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Collisionless shocks are ubiquitous in space plasmas throughout the Universe and
are widely believed to be primary sites of cosmic ray acceleration'? The prevailing
mechanism, diffusive shock acceleration, requires particles to repeatedly cross the
shock front, gaining energy with each crossing. The maximum achievable energy is
fundamentally constrained by the Hillas criterion, which relates the physical scale

of the accelerator to the maximum particle energy>. However, the scarcity of direct
observational constraints for acceleration sites limits our ability to predict maximum
particle energies across most astrophysical systems. Here, using data from the Juno
spacecraft of NASA, we show the direct evidence of relativistic electron acceleration

(=1 MeV) upstream of the bow shock of Jupiter, powered by a large-scale foreshock
transient*®, Leveraging these and complementary Solar System observations,

we propose a universal scaling law for the Hillas limit that empirically connects the
observable size of a transient to maximum particle energy. Applying this scaling

to various environments, from planetary bow shocks® to protostellar jets’ and
supernova remnants®, yields a simple model of maximum obtainable particle energies
ranging from MeV scales up to about tens of GeV, and about tens of TeV, respectively,
providing an observationally grounded method for constraining maximum cosmic

ray energies at astrophysical shocks

9,10

Collisionless shocks are ubiquitous structuresin the Universe, widely
believed to be the primary sites at which particles are accelerated to
relativistic energies, contributing to the cosmic ray population' ", The
dominant mechanism, diffusive shock acceleration (DSA), describes
how particles gain energy by repeatedly crossing a shock front. How-
ever, along-standing challenge, known as the ‘injection problem’, is
that DSA is only efficient for particles that are energetic enough to
outruntheshock, a process that depends onthe shockinclinationand
strength, whichis not fully understood in all regimes'> ™,

A promising solution lies in the dynamic environment of the fore-
shock (‘precursor’ in the astrophysics community)™*¢, which forms
upstream of shocks under an oblique or quasi-parallel geometry, where
the angle between the shock normal and the ambient magnetic field,
0;,$545°. Withinthis region, large-scale structures known as foreshock
transients can efficiently accelerate low-energy suprathermal particles
to relativistic speeds. Recent observations at the bow shock of Earth
have demonstrated that these transients can accelerate electrons to
about1MeV through a powerful synergy of reinforced shock accelera-
tion, pitch angle scattering and geometric trapping*> . The resulting
particle spectra have been shown to be well described by a E* power
law attributed to non-relativistic particles undergoing DSA at strong
shocks, underscoring the effectiveness of this mechanism and position-
ing quasi-parallel shocks as exceptional particle accelerators>313202.,
Crucially, these transients (named within the heliophysics community
ashot flowanomalies (HFAs), foreshock bubbles and spontaneous HFAs

(SHFAs), among others) are fundamental properties of collisionless
shocks, forming in diverse plasma environments while scaling with
the properties of the host system and its precursor and foreshock??,

The universality of these transient processesis confirmed by observa-
tions throughout our Solar System, with foreshock transients identi-
fied at Mercury®, Venus®, Mars® %, Earth*>""%° Jupiter?® and Saturn®.
Studies have shown that the physical scale of these transients correlates
directly with the size of the primary planetary bow shock?. Applyinga
principle equivalent to the Hillas limit?, which connects the size of an
accelerator to the maximum particle energy, this scaling suggests a
potential link between the global size of a shock system and the maxi-
mum particle energy it can produce®, ahypothesis further supported by
kinetic simulations that have consistently reproduced these structures
across various parameters?>>°3,

In this work, we present direct evidence of relativistic (>1 MeV)
electrons upstream of the bow shock of Jupiter, conclusively linking
their acceleration to a foreshock transient. We demonstrate that the
observed energies are consistent with predictions from a scaling law
that connectsthe systemsize (S) to the accelerationregion (L) in fore-
shock transients and subsequently to an upper energy limit (£,,,,,). By
validating this scaling with multi-planetary data, we extend our analysis
to astrophysical objects, including protostellar jets and supernova
remnants. This framework bridges the observational gap between helio-
physics and astrophysics through the planetary examples within the
Solar System, offering an empirically grounded model for estimating
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Fig.1|Insituobservations of the foreshock transient and bow shock
crossing atJupiter. Overview of Juno plasmaand magnetic field observations
on1October2023between 08:00and 20:00 UTC. a, lonenergy spectrogram
fromtheJADE instrument. b, Proton number density (n,;) derived from JADE
(cm). ¢, High-energy electron spectrogram from the JEDI instrument.

d, Low-energy electronspectrogram fromJADE. e, Magnetic field components
and magnitude from the MAG instrument. The interval containing foreshock
transients (approximately 11:00-13:00 UTC) is delimited by vertical black

the maximum particle energy based on the system size of the shock
and its upstream medium. This model can provide key insights into
the formation of the cosmic ray spectrum.

