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ABSTRACT
Magnetohydrodynamical (MHD) turbulence is ubiquitous in magnetized astrophysical plasmas, and it radically changes a great
variety of astrophysical processes. In this review, we give the concept of MHD turbulence and explain the origin of its scaling.
We consider the implications of MHD turbulence to various problems: dynamo in different types of stars, flare activity, solar and
stellar wind from different stars, propagation of cosmic rays, and star formation. We also discuss how the properties of MHD
turbulence provide a new way of tracing magnetic fields in interstellar and intracluster media.
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1 INTRODUCTION

Turbulence is ubiquitous astrophysics. The evidence of turbulence
includes a Kolmogorov spectrum of electron density fluctuations
(see Armstrong et al. 1995; Chepurnov & Lazarian 2010). through
the numerous measurements of the solar wind fluctuations (Leamon
et al. 1998) and the non-thermal broadening of spectral lines as well
as measures obtained by other techniques (see Burkhart et al. 2010).
This is due to astrophysical plasmas having very large Reynolds
numbers. Plasma flows at these high Reynolds numbers are sub-
ject to numerous linear and finite-amplitude instabilities that induce
turbulence.
Turbulence can be driven by an external energy source, such as

supernova explosions in the ISM (Norman & Ferrara 1996; Ferrière
2001), merger events and active galactic nuclei outflows in the in-
tercluster medium (ICM) (Subramanian et al. 2006; Enßlin & Vogt
2006; Chandran 2005), and baroclinic forcing behind shock waves
in interstellar clouds. Turbulence can also be driven by a rich ar-
ray of instabilities, such as magneto-rotational instability (MRI) in
accretion disks (Balbus & Hawley 1998; Jafari & Vishniac 2018),
kink instability of twisted flux tubes in the solar corona (Galsgaard
& Nordlund 1997; Gerrard & Hood 2003), etc.
The properties of the media change dramatically in the presence

of turbulence. In particular, transport processes are changed by tur-
bulence.
Astrophysical turbulence is magnetized and therefore the turbu-

lence in the presence of magnetic field is most important for astro-
physical applications. In this review we discuss the basic properties
of MHD turbulence in §2, its relation to dynamo in §3, to magnetic
reconnection and reconnection diffusion in §4. We discuss the tur-
bulence in spiral galaxies and its effects on star formation in §5.
Turbulence effects on cosmic ray physics are considered in §6, while
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a new way of magnetic field studies that employs MHD turbulence
properties, i.e., the gradient technique (GT) is discussed briefly in
§7.

2 BASICS OF MHD TURBULENCE THEORY

2.1 General considerations

Modern understanding of MHD turbulence theory is described in
the monograph by Beresnyak and Lazarian Beresnyak & Lazarian
(2019). Below we provide a brief sketch of a few fundamental ideas
at the theory’s foundations.
First of all, MHD turbulence is anisotropic. This property has

been known for a while (see Matthaeus et al. (1996)) but was asso-
ciated with scale-independent anisotropy that was measured in nu-
merical simulations. In Goldreich & Sridhar (1995), the concept of
scale-dependent anisotropy scaling was introduced. The compress-
ible MHD turbulence is based on the notion of a superposition of 3
cascades of fundamental modes, i.e., Alfvén, slow and fast. We use
term "mode" rather than "wave" as in strong turbulence, the Alfvén
turbulent perturbations undergo non-linear damping/cascading over
one period. This definitely not wave behavior.
The Alfvén modes determine turbulence anisotropy. They slave

the cascade of slow modes and impose their anisotropy on the slow
modes (Goldreich & Sridhar 1995; Lithwick & Goldreich 2001; Cho
& Lazarian 2002, 2003). In non-relativistic turbulence fast modes
follow their own cascade that depends marginally on the cascades
of Alfven and slow modes (Cho & Lazarian 2002). This cascade is
similar to the acoustic one in high 𝛽 (𝛽 is the ratio of the plasma
to magnetic pressure) medium (Goldreich & Sridhar (1995)). In this
regime, the fastmodes aremostly compressions ofmedia propagating
with sound velocity 𝑐𝑠 . Cho & Lazarian (2002) demonstrated that
in the low-𝛽 turbulent the fast modes form a cascade similar to the
acoustic one, even though the fluctuations aremagnetic compressions
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2 Popova & Lazarian

propagating with Alfven velocity 𝑉𝐴. In fact, numerical simulations
in Cho & Lazarian (2002, 2003) indicate that the cascade of the fast
ways is very similar to the acoustic cascade for all 𝛽. Fig. 1 illustrates
the spectra MHD modes. We discuss their properties below.

2.2 Alfvén and slow modes

The properties of MHD turbulence change with the Alfvén Mach
number 𝑀𝐴 = 𝑉𝐿/𝑉𝐴, where 𝑉𝐿 and 𝑉𝐴 are, respectively, the tur-
bulent injection and Alfvén velocities. For 𝑀𝐴 � 1, magnetic fields
are weakly perturbed, while magnetic fields are highly chaotic for
𝑀𝐴 � 1.
The original version in Goldreich & Sridhar (1995) was formu-

lated by Goldreich & Sridhar (1995) in Fourier space in the system of
reference of the mean magnetic field. In fact, the formulated scalings
are not valid in the system of the mean magnetic field. The correct
choice of the system of reference follows from the theory of turbulent
reconnection Lazarian & Vishniac (1999). Turbulent reconnection is
part and parcel ofMHD turbulence (see Eyink et al. (2011)). Lazarian
& Vishniac (1999) theory demonstrates that in trans-Alvenic turbu-
lence, the reconnection of eddies is equal to the eddy turnover time.
Therefore Alfvenic turbulence can be treated as the collection of ed-
dies whose axes of rotation are aligned with the magnetic field in
their vicinity. Turbulent reconnection enables the fluid motions that
induce mixing perpendicular to the local magnetic field direction.
It is easy to see that the eddy’s perpendicular magnetic field in the

presence of turbulent reconnection experience minimal resistance.
Indeed, the magnetic field bending by such eddies is minimal. Thus
the energy of turbulent driving is being channeled through such
eddies.
An eddy with scale 𝑙⊥ perpendicular to the local magnetic field

induces an Alfvénic perturbation of scale 𝑙 ‖ that propagates along the
magnetic field with speed 𝑉𝐴. As an eddy induces this perturbation
with the turnover time 𝑙⊥/𝑣𝑙 this should be equal to the timescale of
the corresponding Alfvenic perturbation 𝑙 ‖/𝑉𝐴 induced by the eddy:

