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email: josemanuel.donoso@upm.es

ABSTRACT. Recent theoretical and experimental results have proved
the existence of certain nontrivial self-organized configurations of elec-
tric charges having filamentary or layered structures. The role played
by the self-generated or externally imposed magnetic field in these for-
mations is being much discussed. It is argued that the topological
properties of the field may cause some metastable plasma configura-
tions, such as current loops with minimum dissipation, that can be
persistent under certain conditions if they are coupled to a knotted
magnetic field. For such a field, a hypothesis about some sort of alpha-
effect, similar to the same one invoked for astrophysical plasmas, is
proposed. In some scenarios, very low dissipative effects can occur in
the presence of force-free magnetic fields. The magnetic field diffusion
can be drastically inhibited due to the reduction on the magnetic dif-
fusivity by the alpha-effect. This also renders a slow decay of both
magnetic energy and the magnetic helicity. These quantities provide
some constraints to mathematically investigate the global stability of
the system configuration. The results can be important to explain some
phenomena in both mesoscopic and macroscopic scales, such as plasma
filaments and ball lightning. The latter could be modelized as a set of
linked current loops of knotted solitons coupled to the magnetic field.

1 Introduction

In recent times, the study of certain surprisingly stable space charge
structures in natural and laboratory plasmas has roused great interest.
Among these structures special attention has been devoted to several
formation in plasmas resembling layered or filamentary forms, as the
so-called double layers in cold laboratory plasmas or solar flares in the
astrophysical context. Most of these plasma structures arise plasmas
under very controlled conditions in a laboratory, but, also, in Nature,
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these space charge organizations seem to appear in several phenomena
such as in Earth’s aurora or, perhaps, in ball-lightnings.

A ball-lightning (BL) [1,2,3] consists of flaming balls or fireballs which
appear unexpectedly sometimes near the ground, following the discharge
of a lightning flash, having a diameter between 10 and 50 cm and an av-
erage lifetime between 2 and 5 s. For the moment, there is no accepted
scientific explanation accounting for all the main properties of this nat-
ural phenomenon and other laboratory ones, but it is sensible to look
for plasma models due to the electrical nature of many atmospheric phe-
nomena. The problem of plasma confinement is intrinsically related to
the structure of the applied and self-generated electromagnetic fields, im-
plying that the fields lines are also confined, so that, the field topology
is essential.

The conducting plasma flow coupled to the field can bend and stretch
magnetic lines amplifying the field and providing stability and a high
confinement time. However, it is sometimes argued [1] that a plasma
model of a plasma structure in atmospheric conditions is unreliable if
there are no external sources. Besides this, some researchers interpret the
magnetic virial theorem (VT) as a serious obstacle to an electromagnetic
model since, according to them, this theorem shows that the magnetic
pressure would be so strong that nothing could stand to avert an almost
instantaneous explosion [1]. Still, as in dusty plasmas, the existence of
microstructures of localized electromagnetic fields may lead to states out
of the scope of the classical virial theorem.

In this communication I try to vindicate the role of plasma physics
and the topology of confining magnetic field in order to explain the for-
mation of nontrivial space charge structures, which can merge in several
natural or experimental phenomena. Thus, the main aim of this com-
munication is to justify the study of the interplay of plasma physics and
several complex magnetic field topologies. To do this, I t will bring to-
gether some recent theoretical results [4,5,6] which seem to be unrelated
but they both may be invoked as a whole to justify the existence of cer-
tain stable plasma formations coupled to the topology of the magnetic
field. At the same time, some experimental results are brought up to
justify the theoretical approaches. Finally, a hypotheses about the sta-
bility of a plasma structure in a knotted force-free magnetic field is made,
arguing that in such a field a plasma filament could behave as showing
a minimum energy dissipation rate and a large effective conductivity,
similar to a superconductor material. These arguments are put together
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to support the topological BL model by Rañada, et al [2,3] where a BL
is explained as a structure of linked currents and magnetic lines. It is
worthy to say here that this model, as well as the arguments presented
here can be applied in several plasma scenarios, since BL is dealt here
as a practical reference to many other similar phenomena. Therefore, a
discussion about the validity of the magnetic virial theorem is presented
as a starting point.

