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• Solves RT equation along selected rays and computes 
radiation 4-force vector directly

Long characteristics Short characteristics

Rijkhorst+06

Characteristics Method for  
Point Source Radiative Transfer



Adaptive Ray Tracing
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Figure 2: Orthographic view of HEALPix partition of the sphere. Overplot of equator and
meridians illustrates the octahedral symmetry of HEALPix. Light-gray shading shows
one of the eight (four north, and four south) identical polar base-resolution pixels. Dark-
gray shading shows one of the four identical equatorial base-resolution pixels. Moving
clockwise from the upper left panel the grid is hierarchically subdivided with the grid
resolution parameter equal to Nside = 1, 2, 4, 8, and the total number of pixels equal to
Npix = 12⇥N2

side = 12, 48, 192, 768. All pixel centers are located on Nring = 4⇥Nside � 1
rings of constant latitude. Within each panel the areas of all pixels are identical.

among pixels, and to compute e�ciently more complex objects, e.g. the Fourier transforms
of individual pixels.

Specific geometrical properties allow HEALPix to support two di↵erent numbering
schemes for the pixels, as illustrated in Figure 3.

First, in the RING scheme, one can simply count the pixels moving down from the north
to the south pole along each iso-latitude ring. It is in the RING scheme that Fourier
transforms with spherical harmonics are easy to implement.

Second, in the NESTED scheme, one can arrange the pixel indices in twelve tree structures,
corresponding to base-resolution pixels. Each of those is organised as shown in Fig. 1. This
can easily be implemented since, due to the simple description of pixel boundaries, the
analytical mapping of the HEALPix base-resolution elements (curvilinear quadrilaterals)
into a [0,1]⇥[0,1] square exists. This tree structure allows one to implement e�ciently all
applications involving nearest-neighbour searches (Wandelt, Hivon & Górski (1998)), and

HEALPix 3.20
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• Spatially adaptive long characteristics


• Split rays to match the angular resolution to that of grid cell


• Angular discretization using HEALPix



Pros and Cons
• Conservative of photon energy and momentum


• Retains full information about the directionality of radiation flux


• Best suited for UV radiation from a small number of massive stars


• Photoionization/direct radiation pressure, coupling with 
chemistry

• Ill-suited to handling diffuse sources/scattering


• Computational cost scales as Nsrc x Ncell x Nfreq x mray.


• In practice, cost depends on problem geometry, domain 
decomposition, and parallel algorithm


• Difficult to parallelize



Science Applications

• Massive star formation with radiation feedback (Rosen+16, 19)


• Destruction of molecular clouds (Kim, J-.G.+17, 18, 19)


• Post-processing kpc-scale galactic disk simulations  
TIGRESS (Kim, C-.G.+17,18)


• Diffuse ionized gas (Kado Fong+19, in prep)


• H2 and XCO (Gong+19, in prep)


• TIGRESS with ART (see also Peters+17)


• Escape of radiation (e.g., Wise+09, Kim, J-.h.+13)

Rosen+16 Kim, J.-G.+18
Kado Fong+19



Ray-cell Interaction
• Photon Packets (PPs) are transported radially outward 

from the source and attenuated by gas and dust.
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Flow Chart

inject rays and compute Ndest,max

Nexit=0 
call advance_ray() until 

my_PP_list is empty or Nexit > Nexit,max

for each neighbor: 
if exit_PP_list is not empty: 

MPI_Isend PPs to neighbors

1. check for incoming PPs 
(MPI_Iprobe and MPI_Recv) 

2. check for pending MPI_Isend request 
(MPI_Testsome)

1. if my_Ndest≠0: 
add my_Ndest to Ndest,tot of root 

(MPI_Fetch_and_op), my_Ndest=0 
2. If Ndest,tot of root eq Ndest,max: 

update Ndest,tot of other processors

ray_tracing

Ndest,tot=Ndest,max? exit
yesno

traverse a cell 
calculating Δr,  

ΔL=Lin(1-e-Δτ), 𝓔, and F

need to 
split?

create 
children

exit this 
meshblock?

τν> τν,max? 
for all ν?

update my_Ndest or copy 
to exit_PP_list  
with Nexit=Nexit+1

update my_Ndest

advance_ray

exit

yes

yes

yes

no

no

no

Inject rays

Ray tracing

Send to 
Neighbors

Receive from 
Neighbors

Check if all rays 
are destroyed 

or exits the 
domain

Kim, J-.G.+17, Rosen+17



Radiation in Vacuum
mray = 4
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Strong Scaling

• Constant amount of work per process 
(323 cells/proc)

1pc

• Fixed problem size (2563, 5123 cells)

Weak Scaling

Kim, J-.G.+17



Thoughts
• Need to minimize the overhead associated with finding 

neighboring meshblocks when multiple meshblocks are 
assigned to a single processor


• Control flow with chemistry module


• Update species abundances based on radiation field


• Is operator split method with substepping best approach?


• Hybrid RT


• Aborption of UV radiation calculated by ART


• Moment method to follow diffuse IR emission from dust


• ART as an on-the-fly integration tool?


• Synthetic observation, column density maps, etc.


