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Abstract

Gamma-ray bursts (GRBs) represent the most powerful explosions in the Universe, releas-
ing extreme fluxes of non-thermal radiation across the electromagnetic spectrum. A central
enigma in GRB physics remains the mechanism responsible for accelerating electrons,
positrons, and hadrons to the required ultra-relativistic energies. Conventional theories
primarily invoke diffusive shock acceleration (DSA), magnetic reconnection, and relativistic
turbulence. This short review first examines these canonical acceleration methods, then
discusses the principles and successes of plasma wakefield acceleration as a powerful
future technique for ground-based applications. Finally, we critically analyze the feasibility
of applying this mechanism to the cosmological environment of GRBs, exploring why the
terrestrial success of wakefield acceleration has not yet been definitively confirmed “on
the sky”.

Keywords: Gamma-ray astrophysics; Gamma-ray bursts (GRBs); jets; particle acceleration;
wakefield acceleration

1. Introduction
Gamma-Ray Bursts (GRBs) are cosmological transients that mark the birth of

stellar-mass black holes or the merger of compact objects (neutron stars and/or black
holes). Characterized by an initial, ultra-luminous flash of gamma-rays—the prompt
emission—followed by a longer-lasting afterglow across the entire electromagnetic spec-
trum, GRBs serve as critical probes of the early Universe and the physics of extreme energy
density environments. The prompt emission typically exhibits a non-thermal spectrum,
a hallmark of relativistic particle acceleration.

The vast energy released, up to ∼1054 erg in isotropic-equivalent energy in some
cases, requires a central engine capable of launching a highly collimated ultra-relativistic
jet with Lorentz factors Γ ≳ 100. Within this jet, particle populations are accelerated
to GeV and possibly PeV energies (e.g., [1]). The accelerated particles are responsible
for the prompt gamma-ray emission produced within the relativistic outflow, while the
subsequent interaction of the ejecta with the circumburst medium generates the broadband
afterglow observed from radio frequencies to TeV gamma rays. Understanding the precise
mechanisms that convert the bulk kinetic energy of the outflow into the internal energy of
relativistic particles is fundamental to solving the GRB puzzle [2–5].

Conventional models have long favored mechanisms driven by turbulence or shocks.
Nevertheless, the extremely short temporal scales, reaching down to milliseconds, and the
high intensity of prompt emission, which can significantly perturb the surrounding plasma,
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motivate consideration of alternative acceleration mechanisms based on collective plasma
effects. In such scenarios, the electromagnetic response of the plasma becomes strongly
non-linear, and particles may gain energy directly from self-generated plasma waves
rather than through repeated scattering processes, as in conventional shock- or turbulence-
driven acceleration models. Plasma wakefield acceleration represents one example of
such a mechanism. This review is structured as follows: Section 2 examines established
astrophysical accelerators; Section 3 addresses the principles and current advancements
in plasma wakefield acceleration; and Section 4 evaluates the constraints and feasibility
of applying this mechanism to particle acceleration in GRBs, as first proposed by Guido
Barbiellini et al. [6,7].

2. Particle Acceleration Method in Astrophysics
GRB jets are generally expected to behave as collisionless plasmas, in which direct

Coulomb collisions are negligible, and particle dynamics is governed mainly by collective
electromagnetic fields [8,9]. In such conditions, the plasma need not remain thermal, so
a kinetic description is more appropriate than a purely fluid one. This is provided by the
Vlasov equation, which describes the evolution of the distribution function fs(x, p, t) for
each particle species in phase space under the action of electric and magnetic fields [10]

∂ fs

∂t
+ v · ∇x fs + qs(E + v × B) · ∇p fs = 0. (1)

where p = γmsv is the relativistic momentum. This equation, coupled self-consistently to
Maxwell’s equations, forms the Vlasov˘Maxwell system, which provides the appropriate
framework for studying non-thermal particle acceleration in collisionless plasmas [10].

The relevance of each acceleration mechanism differs between the prompt and after-
glow phases of GRBs. The prompt emission is generally associated with internal dissipation
processes within the relativistic jet, such as magnetic reconnection, internal shocks, and
turbulent dissipation. In contrast, the afterglow emission is produced by external shocks
arising from the interaction between the relativistic ejecta and the circumburst medium,
where particle acceleration is commonly described by diffusive shock acceleration (DSA) [4].