2 The magnetic the virial theorem in plasmas.

The virial theorem, formulated by Chandrasekhar and Fermi in 1953 for
astrophysical plasmas, was extended by Shafranov [1,5] in dealing with
the question of whether a plasmoid can exist in equilibrium self-confined
by its magnetic field. Basically, it apparently states that the confine-
ment of a plasma in vacuum is not possible by only self-fields, unless a
constant pressure exists outside the system. In this case, the theorem
establishes a severe restriction to the maximum amount of stored energy.
A very simple formulation of the scalar virial theorem is obtained from
the Magnetohydrodynamics (MHD) equation for momentum conserva-
tion in a quasi-neutral single fluid plasma (Gaussian units are used) with
scalar isotropic pressure p, mass and charge fluid densitiesρ and ρqand
electric and magnetic fields E and B

∂ρv
∂t

+ (v · ∇)ρv = ρqE−∇p + j×B/c + ρga. (1)

Here ga is any additional force per unit of mass, acting on the plasma
moving with fluid velocity v(r, t) in the system frame. By multiplying
both sides of (1) by r and integrating over the plasma volume V bounded
by a surface S, using the MHD continuity equation ∂ρ/∂t +∇·(ρv) = 0
if no fluid flow leaves the volume v · dS = 0, we have

1
2

d2I

dt2
= 2T + 2U + UB + M (2)

for ga = 0. This is a simple mathematical expression of the time-
depending scalar virial theorem. Here

M = (1/4π)
∫
∫
S/2)(r · dS)] −

∫
∫
S (3)

and
I =

∫
∫
V, T =

1
2

∫
∫
V, U =

3
2

∫
∫
V =

1
8π

∫
∫
V (4)
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where I is called the moment of inertia and T , U and UB are the kinetic,
internal and magnetic energies. If the pressure p is zero outside V , by
allowing the integration surface to go to infinity (assuming vanishing
integrands) the term UB would produce a very rapid increase of I, i.e.
an explosion, since nothing would balance the large magnetic pressure
B2/2µ0. Furthermore, in a steady plasma state in vacuum, the external
pressure is pe = 0, with ga = 0, and the former reads 2T +2U +UB = 0,
which cannot hold, proving that a plasma cannot be confined by its
own magnetic field in absence of external super-conducting walls. If the
pressure at the surface S is pe 6= 0 one has

2T + UB = 3(pe − 〈p〉)V, (5)

where 〈p〉 the average pressure in V , lower than pe. Thus, the maximum
energy storage cannot exceed 3peV .

It is usually argued that these conclusions remain valid even for a
more sophisticated formulation of the virial theorem. However, the pre-
vious arguments could not have been applied if the system were bounded
by a surface where surface effects may be important for certain kind of
intense electromagnetic fields and fluid flows, placed in localized region,
where the charge neutrality can be locally violated (ga 6= 0, ρq 6= 0).

Otherwise, the influence of the field topology on the certain spatial
charge distributions coupled to the field structures can make the plasma
state to be highly anisotropic and the simple classical static virial the-
orem becomes badly posed. For a deeper inspection of a more realistic
VT, (1) is rewritten in a more general tensorial form as

∂

∂t
(ρv +

E×B
4πc

) + ∇ · Q = ρga (6)

where Q =
∑P k is the sum of several tensors and ga gives the con-

tribution of all forces on the system per unit of mass. For the net tensor
Q, the following contributions are usual in a realistic plasma scenario

Q1 = ρvv Q2 = p⊥I + P||−P⊥
B2 BB

Q3 = 1
4π (E2+B2

2 I −EE−BB)Q4 = 2
3µ∇ · vI − µ∇v

(7)

Apart from the common dyadic vv, a divergence-free electric can be
included although plasma neutrality is held in Q3? = Qem. The Maxwell
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stress electromagnetic tensor satisfies

∂

∂t

E×B
4πc

+ ∇ · Qem = − j×B
c

− ρqE (8)

by means of the Maxwell equations, giving the force density j×B/c+ρqE
acting on the plasma. The anisotropic effects (perpendicular and parallel
pressures are P⊥ and P|| with 3p = 2P⊥ + P||) and the viscosity µ are
also included in the stress tensors Q2 and Q4 respectively. On the other
hand, some possible terms forcing the system are given by

g1 = −∇Φ(r)g2 = −[Ω× (Ω× r) + 2Ω× v]

g3 = −νnv g4 = −ν
c
∇Pe×B
enB2

(9)

where Φ is a potential, usually taken as zero, Pe is the electron pressure
gradient, providing a diamagnetic term that term can be large in local-
ized conducting currents with electron number density n. The plasma
rotation is described by the non sequential angular velocity Ω (here
Ω = 0). The plasma collision with neutral surrounding gas is modelized
by the term with effective frequency ν = meνen/mi. It must be pointed
out that these terms can modify the mass flow, as well as the magnetic
helicity H (term coined by Moffat [7])

