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ABSTRACT

A three dimensional parallel Monte Carlo dust radiative transfer code is presented. To overcome the
huge computing time requirements of Monte Carlo treatments, the computational power of vectorized
hardware is used either utilizing multi—core computer power or graphics processing units. The ap-
proach is a self-consistent way to solve the radiative transfer equation and calculate dust temperatures
and scattering events in arbitrary three dimensional configurations. The spectral energy distribution
(SED) of the object is derived at low spatial resolution by a photon counting procedure and at high
spatial resolution by a ray—tracer. The latter method allows to compute noise free images of the objects
at any frequencies and arbitrary viewing angles. We test the robustness of our approach against other
radiative transfer codes. The SED and dust temperatures of one or two dimensional benchmarks are
reproduced at high precision. In addition different Monte Carlo optimization algorithms are analyzed
and their capability of parallelization is discussed. The code is applied to model the appearance of
AGN at optical and infrared wavelengths. A clumpy AGN torus model is presented, in which grains
are fluffy composites of silicate and carbon. The dependence of the SED of the AGN by varying the
number of clumps in the torus or the viewing angle is studied. The appearance of the 10um silicate
absorption and emission features is discussed in the context of the model. The clumpy torus is used
to fit the SED of the radio loud quasar 3C249.1 for which a cirrus component is required to account

for the far infrared emission.
Subject headings: test

1. INTRODUCTION

Dust obscured objects cannot be studied directly in
the UV /optical, since the dust shields most of the vis-
ible light. To derive the UV/optical component or
to constrain the morphological structure from available
near/far infrared data, a detailed model of the interac-
tion of photons with the dust is required. The problem
is to solve the radiative transfer (RT) equation. Analyt-
ically, this can only be done in some simple configura-
tions, for example by assuming spherical or disk symme-
try in which either scattering or absorption is neglected
and the wavelength dependency of the dust cross section
is strongly simplified, e.g. by a gray body approxima-
tion. Nature, however, is usually not well approximated
by such assumptions and numerical modeling is the only
way to solve this problem.

Dust is detected in the majority of active galactic nu-
clei (Haas et al. 2008). According to the unified scheme
(Antonucci & Miller 1985), AGN are surrounded by a
dust obscuring torus. This torus, as argued by Kro-
lik & Begelman (1988), needs a clumpy structure to
allow the survival of dust grains in regions where the
gas temperatures (~ 10° K) are extreme compared to the
dust sublimation temperature. Indeed, Tristram et al.
(2007) show with VLTT observations of the Circinus ac-
tive galactic nuclei (AGN) strong evidence for a clumpy
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or filamentary structure of the nucleus.

In this paper a numerical method is presented, which
solves the radiative transfer equation in a three dimen-
sional geometry, based on the Monte Carlo technique
(Witt 1977; Sect.2). To reduce the required computa-
tional effort, different optimization strategies are devel-
oped (Lucy 1999; Bjorkman & Wood 2001; Gordon et al.
2001; Misselt et al. 2001; ?; Baes 2008; Bianchi 2008;
Baes et al. 2011; Sect. 3). Our numerical solution of
the radiative transfer equation takes advantage of some
of these optimization algorithms and is specifically de-
veloped to be vectorized and to run on graphics process-
ing units (GPU). They are introduced into the original
code developed by Kriigel (2008). The MC routine han-
dles arbitrary dust distributions in a three dimensional
Cartesian model space at various optical depths. The
self-consistent solution provides the dust temperatures;
spectral energy distributions (SED) and images are com-
puted using a ray—tracer (Sect. 4. The code is tested
against existing benchmark results (Sect. 5). The influ-
ence of clumpiness of an AGN dust torus on the SED
and the 10um silicate feature is discussed and a model
of the radio loud quasar 3C249.1 is presented (Sect. 6).

2. MONTE CARLO RADIATIVE TRANSFER

In our MC procedure the bolometric luminosity
L = fooo L,dv of the central engine is divided into
N = m n,y monochromatic photon packets of equal en-
ergy £ = L/N, where m is the total number of frequency
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Fig. 1.— 2D illustration of the three dimensional grid and the

trajectories of the photon packets. The grid is divided into cubes,
which can be further divided into sub-cubes. The source emits
photons at (i), which interact or not with the dust. By interaction
photon packets are either absorbed (ii) or scattered (iii). Multiple
interactions may occur in one cell (iv). After absorption the
packet will be re-emitted by the dust at a different frequency.
Frequency changes are illustrated by different line styles. Finally,
(v) the packet escapes the model space.