Within this kinetic regime, the main candidate mechanisms for particle acceleration in
GRBs include DSA, magnetic reconnection, and stochastic (turbulent) acceleration. Further-
more, plasma wakefield acceleration (WFA) has been proposed as a potential mechanism in
relativistic outflows [11], with potential significance in GRBs, although not yet well estab-
lished. All of these processes depend on deviations from thermal equilibrium, underscoring
the importance of a kinetic approach. The following section provides a concise review of
these principal acceleration mechanisms and their relevance to GRB environments.

2.1. Diffusive Shock Acceleration

Diffusive shock acceleration, or first-order Fermi acceleration, is one of the standard
mechanisms proposed to explain non-thermal particle acceleration in high-energy astro-
physical sources. In the GRB context, DSA is expected to operate at shock fronts formed
either by collisions between relativistic shells within the jet (internal shocks) or by the
interaction of the relativistic ejecta with the circumburst medium (external shocks) [12,13].

In this process, particles gain energy by repeatedly crossing the shock front and
scattering off magnetic turbulence on both sides of the discontinuity. Since the scattering
centers upstream and downstream are converging, the average energy gain per cycle is
first order in the velocity difference, making DSA an efficient acceleration mechanism [13].
Under idealized conditions, ultra-relativistic shocks can produce a power-law particle
spectrum of the form N(E) ∝ E−p, with p ≃ 2.2–2.3 often quoted as the canonical value [12].
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However, this result is not strictly universal and depends on the details of particle scattering
and the level of turbulence near the shock [12].

However, the application of DSA to GRB prompt emission, especially within the
internal-shock scenario, faces several well-known difficulties [2,14,15]. A major issue is
radiative efficiency: internal shocks convert only a limited fraction of the jet bulk kinetic
energy into particle energy and radiation unless the contrast in Lorentz factors between
colliding shells is sufficiently large. This is problematic because many GRBs appear to
radiate a substantial fraction of their available energy during the prompt phase. In addition,
the canonical spectral index p obtained for ultra-relativistic shocks is not completely univer-
sal, since it depends sensitively on the scattering conditions and on the level of magnetic
turbulence near the shock [12]. In particular, the commonly quoted value p ∼ 2.2 requires
strong small-scale turbulence; if the turbulence is weaker or the field geometry is less
favorable, the accelerated spectrum can become significantly steeper and the acceleration
less efficient [12]. For these reasons, although DSA provides a natural explanation for
non-thermal power-law particle distributions and remains widely invoked, especially
for afterglow-producing external shocks, its ability to account for prompt GRB emission
from internal shocks is still debated. This has motivated continued interest in alternative
or complementary dissipation mechanisms, including magnetic reconnection, turbulent
acceleration, and plasma wakefield acceleration.

2.2. Magnetic Reconnection

In highly magnetized, Poynting-flux-dominated GRB jets, magnetic reconnection is
a promising mechanism for both energy dissipation and particle acceleration. It occurs
when oppositely directed magnetic fields are driven together in current sheets, allowing
magnetic energy to be converted rapidly into thermal energy, bulk plasma motion, and
non-thermal particles. In collisionless plasmas, reconnection is fundamentally kinetic in
nature [16,17].

Under the relativistic conditions relevant to GRBs, reconnection can efficiently acceler-
ate particles through the reconnection electric field and through repeated energization in
plasmoids formed within the reconnecting layer [16,18]. Because plasmoid formation and
merging can lead to intermittent dissipation, magnetic reconnection is often invoked as
a possible explanation for the rapid variability and sharp structures seen in GRB prompt
emission [16,18].

2.3. Turbulent Acceleration

Particle acceleration may also occur efficiently in regions of strong relativistic turbu-
lence. In this scenario, particles gain energy through repeated interactions with turbulent
plasma motions and the fluctuating electric and magnetic fields they generate, rather than
through repeated crossings of a single shock front. This makes turbulence a natural form of
stochastic acceleration in relativistic outflows [13,17].