Relativistic electrons at the Jovian bow shock
On10ctober2023,around18:05UTC, the Juno spacecraft of NASA* was
inbound on an orbit at Jupiter, crossing the Jovian bow shock along its
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dashedlines. The most energetic transient eventis highlighted by the purple-
shadedregion (approximately 12:30-12:50 UTC); this interval corresponds
toastrongsignalintensity exceeding ambientlevels across all energy channels
inthe high-energy electron spectrum (c). For comparison, the planetary bow
shock crossing (18:05-18:15UTC) isindicated by blue-dashed, vertical lines
and shadingacross all panels, and the ambient solar wind conditions are
highlighted by the red-shaded area. A detailed view of the transientintervalis
providedin Extended DataFig.1.

duskward flanks. The crossing occurred at approximately [+12.9,+60.5,
=59.3]Jupiter radii (R~ 71,500 km), in Jupiter Solar Orbital (JSO) coor-
dinates. Before this,Juno probed the Jovian upstreamregion, obtaining
observations from the local solar wind and foreshock environment.
An overview of these observations is shown in Fig. 1 between 08:00
and20:00 UTC. Intheinterval between approximately 11:00 and 13:00
UTC, the data show a series of localized disturbances associated with
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Fig.2|Spectral evidence of efficient electron acceleration within the
foreshock transient. Combined differential electron number intensity
spectrafromtheJuno spacecrafton1October2023, using observations from
theJADE (circles) and JEDI (squares) instruments. a, Three distinct plasma
environments are compared correspondingto the shaded regionsin Fig.1.
The primary foreshock transient eventis shownin purple, representing an
average over the period of peakintensity. For context, an average spectrum
from the nearby bow shock crossing (18:05-18:15UTC) is shown in blue (dashed
lines), and a quiet upstream solar wind interval (16:00-17:00 UTC) isshownin
red. The solar wind spectrum (hollow markers) serves as the background level,

variationsinion density and the magnetic field, as well as the presence of
energeticelectrons. Thisactivity appears to consist of two distinct fore-
shock transient events separated by about1 h: thefirst structure being
alessdeveloped, smaller-scale transient, whereas the secondisalarger
eventwithamoredistinct signature across all properties showninFig. 1.

Focusing onthe more prominent second event, the mostintense elec-
tronenhancements (Fig.1c, purple-shaded area) constrainits duration
to approximately 12:30-12:50 UTC. Single-spacecraft analysis on this
transient (Methods) yields an approximate scale length of L =3 x10° km
and an equivalent propagation speed with respect to the planetary
shock of v~320 km s™. The characteristics of the transient are as fol-
lows: a disruption of the solar wind, evident plasma heating, a local-
ized density decrease and a magnetic field structure with alocalized
minimum (core) and acompressive edge (Fig.1a,b,e), clear signatures
of aforeshock transient?. Its scale corresponds to several Jupiter radii
and is consistent with the expectations derived from observations at
Earthand other planetary environments®. Notably, the peak electron
energy during the observed transientis an order of magnitude higher
than that observed at the subsequent bow shock crossing (Fig. 1c). This
finding supports the view that the most efficient particle acceleration
to the highest energies can occur already in the upstream foreshock
region, associated with a transient structure, rather than exclusively at
the main planetary bow shock frontitself. A detailed timeseries plot of
the foreshock transient interval is shown in Extended Data Fig. 1, and
anillustration of the process is shown in Extended Data Fig. 2.

Figure 2 presents the combined electron energy spectrum fromthe
Juno/Jovian Auroral Distributions Experiment (JADE) (low-energy)
and Juno/Jupiter Energetic Particle Detector Instrument (JEDI)
(high-energy) instruments during the most intense flux interval,
providing a comprehensive overview from the eV range up to 1 MeV.
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with upward error barsindicating the 30 (99%) statistical variability. The two
lowest-energy JEDI channels are excluded because of potential contamination.
b, The solar wind/background-subtracted spectrum for the transient (purple),
focusing on the high-energy tail (>10 keV). A fitted power-law index (<E) is
shownwithits 95% confidence interval determined by bootstrap analysis
(Methods). Two reference power laws with spectral indices of P=-1.5and
P=-2.0, representing theoretical DSA limits for non-relativistic and relativistic
particles, respectively, are overlaid (black dashed lines). The insetin ashows
thetrajectory of Junowithrespect to the Jovianbow shockinJSO coordinates
along with approximate location of each region (Methods).

Toisolatetheaccelerated electron population foradirect comparison
withtheory, we subtract the ambient spectral signal, as showninFig.2b.
Theenergy spectrum from the foreshock transient (Fig. 2shows a clear
signal above the 3o background level, derived from the red-shaded
intervalin Fig.1) across all energy bins for both instruments. Notably,
after ambient solar wind background subtraction (Fig. 2b), the ener-
getic part of the electron spectrum is well-bounded by a power law
with a spectral index of P=-1.5, yet the observed spectrum becomes
softer at higher energies, tending towards -2, resulting in a slope of
P=-1.85+0.2. Thisis a key result, in agreement with recent findings
from foreshock transients at Earth>'>*, Crucially, it demonstrates that
this efficient acceleration mechanism can extend to MeV energies
around the Jovianbow shock environment. Finally, the spectrum of the
adjacentbow shock crossing (Fig. 2, blue line) shows increased inten-
sity up to tens of keV compared to the background solar wind. However,
it lacks any acceleration above this energy, suggesting the energetic
tail is present only within the foreshock transient observations.

