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Proton acceleration by collisionless shocks in black-hole coronae: first-principles
constraints for high-energy neutrino sources

Takayoshi Sano! and Minh Nhat Ly!-?

!nstitute of Laser Engineering, The University of Osaka
2Department of Physics, Graduate School of Science, The University of Osaka

Abstract. This research aim to study collisionless shocks in active-galactic-nucleus (AGN) coronae utilizing high-performance-computing
particle-in-cell (PIC) simulations. The question is whether a hot plasma corona around a supermassive black hole can accelerate protons fast
enough to explain the TeV neutrino signal from the Seyfert galaxy NGC 1068, while remaining faint in TeV gamma rays. The simulations,
originally reported in Ly et al. [1], follow shock formation, magnetic-field amplification, particle injection, and diffusive shock acceleration
(DSA) from first principles. Across the surveyed coronal parameter space, quasi-parallel trans-relativistic shocks generate their own magnetic
turbulence and accelerate protons robustly. The measured dimensionless acceleration rate is Ryec = d (yﬁs‘hz)/ d(tQ¢) =~ 0.1, and the
non-thermal proton energy fraction is approximately 10%. These values are high enough, within the representative NGC 1068 coronal model
considered here, for protons to reach ~ 100 TeV before cooling or escaping. The report also identifies the main limitation of the present survey:
the calculations are 1D3V and therefore prioritize long ion-time evolution and parameter coverage over fully multidimensional turbulence.

1. Introduction

High-energy neutrinos are useful probes of cosmic-ray accel-
eration because they are produced when energetic hadrons
interact with gas or radiation fields. The nearby Seyfert galaxy
NGC 1068 is a particularly important example: IceCube has
reported TeV neutrino emission from this source, whereas the
corresponding TeV gamma-ray flux is strongly suppressed
[2-4]. This combination points to a compact, radiation-rich
accelerator near the central supermassive black hole. In such
an environment, neutrinos escape, but high-energy gamma
rays are absorbed by photon-photon pair production [5-7]. A
hot AGN corona is therefore a natural candidate site.

The remaining problem is microphysical. Neutrinos with
energies E, ~ 1.5-15 TeV require parent protons with ener-
gies of order E, ~ 30-300 TeV. Phenomenological models
can assume an acceleration time or a diffusion coefficient,
but those quantities depend on plasma processes at scales
far below the size of the corona. In particular, the coronal
shocks of interest are expected to be hot, weakly magnetized,
trans-relativistic, and in many cases only mildly supersonic.
These conditions are outside the simple strong-shock picture
usually adopted in analytic models.

Diffusive shock acceleration (DSA) is a leading mechanism
for converting bulk flow energy into non-thermal particles
[8, 9]. In DSA, charged particles gain energy by crossing a
collisionless shock many times while scattering off magnetic
fluctuations on both sides of the shock. The key question for
an HPC calculation is therefore clear: can the shock generate
the turbulence and injection conditions needed for DSA,
without imposing them by hand? The PIC method addresses
this question by evolving particles and electromagnetic fields
self-consistently.

2. Physical model and Numerical method

We consider a hot corona of radius R = r.Rg around a black
hole of mass Mgy, where R, = GMgn/ ¢? is the gravitational
radius. If the shock is driven by infalling gas, its speed is of
the order of the free-fall speed,
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Figure 1. Physical picture of the neutrino-production scenario in a
black-hole corona [1]. Infalling plasma can form a collisionless shock inside
the hot corona. Protons accelerated near the shock interact with gas and
photons, producing neutrinos (v) that escape. The accompanying gamma
rays () are attenuated by the dense X-ray/UV radiation field, so the source
can be neutrino bright while remaining faint at TeV gamma-ray energies.

pends on the sound speed ¢ = [yaa(T; + T,)/m;]"/?, with
ion temperature 7;, electron temperature 7,, ion mass m;, and
adiabatic index y,q = 5/3. For MeV-scale ion temperatures,
shocks with M; of a few are expected. The Alfvénic Mach
number M4 = vg,/v4 depends on vy = Bo/(4nnom;)'/2,
where By and ng are the upstream magnetic field and density.
Millimeter measurements of radio-quiet Seyferts indicate
coronal fields of roughly 10-100 G, motivating moderate
M 4 values [10-12]. The likely two-temperature nature of
collisionless coronal plasmas motivates the survey over 7; /T,
[13, 14].

