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My Career as a 
Code Developer

• Thesis code (1980)

• ZEUS (w/D. Clarke; 1988)
Code Developer

• get interested in

• ZEUS‐2D (w/J. Stone; 1992)*

• ZEUS‐3D (w/D. Clarke; 1992)*

• KRONOS (w/G Bryan; 1994)*get interested in 
some physics

• develop a code

• KRONOS (w/G. Bryan; 1994)*

• ENZO‐SMP (w/ G. Bryan; 1995)

• ENZO‐MPI (w/G. Bryan; 1997)p

• apply and write 
some papers

ENZO MPI (w/G. Bryan; 1997)

• ZEUS‐MP/1 (w/R. Fiedler; 1999)*

• ENZO‐V1.0 (w/B. O’Shea; 2004)*p p

• make code public

• repeat

• ZEUS‐MP/2 (w/J. Hayes; 2006)*

• ENZO‐V1.5 (w/R. Harkness; 2008)*p
• ZEUS‐MP/2‐MFRT (w/D. Whalen; 2010)

• ENZO‐HP (w/R. Harkness; 2010)

ENZO MHD ( /D C lli & H X 2010)• ENZO‐MHD (w/D. Collins & H. Xu; 2010)

• ENZO‐RT (w/ D. Reynolds; 2010)
*available at lca.ucsd.edu/portal/software





20483 cell, 20483 DM particles, 6-species nonequilibrium ionization
ENZO-HP on 4096 cores NICS Kraken



Algorithm RequirementsAlgorithm Requirements

• Independent of N(sources) O(1)Independent of N(sources) O(1)

• Scalable WRT N(cells) O(N)

l bl ( ) (l ( ))• Scalable WRT N(processors) O(log(Np))

• Extensible to AMR

• Extensible to multifrequency

• Not too slow to useNot too slow to use

• Success! parallel multigrid



Outline

• Scientific motivation

• Photo‐ionization I‐fronts & Ionized FlowsPhoto ionization, I fronts, & Ionized Flows

• 3D cosmological radiative transfer

S lf i l i l di i• Self‐consistent cosmological radiation 
hydrodynamics (algorithm)

• The ENZO‐RT code & results

• Conclusions and future work

Eagle Nebula



TWiki resourcesTWiki resources

• Background readingBackground reading
– Observational Constraints on Reionization: Fan, 
Carilli & Keating ARAA 45 415 (2006)Carilli & Keating, ARAA, 45, 415 (2006)

– Ionization Basics: Whalen PhD thesis Ch. 2

– Methods for solving 3D radiative transfer equation– Methods for solving 3D radiative transfer equation

– Code comparison papers: Iliev et al. 2006, 2009

Whalen & Norman (2006) algorithm– Whalen & Norman (2006) algorithm

– Reynolds et al. (2009) algorithm



Scientific MotivationScientific Motivation
• Effect of energetic radiation (UV, X) on 
cosmological structure formationcosmological structure formation
– Cosmic reionization

f– depletion of baryons in low mass halos

– Suppression of star formation due to heating

– Escape fractions of internally generated radiation 
in galaxies/QSOs

• Evolution of radiation backgrounds and effect 
on IGM properties
– Reheating of the IGM by Quasars



Reionization
QuestionsQuestions

• Timing: 
– when did reionization begin 

and end?

Hi t• History:
– How does the ionized 

fraction of the intergalactic 
medium evolve with 
redshift?redshift?

• Topology:
– What is the topology of 

ionized gas before overlap?
– What is the shape of the 

“last neutral surface”?

• Astrophysics:
– What are the ionizing g

sources?



Baryon depletion in
low-mass haloslow mass halos

Solution to the galaxy
LF discrepancy with
ΛCDM?

UVB + stellar feedback?
ΛCDM?



Late He II Reionization
by Quasars
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Photo‐ionization, I‐fronts, and 
Ionized Flows

• Basics

• I‐frontsI fronts

• Simulating ionized flows

I f i bili i• I‐front instabilities

• Spectral hardening

Orion Deep Field



Basics: MicrophysicalBasics: Microphysical

continuum
E>0e Photoionization
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Basics: MacrophysicalBasics: Macrophysical

radiation field
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Basics: Macrophysical
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Stromgren Spheres
..

Stromgren (1939)

• For a uniform medium,

..