From planetary to astrophysical scales

To generalize our findings, we rely on a key premise that the most
efficient particle accelerationin planetary shock environments occurs
predominantly within large-scale foreshock transients*>7*, In this
model, rather than being confined to acceleration strictly normal to
theshock frontasin classical DSA, particles are energized within these
transients as the structures themselves propagate along the shock
front?>*°, Crucially, the size of this acceleration region (L) is not an
arbitrary local parameter butisintrinsically linked to the global system
size, scaling with the standoff distance of the shock (S). This scaling
provides the critical physical scale (L) required by the Hillas criterion®,
thereby establishing a direct, empirically constrained relationship
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Fig.3|Scaling analysis and maximum particle energy for planetary and
astrophysical shocks. a, Relationship between shock systemscale (S) and the
accelerationregionsize (L). Squares represent observed data for six Solar System
planets; solid and dashed orange lines show power-law fits for typical (L) and
maximum (L) observed sizes, respectively. The yellow-shaded areaindicates
the 95% predictioninterval for the extremefit. For planetary data, upward error
barsspanfromtypical to maximum observedsizes. For astrophysical systems
(diamonds; HH 211, SN 1987A and SN 1006), markers indicate predicted sizes with
error bars extending to the predicted maximum. b, Predicted maximum particle
energyasafunctionof S.Planetary energy ranges are calculated from observed
maximum L; astrophysical energy ranges are derived from the upper 95%
predictioninterval of the extreme fitin a. Marker sizes scale with maximum
predicted energy. Model predictions align with observational evidence: MeV-
scale energies at Earth>”'%; Cassini energetic electron events at Saturn®; and
the MeV Juno measurements at Jupiter reported here. Predicted energies for
SN1006 (5100 TeV) are consistent with X-ray observations®3%%,

between the global size of a shock and the maximum particle energy
(Enmay) it can produce. The wealth of in situ observations from our Solar
System provides the unique opportunity to empirically determine this
relationship, creating aframework that can be generalized to distant
astrophysical shocks inwhich only global parameters can be inferred.

Within this framework, we construct an empirical power-law scaling
from planetary in situ observations that connects the global size of a
shock (S) to its acceleration region (L) (Fig. 3a). Applying the Hillas
limit with this constrained scale (L), along with local shock param-
eters (Methods), yields maximum particle energies (Fig. 3b) that show
remarkable consistency with observations at Earth>®, Saturn®and the
newJuno observations at Jupiter presented in this work, demonstrating
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the applicability of the Hillas limit within the Solar System scales**. This
successful validation at planetary scales provides the foundation to
extrapolateto astrophysical shocks, although we emphasize that this
necessarily involves assumptions that extend beyond direct observa-
tional constraints. We apply the scaling relationship to the protostellar
jetHH211and the supernovaremnants SN1987A and SN1006 systems
chosen for their high Alfvén Mach number (M,) and non-relativistic
shocks”#*3¢, Notably, SN 1006 provides an important test of the pre-
dictive power of our model, as it is a model for y-ray bright remnants
knownto accelerate particles to tens of TeV (ref. 37), enablingabounded
test for the predictions of our model.

Discussion

The presented Juno observations, together with earlier findings at
Earth**®' markashiftin our understanding of particle acceleration
at planetary bow shocks. We directly capture relativistic electrons
energized not exclusively at the shock front but within its extended
shockregion, starting at the upstream foreshock, in which aforeshock
transient drives electronintensities an order of magnitude above those
at the adjacent shock crossing. The immense scale of the transient,
spanning several Jupiter radii, and its clean, power-law spectrum to
MeV energies confirm that large-scale foreshock transients deliver
ideal conditions for efficient acceleration to take place under strong
scattering conditions. This insight compels us to revisit the classi-
cal DSA picture, expanding it to encompass acceleration along the
extended shock region. Building on these results and all available insitu
observations from our Solar System, we explored how the intrinsic link
betweenshock geometry and foreshock dynamics governs maximum
particle energies across planetary and astrophysical systems.

To generalize beyond Jupiter, we compiled foreshock and shock
observations across the Solar System and established a clear scaling
between the standoff distance of the shock, S, and the size of its acceler-
ationregion, L (Fig.3a). At Earth (M, - 4) andJupiter (M, - 20), foreshock
disturbances spanscales set by the upstream Mach number?, Extend-
ing this empirically derived scaling law to protostellar jets (HH 211)
and supernova remnants (SN 1987A and SN 1006), which exhibit Mach
numbers and global system scales orders of magnitude larger, predicts
acceleration regions on the order of 108-10'° km. Although these scales
cannot be directly measured at astrophysical distances, the physical
arguments supporting this extrapolation are detailed in the Methods.
This approach ultimately proposes a direct link between the global
geometry of a collisionless shock and the transient-driven accelera-
tion that sets the maximum particle energy, E.,,. Using this model,
we obtain that for an optimistic but statistically plausible scenario,
systems such as SN 1987A could achieve maximum particle energies
of the order of >10 TeV, whereas the predictions for SN1006 match
the maximum energy of <100 TeV inferred from the observations of
210 TeV y-rays®***** supporting the presented framework (Fig. 3b).

We must emphasize that this work provides a framework for bridg-
ing in situ planetary observations with large-scale astrophysical
phenomena. The scaling law of the model, which is the basis for this
framework, is derived directly from decades of planetary data. The
significance of this approach is underscored by the presented Juno
observations, which show that foreshock transients spanning several
planetary radii act as highly efficient particle accelerators, which
can generate clean power-law spectra up to MeV energies (Fig. 2).
Although this observational evidence is strong, the extrapolation to
astrophysical shocks necessarily remains tentative (Fig. 3). Conse-
quently, the presented framework represents an attempt to constrain
the upper limits of particle acceleration through a unified, obser-
vationally driven approach. Furthermore, we should note that our
model assumes that Bohm diffusion well describes the environment
(thatis, the magnetic fluctuations are stronger than the background
field, dB/B,> 1) and that sufficient timeis available for electrons to get
accelerated to the maximum obtainable energies. Consequently, the



derived energy limits should be interpreted as robust, yet relatively
conservative bounds. This approach was intentionally chosen for
its simplicity, enabling direct predictions from our scaling law and
fundamental principles. We acknowledge that more sophisticated
models could potentially yield higher or more precise maximum ener-
gies. These models can incorporate the complex three-dimensional
structure of foreshock transients, which can create distinct scales
for particle acceleration and trapping*'’. However, these efforts are
computationally demanding and necessitate precise a priori knowl-
edge of upstream conditions at alevel of detail unavailable for distant
astrophysical systems. The precise impact of these complex effects on
energy spectraand acceleration timescales remains an open question
and constitutes a promising avenue for future investigation.