bins of the heating source and n,y counts the number
of photon packets per bin. The width of the frequency
bin with index j between the frequencies v; and v;i1,
Av = |vj41 — vj|, is derived from the spectral shape of
the radiation source and the energy of a photon packet

L
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The primary heating source emits photons for exam-
ple in the optical and UV while the dust emission occurs
at IR and sub-millimeter wavelength. Two frequency
grids are considered: The first one is set up by Eq. (1)
and accounts for the emission of the primary heating
source. The second frequency grid is an extended ver-
sion of the first one and includes additional bins in the
IR and sub-millimeter to scope with the dust emission.
The interaction probability between photons and dust
particles in the radiative transfer problem is computed
by the absorption £2** and scattering x5°® cross-sections.
The code includes different grain materials and size dis-
tributions.

The model space is set up as cubes in an orthogonal
Cartesian grid. Each cube is divided into an arbitrary
number of sub-cubes of volume V; and constant density
pi (Fig. 1), where the index refers to subcube i. The
subdivision of cubes allows a finer sampling whenever re-
quired: For example close to the dust evaporation zone,
in regions of high optical depth or where the spatial gra-
dient of the radiation field is large. One possible trajec-
tory of a photon is illustrated in Fig. 1. Photons are
emitted by the source at frequency v;, , where j, is the
index of the frequency grid of the source. The flight path
of the photon through out the model space is computed.

The direction of the photon is chosen from a uniform
distribution of random numbers (;,(> in the interval
[0, 1], so that ¢ = 27y and cosf = 1 — 2. The distance
from the entry point of a photon into a cell ¢ to its exit
point along the travel direction is ¢;. In the MC method
the interaction of photons with the dust in a sub-cube
can be determined with an uniform distributed random
number ¢ (Witt 1977; Lucy 1999) and the optical depth

Ti) = (522 4K pi b 2)

Photons leave the cell if 7; < —log( and otherwise
they interact with the dust. If a packet run through a
cell without interaction it enters according to its travel
direction a neighboring cell. At the border of the model
space it eventually escapes. When a photon packet enters
a cell a new random number is chosen to determine the
interaction probability of photons with the dust !. The
photon packet interacts with the dust after it has traveled
a distance
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The travel distance ¢, defines the point in the cell where
interaction takes place and photons are either scattered
(Fig. 1.ii) or absorbed (Fig. 1.ili). Depending on its
optical depth multiple scattering or absorption events
may occur in a cell (Fig. 1.iv). In case of an interaction
event the probability of scattering is given by the albedo
A, = k3¢ ) (k5% 4+ Kk2%%) and therefore the chance of
absorption is 1 — A4,.

When a photon is scattered on a dust grain the
packet keeps its frequency, but changes its travel di-
rection according to the phase function of the parti-
cle. With the asymmetry factor g,, which approxi-
mates anisotropic scattering, the cross—section becomes
k5ce = (1 — g, )k5®. In the isotropic case the asymme-
try factor g, equals 0. The index of the cell and the
frequency of the scattered photon is stored. This allows
us to compute the source function of the cell i, which
will be used in a ray-tracer developed to compute the
observed image at any frequency (Sect. 4).

When a photon is absorbed a new one with different
frequency and direction is emitted from that position.
The frequency of the emitted photon packet is given by
the temperature of the absorbing material. The emitted
photon has the same energy as the absorbed one. All
photon packets contain the same amount of energy &,
therefore the total number of absorbed photon packets
per particle and cell is used to calculate the temperature
of each material. After k absorptions of photon packets
by dust the cell ¢ has a temperature T; j calculated from:

k&
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TV (4)

//{stBl,(Ti_’k) dv =
where B, (T} ) is the Planck function.
Dust emits a photon packet at the shortest frequency
v’ calculated with:

L It can be confirmed that the interaction probability calculated
with a new random number is in agreement with the treatment of
a travel distance which is determined by a single random number
(Lucy (1999)).
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In the Monte Carlo method one follows all N photon
packets through the dust cloud until they reach the outer
boundary of the model and escape. For each cell the ab-
sorption events are counted. When all packets escaped
the model space, the number of absorptions in a cell is
used (Eq. (4)) to calculate its dust temperature. An it-
erative MC method is started with an initial guess of
the dust temperatures. This allows to compute the fre-
quencies of packets emitted by the dust (Eq. (5)). After
all packets escaped the model space another N photons
are emitted by the source and their flight paths through
the model are computed. However, this time using the
dust temperatures of the previous run. This procedure
continues until the dust temperatures converges, which
usually takes about 3-5 iterations.

