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Photoionisation codes such as MAPPINGS

(www. i f a. hawai i . edu/ ! kewl ey/ Mappi ngs) and CLOUDY (www. nubl ado. or g)

work on the premise that the region of cosmic matter of interest is in radiative equilibrium. In

other words, it is implicitly assumed that energy transport is solely via radiation. In most cases

of astrophysical interest, this approximation does not hold. Most astrophysical sources are

moving sources and their dynamical properties are governed by the local gravitational Þeld.

This means one must consider more general transport equations. These are typically ßuid

dynamical or particle trajectory equations.
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The fundamental conservation laws for mass, momentum and energy (which includes radiative

energy transport) must in general be considered in a realistic model of most astrophysical

sources. In the ßuid approximation, these are:

(i) mass continuity equation:
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(ii) momentum equation (Euler equation):

"
! v
! t

+ " v á∇v = −"∇#G −∇p + f visc (2)

where #G = −GM (r 2 + z2)! 1/ 2 is the gravitational potential and f visc is the viscous force

per unit volume responsible for momentum transport along velocity gradients by random

(thermal and turbulent) motions as well as by organised bulk motions.

Using the continuity equation, we can also re-write the momentum equation as:
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(iii) energy equation:
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where F rad = radiative energy ßux and

%int = internal thermal energy = 1
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, where µ is molecular mass.

These differential equation must be solved simultaneously. The only tractable means to do this

is with numerical simulations. Even so, solving for the radiation Þeld at all locations and at all

times still remains computationally prohibitive, so most simulations neglect the radiation term

or use a simplifying approximation.
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Some examples of simulations which numerically solve the ßuid (gas) dynamic equations,

usually with a Þnite-difference method. The aim is to Þnd a steady-state solution (w.r.t. time).

1. accretion onto black holes

Global 3D magnetohydrodynamic (MHD) accretion tori:

www. ast r o. v i r gi ni a. edu/ VI TA/ paper s/ t or us3d/ t or us3d. ht ml

2. jet-ISM interactions

Relativistic jets ploughing through an inhomogeneous ISM:

www. mso. anu. edu. au/ ! geof f / zdenka

(i) dens erupt05+zoom Ðlog density movie of jet propagating thorugh clumpy medium

(ii) M30.eta1.den ÐMach number 30 jet with same density as ISM, which in this case

represents a pre-existing radio lobe

(iii) M30eta 02 dens ÐMach number 30 jet with density 0.01 times that of ISM; here, the jet

stops and restarts
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Other techniques for numerically modelling photon transport and propagation effects are:

1. Monte Carlo methods Ðtrack individual photons and their interactions with matter; photon

transport similar to a Markov process. This method is mostly used for high-energy

(X-ray/&-ray) photons, since they have fewer interactions with matter than photons at lower

energies (which would make this method computationally expensive). Even so, MC methods

can still be computationally demanding, requiring typically # 108! 9 photons to achieve

sufÞcient resolution.

6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 7.0 7.1
Energy (keV)

0.0001

0.0002

0.0003

0.0004

0.0005

 N
or

m
al

iz
ed

 C
ou

nt
s 

(k
eV

-1
)

Observed Spectrum

Low Mass Simulated Spectrum

High Mass Simulated Spectrum
A comparison between MC simulated and
observed X-ray emission lines in mag-
netic catalysmic variable GK Per. Multiple
Compton scatterings can distort line pro-
Þles, especially in the case of the 6.4 keV
line due to the K! transition in F e.
(Simulations performed by PhD student
Aimee McNamara.)
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2. Ray tracing methods Ðfollow the laws of geometric optics for propagation of radiation

through a slowly varying, homogeneous, time-steady medium. This method is often used to

study gravitational lensing effects.

Simulations of emitting
gas near the SMBH at
the GC. Top panels are
for a maximally rotat-
ing hole, bottom pan-
els are for a nonrotating
BH. Horizontal and ver-
tical axes are distance
from the BH (in units of
r g) and intensity (arbi-
trary units), respectively.
The leftmost column is
the idealised theoretical
prediction. The centre
and right columns are
predictions for VLBI ob-
servations at two differ-
ent wavelengths.
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