In GRB jets, turbulent acceleration is particularly relevant in magnetically disordered
regions where energy dissipation is distributed over a finite volume rather than con-
centrated at a single localized site. It may therefore operate alongside other dissipation
processes, especially magnetic reconnection, which can both accelerate particles directly
and drive a turbulent cascade in the surrounding flow [17]. Although stochastic acceleration
is generally less efficient than first-order Fermi acceleration at shocks, it offers an important
advantage: it can provide sustained and spatially extended energization in a dynamically
evolving jet. For this reason, relativistic turbulence is often considered a complementary
mechanism in GRB environments, particularly where shocks, reconnection, and turbulent
field fluctuations are expected to coexist [13].
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2.4. The Extreme Power Density and Non-Conventional Acceleration Mechanisms

The extreme luminosity of GRB prompt emission has also motivated consideration
of non-conventional particle-acceleration mechanisms. One such proposal is stochastic
wakefield acceleration (SWFA). First proposed by Guido Barbiellini et al. in 2006 [6], it has
been suggested that, under suitable conditions [19,20], a sufficiently intense GRB precursor
could interact with the surrounding plasma shells, exciting nonlinear plasma waves that
may accelerate charged particles [6,7] leading to emissions of synchrotron-like photons.
The underlying idea is inspired by laboratory wakefield experiments (Section 3), where
ultra-intense laser pulses drive strong plasma oscillations and accelerating electric fields.

The emission mechanism proposed is presented schematically in Figure 1 [6,7,21–24].
An intense pulse of high-energy, prompt photons is emitted from the GRB’s central engine
and propagates through a dense circumburst shell. While most photons escape freely,
a fraction interacts with electrons in the plasma through scattering processes. These
interactions perturb the plasma and generate wakefield structures characterized by electron
depletion and ion-rich cavities. Electrons trapped within these cavities are accelerated
and may undergo transverse oscillatory motion. The resulting radiation constitutes the
wakefield-generated component of the observed GRB signal.
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Figure 1. Schematic illustration of the stochastic wakefield acceleration model in gamma-ray bursts.
Intense precursor radiation from the central engine propagates outward and interacts with a dense
circumburst shell. While most prompt photons traverse the shell without interaction, a fraction is
absorbed or scattered, driving wakefield excitation in the plasma. This process generates ion channels
(wakefield cavities) in which electrons are accelerated and undergo transverse betatron oscillations.
The resulting beamed emission (betatron radiation) produces high-energy photons. The mechanism
operates locally within the shell and contributes only to the fraction of radiation associated with
photon–plasma interaction. The image is based on those proposed in [6,19].

A more detailed kinetic perspective on wakefield-related processes in GRB envi-
ronments, stimulated by discussions with Guido Barbiellini, has been explored through
hybrid simulation studies [22]. In this context, it has been shown that the interaction
between prompt gamma-ray emission and the circumburst medium should be treated self-
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consistently across trans-Debye scales, where both collective plasma behavior and binary
interactions, such as Compton scattering, become important [23]. These studies suggest
that the passage of the prompt radiation front can stochastically induce wakefield-related
plasma processes, thereby generating small-scale magnetic fields and currents in its wake.
As a consequence, the circumburst medium may become preconditioned prior to the arrival
of the relativistic ejecta, with its electromagnetic structure already modified by the radiative
precursor [23]. Such preconditioning could influence the plasma conditions upstream of the
shock, thereby affecting the subsequent development of particle acceleration and magnetic
field amplification. This highlights the possibility that radiative˘plasma interactions, in
addition to standard shock-driven processes, may play a role in shaping the microphysics
of GRB outflows, although their overall importance remains to be fully established [24].

3. Future Acceleration Techniques on the Ground: Wakefield Acceleration
Wakefield acceleration is a plasma-based mechanism in which an intense electromag-

netic pulse excites a trailing plasma wave that can accelerate charged particles. In laboratory
settings, the driver is typically an ultra-intense laser pulse. As it propagates through the
plasma, the pulse expels electrons via the ponderomotive force, leaving behind a charge
separation that generates strong accelerating electric fields in its wake. Electrons trapped
in these wakefields can then be accelerated to relativistic energies.