H =
∫

A ·B dV =
∫

A · ∇ ×AdV (10)

leading to a change in the topology of the fields and flows, specially if the
fluid resembles a set of quasi filamentary structures, even though owning
sufficiently smoothed boundaries. We may assume diffuse boundaries in
the fluid. Therefore, we suppose a sufficient smooth plasma flow in a
simply connected domain of volume V , where the identity ∇ · {r · Q} =
trace(Q)+r · (∇·Q) holds for a symmetric tensor. Assuming a surface S
convected by the flow, surrounding the volume V , the moment of inertia
now obeys the equation of motion

1
2

d2I

dt2
+

νn

2
dI

dt
+ h(I, t) = 2T + U + Uem + MS + Mg (11)

where we have defined the time-depending term h as

h(I, t) =
d

dt
∫ N · r

4π
dV, (12)
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and

MS = −
∫

S

[
P⊥r · dS + P||−P⊥

B2 (r ·B)(B · dS)
]
+

µ
∫

S
v · dS− µ

∫
S

[
2
3 (∇ · v)dS

]
− (r · ∇)v · dS−

1
4π

∫
S

[(r ·E)(E · dS) + (r ·B)(B · dS)] − 1
8π

∫
S

(E2 + B2)r · dS

(13)

and the kinetic moment per unit of volume l = ρr×v., Mg = ∫ ρr · (g1 +
g4)dV and N = 4πE×B/c is the Poynting vector, U and T have the same
sense given above, and Uem is the electromagnetic energy due to both
fields B and E. Here, the term Ms encloses all the surface contributions
given in (??).

It is easy to check out that the previous arguments about the positiv-
ity of the second time derivative of I may fail, in view of the undefined
sign of the terms involved in Mg, even for Ms = 0. Observe that in
Mg both Φ and the diamagnetic term could contribute locally as neg-
ative (non-explosive or confining) terms, playing a similar role as the
self-gravitational potential in astrophysical plasmas. On the other hand
one has to devote attention on the surface effects described by MS that
can also provide negative contributions to the net energy given by the
first four (explosive) terms in (??). As a partial conclusion, it can be
stated that a deeper inspection of the terms involved in the dynamics
of Ishould be required before extracting some of the (assumed) general
results of the classic VT.

Besides the previous simple inspections, another important case in
the preceding discussion is missed. If the magnetic field satisfies j ×
B = 0, the so-called “the force-free condition”, neglecting E and ga in
an isotropic plasma, there is no pinch effect and all the terms involving
B in (2) vanish. So that, (5) takes the form 2T = 3(pe−〈p〉)V , whatever
B is. Observe that this relation cannot be obtained as a particular case
of (5), which is frequently assumed to be of general validity. In the limit
case of a stationary fluid, such a plasma could exist with no depression,
with the stability provided by a force-free (or Beltrami) field with the
cohesive confining magnetic forces. Furthermore, if both E and B are
divergence-free vectors parallel to the current j, all the terms involving
these fields disappear form the motion equation of I.

Note that the previous argument means that a huge amount of energy
can be stored in the volume V , although the fields are in fact ”hidden”,
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but it drives the plasma fluid probably coupling the flow to their geome-
tries. If the force-free condition B×∇×B = 0 is satisfied, the magnetic
field only occurs in the contribution of the anisotropic stress tensor for
P⊥ 6= PII , whose sign, in general, is not definite. The fields dynamics
are also controlled by the electron pressure gradient, ∇Pe, which can
be important, since it can give a positive contribution to the magnetic
helicity time rate of change, acting as a helicity injection term, see for
instance [8]. The variation of the helicity is directly related to the topol-
ogy of the field since it is a measure of the twisting, linking and knotting
of field lines around themselves.

