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•  Time series display random regime switching between laminar periods of small-amplitude 
fluctuations and bursty periods of large-amplitude fluctuations 

 

•  Probability distribution functions (PDF) display a non-Gaussian shape (broad-tail and sharp peak) 
due to an excess of large- and small-amplitude fluctuations at small scales  

 

•  Power spectra display a power-law behavior indicative of multiscale interactions  
 

•  Images display localized regions of patchness (multifractality) associated with coherent structures  
 

            

Sunspot cycles 

Complex dynamics of the Sun: Intermittent turbulence 
UV image of active Sun 



A brief history of space plasma physics 

                          

 









Irving Langmuir (1881-1957) 
    Langmuir waves - plasma 
 









    Guglielmo Marconi (1874-1937) 
radio wave propagation via ionosphere 
 

 





Hannes Alfvén  
           (1908-1995) 

     

Alfvén, Nature (1942): Existence of Electromagnetic-Hydrodynamic Waves 







Langmuir waves, instabilities, chaos & turbulence 

                          in space plasmas  

 



Gonzalez and Tsurutani, INPE/JPL 
 

Complex dynamics of solar-terrestrial relation:  
        Sun-Earth relation & Space weather 











                  Langmuir waves & turbulence:  
Type-III radio waves emitted by a solar flare electron beam 

  Ref: Goldman et al., PF (1980)  



Observational evidence of nonlinear wave-wave interactions:  
   Type-III radio bursts, Langmuir waves, ion-acoustic waves 

Refs: Lin et al. ApJ 1986; Henri et al. JGR 2009 



              Observational evidence of nonlinear coupling of  
      Langmuir waves and ion-acoustic waves in a type-III event 

Ref: Lin et al. ApJ 1986 



A beat-type waveform of high-frequency oscillations near the local electron plasma 
frequency, at about 24 kHz  in the solar wind (Gurnett et al., 1993; Hospodarsky & 
Gurnett, 1995).  

Power Spectrum of the beat-type waveform. L is the beam-generated 
Langmuir wave, L’ is the Langmuir wave produced by parametric decay,  
L → L’ + S, where S is the ion-acoustic wave. 



Generalized Zakharov equation 
 

(Rizzato & Chian, 1992;  Alves et al., 2002) 
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Three-wave couplings:  

L → L + S   (Chian & Abalde, 1995) 
 
L → T + S   (Chian & Abalde, 1995) 
 

Four-wave couplings: 

L → L-  + L+ + S   (Chian & Abalde, 1996) 
 

L → L+ + T-  + S   (Akimoto, 1988; Barta & Karlicky, 2000) 
 

L → L-  + T+ + S   (Abalde, Alves & Chian, 1998; Barta & Karlicky, 2000) 

Twelve-wave couplings: (Rizzato & Chian, 1992; Alves et al. 2002) 



One-pump hybrid parametric instability 

Wave-vector kinematics for 4-wave interactions 



Nonlinear dispersion relation for one-pump hybrid parametric instability  



Growth rate of one-pump hybrid parametric instability 



Wave-vector kinematics for two-pump  hybrid parametric instability 



Nonlinear dispersion relation for two-pump hybrid parametric instability 



Growth rate of two-pump hybrid parametric instability 

r: ratio of two pump amplitudes 



Chian & Alves, ApJ Lett. 1988 
Chian et al., A&A 1994 
Chian et  al., PSS 2000 
Alves et al., A&A 2002 
Voitenko et al., A&A 2003 
 







Auroral LAW (Langmuir-whistler-Alfvén) events 

Ref.: Boehm et al., JGR 1990 



Examples of generation of radio waves by Langmuir waves 
                       via nonlinear 3-wave interactions 





Coupled wave equations for nonlinear three-wave interactions  
(Chian et al., PSS 2000): 
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Aα   :  the complex amplitudes of the envelope wave fields 
δ    :  the frequency mismatch parameter 
να  :  the growth/damping parameters  

Temporal Dynamics of Three-Wave Coupling 



Bifurcation diagram 





Pomeau-Manneville intermittency  &  Crisis-induced intermittency 



Observational evidence of chaos, complexity, fractals and 
nonlinearity in solar radio bursts: 

•  Route to chaos during a pulsation event 
     (Kurths et al, 1989) 
 

•  Nonlinear properties of the dynamics of bursts and flares in the solar 
and stellar coronae 

     (Isliker et al., 1994) 
 

•  Determination of fractal dimensions of solar radio bursts 
     (Veronig et al., 2000) 
 

•  Nonlinear statistical analysis of narrowband dm-spikes observed 
during the June 15, 1991 flare 

     (Meszarosova et al., 2000) 
 



Alfven waves, instabilities,chaos & turbulence 

                          in space plasmas  

 



Gonzalez and Tsurutani, INPE/JPL 
 

Complex dynamics of solar-terrestrial relation:  
        Sun-Earth relation & Space weather 







Helios  (Marsch and  Liu, 1993; Bruno and Carbone 2005 ) 

ω  = kvA 

vA = B0/(4πρ0)1/2 

ALFVÉN WAVES IN THE SOLAR WIND 



Power-law behavior in the power spectrum of  
Alfvén intermittency in high-speed solar wind 

•   Helios spacecraft (Marsch & Tu, 1990) 

Power spectra of outward 
(solid lines) and inward 
(dotted lines) propagating 
Alfvénic fluctuations in 
high-speed solar wind, 
i n d i c a t i n g p o w e r- l a w 
behavior 







HILDCAAs (High-Intensity Long-Duration Continuous Auroral Activities) events: 
Large-amplitude Alfvén waves in the solar wind 

