts considered thus far, rang-
move along the field and are lost, which decreabgsand ing from the Sﬂlar wind(type III.soIarIburstsfand tr?er][nal
increases the rati®,, /T, . The wave-particle system thus waves[9,13), the edge and major volume of Earth’s fore-

naturally involves a competition between destructidry shock[11-13, to EMIC and mirror waves in Earth's mag-

wave growth and rebuilding(by convection of the free en- netosheath. This implies that SGT should be considered

ergy source in the inhomogeneous magnetosheath, as env\lNl-deIy applicable to space plasmas, where most waves have

aged in other SGT model®,11]. This qualitative model Sj;gg?ctg:sﬂfs ﬁ%?;;'tztr']\éeIyer';g't(;%m;fnggoser(g:&igﬁsstb
appears viable but needs to be extended to prediahd o y varying ! P ¢ P y

: . . astrophysical plasmas.
In conclusion, this paper presents very strong evidence
that SGT accounts for the form of the field statistics of both The Australian Research Council and NASA Grant No.
EMIC and mirror waves in Earth’s magnetosheath and siNAG5-6369 supported this research. We gratefully acknowl-
provides a qualiitative theoretical explanation for theiredge constructive comments from P. A. Robinson and dis-
burstiness, widely varying fields, and persistence. The obeussions with B. J. Anderson.
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