For a uniform medium, 
balancing ionizations and 
recombinations to n>1
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Stromgren Sphere Expansion Phase
..
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Cosmological Stromgren Spheres
Shapiro & Giroux (1987)

• In an expanding universe z0In an expanding universe
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CSS Time‐dependent Solution
Shapiro & Giroux (1987)

z0

z

neutral

- Analytical solution; ignores cosmological redshift of ionizing source
- Most QSO I-fronts never reach their Stromgren radius



Dynamic HII RegionsDynamic HII Regions

• Stromgren sphere isStromgren sphere is 
manifestly out of 
pressure equilibrium

n = n = n

Shock

• Pinside/Poutside~200

• Drives expansion

ne = np = n0
T~104 K

p

• As HII region expands, 
mean density drops, 

fully ionized

reducing internal 
recombinations neutral n0, T~102 K

• Rs ~ (nenp)‐1/3 increases 



I‐front jump conditionsI front jump conditions

2
222 CP γρ= 2

111 CP γρ=



Types of I‐fronts
Kahn (1954)
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Properties of I‐frontsProperties of I fronts

• weak R‐type
– Propagate supersonicallyWRT to both upstream 
and downstream gas

– Essentially no hydrodynamic coupling to gas

• weak D‐typeyp
– Propagate supersonicallyWRT to upstream gas but 
subsonicallyWRT downstream gasy g

– Therefore pressure difference drives a shockwave 
into the upstream gas

– Strongly coupled hydrodynamically



In PicturesIn Pictures
Weak R-type I-front

ionized neutral
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Dynamic HII Regions:
Pressure‐driven expansion phase

• Offset power‐lawOffset power law 
solution (Spitzer 1978)

n = n = n

Shock
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• Summary of I‐front phases

– Weak R 

neutral n0, T~102 K

– Critical R 

– Critical D 

Weak D– Weak D 
– Pressure equilibrium with ISM



I‐fronts in Power‐law Density Fields
Franco et al. (1990)
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Expansion of the “core shock”Expansion of the  core shock

• For ω>ωc, after the  3<<ωωcritc
cloud has been “flash 
ionized”, it has a huge 
pressure gradient 3
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X-ray emittingX-ray emitting 
hot gas (shocks)

Ionized hydrogen

UV sources
Simulating ionized flows

Tarantula Nebula, LMC



Simulating Ionized Flows: 
Governing EquationsGoverning Equations

0)(
t

υρρ
=⋅∇+

∂
∂ v

mass conservation

)( P
t

t

φρυυρυρ
∇−−∇=⋅∇+

∂
∂
∂

vv
v

momentum conservation

)()(

)()()(

ITd

GPe
t
e

iρ

ρυυ

±±∇

Λ−+⋅∇−=⋅∇+
∂
∂

∑∑∑v

vv

i d ti ti

energy conservation

    4

)()(

2 G

IT
dt j

j
jlj

j l
jli

i

ρπφ

ρρραυρρ

=∇

±±=⋅∇+ ∑∑∑ species advection-reaction

curvecooling,,)1(

)()(   , )( ,, ,, ,

Λ(T)ΛnmρnTkeP

hh
h
EdG

h
EdI

iiiB

jthj
v

jPIjj
v

jPIj
thth

γ

νν
ν

νσν
ν

νσν
νν

===−=

−⋅=⋅=

∑∑
∫∫
∞∞

dependent)-re(temperatu ratesreaction body -2 are   )(

curvecooling     ,   ,)1(  

T

Λ(T)ΛnmρnTkeP

jl

i
ii

i
iB

α

γ ∑∑



Solution Methods: ZEUS‐MP/2‐MFRT
Whalen & Norman (2006) 
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Photon‐conserving radiative transfer 
and ionizationand ionization

Abel, Norman & Madau (1999), Whalen & Norman (2006)

Idea: convert each photon removed from the beam into an ionized atomIdea: convert each photon removed from the beam into an ionized atom
Benefit: I-fronts propagate at the correct speed independent of resolution
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ZEUS‐MP/2 grid options:
1D, 2D, 3D

http://lca.ucsd.edu/portal/codes/zeusmp2p p p

• rays are cast parallel to radial coordinate for point source radiation

• rays are cast parallel x or z axis for plane wave illumination



Uniform Static Medium Verification TestsUniform Static Medium Verification Tests

no recombinations recombinations

Whalen & Norman (2006)





Adaptive 
Subcycling

CELLA  FOR TIMESCALES THREE

gase xt
e

tnt Δ Subcycling
Whalen & Norman (2006)
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Tarantula Nebula, LMC

I-front instabilities



Shadow Instability (R‐type)y ( yp )
O(1) density inhomogeneities modulate speed of R-type fronts rippling surface

Violent instabilities ensue when front transitions to D typeViolent instabilities ensue when front transitions to D-type

Whalen & Norman (2008)



Thin Shell Instability (D‐type)

Whalen & Norman (2008)





Z=6

Z=3.2

3D

Z=2.6

3D 
Cosmological 
Radiative Transfer



Cosmological Radiative Transfer Equation
cosmological 

redshift
cosmological 

expansion
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Local ApproximationLocal Approximation

• Prior to complete reionization, size of individual 
ionized bubbles small compared with cosmic horizon
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Methods for 3D RT used in Reionization
Si l tiSimulations

