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Introduction to reconnection
-The first mentioning of reconnection: in the solar physics context by Giovanelli (1946). 
He considered chromospheric solar flares as a phenomenon arising from a slow build-up 
of energy stored in the magnetic field, which is then suddenly released into thermal and 
kinetic energy. There is still no definitive description, but there are (too) many 
developments (=papers).

What is re-connecting? 

Magnetic field lines, when they have time to do it before the fluid moves them away 
from each other. In the ideal MHD approximation, the Reynolds magnetic number 
Rm=VL/η >>1, there is no reconnection, magnetic  field is “frozen in” in the fluid. 
[note: the Lundquist number RL=S is equal to Rm with V=VAlfven]. But, what happens 
when the lines are twisted? Does the topology of the lines change? Our understanding 
of the cosmic magnetic field depends on the answer, e.g. contemporary dynamo theories 
rely on the positive answer. Further discussion is based on this assumption.



“Classical” reconnection
-Sweet-Parker (1958,1957): 

larger length L=>slower reconnection, Vrec=(VA η/L)^½
-too slow to describe observations                =VA /√S

-obtained in simulations (Biskamp et al.). 

-Petschek (1964):  Vrec=VA/ln(S)
  shorter length L ~ d =>faster reconnection
-controversial; never obtained in simulations without 
 enhanced resistivity.

(from Čemeljić & Huang, 2014; 
                  Eq. 3 Is  induction eq. 
We confirmed that in 3D, reconnection rate increases by a factor √2).



Spitzer resistivity



Turbulent reconnection
-Both Sweet-Parker and Petchek models use the normal, Spitzer resistivity and result in reconnection rates much below 
what is observed. In the actual solar flare or other astronomical case, the resistivity could be greatly enhanced, leading to 
a much faster energy release. 
We can divide schemes for fast reconnection into those that a) alter the microscopic resistivity, broadening the current 
sheet by some physical process, and b) those that change global geometry of the model, reducing the boundary layer 
length Lx (the 1st example being Petchek’s model). In a mixed approach, Lazarian & Vishniac (1999) introduced the 
concept of turbulent reconnection.



Turbulent reconnection
-The geometry of the model is changed in LV99- turbulence sets the scale:



Magnetic turbulence
-First simple model of incompressible MHD turbulence was proposed independently by 
Iroshnikov (1963) and Kraichnan (1965) based on the interactions of triads of waves.

Triads of waves:
-A good explanation of the principal of nonlinear wave-wave interactions is provided by 
Holthuijsen[ref.14 in Simon P. Neill, M. Reza Hashemi, “Fundamentals of Ocean Renewable Energy”, 
2018]: Two wave paddles, generating waves of different frequencies and directions, are placed in two 
corners along one side of a tank of constant water depth. The resulting waves create a diamond 
pattern of crests and troughs, which has its own wave length, speed, and direction. This diamond 
pattern would interact with a third-wave component, if this third wave had the same wave 
length, speed, and direction as the diamond pattern. This is the triad wave-wave interaction, 
which redistributes wave energy within the spectrum due to resonance. Although each of the 
individual wave components can gain or lose energy, the sum of the energy at each point in the 
tank would remain constant. In deep water, it is not possible to meet these resonant conditions 
(i.e. matching of wave speed, length, and direction), and so triad wave-wave interactions cannot 
occur in deep water. However, in deep water it is possible for a pair of wave components to 
interact with another pair of wave components in a quadruplet wave-wave interaction.

Quadruplets transfer wave energy in deep water from the peak frequency to lower frequencies, 
whereas triads transfer energy from lower to higher frequencies, and transform single-peaked 
spectra into multiple-peaked spectra as they approach the shore. Both are included as source 
terms in third-generation wave models, and it is noted that both are computationally expensive. 
Triads, in particular, are often omitted in wave model simulations, whereas quadruplets are often 
included. 



Sridhar & Goldreich (1995, 1995,1997) criticized Iroshnikov-Kraichnan, in which 
they obtained the energy transfer rate as:

arguing that the diffusion of power toward larger values of k|| is strongly suppressed.