3 Theoretical arguments about the existence of stable local-
ized plasma structures

As stated in the previous section, the possibility of some special plasma
configurations in a surrounding neutral or plasmoidal medium cannot be
rejected by means of a simple formulation of the virial theorem. Partic-
ular attention has to be focused on those plasma structures for which
the magnetic field is a force-free one. It is well-known in plasma theory
that such a field is the final state of a Taylor relaxation process [1] when
a plasma evolves under the constrain of constant magnetic helicity. This
minimum energy relaxed state is almost achieved in many experimental
driven plasmas under helicity injection. However, the force-free can be
reached in a plasma, not only by helicity conservation but also through
several mechanisms that arise in a more natural manner due to some
realistic conditions such as heat and mass transport, and beyond the
restrictive and very theoretical hypotheses of the helicity conservation.

In this section, I show that these force-free fields may appear in
many situations, conferring stability to the system, at the same time the
global geometry of the structure is dominated by the field lines topology.
Thus, the existence of long living localized plasma states, as filamen-
tary currents, plasma ribbons or layers characterized by a self-confining
Beltrami filed are excellent candidates to explain the stability of some
global plasma configurations. It is well-known that these configurations
are very usual due to the ability of a plasma to self-organize into these
kinds of structures.

A very important and conclusive theoretical result to support the
lack of generality of the classical virial conclusion can be found in the
interesting and celebrated papers by Faddeev et al in [4,5]. A general
plasma relaxation processes cannot be understood without the coupling
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between currents and fields. It is well-known that magnetic field recon-
nection produces charged particle acceleration via heat and momentum
transport processes, being the final state of the system a consequence of
a very strong interrelation between currents and field dymanincs. Fad-
deev and Niemi proposed a generalized action term in describing the
bulk of a plasma evolution in order to explicitly deals with the hidden
nonlinearities of the mean field classical MHD theory. Using this for-
mulation they stated that in a neutral plasma may appear topologically
stable solitons in the form of knotted and linked flux of helical mag-
netic fields with a nontrivial Hopf invariants [7]. For these authors,
simple arguments based on the virial theorem can not preclude the exis-
tence of nontrivial, non-dissipative equilibrium configurations, which are
“topologically stable solitons that describe knotted and linked flux tubes
of helical magnetic fields” with “self-confining plasma filaments”. These
nontrivial knotted solitons are in fact plasma self-confined filaments and
they are, in the authors words, very good candidates to describe filamen-
tal and toroidal structures in plasma, as coronal loops. The same authors
pointed out that, besides astrophysical applications, the nontrivial elec-
tromagnetic interactions described by the action term become relevant
in a large number of plasma scenarios and the “might include even an
explanation to highly elusive ball lightning”. This assertion is clearly
related to the ball lightning model previously proposed by Rañada as an
electromagnetic knot structure.

Although the Faddeev-Niemi arguments say nothing about current
field alignment, giving rise a force-free filamentary plasma, there are
several arguments that give a very strong support to the fact that the
occurrence of this kind of fields in plasmas can appear in Nature un-
der several conditions as a result of self-organization processes, beyond
the so-called Taylor relaxation. In this way, special mention has to be
deserved, from my point of view, to the theoretical works of Tang and
Boozer in [6] addressing the natural occurrence of small scale structures
with extreme anisotropy. From another very different theoretical per-
spective that the Faddeev-Niemi approach, Tang and Boozer deserve
attention to explain small scale anisotropic structures in the evolution
of magnetic fields in conducting media. The theoretical study is here
fulfilled by paying attention to the chaotic dynamics of the particles in
the fluid system. As pointed out by Moffat, one of the more important
challenges to be analyzed in this century in the frame of the “Topop-
logical Fluid Mechanics” is the role played by the induced chaos in the
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particle paths in a plasma. To accomplish this task, one must study the
dynamical system described by the equations

dr
dt

= v(r, t) with r(=, t = 0) = = (14)

In terms of the usual Lagrangian coordinates = (initial conditions for
r) searching for conditions inducing chaos or, more precisely, one has to
look for the existence of plasma volume fraction for which the flow has
a chaotic behaviour. In the case of plasmas the magnetic field induction
equation, by the generalized Ohm’s Law, has to be simultaneously con-
sidered, since the electromagnetic field self-consistently drives the flows
described by v(r, t) through the so-called dynamo action. Tang and
Boozer go beyond the use of the Lyapunov exponents

