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Our code is written in modular C++11 and has been entirely open source since the start of the development process (it
is hosted on github; see the link below or scan the QR code). The entire code is documented in line using Doxygen, and
all important routines and modules are covered by unit tests that ensure they work properly. These are run
automatically on a variety of systems using the continuous integration environment Travis CI after each commit to the
stable git branch.
Apart from unit tests, we also have a suite of benchmark tests that verify the physical output of the code. A detailed
code paper describing the code and benchmark tests was just submitted to Astronomy & Computing.

Figure 1. Surfaces of equal density for a dwarf galaxy simulation in the early stages.

SPH simulations of isolated dwarf galaxies have shown that their low masses make them very sensitive to external UV heating by the reionizing cosmic UV background (UVB) (Vandenbroucke, Verbeke & De Rijcke, 2016). Star
formation histories for simulated dwarfs show a strong initial peak of star formation which is shut down by stellar feedback. After this initial burst, external UVB heating prohibits diffuse gas in the low mass halo from cooling again,
effectively shutting down star formation completely. However, this does not agree with observed isolated dwarf galaxies with similar masses that have considerable amounts of neutral gas and show signs of active star formation
(McGaugh, 2012; Weisz et al., 2014). Taking into account the merger history of the dwarf galaxy halo and including metallicity dependent stellar feedback alleviates the discrepancy between models and observations (Verbeke,
Vandenbroucke & De Rijcke, 2015), but also adds some poorly constrained new parameters to the models.
For computational reasons, the addition of the UVB in our models is done based on local ISM properties, whereby the heating and cooling depend on the local gas density and metallicity. The density dependence allows us to
account for the local effect of self-shielding (whereby dense gas is effectively shielded from the UVB by surrounding gas), but does not give us any information about the surrounding gas. As can be seen from Figure 1, the dense,
neutral gas in our models has a very complex geometrical structure: low density cavities that are created by supernova feedback are surrounded by denser gas, and are effectively shielded from the external UVB. This hints that our
local approach will underestimate the neutral gas fraction in the center of our models, effectively overestimating the effect of the UVB.
In this work, we investigate this further by post-processing some of our simulation snapshots with our newly developed Monte Carlo photoionization code CMACIONIZE (a rewritten version of the photoionization code of Wood,
Mathis & Ercolano, 2004), which computes the ionization structure of the gas in our models much more accurately.
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We regrid the central 16 × 16 × 16 kpc of the SPH density structure on to a regular Cartesian grid with 256 × 256 × 256 cubical cells, assuming a hydrogen only
gas. We also read in the simulation star particles, which represent ~1000 M⊙ stellar populations, and determine which of them are young enough to host UV
luminous O and B stars. For each of these, we set up an actual photoionization source with a total luminosity equal to the integrated UV luminosity of the
entire population. For simplicity, we assume a simple black body spectrum at 40,000 K for all these sources.
To model the UVB, we include an isotropic external radiation field, with a total luminosity corresponding to the total UV flux entering the simulation box. We use
the UVB spectrum of Faucher-Giguère et al. (2009), evaluated at the redshift corresponding to the simulation snapshot time.
The total luminosity of all sources (both internal and external) is discretized into 108 photon packets, which are propagated through the grid randomly using a
Monte Carlo technique. This allows us to estimate the ionizing intensity in each cell. Since the UVB has a significantly lower luminosity than the internal sources, we
use weighted photon packets, and make sure half of the photon packets is used to discretize the external radiation field.
Once we have good estimates of the ionizing intensity in each cell, we can solve for the ionization structure in the cell by balancing ionizations and recombinations
(we use a constant recombination rate equivalent to a hydrogen gas temperature of 10,000 K). Since this will change the optical depths in our cells, we then need
to rerun the photon propagation step and repeat the entire process until we get a converged results (we use 20 iterations, which is more than sufficient).

Method

Results

Figure 2. Left: neutral gas mass as a function of time estimated using the local gas quantities
(old model), and using full radiative transfer (new model), within different cut off radii from
the galaxy center. Right: relative difference in neutral gas mass between both models.

Figure 3. Slices through the neutral gas fraction for an early snapshot of a dwarf galaxy. Left:
neutral gas fraction estimated from local gas properties, middle: neutral gas fraction given by
radiative transfer, right: difference between both models.

Figure 2 shows the neutral gas mass as a function of time for one of our dwarf galaxy
models, estimated using both the old, local gas property based method used during
the simulation, and using radiative transfer in post-processing. We show values
computed within a number of cut off radii from the center. Overall, the old model
reproduces the actual neutral gas mass reasonably well within all radii and at all
times, indicating that we do not dramatically underestimate the neutral gas content
in our simulated galaxy.
The new model does show strong fluctuations in the total neutral gas mass at later
times which are completely absent in the old model estimates, likely due to low
density channels through which ionizing radiation enters the central cavities opening
up and closing again.

If we look at the neutral gas maps in figure 3, we do notice an important difference
in where the neutral gas is located: in the old model the neutral fraction (per
construction) only inhabits dense regions, with less dense regions surrounded by
denser regions being only partially neutral.
In the new model result, we can clearly see how intermediate density regions are
shielded by surrounding gas and are now completely neutral. There is hence a much
stronger contrast between neutral and ionized regions.

We conclude that while the old model predicts the total neutral gas mass accurately,
it does not always yield the correct local neutral gas mass, with some dense regions
being more ionized than expected, and a lot of intermediate density regions being
more neutral. Dense ionized regions can still cool efficiently and potentially fuel later
star formation, and the same holds for intermediate density neutral regions.
Intermediate density ionized regions however can only cool if they are effectively
shielded from the UVB, which will never happen in the old model.
Hence, there is a significant reservoir of potential star formation fuel that is lost from
our simulations by using a local property based neutral fraction estimate.

Outlook

To recover the lost star formation fuel in our simulations, we need to use a more
advanced treatment of the radiation field in our simulations, and effectively perform
radiation hydrodynamics (RHD). To this end, we have coupled our photoionization
algorithm to the moving-mesh hydrodynamics scheme implemented in the
simulation code SHADOWFAX (Vandenbroucke & De Rijcke, 2016).
We do not expect these RHD simulations to be computationally efficient enough for
large science runs, but we will use them as a reference to finetune more
approximate methods to treat the radiation field.

We parallelize our algorithm using a task-based shared
memory approach. Each parallel thread draws tasks from a
shared task pool, limiting the load imbalances between the
different threads (as illustrated above).

Despite containing a significant serial fraction, our algorithm 
scales very well, as
shown on the scaling
plot to the right.
There is a significant
overhead induced by
the necessary locking,
but once that is taken
into account we find
the expected linear
scaling.

RHD

We coupled our photoionization algorithm to a finite volume method (by setting the temperature of
the ionized region to a higher value and adding the corresponding energy as a source term) and used
that to simulate the STARBENCH benchmark expansion of a D-type HII region (Bisbas et al., 2015).
We reproduce the expected expansion rate for the ionization front, both with a fixed Cartesian grid,
and using a co-moving Voronoi grid (as illustrated in the figure on the left).
We will extend this approach to full dwarf galaxy simulations in the future.

Figure A1. Density and neutral fraction as a function
of radius for the STARBENCH benchmark expansion
of a D-type HII region at 𝑡 = 0.0987 Myr.