3. OPTIMIZED MONTE CARLO RADIATIVE TRANSFER

In this section we describe various optimization tech-
niques which are introduced into our MC scheme to in-
crease the accuracy and decrease computing times.

3.1. Small optical depth

The Monte Carlo approach solves the radiative trans-
fer problem in a probabilistic way. Dust temperatures
become uncertain and have large errors whenever the in-
teraction probability is low. This is the case in cells of
low optical depth where many photons fly—by without
being absorbed or scattered by the dust. The statistical
noise in such cells can be reduced significantly apply-
ing a procedure developed by Lucy (1999). Contrary to
the method described in Sect. 2, in which only absorp-
tion events contribute to the temperature calculation of
the cell, the Lucy method considers the absorbed energy
of every photon packet traveling through the cell. This
technique increases the temperature accuracy of the MC
treatment in low optical depth regions. It has no ad-
vantage when the optical depth 7; > 1 as interactions
between photons and dust are likely.

We follow Sect.3.4 of Lucy (1999) and implement a
similar optimization technique. Whenever the maximal
optical depth of a cell i is smaller than 1072, the en-
ergy absorbed by the dust E2b® is a small fraction of the
energy of a photon packet and it holds that

B =(1-eT)¢ (6)

where 7; is the optical depth from the entry to the exit
point of the photon of cell i. Thereby the frequency of
the photon packet remains unchanged.

3.2. High optical depth

The Monte Carlo solution of the radiative transfer
equation becomes slow for very optical thick regions,
where the number of photon interactions with the
dust increases exponentially. To avoid photons getting
trapped in cells of very high optical depth a modified
random walk procedure which is based on the diffusion
approximation is presented by Fleck Jr. & Canfield
(1984). The method is tested by Min et al. (2009) and
numerical enhancements are given by Robitaille (2010).

3.3. Iteration—free Monte Carlo

An iteration free Monte Carlo scheme is developed
by Bjorkman & Wood (2001) (B&W); see Baes et al.
(2005); Kriigel (2008) for helpful comments. In the B&W
method the temperature of the dust in a cell is immedi-
ately adjusted so that the frequency v/ of the emitted
photon is corrected to the previous events. Contrary to
Eq. (5), dust re-emission occurs at the shortest frequency
v’ for which

v dBV(Tk-) /'OO dBy(Tk;)
abs > abs
/0 A T dv > ¢ ; Ky, IT v (7)

is valid. Both methods described in Eq. (5) and Eq. (7)
are implemented in the MC code and can be used upon
preference.

3.4. Parallelization on graphics processing units

The Monte Carlo method to solve the radiative transfer
problem is particularly suited for parallelization because
all photon packets are independent of each others (Jon-
sson 2006; Heymann 2010; Siebenmorgen et al. 2011).
By vectorization of the code a number of photon pack-
ets are emitted simultaneously. The number of packets
launched at a time depends on the threads? available
on the computer. The trajectories of the photons can
then be calculated in parallel. In parallel environments
an additional requirement is set on the random number
generator. Sequences of random numbers must be inde-
pendent per thread. We solve this problem by applying
a parallel version of the Mersenne Twister algorithm as
given by Matsumoto & Nishimura (2000).

Parallelization is most efficient when all processing
units finish their task within the same amount of time.
Then vectorization speeds up the code roughly equal to
the number of threads available. Unfortunately this is
not always the case. The number of interactions of pho-
tons increases exponentially with the optical depth 7
and photon packets may get trapped in cells with say
v > 1000. The workload of these cells is much higher
than for cells at much lower optical depth. This results
in a rather unbalanced workload over all threads so that
the advantage of vectorization slows down considerably
or may even get lost. In our application idle threads
are avoided as much as possible. Every-time a thread
finishes the trajectory of the photon packet within the
model space a counter is increased. If the counter reaches
80% of the total number of parallel working threads and
if the number of interactions of the photon packet within
a cell is larger than 100 the thread pauses. In this case
the position and frequency of the photon packet is stored.
Close to the end of the simulation when all photons with
average processing speed escaped the model space, the
stored photons are resumed. This procedure allows a
balanced workload among all threads. In addition the
modified random walk procedure of Robitaille (2010) is
implemented (Sect. 3.2.)

This code utilizes two different parallelization meth-
ods. It can be used on shared memory machines using
the openMP library to run as many parallel rays as there

2 A thread is the smallest unit of processing that can be sched-
uled in a parallel environment.



TABLE 1
RUN TIME REQUIREMENTS OF DIFFERENT MONTE CARLO METHODS.

