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The world of plasma where the electromagnetic fields
dominate the dynamics of matter
It is a world without equilibrium that escapes the discipline of the
thermodynamic rules. It is a world that can appear in a
bewildering variety of forms1 .
Its forms are shaped by the collective dynamics of fields and
particles. This dynamics occurs on timescales that can be
extremely shorter than those of the binary processes among
individual particles.
Its dynamics is dominated by nonlinearities and can produce
unprecedented large energy densities, on mesoscopic scales in
the laboratory and on huge spatial scales in the Universe.
The imprint of this behaviour is ubiquitous in the Universe.
1 Interestingly the word πλ ασ µα stands, among other meanings, for something that has been formed
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FORMS: Solar coronal magnetic loops - UV (Trace)
Jet in the Centaurus A galaxy - X ray (Chandra)

Note that the solar corona (> 106 K) is much hotter than the Sun’s surface (∼ 5.8 × 103 K)

Particle energy and density range of interest
In a domain in the parameter space of particle energy E and
density n, loosely within the bounds2
eV < E < MeV,

m−3 < n < 1026 m−3 ,

the dynamical time of a collection of charged particles is many
orders of magnitude shorter than their relaxation time.
The dynamical time is measured, in its most elementary form, by
the inverse of the electron plasma (Langmuir) frequency
ω pe ≡ [4πne2 /me ]1/2 ,
the relaxation time by the so called binary collision frequency
νei ∼ n σCoulomb [E /me ]1/2 ,

σCoulomb ∝ 1/E 2

defined so as to account for the difference between the full e.m. fields and their mean field approximation.

2 These bounds are clearly not independent and may extend e.g., to even smaller energies for very dilute
systems where atomic processes are infrequent. The upper energy bound is taken to be related to electron-positron
pair creation threshold. Relativistic effects such as retardation effects are not explicitly included in these estimates.
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Frequencies and spatial scalelengths ordering
This frequency ordering is a direct consequence of the long
range nature of the interaction between charged particles3 .
In turn, this ordering implies that the dynamical scalelength
(taken here as the Debye length λD ) is much shorted than the
particle collisional mean free path `m f p .
More important: conditions are not uncommon where the mean
free path `m f p exceeds the size L of system.4
These physical conditions are generally met by the visible matter
in the Universe. They imply that in any open system that
exchanges energy on the dynamical time scale, i.e. is not a
frozen equilibrium such as the cosmic microwave background,
matter will not be found in a state of (local) thermodynamic
equilibrium, our Earth’s environment being an obvious exception.
3

Note in particular that for a scalar potential ∝ r−α :
for k → 0
α > 3 → ω 2 = O(k2 ),
1 < α < 3 → ω 2 = O(k2−d+α ), A. Cintio, G Morchio, J. Math. Phys., 50, 042102 (2009)

4 This makes the plasma dynamics to be in general

⇒ nonlocal ⇐
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Non equilibrium particle distribution functions
in the expanding solar wind
Mean free path ∼ 1 A.U.
∼ 1.5 × 108 Km
Energy exchange mainly
due to (low frequency
and low phase velocity)
magnetic wave turbulence
in the solar wind plasma,
E. Marsch Space.Sci, rev. 172, 23 (2012).
Helios mission
Dotted line: local direction of magnetic field

Electromagnetic energy density versus particle density
An indicative scaling can be obtained from the following argument:
If the charged particles in the system were at global thermodynamic equilibrium with the e.m. fields, the energy density in
these fields would be independent of the particle density and
would depend only on their temperature (Black-body radiation).
If only local thermodynamic equilibrium had been achieved, the
balance between the particle pressure and the Maxwell stress
tensor would give a linear relationship between the e.m. energy
density and the particle density (force balance).
If instead coherent radiation of magnetic and electric waves due
to collective nonequilibrium particle oscillations in the system is
dominant, the e.m. energy density turns out to scale with the
square of the particle density.

Electromagnetic energy density versus particle density
An indicative scaling can be obtained from the following argument:
If the charged particles in the system were at global thermodynamic equilibrium with the e.m. fields, the energy density in
these fields would be independent of the particle density and
would depend only on their temperature (Black-body radiation).
If only local thermodynamic equilibrium had been achieved, the
balance between the particle pressure and the Maxwell stress
tensor would give a linear relationship between the e.m. energy
density and the particle density (force balance).
If instead coherent radiation of magnetic and electric waves due
to collective nonequilibrium particle oscillations in the system is
dominant, the e.m. energy density turns out to scale with the
square of the particle density.

