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Figure 1.1: The electromagnetic spectrum from the energetic γ-rays to the radio regimewith a zoom-in on the optical regime.
From http://en.wikipedia.org/wiki/File:EM spectrum.svg.
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Figure 1.2: The spectral energy distribution of theHerbig Ae star ABAurigae. Red symbols and lines show themeasured emis-
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Figure 1.3: The time evolution of the density distribution of a

collapsing protostar from the 1D calculations of Larson (1969).

Units are inCGS, and the curves are labelled in units of the free-

fall time (∼ 1013s). Note how the density distribution ap-

proaches a profile of the formρ ∝ r−2.
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Figure 1.4: Schematics of the Hayashi and Henyey tracks in the Hertzsprung-Russell diagram for a star of one solar mass. The

protostar inquasi-hydrostatic equilibriumfirst appears above themain sequenceon theHayashi track,when thedissociationof

H2moleculesstarts. Its luminositydecreasessinceradiationgets trappedduetothe increasingdensityof thegaseousenvelope.

After the formationof the secondpre-stellar core, theprotostarmaintains amoreor less constant luminosityduring theKelvin-

Helmholtz contraction phase (Henyey track) until it reaches themain sequence.
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Figure 1.5: Schematics of the different phases of the low/intermediate mass star formation process; From Hogerheijde, M.

(1998), PhD Thesis, Leiden University, Holland.



Figure1.6: VariousHII regionmorphologies fromhydrodynamical simulations ofmassive star cluster formation including heat-

ing by both ionizing and non-ionizing radiation. The simulations were performed with the FLASH code and the hybrid charac-

teristics method by Rijkhorst et al. (2006), image from Peters et al. (2010).
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Figure 1.7: Pictogram of the structure and spatial scales of a flared protoplanetary disk. Above the pictogram is shown which

instruments are capable of resolvingwhichpart of thedisc. Below thepictogram is noted fromwhichpart of thediscwhich kind

of emission originates. FromDullemond andMonnier (2010).
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Figure 1.8: The Theta Orionis Trapezium constellation in the Orion Nebula as observed by the Hubble space telescope;

optical image (WFPC2), infrared (NICMOS). The five Trapezium stars resemble a relatively young cluster of massive

stars (15-30M⊙) which illuminate and ionize their surroundings. Note that in the infrared many more stars are seen while in

the optical image dust absorption blocks their light.
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Figure3.1: The staggered radiative transfer grid (solid lines) definedby the cell centers of

the underlying finite volume hydrodynamical grid (dashed lines). A long characteristic at
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Figure 3.2: Example for a 2D AMR grid distributed over two processors without sharedmemory. Local raytracing through the

domain is obviously restricted to the subdomain each processor is assigned to.
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Figure 3.3: The basic steps of the hybrid characteristics method for parallel rays (compare to Rijkhorst et al. (2006)); a) local

contributions as calculated with long characteristics. b) the outgoing face values which have to be communicated. c) example

for the interpolation of face values for a particular target cell after the communication step.
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Figure 3.5: The HEALPix tessellation scheme,

from Górski et al. (2005). The Area in light

grey shows one of the eight (four north, and

four south) polar base pixels and the dark grey

area shows one of the four equatorial base

pixels. Moving clockwise from the upper left

panel the base pixels are hierarchically subdi-

videdwith thegrid resolutionparameter equal

toNside = 1, 2, 4, 8 and the total number of
pixelsNpix = 12, 48, 192, 768.
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Figure 3.7: The radiation solver in themodular FLASH framework.
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Figure 4.3: The solutions of the Pascucci et al. (2004) benchmark problem. Left column: the temperature structure through

the xz-midplane of the disc for total radial optical depths of τ = 1 (top), τ = 10 (mid), and τ = 100 (bottom). Right

column: averaged temperature profiles in the xy-midplane in comparisonwith the solutions of RADMC3D. Solutions obtained

with FLASH/RTuse 768directions for the angular discretization. MonteCarlo computationswithRADMC3Dwere performed

using 108 photon packages.
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Figure 4.4: Results of the 1D diffusion test for different homogeneous spatial resolutions, nx=16, nx=32,

nx=64. The dashed lines show the initial conditions at t = t0 determined by the Gaussian solution of the diffusion equation.
The initial radiative energy (symbols) is evolved and diffuses outwards until t = 20 × t0 is reached and compared to the
analytical solution (solid lines) of thehomogeneousdiffusionequation. Fora sufficient spatial resolution, thenumerical solution

