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Abstract

We discuss an ongoing work: a new numerical approach for modelling radiation from active
galaxies. We use radio observations to determine the physical conditions in these objects and
to model the variability and spectral behaviour at higher energies across the electromagnetic
spectrum, in particular at the highest-energy gamma-rays.

1 Background: jets in active galaxies

Active galactic nuclei (AGN) are the central regions in certain galaxies where a supermassive black
hole in the centre of the galaxy ejects part of the in-falling matter in the form of two enormous
polar jets. These jets consist of plasma moving at relativistic speeds – typically faster than 99 % of
the speed of light, or 0.99 c – and they can extend to even a million light-years outside the galaxy.
Especially in blazars, where one of the jets points in our direction, the relativistically boosted
emission can outshine the host galaxy from radio frequencies to gamma-rays. (For an extensive
and up-to-date review of AGNs, we recommend [1].)

Perhaps the most striking observational feature of the highest-energy AGNs is their rapid vari-
ability; a source that has been passive for decades can suddenly “flare” and double its brightness
during one night. Although the wide range of the variability timescales (ranging from minutes to
decades) makes it very difficult to establish clear connections between various physical processes
in the source, observing, and modelling, the details of the variability – flaring in particular – is the
only way to gain insight into the physics of the objects.

One of the main tools in studying AGNs is the spectral energy distribution (SED), which tells
us how much energy the source emits at a given frequency range. In the SED of a typical radio-
loud AGN the energy is concentrated in two distinct “humps”. The first one, created by relativistic
electrons emitting synchrotron radiation in the jet, ranges from radio to optical or ultra-violet fre-
quencies. The synchrotron hump is strongly affected by relativistic shock waves moving outward
in the jet: the shocks compress and heat the jet matter and accelerate particles to extreme energies
(typical values for electron Lorentz factors are around 105, corresponding to 0.99999999995 c),
which they then radiate away immediately.

The second hump, usually covering X-ray and gamma-ray frequencies, is most often consid-
ered to be due to inverse Compton scattering; the relativistic electrons give energy to photons and
boost them to X- and gamma-ray energies. The spectral properties (peak frequency, maximum
brightness, spectral behaviour, etc.) of both humps are directly linked to the energy distribution
of the radiating particles, so detailed understanding of the spectra and the time evolution of the
radiation also requires understanding the particles and the local environment in the jet. Although
various shock models have been successful in explaining the basic properties of the flaring at
different frequencies, even the most-detailed current models are still limited to very simple ideal
cases and contain various physical over-simplifications.

New pressure for upgrading the modelling paradigm came from the early-release dataset of the
Planck satellite.[2] During its main task of mapping the cosmic microwave background, Planck
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also scanned the objects in the foreground at nine frequencies between 30 and 857 GHz. An
international team, lead from the Metsähovi Radio Observatory, carried out simultaneous ground-
and satellite-based observations of the hundred most interesting radio-bright AGNs to obtain as
complete spectral coverage as possible over the whole electromagnetic spectrum.[2] The final
release of the main body of the data is expected to happen before mid-2013, but already the
preliminary data suggest that in order to obtain a complete picture of the AGNs, we may need
to update radically some of the basic assumptions behind the contemporary models. (Detailed
description of the astrophysical problems involved is beyond the scope of this conference and the
interested reader is referred to the original article [2], or to a shorter review of the main results in
the context of this paper [3].)

2 Bottom-up modelling

Attempts to model AGN emission often take a “top-down” approach and begin by breaking the
problem into smaller pieces, which are then approximated in order to model them analytically or
numerically. For example, the jet is often assumed to be cylindrical, and the radiating shock com-
ponent is typically modelled as a homogeneous sphere filled isotropically with particles, whose
energy is either the same across the sphere, or follows a simple power-law distribution.

In recent years more detailed models have been able to go deeper into the physics, and different
finite-difference codes have been able to treat the radiating particles more accurately. This has led
to a new generation of models that combine the particles with photons to obtain X- and gamma-
rays via inverse Compton scattering. Many of these models have been successful in reproducing
parts of the high-energy emission from the physically-modelled particle population.

Even the most up-to-date models, however, often fail to account for the multifrequency vari-
ability over the whole electromagnetic spectrum. In particular, in order to fit the high-energy
emission the models require the particles to have properties that, when given as inputs for syn-
chrotron models, lead to lower-frequency spectra that are very different from the observed ones.
Partially because of the numerical and theoretical difficulties, and partly because of the torrent of
unprecedented gamma-ray data from new observatories built in the past ten years, many models
have been focusing only on the “exciting” highest energies, and in many modern models often
only the high-frequency part of the synchrotron component is compared to the observations. The
radio flux is typically taken to originate from older shock components or from the jet itself, or to
be otherwise disconnected from high-energy flaring.

In order to improve the modelling tools available to observers, and to construct a physically
accurate picture of the AGN phenomena, we are building a new numerical code that aims at
explaining the high-energy variability while being consistent with the lower-energy data. We
approach the problem “bottom-up” on many levels.