Electromagnetic energy density versus particle density
An indicative scaling can be obtained from the following argument:
If the charged particles in the system were at global thermodynamic equilibrium with the e.m. fields, the energy density in
these fields would be independent of the particle density and
would depend only on their temperature (Black-body radiation).
If only local thermodynamic equilibrium had been achieved, the
balance between the particle pressure and the Maxwell stress
tensor would give a linear relationship between the e.m. energy
density and the particle density (force balance).
If instead coherent radiation of magnetic and electric waves due
to collective nonequilibrium particle oscillations in the system is
dominant, the e.m. energy density turns out to scale with the
square of the particle density.

Earth’s magnetosphere The solar wind ram pressure
balances the pressure of the Earth ’s magnetic field
n(Mv2 /2) ≈ B2 /(8π)

⇐ First satellite detection of the solar wind
Note: Bruno Rossi a major figure in space research
and quite important in the history of the Physics Institute
of Padua University 1932 - 1938

Laboratory plasma

Relativistic e.m. solitons

Radiation pressure acting on the electrons is balanced by the
Maxwell stress tension of the charge separation electric field.
Relativistic Vlasov (PIC) simulation: soliton generated by ultraintense
laser pulse drifts in inhomogeneous plasma density
Soliton detection: proton radiography at RAL

TRAPPING AND CONFINEMENT OF ELECTROMAGNETIC ENERGY

Pulsar : coherent cuvature radiation model
New laboratory e.m. radiation sources

ELI: Extreme Light Infrastrucure https://eli-laser.eu
is a EU Research Infrastructure presently under development
in central-eastern Europe

Plasmas: self-consistent collective interactions
These examples allow us to characterize a (high energy, dilute)
plasma as a collection of charged particles, in general globally
neutral, dominated by their collective interactions5 .
In particular, in the scalar potential model (electrostatic limit) a
plasma is characterized by the inequalities 6
lm f p  λd
| {z }

L  λd
| {z }

self−consistent collective interaction

collective interaction stronger than binary interactions

In addition these examples show that a plasma is a medium that is
very effective both in producing and and manipulating high energy
density e.m. fields and e.m. radiation.
5 An analogous definition holds for gravitational plasmas, in other words for galaxies (plasmas of stars)
6 L characteristic spatial scale of the system, λ the Debye length, `
the collisional mean free path.
d

mf p

These orderings can be formalized by introducing the plasma parameter g ≡ 1/(nλd3 )  1,

[g ∼ 10−6 − 10−10 ].

E.M. field manipulation:
relativistic self-focusing in a plasma
2
(γ),
ω 2 = k2 c2 + ω pe

2
(γ) = 4π n e2 /(me γ),
ω pe

γ ∼ a2

γ electron Lorentz factor, a >> 1 normalized laser pulse amplitude.

PIC simulation.
T. Esirkepov Circular polarization
Predicted by G.A. Askar’yan, Soviet Phys. JETP 15, 1088 (1962),
routinely observed in intense laser plasma interaction experiments.

Thermonuclear fusion research
The fact that plasmas can store large energy densities lies at the
very foundation of the magnetic fusion research that aims to
produce net thermonuclear energy in a controlled way in the
laboratory at relatively low particle densities.
However the effectiveness of the collective interactions between
the particles and the e.m. fields in plasmas can cause a fast
energy transfer between particles and fields: in almost all
conditions the transport properties of a plasma are determined
by collective plasma excitations, not by binary processes.
Far from thermodynamic equilibrium the amplitude of these
particle-field fluctuations is orders of magnitude larger than that
of the thermal fluctuations one encounters7 in regimes of local
equilibrium giving rise to anomalous, i.e. enhanced, transport.
7 See fluctuation-dissipation theorem
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A still very relevant piece of theory at ICPT

The instability corresponds to the additional pumping due to the ~E × ~B drift along the ion temperature gradient in
phase with the growing temperature of ion sound waves

