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Bursty Wave Instabilities in Open Driven Plasmas
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Wave instabilities in open, driven systems cause bursty emission. Local burst properties are
combined with global power balance to predict the source dynamics, energy conversion efficiency, and
distribution of power levels. Sporadic growth near marginal stability is characterized by noninteger
scaling exponents and an exponential distribution of power levels, unlike self-organized criticality
or stochastic growth. Predictions are confirmed by particle-in-cell simulations of driven cyclotron
instabilities. Solar microwave bursts are found to have the predicted distribution of power levels.
[S0031-9007(96)00158-5]

PACS numbers: 52.35.Qz, 52.25.Gj, 52.65.Rr, 96.60.Rd

In many natural and laboratory situations unstable wavemost a few EB regions before dropping out of resonance
grow in driven, inhomogeneous, open plasmas, leading twith the energy source because of gradients in the source
clumpy waves within the source and highly variable ra-parameters (e.g., magnetic field, density, etc.) [2,5],
diation from it. Examples include some solar and stellamunlike stochastic growth which involves interactions with
flare emissions, interplanetary, planetary and auroral radiarge numbers of uncorrelated regions [6—8]. We also
bursts, radiation from beam-plasma experiments, and spikshow below that the bursty energy emission is unlike
emissions observed during electron cyclotron heating ofhat in self-organized criticality [11] because it involves
mirror plasmas [1-10]. These systems are far from coma characteristic scale. Statistical properties are shown to
mon theoretical idealizations of smoothly varying plas-distinguish the three regimes clearly.
mas whose instabilities can be studied entirely by local Despite the success afcal EB theory, the physics of
uniform-plasma methods. It is a challenge to develop anindividual bursts has never been incorporated into a model
alytic methods that can handle them. Here, we investigatef the overall dynamics of the source region, nor has it
electron cyclotron maser emission (ECME) from a drivenbeen possible to compare the predicted scaling exponents
inhomogeneous open system. This is a problem that is indirectly with simulations.
portant in its own right because of its application in con- In this Letter, we combine the local physics of EBs
texts such as generation of solar microwave spike burstwith considerations of global power balance to determine
which derive their energy from hot electrons generated ithe dynamics of the source region and scalings of ob-
solar flares [2,3,5]. It also serves as a representative eservable quantities. The results are then successfully ver-
ample of the broad class of extended systems, commadfied against inhomogeneous PIC simulations and solar
in space and astrophysics, in which waves, such as beamicrowave observations.
driven waves, are driven unstable due to steady buildup of The model investigated here involves wave growth in an
particle free energy; much of our analysis is correspondextended open system in which free energy is continually
ingly general. Unlike coherent laboratory sources, suchieplenished. The particle free energyis transferred to
systems typically are not contained in a resonant cavitgnergy W in unstable waves as well as being lost via
and involve aclassicalpopulation inversion over a finite spontaneous emission of other waves. The waves can
continuous range, rather than discrete levels. escape through one or more boundaries and it is assumed

