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The detection of a PeV high-energy neutrino of astrophysical origin, observed by the IceCube
Collaboration and correlated with a 3𝜎 significance with Fermi measurements to the gamma-ray
blazar TXS 0506+056, further stimulated the discussion on the production channels of highenergy particles in blazars. Many models also consider a hadronic component that would not only
contribute to the emission of electromagnetic radiation in blazars but also lead to the production
of secondary high-energy neutrinos and gamma-rays.
Relativistic and compact plasma structures, so-called plasmoids, have been discussed in such flares
to be moving along the jet axis. The frequently used assumption in such models that diffusive
transport can describe particles in jet plasmoids is investigated in the present contribution. While
the transport in the stationary scenario is diffusive for most of the parameter space, a flaring
scenario is always accompanied by a non-diffusive phase in the beginning. In this paper, we
present those conditions that determine the time scale to reach the diffusion phase as a function of
the model parameters in the jet. We show that the type of the charged-particle transport, diffusive
or ballistic, has a large influence on many observables, including the spectral energy distribution
of blazars.
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1. Introduction

2. The time-domain
The time-domain of ejected cosmic rays should be characterized by an initial ballistic regime
followed by a transition toward the diffusive regime. The transition time depends on the particle’s
energies, but also on the magnetic field in which the particle propagates. Typically, for lowenergetic particles that reside long enough in an astronomical environment, the diffusive description
is appropriate. However, compact objects, high particle energies, or a combination of both, requires
a ballistic description of the process, as soon as particles leave the region before the transport
becomes diffusive. An alternative case for the need for ballistic propagation arises by treating most
recently injected particles that are not yet diffusive, as it is shown in [4] for a pulsar.
Whereas the description of particle transport via the diffusion equation fails to distinguish
between the initial, ballistic propagation and the subsequent diffusive propagation. The telegraph
equation has recently been attributed this ability [5, 6]
𝜕𝑓
𝜕2 𝑓 Õ 𝜕2 𝑓
+𝜏 2 =
𝜅𝑖 2 .
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The great advances in real-time multi-messenger astronomy in the past decade has lead to
the insight that the flaring behavior of the sources is much more complex than simple, linear
correlations. For instance, while there is evidence at the 3𝜎 level for a correlation between gammarays and neutrinos from the blazar TXS 0506+056 in 2017, the same source shows evidence for a
longer neutrino flare in 2014/2015, with no enhanced gamma-ray emission. Such an anti-correlation
between gamma-rays and neutrinos is observed for several potential neutrino flares as discussed in
[1].
The temporal variability of blazars indicates that the emission happens in compact, relativistic
structures moving along the jet, usually assumed to be plasmoids with radii that on the order of
1012 m and 1014 m (e.g. [2, 3]). Here, the typical approach is to solve the transport equation with
a given one-dimensional diffusion coefficient that scales with the energy as 𝐸 𝛿 as predicted by
quasi-linear theory. Typical correlation lengths of the strong turbulent magnetic field (1 Gauss)
From the point of view of high-energy TeV particles with gyration radii of about 1010 − 1012 m,
these plasmoids appear as compact objects. Due to the extreme turbulent magnetic fields and
densities in the plasmoids, which are many times higher than the rest of the jet regions, cosmic-ray
acceleration and interaction can take place in the plasmoids. In order to properly model the emission
signatures from blazars, the acceleration and transport of charged particles in these environments
must be understood very well. Here we only focus on the latter by assuming larger time scales of
the transport than of the acceleration process. Due to the compact nature of the plasmoids, the
correct description of the transport depends on the time that particles can stay in the plasmoids.
The obvious simplification of transport as diffusive at all times must be critically questioned and
in many cases replaced by a ballistic description. Criteria for the use of the respective adequate
treatment of the transport for different particle energies and object properties are derived in the
following.
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Here, the telegraph time scale 𝜏 describes the transition between these two propagation phases.
This time scale enables us to make a statement about when the diffusive phase is established and
when the description of the particle transport via the diffusion equation is sufficiently accurate.
If the initial ballistic phase is neglected, 𝜏 disappears and the telegraph equation turns into the
well-known diffusion equation. The solution of the isotropic telegraph equation yields
𝑒 −𝑡/2𝜏
𝑓telegraph (𝑟, 𝑡) =
4𝜋𝜅 3/2

