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There is no a plethora o evidence rom simulation and experiment that plasma tur-
bulence is hi hly intermittent, and that turbulent transport has a undamentally bursty
character . It is thus necessary to develop a probabilistic theory o plasma transport,
ocusin on calculatin the probability distribution unction PD o ux, rather than
anomalous transport coe cients. This ollo s rom, say, the need to understand the re-

uency o lar e heat dischar es rom the plasma, hich in turn a ects the distribution o
peak heat loads on the con nement vessel. Interestin ly, intermittent transport o ten re-
sults rom rare, lar e events hich are accompanied by coherent structures such as zonal

o s, streamers, blobs, and vortices. These structures are ell kno n to play a crucial
role in transport dynamics , . or instance, zonal o s mainly poloidal o s that are
radially localized inhibit the radial transport by shearin eddies makin up turbulence,

hile streamers radially elon ated and poloidally localized o s enhance it. There ore,
t o o the most undamentally important uestions in the prediction o transport are i
the ormation o coherent structures and ii the e ects o these structures on transport.
O particular interest is the uestion o0 ho non-locality or ast transport phenomena are
linked to structures and intermittency.

Most o the orks dealin  ith the rst issue the ormation o structures has so ar
adopted a mean eld theoretical vie on the basis o uasi-linear closure and ray chaos
see TA E , . Althou h much insi ht has been ained in this approach, the or-
mation o structure may be a stron ly nonlinear phenomenon, hose description re uires
a non-perturbative method. Indeed, renormalized perturbation theory can easily make an
exponentially lar e error in predictin PD s in cases here structure ormation is crucial.
In particular, the ormation o structure can be tri ered by noise, in hich case the PD
o the ormation o structure itsel is a uantity o ultimate interest. or instance, an inter-
estin issue is the prediction o the PD o H transition . On the other hand, these

coherent structures, once ormed, can cause intermittent and bursty transport. Especially,



intermittent transport leads to non-Gaussian PD o wux. The deviation rom Gaussian
statistics mani ests the ailure o random phase approximation, underscorin the need or a
non-perturbative method. Note that rare events contributin to PD tails can play a major
role in transport hen PD tails are si ni cantly enhanced over those o a Gaussian PD .

In this paper, e discuss t o examples o non-perturbative theoretical models o inter-
mittency in drit ave turbulence. irst, in Section , e study the e ects o coherent
structures in shapin the tail o the PD o heat ux  due to curvature driven ion tem-
perature radient I'TG modes usin the instanton calculus. The essence o the instanton
calculus is that it treats the calculation o the probability or a structure to emer e rom the
vacuum laminar state in the presence o orcin via a steepest descent approximation o
the path inte ral hich determines the transition probability. Thus, the instanton calculus

recovers e ects rom  orders in perturbation theory see TA E , unlike uasi-Gaussian

closures hich retain e ects to 4. The product o this calculation is an expression or
the tail o heat ux PD , hichis ound to scale as exp 32  Here, is a constant. In
Section , e present a simple model o turbulence propa ation and spreadin and its impact

on intermittency in the dri t ave intensity. The key non-perturbative element here is the
use o eneral symmetry principles, rather than uasi-linear iteration, to derive an e uation
or evolution about the sel -or anized uctuation intensity pro le. The principal products
o this analysis are a bi-variate ur ers-type e uation hich describes the evolution in

and o , and an estimate o the PD o spatial avalanches o uctuation intensity and

the resultin spreadin . Section consists o a discussion and concludin remarks.

Coherent structures o ten accompany bursty and intermittent transport, leadin to a
non-Gaussian PD o ux. In particular, this means that heat and particle loads may be
concentrated in lar e events , the re uency o hich should be determined. This e ect o

coherent structure on the PD o ux is investi ated in the ollo in . A non-perturbative



method that is utilized in our analysis is called the instanton method. e ore proceedin
ith the computation o PD by usin this method, e provide some explanation or the
physical meanin o instantons.