λl =
ln |=|

t
(15)

as a simple statistical tool to characterize the transport processes in
the limit of large t. They rigorously examine the time evolution of λl

for a finite time attending to the temporal evolution of ideal and diffu-
sive magnetic field and current distribution. In both ideal (null resis-
tance) and resistive cases, they have found that natural occurrence of
anisotropic structures and the evolution of a magnetic field embedded in
a conducting media can be interpreted in terms of the local properties
of λl in the directions of Lagrangian flow trajectories. Although for a
realistic plasma the dissipative effects cannot be rejected, the authors
state that the magnetic field can grow exponentially in an almost ideal
evolution firstly, before the ohmic dissipation becomes effective. They
establish that the heating ηj2 is concentrated in current channels after
an ideal evolution of the chaotic flow. The natural evolution of a mag-
netic field inside a chaotic flow is to “develop small spatial structures
with extreme spatial anitropy , which typically take the form of
filaments, ribbons and sheets”. The analysis of the Lorentz force
evolution, compared with the convective force in a dissipative plasma
flow, leads to an interesting and important result: the induced current
tends naturally to align with the magnetic field and “the spa-
tial scale of the current distribution has strong anisotropy similar as the
magnetic field”, in their own words.

Therefore, the existence of localized structures of plasma seems to
be supported by several theoretical studies from very different points
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of view. What makes interesting the Tang-Boozer approach is the fact
that the induced current and the embedded magnetic field evolve in a
similar manner to finally tend to be aligned, i.e. the force-free plasma
state mentioned above.

4 The claim for experimental support for knotted filaments

If both, Faddeev-Niemi and Tang-Boozer arguments are brought to-
gether, one can postulate that a natural tendency of a plasma is to de-
velop anisotropic filamentary structures with aligned currents and fields
having also the form of knotted stable solitons. Therefore, unusual long-
living filamentary high density structures, with high energy storage, have
been already theoretically predicted and experimentally observed in the
bulk of plasmas. At this stage, it only rests to reference some experi-
mental evidences that these knotted force-free plasma states really exist
.

As it happens in ordinary lightnings, where conduction is stated by
small current channels (streamers) it can be imagined that plasma, in-
side certain structures, consists of a self-organized set of meta-stable
highly conductive wire-like of filamentary currents. Filamentary states
with minimum dissipation in a magnetic field, with twisted force-free in-
teracting current channels, were found by Gekelman and co-workers [9].
Here the authors stress the role played by the self-generated magnetic
fields in a dynamics driven by the aforementioned electron pressure gra-
dients ∇Pe , which increase the helicity as the channels twist a
each other. This important experimental result shows the effects of ∇Pe

in leading the system to a state close to force-free one, and in inducing
the helicity H modification. It is crucial to recall here that the force-free
state is reached without helicity conservation, as the Taylor relaxation
processes impose . Filamentary states with minimum dissipation in a
magnetic field, with twisted force-free interacting current channels, has
been, in fact, presently found in a mesoscopic scale in laboratory

5 Generalized Trkal flows and force-free fields. Effects of
knottedness.

As I have pointed out, the fact that certain plasma structures may con-
tain force-free magnetic configurations is something more than a plausi-
ble idea. It can be imagined that plasma inside a fireball, for example,
consists in a self-organized set of meta-stable highly conductive wire-like
of filamentary currents. In this sense, real transport processes seem to be
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a cause for field alignment currents in plasmas, giving Taylor-like relaxed
states without the imposition of the helicity constraint. It is interesting
to treat now the existence and characteristics of a force-free magnetic
field in a plasma, as well as its evolution. If the tensor relation (11) is
applied to the Magnetic Maxwell tensor, one has

∫ B2

2
dV +

∫
∫
S

B2

2
r · dS = ∫ [(∇×B) ×B] · rdV, (16)

for a force-free field, the r.h.s. vanishes, and if B = 0 on the surface, it has
to be zero at any point, meaning that such a magnetic field in a bounded
volume cannot exist, unless it is not zero at the surface. The field may
be normal or parallel to the fluid surface. Moreover, if the current is
proportional to B and j · n = 0, the parameter λ has to be zero at S,
but a force-free field may exist. The anisotropic effects make the field
to occur and redirect pressure effects, but also, in a force-free field, the
anisotropic effects seem to be related to the parameter λ in the equation
∇ × B = λB. In collisionless plasma, Bulanov has shown in [10] that
λ depends on the square root of |T⊥ − T|||. If this property holds in an
anisotropic plasma, it is expected that the field at large distances form
the plasma ball might decay as a potential magnetic field, suggesting
the possibility of an internal quasi-force-free knotted field seeded by far
currents.