Here, Θ(...) is the Heaviside step function and 𝐼 𝜈 (...) is the modified Bessel function. The norm
of the solution of the telegraph equation is unlike the case of the classical diffusion equation
time-dependent and yields [6]

 𝑡
diff,N
.
(3)
𝑁 = 1 − exp −
𝜏
When interpreting the norm as the fraction of particles being diffusive, no particles are diffusive
at the beginning, as expected. With increasing time, the number of diffusive particles increases
strongly until 𝑁 approaches 1 for large propagation times. Rearranging the equation leads to a
calculation rule for the propagation time required to establish a certain diffusion level
𝑡diff,N = − ln (1 − 𝑁)𝜏.

(4)

This relation is shown Fig. 1 in comparison with the constant number of diffusing particles in the
case of modeling the transport with the diffusion equation.

3. Different transport regimes
In the previous section, it was shown that particles can only be correctly described by the classical diffusion equation when particles have had long enough to transition to the diffusive phase after
the initial ballistic propagation. For isotropic turbulence, it was shown that particles have to travel
at least the mean-free path length. By taking into account the dependence of the mean-free path
length on the diffusion coefficient and considering the theoretical description of the dependences of
the diffusion coefficient on the particle energy and the magnetic field configurations, the required
time could be described as a function of the same parameters.
A key aspect of this equation is the index 𝛿. It is known from numerous theoretical calculations and
numerical simulations that particle transport is divided into different regimes with different values
for 𝛿. The affiliation of the particles to the different regimes depends mainly on the particle energy
and the correlation length of the turbulence. (see [7, 8] for a detailed treatment of the 5 regimes).
For particle energies above a few GeV and typical astrophysical environments of interest, such as
AGN, the Galaxy, neutron stars, supernovas, etc., only the resonant-scattering regime (RSR) and the
quasi-ballistic regime (QBR), as well as the transition regime (TR) between the two, are relevant.
The TR extends over a small energy range and therefore will be ignored for simplicity reasons in
3
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Figure 1: Comparison of the time evolution of the ratio of particles that are already diffusively propagating
on average. The solution of the diffusion equation leads to the fact that particles always propagate diffusively
whereas the norm of the solution of the telegraph equation shows an increase in the diffusively propagating
particles with time and an approach to the maximum value (see Eq. (3)). Here, the time scale is 𝜏 = 100 s.

the following. It is important to note here that the RSR is also often referred to as a diffusive regime.
We use the term diffusive regime, however, only for the temporal regime in which particles are truly
diffusive (see Section 2). This is because regardless of whether the particles belong to one of the
energy-dependent transport regimes, particles always propagate ballistically after their injection.
The transition from the RSR to the QBR is at around 𝑟 𝑔 /𝑙 𝑐 ≈ 1.
The two regimes differ in the point that resonant scattering of charged particles in the QBR
contributes little to diffusivity, resulting in 𝛿 = 2, whereas resonant scattering takes a major part
in the diffusion process in the RSR. There is great agreement between theoretical considerations
and numerical simulations. For the RSR, however, other effects such as field line random walk
contribute to the diffusion coefficient. Moreover, the turbulence level plays an important role for 𝛿
– QLT predicts 𝛿 = 1/3 in the limit of very weak turbulence 𝛿𝐵  𝐵, whereas the Bohm diffusion
yields 𝛿 = 1 for strong turbulence. In between, there must be a transition, which simulations of [10]
hint for Kraichnan turbulence and [7, 9] find for Kolmogorov-type turbulence. For the limiting case
𝑟 𝑔  𝑙 𝑐 , i.e., when the mean-free path length is smaller than the correlation length, field vectors of
turbulence would change on larger scales than the particle scattering processes relevant to diffusion
occur. An effective background field from the point of view of the particles would emerge that
result in a reduced 𝛿 that may be consistent with QLT [11, 12]. Especially for investigations at these
low particle energies, numerical effects on simulation results have to be investigated and minimized
[13].
In summary, the following parameters for the scaling of the diffusion coefficient apply in any
4
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Figure 2: The lines represent the critical time needed to have 99.9% particles propagating diffusively for
the given plasmoid settings. Only for time scales larger than indicated by the lines, a diffusion approach is
reasonable.

