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Atrophysical plasmas are generally turbulent 

Turbulence develops in 
any flow where energy is 
injected at scales L0 >> 
the scale of dissipation Ld
(L0/Ld = Re

3/4) 

What kind of order 
emerges from this 
apparent chaos ?
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1) velocity field energy~k-5/3 (scale 
invariance, same physics at all scales l)

2) intermittency : deviation from the 
Gaussianity at small l

dv

l

~exponential

Locally unpredictable, but 
statistical properties are 

predictable and universal

Hydrodynamic Turbulence 
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Intermittency in fluid turbulence

PDF(dv)

dvl=v(r+l)-v(r)

Small scale

Large scale

§ Scale dependent non-Gaussianity of turbulent fluctuations 
§ Appearance of coherent structures

[She et al., 1991]

Filaments of vorticity (3D HD simulations & observations)
§ length ~ Linjection (L0)
§ cross-section ~ Ldissipation (ld)
=> dissipative structures 

[S. Douady, Y. Couder, and 
M. E. Brachet, PRL, 1991]



ISM plasma turbulence : electron density spectrum 
Big Power Law in the Sky

Armstrong et al., 1995, Brandenburg & Lazarian 2013
Energy injection scales ~1015 km 
Injection processes : 
- Star’s outflow (1 pc ~ 2 105 au ~ 3 1013 km); 
- Explosion of Supernovae (scale ~ 100 pc ~ 3 1015 km); 
- Shear motions in galaxy rotation (1 kpc ~ 3 1016 km);
- Infalling gas  from intergalactic medium (from galaxy thickness 

scale ~3 1015 to 3 1017 km, close to galaxy size scale)

Inertial range: 105 - 1014 km
Ion scales (103-104 km) flattening? 
Inner scale of the MHD inertial range: 
ion inertial length li=c/wpi 103-104 km (?)
For plasma b=nkT/(B2/8p) <<1, ion Larmor radius ri << li

Dissipation processes ? 
- Within coherent structures ? Of which shape ?

1015 km

103 km



Solar wind & ISM electron density spectra

[Celnikier et al. 1983, A&A] 

Flattening at ion scales ~ 100-1000 km in the SW density
spectrum (due to kinetic Alfven waves?). 
The same in the ISM spectrum around 103 – 104 km scales ?

O. Alexandrova et al.

Fig. 3 Spectrum of electron
density fluctuations ne measured
by the ISEE 1–2 spacecraft: two
distinct power-laws are observed,
the spectrum follows
∼ f −1.67±0.05 within the
frequency range
[10−3,6 · 10−2] Hz, the
spectrum is about f −0.9±0.2 at
f > 6 · 10−2 Hz. Around 1–2 Hz
the spectrum seems to change
again, however, this high
frequency range is too narrow to
make any firm conclusion (the
maximal measured frequency is
5 Hz). Figure from Celnikier
et al. (1983)

2.2 Intermittency

In hydrodynamics, the amplitude of the fluctuations at a given scale—and hence the lo-
cal energy transfer rate—is variable, a property known as intermittency, i.e. turbulence and
its dissipation are non-uniform in space (Frisch 1995). This results in the turbulence be-
ing bursty, which can be easily seen from the test of regularity of turbulent fluctuations
(Mangeney 2012). Usually, turbulent fluctuations at different time scales τ are approxi-
mated by increments calculated at these scales, δyτ = y(t + τ ) − y(t). The time aver-
ages of these increments are called “structure functions” (for more details see the paper
by Dudok de Wit et al. 2013 in this book). In the presence of intermittency, the scaling
of higher order moments of the structure functions diverges from the simple linear be-
havior expected for non-intermittent, Gaussian fluctuations: in essence, at smaller scales,
there are progressively more large jumps, as the turbulence generates small scale structures.
This behavior is also observed in the solar wind on MHD scales (Burlaga 1991; Tu and
Marsch 1995; Carbone et al. 1995; Sorriso-Valvo et al. 1999; Veltri and Mangeney 1999;
Veltri 1999; Salem 2000; Mangeney et al. 2001; Bruno et al. 2001; Sorriso-Valvo et al. 2001;
Hnat et al. 2003; Veltri et al. 2005; Bruno and Carbone 2005; Leubner and Voros 2005;
Jankovicova et al. 2008; Greco et al. 2009, 2010; Sorriso-Valvo et al. 2010). Figure 4 shows
probability distribution functions (PDF) of the tangential component of the standardized
magnetic field fluctuations #By = δBy/σ (δBy), σ being the standard deviation of δBy (in
RTN coordinates6) computed for three different time scales τ . Intermittency results in the
change of shape, from the large scale Gaussian to the small scale Kappa functions.

Intermittency is a crucial ingredient of turbulence. Being related to the full statistical
properties of the fields, its characterization can give an important insight on the nature of
turbulence and on possible dissipation mechanisms of turbulent energy.

Note, as well, that as far as the third-order moment of fluctuations is related to the energy
dissipation rate and is different from zero (see the K4/5 law, Eq. (1)), turbulence must shows
some non-Gaussian features.

