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CF%\ Motivation

*Regions of thermal activity
*Nonlinearity
Dissipative mechanisms

How do waves propagate through
an active medium?

EIT/SOHO

Covers plasmas on all scales from the
astrophysical down to the laboratory.

*Solar coronal phenomena
*ELMs (Edge Localised Modes)

UKAEA/Culham MAST



C%%l\ Non-adiabaticity

Contains all the non-adiabatic terms of

-Thermal conduction

-Thermal instability. Field(1965) %
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Complicated L i.e. higher order derivatives
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The rate at which a plasma system E \,
radiates heat, is described by a general
heat/loss function L.
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C%%ﬁ\ Self-Organisation

The simplest mechanism

* Activity — Thermal overstability

« Nonlinearity

* Dissipation — high-frequency damping

Activity
A(r,t,u)

A

The general evolutionary egn for waves under such mechanisms is:

%=F(Vu,g>+V-<D-w)+A(r,t,m - 0

Balance of all 3 phases leads to stationary waves
In particular Autowaves!

Autowaves propagate with characteristics (such as speed and amplitude etc)
independently of the initial conditions, and are instead completely determined
by the plasma properties.

The latter property could be exploited to be a non-invasive probe for
plasmas



C}.%\ Evidence of autowaves in solar flares
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We use the full time-dependent MHD equations.

B _yx(vxB)
ot
pg:—Vp—in(VxB),
dt U
op
___V ,
ot -
dp s dp
— =(v-D|L(p,p)+V - (& VT
Rl (o, + V- vT)]
dt ot Non-adiabatic terms

MHD equations + V-B=0 + p=RpT (equation of state)



C%%l\ Assumptions of model

X
4

*We are looking for variations along the z-axis
(o/oz) all other derivatives are ignored — 1D
approximation e.g. along coronal loops.

[0

«Assume optical thin radiation for £{p,p)

*We neglect effects due to stratification or
structuring.

»Z *All non-adiabatic effects are considered weak

*We look at perturbations about the plasma equilibrium of the form f =1,
+ f,(r,t). f, denotes equilibrium.

- No background flows i.e. vy = 0.
- Quadratic nonlinearity i.e. Ignore terms > O(f,2).

We extend the model as studied by Nakariakov et al. (2000) to include
arbitrary heating and radiative cooling.



C%%l\ The Full Evolutionary Equation

Combining the MHD equations & assumptions to reduce the set of equations
to a single variable V..
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K= Thermal conduction
2/Rp,

Cs = local acoustic speed, C, = Alfven speed, C,, = C, cos(6)

All derivatives of the cooling function is evaluated at the plasma equilibrium
e.g. L,



C%%l\ The Full Evolutionary Equation

Transforming to the frame where the evolution is taking place

{=z—-Ctandt=r “slow-time”. Where C is the magnetoacoustic speed. We
obtain the full nonlinear evolutionary equation:

N oV oV

—_Z 2+8Vz Z—I_all'll z+ﬂll'l2 22:() a’IB:Sgn(lu ’lu)
B “ o oc v v o
rokg GG Thomalconduton
c'(2C' -C.-C)
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The full evolutionary equation describes the evolution of magnetoacoustic
waves propagating through an active medium i.e. o =-1.

- Is the generalised Burgers-Fischer Egn

- Also contains information about the fast mode



C%%l\ The Full Evolutionary Equation

Normalizing the nonlinear evolutionary equation.

Ceplr, & J 7ﬁﬁﬂ V.,

=
GV*Z 82V z * av gJ
* %2 +V ‘ + ﬂl(v z
ot oc ¢
= % dimensionless k parameter

Still need to solve for 3 parameters.. a, fand k..

Near extrema of the cooling function k becomes large.

We are looking for stationary solutions so we need to prove the existence of
the stationary wave — stationary reference frame s = £* - C.7*. With

y(s) = Vz*(s). dy
ds’

W
—w-C)WY _aw - =




C%.%l\ Linear stability analysis

Linear growth rates

for k=1.0

W~ exp(ds)

Require Cc >0




C%%l\ Autowaves

In the linear regime of cooling i.e. far from extrema
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(see fig) 2 ;
- Neglect higher order derivatives (1) e o
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The stationary equation is given by

dy (sy-Cody |ul
ds’ V4 dS V4

w = 0.

V, must remain finite as s — oo this is only
possible if the activity and nonlinearity are
balanced ..C. =0

Bounded solutions represent stationary
waves



C%.%\ Numerical simulation: Linear Autowave

A sine wave was used as our initial wave profile to undergo evolution for a variety
of activity (i4). The McCormack finite difference scheme was implemented as our
PDE solver. Increasing activity — increasing amplitudes.

Shock-like — but
finite thermal
conduction
prevents multi-
value solution.
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C%%é\ Solitary Waves

In the Nonlinear regime of heating/cooling i.e.
far from extremums. AW

L(p,p)

- Keep higher order derivatives in cooling
function (&, =0)

oV, oV, *av

* %2

or o’

2.0

ds

we obtain a limit cycle solution i.e. the
amplitude becomes constant

— (v CE)d—W—al//(1+§kwj =0

Autowaves can exist in the finite
nonlinear heating cooling regime

k<<1, o=-1 V' and Cg <<2

o,o'.........k
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C%%A Limit Cycles: Perturbation method

If we represent the stationary nonlinear differential equations in the form of a
generic equation in terms of functions g(y) and f(y) we can solve using a
perturbation method for

%- ()P —G(w) =0, p:z_ﬂg; P* () + a(y)P(y) + b(y) = 0]

F(y)=(@ -C,),
Gy)=ay + fKy".

Differentiating the phase polynomial with respect to s and substituting for

the equation of motion we obtain a set of ODES

for determine the coefficients of the above polynomial.

(2P+ga)?+ga'P2+b'P:O
S

(2eF () + @' )P’ + (—eaG(y) + b'—2&F (w))P —aG(yw) = 0.



C%.%l\ Results of perturbation theory
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Resulting set of ODES to solve : -
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CF%\ Conclusions/Future

« Bounded solutions for the a priori stationary nonlinear ODEs
were found to exist analytical and via phase-plane analysis for
both linear and non-linear thermally unstable regimes with the
parameter range also determined

« Using the McCormack FD scheme the full time dependent
evolutionary equation was solved numerically for both cooling
regimes with stationary solutions satisfying the Autowave
condition for a =-1.

« Developed analytical solutions for the limit cycle scenario of
stationary solutions with nonlinear H/C.

« Develop a numerical code do solve the full evolutionary
equation to retrieve both autosolitary and linear autowaves.

Long term goal:
« Extend to 2D to study ELMs within our theory framework.
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