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In order to understand observable signatures from putative cosmic-ray (CR) sources in-source
acceleration of particles, their energy and time-dependent transport including interactions in an
evolving environment and their escape from source have to be considered, in addition to source-
to-Earth propagation.

We present the code CR-ENTREES (Cosmic-Ray ENergy TRansport in timE-Evolving astrophys-
ical Settings) that evolves the coupled time- and energy-dependent kinetic equations for cosmic-
ray nucleons, pions, muons, electrons, positrons, photons and neutrinos in a one-zone setup of
(possibly) non-constant size, with user-defined particle and photon injection laws. All relevant
interactions, particle/photon escape and adiabatic losses are considered in a radiation-dominated,
magnetized astrophysical environment that is itself evolving in time. Particle and photon inter-
actions are pre-calculated using event generators assuring an accurate interactions and secondary
particle production description. We use the matrix multiplication method for fast radiation and
particle energy transport which allows also an efficient treatment of transport non-linearities due
to the produced particles/photons being fed back into the simulation chain.

Examples for the temporal evolution of the non-thermal emission from AGN jet-like systems with
focus on proton-initiated pair cascades inside an expanding versus straight jet emission region, are
further presented.
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1. Introduction

With more than 60% of all the detected sources in the y-ray sky belonging to the class of
jetted active galactic nuclei (AGN), and their proposed contribution to the PeV neutrino and ultra-
high energy cosmic-ray (UHECR) sky, a deep exploration of the multi-messenger nature of this
source class is central. Where and how are the high-energy messengers produced? How are the
charged particles accelerated to such extreme energies and how can they escape the magnetized jet
environment? What is the overall composition of the jet? A tool that supports the investigation
of these questions is presented here: CR-ENTREES, a code for fully time-dependent Cosmic-Ray
ENergy TRansport in timE-Evolving astrophysical Settings.

CR-ENTREES is used as the base code for the heavy nuclei propagation code of [9] (see this
proceedings).

2. Propagation Physics

CR-ENTREES solves the following nonlinear system of coupled (integro-differential) Fokker-
Planck transport equations:
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Here, Fx = Fx(E,t) is the energy (E) and time (t) dependent density of the cosmic-ray (CR)

nucleons X = N, electrons and positrons X = e, muons, pions, kaons X = u, m, K, respectively, and
inj,pr _ ~inj,pr

N.e - ~N,e

and pairs (e), and Eloss = Eloss(Fy (€,1), B(2); E, t) the continuous loss processes that potentially

photons X =vy. QO (E,t) describes the source function of the primary nucleons (N)
depend on the (possibly evolving) magnetic field strength B(¢) and a energy (¢) and time dependent
target radiation field. Injection of secondary particles and photons produced in hadronic (h) and
electromagnetic (em) particle-photon, photon-photon and particle-field interactions are considered
with the density rates F2” = EPY(F,(e,1); E, 1), F/j{;ffK, FY" = FY(Fy(e1);E,1), F)” =
E)Y(Fy(e,0);€,1), FYY = FJY(F, (€, 1); €, 1). The rigorous treatment of a time-evolving emission
volume, magnetic field and target radiation field within the present setup causes the non-linearity of
this transport equation system. The user of CR-ENTREES can choose to consider the continuous
loss processes inverse Compton scattering, Bethe-Heitler pair production and synchrotron radiation
of all charged particles, and the catastrophic loss processes photomeson production, particle decay
and escape. For a conical jet setup adiabatic losses are taken into account as well. We note that in
the absence of nucleons the system becomes identical to a Synchrotron-Self Compton model.

3. The Model

While CR-ENTREES (thanks to its modular implementation) is flexible to be adapted to a large
range of geometrical setups where CR transport occurs, its first purpose is to describe a moving
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homogeneous one-zone emission region within a straight or conical outflow/jet. Here, CR transport
is treated in the co-moving frame. Hence, all input parameters (except the outflow speed - see
below) are considered in this frame.

3.1 Input: Characterizing geometry and environment

The moving (with given constant speed 3jc) spherical emission region of fixed or time-evolving
(in case of a conical outflow) radius R contains a homogeneous magnetic field of strength B and
(assumed) isotropic target radiation field for particle-photon interactions. Magnetic field evolution
is currently implemented with a B(t) o ¢~! scaling (with ¢ the co-moving propagation time) in case
of a conical jet setup. The target photon field density distribution is discretized on a fixed 161 log-

equal spacing energy grid in the range 10710

eV. A (diluted) blackbody with given temperature
T or power-law spectra (normalized using a given energy density) with up to 2 break energies (and
corresponding power-law indices) can be chosen to fill this target field. Alternatively, this field can
be filled for each energy bin by the user. The total target radiation field is then determined from the

internal (jet) radiation field (calculated in each time step) and the user-defined target field.