𝑙 ‖
𝑉𝐴

≈ 𝑙⊥
𝑣𝑙

, (1)

This relation constitutes the modern understanding of the critical
balance for Alfvénic turbulence.
As a result, the Goldreich & Sridhar (1995) original theory must

be augmented by a concept of local system of reference. The vital
significance of this system of reference for describing MHD turbu-
lence is confirmed by numerical simulations (Cho & Vishniac 2000;
Maron & Goldreich 2001; Cho et al. 2002a). One should keep in
mind that the direction of the local magnetic field at a given region
can differ significantly from the global meanmagnetic field direction.
The latter results from large-scale averaging, and it does not generally
coincide with the realization of the magnetic field at a given point.
Disregarding the difference between the local and global systems of
reference is the most common mistake in the literature dealing with
MHD turbulence. The scale-dependent anisotropy laws formulated
in Goldreich & Sridhar (1995) are valid only in the local reference
system!
Observational studies of the average magnetic field along the line

of sight make it impossible to define the 3D local reference frame.
Thus the observationally-measured anisotropy is not expected to be
scale-dependent. In the reference system related to themean field, i.e.
global system of reference, the largest eddies dominate the measured
turbulence anisotropy (see Cho et al. (2002b)).

While the local system of reference is not easy to define in mea-
suring magnetic field from observations, this is a natural system of
reference for astrophysical processes. For instance, the local direc-
tion of magnetic field in the Solar vicinity is very different from the
average direction of magnetic field of the Milky way. Cosmic ray
propagation in the Solar system neighborhood is determined by the
local magnetic field rather than the Milky Way averaged one.
As we mentioned earlier, turbulent reconnection allows the turbu-

lent cascade in the direction perpendicular to the local magnetic field.
This cascade is not affected by the back-reaction of themagnetic field.
Thus the Alfvenic cascade is Kolmogorov-like. For trans-Alfvénic
turbulence with 𝑉𝐿 = 𝑉𝐴 this entails:

𝑣𝑙 ≈ 𝑉𝐴

(
𝑙⊥
𝐿

)1/3
, (2)

where 𝑣𝑙 is the turbulent velocity corresponding to the perpendicular
eddy 𝑙⊥ scale.
In the local system of reference, combining Eq. (2) and Eq. (1),

it is easy obtain the scale-dependent anisotropy of trans-Alfvénic
turbulence:

𝑙 ‖ ≈ 𝐿

(
𝑙⊥
𝐿

)2/3
. (3)

This testifies that smaller eddies are more elongated along the local
magnetic field.
If turbulence is injected with 𝑀𝐴 > 1, the magnetic field is weak

at injection scale 𝐿. Therefore, the super-Alfvénic turbulence at
large scales evolves along an isotropic Kolmogorov energy spec-
trum. However, as turbulent velocity decrease at smaller scales, i.e.
𝑣2
𝑙
∼ 𝑉𝐿 (𝑙/𝐿)2/3, the effect of themagnetic field becomes important.

At the scale (Lazarian 2006)

𝑙𝐴 = 𝐿𝑀−3
𝐴
, (4)

𝑣𝑙 becomes equal to 𝑉𝐴, and the turbulence transfers to the MHD
regime. In fact, at scales smaller than 𝑙𝐴 turbulence be described by
trans-Alfvénic scaling, provided that 𝐿 in Eqs. (2) and (3) is replaced
by 𝑙𝐴.
The analysis of literature shows that the researchers frequentlymiss

that the Goldreich & Sridhar (1995) scalings are not valid for sub-
Alfvénic turbulence with 𝑀𝐴 < 1. It was demonstrated in Lazarian
& Vishniac (1999) that in the vicinity of the injection scale, 𝐿 the
sub-Alfvénic turbulence evolves along a different type of cascade.
This is regime is termed weak regime of Alfvenic turbulence. In
this regime, the parallel scale of wave packets remains equal to the
injection scale, i.e., 𝑙 ‖ = 𝐿 = 𝑐𝑜𝑛𝑠𝑡, and the Alfven perturbations
interact multiple times to get cascaded.
For weak turbulence the scaling obtained in Lazarian & Vishniac

(1999) for theweak turbulence1 under the assumption of the isotropic
turbulence driving at 𝐿 is

𝑣𝑙 ≈ 𝑉𝐿

(
𝑙⊥
𝐿

)1/2
, (5)

which also corresponds to the subsequent detailed analytical study
in Galtier et al. (2000).
An important feather of weak Alfvenic cascade is that with the

decrease of 𝑙⊥, the intensity of interactions of Alfvénic perturbations
increases. This is counterintuitive as with the decrease of 𝑙⊥ the tur-
bulence decreases in its amplitude. Therefore, as shown in Lazarian

1 Weak turbulence is weak in terms of the non-linear interactions.
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Outlook on Magnetohydrodynamical Turbulence 3

Figure 1. Left: The power spectrum of velocity fluctuations for Alfvénic (top), fast (central), and slow (bottom) modes. The sonic Mach number 𝑀𝑆 ≈ 0.6.
Right: The spectra of 3 modes for 𝑀𝐴 ≈ 0.5. From Hu et al. (2022a).