Method Threads Time

(min.)
Lucy 1 180
B&W 1 60
Lucy 8 45
B&W 8 20
GPU 256 3
GPU+Lucy 256 4
GPU+B&W 256 2
GPU+B&W+Lucy 256 2

are processor cores available and on vectorized hardware
(GPU) highly optimized for parallelization. The com-
plete Monte Carlo radiative transfer solution is ported
to GPU using the Compute Unified Device Architec-
ture (CUDA) developed by NVIDIA (CUDA 2011). This
speeds up the entire MC solution in comparison to the
method by Jonsson & Primack (2010), which provides
only a GPU acceleration when computing the tempera-
ture of a grain.

3.5. Parallelization and optimization algorithms

The run time requirements of the different Monte Carlo
methods are compared. We consider a star at tempera-
ture of 2500 K with solar luminosity which heats a spher-
ical and constant density dust envelope with an inner ra-
dius of 0.7 AU and an outer radius of 700 AU. The optical
depth is measured from the star to the outer boundary
is 7v = 10. Parameters of the dust are specified as in
Sect. 5.1. In the models 107 photon packets are emitted
from the star and 10° grid cells are used.

We apply the Lucy (Sect.3.1), B&W (Sect.3.3.)
method in a scalar (single thread), a CPU version with 8
threads, a GPU version with 256 threads and in addition
the iterative MC scheme of 2 on a GPU machine. Ini-
tializing times of the various MC methods are identical.

As described in Sect.3.1 for the same number of emit-
ted photon packets the Lucy method provides a better
temperature estimate than the other methods. In the
Lucy method the fraction of a photon packet is con-
sidered. This can only be realized by considering float-
ing point operations which are more computer expensive
than integer operations. In our test case the scalar ver-
sion of the Lucy method is run with three iterations and
requires a total run time of 3 hours (Tab. 1).

For single thread applications the iteration—free MC
scheme by B&W (Sect. 3.3) has the advantages that it
speeds up the process by a factor which equals the num-
ber of iterations required for convergence in the other
MC treatments. However, in the B&W method mem-
ory interaction between different cells are unavoidable
and they slow down the parallelization capabilities of
this method. The memory interaction between cells rises
with the number of threads and therefore the amount
of necessary atomic memory operations® increases with
parallelization. To minimize the number of atomic mem-

3 Atomic operations are operations which are performed without
interference from any other threads. Atomic operations are often
used to prevent conditions which are common problems in multi—
thread applications.

ory operations we solve the problem in an iterative MC
scheme using Eq. (4). This allows parallelization with
a huge number of threads. At low budget this can be
realized using GPU technology and these MC meth-
ods are labeled as such in column 1 of Table 1. The
GPU method may be further optimized in combina-
tion with the Lucy (GPU+Lucy) or the B&W method
(GPU+B&W). On our conventional computer we use a
GPU with 256 threads (8 multiprocessor each with 32
cores) clocked at 1.5 GHz. When compared to a single
thread CPU application clocked at 3 GHz a speed up fac-
tor due to vectorization of 60 is realized. This is below
a theoretical expected speed up factor of 128 because of
additional overheads produced by input/output routines
and memory transfers in the GPU machine.

Total run times of the various methods with different
numbers of threads are given in Table 1. The vector-
ized Lucy method scales slightly better with the number
of available threads than the other algorithms because
fewer atomic memory operations are required. The speed
increase by vectorization as compared to scalar MC treat-
ments is proportional to the number of available threads.
The GPU method with B&W optimization becomes a
factor 90 faster than the original Lucy method.

4. RAY-TRACER TO COMPUTE SEDS AND IMAGES

Photons which eventually escape the MC model space
in a particular solid angle can be counted and converted
into a flux density. In principle this method allows to
compute images of the object. Unfortunately to obtain
a moderate signal-to—noise ratio the number of photon
counts per solid angle must be high which is difficult
to reach within reasonable computing times. Here we
present a ray-tracing method which allows us to com-
pute noise free images, SEDs and visibilities at high spa-
tial resolution. The ray—tracer uses the temperature and
scattering events of the cells calculated with the MC code
(Sect. 2). The uncertainty in the derived images is there-
fore based on the precision of the MC computation.