The simulations follow Ly et al. [1] and use the open-
source PIC code SmiLker [15]. A drifting electron-ion plasma
reflects from a conducting wall, launching a shock into the
incoming flow in the downstream rest frame. The model is
one-dimensional in space and three-dimensional in velocity
and field components (1D3V). This design is a practical HPC
compromise: it keeps the kinetic physics of ion and electron
motion while making it possible to follow hundreds of ion
gyroperiods over a large parameter survey. The upstream
magnetic field is quasi-parallel, with an initial obliquity
0pn = 30° relative to the shock normal. Times are reported
in units of the ion gyrofrequency
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Figure 2. Reference quasi-parallel shock structure from the PIC simulation
[1]. Panels (a) and (b) show ion and electron phase space. Panel (c) shows
the ion-density jump that identifies the shock front. Panels (d) and (e) show
transverse magnetic-field fluctuations and their amplified amplitude. The
figure illustrates the complete kinetic sequence: ion reflection, upstream
streaming, magnetic-field amplification, and particle scattering.

with proton charge e and speed of light c.

The HPC cost is set by the separation between electron and
ion kinetic scales. The grid spacing and time step must resolve
the electron plasma scale, whereas shock formation, upstream
magnetic-field growth, and DSA appear only after many ion
gyroperiods. The largest runs therefore require very long
domains, millions of time steps, and large particle numbers
to control noise in the non-thermal tail. This scale hierarchy
is precisely why a reduced fluid or test-particle calculation
is insufficient: such methods would have to assume the
turbulence level, injection threshold, and diffusion coefficient
that the PIC simulations measure self-consistently.

3. Shock structure and acceleration mechanism
Figure 2 shows the reference run with My = 8, My
26, T;/T, = 10, and vp/c = 0.25. A sharp ion-density
ramp marks the shock front. A population of reflected and
accelerated ions streams into the upstream region, carrying an
electric current. This current amplifies transverse magnetic
fluctuations ahead of the shock. In most of the survey, the
dominant fluctuations are consistent with the non-resonant
streaming instability, often called Bell’s instability [16]; at
lower M4, resonant modes can also contribute. In either
case, the important physical outcome is the same: the shock
generates the scattering centers required for DSA [1, 17].

26

404 450

300 350

P— |
ol T 1BlKeV —-— 5 20
—— Ti =541 ke¥ —— 5=1.9

{y=1)y)

1w ¢ w7 ! t 1? 1!
Epre K o [mic’] Epri

apa (b) 4= - B (C)‘x

s G B

200 N
i &
= 200 - ~a

100 - sk ==

electron e ion
u 5 10 1 [ 5 ] 14

x—xgp [cftdg]  ®10° x—xa [efwge] #1070

Figure 3. Downstream spectra and tracked particle trajectories [1]. Panel
(a) shows the time evolution of the ion and electron energy spectra; the
thermal peak is followed by a non-thermal tail. Panels (b) and (c) track
representative electron and ion trajectories relative to the moving shock
front. Repeated returns to the shock, together with secular growth of y, are
the kinetic signatures of DSA.

The downstream spectra and representative particle tracks
are summarized in Figure 3. Both ions and electrons de-
velop non-thermal tails above their thermal populations, but
their energetics differ. Protons are injected efficiently and
can repeatedly return to the shock. Electrons require pre-
acceleration because their smaller gyroradii make it harder
for them to sample the ion-scale turbulence. This scale sepa-
ration explains why electron acceleration is more sensitive to
upstream temperature and local magnetic-field amplification
than proton acceleration.

For source modeling, the main value of the PIC calculation
is that it replaces an uncertain microphysical assumption with
a measured number. AGN-neutrino models often write the
acceleration time in terms of a prescribed diffusion coefficient
or gyrofactor. Here, the turbulence, scattering, and energy
growth emerge from the same kinetic calculation. The
measured acceleration rate can therefore be inserted into
radiation and neutrino models without separately choosing
an arbitrary scattering strength.

4. Results

4.1. Proton acceleration rate

After the shock and upstream turbulence reach a quasi-steady
state, the maximum proton Lorentz factor grows approxi-
mately linearly with time, as expected for DSA. The simula-
tions measure the dimensionless rate

d0Be) _ o |

R ~
T d(1Q0)

3

where 1 is the proton Lorentz factor [1]. Across the survey,
this value varies only by a factor of about two. Equivalently,
the time needed to reach a given Lorentz factor is

fice () = REyBFQG! ~ 1098205

The scaling has the expected DSA form for Bohm-like diffu-
sion: a stronger magnetic field increases ., and faster shocks
accelerate particles more rapidly as ,Bszh [8, 9]. The weak
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Figure 4. Application to NGC 1068 using the simulation-calibrated acceleration rate [1]. The black line is the proton acceleration time ..., while the colored

curves show cooling times from p p, py, and Bethe-Heitler interactions in the coronal plasma. The vertical dashed line marks E

=~ 100 TeV, a representative

parent-proton energy for TeV neutrinos. Efficient shock acceleration is viable where #,. is shorter than both cooling and dynamical times.

dependence on M; is especially important for AGN coronae,
because coronal shocks may be only mildly supersonic.

