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• Numerical Method

• Tests
– Streaming radiation tests
– Static isothermal monochromatic 
– Static blackbody
– Test5 – Classical HII expansion 
– Cosmological I-fronts

• Solver Scalability



  

Some standard Enzo benchmarks

• ISM turbulence (no DM)
– production:  20483 (UG) on 4096 cores
– capability: 40963 (UG) on 16,000 cores

• Cosmology 
– production (UG) e.g. LAF: 20483 (mesh) + 20483 (DM 

particles)
• 2048 cores

– capability (UG): 29443 (mesh) + 29443 (DM particles)
• 12167 cores 

– production (AMR): L7 - 10243 (mesh) + 10243 (DM 
particles) [root grid] (L7: 7 levels of refinement)

• 400,000 subgrids at z=5.8
• 2048 cores



  

Current species ionization module
Cell-local, uniform UVB driven,
Implicit chemistry + explicit gas 
energy

Gravity: N-body for
Particle position then
Poisson solve for grav
potential

Hydro: Eulerian PPM explicit
coupled to chemistry through
gas energy

RT species ionization module
Cell-non-local, J(x,v,t) driven,
implicit chemistry/gas energy/ J(x,v,t)



  



  



  



  

(Grey)



  



  



  

Classic Inexact Newton



  



  



  



  



  

Adaptive Time Step

Implicit ionization/radiation stability expands time step restrictions to the 
CFL hydrodynamic stability limit. For temporal accuracy of the solution
within the hydro step we implement adaptive time steps to help satisfy 
prescribed accuracy requirements. We define a weight vector for the 
expected magnitude of the solution component at cell i by:

We then estimate a local accuracy of the current time step as (N #cells, Ns #species): 

Where we use standard p-norm including p=∞ for the test problems which
reduces the formula – by definition – to searching for a maximum value.
Currently we use Ui,u

pred = Ui,u
n . With this estimate we set the new time step equal to:

(Constant value for normalized quantities)



  

Streaming Radiation
signal speed tests

1283 (red)
2563 (orange)
5123 (blue)
10243 (green)
20483 (violet)
Analytical (black)

Streaming direction

Turner & Stone (2001)
test problem: Evolution
to thermal equilibrium
Erad = 1012 ergs/cm3

Equilibrium value

Einit
gas = 1010 ergs/cm3

Einit
gas = 100 ergs/cm3

Non-equilibrium
Marshak Waves 
(Pomraning 1979;
Su & Olson 1996)
test problem (points); mesh
resolution convergence

X ∝ z: dimensionless 
     coordinate

U ∝ E(z,t)

V ∝ T4(z,t) 
normalized time = 1 

Radiating Shocks
Lowrie & Edwards 2008)
Planar, steady shock waves
in the grey non-equilibrium 
diffusion limit,
Mach-2 test problem 
(points) ; mesh resolution 
Convergence plot
Temperature in pre-shock
units

Precursor

Zel’dovich spike

Relaxation 
region



  

Test 1: Static isothermal HII Region 
(monochromatic) 



  

Test 2: Static HII Region (blackbody spectrum)
HI,HII profiles



  

Test 2: Static HII Region (blackbody spectrum)
Temperature profiles



  

Test 5(grey): Classical HII expansion

Profiles at t=10,100,200 and 500 Myrs



  

Cosmological I-fronts
from Shapiro & Giroux (1987)

zi : quasar redshift



  

Parallel Scalability (SG problem)

CPU scaling test performed
on SG (q0=0.5) problem between
z=4 to z=3.

Initial spatial grid of 643 is 
increased by factors of 23. 
Number of processors is 
subsequently increased by
the same factor.



  

Current Work towards real-universe applications

• Incorporate effective frequencies method: 
Obtain solutions at the three primary species 
ionization energies and interpolate between 
them and the optically thin background to 
reconstruct a “realistic” absorption spectrum

• Extension of the FLD solver to AMR 
hierarchy: requires HYPRE modification

• Point emissivity array nested in the AMR 
hierarchy at locations of star-formation or 
mass halo peaks for QSO driven 
photoionization



  



  



  

HI 1/8 projection
z=3 Lya simulation

N=2048  L=100 Mpc
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