In the algorithm rays are traced from an arbitrary ori-
ented observer plane through the model space of the MC
cube. The ray tracer together with the MC method al-
lows us to calculate the flux received on each pixel of an
image in the plane of the observer. The observed image
is located at distance D from the object which is the
center of the cube. The orientation of the image plane
is defined by its surface normal é,’. The axis of the
image plane ¢é,’, €y' is perpendicular to €,’. The coor-
dinates (z,y,z) of the 3D model space are transformed
by a parallel projection into the coordinates (2',y’) of
the 2D image in the observers plane. The image consists
of n, x my pixels, with a pixel size chosen so that the
complete model fits in the projection. The center of the
image io is located at position [0, Yo, z0] and has image
coordinates [z{,yy]. The projected coordinates [2',y'] of
the image are transformed into MC cube coordinates by

Mo y) =0+ (@ —ap) &'+ (' —wo) &', (®)
where ¥ = [x,y,2]. The ray—tracer follows the line of
sight from each detector pixel in direction &,” through
the MC model. Adding the contribution of emission and
scattering from each cell ¢ along the line of sight results



in the observed intensity. The contribution of cell i to
the total intensity is

II/,i = (Ilil + Ilil) 677'1,,1‘ 5 (9)

where I ; refers to the intensity of the dust emission and
I ; to scattering; 7,,; is the optical depth at frequency v
of cell 7. For convenience we drop in the following index
1, the optical depth is

¢
r, = K2 / p(F)ds | (10)

where K %% is the absorption cross section per unit dust
mass and £ is the path lengths. It is measured along the
ray from the border of the MC model to a point in cell i
which is at half-distance between both piercing points of
that cell. The dust mass of cell 7 is p; V;. The emission
is

I¢ = p; V; K, B,(T) . (11)

For isotropic scattering the intensity is given by the
total number of scattering events N*¢*

NSC(IE
T in Av

where Av is the width of the frequency bin. The flux
density is computed summing up the contribution of each
cell given by

S

(12)
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5. BENCHMARK

The vectorized MC method is tested against the 1d ray
tracing code by Kriigel (2008). Further verifications of
the MC and comparison with benchmark tests are de-
scribed below

5.1. Spherical symmetry (1D)

Benchmark models in 1D are provided by Ivezic et al.
(1997). They consider a spherical dust envelope which is
centrally heated by a 2500 K star with luminosity of 1Lg.
For the test the dust absorption and scattering coefficient
are for wavelength below \g = lpym: @¢aps = gsca = 1 and
for longer wavelengths: gsca = Ao/A and gaps = (Ao/A) 7%
Models are computed at optical depths of v = 1, 10,
100 and 1000 with inner radius ry, = 3.14, 3.15, 3.20 and
3.52 AU, respectively. The dust density is constant and
the outer radius is roy; = 1000 X 7,. The models are
run on a grid with 10° cells and 2 x 10® photon packets
per iteration are launched from the star. The number of
MC iterations are 3, 4 and 5 for 7v < 10, 100 and 1000,
respectively.

MC computed temperatures are compared to the one
calculated by DUSTY (Ivezic & Elitzur 1997) and Kriigel
(2008); they agree within <1%. The SEDs are shown
in Fig. 2 in which each quadrant represents models at
different optical depths. In the quadrants the SED are
shown in the top and the flux difference between MC
and benchmark in the bottom panel. The SED of the
MC models are either computed by photon counting or

~

using the ray—tracer (Sect. 4). The difference of the SED
computed by MC and DUSTY is typically better than a
few %. It becomes larger at faint fluxes where the ray
tracing is more accurate than the packet counting proce-
dure because of photon noise. For the 7 = 1000 model
the counting method starves at fluxes below 0.2% from
the peak flux. We encountered numerical inconsistencies
in the DUSTY code at flux levels $1078 from the peak
when compared against the radiative transfer code by
Kriigel (2008).

5.2. Disk geometry (2D)

TABLE 2
PARAMETERS OF 2D BENCHMARK BY PAscuccl ET AL. (2004)
Symbol Parameter Value
My Stellar Mass 1 Mg
Rs Stellar Radius 1Re
T, Stellar effective temperature 5800K
Tin Inner disk radius 1 AU
Tout Outer disk radius 1000 AU
rq Half of outer radius 500 AU
Zd Disk height 125 AU
a Grain radius 0.12 pm
0 Density for 7y = 1 8.4510722gem—3

Ty Optical depth at 550 nm 1,10, 100

Different methods to compute the RT in a 2D dust con-
figuration are compared by Pascucci et al. (2004). They
consider a star which heats a dust disk. The inner region
r < rin is dust free and the dust density distribution is
similar to those described by Chiang & Goldreich (1997,
1999):

Td _ (2 2
plr,z) = po (“4) e (027G (14)
with .
h = 24 (5)1‘125 , (15)

where 7 is the distance from the central star in the mid-
plane of the disc and z is the height above the mid-plane.
The parameter pq is chosen such that the optical depth at
550 nm along the mid-plane is 1, 10 and 100, which leads
to densities py = 8.4510722,8.451072! and 8.4510~2°
gem 3. Additional parameters are specified in Table 2.
The absorption and scattering cross sections are that of
a 0.12um silicate grain (optical data* are taken from 7).