Thermonuclear fusion research: a word of caution
The physics of thermonuclear fusion in the laboratory is very
different from that inside a star, or even from that of a
thermonuclear weapon, because of its miniaturization.
A star is dense and thus opaque to the e.m. radiation. It is at
local thermodynamic equilibrium and loses energy mostly
through Black Body radiation: losses are proportional to the star
surface while gains (thermonuclear fusion power) are
proportional to the star volume.
To be hot and confined, a plasma in a laboratory magnetic fusion
experiment must be dilute8 : it is transparent to its own radiation
(mainly bremsstrahlung) and suffers intrinsic losses that are
proportional to the plasma volume as its fusion gains9 are.
8

The situation is partly different for inertial fusion plasmas which however are still transparent to the energetic
neutrons produced by the fusion reactions.

9

For these reasons fusion experiments must be hotter that the inner part of the Sun and need the much more
energetic D-T cycle, T being produced by spallation reactions between the fusion neutrons and a Lithium blanket.
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D-T Fusion Ideal Ignition (p-B : energy multiplication)

Accretion disks:
anomalous transport of angular momentum
The transport properties of astrophysical plasmas too can be
controlled by collective plasma excitations, not by binary
processes. Accretion disks are an example.
Conservation of angular momentum would prevent accretion of
matter rotating in a disk around, e.g., a compact stellar object.
Collisional viscosity10 is totally insufficient to explain the rate of
accretion required in order to account for the emitted e.m.
radiation: angular momentum must be transported outwards
much more efficiently.
Collective plasma excitations, e.g. the so called MagnetoRotational (Velikhov) Instability11 , provide the mechanism that
can account for the anomalous angular momentum transport.
10 Often called molecular viscosity in the astrophysical literature
11 It arises from the effect of the magnetic tension in a differentially rotating plasma
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Accretion disks on a neutron star

Artist’s impression of a neutron star accreting gas in a binary system.
Material funnels from the companion star into an accretion disk
surrounding the neutron star.
[NASA/Goddard Space Flight Center/Dana Berry]

3D simulation of MRI driven accretion
onto magnetic stars

M. Romanova, G . Ustyugova, V. Kolboda, V. Lovelace, MNRAS, bf 421, 63 (2012)
Slices of the density distribution and sample field lines: a star with a dynamically important magnetic field and a large tilt

The way collective excitations work:
Weibel instability and magnetic field generation
As indicated in the case of the solar wind, anisotropy in
momentum space12 is a very common feature of particle
distribution functions in plasmas. Binary processes (collisions)
would eventually make the particle distribution function isotropic
if it were not for faster mechanisms that reinforce anisotropy (e.g.
synchrotron radiation in a magnetized plasma).
Then collective excitations take the role of the collisions.
In this case a transverse electromagnetic mode that, because of
the magnetic part of the Lorentz force, propagates in an
anisotropic plasma with a phase velocity smaller13 than the
speed of light c and can thus interact with the plasma particles.
12 We could say with an anisotropic pressure tensor with different “temperatures” in different directions.
13 In an isotropic plasma transverse modes ω 2 = k2 c2 + ω 2 have phase velocity larger than c
pe
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The way collective excitations work:
Weibel instability and magnetic field generation
This well known instability (E.S. Weibel 1959 ) feeds on the
energy difference between the different degrees of freedom in
momentum space, just as a thermal machine would do
extracting heat from bodies at different temperatures.
Major difference in the “final„ state.
Collisions would equalize the temperature of the two bodies.
The Weibel instability instead transforms a part (corresponding
approximately to energy equipartition) of the energy difference
between the different degrees of freedom into (steady) magnetic
field14 energy (in a sense the work of the thermal machine).
Moreover a real steady state is not reached and the plasma
continues to evolve transferring e.g., energy to smaller scale
excitations as in a turbulent cascade process.
14

This is an important mechanism of magnetic field generation in space when collisional effects such as the so
called Biermann battery are ineffective. It may provide the seed field that feeds the dynamo process that can
produce magnetic fields on large spatial scales.
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Weibel instability: time evolution of the particle
distribution function in momentum space

Note the filamentation
process in phase space:
phase mixing, not thermalization
source of secondary kinetic instabilities

Pisa theory group

The “current filamentation” and the Weibel instabilities
A plasma with two counterstreaming particle populations, e.g„
with a minority population of high energy streaming electrons whose
current is compensated by a return current of the bulk electrons, is
subject to a closely related instability.
This instability provides an intuitive explanation of the Weibel
mechanism. In fact two counterstreaming populations, seen as a
whole, can be thought as forming an anisotropic distribution.