In a classical dynamical system, instantons ive the transition probability amplitude
bet een t o stationary states hich have di erent nonlinear structures e. ., see
This may be understood intuitively as ollo s. Associated ith each coherent structure is
a nonlinear solution hich takes certain value o an ideal topolo ical invariant such as

the number o vortices or vacua in *

model . In the presence o dissipation and an
external noise, the ideal invariant is broken, and thus there is a nite probability that a
system evolves rom one state to another ith di erent solutions. Instantons capture the
probability o the transition bet een t o nonlinear solutions or structures . Since this
transition occurs rapidly in time, instantons are temporally localized as its name indicates
and can thus naturally be related to the burstiness o events see i ure
To exploit this idea in the prediction o PD o ux in an analytically tractable manner,
e take one structure to be the vacuum and the other to be a non-trivial entity. That
is, e assume that a system is initially in a uiet state ith no ener y hen an external
random orcin is turned on. As the orcin injects ener y into the system, there is a
nite probability o the ormation o coherent structures in the lon time limit. Instantons
capture the creation process o these structures. Once these structures are ormed, they
participate in transport, thereby contributin to the tails o the PD o ux. As may be
clear rom this ar ument, the PD tails 0 ux ill then be determined once the transition
probability amplitude to various structures is available. n ortunately, the latter re uires
the kno led e o a complete set 0 coherent structures in a system, hich is surely an un-
obtainable oal. There ore, to utilize an instanton method, some insi ht is necessary as to
hat kind o structure is likely to be excited by a iven orcin . One possible candidate
or this nonlinear structure, hich e are oin to use, is an exact nonlinear solution o the
dynamical e uation in the absence o dissipation and orcin . Once their spatial ormis xed,

instantons then ive the probability o transition to di erent amplitude o this solution. or



instance, an instanton or a dynamical variable takes the orm o ith

. Here, denotes the spatial orm o a coherent structure and
is a temporally localized amplitude, representin its creation process see i ure . The
distribution o determines the PD o any wux hichisa unction o in thelon time

limit see i ure
In the ollo in , e utilize instantons to compute the PD o the heat ux in a curvature
driven ITG turbulence. or simplicity, e take a simple t o-dimensional slab model here
is assumed besides ensurin the adiabaticity o electrons or drit aves D . In
this model, the instability o D  ori inates rom the bad curvature here
2 2

y keepin R e ect or electric potential to rst order in , e employ the

ollo in overnin e uations or and pressure perturbation

Here, the notation is standard and denote the local radial and poloidal directions,

respectively , , , In L In L
In 1 and s uare brackets denote Poisson brackets, i.e.,
is an external random orcin or electric potential . E s. and

are non-dimensionalized by measurin the len th, velocity, , and in unitso , ,

and ,and . Note that the linear instability condition or E s. and is
2 2 2
hich can be satis ed only hen . The external orcin introduces

a random noise in the system and thus leads to the ormation o a coherent structure
instanton . To simpli y analysis, e assume the Gaussian statistics or the orcin ith

hite noise in time as ollo s



and . Note that the use o Gaussian orcin here is or convenience to ormulate the

PD sin terms o path inte ral as shall be clear belo and that other statistics or the orcin

should be explored . e urther assume inkE . is rou hly parabolic or ,
ith the orm

and vanish or . Thus, may be considered the coherence len th o the orcin .

Here 1 ith ; bein the rst zero o . This particular orm o as chosen

or computational convenience.

The Gaussian statistics o the orcin allo s us to ormally express the probability
or the heat ux at to take value  in terms o a path inte ral
here
In E ., the an ular brackets denote the avera e over the random orcin , and is

the e ective action iven by

2 - 2 2
2 _
2 2 = - 2
Here, ~ and ~are conju ate variables, playin theroleo a ran e multipliers.
Since e are interested in PD tails, e can calculate the path inte ral in E . by a
saddle point method or lar e and . Saddle point solutions or hich minimize
the e ective action ith the initial condition , constitute

instantons. Once instanton solutions are ound, the e ective action, and conse uently the

PD tails, can be strai ht or ardly computed to leadin order.

























