& Vishniac (1999), at scale:

𝑙tran ≈ 𝐿𝑀2
𝐴
, (6)

where𝑀𝐴 < 1, the turbulence gets into the strong turbulence regime.
For the sub-Alfvénic MHD turbulence at 𝑙 < 𝑙tran:

𝑣𝑙 ≈ 𝑉𝐿

(
𝑙⊥
𝐿

)1/3
𝑀
1/3
𝐴

, (7)

and:

𝑙 ‖ ≈ 𝐿

(
𝑙⊥
𝐿

)2/3
𝑀

−4/3
𝐴

. (8)

It is important to note that the relations above that were derived in
Lazarian & Vishniac (1999) differ from Eqs. (2) and (3) for trans-
Alfvénic turbulence, i.e. for 𝑀𝐴 = 1, by the additional dependence
on the Alfvén Mach number 𝑀𝐴.

2.3 Fast modes

The numerical decomposition of MHD turbulence into modes has
demonstrated that the interaction between fast modes, on the one
hand, and slow and Alfven, on the other hand, is relatively weak for
low Alfven Mach number 𝑀𝐴 = 𝑉𝑙/𝑉𝐴 for non-relativistic MHD
turbulence Cho & Lazarian (2002). The cascade of the fast modes,
therefore, can be assumed independent of the cascades of the Alfven
and slow modes. This cascade is similar to the acoustic one in high 𝛽
medium2 Goldreich&Sridhar (1995). This is because, in this regime,
the fast modes are mostly compressions of plasmas that propagate
with sound velocity 𝑐𝑠 . It was also shown by Cho & Lazarian (2002)
that in the opposite limiting case of low 𝛽 plasmas, the fast modes are
expected to form a cascade similar to the acoustic one, even though
the fluctuations are compressions of the magnetic field that propagate
with velocity ∼ 𝑉𝐴. The numerical simulations in Cho & Lazarian

2 We remind the reader that 𝛽 is the ratio of the plasma to magnetic pressure.
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4 Popova & Lazarian

(2002, 2003) support the idea that the cascade of the fast ways is very
similar to the acoustic cascade for all 𝛽.
For fast modes in high 𝛽 medium, the perturbations are similar

to sonic waves. Thus their amplitude increases with the sonic Mach
number 𝑀𝑠 . For fast modes in low-𝛽 medium, the increase of am-
plitude corresponds to the increase of 𝑀𝐴. The numerical results in
Cho & Lazarian (2003) are consistent to 𝐸 𝑓 ∼ 𝑘−3/2, while those in
Kowal & Lazarian (2010) are better fitted by 𝐸 𝑓 ∼ 𝑘−2.
The difference can be accounted for by appealing to the analogy

with the acoustic turbulent cascade, but it is not a settled issue. For
instance, new simulations shown in Fig. 7 suggest that the spectrum
of 𝑘−2 for subsonic turbulence corresponding 𝑀𝑠 = 0.6. Whatever
their exact spectral index the fast modes fluctuations are isotropic.
Figure 2 illustrates the anisotropies of 3 fundamental modes of

MHD turbulence, i.e., Alfven, slow and fast. The contours of iso
correlation are shown.

3 MHD TURBULENCE AND DYNAMO

MHD turbulence plays a key role in the turbulent dynamo. The
dynamo process is a mechanism for generating a magnetic field in
celestial bodies, in particular in the Sun and stars Brandenburg &
Subramanian (2005), Tobias (2021). The problem of explaining the
occurrence of a magnetic field in celestial bodies began with the
discovery of the terrestrial and solar magnetic fields.
The first theoretical work on what constitutes the Earth’s magnetic

field, that is, what is the magnitude and direction of its intensity at
each point on the earth’s surface, belongs to the German mathemati-
cian Carl Gauss. In 1834, he gave a mathematical expression for the
components of tension as a function of coordinates - the latitude and
longitude of the observation site. Using this expression, it is possible
to find for each point on the earth’s surface the values of any of the
components called the elements of the earth’s magnetism. This and
other works of Gauss became the foundation on which the edifice of
the modern science of terrestrial magnetism is built Garland (1979).
In particular, in 1839, he proved that the main part of the magnetic
field comes out of the Earth, and the cause of small, short deviations
in its values must be sought in the external environment Garland
(1979).
The discovery of the solar magnetic field is associated with the

observation of sunspots on its surface, which began to be conducted
a very long time ago.
The first reports of sunspots date back to 800 BC. in China,

sunspots are mentioned in the writings of Theophrastus of Athens
(4th century BC), and the oldest known drawing of sunspots was
made on December 8, 1128, by John of Worcester (published in The
Chronicle of John of Worcester). In 1610, astronomers began using
a telescope to observe the sun. Initial research focused on the nature
of spots and their behavior. Despite the fact that the physical nature
of the spots remained unclear until the 20th century, observations
continued. In the 15th and 16th centuries, research was hindered by
their small number, which is now regarded as a prolonged period of
low SA, called the Maunder minimum. By the 19th century, there
was already a sufficiently long series of observations of the number
of sunspots to determine periodic cycles in the activity of the Sun.
In 1845, Professors D. Henry and S. Alexander of Princeton Univer-
sity observed the Sun with a thermometer. They determined that the
spots emit less energy than the surrounding areas of the Sun. Later,
above-average radiation was determined in areas of the so-called
solar plumes Arctowski (1940).
For the first time, the magnetic field of the Sun was discovered and

reliably measured in 1908 by J. Hale and just in one of the spots Hale
(2013). Then the field strength turned out to be 2 kilogauss, which is
2-4 thousand times greater than the Earth’smagnetic field (but almost
10 times less than the field of a modern magnetic resonance imaging
apparatus, about 50 times less than the strongest fields created by
man, and billions of times smaller than the fields of some neutron
stars).
Now the observation of sunspots and the study of their magnetic

fields is one of the daily tasks of modern heliophysics Mclntosh &
Dryer (1972)-Hall & Lockwood (1998).
Now different agencies make monitoring of solar ac-

tivity, for example, SDO: Solar Dynamics Observatory
(https://sdo.gsfc.nasa.gov/).
Note that other stars and their planets also have magnetic activ-

ity. There are many astronomical observations (KEPLER, TESS,
and Evryscope-South Telescope), thanks to which large archives of
observational data have been created. Stars have other modes of mag-
netic activity, for example, regular periods that are different from the
solar, or without oscillations Baliunas & Vaughan (1985)-Howard
et al. (2020).
Thus, observations of sunspots and then magnetic fields on the