stayswithin1%accuracy. At theedgeof thedomain, theradiationsolverdeviates fromthediffusionsolutionas radiation leaves

the domain while the diffusion solution is valid for an infinite domain.
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nondimensionalized.
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Table 4.1: Results from the scaling test normalized to a run with 96 cpus; because of the increased communication overhead,

each cpu should handle as many block as possible in terms of memory requirements.
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Figure 5.2: Column densities along the main axes of the simulation box after the formation of the first hydrostatic core at t ≈
60 kyrs ≈ 1.07 tff . The rotational energy forces the gas to accumulate in a circumstellar disc (in the xy-plane) around the
first core.
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Figure5.3: Theplots showdensityweighted temperatureaverages (e.g.,
∫
ρT dz/

∫
ρ dz) fromhydrodynamical collapse cal-

culations. Results from the FLASH/RT calculations including radiative transfer. Results from FLASH calculations

using a barotropic equation of state. The ambient gas temperature in the FLASH/RTmodels is about 30% higher.



Figure 5.4: Temperature distribution with respect to the gas density in the simulation box at the end of the binary simulation.

Black dots show the temperature distribution from the FLASH/RT run, red dots show the temperature-density dependence of

the barotropic equation of state.
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Figure 5.5: Snapshots of the time evolution from the FLASH/RT calculations of the formation of a binary system. Initial condi-

tions are based on thework by Boss andBodenheimer (1979). The snapshots show the evolution of the column densities along

the rotation axis (z-axis) at t = 0.46 tff (top left), t = 1.05 tff (top right), t = 1.15 tff (bottom left) and t = 1.19 tff
(bottom right).
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Figure 5.6: Detailed view of the inner region of the simulation box at the end of the binary simulation run based on the initial

conditions by Boss and Bodenheimer (1979). The plot shows column densities along the rotation axis (z-axis) after the forma-

tion of the first hydrostatic cores at t ≈ 21 kyrs ≈ 1.2 tff with a maximum density of ρ ∼ 10−11 g cm−3. At the end of

the simulation run, the simulation covers 7 levels of refinement with amaximum linear resolution of∆ ≈ 1AU.
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Figure 5.7: Effects of radiative transfer on the gas temperature: The plots show density weighted temperature averages

(
∫
ρT dz/

∫
ρ dz) fromour hydrodynamical collapse calculations of the binary system formation at the end of the simulation

runs at t ≈ 1.2 tff . At this point, the hydrostatic cores have reached densities of aboutρ ∼ 10−11 g cm−3 at temperatures

ofT ≈ 40K. Results from the FLASH/RT calculations including radiative transfer. Results from FLASH calcu-

lations using a barotropic equation of state. Modelling radiative transfer with FLASH/RT accounts for radiative heating by the

two cores which results in an ambient gas temperature of up to 30% higher than in the reference run.
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Figure 5.8: Effects of radiative transfer on the ambient gas temperature for one of the cores in the binary formation simulation.

The plots show column densities and density weighted temperature averages (
∫
ρT dx/

∫
ρ dx) after t ≈ 21 kyrs ≈

1.2 tff . Columndensities and temperatures from theFLASH/RT calculations including radiative transfer. Column

densities and temperatures fromFLASHcalculations using a barotropic equation of state. TheFLASH/RT simulations show the

radiation shock where gas falls onto the circumstellar disc.



Figure 5.9: Temperature distribution with respect to the gas density in the simulation box at the end of the binary simulation.

Black dots show the temperature distribution from the FLASH/RT run, red dots show the temperature density dependence of

the barotropic equation of state.
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Figure 6.1: The problemwith the communication overhead: the plot shows fractional runtimes of the different steps involved

in the radiation transfer solver for the collapse simulations from Chapter 5. The solution is clearly dominated by a large com-

munication overhead because of the communication of face values.



Figure6.2: Comparisonof the runtimeofbasic non-blockingandblockingMPICommunicationwith an independent grid sweep

using12MPI taskon2 computational nodes. EachMPI task sends amessageof 160MBtoeachother task and sweeps a grid af-

terwardswhich is independent of themessage data. UsingMPI ALLGATHER to first communicate and sweep afterwards.

Using a series of 11MPI ISEND andMPI IRECV to manually exchange data while simultaneously sweeping the grid.

The non-blocking communication requires the call of theMPI WAIT subroutine in the end to check for successful communica-

tion. Black lines in the bottom chart show the individual data exchanges between the task. MPI calls are marked in red, local

computations aremarked in green.
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