As an application of a system governed by aligned fields and cur-
rents, let us mention a particular case of Trkal or aligned flows in MHD
as studied in [11], where the authors prove that these flows may be Lya-
punov stable, implying that they can survive to any MHD instability as
mentioned by Yoshida in [12]. Here, we consider that all vector fields
(flow velocity, vorticity and electromagnetic fields) are parallel, as in the
topological model of BL proposed by Rañada. All vectors evolve in time
following the diffusive behavior of the magnetic field. This can be un-
derstood by means of the previous arguments due to Tang et al , [6] but
another reason can be given. It is well-known that a plasma can suf-
fer a relaxation process to a final state by passing through a sequential
cascade different semi-relaxed states.

In view of the theoretical analysis referenced in the preceding sec-
tions, it can be conjectured that is a plasma depart from a (quasi) force-
free state, its evolution is driven by current (and flow) aligned whit the
fields, which leads to a continuous cascade of such states to complete a
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time relaxation process, probably toward extinction if no energy or helic-
ity sources are present. In other words, if a plasma structure is force-free,
it evolves through a cascade of force-free states with unavoidable field
diffusion due to resistive effects. The task is to study the reasons for the
stability and unusual slow decay of a knotted plasma filament.

To phenomenologically describe the effect of knottedness, we can
add to the temporal rate of change of the magnetic field, this is, the
induction equation, a term similar to that one describing the alpha-effect
in the dynamo theory, although there the phenomenon is a consequence
of small scale helical turbulent motions. In our case, this hypotheses can
be justified by attending to the effective helical current flows around a
current filament, that may twists itself. The knot itself may be treated
as a large scale helical current, producing an additional current which is
anti-parallel to the field. In spite of the net current being parallel to the
field, this effect leads to a practical reduction of the magnetic diffusivity
coefficient η. In the force-free case the field diffusion gives rise to an
exponential decaying in time, preserving the topology of the system,
whose stability also increases with the linking number [10]. Thus, writing
the induction equation in the (MHD approximate) form

∂B
∂t

= ∇× [−η∇×B + v ×B + αB]

if it holds at any time for a force-free magnetic field, with parallel or
slow flow velocity,

∂B
∂t

= ∇× [−ηλB + αB] = ∇× [−(ηλ − α)B]

Providing an effective magnetic diffusivity in the form

η′ = ηλ − α

and B would decay exponentially in time, as the field B = B0(r) exp(−λη′t),
in a larger time-scale that would do without α, even with viscosity ef-
fects on the fluid flow, but preserving the initial topology of the system
depicted by B0(r). Although this phenomenological hypotheses would
require more inspection into the plasma flow structure and topological
aspects of the flow, it can be justified in view of the previously refer-
enced theoretical and experimental results. Moreover, in the context of
astronomical plasmas similar additional terms are used in the induction
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equation and several stability analysis have been performed, indicating
that such a term allows for the formulation of global Lyapunov functions
for the stability analysis. In this sense, the force-free state behaves as an
attractor, as proved by Nuñez [13], using a Lyapunov function composed
of a linear combination of magnetic energy and cross and magnetic helic-
ity, in a similar way as done by Tasso and Yoshida. Hence, the stability
a plasmas strongly coupled to a knotted (quasi) force-free field is an in-
teresting task in plasma theory since this satates are good candidates
to explain unusual long-living charge structures in mesoscopic scales. In
this sense, it is interesting to observe that under the assumptions made
in this section, the magnetic field coupled to a plasma filament (ribbon
or sheet) behaves formally in a similar manner as that one observed in a
superconducting media . Here, the field is “trapped” by the knotted
fluid, instead of being expelled by the medium, a mirror-like mode of the
plasma contained between two cross self-surrounded currents seem to be
a natural confining form of a plasma streamline coupled to the field. The
amount of the passing almost collisionless particles in the narrow zone
should be enough to keep the aligned current and flow. In this sense, the
plasma itself would be interpreted as a metastable state (as metastable
states dealt in Thermodynamics) immersed in a large volume plasma or
in another medium.