Early particle-in-cell (PIC) simulations of ECME that the instability is narrow band. This implies that
showed that, even when the driving is uniform, waveunstable waves of a given frequency only interact with
growth is highly nonuniform and radiation from the particles over a distance much less than the system size
driven region is bursty, consistent with observed highlyL because gradients in the system parameters cause them
spiky solar microwave emissions [1,3,4]. Taking indi- to drop out of resonance. The resulting equations are
vidual spikes to constitutelementary burst¢EBS) [2], _ _ _
self-consistent length and time scales of EBs were derived dF/dt = AR) = alFW) =S, @)
and it was possible to reconcile the theoretical time scales
of individual bursts with solar observations [5]. In this d(W)/dt = a(FW) — (|aW/oxl), ©)
picture, it was argued that EBs relax particle free energyherex is position is time,« is a constant, angle brackets
in small localized regions, then propagate away, aftedenote global averages, amdis the rate of increase of
which free energy rebuilds due to particle advection untilfree energy in the absence of relaxation. (i) Spontaneous
another EB relaxes it. Typically, waves interact with atemissionS is assumed to be broad band and approximately
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constant with respect t8 in the steady state and its input with g(0) = 0 andg(u) ~ ¢~ * for largeu. The distribu-
to the narrow band unstable waves is neglected. (ii) In théion of peak values of instantaneous power should have
steady state, the mean net deposition rate of ené(§y the same properties, but wifty somewhat larger.
is given byA(R) = AoR[1 — exp(—yt.)] + S, whereA, We use electromagnetic PIC simulations to test the
is a constant ang is an effective relaxation rate, which above theory, following three velocity components of
allows for incomplete energy transfer from source to wavegl8 000 electrons in one spatial dimensionl(%a dimen-
in a wave-particle interaction timg. Taking EBsto bethe sional simulation) [3,4]. lons are treated as fixed, infin-
fundamental entities in the system, it has been shown thadely massive particles. The simulation system shown in
y ~ RY2[5]. In the systems of interest here,« 1/R  Fig. 1 is analogous to the one studied from a different per-
(see below), and hence spective in Ref. [3] and consists of a plasma in an ambient
magnetic fieldB directed perpendicular to the system and
A(R) = AoR[l - exp(—VRC/R )} + S, 3) having the profile shown. The system has a total length
L divided into 2048 cells, each of leng#y7w,. The
plasma contains two electron components with initial mo-
mentum distributions of the form [13]

whereR, is a constant. Note that(R) — S ~ R at small
R, while A(R) — S ~ R'/2 for largeR. (i) We assume
that the instability growth rate i& F near marginal sta- y
bility, a good approximation for many plasma instabili- Filogv,) = Ni <U_L>Jefv2/2v,? (5)
ties [12]. Inside an EB the local wave ener§y then il UL jg(szlZ)s/z 2Vi2 ’
increases adW /dt = aFW in the absence of losses, with 5 5
F ~ Rt prior to saturation, which occurs at~ R~'/2[5].  Wherev® = v + v1, vj andv, are momentum compo-
The resulting average power transfer to unstable wavedents (in units ofn.c) parallel and perpendicular 8, N;
is a(FW) ~ RY2(W). (iv) According to previous the- is the number of particles in thi¢h distribution,V; is the
ory, each EB acts essentially as an independent sour&@rresponding thermal momentum, gni$ a constant. In
[2,5] and observed waves are an aggregate over the sour@!r work we choose an initial electron distribution com-
The power emitted from an EB region isc|aW /ax|. prising a stable cold background component in regions Il
The EB size is predicted to scale B5!/2 [5], implying ~ and IV of Fig. 1 (v, = 25800, V. = 0.5, j = 0) and an
{Jow /ax|) ~ RY%(W). Hence, local gradients dominate uUnstable hot energetic component in the source, region IlI
in determining the loss rate from each EB region and théV:, = 22200, V;, = 1.0, j = 2). Energy is injected by
resulting total output. randomly removing a small fraction of the hot electrons
In the steady state the net power input to the sysfrom region Il every few time steps and replacing them
tem A(R) is balanced by the outputP) = a(FW) + with electrons chosen from the initial hot distribution—
S = ¢(JoW/ax|) + S. The above considerations imply the recycling procedure [3,4]. The resulting population
(P) — S ~ R'/? for largeR and(P) — S ~ R for small  inversion inv, drives a maser instability, which tends to
R. The conversion efficiency into unstable waves isrelax the distribution toward marginal stability by flatten-
e(R) = [A(R) — S1/R = [(P) — S]/R; the remainder of ingitinthewv, direction. Energy is transferred to waves,
the gross power inputoR exits as residual particle en- Which grow in a bursty fashion, exit the hot plasma, and
ergy or via spontaneous emission. Hen@@{) ~ const are damped by the cool plasma in regions Il and IV or
at smallR and e(R) ~ R~!/2 at largeR. At small R, by the absorbing vacuum [3,4] in regions | and V that
(1) and (2) imply(F) ~ const and(W) ~ R if S is ne- prevents reflections back into the system. In region lil,
glected. Similarly, at largeR, (F) ~ R'/? and (W) ~
const. Dominance of EBs thus implies quite different dy-
namics at larg&, characterized by noninteger exponents.
Emission from the driven system is expected to be 1.0
random with fluctuations about the mean power output
[3,4]. In a source in which many independent EBs occur,
there is a certain probability per unit length of intense
resonant EB radiation being in an unrelaxed source region ™
whose free energy it can accumulate. The probability 0.5
distribution of the instantaneous power reaching a level
P is thus expected to have the forfP) ~ exp(—P/Py)