——————–
It is also unstable to the “two stream” longitudinal electric field instability which often dominates in nonrelativistic regimes.
This latter instability determines e.g. the anomalously short penetration range of a particle beam in a plasma.

The “current filamentation” instability: towards
the physics of laser produced relativistic plasmas
Counterstreaming electron populations occur naturally in the
interaction of ultraintense laser pulses with the plasma that is formed
almost instantaneously when such pulses interact with a gas jet or
with solid material: electrons are accelerated to relativistic energies
by the pulse penetrate in the material and the resulting charge
imbalance induces a neutralizing return current.

Magnetic field structures
Proton imaging
C. M. Huntington et al.
Nat. Phys. 11, 173 (2015)

——————–
Laser parameters: λ ∼ 1µ, focussed intensity 1022 Watt/cm2 , pulse duration in the femtosecond range,
dimensionless amplitude a0 ≡ (eE0 )/(me cω)  1,
a0 > 1 → electrons in the e.m. wave become relativistic.

Collective relativistic dynamics in the laboratory
The recent developments in the generation of laser pulses with
ultra-high power15 (presently petawatt and progressing) have
made it possible to obtain and to study mesoscopic amounts of
relativistic (ionized) matter in the laboratory:
mesoscopic: size tens of microns, density ∼ 1021 − 1022 cm−3
close to solid density, electron energy in the GeV range, ion
energy presently in the tens of MeV range.
The theoretical study of the nonlinear collective dynamics of
relativistic plasmas started some 50 years ago (mainly in USSR).
Note that relativistic kinematics introduces an additional
nonlinearity into the plasma dynamics. It arises from the
nonlinear relationship between momentum and velocity and is
responsible e.g., for the relativistic self-focusing of a laser pulse.
15

Such high power ultra-short pulses are obtained by re-compression of a stretched and amplified pulse using
dispersive optics.
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Collective relativistic dynamics in the laboratory
The availability in the laboratory of relativistic plasmas that can be
studied in relatively compact size experiments16 opens the way to
new developments in fields that range from
• nonlinear system dynamics and nonlinear relativistic optics, to
• novel powerful radiation sources at high energy,
X-ray lasers, attosecond pulses,
• high field gradient (≈ GeV /cm), particle acceleration techniques,
laser wake field acceleration, radiation pressure ion acceleration,
• high energy astrophysics,
extreme particle acceleration e.g., for cosmic ray physics, relativistic
shocks and magnetic reconnection,
• plasmas dominated by high frequency incoherent radiation
i.e., radiation friction, and, in the near future,
• by Quantum ElectroDynamics effects
such as the creation of an electron positron pair plasma.
16 Miniaturization to “table top” size is a major advantage of high energy density plasmas

Collective relativistic dynamics in the laboratory
Each of the topics mentioned above leads either to important
technological developments or to the
creation of interdisciplinary knowledge
or both. Two examples:
Ion acceleration →
“room-size” proton (Carbon)
accelerators for hadrontherapy.

Rayleigh-Taylor instability:
“light” pushing “heavy”
Crab nebula (Hubble)
Thin foil (Pisa group).
Note patterns
⇒

Relativistic plasma mirrors:
coherent laser pulse interaction with an electron foil
The coherent interaction between a high intensity e.m. pulse and a
foil of relativistic electrons counterpropagating at a velocity β c close
to the speed of light provides a new method of reaching
unprecedented e.m. energy density.
Einstein formula (at normal incidence)
ωre f l = ωinc (1 + β )/(1 − β )
ωre f l = 4γ 2 ωinc for β → 1
The foil of the relativistic electrons can be
produced using the electrons accelerated at
wave breaking in a nonlinear Langmuir wave
generated in the plasma by a second laser pulse.

Relativistic plasma mirror: electron foil at wave break
If in a longitudinal nonlinear wave (such as a large amplitude Langmuir wave
with phase velocity close to c induced in a plasma by the driver pulse)
electrons in their oscillatory motion are accelerated to velocities larger
than the wave phase velocity, the wave breaks.