Sun, which have been carried out since the beginning of the 20th
century, have shown that the intensity of magnetic fields varies, and
these changes are cyclical. At the beginning of the 11-year solar
cycle, the large-scale solar magnetic field is directed predominantly
along the meridians (it is commonly said that it is "poloidal") and has
an approximate dipole configuration. At the maximum of the cycle,
it is replaced by a magnetic field of sunspots directed approximately
along the parallels (the so-called "toroidal"), which at the end of
the cycle is again replaced by a poloidal one - while its direction is
opposite to that observed 11 years ago ("Hale’s law").
The solar dynamo model is intended to explain the mentioned ob-

served features. Since the conductivity of the solar plasma is quite
high, magnetohydrodynamics describes the magnetic fields in the
sun’s convective zone. Due to the fact that the equatorial regions of
the Sun rotate faster than the polar ones (this feature is called “ro-
tation differential”), the initially poloidal field, being carried away
by the rotating plasma, should stretch along the parallels, thereby
acquiring a toroidal component. However, to ensure a closed, self-
sustaining process, the toroidal field must somehow be transformed
into a poloidal one. For some time, it was not clear how this hap-
pened. Moreover, Cowling’s theorem explicitly forbade a stationary
axisymmetric dynamo. In 1955, the American astrophysicist Eugene
Parker, in his classic work Parker (1955), showed that the rising vol-
umes of solar plasma must rotate due to the Coriolis forces, and
the toroidal magnetic fields entrained by them can be transformed
into poloidal ones (the so-called "alpha effect"). Thus, a model of a
self-sustaining solar dynamo was constructed.
Currently, numerous solar dynamo models that are more complex

than Parker’s have been proposed, but, for the most part, go back to
the latter. In particular, it is assumed that the generation of magnetic
fields does not occur in the entire convective zone of the Sun, as
previously thought, but in the so-called "tachocline" - a relatively
narrow region near the boundary of the convective and radiant zones
of the Sun, at a depth of about 200,000 kilometers under the solar
photosphere, where the rotation speed changes sharply. Themagnetic
field created in this region rises to the surface of the Sun due to
magnetic buoyancy.
The main dynamo models and their development is presented in

the following works Moffatt (1978)-Rincon (2019).
Dynamo problems deal with the physical description of the process

of generating a magnetic field by a conducting fluid. Field generation
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Figure 2. Iso contours of equal correlation for structure functions measured in the local reference frame. The coordinate 𝑍 is measured parallel to the local
magnetic field while 𝑅 is measured perpendicular to the local magnetic field. The turbulence corresponds to 𝑀𝐴 ≈ 0.5. From Hu et al. (2022a).

is based on turbulence, and turbulent dynamomodels are divided into
"large scale/medium dynamo" and "small scale/fluctuating dynamo."
In the first group, magnetic fields are amplified on scales larger than
the outer scale of turbulence in the seconds on smaller scales Beres-
nyak (2019). In the second group, the small-scale turbulent dynamo
is responsible for amplifying magnetic fields on scales smaller than
the driving scale of turbulence in diverse astrophysical media Xu &
Lazarian (2021).
In a turbulent dynamo, the amplification of magnetic fields occurs

due to the turbulent stretching of magnetic fields (due to turbulent
shear).
The earliest work on the turbulent dynamo theory was done in

Kazantsev (1968), Kraichnan & Nagarajan (1967) for the kinematic
regime of the turbulent dynamo with a negligible back reaction of
magnetic fields. In Kazantsev (1968), a simple model of the turbu-
lent motion of a conducting liquid fluid was considered. The flow
velocity has a Gaussian distribution function and the time for the
establishment of diffusion of the liquid particles is zero. In this case,
an exact solution of the problem of amplification of a spontaneous
magnetic field can be derived. The instability criterion and magnetic
field increment are obtained. InKraichnan & Nagarajan (1967) the
evolution of a weak, random initial magnetic field in a highly con-
ducting, isotropically turbulent fluid is discussed with the aid of the
exact expression for the initial growth of the magnetic energy spec-
trum. The possibilities of eventual growth and eventual decay are
both admitted. For each, the shape of the magnetic-energy spectrum
in the case _ >> a (_ - magnetic diffusivity, a - kinematic viscosity)

is estimated by simple dynamical arguments. If there is growth, it is
concluded that the magnetic spectrum below the Ohmic cut-off even-
tually reaches equipartitionwith the kinetic-energy spectrumwith the
principal exception that the spectrum of kinetic energy in the equipar-
tition inertial range evolves to the form 𝑘−3/2 and that equipartition
is maintained, with the rapidly falling spectrum, through part of the
Ohmic dissipation range. The evolution of the magnetic spectrum
in the weak-field _ >> a regime is also computed numerically with
a simplified transfer approximation suggested by the Lagrangian-
history direct-interaction equations. This calculation turns out to
yield an eventual very weak exponential growth of magnetic energy.
In the case when the magnetic back reaction becomes significant,

we have to consider the nonlinear turbulent dynamo. Nonlinear tur-
bulent dynamo is characterized by the energy equipartition between
turbulence and magnetic fields within the inertial range of turbulence
Xu & Lazarian (2016).
In Chertkov et al. (1999), kinematic dynamo theory is presented

for turbulent conductive fluids. The authors described how inhomo-
geneous magnetic fluctuations are generated below the viscous scale
of turbulence, where the spatial smoothness of the velocity permits
a systematic analysis of the Lagrangian path dynamics. In Chertkov
et al. (1999) it was found the magnetic field’s moments and multi-
point correlation functions analytically at small yet finite magnetic
diffusivity. The authors showed that the field is concentrated in long
narrow strips and described anomalous scalings and angular singular-
ities of the multipoint correlation functions, which are manifestations
of the field’s intermittency. The growth rate of the magnetic field in a

Journal 000, 1–12 (2022)



6 Popova & Lazarian

typical realization is found to be half the difference of two Lyapunov
exponents of the same sign.