The SEDs calculated by the various algorithms and
treatments used by Pascucci et al. (2004) agree to better
than 20%. The RT in the disk is solved by our GPU code
and the derived SED are compared to an averaged SED
of the results given by Pascucci et al. (2004)

In the Monte Carlo program we use 3 x 10% cells and
run models with 2 x 10® photon packets per iteration.

For the optical depth along the mid-plane of the disk
with 7v < 10 we use 3 iterations and found in the SED
an overall agreement to the benchmark results to within
a few %. In the 7v = 100 case 4 iterations are used
and the SED and differences to a mean SED over those
computed in the reference models is shown in Fig. 3.

4 download from
http://www.mpia.de/PSF/PSFpages/RT/benchmark.html
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Comparison of SEDs of dust spheres at optical depths between 7y = 1 and 1000 computed with MC and ray—tracer (green) or

photon counting (dashed), benchmark results in black (Ivezic et al. (1997)). Lower panels give the difference between benchmark and the

procedures of this work.

Two different inclinations 12.5° (face—on), 77.5° (edge-
on) are displayed. The residual between SED computed
by us and the mean SED of the benchmarks is typically
a few % and larger deviation are found at fluxes below
1% of the peak flux. This is visible at the border of
the wavelength grid and in the 10um silicate absorption
band where variations from one SED to another in the
reference codes are also larger.

6. CLUMPY AGN TORUS MODEL

The unified scheme of AGN (Antonucci & Miller 1985;
Padovani & Urry 1990) predict that the central engine is
surrounded by dust so that the obscuration depends on
the viewing angle. The detailed geometrical configura-
tion of dust around the AGN is still a matter of debate
(Stalevski et al. 2011). Observations are not able to re-
solve the inner part of the objects. Theoretical consid-
erations favor a toroidal and clumpy geometry (Nenkova
et al. 2002; Schartmann et al. 2005; Honig et al. 2006;
Nenkova et al. 2008; Schartmann et al. 2008, 2010). Ob-
servational hints of a clumpy structure in which optical
thick dust clouds surround the accretion disc of the cen-
tral black hole are provided by the 10um silicate band.
This band is detected in absorption and emission. The
strength of the feature is much weaker than predicted by

homogeneous torus models (Pier & Krolik 1992; Granato
& Danese 1994; Efstathiou & Rowan-Robinson 1995; van
Bemmel & Dullemond 2003). A silicate emission fea-
ture is also seen in obscured AGN, where the broad
emission lines are hidden (Sturm et al. 2006; Mason
et al. 2009). Observations are explained by postulating
a clumpy torus structure.

For the dust around AGN we consider fluffy agglom-
erates of silicate and carbon as sub-particles. We use
a power law size distribution: n(a) o a=3® with par-
ticle radii between a— < a < a4 and a- = 160A,
ar = 0.13um. The bulk density of both materials is
2.5g/cm3. Dust abundances (ppm) are 31 [Si]/[H] and
200 [C]/[H], which agree with cosmic abundance con-
strains (7). This gives a gas-to—dust mass ratio of 130.
As relative volume fraction of the composite grain we
use 34% silicates, 16% carbon and 50% vacuum, which
translates, with abundances as above, to a relative mass
fraction of 68% silicates and 32% amorphous carbon. Ab-
sorption and scattering cross-sections and the scattering
asymmetry factor is computed with Mie theory and the
Bruggeman mixing rule. Optical constants are for sili-
cates by Draine (2003) and carbon by ?. This gives a to-
tal mass extinction cross section in the optical (0.55um)



edgeon
77.5°

100k faceon
10—1 -
I,
~
L 1077
/<
Lo-3 || — Reference
MC+RT
| == pure MC
107*F
20 | '1
1
é 0OF L .
< —10} -
—20}

sl

10 10° 10! 102

10t 10° 10! 102

wavelength \(pm)

Fic. 3.

Comparison of SEDs of a dust disk at optical depths along the mid-plane of 7v = 100, face-on view (12.5°) is shown left

and edge-on view (77.5°) right. SEDs are computed with MC and ray-tracer (green) or photon counting (dashed). The mean SED of the
benchmark results by Pascucci et al. (2004) is in black. Lower panels give the difference between the mean SED of the benchmark and the

procedures of this work.

of K&t = 35000. The wavelength dependence of K®** is
displayed in 7.