" =

S ) ViV
;Source Region§ :

for P > Py, whereP, is predicted to be proportional to : X Dl
(P), the only relevant power scale. Valufs< P, are 0.0L : = : L
unlikely in a large system, because many EBs are active 0 500 1000 1500 2000
simultaneously, sg(P) should decrease fa? < Py. In Position (cell number)

general, we predict FIG. 1. Simulation system, showing the magnetic field profile

f(P) = Py'g(P/Py), (4) and regions of plasma and vacuum described in the text.
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the plasma frequency i&, = Q./7, where (), is the 0.08
electron cyclotron frequency. Also,= 7 in these units. ’
The probability per unit time of recycling a given hot par-

ticle is 1/Tg = R/N, whereR is the recycling rate and 0.06 |
Tk is the recycling time, which is also the characteristic v/
interaction timer.. All the simulation parameters except
R and Tk are held constant in what follows and (except 0.04 I

—

for R = 0) we examine long-term steady-state behavior. A
A general point regarding the simulations is that ‘g

radiation from region Il is highly bursty, despite the V

driving being spatially uniform (apart from statistical

noise). Also, the steady-state electron distribution in 0.00t¢ ; - W

region Il is observed to be close to marginal stability,

highly flattened in thev, direction. Both observations 0 S 10 15

are consistent with previous results [3,4]. R'/?

Before testing the predicted scalings of the power out—':IG 2. Mean power outputP) (squares, arbitrary units) and
p_ut anq oth(_er guantities, we estimattd) by running a efficiency €(R) (E)riangles) F3/SR, sh?)wing fits to<P¥ (straight
simulation W|thR = 0. The ener_gy_of the system initially line) ande(R) = [A(R) — S]/R (curve) using (3) withe(0) =
decreases rapidly as ECM radiation grows and escapeso7 andr, = 0.04w,.
relaxing the distribution toward marginal stability, a point
confirmed by direct examination of the velocity distri-
bution. Later, the energy decreases at a smaller, nearthis flux as a function ofR for 2.5 = R = 160 yields
constant rate due to spontaneous emission. Extrapolatid®) — § ~ R%30001 gnd (R) ~ R~©-30=001 at Jarge
of this later behavior back to = 0 yields a net maser R, in close agreement with theory and the scalings found
conversion efficiency ok(0) = (7.3 = 0.7)% of the to- above; consistent exponents were found for a limited set
tal electron energy. An analytic estimate &f)) can be  of runs with twice as many particles.
obtained from the difference between the energy of the The probability distribution of instantaneous power
initial distribution and the marginally stable one, giving output atX is found to have an exponential tail at large
€(0) = 7%, in agreement with the numerical result. P, as predicted by (4). Significantly, the existence of