• Adaptive Ray‐tracing
– Abel & Wandelt (2002)
– Razoumov & Cardall (2005)
– Mellema et al. (2006)( )

• Monte Carlo
– Ciardi et al. (2001)
– Maselli et al (2003)– Maselli et al. (2003)

• Moment Methods
– Gnedin & Abel (2001)

h & d– Paschos, Norman & Bordner
(2006)

M. L. Norman Computational Methods in Transport, Granlibakken, Sept. 9‐14, 2006

Abel & Wandelt (2002)



HII Region in AMR Simulation of 
Pop III Star Formation

3 kpc

Abel, Wise & Bryan (2006)



Post‐processing N‐body density fields 
(large volumes)(large volumes)

- I-fronts are assumed to be weak R-type everywhere
- Cost is proportional to Nsource

200 
Mpc

M. L. Norman
Computational Methods in Transport, 

Granlibakken, Sept. 9‐14, 2006 Iliev et al. (2006)



I‐front “trapping”I front  trapping



Moment Methods: VTEF
• combine 0th + 1st angular moments of the time‐
dependent monochromatic transfer equation

• second order closure using Eddington tensor
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M. L. Norman Computational Methods in Transport Granlibakken 2004



Casting Shadows: VTEF vs FLD

M. L. Norman Computational Methods in Transport

Hayes & Norman (2003)

Granlibakken 2004



He II Reionization by QSOs
Paschos, Norman & Bordner (2007)

Z=6

Z=3.2

Z=6
Z=2.6

Z=3.2

Z=2.6

3 frequency groups
OTVET Eddington tensor
gas photoheating calculated
not dynamically self‐consistent (postprocessing)



Self‐Consistent Cosmological 
Radiation HydrodynamicsRadiation Hydrodynamics• \



Self‐consistent Cosmological Radiation 
Hydrodynamics/IonizationHydrodynamics/Ionization

Reynolds et al. (2009)
• GoalGoal

– Create a parallel scalable solver that couples 
cosmological hydrodynamics radiation transportcosmological hydrodynamics, radiation transport, 
chemical ionization, and gas photoheating self‐
consistently 

Implicit radiationExplicit cosmological 
hydrodynamics

(ENZO)

Implicit radiation 
transport, ionization 

kinetics, and 
photoheating



Cosmological Radiative Transfer Equation
cosmological 

redshift
cosmological 

expansion
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Spectral ModelingSpectral Modeling
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Why use FLD?Why use FLD?

• Invented by my thesis adviser Jim WilsonInvented by my thesis adviser Jim Wilson

• Simple and easy (no formal solution needed)

• Correct behavior in limiting regimesCorrect behavior in limiting regimes

• Causal propagation of radiation energy

• I am interested in large volumes and many sources• I am interested in large volumes and many sources, 
where diffuse radiation backgrounds dominate local 
effects (i.e., shadows)( , )

• SPD matrix efficient solution methods
• Extenstion to VTEF with analytic EFs straightforwardExtenstion to VTEF with analytic EFs straightforward



System of Equations



Operator SplittingOperator Splitting
let

iih d ddi
where

ch eee +=

 ionizationradiation/ with coupling  todue correctionenergy  is 
motionsichydrodynamtodueenergy  gas is 

c

h

e
e

Gas energy equation



Explicit hydrodynamicsExplicit hydrodynamics

This is what ENZO already does



Implicit Coupled SystemImplicit Coupled System

• non‐equilibrium multispecies modelnon equilibrium multispecies model

• LTE (2 temperature) model



Temporal DiscretizationTemporal Discretization
Generalized Crank-Nicholson (theta scheme)



Nonlinear SolverNonlinear Solver

• Global inexact NewtonGlobal inexact Newton



The Schur Complement
• For our systems that couple (e, n, E), the Jacobian matrices have the form

• All of these blocks are local in space, except for JE,E , which includes the linearized
diff i t W th f th bl k i t th tdiffusion operator.  We therefore group these blocks into the system,

where  D = I + Δt θ JE,E is a scalar‐valued reaction‐diffusion matrix.

• Since M-1 is easy to compute (block diagonal), we use the Schur complement to 
solve for (xe, xn) in terms of xE, to obtain the solution through a pair of solves:

.

MxM + UxE = bM xM = M-1(bM – UxE),
so

LxM + DxE = bE (D – LM-1U) xE = bE – LM-1bM.



Multigrid‐Preconditioned Conjugate Gradient

• The primary difficulty in solving these systems lies in the Schur complement 
system  

(D – LM-1U) xE = bE – LM-1bM( ) E E M

• Due to the diffusion approximation, and the spatial locality of M and L, this matrix 
is symmetric and positive definite.