The main departures from the typical value occur when the
character of the self-generated turbulence changes. At very
low M 4, magnetic fluctuations are weaker and acceleration
slows. At very high M4, intermittent magnetic structures
can partly disrupt the regular shock-crossing cycle. Over
the coronal range favored by current observations, however,
the acceleration rate remains close to Equation (3). This
robustness is the central computational result of the parameter
survey.

4.2. Energy partition

The energy fraction carried by each component is computed
from the downstream particle spectrum,

Ef  [dy(y=Dmfi(y) )
Eo Y [dy(y- l)mjczf;‘(y)’

where j € {i,e} denotes ions or electrons, k € {th,nt}
denotes thermal or non-thermal particles, m; is the particle

mass, and f;‘ is the corresponding distribution function.

Across the survey, non-thermal ions receive roughly 10% of
the downstream particle energy. This efficiency persists even
for Mg =~ 2, a regime that is often assumed to be unfavorable
for strong acceleration. Non-thermal electrons remain below
1%, and for coronal-like 7;/T, = 10 are typically closer
to 1073, This low electron fraction is consistent with the
sensitivity of electron injection to pre-heating, thermal speed,
and magnetic obliquity in quasi-parallel shocks [18, 19].

5. Implications for NGC 1068

Figure 4 applies the simulation-calibrated acceleration rate
to NGC 1068. For representative coronal parameters
Mgy = 10"2Mg, R, = 20R,, By = 100 G, and By, = 0.32,
Equation (4) gives an acceleration time of order seconds
at £, ~ 100 TeV. This is shorter than the relevant cooling
times from proton-proton, photomeson, and Bethe-Heitler
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interactions, and also shorter than the coronal dynamical time.
The finite-size Hillas condition is satisfied for magnetic fields
above roughly 10 G and shock speeds above a few percent of
the speed of light [1, 7, 20].

The 10% non-thermal proton energy fraction is also suf-
ficient at the energy budget level. If the shock radius is
comparable to the coronal radius, the available shock power
is large enough that the proton luminosity required for the
IceCube spectrum is only a few percent of the estimated
shock power. Thus the HPC simulations provide a quan-
titative bridge between the microscopic plasma physics of
collisionless shocks and the macroscopic neutrino luminosity
of AGN cores [1, 4, 7].

The conclusion is not that every AGN corona must be a
neutrino source. Rather, the calculation removes a major
obstacle for shock-based models: under coronal-like con-
ditions, quasi-parallel collisionless shocks can accelerate
protons rapidly and efficiently enough to supply the required
parent cosmic rays. The same dense radiation field that
enables efficient neutrino production also hides the accompa-
nying gamma rays, making the scenario consistent with the
multi-messenger appearance of NGC 1068.

6. Discussion and Conclusion

The important outcome from this research is that the result is
not based on a single demonstration run. The survey campaign
spans cold and two-temperature plasmas, low and moderate
sonic Mach numbers, different Alfvénic Mach numbers, and
different shock velocities. Across these cases, the proton
acceleration rate and non-thermal energy fraction remain
clustered around R, =~ 0.1 and E;.“ /Ew ~ 10%. These
simulation-calibrated values can be reused by source model-
ers as sub-grid inputs for radiation and neutrino-production
calculations in AGN coronae.

The main caveat is dimensionality. The present survey uses
1D3V simulations, which are ideal for reaching long ion times
and broad parameter coverage but cannot capture all trans-



verse filamentation, shock rippling, and multi-dimensional
turbulence. Future two- and three-dimensional simulations
will be needed to test how these effects modify the numeri-
cal coeflicient in Equation (3). Even so, the present survey
establishes a physically grounded baseline: if shocks form
in radio-quiet AGN coronae with magnetic fields of order
10-100 G and speeds of order 0.1¢—0.5c¢, they can provide
both the acceleration timescale and the proton power required
by the observed neutrino emission.
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