Conclusions

Tosummarize, inthis work, we present direct evidence of relativistic elec-
trons upstream of the bow shock of Jupiter, associated with a foreshock
transient. We demonstrate that these shock-generated transients act as
highly efficient particle accelerators, a process previously established
at Earth and now shown for the first time at Jupiter. Our observations
are in excellent agreement with predictions from shock acceleration
operating within the spatial scales dictated by these transients under
astrong scattering environment. Using these observations alongside
historical datafromother planetary environments, we extrapolate this
scaling relationship to astrophysical objects, namely, the protostellar
jetHH211and the supernovaremnants SN1987A and SN1006. Applying
the known parameter space for these non-relativistic shocks shows that
these fundamental processes can accelerate particles up toabout tens
of TeV, an energy range that may contribute to the observed electron
cutoffin the cosmic ray spectrum’. Most importantly, the predicted
maximum energies for SN 1006 are consistent with observations®35%,
which provides direct support to our model. Building on this framework,
animportant next step isto evaluate the presented framework onother
astrophysical objects (for example, different supernovaremnants, nova
shocks*, ultrahot]Jupiters* orjets fromy-ray bursts*?) and determine the
relative contributions of various astrophysical accelerators to the cos-
micray flux. Theseinclude not only non-relativistic collisionless shocks
(asstudied here) but also phenomena such as radiation belts*?, massive
star clusters*, blazars*, ultrafast winds from active galactic nuclei** and
binary star systems'®. These endeavours will require extended simulation
and observational efforts in a cross-disciplinary manner.
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Methods

Data

Observations for this study are from the Juno spacecraft of NASA*. The
energetic particle data are provided by the JEDI¥, which measures ions
and electrons from about 30 keV to 1 MeV with an energy resolution
of around 20%. JEDI consists of three identical sensor heads (JEDI9O,
JEDI180 and JEDI270) distributed around the spacecraft to optimize
pitch angle coverage over a160° x 12° field of view with an angular
resolution of about 18°. The first two energy bins of JEDI used in this
study are contaminated and are notincluded in the analysis, resulting
infour energy bins covering approximately 100 keV to1 MeV, as shown
in Fig. 2. Lower-energy ion and electron observations are obtained
from the JADE*S. JADE consists of two electron sensors (JADE-E) and
anion sensor (JADE-I), both measuring ions with energy per charge
from 10 eV q to 46.5 keV g across 64 energy channels and elec-
trons with energy per charge from30 eV g to 32 keV q, with a time
resolution that is mode dependent and corresponds to about 2 min
in the presented event. Magnetic field vector data are sourced from
the Magnetic Field Investigation (MAG) instrument*’, which uses two
fluxgate magnetometers to provide measurements with a temporal
resolution of 1s. All data are presented in the JSO coordinate system,
ajJupiter-centred frame in which the x-axis points to the Sun, the y-axis
is in the anti-direction of the orbital motion of Jupiter and the z-axis
completes the right-handed system®.

Data post-processing and density calculations

The raw instrument data were processed to generate the products
usedinthis analysis. The JEDl energy-time spectrograms (Fig. 1c) were
created by averaging data from all three sensors and all look direc-
tions. During the observation period, the instrument operated in a
low-resolution mode, binning counts into six logarithmically spaced
energy channels from about 30 keV to1MeV and into 300 s time bins.
The countrates associated with the transient event, ranging from about
20to0 60 counts per second, are considered statistically significant. The
electron energy efficiency correction detailed in ref. 51 was applied,
although its effect is minimal in the low-radiation environment near
the magnetospheric boundary of Jupiter. For JADE, proton densities
were derived from JADE-I data using a numerical integration method
on SPECIES=3 data®. Although JADE-1 is not optimized for solar wind
measurements®, this method has been shown to be consistent with
forward-modelled Maxwellian fits for similar events®. The omnidi-
rectional differential number intensities for JADE-E were calculated
by averaging the observed intensities over 48 look directions, which
are binned onboard in the low rate science mode of the instrument*,

Bow shock and foreshock transient characterization

In Extended Data Fig. 1, a magnified timeseries of the foreshock
transient interval (11:30-13:30 UTC) is shown. Energetic particle
intensification and plasma density depletion begin at about 12:30
UTC, with a localized compression marking the trailing edge of the
structure at approximately 12:50 UTC, typical features of foreshock
transients*>?**%,

To better characterize the global environment during this encoun-
ter, we use the local magnetic field conditions and the shock normal
vector estimated in ref. 56. Using this, we obtain a normal vector of
[0.77,0.45, -0.44], consistent with the duskward Juno location. The
orientation of the magnetic field with respect to this normal is shown
in Extended Data Fig. le, suggesting that the shock orientation transi-
tions from an oblique or quasi-parallel to a quasi-perpendicular one.
Specifically, during the formation and observation of the transient
itself, the orientation becomes even more quasi-parallel. This shock
geometry (with 85, < 60°) is expected to produce substantial popu-
lations of foreshock suprathermal particles > associated with the
formation of foreshock transients*>?>%,

Particle data further support this interpretation. The presence of
diffuse, isotropic suprathermal ions and electrons indicates that the
spacecraft is residing within the foreshock region®. Specifically, the
pitchangle distributions (PADs) ofions and especially electrons show a
clearisotropic population of accelerated particles. These PADs demon-
strate that particles are distributed across all pitch angles, asignature
of well-scattered populations within the foreshock. This is in agree-
ment with characteristics of accelerated electrons observed during
foreshock transients at Earth>®%, Anillustration of the environment
and associated transient is shown in Extended Data Fig. 2.

