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Understanding particle acceleration 
in astrophysical plasmas

PLASMA PHYSICS

PERSPECTIVES

Simulations reveal new scenarios to accelerate electrons to extremely high energies

          E
nergetic electrons are ubiquitous in as-

trophysical plasmas, as they are consid-

ered to be behind the surges of emission 

across the electromagnetic spectrum at 

wavelengths from radio to gamma rays. 

These dynamic phenomena include 

stellar flares, supernova explosions (see the 

figure) ( 1), gamma ray bursts, and extragalac-

tic jets. Energetic electrons are also directly 

observed in situ during terrestrial substorms. 

Despite these rich observations and substan-

tial progress in theory, numerical simula-

tions, and laboratory experiments over the 

past few decades, however, the mechanisms 

by which the electrons obtain their energy 

still remain elusive. On page 974 of this issue, 

Matsumoto et al. (2) make progress toward 

resolving these issues.

Shocks are an attractive venue for particle 

acceleration at the expense of energy from 

supersonic flows. Although the primary en-

ergy release sites are often relatively small (a 

thin electric current sheet for a stellar flare, 

a collapsing stellar core for a supernova), the 

shocks they drive have a large geometrical 

cross section, allowing many more particles 

to tap that energy. And whereas shocks in 

dense, homogeneous fluids are thin, laminar 

structures mediated by viscosity, high-veloc-

ity shocks in plasmas are known to spawn 

a complex array of plasma waves and insta-

A cosmic accelerator. The Crab Nebula as a remnant of a supernova explosion exhibiting a dramatic example of 

synchrotron emission from energetic electrons, shown in bluish glow. Powerful gamma ray flares have been observed 

during which electrons are accelerated to the PeV energy range. Blue in the filaments in the outer part of the nebula 

represents neutral oxygen, green is singly ionized sulfur, and red indicates doubly ionized oxygen. Orange filaments are 

remains of the star and consist mostly of hydrogen. Size of image is about 6 light-years.
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bilities that thermalize flow energy within 

a broad and turbulent transition layer ( 3). 

Inhomogeneities in the upstream fluid only 

exacerbate the turbulence generation pro-

cess. In the best-known shock acceleration 

scenario, diffusive shock acceleration (DSA), 

ions become trapped within this layer and 

are energized by the overall converging shock 

flow through a so-called first-order Fermi 

process. DSA operating in young supernova 

remnants may be the source of galactic cos-

mic rays ( 4).

But DSA is thought not to work as well for 

electrons. To reach both sides of the converg-

ing shock flow separated by ion scales would 

require a large initial threshold energy. Vari-

ous mechanisms based on resonant electro-

magnetic waves to accelerate electrons to the 

threshold energy have been proposed, but 

whether these waves are sufficiently coherent 

for efficient acceleration in a turbulent shock 

remains unresolved.

Alternatively, charged particles can be ac-

celerated by magnetic reconnection, during 

which magnetic energy is rapidly released 

through the rearrangement of field lines ( 5, 

6). Highly dynamic structures such as out-

flow jets and contracting islands during the 

development of turbulent multiscale recon-

necting current sheets can energize elec-

trons efficiently [e.g., (7, 8)]. Some models (9) 

have been proposed to accelerate electrons 

through reconnection in attempts to explain 

the recently observed gamma ray flares from 

the Crab Nebula (10, 11). Unlike shocks, how-

ever, specific astrophysical scenarios for the 

realization of such turbulent reconnection 

with multiple temporospatial scales still re-

main to be developed.

In the scenario proposed by Matsumoto et 

al., multiscale turbulent reconnection is real-

ized in a shock propagating into a uniform 

medium with a weak magnetic field parallel 

to the plane of the shock. The background 

ions, reflecting from the shock, form a beam 

that propagates upstream and excites the 

electromagnetic Weibel instability (12). As 

the Weibel modes grow to nonlinear am-

plitude, they draw out the upstream mag-

netic field into thin, hairpin-like structures 

with oppositely directed field lines in close 

proximity. This magnetic field reconnects, 

producing structures with multiple scales. 