This claim, that three wave interactions are completely suppressed has been strongly 
criticized (Montgomery & Matthaeus 1995 ; Ng & Bhattacharjee 1996), but in 
Goldreich & Sridhar (1997) it was shown convincingly that the effect of residual three 
wave couplings is consistent with a picture in which the basic nonlinear timescale is set 
by equation (A1), but with an anisotropic spectrum in which virtually all of the transfer 
of power between modes moves energy toward larger k⊥ while leaving k|| unchanged. 

They proposed calling this regime “intermediate turbulence” since while the
nonlinear decay rate is identical to the usual expression for weak turbulence among 
dispersive waves, in this case the higher order mode couplings are all comparably 
important.  Lazarian and Vishniac approach is based on this model.

Magnetic turbulence



Magnetic turbulence
If we invoke the constancy of the local energy through the cascade as a function of scale, then 
from equation (A1) we see that in this regime

This kind of hand-waving arguments are extensively used, but LV99 claim and show, using different 
models that: “the qualitative nature of our results, that a weak stochastic component to the field structure 
can have a dramatic effect on reconnection rates, is not sensitive to the details of the model we adopt”.



Magnetic turbulence, equations



Turbulent reconnection

sense that it represents a large fraction of the Alfven speed.
Eq. 9 is not only an upper limit on the global reconnection
speed but often a reasonable estimate for its actual value.



Turbulent reconnection

The minimal estimate of Vrec given in the previous subsection is based on the
assumption that reconnection proceeds sequentially, that is, the reconnection speed is 
simply the speed with which reconnection propagates through a single flux element. 
This is not obviously correct, since the reconnection zone contains many independent 
reconnection events at any one time. We need to define a global reconnection speed, 
Vrg, which describes the rate at which flux is reconnected throughout the reconnection 
zone. 

In order to arrive at a reasonable estimate of this speed, we have to determine which 
aspect of reconnection sets a limit on its efficiency. There are four possibilities:
-the mass flow from the reconnection zone itself
-the speed with which reconnected flux elements move across the reconnection zone      
and of the edge
-the ejection of the flux associated with the shared magnetic field component,
-the mass flow from the contact volume (roughly everything within a distance L of the 
reconnection zone).

In the case of Sweet-Parker reconnection, the first process provides the critical 
constraint (and the third and fourth are not separate constraints).



Turbulent reconnection

Final conclusions of the LV turbulent reconnection:

- The rate of magnetic reconnection is increased dramatically in the presence of a 
stochastic component to the magnetic field. This component arises naturally whenever
turbulence is present. Even when the turbulent cascade is weak the resulting 
reconnection speed is independent of the Ohmic resistivity.

-The second parameter in determining the reconnection speed is not some aspect of the 
microphysics, but the level of field stochasticity (or the large-scale kinetic energy
feeding the turbulent cascade). As reconnection proceeds the local turbulent cascade 
will grow stronger and the initial level of stochasticity will matter less and less. On the 
contrary, microphysical processes widely believed to speed up reconnection, i.e., 
anomalous resistivity, fail in interstellar conditions.

-There exists a minimal reconnection speed, Vr=VAS^(-3/16), much faster than the 
Sweet-Parker estimate, but still unrealistically slow.



Reconnection diffusion

Now to the article which I am reviewing.

Authors consider as a proven fact that turbulence in astrophysical media induces fast 
magnetic reconnection, which consequently leads to large-scale magnetic flux diffusion 
at a rate independent of the plasma micro-physics. The concept is still debated, but they 
argue that there is substantial body of positive theoretical results and numerical tests in 
Kowal, et al. (2009, 2017, 2020) – a thorough review is given in the book by Lazarian 
(2020).

Highlight from the abstract:
-for the first time are shown simulations of compressible MHD turbulence with the 
suppression of the cascade in the direction parallel to the mean magnetic field, which is 
consistent with incompressible weak turbulence theory.

-authors also verified that the energy cascading time in their simulations does not follow 
the scaling with Alfven Mach number predicted for the weak turbulence regime, in 
contradiction with the RD theory assumption.