3.2 Input: Characterizing particle injection

Power-law spectra (of possibly exponential cutoff) of any particle type (or photon) within a
user-defined energy range and index are injected into the simulation chain. These injection spectra
(and all particle spectra during propagation) are discretized on a fixed 300 log-equal spacing energy
grid in the range 107312GeV. Currently, up to 2 particle populations can be injected. For their
normalization the number ratio of these populations and the particle-to-field energy density ratio
must be provided by the user.

All input parameter values are provided by the user in a dedicated steering file.

3.3 Energy loss processes and secondary particle production

We use Monte Carlo event generators (photomeson production and decay processes: [1]; Bethe-
Heitler pair production: modified version of [2]; inverse Compton scattering and photon-photon pair
production: [3]) to pre-calculate the yields and interaction rates (which are stored in HDF5-files)
of each interaction type, and discretized on a fixed 300 log-equal spacing energy grid in the range
1073-+12GeV for a range of energies for the target particle/photon. The corresponding yield and
interaction rate for the (assumed isotropic) target radiation field in each time step are then determined
by convolving over this target field. Synchrotron radiation yields and corresponding loss rates (using
pitch-angle averaged terms) of all produced charged particles (i.e., charged pions, muons, kaons and
electrons/positrons) are calculated following [4], [5], and [6] (for the self-absorption process). Note
that particles suffering from continuous losses in combination with catastrophic losses on a fixed
energy grid require a dedicated numerical treatment to let these particles move down this energy
grid from high to low energies.

The adiabatic loss time scale for particles of Lorentz factor y in a conical jet of opening angle
0.26/T'y [7], with Ty = (1 - /3?)‘0'5 the bulk Lorentz factor of the moving emission region, is

2
calculated to tyq = #t (1 — %) with Ry the size of the emission region at propagation time

t = 0. Note the decrease of the adiabatic loss rate with increasing propagation time.



CR-ENTREES Anita Reimer

Finally, neutral particles (including photons) escape on a time scale fesc n = %R(t) /c, while for
the charged particles’ escape time scale fesc ¢ = Ifesc,n With 7 > 1, is used.

All particle energy, adiabatic and escape losses are tracked as well throughout the entire
simulation chain to allow for the verification of energy conservation in each simulation time step.

3.4 Propagation method

We propagate y-ray, proton, neutron, electronic pair, muon, pion, kaon, muon and electron neu-
trino populations, discretized on a fixed 300 log-equal spacing energy grid in the range 1073-12GeV,
and lower energy photons on a fixed 300 log-equal spacing energy grid in the range 107!8--73GeV,
using the matrix multiplication method of [3], [8], [2] in the framework of CR transport. Here,
transfer matrices are created from the aforementioned yields and interaction probabilities which
describe the change after a given time step ot of the density of a given particle type upon all the
interactions pre-set by the user. Such explicit integration scheme, while extremely fast, requires to
use time steps that are smaller than the smallest time scale of the system (the Courant-Friedrichs-
Levy condition). Still, with the matrix doubling method of [8] applied, we found correct and stable
results also for somewhat larger time steps. Here, energy conservation is verified after each time
step.

3.5 Code output

CR-ENTREES’ output encompasses the co-moving density of all propagated particle types after
the pre-set propagation time, and interaction rates of all chosen processes, on the aforementioned
energy grid. Post-processing of the output density within the emission volume to transform into the
observer frame is carried out outside the CR-ENTREES framework.