In addition to their longitudinal acceleration, electrons trapped within a wakefield
cavity experience a transverse restoring force due to the positively charged ion channel.
Consequently, they undergo transverse oscillatory motion, known as betatron oscillations.
Relativistic electrons executing these oscillations emit electromagnetic radiation, termed
betatron radiation. Although this radiation is generated by oscillations within plasma
cavities rather than by gyration in magnetic fields, its spectrum shares several characteristics
with synchrotron emission and may extend into the X-ray and gamma-ray regime [25]. The
basic idea was first introduced by Tajima and Dawson [26], who showed that efficient wake
excitation occurs when the pulse duration is comparable to or shorter than the inverse
plasma frequency. With the advent of high-power laser technology, this mechanism has
been realized experimentally: for example, a 50 TW, 30 fs laser pulse interacting with a
gas-jet plasma has been shown to accelerate electrons to tens of MeV, establishing WFA as
a powerful laboratory acceleration method [25]. For a modern review on WFA and some of
its applications, please refer to [27].

4. WFA in GRBs: Motivation and Current Constraints
GRBs exhibit extreme luminosities, short variability timescales, and non-thermal

spectra peaking in the X-ray to gamma-ray regime. These properties require extremely rapid
and efficient particle acceleration in compact regions while maintaining transparency to
high-energy photons. While DSA within the relativistic fireball framework has been widely
adopted, it faces challenges in explaining the high radiative efficiency, the hardest observed
spectra, and the spectral-energy correlations observed across the GRB population. These
limitations have motivated the exploration of acceleration mechanisms based on collective
plasma processes rather than repeated particle scattering. The detailed acceleration physics
within the SWFA framework has already been described in Section 2.4 and illustrated in
Figure 1. In this section, we focus instead on the observable consequences of such processes.
In particular, the resulting non-thermal electron distributions can naturally give rise to
high-energy emission extending from the X-ray to gamma-ray regime, and may contribute
to characteristic temporal and spectral features observed in GRBs.
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4.1. Physical Plausibility and Scaling Arguments

The plausibility of wakefield-based acceleration in GRB environments is supported by
both laboratory experiments and scaling arguments. Laser–plasma experiments [26] have
demonstrated that electromagnetic pulses with durations comparable to the inverse plasma
frequency can accelerate electrons to relativistic energies over extremely short distances,
producing radiation with synchrotron-like characteristics.

Scaling these results to astrophysical conditions, ref. [7] showed that the photon
number density in GRB environments may exceed the threshold required for stochastic
wakefield excitation by several orders of magnitude for typical circumburst densities. When
the photon–electron interaction probability approaches unity within a plasma region, strong
charge separation can occur, leading to the formation of wakefield-like cavities in which
electrons undergo relativistic oscillatory motion and emit radiation. Unlike controlled
laboratory conditions, GRB plasmas are highly turbulent and inhomogeneous. As a result,
the acceleration process is expected to operate in a stochastic regime.

4.2. Phenomenological Aspects: Light Curves and Spectral Relations

This stochastic nature of the acceleration process, emphasized in [7], naturally leads to
broad electron energy distributions and non-thermal emission without requiring fine-tuned
particle injection. Under favorable plasma conditions, wakefield-accelerated electrons
may contribute to high-energy radiation extending from the X-ray to gamma-ray regime.
However, this contribution is expected to arise only in regions where photon–plasma
coupling is efficient and is therefore more naturally associated with interaction–driven
emission components rather than the dominant prompt emission [7].

The SWFA framework may also provide an explanation for GRB temporal struc-
ture. Initially, strong photon–plasma coupling enables wakefield activity, producing an
additional emission component alongside the prompt radiation. As the photon field is
attenuated, the interaction probability drops below threshold, suppressing the mechanism
and leading to a steep decay phase. At larger radii, decreasing plasma density can restore
the threshold condition, reactivating wakefield processes and producing a smoother, ex-
tended emission component. Because emission from larger radii arrives later and is less
variable, this naturally leads to a shallow decay/plateau structure similar to early afterglow
observations [7].

An additional proposed feature of SWFA is its ability to reproduce an Ep − Eiso-type
scaling. Under specific assumptions [6,7], the model yields an intrinsic correlation between
peak energy and isotropic-equivalent energy. After accounting for attenuation in the
circumburst medium, the resulting slope becomes consistent with the observed Amati
relation [28]. In this interpretation, the correlation reflects plasma conditions and geometry
rather than purely radiative effects.

