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SCIENTIFIC CORRESPONDENCE 

Ball lightning an electromagnetic knot? 
SIR - Here we propose a model of ball 
lightning, a rare and beautiful phenome
non, so far unexplained. Usually, it 
appears as a flaming ball, most frequently 
red, orange or bright white, green or blue 
in some rarer cases, its diameter being 
typically 10-30 cm, although some exam
ples of a few centimetres or of several 
metres have also been observed. It moves 
in an unpredictable way and disappears 
after several seconds, sometimes smooth
ly, occasionally with an explosion1•2• 

Several different theoretical explana
tions of this phenomenon have been pro
posed, based on microwaves, combustion, 
electrical or nuclear processes, or new 
states of matter - including the opinion 
that they are no more than optical illusions. 
No explanation is generally accepted. 

Here we propose. a solution based on 
the idea of electromagnetic knot3·4, an 
electromagnetic field in which any pair of 
magnetic lines or any pair of electric lines 
form a link - a pair of linked curves (Fig. 
1). Each knot is characterized by two inte
gers nm and ne, the corresponding mag
netic and electric linking numbers (the 
number of times that each curve crosses a 
surface bounded by the other). M. Berry 
(personal communication) suggested that 
we use them to try to model ball lightning 
(see also ref. 5). 

For simplicity, we will consider here 
only knots of magnetic type, with no elec
tric field. According to the method 
explained in refs 3 and 4, we obtain the 
following magnetic field whose lines are 
linked nm=n times 

B= 4-va [2(Y-nXZ) 
rrL2(1 +R2)3 ' 

- 2(X+nYZ), n(X2+ Y2- Z2- l )] (1) 

where (x;Y,Z)=(.x;y,z)/L, R2 =(X2+ Y2+Z2)= 
r2/L2, L being a length which sets the space 
scale and a a normalizing constant. 

The linking number n is related to the 

FIG. 1 Schematic representation of the mag
netic lines in the case n=1. 
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so called magnetic helicity6,7 h as 

h= (__A. B d3x=na Jn3 (2) 

where A is the vector potential. This helic
ity does not depend on L and is a constant 
of the motion if there is no resistivity (if 
the conductivity is infinite). 

If a magnetic field is coupled to an 
incompressible plasma that is hot enough, 
the magnetohydrodynamical approxima
tion, in which the conductivity a- is 
assumed to be infinite, can be used . The 
motion is described by the Navier-Stokes 
equation coupled to the Maxwell equation 
for the magnetic field. A solution of this 
system is given by v= ±B/,/p, p+B2/2= 
constant, v, p and p being the velocity, the 
density and the pressure of the plasma. 
These states, the streamlines of which are 
also linked, are not really stationary, as its 
energy 

E= f(pJ/2+B2/2)d3x=(n2+1)a/L (3) 

decreases by increasing the length L (the 
mean square radius of the energy distribu
tion). Because infinite conductivity 
implies very high temperature, the knot 
radiates strongly according to the Ste
fan-Boltzmann law, which is why it shines 
and has a flaming aspect. If the knot radi
ates the same amount as a sphere of 
radius L , its energy loss is dE/dt = 
- a-*4rc 2L 2T4, where a-* is the Stefan con
stant and T the temperature, this forces 
the ball to decrease its energy by increas-
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FIG. 2 a, L(t)/ 1.o and b, temperature T(t)/ T0 

versus time in units of To for infinite conductiv
ity and for the linking numbers n= O, 2, 4 and 
10 (in increasing order of thickness). 

ingL according to equation (3). Assuming 
that the expansion is adiabatic and that 
the plasma behaves as an ideal 
monoatomic gas, its temperature must 
decrease as T= {3L-2, where f3 is a certain 
constant coefficient. From equation (3) 
and the last two relations, it follows 
that L=L0(1 +thn)115, where the character
istic time is r11=(n2 + l)r0 =(n2 + 1) 
L'tia!(20rc 2a-*{34). Consequently, the radius 
of the ball increases, the magnetic field 
goes to zero, the temperature decreases as 
T= T0(1 +t/r,,f 215, the plasma cools down 
and the brightness is reduced. The stabili
ty of the structure, as measured by the 
slowness of the cooling, is due to the con
straint imposed by the conservation of the 
helicity equation (2), or equivalently by 
the linking of the lines. The linking of the 
knot keeps the plasma hot for a time that 
increases with n and is longer than for an 
unlinked system. 

We have assumed that the initial tem
perature is high enough, say above 30,000 
K, to imply infinite conductivity. If a-could 
remain infinite, the expansion would con
tinue for ever as (l+thn) 115• But the con
ductivity decreases together with the 
temperature, bringing two new effects 
into play: first, an additional energy loss 
by Joule effect which accelerates the cool
ing; and second, loss of helicity conserva
tion. This leads to the destruction of the 
knot. 

Thus, a magnetic knot formed by a 
lightning in a storm, where the air is ion
ized and the temperature very high 
(30,000 K at least), first radiates energy 
according to the Stefan-Boltzmann law. 
Insofar as the conductivity can be consid
ered as infinite, the conservation of helici
ty constrains the decay of the ball, which 
loses energy by slow expansion as 
(1 +t/T11) 115• This produces a reduction of 
its temperature and a corresponding 
increase of the resistivity, which in turn 
produces helicity loss and dissipation of 
the structure. 

To design an experiment to test this 
model in ball lightning is not easy for obvi
ous reasons. There are two possible labo
ratory settings: tokamaks8 and devices 
constructed to produce fireballs9• Thus it 
may be possible to test the ideas proposed 
here in an appropriate experiment. 
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