The hard (UV/optical) AGN radiation emerges from
the accretion disc around the massive black hole. Its

spectral shape is suggested to follow a broken power law
(Rowan-Robinson 1995):

A2 for —oco< A <0.0lum
const for 0.01 < A <0.10pum

AN 3205 for 01 < A < 1.0pm (16)
A3 for 1.0 < X <400

In the following we consider a clumpy AGN dust torus
of total luminosity of Lys = 10*° erg/s. The inner ra-
dius of the torus rj, is set by dust evaporation, which
is approximated by 7, = 0.4 (L45)°°pc. A clump is
represented as a sphere of constant density and radius
of 0.5pc. The optical depth through the center of the
clump is 7v = 30. The clumps are randomly distributed
within a half opening angle of § = 45° within the inner
radius of ri, = 0.3 pc and the outer radius of r,,; = 6 pc.
For random numbers (3, (2, (3 the position of the center

of the clouds is computed by
7=C1 (Tout — Tin)
¢=2m (2 (17)
b=5 +(2G— 1) .

If clumps overlap the density is constant and the same
as for a single clump.

6.1. Influence on clumps on SED

The AGN torus model is used to study the influence of
clumps on the SED. In the models the number of clouds
is varied using Ncjump = 500, 1000 and 2000. This gives
a total optical depth along the mid-plane of the torus of
v ~ 80, 140 and 200. The SED is displayed in Fig. 4;
at wavelengths <1 pm, the flux is emitted by the central
source and between lpym and 50um the SED is domi-
nated by dust emission. The dust temperatures are be-
tween 100 and 1500 K. At short wavelengths of the SED
the AGN is visible only in the face—on view and becomes
faint at higher inclination angles. At longer wavelengths
the flux is stronger in the edge—on view as compared to
observations at smaller inclination angles. The optical
depth of a single clump is high and already one or two
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of such intervening clouds define most of the spectral
behavior of the torus. The SEDs at viewing angles be-
tween 45° and 85° are similar. At these angles always
a few clouds are in the line of sight and dominate the
spectrum (Fig. 4).

Depending on the total optical depth and temperatures
of the dust the 10 pm silicate band of AGN are observed
in emission or absorption. In AGN viewed face—on (type
I sources) there is a direct view on the inner region of the
torus and a weak 10um silicate emission feature is ob-
served (Siebenmorgen et al. 2005; Hao et al. 2005; Sturm
et al. 2005). In edge—on sources (type II) the 10um sili-
cate band is seen in absorption.

The silicate features trace the amount of dust for a
given viewing direction and constrains the distribution
of the clumps in the torus (Nikutta et al. 2009). Ho-
mogeneous AGN torus models without a clumpy struc-
ture over predict the strength of the silicate feature (Ef-
stathiou & Rowan-Robinson 1995). In the clumpy torus
models presented in Fig. 4 the 10pum feature is in emis-
sion for face-on views as long as Nejump S1000. Individual
clouds are optical thick at 10um so that a single cloud al-
ready obscures the warm and optical thin region required

to observe the silicate band in emission. This is the case
in the face-on view of the model with 2000 clumps where
the emission and self-absorption of the silicate grains
cancels out and the spectrum becomes featureless. For
inclination angles § > 45° the silicate features is in ab-
sorption (?). The strength of the absorption feature de-
pends on the optical depth and therefore increases with
increasing number of clumps.

6.2. AGN images

The MC combined with the ray—tracer (Sect. 4) allows
us to compute images of the object at a given wavelength.
In Fig. 5 we present a 10pum and 0.55um image of the
clumpy AGN torus using Nejump = 1000. The mid IR
image is dominated by dust emission and the optical im-
age by scattered light. The face-on image in the mid IR
provides an unobscured view of the emission from hot
dust in the inner torus close to the AGN. In the image
clouds near the center dominate the emission. Further
out, clumps become cooler and the contribution to the
emission decreases. In the tilted view, at 45°, interven-
ing clumps obscure part of the emission from the central
region and the contribution of cooler dust becomes more
important than in the face—on view. In the edge-on view
most of the central region is no longer visible and the
emission is dominated by clouds located close to the bor-
der of the torus. However, because of the clumpy nature
of the medium close to the edge—on view there are still a
few lines of sight penetrating to the inner torus. This is
not the case in AGN models using a homogeneous dust
distribution. For all viewing angles and clump configu-
rations the scattered light images appear similar to the
emission images (Fig. 5). However, the flux in the op-
tical is two orders of magnitude fainter than at 10pm.
The scattering light image in the edge-on view becomes
fuzzy.