4.3. Observable Features Potentially Explained by SWFA

Beyond particle acceleration, the SWFA framework has been proposed as a unified
interpretation for several observed GRB properties. In particular, ref. [7] suggested that
betatron-like emission from wakefield-accelerated electrons can account for non-thermal
high-energy spectra. Building on this, ref. [21] argued that threshold-dependent photon-
plasma interactions may also reproduce temporal features such as steep decay and plateau
phases, and under certain assumptions can generate spectral-energy correlations similar
to the Amati relation [6,7]. Although these interpretations remain model-dependent and
lack confirmation from large-scale simulations or statistical population studies, they high-
light the potential phenomenological relevance of wakefield processes in GRBs. Table 1
summarizes these features and their possible interpretation within the SWFA framework.

https://doi.org/10.3390/condmat11030025

https://doi.org/10.3390/condmat11030025


Condens. Matter 2026, 11, 25 7 of 9

Table 1. Observable GRB features and possible interpretations in the SWFA framework, compared
with standard GRB models.

Observable Feature Standard Interpretation Possible SWFA Interpretation

Non-thermal spectra Synchrotron and/or
inverse-Compton emission

Betatron-like radiation from
wakefield-accelerated electrons

Early steep decay Curvature effect;
high-latitude emission

Suppression of photon-plasma
interaction below threshold

Plateau/shallow decay Energy injection; structured jets Re-activation of wakefield
processes at larger radii

Ep–Eiso correlation Empirical correlation
requiring explanation

Possible consequence of SWFA
scaling relations

4.4. Astrophysical Constraints and Open Challenges

Despite its appealing features, the application of wakefield acceleration to GRBs faces
several important constraints. Efficient SWFA requires relatively high plasma densities
at distances of order 1015 cm from the central engine, which may not be universally re-
alized across all GRB environments [7,21]. At the same time, the medium must remain
sufficiently optically thin to gamma-rays to preserve the observed non-thermal prompt
emission, requiring a delicate balance between efficient photon–plasma coupling and
transparency [2,3]. The mechanism also depends on the presence of a sufficiently intense
photon precursor, which may not be present in all bursts. Furthermore, most current
treatments rely on analytical scaling arguments inspired by laboratory wakefield physics,
while fully kinetic multidimensional simulations of GRB-scale systems remain limited.
From an observational perspective, many predicted signatures overlap with those of syn-
chrotron and inverse-Compton models, making unambiguous identification challenging.
Overall, while SWFA provides a physically motivated and potentially relevant mechanism,
it should currently be regarded as exploratory within the broader landscape of GRB particle
acceleration models.

5. Conclusions
Seminal papers by Guido Barbiellini demonstrated the important role of dense circum-

burst environments in shaping the observed properties of long-duration GRBs. Evidence
for delayed, low-level emission components in GRB light curves has been interpreted as
arising from Compton scattering of prompt photons by material located at distances of
order 1015 cm, with Thomson optical depths close to unity [19]. These results suggest that
GRB progenitors are embedded in highly ionized, structured media that interact signifi-
cantly with the prompt radiation while still allowing high-energy photons to escape. Such
environments not only affect the temporal and spectral evolution of the prompt emission
but also provide direct constraints on the density, distribution, and ionization state of the
circumburst material.

Building on this picture, stochastic wakefield acceleration has been proposed as
a possible consequence of the interaction between an intense photon precursor and a dense
external plasma [6,7]. In this framework, the conditions inferred from Compton-scattering
signatures may also allow for plasma-driven particle acceleration, potentially contributing
to the observed emission and offering a unified interpretation of early afterglow behavior
and certain spectral–energy correlations. While the SWFA model remains exploratory
and subject to uncertainties related to environmental conditions and plasma microphysics,
it provides a physically motivated alternative to shock-based acceleration mechanisms.
Together, these works emphasize that collective plasma processes in dense circumburst
media may play a central role in GRB phenomenology and motivate further observational
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and theoretical efforts to assess the prevalence and signatures of such mechanisms across
several GRBs.
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