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Terrestrial turbulence



Why is turbulence important?

•Accretion discs
• Interstellar medium
•Star-forming nebulae
•Galaxy clusters
•Solar corona and solar wind
•Fusion confinement experiments

Turbulence plays an important role in a large variety of space, astrophysical phenomena 
and laboratory plasma experiments, e.g.,
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Turbulence is important because it 
governs the transport of

• Energy (energy flow, heating)

•Mass (mixing, accretion)

•Momentum (jet interactions, shocks)
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•Solar corona and solar wind
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Turbulence plays an important role in a large variety of space, astrophysical phenomena 
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Accretion discs

Rep. Prog. Phys. 74 (2011) 046901 A Brandenburg and Å Nordlund

Figure 21. Visualization of the logarithmic density of an accretion
torus around a black hole. Courtesy of John F Hawley [277].

found without rotation [239, 265–267]. Possible candidates
for explaining the origin of large-scale fields in this case
include the incoherent α-shear dynamo [268, 269] and the
shear-current effect [270, 271]. For the latter effect to work,
it is necessary that one of the off-diagonal components of the
magnetic diffusivity tensor has a suitable sign, which may,
however, not be the case [267, 272–274].

The MRI is generally thought to be responsible for driving
turbulence in accretion disks, where q = 3/2. A more accurate
representation of accretion disks is obtained with the inclusion
of vertical and radial density stratification. The former case can
be treated within the shearing-box approximation [275, 276]
while the latter requires a global treatment [277–280]. In
figure 21 we show a visualization of the logarithmic density of
an accretion torus around a black hole.

An important diagnostic quantity of accretion disk
simulations is the dimensionless turbulent disk viscosity,
αSS = νt/csH . Here, the subscripts SS refer to Shakura
and Sunyaev [281], who employed this parametrization of
turbulent viscosity νt in terms of local sound speed cs and
pressure scale height H . In the simulations, νt is normally
estimated by the mean total horizontal stress, #Rφ =
bRbφ/µ0 − ρuRuφ , divided by the mean rate of strain resulting
from the differential rotation, ρR∂'/∂R, where cylindrical
coordinates, (R, φ, z), have been employed.

In comparison with local shearing box simulations, an
important difference is that global simulations are capable of
producing about 10 times larger values of αSS. This is an
immediate consequence of the larger field strength in global
simulations rather than a difference in the intrinsic properties of
local versus global disk simulations [277]. Another important
outcome of global disk simulations is the fact that #Rφ is finite
at the innermost marginally stable orbit. This is a property
that is not normally taken into account in analytic models and
continues to be debated in the literature [282, 283].

A number of new simulations have emerged in recent
years. A major step was the combination of dust dynamics
with self-gravity in the shearing box approximation [284, 285].

One of the remarkable results is the rapid formation of nearly
Earth-sized bodies from boulders (figure 22). Even though the
mass of what one might call protoplanet is growing, this body
is also shedding mass during encounters with ambient material
as it flows by. One might speculate that what is missing is the
effect of radiative cooling of the protoplanet. This would allow
the newly accreted material to lose entropy, become denser, and
hence fall deeper into its potential well.

The main reason the simulations presented in [284]
produce rapid growth is connected with the occurrence of
sufficiently strong compressions caused by the turbulence.
Once the compression is strong enough, self-gravity takes over
and leads to a fully developed nonlinear collapse.

6.12. Effects of thermal and gravitational instabilities

A thermal instability may arise if a cooling term, ((T ), and a
heating term, )(T ), are included on the right-hand side of the
energy or entropy equation, i.e.

ρT
Ds

Dt
= · · · + ρ)(T ) − ρ2((T ). (83)

It is convenient to abbreviate the combination of the two terms
on the right-hand side by ρL, where L = )−ρ(. This allows
us to state a sufficient condition for stability [163, 286]

(
∂L
∂T

)

p

> 0 (stability). (84)

This means that when the temperature is increased, the
corresponding cooling increases, bringing the temperature
down again to the original value. In the presence of thermal
diffusion, with Frad = −K∇T ̸= 0, the system can always
be stabilized at small scales, i.e. for large wavenumbers,
where eventually the thermal diffusion rate becomes faster
than the cooling rate. For ) = const and ( ∝ T β , the
dispersion relation ω(k), is on sufficiently large scales (small
wavenumbers) of the form [163, 286].

ω = cisok
√

1 − β−1, (85)

where ciso = cs/
√

γ is the isothermal sound speed. Evidently,
for β < 1 sound waves become destabilized (ω becomes
imaginary).

Numerical simulations [162, 163] have not been able to
confirm alternative findings [287] that the thermal instability
can lead to sustained turbulence. This is demonstrated in
figure 23, which shows (here in the presence of shear) that
the thermal instability leads to the development of patches with
low temperature (100 K compared with 10 000 K outside those
patches), but over time these patches merge until eventually a
stable equilibrium is reached where a few big patches continue
to coexist.

Another instability where sound waves are destabilized
is the Jeans instability. Here the dispersion relation can be
written in the form [288–291]

ω2 = c2
s k

2 − 4πGρ, (86)
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Logarithmic density from an 
accretion disc simulation by 

Hawley (2000) 

• Matter spirals into the black hole,
     converting a tremendous amount of 
     gravitational potential energy into heat

• This occurs via several processes:
   - Magnetorotational Instability (MRI) drives 

turbulence
   - Turbulence cascades nonlinearly to small

scales
   - Kinetic mechanisms damp turbulence and

lead to plasma heating

• Radiation emitted is function of plasma heating

• Interpretation of X-ray observations requires 
    understanding of kinetic plasma turbulence and
    resulting plasma heating



Solar corona

NASA/TRACE EUV movie

NASA/SDO flare observation from 2/24/2011

• Important processes not well 
understood:

- Heating of the solar corona 
- Acceleration of the solar wind 

• Turbulence may play a fundamental 
role in heating the corona 

• Turbulence is driven by:
    - Photospheric footpoint motions
    - Magnetic reconnection



What is turbulence?
“The most important unsolved problem of classical physics.” - Feynman
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Importance of collisions



Energy spectrum
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