 

Ref: Tsurutani et al. JASTP 2011 



 

 
 
  
 
 

 
 

 



Derivative nonlinear Schrödinger equation 

Low-dimensional model of nonlinear Alfvén waves 

Refs: Hada et al., PF 1990; Chian et al., NPG 2007; Rempel et al. IJBC 2008 



 Poincaré map 



Chaotic attractor: Poincaré map 



Bifurcation diagram & Maximum Lyapunov exponent 



Periodic window: Chaotic attractors & Chaotic saddles 



             Alfvén intermittency induced by crisis 



Magnetic reconnection, coherent structures & 

              turbulence in space plasmas 

 

                          

 



Gonzalez and Tsurutani, INPE/JPL 
 

Complex dynamics of solar-terrestrial relation:  
        Sun-Earth relation & Space weather 







Ref: Gosling+ JGR 2005; Phan+ Nature (2006) 



     Evidence of magnetic reconnection in the solar wind 
 

• Bifurcated current sheets 
• Double-step magnetic rotations with a plateau in the middle 
• Anti-correlated (correlated) V-B => Parallel (anti-parallel) Alfvén waves 
• Jet (Reconnection exhaust) 



     Evidence of magnetic reconnection exhaust in the solar wind 
  
• Bifurcated current sheets 
• Double-step magnetic rotations with a plateau in the middle 
• Anti-correlated (correlated) V-B => Parallel (anti-parallel to B) Alfvén waves 
• Jet (Reconnection exhaust) 

Ref: Gosling et al., JGR (2005, 2007): Petschek-type RX at front/rear edges of ICMEs 



Ref: Wei et al., JGR (2003): WIND data of ICME of 10/18/1998  

Magnetic reconnection at Magnetic Cloud Boundary Layers  

Outer boundaries (Mf, Mt) of  
MCBL often display properties of 
magnetic reconnection 
characterized by a 3 “high-state”  
of plasma: 
 

• high proton temperature 
• high proton density 
• high plasma beta 
 

and corresponding 3 magnetic 
signatures:  
 

• intensity drop 
• abrupt latitudinal angle changes 
• abrupt azimuthal angle changes 





Coronal Mass Ejection (CME) events of 19-20 January 2005 
(AR 10720) 

Refs: Chian & Muñoz ApJL,  2011 
          Miranda, Chian, et al., IAU  286, 2010 
          Muñoz, Chian, et al., IAU 286, 2010 



Ref: Foullon et al., SP (2007) 

      ICME event of 21-22 January 2005:  
      Cluster data upstream of the Earth’s bow shock 



Detection of current sheets & Kolmogorov magnetic turbulence  

•  Current sheets detected by the technique of  Li , ApJL (2008) 



Universal scaling laws for well-developed MHD turbulence 
 
 
 
 
 
Applying the extended self-similarity (ESS) technique of Benzi et al. 
(PRE 1993) to compute the scaling exponent: 
                          ζ (p) ∼ α(p)/α(3) ,  Sp(τ ) ∼ [S3(τ )]ζ (p) 
 

She-Leveque  (PRL1994) model for the universality of the scaling 
exponent of structure function (of order p), for a Kolmogorov -5/3  
power spectrum, was extended by Muller, Biskamp & Grappin (PRE 
2003) for sheetlike dissipative structures in a well-developed  
anisotropic MHD turbulence, where g is an adjustable parameter: 



 
 
 
Magnetic turbulence: Intermittent, nongaussian & multifractal 

•  Good agreement with the multi-fractal  scaling predicted by the She-Leveque model of  
      fully-developed MHD turbulence developed by Muller, Biskamp & Grappin (PRE 2003) 



Magnetic reconnection: Anti-correlated /correlated  Alfvén waves 

•  [BL, VL] of SB1 (SB2) present evidence of anti-correlated (correlated)  
and correlated (anti-correlated) Alfvén waves: minminum variance analysis  



Magnetic reconnection: Current sheets & Jets 

•  V computed by the magnetic reconnection theory of Sonnerup et al. (1981) 
•  J  computed by the curlometer technique using multi-spacecraft Cluster data 



Magnetic reconnection: Bifurcated current sheets 

JM computed from BL using Ampere’s Law & Taylor’s hypothesis => Bifurcated current sheets 



Ground observation of  the ICME of 21-22 January 2005 

Ref: Miranda, Chian+, IAU 264 (2010); Du et al. JGR (2008) 



Upstream/downstream of shock ahead of an erupting coronal flux rope  
3 November 2010 

Refs: Zimovets, Vilmer, Chian+, A&A 2012 



     SDO UV, RHESSI X ray & Nancay radio images of an erupting coronal flux rope  



LF type-II radio bursts ahead of an erupting coronal flux rope 



LF/HF type-II radio bursts at the leading edge of an erupting coronal flux rope 



Applications of plasma physics 

                          

 



Gonzalez and Tsurutani, INPE/JPL 
 

Complex dynamics of solar-terrestrial relation:  
        Sun-Earth relation & Space weather 



 
 
 
Applications of plasma physics  
 
•  Space weather 

•  Space climatology 

•  Plasma astrophysics 

•  Controlled thermonuclear fusion 

•  Plasma medicine 
 
 
 
 
 











Heliosphere 





Asterosphere of CW Leonis (IRC+10216) 





Star-planet relation: complex system 



Spiral galaxy: complex system  
Discovery of a youngest nearby black hole SN 1979c in M100:  

NASA´s Chandra X-ray Observatory 

Ref: Patnaude et al, New Astronomy (2010) 



Controlled Thermonuclear Fusion - ITER 





Thank you ! 