In Alexander et al. (2004) authors showed results of an extensive
numerical study of the small-scale turbulent dynamo. The primary
focus is on the case of large magnetic Prandtl numbers 𝑃𝑚, which
is relevant for hot low-density astrophysical plasmas. A 𝑃𝑚 param-
eter scan is given for the model case of viscosity-dominated (low
Reynolds number 𝑅𝑒) turbulence. The authors concentrated on three
topics: magnetic energy spectra and saturation levels, the structure
of the magnetic field lines, and the intermittency of the field strength
distribution. In Alexander et al. (2004) main results are as follows:
(1) the folded structure of the field (direction reversals at the resistive
scale, field lines curved at the scale of the flow) persists from the
kinematic to the nonlinear regime; (2) the field distribution is self-
similar and appears to be lognormal during the kinematic regime and
exponential in the saturated state; and (3) the bulk of the magnetic
energy is at the resistive scale in the kinematic regime and remains
there after saturation, although the magnetic energy spectrum be-
comes much shallower. The authors proposed an analytical model
of saturation based on the idea of partial two-dimensionalization of
the velocity gradients with respect to the local direction of the mag-
netic folds. The model-predicted saturated spectra are in excellent
agreement with the numerical results. Comparisons with large-𝑅𝑒,
moderate-𝑃𝑚 runs are carried out to confirm these results’ relevance
and test heuristic scenarios of dynamo saturation. New features at
large 𝑅𝑒 are the elongation of the folds in the nonlinear regime from
the viscous scale to the box scale and the presence of an intermediate
nonlinear stage of slower than exponential magnetic energy growth
accompanied by an increase of the resistive scale and partial suppres-
sion of the kinetic energy spectrum in the inertial range. Numerical
results for the saturated state do not support scale-by-scale equiparti-
tion between magnetic and kinetic energies, with a definite excess of
magnetic energy at small scales. A physical picture of the saturated
state is proposed.

InXu&Lazarian (2016); Xu (2019) it was found a striking similar-
ity between the dependence of dynamo behavior on Prandtl number
𝑃𝑚 in a conducting fluid and 𝑅 (a function of ionization fraction)
in the partially ionized gas. In a weakly ionized medium, the kine-
matic stage is largely extended, including exponential growth and
a new regime of dynamo characterized by linear-in-time growth of
magnetic field strength, and the resulting magnetic energy is much
higher than the kinetic energy carried by viscous-scale eddies. Un-
like the kinematic stage, the subsequent nonlinear stage is unaffected
by microscopic diffusion processes. It has a universal linear-in-time
growth of magnetic energy with the growth rate as a constant frac-
tion 3/38 of the turbulent energy transfer rate, which agrees well with
earlier numerical results. Applying the analysis to the first stars and
galaxies, S. Xu Xu (2019) found that the kinematic stage can gener-
ate a field strength only an order of magnitude smaller than the final
saturation value. But the generation of large-scale magnetic fields
can only be accounted for by the relatively inefficient nonlinear stage
and requires a longer than free-fall time. It suggests that magnetic
fields may not have played a dynamically important role during the
formation of the first stars.

Fig. 3 illustrates the magnetic energy spectrum in the nonlinear
stage of the turbulent dynamo. At 𝑃𝑚 = 1, it follows the Kazantsev
𝑘3/2 profile on scales larger than 1/𝑘 𝑝 , while on smaller scales the
transition to MHD turbulence occurs, and there is a 𝑘−5/3 range for
both the kinetic and magnetic energies.

Figure 3. Sketch of the magnetic (solid line) and turbulent kinetic (dashed
line) energy spectra in the nonlinear stage of a turbulent dynamo for 𝑃𝑚 = 1,
dash-dotted lines indicate different spectral slopes and the vertical dashed
line represents the equipartition scale at the end of their simulations. From
Xu et al. (2019).

xL

Sweet-Parker model

Turbulent model

∆

∆

Figure 4. Upper plot: Classical Sweet-Parker (SP) model of reconnection: the
thickness of the outflow Δ is limited by Ohmic diffusivity. 𝐿𝑥 � Δmakes the
SP reconnection slow. Lower plot: From Lazarian and Vishniac (1999) model
of reconnection includes turbulence in the SP setting. The outflow width Δ
is determined by macroscopic field line wandering, and it can be ∼ 𝐿𝑥 for
trans-Alfvenic turbulence. From Lazarian and Vishniac (1999).

4 MAGNETIC RECONNECTION AND TURBULENCE

4.1 Fast turbulent reconnection

Turbulence accelerates many transport processes, e.g., those of heat
andmass diffusion. The quantitative theory of turbulent reconnection
was formulated in Lazarian & Vishniac (1999). The current state of
this theory and its implications is summarized in Lazarian et al.
(2020).
The Lazarian & Vishniac (1999) model of turbulent reconnection

is presented in Fig. 4. It is a natural generalization of the classical
Swet-Parker model of reconnection in the case of turbulence. Both
fluxes share the magnetic field of the same direction perpendicular
to the figure’s plane. The value of this so-called "guide field" does
not change the reconnection rate (see Lazarian et al. (2020)). This
magnetic field component is being ejected from the reconnection
region with plasmas/fluid.
Unlike other models of fast magnetic reconnection, the Lazar-

ian & Vishniac (1999) model does not appeal to plasma effects but
accounts for the magnetic field wondering induced by Alfvenic tur-
bulence. Employing the Alfvenic mode scaling that we presented
in §4 Lazarian & Vishniac (1999) obtained the expression for the
reconnection rate in the turbulence with injection at the scale 𝐿 and
the opposite magnetic field in contact over scale 𝐿𝑥 :

𝑉𝑟𝑒𝑐 ≈ 𝑉𝐴min

[(
𝐿𝑥

𝐿

)1/2
,

(
𝐿

𝐿𝑥

)1/2]
𝑀2

𝐴
. (9)

Note, that 𝑉𝐴𝑀
2
𝐴
is proportional to the turbulent eddy speed. As we

discussed earlier, the obtained reconnection rate vary depending on
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Figure 5. Evolution of turbulent velocity power spectra of the self-induced
reconnection. From Kowal et al. (2017).