6.3. Quasar 3C 249.1

The clumpy AGN dust torus model is applied to fit
the SED of the quasar 3C249.1. The luminosity of the
object is 7 x 10* erg/s at redshift of z = 0.311 which
translates, using standard cosmological parameters, to a
luminosity distance of 1600 Mpc. The torus inner edge is
set by the sublimation temperature and leads to an inner
radius of r, = 1 pc. In the inner region of the model at
r < 25X 7y, the half opening angle of the torus is §; = 25°
and in the outer region up to rouy = 50X 1y, it is 55°. The
torus includes 5500 clouds. The number of clumps per
volume element decreases in the inner part and increases
in the outer part of the torus; other parameters remain
the same.

In order to fit data at A > 40pum we increased the
outer radius of the torus 7., and considered a two phase
medium in which the density in between the clumps is
varied. However, the far IR emission of the quasar can-
not be explained by the AGN torus. The far IR is dom-
inated by emission of cold dust located further-out in
the host galaxy. For simplicity we approximate this cir-
rus component by a modified black body, k2B, (T) at
50 K. The dust torus model fit the silicate emission fea-
ture as observed in the Spitzer spectrum and together
with the cirrus component a good fit to the overall SED
is achieved (Fig. 6).
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7. CONCLUSIONS

A parallel 3D Monte Carlo method is presented to solve
the radiative transfer problem of dust obscured objects
in arbitrary geometries. The code uses an adaptive three

dimensional Cartesian grid. It utilizes the advantage of
different optimization algorithms: in optical thin cells the
Lucy algorithm and in cells at very high optical depths a
modified random walk procedure by Fleck Jr. & Canfield
(1984) is included. The temperature of the dust is com-
puted in an iteration MC method or with the iteration—
free Bjorkman & Wood (2001) algorithm.

The spectral energy distribution of the objects is de-
rived by a photon counting procedure or a ray-tracing
routine. Photons which eventually escape the MC model
space are counted and converted into a flux density. This
method computes the SED of an object very fast when a
large aperture of several degree is used. Unfortunately,
for high spatial resolution the method starves with the
count rate. The SED of an object observed with a pencil
beam is computed by a ray tracer which uses the dust
scattering and absorption events of the MC cells as in-
put. The ray tracer allows to compute noise free images
of the scattered and emitted radiation at any frequency.

Monte Carlo schemes are known to be computing time
expensive. Therefore we put particular attention to solve
this problem. We use the advantage that the trajecto-
ries of the MC emitted photon packets can be traced
independent of each others. This allows a highly vec-
torized design of the MC program which is not realized



in previous work. With the vectorized code a speed im-
provement of about 100 is reached on a low budget com-
puter when compared to a scalar, non—parallel version
of the same program. This gain in the speed perfor-
mance of the computations is reached by applying either
a multi—core application using conventional central pro-
cessing units (CPU) or the recent technological develop-
ment of graphics power units (GPU). The parallelization
capabilities of various MC radiative transfer algorithms
are analyzed. By combining different MC algorithms we
report a linear scaling of the computing time with the
number of available threads (processor cores). The ray-
tracer to compute SED and images is another computer
time expensive procedure and is developed, similar to the
MC code, in vectorized form.

The 3D Monte Carlo is tested against the ray tracer
solution of the radiative transfer problem in spherical
symmetry by Kriigel (2008). Further we verified our pro-
cedure against one and two dimensional benchmarks of
the literature. The code reproduces the spectral energy
and dust temperature distributions of the test cases at
high accuracy. As a first astrophysical application we
use the Monte Carlo code to investigate the appearance

of a dusty AGN at optical and IR wavelengths; a second
application on proto-planetary disks is presented in an
accompanying paper (?)

The dust around the AGN is geometrically configured
in a clumpy torus structure and is represented by fluffy
composite grains of various sizes made of silicate and
carbon. The influence of the number of clumps in the
torus on the SED is studied. We find that the clumpy
torus explains the observed “weak” silicate absorption
and emission feature observed in AGN. Images of the
AGN in the optical and the mid IR are presented by
viewing the torus from different angles. The spectral
energy distribution of the radio loud quasar 3C249.1 is
fit by the torus model and a cirrus component for the far
IR and sub-millimeter emission is included.

We are grateful to Endrik Kriigel for discussions and
helpful suggestions. This work is based in part on ob-
servations made with the Spitzer Space Telescope, which
is operated by the Jet Propulsion Laboratory, California
Institute of Technology under a contract with NASA.
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