Focusing on the foreshock transient (12:30-12:50 UT), the electron
PAD signature shows a progression as the transient passes through
the spacecraft. This signature suggests that particles are acceler-
ated in the approaching region, peaking within the transient and
ceasing as the spacecraft exits the structure and the field rotates to
a quasi-perpendicular regime after 12:50 UT. This strongly supports
alocal acceleration mechanism because if the source was external,
energeticelectronswould be observable over wider intervals. Instead,
their strictlocalization to the transient structureimplies they are gen-
eratedinsiturather thanbeingremote-sensed. Regarding the broader
spatial context, based on spacecraft speed (about 4 km s™) and the
interval duration, we estimate that Juno was residing approximately 1R,
upstream of thebow shock (Fig. 2, inset). This serves as an approximate
estimate, as the bow shock at planetary flanks can change location
rapidly. This estimateis consistent with observations at Earth, in which
transients are observed at around 1-4R; (refs. 19,61,62).

To determine the exact geometry and scale of the observed foreshock
transient, we first established its orientation using minimum variance
analysis (MVA) on the magnetic field vector data in the JSO coordi-
nate system®, This technique identifies the principal axes of the vari-
ance of the magnetic field by finding the eigenvalues (A, > Aine = Ain)
and the corresponding eigenvectors of the covariance matrix of the
magnetic field over the interval containing the transient crossing.
The eigenvector associated with the minimum eigenvalue (ny,,) is
interpreted as the normal direction to the boundary of the transient,
assuming a quasi-planar structure. The validity of this normal was
confirmed by ensuring a large ratio of the intermediate to minimum
eigenvalues (A;,/Amin > 1). With the boundary normal established, we
then estimated the scale size of the transient, L, along this direction
using the single-spacecraft timing method. The scale is calculated as
L=|vg, - Nyl X At, where vy, is the upstream solar wind velocity and At
isthe measured duration of the passage of the spacecraft through the
structure. Finally, the convection electric field -V x B points towards
the transient sheet, which allows particles to concentrate and form the
observed transient. The overall methodological approach we followed
isastandardized process typically done whensingle spacecraftinsitu
observations are available*>'8?8, Specifically, for our case, we used a
typical upstream solar wind velocity of v, = [400, 0, 0] km s in JSO
coordinates, whichisinagreement with estimations of velocity during
thatinterval, and calculated the scale as L = |v,,, - nyy,| X At, where At
was taken as a15-min duration of the passage of the spacecraft during
the transient event. It should be noted that this 15-min interval, while
relatively conservative, provides arealistic range of values for the spa-
tial scale analysis (described below). The outcome of this analysis is
provided in Extended Data Table 1.

Finally, a power-law fitted to the energetic tail of the JADE and JEDI
data (=10 keV) during the foreshock transient results (Fig. 2b) in aspec-
tralindex of P=-1.85+ 0.2 with the exact 95% confidence interval being
determined using a non-parametric bootstrap analysis with1,000 itera-
tions®*. This value suggests an acceleration process with asignature and
efficiency similar to that of DSA. The obtained index is well-bounded
by the canonical DSA limit of P=-1.5, afeature of efficient acceleration,
and is also consistent with the expected spectral softening from -1.5
(non-relativistic) towards -2 for electrons at relativistic energies at
z1MeV, as they are above the electron rest mass energy®.



Spatial scales and energy limits

The maximum energy attainable by a charged particleis fundamentally
constrained by the physical properties of the accelerating environ-
ment. This limitis known as the Hillas criterion®, which relates the maxi-
mum particle energy to the available potential drop across the system.
For a characteristic magnetic field B and flow velocity V, the induced
motional electric field creates a potential difference across ascale L
that ultimately limits the maximum attainable energy of a particle,
withchargegq, toE,,,,=gBLV.

Inthe specific context of diffusive shock acceleration, this limit can
be expressed as aconfinement condition requiring that the upstream
diffusion length of the particle, L, remains comparable to or smaller
than the system size L (ref. 34). The diffusion length (L4) can be esti-
mated through the expression Ly=D/V,,, where Dis the spatial diffusion
coefficient for the maximumenergy, and V,, is the velocity of the shock.
For strong scattering, as is often assumed in the foreshock regions of
planetary bow shocks®?, the scattering approaches the Bohm limit, at
which the diffusion coefficientis D= %urg, withvbeing therelativistic
velocity of the particle and r,its gyroradius. By equating the diffusion
length to the system size (L = L), we recover the velocity dependence
inherent in the Hillas criterion: [ = l—rg

To derive a quantitative expression for the maximum energy
from this relationship, we express the velocity v of the particle and
gyroradius r,=p/(gB) interms of its total energy E, ., = Era, + mc?, Where
pis the momentum of the particle, g is the particle charge and Bis
the magnetic field magnitude. The relativistic relationsp ymv and

total (pc)2+(mcz)2 Implyp \/ total (mc /C andv = pC/Etotal

Substituting these into the confinement condition gives

= lL Et%)tal — (mc2)2 1)
3 l/sh Etotal qB

which leads to the quadratic equation for the particle’s total energy,
E%otal - (3(]3/. l/sh)Etotall - (mC2)2 =0. (2)

Solving this equation for the positive energy root provides the exact
solution for the maximum total energy that asize-limited shock accel-
eration region can produce:

Ermax, total = %[A + '\/Az +4(mc?? }, 3)

wheretheterm A =3¢gBLV,, describes the properties of the accelerator.
The maximumkinetic energy is then found by subtracting the rest mass
energy of the particle, Fy,y = Emax.ora = MC. In the ultrarelativistic limit
(v~ cand E,,,; » mc?), this relation reduces to the simple linear form
E o~ al, with a ~3¢gBV,.