Alfven Mach number 𝑀𝐴 and for 𝑀𝐴 ∼ 1 can represent a large
fraction of the Alfvén speed
It is clear from Eq. (9) that the turbulent reconnection rate can be

both slow and fast, depending on the system’s turbulence level. This
allows the reconnection model to explain various energetic phenom-
ena that are impossible for the given prescribed reconnection rate.
For instance, to explain the explosive release of magnetic energy in
solar flares and gamma-ray bursts (see Lazarian et al. (2019)), it may
be necessary to have periods of slow reconnection to accumulate
the flux and periods of fast reconnection during which the energy is
being released. The Lazarian & Vishniac (1999) model was tested
numerically (Kowal et al. (2009), Kowal et al. (2012)) and compared
with observations (Sych et al. (2015), Chitta & Lazarian (2019)).
It is important that the outflow from the reconnection zone can

induce turbulence, making turbulent reconnection self-induced. This
process was sucessfully tested in a number of numerical studies
(Kowal et al. (2017), Kowal et al. (2020), Beresnyak (2017), Oishi
et al. (2015)). Figure 5 shows that the spectrum of turbulence induced
by magnetic reconnection evolves towards the Kolmogorov-type cas-
cade of Alfvenic turbulence.
Turbulent reconnection induces particle acceleration (Lazarian

(2005)). The predicted acceleration was successfully tested in Kowal
et al. (2011).

4.2 Violation of Flux Freezing and Reconnection Diffusion

The theorem by Alfven (1942) predicts that magnetic flux is frozen
in within conductive fluid, i.e., the magnetic field and plasma move
together. Turbulent reconnection violates the flux freezing condition.
It was suggested in Lazarian (2005) that in turbulent fluid magnetic
field decouples from gas and can diffuse, solving, for instance, the
problem of magnetic flux in star formation. More theoretical studies
in Eyink et al. (2011) supported this idea. The flux freezing violation
was demonstrated numerically in Eyink et al. (2013).
Fast turbulent reconnection allows efficient exchange of magnetic

field and plasmas between the adjacent turbulent eddies. This is
illustrated in Figure 6, where the interaction of eddies of a given
scale is shown. In reality, such interactions proceed at every scale
of turbulent motions, which ensures efficient diffusion of magnetic
fields.

5 TURBULENCE IN SPIRAL GALAXIES

5.0.1 Properties of interstellar turbulence

The interstellar media of spiral galaxies is turbulent. Figure presents
the spectra of electron density fluctuation and velocity fluctuation

Figure 6. Illustration of reconnection diffusion. Matter and magnetic fields
are exchanged as two flux tubes of adjacent eddies interact. From Lazarian et
al. (2012), © AAS. Reproduced with permission.

that are observed in the Milky Way. Both power laws correspond
to the Kolmogorov scaling, which has a natural explanation within
MHD turbulence theory.
The fact that the velocity spectrum is Kolmogorov reflects the Kol-

mogorov scaling of perpendicular motions in Alfvenic turbulence.
These motions dominate the observed cascade. As for the density
fluctuations, the weakly compressible turbulence corresponding to
the warm galactic gas passively reflect the statistics of velocity fluctu-
ations. Note that for compressible parts of the media, steeper density
spectra were observed (see Xu & Zhang (2017)).

5.0.2 Effects on star formation

Turbulence effects are essential for star formation. MHD turbulence
has been used for classical theories of star formation as a supporting
molecular cloud from the gravitational collapse. Such an approach
required long-lived turbulent motions. Thus, the authors appealed to
magnetic fields to mitigate turbulence decay. Alfvenic turbulence,
as we discussed above, dissipates in one eddy turnover time. Thus,
unless strong internal sources of turbulence driving exist, turbulence
is hardly a means of supporting the typical molecular clouds from
collapsing along magnetic field lines.
However, turbulence is good at doing a job that was not suspected.

In the star formation theory, a big issue is the removal of the magnetic
fields from collapsing clouds. In magnetically mediated star forma-
tion theory (see Mestel & Spitzer (1956), Mestel (1966), Shu et al.
(1987), Mouschovias (1991), Nakano et al. (2002), Shu et al. (2004),
Mouschovias et al. (2006)) magnetic fields counteract gravitational
collapse. The magnetic flux freezing is assumed to be frozen within
the ionized component, while the change in the flux-to-mass ratio is
due to neutrals that flow pass ions and get concentrated towards the
center of the gravitational potential. In a sense, ions act as guards that
obey the magnetic field, while neutrals percolate through their ranks
experiencing viscosity due to neutral-ion collisions. The latter pro-
cess is termed in the star-formation literature "ambipolar diffusion".
For decades ambipolar diffusion was assumed to be the necessary
condition for star formation in the ISM.
During ambipolar diffusion, themagnetic field resists the compres-

sion and leaves the gravitational potential, while neutrals get concen-
trated, forming the propostar (e.g. Mestel (1965a), Mestel (1965b)).
The mediation of ambipolar diffusion was assumed to make star
formation inefficient for magnetically dominated (i.e., subcritical)
clouds. The slow speed of ambipolar diffusion entails low efficiency
of star formation, which was interpreted as the strong observational
support of the ambipolar diffusion paradigm (e.g., Zuckerman &
Evans (1974)).
This, however, does not solve all the problems as for clouds domi-

nated by gravity, i.e., supercritical clouds, the magnetic fields do not
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Figure 7. . Left panel: "Extended Big Power Law" of galactic electron density fluctuations obtained combining the scattering measurements in Armstrong et
al.(1995b) and 𝐻𝛼 measurements from WHAM in Chepurnov and Lazarian (2010b). Right panel: Power low of velocity fluctuations in the direction to the
Taurus molecular cloud. From Yuen et al. (2022).