The net power input to the hot electrons can be obthe characteristic scal®, implies that the fluctuations
tained by calculating the difference between the grosabout marginal stability do not represent a case of self-
energy injected via recycling and the residual energy obrganized criticality, which is scale free with a power-law
particles removed in this process. The squares in Fig. Bistribution of P [11]. Nor is this a case of stochastic
show the resultingP) vs R'/2 for 2.5 < R/w, = 160;  growth via many independent increments of gain, as
data fromR = 0 cannot be used because it is not a steadyrecently studied in connection with type-lll solar radio
state system. A least squares best fit yidlRls~ 0.33 + bursts, which yields a lognormal distribution Bf[6—8].
0.58(R/w,)"/?, consistent with the expected largede-  Numerically, Py ~ R%>'=02 for 2.5 < R/w, = 160, in
pendence in the presence of spontaneous emission. éxcellent agreement with theory and the scaling{®f.
more restricted set of runs with twice as many par-Figure 3 showsf(P) vs P/P, for the case® = 10w,
ticles also gave a linear dependenceRdf?. If the con- and R = 80w,. (i) The curves have the same slope
stant term is subtracted from these results and a log-lognd they peak aP ~ Py, consistent with (4). (i) The
least squares fit done to the resulting data, we obtaipredicted valuef(0) = 0 is not seen becausg(P) is
(P) — § ~ RO31=001 "in excellent agreement with the- accumulated in finite bins, which blur its form, especially
ory over nearly 2 decades; results with twice as manyt smallR where the bin size is a larger fraction 8f,.
particles gave an exponent of 0.49. Triangles show thélowever, f(0) is found to be a factor of 2—-5 smaller
resulting efficiency obtained frona(R) = [(P) — S]/R.  than the peak of (P). (iii) Spontaneous emission reduces
Fitting of (3) to these data, assuming the theoretical valu¢he chance oP =< S being attained, effectively restricting
€(0) = 0.07, then givesk. = 0.04w,. The results of ear- f(P) to a smaller range at highé¥ than would otherwise
lier local EB theory [5] are thus also confirmed, sincebe the case. This tends to shift the curves in Fig. 3
they are implicit in the above scalings. Unfortunately,upwards and to the right, and is more pronounced for
we cannot simulat® < R. in the steady state in a fea- small R, whereS/P is larger. Estimation of this offset
sible amount of computer time and so cannot reach a@mplies that it can account for the difference between the
regime where the more intuitive scalif) ~ R is at-  two curves in Fig. 3. (iv) The distributions of maximums
tained. Separate estimates of the scaling®dfande(R)  f(Pmay are found to follow a similar functional form, as
can be obtained by calculating the Poynting flux at thepredicted, but with a larger dip at lof¥ (by a factor of 5—
point X in Fig. 1 directly from the PIC fields. A fit to 100), especially at largR where noise is least important.
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FIG. 4. Distribution of peak solar microwave spike burst

FIG. 3. DistributionP,f(P) vs P/P for R = 10w, (dashed) power levels. Error bars show statistical uncertainties.

andR = 80w, (solid).

(v) Consistent results were found for a small set of runs The system considered is representative of the broad
with twice as many particles. class of extended open systems in which waves are driven

Figure 4 shows an observed distribution of power maxi-unstable by gradual input of particle free energy and the
mums, obtained by us from the first half of the final results obtained are thus expected to be widely applicable.
frame of Fig. 1 of Ref. [1], which showed a time series of There is strong evidence that solar microwave spike
power emitted in solar microwave spike bursts, believedursts and some planetary and auroral radio emissions
to be generated by the ECM instability. This time intervalare produced by ECME driven by an unstable distribution
was chosen because, during it, the mean power level wadmilar to the one considered here [2-5], while growth
reasonably steady. We see an overall form in exceller®f beam-driven waves in type-lll solar radio bursts and
agreement with the theoretical expression Ry [the planetary foreshocks also involves competition between
analog of (4)] and similar to the simulation results in Fig. 3buildup and relaxation of an unstable distribution.
with a well defined exponential tail, as predicted above. This work was supported by the Australian Research
Together with previous work that reconciled theoreticalCouncil and NSF Grant ATM 9321665.
and experimental time scales fodividual EBs [5], this
provides strong support for our global EB model.
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