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NYX at a glance

« 3-D Eulerian, Cartesian grid, finite volume code
« Evolve dark matter as collisionless Lagrangian fluid

* Evolve baryons as ideal gas using unsplit Godunov-type
methodology

« Adaptive mesh refinement (AMR) to extend dynamic
range

« Built on BoxLib software framework developed and
maintained in CCSE

« Code paper to appear in The Astrophysical Journal




AMR

* Block refinement: nested
hierarchy of rectangular grids

« Refinement by factor 2 or 4

* No strict parent-child relation

* Regridding procedure:
1. Tag cells on given criteria
2. Group into rectangular grids

3. Break into large patches if
needed




Dark Matter

« Dark matter is a collisionless fluid
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Baryonic matter

* Model “ordinary” matter as inviscid ideal gas

dpy 1 Euler equations:
a5 = oV (ppa) - Mass
p - Momentum
(cgotbw — —V - (ppuu) — Vp+ p8 - Energy
2
a(aaibE) = —aV - (ppuk +pu) + appu- g +aa((2 = 3(y — 1))ppe) + aluc

= (7 — 1)pe  Equation of state




Hydro: Split vs. Unsplit

* Rayleigh-Taylor instability: B
denser fluid on top of less
dense

» Operator-split methods
produce secondary
Instabilities.

* Price: unsplit methods are
factor of ~2 slower in 3D




Gravity Calculation

« Particle masses deposited on a grid to define density
— we use standard cloud-in-cell scheme

« Dark matter density and baryonic density added to
form RHS of Poisson equation, which is solved on
grid hierarchy

« Gravity used as source term for fluid equations on
grid

« Gravitational forces interpolated back to particle
locations for use in kick-drift-kick scheme
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BoxLib

C_AMRLIb/

BoxLib is a publicly available software framework
for building massively parallel block-structured
AMR applications.

C_BaseLib/
C_BoundaryLib/ C_CellMG/
F_BaseLib/ C_NodalMG/

Docs/ LinearSolvers/ C_TensorMG/

C_to_F_MG/

Sre/

C_BaseLib/ F_MG/

IntVect 10(0,0), hi(15,15);
Box bx(lo,hi); Tosts/
BoxArray ba(bx); // the Box
ba.maxSize(8); // the Box Tools/

F_BaseLib/

LinearSolvers/
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Tutorials/

MultiFab* data = new MultiFab(ba,2,6); C_scripts/

C_util/

delete data; F_scripts/
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BoxLib (p2)

» Pure F90 as well as hybrid C++ / F90 versions of basic BoxLib functionality
*BoxLib contains extensive software support for grid-based operations

as well as particles on adaptive hierarchical meshes. Particles are stored on
same node as underlying grid for fast communication.

» Multilevel multigrid solvers are included for cell-based and node-based data.

» Multiple time-subcycling modes supported for AMR simulations

» Parallelism is achieved using the distribution of grids to nodes using MPI as
well as on-node parallelism using OpenMP

» Native BoxLib format for checkpoint files and plotfiles — I/O speeds
comparable to NERSC benchmark — format supported by Visit



Scaling
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Validating gravity

« 256Mpc/h box, with 2563 particles

Q. =0.314

* O mpga = 0.686
Qparyon = 0.044
H=71km/s/Mpc
og = 0.84
n,=0.99

« z.=90

init —




Matter correlation function
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Halo mass function

« AMR codes commonly do
not get small halos in the
field; that would require
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Halo profiles

 AMR helps a lot in this case!
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Halo correlation function
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Validating gas dynamics

« Santa Barbara cluster
* Q=1

* Qampga = 0

* OQpyryon = 0.1

« H=250km/s/Mpc

* Boxsize = 64Mpc

* Z,; =63
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« Agreement with other AMR codes
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Central cluster entropy

« SPH and Eulerian codes
give different answers

* This does not depend on
resolution, number of
particles, etc. (Mitchell 2009)

« Standard SPH formulation
suppresses fluid instabilities :
and mixing 4t

Entropy [Arbitrary units]




Ly-A
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. On-the-fly analysis for
skewers (or T at least)




Ly-A modeling challenges

* Need to know distributions of HI and Hell, rather than just
“gas” density

* Photo-ionizing background is research topic in itself

* Hydrogen reionization (z~10) details likely do not matter at
z~3-2 (Hui & Haiman 2003)

* He second reionization at z~3 relevant (McQuinn et al.
2011)

. full radiation transport?
. sources”?

* First thing: optically thin medium




Cooling and heating

Model gas as a mixture of Hydrogen and Helium in their
primordial abundances

Atomic processes: excitations, ionizations,
recombinations, free-free

lonization states for each element calculated assuming
statistical equilibrium

6 species: HI, HIl, Hel, Hell, Helll and e-

In addition, cooling of e-on CMB photons

UV background heating (Faucher-Giguere et al. 2009)




lonization equilibrium

« Equations for 6 species:

Ueynpane + Ly 1o MHy = QUH T, Mo
Cemreonaeone + Uy Nieq = (v, + a)npe, ne
FfHH_HHH_ > = [, VNHe, NHe., -+ (C};"H+ -+ Cl-"(_-lj)"fl..He_F"l”l..p —

= Ofe, NHe, Net L etegNHeo e + FmH( NHeq

(1H6_+_+“H6+_+_ — F6H6+“H6_+_ + F V1L E e l7..2"H€_+_

are solved self-consistently with EOS temperature

my, /l
T=(y—1)-2
(v - )7
....................... using Newton—Raphson iterations
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Handling source terms

» Strang split:
. integrate H/C contribution to pe & pE over 0.5At
. advance the solution over At (all terms, but H/C)
. integrate H/C for another 0.5At

 Positive: flexibility in time-stepping for H/C, accuracy &
stability dealt separately (grain of salt), modularization...

* Negative: processes *are” coupled =» possible
misinterpretation of the flow

« Adaptive midpoint integration of
. Ape dt
(experimental)




Viz/Analysis

« Data format readable by
Vislt and yt

* Plotfile header
describes number of
AMR levels, the grid
boxes at each level, the
problem size, step time,
etc.

* |n situ analysis:
iIsodensity halo finder,
skewers...