have time to leave the cloud through ambipolar diffusion. Therefore
for such clouds, magnetic fields are expected to be dragged into the
star, forming stars with magnetizations far in excess of the observed
ones (see Galli et al. (2006), Johns-Krull (2007)).
The process of reconnection diffusion illustrated by Figure 6 pro-

vides a viable explanation of the magnetic flux removal processes in
the star formation process. The analytical prediction of the reconnec-
tion diffusion rate was confirmed numerically in Santos-Lima et al.
(2021). This process induces fast magnetic flux removal independent
of the media ionization degree.
The application of reconnection diffusion allows for solving the

long-standing problem of magnetic flux removal from accretion
disks, the so-called "magnetic braking catastrophe." The essence
of the problem is that during circumstellar disk formation, the mag-
netic field of molecular clouds magnetic field is strong to transfer
the matter momentum from the forming disk on a time scale shorter
than the disk formation time. Figure 8 from numerical studies in
Santos-Lima et al. (2010) show that the problem can be solved if
reconnection diffusion is accounted for.

6 TURBULENCE AND COSMIC RAYS

Particles with energies ranging from MeV to PeV are usually termed
cosmic rays (CRs). Their interaction with MHD turbulence controls
the CR diffusion; their acceleration also depends on this interac-
tion Longair (2011). The knowledge of CR propagation is vital for
understanding the solar modulation of Galactic CRs, Fermi Bub-
ble emission, and space weather forecasting Parker (1965); Jokipii
(1971); Singer et al. (2001). It is also essential for understanding of
the origin of driving for galactic winds (e.g., Ipavich (1975); Holguin

Figure 8. Left panels. Evolution of disk without reconnection diffusion. The
formed disk is much smaller compared to observed ones. Right panels. The
disk produced via reconnection diffusion in 30 000 years. From Santos-Lima
et al. (2010).

et al. (2019)), and feedback heating in clusters of galaxies (e.g., Guo
& Oh (2008); Brunetti & Jones (2014)).
CRs can interact with the pre-existing MHD fluctuations and the

magnetic fluctuations created by them, e.g., by the perturbations
created by the streaming instability (see Kulsrud & Pearce (1969)).
The suppression of streaming instability by MHD turbulence Yan
& Lazarian (2002); Farmer & Goldreich (2004); Lazarian (2016);
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Xu & Lazarian (2022) can significantly modify the CR propagation
Lazarian & Xu (2022).
Earlier, the CRs interaction with magnetic turbulence was studied

with ad hoc models adopted for MHD turbulence Jokipii (1966);
Kulsrud & Pearce (1969); Schlickeiser & Miller (1998); Giacalone
& Jokipii (1999). Those involved the model of isotropic MHD tur-
bulence (see Schlickeiser (2002a)) as well as 2D + slab model for
solar wind turbulence Matthaeus et al. (1990). Those, however, do
not correspond to the understanding of the modern MHD turbulence
presented in §2.
For CR propagation one, distinguishing the propagation perpen-

dicular to the mean magnetic field and the propagation parallel to
the mean magnetic field is useful. The perpendicular propagation is
governed bymagnetic field wondering described in Lazarian&Vish-
niac (1999). This induces processes of diffusion and superdiffusion,
as illustrated in Table 1 from Lazarian & Yan (2014):
TheCR superdiffusion relates the transposition of the CR along the

magnetic field with the transposition in the perpendicular direction.
The accelerated diffusion of CRs in the perpendicular direction is
illustrated byFigure 10. The superdiffusion acts on the scales less than
the turbulence injection scale, radically changing the CR dynamics.
In terms of parallel to magnetic field diffusion, pitch angle scat-

tering and Transient Time Damping (TTD) are generally accepted
processes Schlickeiser (2002b). The first process arises from the res-
onant scattering of particles both compressible and incompressible
fluctuations. In Lazarian & Yan (2002) pitch angle scattering by fast
modes was identified as the dominant process of scattering. The sec-
ond is from particles surfing the compressible magnetic fluctuations
which in many cases arise from particles surfing slow modes Xu
& Lazarian (2018). Understanding the CR perpendicular superdif-
fusion allowed Lazarian & Xu (2021) to introduce a new process
they termed bouncing diffusion. This type of diffusion arises from
the simultaneous action of reflection from magnetic mirrors induced
by slow and fast modes and the perpendicular superdiffusion. The
bouncing diffusion acts on particles with small pitch angles this
slows their diffusion. A comparison of the diffusion coefficients for
bouncing and not bouncing particles is provided in Fig 11.
With fast modes providing efficient isotropization of CRs in terms

of pitch angle `, Lazarian&Xu (2021) evaluated the total distribution
of scattering and bouncing particles as

𝐷 ‖,tot ≈ `2𝑐𝐷 ‖,𝑏 + (1 − `2𝑐)𝐷 ‖,𝑛𝑏 , (10)

where 𝐷 ‖,𝑠𝑐𝑎𝑡 is the diffusion coefficient arising from scattering.
The bouncing diffusion prevents the fast escape of particles with
` < `𝑐𝑟 . Individual particles can generally exhibit periods of slow
bouncing diffusion separated by periods of fast diffusion when they
are in the scattering regime, i.e., Levi flights.