The calculation of energy limitsin equation (3) requires three param-
eters: thelocal upstream magnetic field strength (B), the shock velocity
(Vy) and the characteristic system size (L). In this study, we use the
upstream magnetic field for Band the relative velocity between the
transientand the primary shock for V,,. The acceleration region size (L)
isdescribed by the spatial extent of the transient, which is adequately
equated to the precursor or foreshock region.

To model the relationship between the acceleration region size (L)
and the characteristic system size (S) as shown in Fig. 3, we assumed
apower-law dependency of the form L = k- S™ (ref. 28). Two separate
power-law models based on planetary observations are developed: a
‘typical’model and an‘extreme’ model. For the typical model, we used
the standoff distance of each planet as the systemsize (S) and its typical
observed acceleration region size as the associated value for L,,,. For
the extreme model, we used the same standoff distances (S) but paired
them with the maximum observed acceleration region sizes (L.,,).

We performed a linear fit for each model in the log-log space using
ordinary least squares as implemented by the statsmodels (v.0.14.4)
of Python library. The resulting fits are shown in Fig. 3a.

The extension from planetary to astrophysical scales follows three
points of reasoning: (1) We establish empirically that the accelera-
tionregion size (L) scales systematically with the global shock size (S)
across planetary environments, where in situ observations confirm
thatlarge-scale foreshock transients are the primary accelerations sites.
(2) We apply the Hillas criterion to relate this acceleration scale (L) to
the maximum particle energy (E,,,), a relationship validated through
the presentedJuno observations, previous research and recently shown
to be applicable at planetary scales>**. (3) We combine these scaling
relations under the premise that foreshock transient-driven accel-
eration operates universally across collisionless shocks, independent
of whether the system is a planetary bow shock, protostellar jet or
supernovaremnant. This final step represents an extrapolation beyond
what s testable with in situ experimentation and relies on theoretical
expectationsregarding the physics of collisionless shocksin different
astrophysical contexts, further discussed below. To model the maxi-
mum particle energies for the planetary systems shownin Fig. 3(b), we
settheacceleration size (L) to the maximum observed value (L.,.). For
the astrophysical objects, where direct observations of L are unavail-
able, we used our extreme fit model to estimate a value. Specifically,
we calculated the upper boundary of the 95% predictioninterval for a
new observation at the object’s system size (S). This interval accounts
for both the uncertainty in the fitted model and the inherent variabil-
ity in the data. The resulting energy range for each object, therefore,
reflects the uncertainty propagated from its local shock speed and
magnetic field parameters®. This approach provides an estimate for
the maximum achievable energy that is constrained by direct obser-
vation for the planets and by a robust statistical extrapolation for the
astrophysical shocks.

Physical justification for astrophysical applicability
Theextension of the planetary-derived scaling to astrophysical environ-
ments necessarily involves an extrapolation beyond verifiable limits,
asinsitumeasurements of foreshock localized processes at kiloparsec
distances are not feasible for the foreseeable future. However, several
physical arguments support this extrapolation as areasonable theoreti-
cal expectation, grounded in our understanding of collisionless shock
physics and the properties of astrophysical environments.

First, the astrophysical shocks that we consider (the protostellar jet
HH 211and the supernovaremnants SN1987A and SN1006) represent
curved, collisionless shocks, known from numerical simulations and
indirect observational evidence to exhibit notable foreshock regions
in their quasi-parallel geometries*®. The curved geometry of these
shocks ensures that quasi-parallel configurations are naturally present
across substantial portions of the shock surface, similar to planetary
bow shocks.

Second, although the predicted acceleration region scales of
108-10" km for these astrophysical systems cannot be directly resolved,
our estimates represent conservative lower bounds. These values are
consistent withindependent estimates of foreshock sizes®”%, The con-
sistency between our extrapolated predictions and these observational
constraints provides support for the validity of our scaling approach,
even in the absence of direct spatial resolution of the acceleration
regions themselves.

Third, the formation of large-scale foreshock transient can arise
spontaneously through plasma instabilities and wave-particle inter-
actions, whereas transient formation s also facilitated by large-scale
discontinuities in the upstream medium?®. These variable upstream
media are an expected feature of astrophysical quasi-parallel shock
environments. The turbulent interstellar medium contains magnet-
ized filaments and structures extending to parsecscales® !, Further-
more, supernova shock waves are expected to interact with complex
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circumstellar structures created by the progenitor star itself. These
include stellar wind-blownbubbles and previously ejected dense shells
of material, which can extend to parsec scales’ 7. When the expand-
ing supernova shock encounters these pre-existing structures, it can
generate large-scale magnetic field discontinuities. These encoun-
ters provide ideal conditions for seeding transient phenomena and
driving particle acceleration through transient processes. Finally,
the very high shock speeds observed at supernova remnants allow
Alfvénic Mach numbers (M,) to reach values of the order of 10°-10?,
causing particularly strong foreshock regions upstream of their
quasi-parallel geometries that are highly favourable for the forma-
tion and persistence of large-scale foreshock structures. We note,
however, that the maximum extent of these structures may be regu-
lated by the coherence length of the upstream magnetic field (L;).
For remnants in the galactic disk (for example, SN1572), in which the
shockradius canexceed L, the acceleration region might be affected
by the coherence scale, possibly creating a plateau in the accelera-
tion scale length. This is in contrast to high-latitude systems such as
SN 1006 or young SRNs such as SN7D21987A, in which L, > S. Overall,
the interplay between tangled fields and foreshock development
in the regime in which § > L, remains an open question for future
investigation.