• SPD systems are often solved using the conjugate‐gradientmethod;  a robust,   
l l l f l d dlow‐memory Krylov iterative solver.  Unfortunately, CG convergence rates depend 
on the eigenvalues of the matrix, which here spread rapidly with mesh refinement, 
resulting in slower convergence as the mesh is refined.

• We therefore precondition the CG solver,  i.e.    Ax = b   (P-1AP-1)(Px) = P-1b,           p , ( )( ) ,
where the symmetric operator P-1 comes from a geometric multigrid (MG) solver.

• MG methods, while less robust, exhibit                                                              
convergence rates that are independent                                                                             
of the matrix spectrum, resulting in nearof the matrix spectrum, resulting in near                                                                  
optimal log‐linear algorithm complexity,                                                                        
and scalability to thousands of processors.

• This MG‐CG combination results in a robust,                                                         
scalable solver for the inner Schur systemsscalable solver for the inner Schur systems.



Free Streaming RadiationFree Streaming Radiation



HII Region Expansion in static, homogeneous, 
i h l diisothermal medium (Stromgren sphere test)





Hydrodynamic HII Region Expansion
( h l bl )(Whalen & Norman test problem)

No analytic solution
All variables evolved



Hydrodynamic HII Region 
Expansion

shock

neutral shell

I-front

HII region

density temperature



Cosmological HII Region Expansion
(Shapiro & Giroux test problem)



Scalability, algorithmic and parallel

Weak scaling test: lattice of HII regions

Geometric multigrid is optimally scalable

HYPRE parallel implemenation also 
scalable  



Free‐Streaming Multi‐source Test



ENZO Cosmological AMR Code
Bryan & Norman 1997 1999; O’Shea et al 2004; Norman et al (2007)Bryan & Norman 1997, 1999; O Shea et al. 2004; Norman et al. (2007)

http://lca.ucsd.edu/projects/enzo

B Oli AMR• Berger‐Oliger AMR

• PPM and ZEUS hydro solvers

• PM dark matter solver

• FFT/multigrid gravity solver

• 6, 9, 12 multispecies ionization/chemistry

• UV and X‐ray backgrounds

• Various star formation and feedback recipes

• MPI parallel; C++/C/F90

• Coming 2010: MHD, RHD, hybrid parallel



Dark Matter: Tree vs. AMR‐PM
O’Shea et al. (2005)

For comparable dark matter halo mass function GADGET is much (10x) faster

364=N 33 64,128 == NM



Gas: Tree vs. AMR‐PM
O’Shea et al. (2005)

SPH a little “ragged” in the filaments and voids; entropy profiles different in halo cores

364=N 33 64,128 == NM



Science



“AMR everywhere”

256 cpus256 cpus
>300,000 grids



Huge unigrids

40963 cells/particles
4096 MPI tasks, 16,384 cores



Maiden Voyage of Combined Solver: 
Self‐Consistent H ReionizationSelf‐Consistent H Reionization

(done last week!)

• Emissivity movie

• Radiation moviebox Mpc comoving 8
parameters  WMAP5CDMΛ

Radiation movie

• Ionization movie

• Density movie
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Emissivity Evolution



Radiation Energy Density



Ionization Fraction Evolution



Overdensity Evolution



What’s it all mean?
• Dunno, just got movies 2 days ago

• Looks like code is workingLooks like code is working

• It’s like first light on a new telescope
N d d i i k i– Need to spend some time getting to know it

– Exciting though!

• Hints of substantial modification of baryon 
distribution in filaments and voids
– Photoevaporation flows

• Regulated cosmic star formation?g
– Next 12 months should be fun



ConclusionsConclusions

• Self‐consistent radiation hydro cosmologicalSelf consistent radiation hydro cosmological 
simulations are now feasible due to 
– Some physical simplifications (FLD)– Some physical simplifications (FLD)

– Scalable linear solvers (multigrid)

Implicit time integration (hydro timestep)– Implicit time integration (hydro timestep)

• Radiation solves takes about 50% of runtime 
(d bl th t)(doubles the cost)



Next stepsNext steps
• Extend to AMR

– switch to FAC multigrid solver

– explore timestepping issues

• Extend to multifrequency/multigroup
– H and He ionization H2 chemistryH and He ionization, H2 chemistry

• Develop hybrid FLD/ray tracing solver (w/ 
John Wise)John Wise)
– Ray tracing for AMR and shadowing

FLD f diff b k d di ti fi ld– FLD for diffuse background radiation fields



Let’emLet’em shine!shine!

M. L. Norman Computational Methods in Transport



Reserve slidesReserve slides



Basics: MacrophysicalBasics: Macrophysical

d

Photoionization kinetics
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Moments of the Specific Intensity

• radiation energy density (0th)
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• radiation flux (1st)
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• radiation pressure tensor (2nd)
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