case:
(
𝛿=

1/3 to 1 for RSR: 𝑟 𝑔 . 𝑙 𝑐
2

for QBR: 𝑟 𝑔 & 𝑙 𝑐

.

(5)

Taking this into account, it becomes evident that higher energy particles take longer to become
diffusive. Figure 2 illustrates this relationship by visualizing equation 1 for different parameter
combinations of possible plasmoids moving in the jet. The time 𝑡diff, 𝑁 needed for the fraction 𝑁 of
the particles to be diffusive depends on the parameters 𝐸, 𝐵 and 𝑙c . Figure 2 shows this condition
for different plasmoid parameters. Particles of a given energy have to stay longer in the plasmoid as
indicated by the line that corresponds to the plasmoid settings. For particles that leave the plasmoid
earlier, a ballistic transport description has to be chosen. Note that the addition of strongly aligned
background fields leads to larger parallel diffusion coefficients, which are expressed in a longer
initial phase until the diffusive phase is reached.

4. The space-domain
The previous analysis has demonstrated that particles in the RSR as well as in the QBR need time
to become diffusive. The following simplified picture emerges under consideration of the different
values for 𝛿 for RSR and QRB. Particles in QBR will leave usual astronomical sources faster than
5
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they have time to become diffusive1 because of the large diffusion coefficients arising from their
fast increase with energy, i.e. 𝜅 ∝ 𝐸 2 . This picture can now be applied to typical astronomical
sources and environments of cosmic rays. Each environment contains different magnetic field
configurations covering different magnetic field strengths and coherence lengths of the turbulence,
as shown in figure 3. The plot also shows the lines representing the transition from RSR to QBR
for particles of the indicated energies. Only particles above the line corresponding to their energy
can become diffusive in the typical residence times.
This plot thus provides a first overview of whether particles of given energy should be diffusively
or ballistically propagated in the individual sources. From this observation, it becomes evident that
the propagation of high-energy particles in AGN plasmoids only takes place ballistically. Particles
with energies of 3 · 1018 eV, for example, must be treated ballistically in AGN plasmoids, whereas
1The details must then be calculated on a case-by-case basis according to the equations motivated in the previous
section

6
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Figure 3: The affiliation of charged particles to the resonant-scattering regime and the quasi-ballisitic regime,
depends on the magnetic field strength, the correlation length 𝑙 c of the magnetic field (related to the system
size) and the particle energy, where the transition of both regimes is given by 𝑙 c ≈ 𝑟 g . Under the relationship
described in the text between the rapidly growing diffusion coefficient in the QBR and the associated rapid
increase in the time required for particles to be diffusive, it is assumed here in a simplifying approach
that particles in the QBR regime are described ballistically on the scales of the objects. Consequently, the
comparatively small diffusion coefficients in the RSR allow the assumption of a valid diffusive description
of the particles. According to this argumentation, the drawn lines of particles of the same energy can shift
slightly with a change in the turbulence level and the real extension of the magnetic field.
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propagation in AGN cores takes place diffusively. Only for particle energies below 1015 eV can a
diffusive consideration make sense for certain magnetic field properties in AGN plasmoids.

5. Outlook
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The considerations presented here can also be extended to estimates of the escape time of
particles from specific astrophysical systems. For details, we refer to a follow-up study. Future
discussions and investigations of particle propagation in compact sources must take into account
these criteria presented here, and based on them, employ the correct propagation approach – ballistic
or diffusive. In future work, common loss processes for charged particles need to be considered.
We defer a more detailed look at acceleration times compared to propagation time to later studies.