4. Examples

As an example for the use of CR-ENTREES we show here the development of a pair cascade
initiated by a cosmic-ray proton population inside a magnetized, relativistically moving emission
region along a straight, and a conical jet. In our example model the initial size of the comoving
emission region amounts to Repi = 3 X 10'°cm, located at a distance of 10'7cm away from the
central engine, and moves with a speed that corresponds to a bulk Lorentz factor of I'; =22.4 = D
(where D is the Doppler factor). We instantaneously inject a relativistic electron population, that
follows a o 2 particle energy distribution between Lorentz factors y, = 1 and y, = 100, into the
magnetized (with initial magnetic field strength of 10G) emission region. These electrons build
up a synchrotrotron radiation field, which has its power peak in the X-ray domain (see Figs. 1, 2),
resembling an HBL-like synchrotron spectrum to some extend. Cosmic-ray protons, injected along
with the electron population with the same spectral index but in an extended particle energy range
fromy, =1toy, = 10%, initiate then, via proton-photon interactions in this evolving synchrotron
radiation field, a pair cascade, which we follow with time steps of 6t = 10*s. With an initial
particle-to-field energy density ratio of 10, and a proton-to-electron injection number density ratio
of 10°, the normalization of the two injected particle populations are set. In order to focus on the
cascade development, we switch off proton synchrotron radiation in these simulations. All other
processes, including charged particle escape (on a time scale fese ¢ = 3/4Remi/c) are kept active.
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Figure 1 shows the evolution of the broadband photon SED from a straight jet moving emission
region in the galaxy frame at times fops - D = 10%s, 2 x 10%s, 3 x 10%s, 10°s, 2 x 107s, 8 x 10°s
(black lines) and fops - D = 1.8 x 10%, 2.8 x 10%s, 5.9 x 10%s, 8.9 x 10%s (grey lines) after
the injection. The synchrotron radiation field, target for particle-photon interactions, reaches its
maximum power within less than one dynamical time scale, its decline is much slower. Figure 3
shows the correspondingly strongly asymmetric X-ray light curve (dashed red line). Also the
subsequently developing pair cascade responds with a fast flux increase, and a slower decrease past
its power maximum (see the y-ray light curves in Fig. 3). The 1 PeV neutrino light curve (violet
line in Fig. 3) responds even slower: Its power maximum is reached within less than a day (galaxy
frame), its decline starts clearly after the decrease of the photon cascade’s emission.

We then study such proton-initiated pair cascade development, using the same model parameters
as above, in a moving emission region within now a conical jet of opening angle ~ 0.66°. The
adiabatic expansion of the emission region leads in this case to further energy losses. At the same
time, the corresponding increase of the comoving escape time scales (from 7.5 x 10°s at injection
time to 3.7 x 10% at 1.5 x 107s after injection at the end of our simulations) as well as the decline
of the magnetic field o #~! keeps particles and photons inside the emission region and decreases
radiative losses. As a result, the increase and decrease of the target and cascade photon emission
is significantly prolonged, as can be appreciated from Figs. 2, 3 of our work: E.g., the duration of
the flux enhancement above one order of magnitude below the respective power maximum in the 3
energy bands shown seems a factor of 2-3 longer for the expanding conical jet as compared to the
straight jet.

From this study we conclude: The temporal evolution of the size of the emission region, e.g.,
as a result of the jet’s shape, has a significant impact on the resulting multi-messenger light curves.

5. Conclusion

We present CR-ENTREES (Cosmic-Ray ENergy TRansport in timE-Evolving astrophysical
Settings), a cosmic-ray energy transport code that solves the nonlinear system of coupled Fokker-
Planck transport equations for cosmic-ray nucleons, mesons, leptons, photons and neutrinos. Its
flexibility allows to study the resulting multi-messenger emission from particle and photon energy
propagation in an environment that is itself changing with time.

In this work CR-ENTREES is used to study the temporal evolution of pair cascades, initiated by
the instantaneous injection of relativistic electrons and protons, in an expanding jet, as compared to
a straight jet. We find that the cascade development in an expanding emission region, accompanied
with a diluted field environment, leads to a significantly prolonged outburst of multi-messenger
emission, as compared to the emission from a fixed-size region in a straight jet.
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Figure 1: Photon SED (host galaxy frame) from the emission region moving along a straight jet with
parameters as described in Sect. 4, at (comoving) times ¢ = 10*s (solid black line), 2 x 10%*s (dotted black
line), 3 x 10*se (dashed black line), 10°s (dashed-dotted black line), 2 x 10%s (dashed-triple-dotted black
line), 8 x 10°s (long-dashed black lines) and 7 = 1.8 x 10%s (solid grey line), 2.8 x 10°s (dotted grey line),
5.9 x 10% (dashed grey line), 8.9 x 10%s (dashed-dotted grey line) after injection. The red dashed line
indicates the 1 keV-slice, the blue dashed line the 100 MeV-slice and the pale blue dashed line the 1 TeV-slice
through the flux-energy-time data cube.
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Figure 3: Light curves (galaxy frame) from the straight jet (dashed lines) and conical jet (solid lines)
emission region taken at photon energies of 1 keV (red lines), 100 MeV (blue lines, 1 TeV (pale blue lines)
and at neutrino energy 1 PeV (violet lines).
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