2.1 Bottom-up: starting from the lowest photon energies

Because synchrotron emission is the first and the most straightforward observable signature of the
particles and the environment that eventually produce the high-energy spectra and variability, we
begin by aiming at as detailed radio-to-optical modelling as possible.

Fig. 1 shows an example why it is necessary to observe and model the lower energies to get the
whole picture. Panel (a) shows the radio brightness of the blazar 3C454.3 for over three decades as
measured with the 14-metre radio telescope at the Metsähovi Radio Observatory. Planck observed
the source at the end of 2010 (marked with a solid vertical line), along with many other satellites
and ground-based observatories, in order to obtain as well-covered SED snapshot as possible. The
source happened to be, however, in a very unique state at that moment, undergoing the strongest
outburst ever observed in that source, and one of the strongest observed in any AGN. Without the
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(a) 37 GHz radio lightcurve. (b) Spectral energy distribution (SED).

Fig. 1: The blazar 3C454.3 as seen by the Planck satellite and collaborating observatories; see the
text for details. The lightcurve (a) is plotted from the Metsähovi observations database. The SED
(b) is adapted from [2]; the observational data is plotted with error bars; circles are drawn around
the datapoints for clarity. The whole SED can be seen in [2].

historical context provided by long-term monitoring campaigns the spectral snapshot could have
been severely misinterpreted. Combining the lightcurve with the SED (Panel b), however, made it
clear that instead of a typical state, we were seeing the synchrotron spectrum from a single strong
relativistic shock component (solid line) in addition to the synchrotron from the underlying jet
(dashed line). In particular, the lower cut-off in the synchrotron spectrum gives crucial information
about the particle energies and densities in the source, allowing us to draw a more accurate picture
of the long-term behaviour of the shock component behind the flare.

2.2 Bottom-up: from microphysics to large-scale structures

On the physical level we begin by describing the essential particle-level processes (energy gains
and losses, production and transport of radiation, etc.), and step by step work to higher abstraction
levels to describe the events on particle-population level. This direction allow us to calculate the
SEDs from self-consistent, physically justified description of the emitting particles, instead of the
usual, observationally motivated power-law distribution.

In the next steps of the model, we can study the evolution of the high-energy particles, their
emission directly by the synchrotron process and by inverse Compton scattering, and obtain the
full SED and the temporal evolution of a given jetted source. Ultimately, we will be able to create
a detailed, multi-scale physical view of the source.

2.3 Bottom-up: modular and object-oriented numerical modelling

The first models have already been tested and used – successfully – in modelling real sources. The
code used in Fig. 1 and [2] modelled the emitted spectra starting from the micro-physical level
using a finite-difference numerical method.

In order to take the bottom-up approach to its full potential, we are currently implementing
the particle-level physics using the smoothed-particle hydrodynamical method (SPH; see, for ex-
ample, [4]). In the SPH approach the charged particles of the relativistic plasma jets are divided
into discrete “collections”, each containing multiple nearby particles. Each collection is assigned
physical properties by summing over the contributions of each particle within the collection. By
using these collections, the computational time required for plasma simulations can be reduced
by orders of magnitude compared to simulating each particle individually, while still having the
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benefit of using detailed bottom-level description of the underlying physics. Simulation resolution
can also be adapted by varying the collection sizes based on, e.g., local particle density and its
changes in time.

The SPH method does not require a rigid mesh for representing the physical geometry of the
plasma flow. As a consequence, the geometry of the system can be, in general, freely chosen to
suit different parts of the jet, or different kinds of shock wave environments. The internal structure
of the source can be calculated self-consistently with no need for assuming ad hoc isotropy or
over-simplified geometries. This also makes the code adaptable to different kinds of astrophysical
systems involving shocked jets (including supernovas, gamma-ray bursts, and the galactic “micro-
quasars”), outside the initial AGN-jet scenario.

To our knowledge this is the first time a physically detailed SPH method has been applied to
modelling the radiation production in shocked AGN jets.

3 Summary

The synchrotron emission originating in the shocks in the AGN jet is the primary signature of
the relativistic particles that are responsible for the gamma-rays in the majority of AGN models.
Radio spectra and long-term lightcurves also provide additional information and tests that benefit
not only synchrotron models but also gamma-ray-focused research through better understanding
of the energetic particles and the radiation environment.

Recent Planck early results have increased motivation for more detailed models and for work-
ing our way bottom up, from particle-level physics to the synchrotron spectrum and, via secondary
emission mechanisms, all the way to gamma-rays. The early modelling attempts highlight the im-
portance of accurate radio-to-submillimetre observations and synchrotron modelling even in AGN
models that concentrate on the highest energies.

We are building a new numerical approach for modelling the radiation production in AGN
jets, with the emphasis on detailed modelling of the radio frequencies. By starting from the
particle-level physics and moving to higher levels of abstraction by the means of smoothed particle
hydrodynamics, we are tackling the problem “bottom-up” on various levels: physically moving
from small spatial scales to larger, observationally from low-energy radio photons to high-energy
gamma-rays, as well as by strictly adhering to the basic bottom-up modelling design in order to
mimic the nature’s way of constructing physical objects.
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