At the wave break position a cusp develops
in the electron density and their oscillatory
motion is transformed into a net relativistic
motion in the direction of the breaking wave.
S.V. Bulanov et al. PRL, 91, 085001 (2003)

Relativistic plasma mirror: coherent interaction
There are important issues to be addressed, such as the reflectivity of the mirror17 formed by the foil of the
electrons accelerated at wake break, its parabolic shape that can focus the reflected pulse etc., but

• the main physics point is that the reflected pulse is not the
result of the incoherent superposition of (inverse) Thomson
(Compton) scattered waves but of the coherent response of the
plasma electrons that, as in a FEL18 , satisfy the condition
nλ 3 >> 1:
here physical processes are not described by single particle
scattering cross sections.
The aim the PRL from which I have taken the previous figures
was to indicate a novel possibility provided by plasmas in order
to increase the e.m. pulse intensity: try to use the plasma ability
to concentrate the e.m. energy of available laser systems
instead of simply looking for bigger and bigger systems.
17 To be evaluated for the pulse frequency in the mirror frame
18 or for the Pulsar curvature radiation,
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Schwinger field, nonlinear QED and laser pulses
The 2003 S.V. Bulanov et al. PRL title was “Light Intensification
towards the Schwinger Limit ” and stated that “ we can achieve
extremely high electric fields (in the laboratory reference frame)
approaching the QED critical field with the present-day laser
technology”.
[probability pair generation w ∝ exp (−πEs /E)]
Es = m2e c3 /(eh̄) = 11.3×1018 V /m,
it would correspond to a pulse
with intensity ∼ 4 × 1029 Watt/cm2 .
Es corresponds to a an electron mass energy on a Compton length

• For transverse waves in a plasma E > B
and B = 0 in the frame boosted at vg .
The nonlinear dynamics of electromagnetic field in vacuum is described by the Euler-Heisenberg correction
to the e.m. Lagrangian that depends on the Lorentz invariants E 2 − B2 and E · B that vanish for a plane wave
in vacuum. This does not apply to focused or intersecting pulses.

Electron-positron γ plasmas in the laboratory

⇐ 1020 positrons per cm3 (simulation)

⇓ 1016 positrons per cm3 (experimental)

————————————
Presently the only experiment in Nonlinear QED
is the 1996-97 E-144 experiment at SLAC
(light by light scattering - Breit Wheeler process)
sω + e− → e− + γ,

sω + γ → e− + e+

————————————
Bethe-Heitler process

⇒

e− → e− + ( γ ) → e− + ( e− e+ )
in the fields of the nuclei.

High field QED: a new relativistic plasma nonlinearity

χ ≡ eh̄ |pµ Fµν |/(m3e c4 ),

Quantum nonlinearity parameter

χ → 103 for 2025 Watt/cm2 and E ∼ 100GeV

A new mathematical framework for the plasma dynamics will be needed

Where are we going?
Inside plasmas
— We will be able to study the collective
dynamics of e+ − e− globally neutral plasmas, which display an
interesting charge symmetry, and more generally the collective
dynamics of “electromagnetic matter” dominated by QED effects.
Using plasmas as tools
— We will be able to enhance
e.m. fields approaching the Schwinger field and use them to
investigate nonlinear optics in vacuum experimentally: vacuum
birefringence, photon splitting, pair seeded e+ − e− cascades...
These investigations are clearly significant in themselves, but
perhaps it is even more significant that the study of collective
plasmas in such regimes will allow us to explore conditions of
interest for high energy astrophysics and beyond in the same
way as magnetically confined plasmas in fusion experiments
have allowed us to investigate phenomena of interest for space
and solar physics and for X-ray astrophysical sources.
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THANKS FOR YOUR ATTENTION
Understanding the collective behaviour that governs the world of
electromagnetic matter is of fundamental importance: since most of
the visible universe is made of plasma, it is unlikely that we can
understand the structure of the physical word within an approach
based exclusively on individual elementary processes.

Enrico Persico 1959
seminar notes
Courtesy of the Archivio del Dipartimento
di Fisica, Università di Roma “La Sapienza”