Solar wind observations have shown that the intermittency of different fields can be re-
markably different. In particular, it has been observed in several instances that the magnetic

6R is the radial direction, N is the normal to the ecliptic plane and T completes the direct frame.
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Solar wind (SW)



Solar wind turbulence: B-spectrum at 1 AU

Inertial range: K41 scaling at ~[103,105] km
Inner scale of the MHD range: ion inertial length li=c/wpi or 
ion Larmor radius ri ~ li ~ 100 km.  
Sub-ion scales: electron fluid cascade (EMHD)
Dissipation scale: electron Larmor radius ~1 km (0.3 - 1 AU)

Energy injection scales: [106,108] km 
(1 AU= 1.5 108 km)
Injection processes : 
- Slow/Fast wind streams interactions – corotation 

interaction regions; size of the open field regions 
during max of activity ~ 5 106 km

- Super-granulation: size at the surface of the Sun~3 
104 km, which increases with expansion to ~ 6 105

km, at 20 Rsun (1 Rsun = 7 105 km ~ 106 km)
- Rsun =

106 km



ISM & solar wind turbulence: velocity-spectra

Slope = -3/2

103 km

107 km

105 au ~ 1013 km

‘Big Power Law in the Sky’

1015 km1017 km

[Yuen et al. 2022, arXiv]



Intermittency of solar wind turbulence

Methods for Characterising Microphysical Processes in Plasmas

Fig. 2 Deviation of the PDFs from Gaussian statistics with scale: signature of intermittency in the inertial
scale of the solar wind magnetic field (Sorriso-Valvo et al. 1999). Left panels for fast solar wind, right panels
for slow solar wind

The tails of the PDF are of particular interest, because the distribution of rare events is
indicative of the nature of underlying physical process. However, the practical assessment of
such tails is a delicate task, and so moments of the PDF often receive more interest than the
PDF itself. The moments of P(|∆yτ |) are called structure functions and can be estimated
directly from the time series as

Sp(τ ) =
∫ +∞

−∞
P

(
|∆yτ |

)∣∣∆yτ (t)
∣∣p dt =

〈∣∣∆yτ (t)
∣∣p〉

, (6)

where 〈· · ·〉 denotes ensemble averaging. Equation (5) implies that the structure functions
should scale with τ as

Sp(τ ) ∝ τ ζp . (7)

For statistically self-similar processes, the scaling exponents ζp are a linear function of the
order p; deviations from this linear behaviour can thus be used as a quantitative measure
of departure from self-similarity. There is considerable experimental evidence that turbulent
flows deviate from this behaviour (Frisch 1995).

Solar wind and laboratory data have been extensively studied by structure function
analysis, showing the presence of intermittency (Carbone 1994; Tu and Marsch 1995;
Carbone et al. 2000; Antar et al. 2001; Bruno and Carbone 2005; Matthaeus and Velli 2011).
The evaluation of structure functions is straightforward, but there are pitfalls. The main dan-
ger is the increasing sensitivity of structure functions to rare and large events when the order
p increases, until finite sample effects completely dominate. This often goes unnoticed as
the structure function increases smoothly with order. As a rule of thumb, it is considered
safe to compute structure functions up to order

pmax = logN − 1, (8)

Scale dependent non-Gaussianity is observed within the MHD inertial range [Sorriso-Valvo et al. 1999]
Examples of structures: planar discontinuities (current sheets and magnetosonic shocks)

[e.g., Veltri & Mangeney 1999, Servidio, et al. 2008, Greco, et al. 2009, 2012, 2014, Perri et al. 2012]



Intermittency of solar wind turbulence
More complex topologies [e.g., Lion et al. 2016, Perrone 2016, 2017, Roberst 2016]: 
- Magneric holes
- Alfven vortices
- Magnetosonic solitons

Alfven Vortex: cylindrical NL 
Alfven wave [Petviashvilli & 

Pokhotelov 1992] 

Magnetic holes [Karlsson et al. 2021]



Intermittency in the ISM ?

PHD thesis of Thibaud Richard (2022)
On dissipative structures in ISM: compressible  MHD 
numerical simulations 

[Zaroubi et al. 2015]

Aspect ratio measurements  => sheets, ribbons, tubes



Why turbulence is important ? 

Credit: L. 
Matteini

Solar wind ion temperature decays less 
than adiabatic (~R-4/3) => heating !

§ Cosmic Rays diffusion and acceleration 
§ Important ingredient for star formation process 
§ Important for collissionless shocks
§ Best candidate to explain solar wind non-adiabatic expansion 
§ Dissipation processes & magnetic reconnection

Gas density in galaxy collisions. The stars are formed in dense 
regions under "compressive turbulence". Credit: CEA-SAp
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Turbulence in magnetized plasmas
B0plasma (MHD)

1. Presence of a mean magnetic field B0 ⇒ anisotropy of turbulent fluctuations 
2. Plasma waves: Alfvén, magnetosonic, mirror, whistlers, kinetic Alfvén waves (KAW), etc… 

(wave turbulence) 
3. Nearly no collisions : mean free path ~ 1 AU 
4. In plasmas there is a number of characteristic space and temporal scales

hydrodynamics

⌦ci, ⇢i,�i; ⌦ce, ⇢e,�e; �D

§ Is there a certain degree of generality in space plasma turbulence ? 
§ Similarities with HD (spectra & intermittency)? 