7 IMPLICATION OF TURBULENCE: GRADIENT
TECHNIQUE FOR STUDIES OF MAGNETIC FIELDS

Studies of astrophysical magnetic fields rely on the effects of the
magnetic field on the media. Mapping plane-of-sky magnetic fields
can be obtained with polarization from grains aligned with long axes
perpendicular to the magnetic field Andersson et al. (2015), and
synchrotron polarization Beck (2016).
The above techniques employ polarization, and polarization mea-

surements require significantly more effort than measurements of
signal intensities. Therefore the Gradient Technique (GT) that al-
lows mapping the Plane of Sky (POS) magnetic field without po-
larization measurements is opening a new avenue for magnetic field

studies in diffuse media. The GT employs the properties of mag-
netic turbulence. The versions of the technique that do not require
polarization measurements have been implemented as Velocity Gra-
dient Technique (VGT) with subdivision of Velocity Centroid Gra-
dients (VCGs) that employ Velocity Centroids (González-Casanova
& Lazarian (2017), Yuen & Lazarian (2017)), Velocity Channel
Gradients (VChGs) Lazarian & Yuen (2018a) that employ intensity
fluctuations in thin channel maps, as well as Synchrotron Intensity
Gradients (SIGs Lazarian et al. (2017) that employ synchrotron in-
tensities. Note that GT can also employ polarization to get extra infor-
mation about the magnetic field. For instance, as shown in Lazarian
&Yuen (2018b), Synchrotron Polarization Gradients (SPGs) can use
synchrotron polarization at different wavelengths to probe magnetic
fields at different distances along the line of sight (see Ho et al.
(2019)), while Faraday Gradients (FGs) can get the distribution of
plane of sky direction of the magnetic field. However, we do not
discuss polarization versions in the present paper.
Due toMHD turbulence’s properties, as discussed in §3, the eddies

are aligned with the magnetic field. The eddies’ rotation along the
magnetic field’s local direction induces velocity and magnetic field
gradients perpendicular to the magnetic field. In Kolmogorov-type
turbulence of Alfvenic and slow modes, the gradients increase with
the decrease of eddy scale as 𝑣𝑙/𝑙⊥ ∼ 𝑙

−2/3
⊥ . Thus the smallest

resolved eddies well aligned with the magnetic field dominate the
gradients. Thus the gradients are perpendicular to the local direction
of the magnetic field, revealing the magnetic field structure.
Figure 12 demonstrates the power of synchrotron gradients (SIGs).

The maps of the magnetic field obtained with Planck synchrotron
polarization are compared to those obtained with SIGs. In most
cases, the difference in the obtained directions is negligible. A big
advantage of SIGs is that they are not subject to Faraday rotation
distortions. Those are especially harmful for low frequencies.
Figure 13 shows the magnetic field structure of the active galaxy

M51 mapped by velocity gradients (VGT) and synchrotron polariza-
tion. The structure of the galactic magnetic field is better resolved
with gradients compared to VLA synchrotron polarization measure-
ments. Comparing the magnetic field maps obtained with the VGT
and dust polarization in Hu et al. (2022) reveals important details of
the effects of the magnetic field on the central black hole accretion.
The GT can provide magnetic fields in situations where all other

techniques fail. For instance, in Hu et al. (2019), the POS magnetic
fields were mapped with VChGs for a tenuous high-velocity Smith
cloud, which is impossible with any other existing technique. Fig.
14 presents a similar case where the unique abilities of gradients
allow magnetic field studies of galaxy clusters. The Chandra X-ray
emission is used for mapping. For subsonic turbulence the density
inhomogeneities that control X-ray emission mimic velocity fluc-
tuations. Thus the Intensity Gradients (IGs) act similar to velocity
gradients.

8 DISCUSSION

This review provides a brief outlook on themodern state of the theory
of MHD turbulence and its implications. The theory of MHD turbu-
lence is an area of intensive research, and new discoveries of subtle
turbulence properties are expected. However, despite the available
advances, the MHD turbulence theory is a powerful tool for explor-
ing astrophysical processes.
We have discussed awide variety of processes radically changed by

turbulence. Those include cosmic ray propagation and acceleration,
star formation, and dynamo. This review does not get into depth about
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Figure 9. TABLE 1.

Figure 10. CRs’ superdiffusion: CRs’ trajectories are shownwith𝑀𝑆 = 0.62
and 𝑀𝐴 = 0.56. The initial spatial separation between CRs is one pixel and
initial pitch angle is 0 degree. From Hu et al. (2022b).

the particular applications. Instead, it provides a guide for researchers
interested in knowing more about various astrophysical applications
of MHD turbulence theory. A more thorough study is possible with
the original papers and focused reviews we refer to.
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Figure 11. Left Panel Schematic of bouncing diffusion. Trajectories of two
particles with small initial separation are shown. Right panel The compar-
ison of the parallel diffusion coefficients induced by fast modes 𝐷‖, 𝑓 ,𝑏 of
bouncing CRs and 𝐷‖, 𝑓 ,𝑛𝑏 of non-bouncing CRs. From Lazarian and Xu
(2021).

In the review, we emphasize the intrinsic deep connection between
the theory of MHD turbulence and the theory of turbulent reconnec-
tion. The fundamental properties of MHD turbulence, e.g., magnetic
field wandering, cannot be understood without understanding turbu-
lent magnetic reconnection. In fact, it is the turbulent reconnection
that makes the description of MHD turbulence self-consistent. In
magnetized turbulent fluids, turbulent reconnection is responsible for
a process of reconnection diffusion that removes magnetic flux from
molecular clouds and resolves the problem of catastrophic breaking
of matter in circumstellar disks.
To exemplify the power of MHD turbulence theory, we have dis-
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Figure 12. Comparison of galactic magnetic fields obtainedwith polarization
and SIGs. From Lazarian et al. (2017).

Figure 13. Velocity gradients obtained from publicly available 12𝐶𝑂 maps
fromALMAprovide better resolutionmagnetic fieldmaps compared toVLA.
From Hu et al. 2022c.

cussed the technique of magnetic field study that utilizes the prop-
erties of MHD turbulence; particularly, the turbulent reconnection is
a part a parcel of the MHD turbulent cascade. This new technique,
called Gradient Technique (GT), has proven to be a powerful tool
for studying magnetic fields in the Milky Way, nearby galaxies, and
galaxy clusters.
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