Electrons that encounter these structures are 

rapidly energized, producing a high-energy 

tail in the initial electron distribution. It is 

estimated that 1% of the flow energy can be 

transferred to a relativistic electron popula-

tion this way. Thus, efficient electron accel-

eration is accomplished by combining two 

different mechanisms (turbulent shock and 

turbulent reconnection) into one united, 

self-consistent mechanism (a shock undergo-

ing turbulent reconnection) through a chain 

that transforms flow energy to electromag-

netic energy and then to particle energy. Be-

cause energization occurs in multiple small 

structures, the fraction of particles that are 

boosted to high energies is larger than in the 

case where the primary energy release mech-

anisms are localized in a single site, but ener-

gization is far from ubiquitous. Thus, this is 

a true acceleration process rather than a bulk 

heating process, in the sense that only a small 

fraction of particles are energized.

Many questions remain and are sure to 

be topics for future work. The simulations 

achieve a high numerical resolution and a 

fairly high ion-to-electron mass ratio at the 

cost of two-dimensionality; the turbulence 

could appear quite different in three dimen-

sions. Whether ions are accelerated as well 

remains unclear, and an accurate assessment 

would require a large simulation domain. 

The reconnection sites and the electromag-

netic fields within them are not well resolved. 

Scaling studies are not reported. All of these 

problems could be addressed by more and 

larger simulations, which should be a high 

priority given the promise of these initial re-

sults. Finally, laboratory plasma experiments 

could be used to test some of these key ideas, 

either in flow-dominated regimes in focusing 

on turbulent collisionless shocks ( 13,  14) or in 

magnetically dominated regimes focusing on 

turbulent reconnection, as will be feasible in 

the soon-to-be-deployed FLARE (Facility for 

Laboratory Reconnection Experiments) ( 15) 

at Princeton and the planned Space Physics 

Research Facility as part of the Space Envi-

ronment Simulation and Research Infra-

structure at Harbin, China.        ■  
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“efficient electron 
acceleration is accomplished 
by combining two different 
mechanisms …”

S
ettled communities dependent on 

agriculture and animal husbandry 

emerged independently on several 

continents over the past ~10,000 

years. In many cases, farmers be-

gan to disperse out of regions where 

plants and animals were domesticated and 

into areas occupied by hunter-gatherer 

populations. This process of Neolithization 

certainly took place in Europe. Dating of 

artifacts and bones indisputably associated 

with human farming has led to a chronologi-

cal framework for the spread of the Neolithic 

along two primary routes into Europe that 

ended with the arrival of farming in Britain 

~6000 years ago (1). Yet, on page 998 of this 

issue, Smith et al. ( 2) report genomic se-

quences of wheat in an ~8000-year-old soil 

sample collected off the coast of southern 

England, suggesting that domestic crops 

first appeared on the British Isles long be-

fore they were cultivated there.

By ~10,500 years ago, farmers in ancient 

Anatolia possessed a full complement of do-

mestic plants and animals, yet farmers only 

arrived in the Balkans between ~8000 and 

~9000 years ago. From there, they spread 

west across the Mediterranean and north 

along the Danube, reaching western France 

and the central Rhineland by ~7500 years 

ago. The first evidence for cereal cultiva-

tion on what is now mainland Britain dates 

back only to ~6000 years ago, suggesting a 

substantial temporal gap between the two 

sides of the English Channel ( 1). Because 

rising sea levels created the English Chan-

nel in the early Holocene, it is possible that 

agricultural products arrived before their 

accepted appearance on mainland Britain, 

but that the evidence was flooded by the 

incoming sea.

A preserved ancient layer of soil had 

previously been identified at a site called 

Bouldnor Cliff that rests under marine sedi-

ments off the coast of the Isle of Wight ( 3). 

How wheat 
came to 
Britain

By Greger Larson 

Wheat reached Britain from 
the Near East at least 
2000 years before the 
arrival of wheat farming
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