Reconnection diffusion

The process of changing of magnetic field topology in turbulent fluid is different in 
turbulent versus laminar fluid. The motions in the ionized gas in turbulent gas produce 
tangling and wandering of the magnetic field lines which give origin to several micro-
sites of magnetic reconnection. This process is independent on how small is the Ohmic 
resistivity which is always present in any real plasma. Reconnection micro-sites are 
continuously formed and spread all over the turbulent plasma volume, so that the field 
lines topology can be modified, and large-scale magnetic flux can be transported 
through the gas.

Such a result implies that the flux freezing concept is seriously altered.

The speed at which the magnetic flux is transported in such conditions is independent of 
the electric resistivity of the plasma, or the degree of its ionization but is regulated by 
the turbulence parameters.



Reconnection diffusion

The concept of standard turbulent mixing described in LV99 is based on the idea that 
the field lines are mixed passively by the turbulent eddies, without taking into account 
the effects of the magnetic field on the turbulent cascade.

The concept of magnetic diffusion via turbulent reconnection —Reconnection Diffusion 
(RD) covers the interesting situation in which the magnetic forces are dynamically 
important (e.g. in the late stages of star formation). It relies on the fact that the fast 
reconnection induced by the MHD turbulence is independent of the value of the electric 
resistivity in the plasma. It is also not altered by the effects of ambipolar drift on the 
scales where turbulence exists.

RD predicts that the diffusion coefficient ηRD for large-scale magnetic fluxes (i.e., 
scales larger than the injection or forcing scale of the turbulence) depends on the 
turbulence parameters. In the case of super-Alfvénic turbulence, when the Alfvénic 
Mach number, MA = Uturb /VA (where Uturb is the turbulent velocity and VA

is the local Alfvén velocity) is larger than one, it coincides with the standard turbulent 
mixing coefficient, ηRD  L∼ turb Uturb , (the length and the velocity of the turbulence at 
the injection scale, respectively). On the other hand, in the regime of sub-Alfvénic 
turbulence (MA < 1), this value is reduced by a factor proportional to the third
power of MA:   ηRD  L∼ turb Uturb MA³
Therefore, according to the RD theory, the efficiency of the magnetic flux transport 
strongly depends on the local turbulence regime.



Reconnection diffusion

In previous work they investigated numerically the removal of magnetic flux from
collapsing turbulent molecular clouds and protostellar disks, considering an “ideal” 
MHD approach (i.e., the microscopic magnetic dissipation term was not considered 
explicitly in the induction equation, although an effective value is always present due to 
the numerical discretization of the equations). They found that the magnetic flux 
removal by RD is efficient in these systems, and helps the gravitational collapse of the 
structures.

Previous works focused mostly on the super and trans-Alfvénic regimes of the 
turbulence where the reconnection diffusion coefficient is controlled by 
ηRD  L∼ turb Uturb. The aim of this work is to test quantitatively the prediction of the 
second equation, ηRD  L∼ turb Uturb MA³, by using 3D MHD simulations.

It is also the first attempt to generate simulations of stationary weak MHD turbulence 
(the cenario invoked by the RD theory) in the presence of finite compressibility,
which is more realistic for astrophysical environments.



Reconnection diffusion



Reconnection diffusion



Reconnection diffusion



Reconnection diffusion



Reconnection diffusion



A historic lesson: Lars Onsager on turbulence



Onsager: turbulence with large Reynolds number 



Onsager again



Takeaway points

-Turbulent reconnection theory matured during the last 20 years. It is still not 
mainstream theory of reconnection, but only an aspiring one.

-Variety of developed methods starts to be organized and divided, according to 
applicability in different physical situations.

-It is less and less hand-waving. Numerical simulations are becoming most 
important for its development, as various concepts can be tested.

-New (and old)  theoretical concepts are included recently. Stay tuned.



Thank you.

Miljenko Čemeljić, SHAO Journal Club, Aug 05, 2020 

My destination after Shanghai. 
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