Although these arguments establish the physical plausibility of
extending our planetary framework to astrophysical scales, we empha-
size that this extrapolation remains tentative in the absence of direct
observational confirmation. Nevertheless, the internal consistency of
our framework, validated at planetary scales and yielding predictions
for SN1006 that match observed maximum energies of about 100 TeV,
provides encouraging support for the underlying physical picture.

Parameters of Solar System planets

Toapply our acceleration model, we first defined the physical parameter
space for each environment. This space consists of the characteristic size
(5), the acceleration region scale size (L), the shock speed (V,;,) and the
upstream magnetic field strength (B) of the system. For the planetary
environments, the systemsize Sis the standoff distance of the bow shock,
and L is the typical scale of a foreshock transient. These values were
adopted from established literature®®”, with the dataset for Jupiter
supplemented by the event presented in this work. Minor refinements
tothe values have been made on the basis of the most recent standoff dis-
tance statistics and observations from each planetary environment5°,
Afullrangefor the shock speed, V,;,, was selected for all environments to
account for thevariety of dynamic conditions observed atinterplanetary
shocks. This range is based on the typical relative speeds between the
solar wind plasma and transient compressive structures, asdocumented
inseveral previous works, with the upper limit essentially describing typi-
cal solar wind speed****%!, Finally, the range for the upstream magnetic
field, B, at each planet was estimated using the Parker spiral model, which
describes the evolution of the heliospheric magnetic field strength with
increasing distance from the Sun®2,

Parameters for HH 211

HH 211 lies at approximately 1,000 light years away and drives anarrow
bipolarjet withan associated bow shock. James Webb Space Telescope
measurements showed speeds of about 80-100 km s (figure Sinref. 7).
Polarimetric ALMA/SMA observations have shown envelope magnetic
fields of 40-100 pG (4-10 nT) within about 700 AU (refs. 83,84). The
projected separation from the protostar to the bow shock is about
1,000 AU (figure 1in ref. 7), which we take as the effective standoff
distance. Toaccount for variability, we took 700 AU as the system size
(5), and a shock speed between 50 km s™ and 150 km s™ based on the
observed outer shock. The relatively cold environment upstream of
these propagating jets allows the local Alfvén Mach number (M,) to
be relatively high, subsequently causing the formation of a strong
foreshock precursor.

Parameters of SN1987A

SN1987Ainthe Large Magellanic Cloud has been extensively monitored
through radio and X-ray observations. During the interaction with
the dense equatorial ring, the forward shock decelerated to around
2,300 km s, later re-accelerating to 3,500-3,600 km s (refs. 85-87);
for our analysis, we used a conservative range between 2,000 km s™ and
4,000 km s\, For the upstream interstellar magnetic field, we expect
values of the order of 1-5 pG (0.1-0.5 nT)®*¥*° Finally, for an equiva-
lence of a standoff distance of the expanding shock (or arc), we used
the radius of the blast wave of 0.1 pc, resulting in an approximately
200,000 AU system size (S).

Parameters of SN1006

SN1006isayoung, shell-type supernova remnant that provides com-
pellingevidence for efficient particle acceleration to very high energies,
similar to other historical remnants, such as Tycho®®, Cas A” and RX
J1713.7-3946. Its shock velocity has been well-constrained by observa-
tions of its expansion, with estimates typically placingitin the range of
3,500-4,500 kms™. The strength of the upstream ambient magnetic
field valuesistakentobebetween1pGand2 pG(0.1-0.2 nT). The sys-
temsize of the remnantis approximately 9-10 parsecs, which translates
toasystemsize (S) of roughly 2 x10° AU. A unique feature of SN1006 is
the strong observational evidence, derived fromits X-ray synchrotron
and TeV emission, that particles are being accelerated to energies of
the order of 100 TeV withinits shocks®*¢*%, This makes SN1006 anideal
test case for evaluating acceleration frameworks and provides adirect
benchmark for the predictions of our model.

The very high speeds observed at SN shocks allow Alfvénic Mach
numbers (M,) to reach values of the order of 10°-10* causing a particu-
larly strong foreshock upstream of their quasi-parallel geometry. This
parameter range estimation is difficult to constrain as expanding SN
shocks change during their lifetime. However, the parameter space
above provides areasonable order of magnitude estimate and uncer-
tainty range for the maximum obtainable particle energy. The param-
eters for the planetary environments that were used for the fitting
are shown in Extended Data Table 2, and all parameters used for our
generalized maximum energy model are summarized in Extended Data
Table 3.Itshould be noted that the obtained shock speed range for each
planetary environment is predominantly driven by the relative speed
of'the solar wind with respect to the shock, whereas for astrophysical
objects, itis primarily dictated by the outward shock expansionto the
relatively stable interstellar medium. Finally, although the upstream
magnetic field values used in this study may be elevated by compres-
sion effects within the foreshock or precursor region, the acceleration
regions themselves are characterized by local magnetic depressions.
Consequently, the magnetic field within these transient structuresis
expected tobe notably weaker thanin the surrounding environment.

