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Francesco	  and	  I	  have	  co-‐authored	  
31	  peer-‐reviewed	  ar6cles	  over	  a	  
period	  of	  more	  than	  20	  years:	  

1984-‐2006	  



Leitmo6f	  of	  our	  research:	  	  
dialogue	  between	  fluid	  and	  kine6c	  theories	  

	  
or	  
	  

The	  problem	  of	  fluid	  closures:	  when	  are	  they	  
possible,	  and	  how	  



Statement	  (open	  to	  discussion)	  
Fluid	  closures	  are	  not	  possible	  when	  one	  (or	  both)	  
of	  these	  two	  situa6ons	  arise:	  
	  
mode-‐par6cle	  resonances	  
non-‐local	  effects	  
	  
The	  converse	  is	  also	  true:	  rigorous	  fluid	  closures	  are	  
always	  possible,	  in	  principle,	  when	  the	  two	  effects	  
indicated	  above	  are	  not	  important.	  
The	  correct	  fluid	  closure	  is	  problem-‐dependent.	  
How	  does	  one	  determine	  it?	  



Example	  of	  fluid	  closure:	  Equa6on	  of	  
state	  for	  rela6vis6c	  plasma	  waves	  



The	  non-‐rela6vis6c	  limit	  is	  a	  textbook	  
calcula6on	  (see,	  e.g.,	  Krall	  and	  Trivelpiece)	  

The	  fluid	  deriva6on	  yields	  
	  
	  
	  
	  
The	  Vlasov	  theory	  reveals	  the	  correct	  equa6on	  of	  state	  to	  be	  
used	  in	  a	  fluid	  theory	  
	  
	  
	  
corresponding	  to	  a	  1D	  adiaba6c	  compression.	  
Why	  not	  compute	  gamma	  directly	  in	  terms	  of	  moments	  of	  the	  
solu6on	  of	  the	  linearized	  Vlasov	  equa6on?	  



The	  rela6vis6c	  limit	  is	  more	  tricky,	  
and	  the	  result	  is	  somewhat	  

surprising	  









Early	  example	  of	  non	  local	  effects:	  when	  
the	  width	  of	  the	  reconnec6on	  layer	  is	  
determined	  by	  the	  ion	  Larmor	  radius	  









This	  result	  was	  later	  extended	  to	  the	  
collisionless	  regime	  (PRL	  1991)	  



The	  nonlinear	  evolu6on	  of	  reconnec6ng	  modes	  
in	  the	  large	  ion	  gyroradius,	  weakly	  collisional	  
regimes,	  was	  studied	  aZer	  1991	  on	  the	  basis	  of	  
reduced,	  fluid-‐like	  models	  à	  the	  early	  work	  by	  
Francesco	  was	  fundamental	  for	  these	  
developments.	  
For	  instance,	  today	  we	  believe	  that	  the	  fast	  
6me-‐scale	  of	  the	  sawtooth	  crash	  in	  tokamak	  
plasmas	  is	  no	  longer	  an	  issue,	  although	  details	  of	  
the	  nonlinear	  evolu6on	  of	  the	  m=1	  magne6c	  
island	  are	  yet	  not	  fully	  understood.	  



Fast	  par6cle	  effects	  on	  MHD	  
modes	  in	  tokamak	  plasmas:	  
the	  development	  of	  a	  hybrid	  

kine6c-‐MHD	  model	  



Adiabatic invariants of charged particle motion in 
Tokamak configurations

Third adiabatic invariant: magnetic flux enclosed by the
precessional drift orbit 



Precessional drift motion of banana orbits







Sawtooth oscillations 

Van Goeler et al, PRL 1973 
Relaxation oscillations observed in all Tokamak discharges 



Monster sawteeth at JET





Fishbones in PBX Beam-injected plasmas



When	  the	  third	  adiaba6c	  invariant	  is	  conserved,	  the	  
relevant	  “quasi-‐par6cle”	  is	  the	  full	  precessional	  driZ	  
orbit.	  	  
	  
This	  orbit	  is	  as	  large	  as	  the	  system	  size!	  	  
	  
Even	  for	  a	  perturba6on	  that	  is	  localized	  in	  space,	  	  
the	  precessional	  driZ	  orbit	  will	  react	  as	  a	  whole	  in	  
order	  to	  conserve	  the	  enclosed	  magne6c	  flux	  	  
	  
à	  non-‐local	  response	  	  
à impossibility	  of	  a	  fluid	  closure!!	  



Hybrid	  kine6c-‐MHD	  model	  



DriZ-‐Kine6cs	  

Inspired	  by	  Antonsen	  and	  Lane,	  1980;	  Antonsen	  and	  Lee,	  1982.	  



Quadra6c	  form	  
(perturbed	  energy	  
Integral)	  







Conclusions	  
•  The	  things	  that	  I	  understood	  beder	  in	  plasma	  physics	  
have	  been	  inspired	  for	  the	  most	  part	  by	  Francesco.	  

•  The	  theory	  of	  magne6c	  reconnec6on	  in	  the	  ion-‐kine6c	  
regime	  was	  the	  key	  to	  the	  development	  of	  a	  model	  for	  
the	  sawtooth	  period	  and	  amplitude	  in	  realis6c	  
tokamak	  regimes.	  

•  Kine6c-‐MHD	  closures	  were	  fundamental	  to	  the	  
understanding	  of	  fast	  ion	  stabiliza6on	  of	  MHD	  modes.	  

•  Considera6on	  of	  the	  relevant	  kine6c	  effects	  and	  the	  
analogy	  between	  conserved	  quan66es	  in	  collisionless	  
magne6c	  reconnec6on	  and	  phase	  mixing	  in	  Vlasov	  
theory	  were	  key	  points	  for	  the	  understanding	  of	  
nonlinear	  reconnec6on	  theory	  in	  collisionless	  regimes.	  