Summary

It has been established that some important features of plasma proper-
ties are missed when dealing with the classical virial theorem, such as
the possible existence of a plasma self-organized into filamentary struc-
tures coupled to a knotted force-free magnetic field. In this field, there
is no pinch effect and the ratio between plasma pressure and magnetic
energy can be arbitrary, being the dissipation power due to null me-
chanical effects. In spite of the results of Fadedeev-Niemi are based on
theoretical proposals and numerical solutions, these approaches could
be very important to encourage the search of experimental evidence of
stable knotted plasma structures as metastable solitons inside a plasma
bulk or in a neutral gas medium, as predicted by this approach. The
Tang and Boozer statement asserting that in a chaotic plasma flow the
magnetic field evolves in such a way, that the induced current tends to
align with the field, and the possibility of stable knotted solitons in plas-
mas have been brought together to suggest the existence of metastable
solitons in mesoscopic plasmas.
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High energy storages could be justified by means of this formulation if
there is a force-free magnetic field aligned with currents and a divergence-
free electric field. As an example of this, the topological model of ball
lightning has been given. The plasma lifetime can be also increased by
the effect of knottedness, which could be simulated as an alpha-effect,
similar to the one used in dynamo theory, although it appears here as a
result of linking and helical currents twisting around a plasma filament,
an effect that slows down the field diffusion. Recently, it is interesting
to cite here that the Faddeev-Niemi knotted solitons have been invoked
by Y. M. Cho, in the frame of Skyrme theory, a new type of soliton,
“the topological knot made of the monopole- antimonopole pair”. This
suggest the possibility of finding such a knot in a mesoscopic scale if
some plasma formations can be obtain in a laboratory.

Finally, I recall that using reference to the Gekelman’s experimental
work, it has been stressed the role of self-generated magnetic fields
in a dynamics driven by ∇Pe , that increases the helicity “at the same
time that the channels twist about each other”. This also means that
the way to get an experimental evidence of knotted solitons in plasma is
to drive it by producing electron pressure gradients to control the mag-
netic helicity dynamics to increase the linking and twisting till reaching
knotted states. The question of whether a knotted magnetic field can
be got in the laboratory and if it can drive a coupled knotted charged
flow is still opened and it would require many efforts from both theoret-
ical and experimental physicists as well as accurate computations and
mathematical efforts which are also required.
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[3] Rañada, A.F., Soler, M. and Trueba,J.L. (2000) Ball lightning as a force-
free magnetic knot. Phys. Rev. E, 62, 7181-7190.

[4] Faddeev, L. and Niemi, A.J. (2000) Magnetic Geometry and the Confine-
ment of Electrically Conducting Plasmas. Phys. Rev. Lett. 85, 3416.

[5] Faddeev, L., Freyhult, L., Niemi, A. J. and Rajan, P. (2002) Shafranov’s
virial theorem and magnetic plasma confinement. J. Phys. A: Math. Gen.
35, 133.

[6] Tang X.Z. and Boozer A. H. (2000) Anisotropies in magnetic field evolu-
tion and local Lyapunov exponents. Phys. Plasmas, 7, 1113.

[7] Moffatt, H.K. (2000) Vortex and magneto-dynamics. A topological per-
spective, in: Mathematical Physics, Imperial College, London.

[8] Ji, H. (1999) Turbulent dynamos and Magnetic Helicity. Phys. Rev. Lett.
83, 3198.



84 J. M. Donoso

[9] Gekelman, W., Maggs, J. E. and Pfister, H. (1992) Experiments on the in-
teraction of current channels in a laboratory plasma: relaxation to force-
free state. IEEE Trans. Plasma Sci. 20, 614-621.

[10] Bobrova N. A., Bulanov S. V., Sakai J.I. and Sugiyama D. (2001) Force-
free equilibria and reconnection of magnetic field lines in collisionless con-
figurations. Phys. Plasmas, 8, 759.

[11] Tasso, H. and Throumopoulos, G. N. (2003) Cross-helicity and magne-
tized Trkal flows. Phys. Plasmas. 10, 4897.

[12] Yoshida Z. (2001) Beltrami fields in plasmas: High confinement mode
boundary layers. Phys. Plasmas, 8, 2125.
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