Data availability

The JADE v.04 data from the Planetary Data System (PDS) data set
JNO-J/SW-JAD-3-CALIBRATED-V1.0 (ref. 93) was used in this study.
The calibrated spacecraft-corrected magnetic field vector measure-
ments (MAG) used in this work were similarly obtained from the NASA
Planetary Data System.JEDI data are also available from the Planetary
PlasmaInteractions Node of the Planetary Data System of NASA (https://
pds-ppi.igpp.ucla.edu/collection/JNO-J-JED-2-EDR-V1.0). Requests for
additional materials should be addressed to S.R.

Code availability

All figures were plotted using Python (v.3.12.5) and the matplotlib
library (v.3.9.2). The version of the codes used, along with instruc-
tions on how to reproduce each figure and table, is accessible at
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Extended DataFig.1|See next page for caption.



Extended DataFig.1|Detailed observations of the foreshock transient
event. Detailed measurements are shown for the transient and the associated
adjacentupstreamregionon October1,2023,between11:30and 13:30 UTC.
(a) Magnetic field components and magnitude derived from the MAG
instrumentin nanotesla (nT). (b) Proton number density (n,) derived from
JADEincm™. (c) Spectrogram of ion data from JADE in units of differential
energy intensity. (d) Spectrogram of high-energy electron datafrom JEDIin

differential flux units. (e) The angle between the magnetic field and the bow
shock normal (6,,), with associated uncertainty bounds of +5degrees.

(f) Energy-averaged electron pitch angle distribution from JEDI averaged
between-100 keVand1MeV energies. (g) Energy-averaged proton pitch angle
distribution fromJEDI averaged between -30 keV and 1 MeV energies. The
purpleshaded regionbetween12:30 and 12:50 UTC highlights the maininterval
oftheforeshock transient.
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Stellar Wind

Extended DataFig.2|Schematicrepresentation of efficient particle
accelerationwithin aforeshock transient. Theillustration depicts the
formation of alarge-scale foreshock transient driven by amagnetic field
discontinuity interacting with the planetary foreshock. The transient creates
anextended region of turbulentinteraction upstream of the main planetary
bowshock. Note that forillustrative purposes, the transientscalelength (L) is
depicted ascomparable to the global system scale (S), although asindicated

by our analysis (See Fig. 3) for giant planetary magnetospheres (e.g., Jupiter),
S>L.Theinsetdisplaysahypothetical spatial cut of observations transitioning

Magnetopause

Magnetosheath

ps ~ Bow Shock
oS

N
N
L
X

Foreshock

fromthe unperturbed solar wind, through the foreshock and the transient
structure, and finally crossing the planetary bow shock. Insetincludes
idealized observational profilesillustrate the evolution of the magnetic field
(|B]) and energetic particle flux (F). The transientis characterized by amagnetic
structure with acompressive edge and adepressed core, coincident with a
localized burst of energetic particles. This peak flux in the upstream transient
exceedstheintensities observed at the subsequent mainbow shock crossing,
illustrating the efficiency of the presented acceleration mechanism. Illustration
by Ben C.Smith, Johns Hopkins Applied Physics Laboratory.



Extended Data Table 1| Properties of the foreshock transient
observed by Juno

Parameter Symbol Value
Interval Duration At ~ 900 s (15 min)
Solar Wind Speed (X-JSO) Vew 400 km/s
MVA Quality Ratio Aint/ Amin 5.82
Boundary Normal (JSO) NMVA [0.80,—0.58,0.17]
Effective Speed Veff ~ 318 km/s
Transient Scale Size L 2.86 x 10° km

Minimum Variance Analysis (MVA) was performed by combining data from periods bracketing
the structure that correspond to a change in magnetic field direction. Specifically, the interval
before the transient is taken as 12:30-12:40 UTC and after the transient as 13:02-13:10 UTC. v
describes the effective motion of the foreshock transient and is defined as v, = vy, - Nyya-
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Extended Data Table 2 | Approximate scale sizes of
foreshock transients

Planet Liyp (km)  Lex (km)
Mercury 1.5 x 10° 1.0 x 10*
Venus 4.0 x10% 1.0 x 104

Mars
Earth
Saturn
Jupiter

1.0 x 104
1.5 x 10*
6.0 x 10*
3.0 x 10°

4.0 x 10*
1.0 x 10°
3.0 x 10°
2.0 x 109

Foreshock transient scales at different planetary bow shock environments. Scale sizes L are

based on typical and upper-bound values, expanded from the available literature’

28,75



Extended Data Table 3 | Parameter ranges used for obtaining
the maximum particle energy range

Object S (km) Van (kms=1) B (nT)
Mercury 5.0 x 103 [100, 600] 10, 40]
Venus 8.0 x 10° [100, 600] [5, 15]
Earth 1.0 x 10° [100, 600] 3, 10]
Mars 1.0 x 104 [100, 600] [1, 5]
Jupiter 6.0 x 10° [100, 600]  [0.5, 2.0]
Saturn 1.5 x 108 [100, 600]  [0.1, 1.5]
HH 211 ~ 1.05 x 10! (50, 150] 4, 10]

SN1987A  ~3.0 x 10'3  [2000, 4000]  [0.1, 0.5]
SN 1006 ~ 3.0 x 10" [3500, 4500] [0.1, 0.2]

Each astrophysical and planetary shock environment is associated with a system size (S),
the shock velocity (V) and the upstream magnetic field (B) from available literature (see
associated subsection in Methods).
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