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Early Structure Formation

mniverse becomes neutral at Z=1090

no photow drag -> gravitational collapse of
baryows possible

H2 molecules allow to cool

baraows collapse L dark matter meiero-halos and
form Lsolated very massive stars
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Pure Physics Problem

inttral condittons well calibrated obsewatiowaLLg to be
Gaussian randowm field described only by a power
speotncm

Theory pro\/wles extension to the smallest as Yyet
unobserved scales

qm\/i’cgj, hydrody WAVALCS, chcmis’crg and cooling phasios
well understood

O Flrst Structure Formation Ls well defined problem.
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However, range of scales...

r

O Stars are less thew a
trillion times smaller
than galaxies and
evolve on guite
different time scales
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First stars:

Simulation: Tom Abel (RIPAC/Stanford), Greg Bryan (Columbia), Mike Norman (ULCSD)
viz: Ralf Kihler (ABI, ZB), Bob Patterson, Stuart Levy, Ponna Cox (NCSA), Tom Abel (RIPAC/Stanford)
" “The unfolding Universe” Discovery Channel 2002
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Prnimordial H Il Region Dynamics
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0O mherethg 3D
probLem.

O Highly anisotropic
radiation field.

O Galaxtes too.

KIPAC/Stanford




Abel, Normawn § Madauw 1998 KIPAC/Stanford
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Sokasian, Abel § Hernguist 00-03
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10 Mpc sea les

A2104 - Chandra image
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| Howaliaw Staright”

viagh.y . dh i
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Orion Nebula

HST Cycle 4

Tom Abel ' KIPAC/Sta w{ord




sub AU scales
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Formally
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where I, = I(t,x, 82, ) is the monochromatic specific intensity of the radiation field, 7
is a unit vector along the direction of propagation of the ray; H(t) = a/a is the (time-
dependent) Hubble constant, and a = I?L'—ifj'ﬂ is the ratio of cosmic scale factors between
photon emission at frequency v and the present time t. The remaining variables have
their traditional meanings (e.g, Mihalas 1978.) Equation (1) will be recognized as the
standard equation of radiative transfer with two modifications: the denominator @ in the
second term, which accounts for the changes in path length along the ray due to cosmic

expansion, and the third term, which accounts for cosmological redshitt and dilution.
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It our simulation box is of side length L
and A, i1s the photon mean free path, then by construction A, < L. The ratio of the
third to the second terms in equation (1) is H La/c < 1, and hence the third term can
safely be ignored. Now, let us consider the factor @ in equation (1). For a photon which is
emitted at time t on one side of the box and absorbed on the other side at time t + L /¢,
a (%)” ~1+nL/ct =1+nL/Lyg, where 1 is the logarithmic expansion rate of the
universe (2/3 for 2, = 1) and Ly is the Hubble horizon scale. For L < Ly,a = 1, and
Vern = V. In practice, our dynamical timesteps are much longer than a photon crossing
time. However, even in this case accuracy limits our dynamical timesteps such that

Aa/a < 1, and hence @ = 1 in any given timestep. Therefore, setting @ = 1, equation
(1) reduces to its standard, non-cosmological form:

I‘I,,,+
c Ot

I - vj’v = Th — XIJILJ (2)

where now v is the instantaneous, comoving frequency.
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Strateqgy

O Split Point source radiation from diffuse radiation
O Compact sources of light cause most dramatic shaoows

Opiffuse photons in many applications are close to high
density regions and are absorbed

Opifferent methods best for different types offers mutliple
optimization strategies

O uUse multi-g roup tech V\iques
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n-VI, =n, — xu1p.

Tom Abel Abel, Norman § Madaw, 2002, Ap) KIPAC/Stanford




Time varying opacity

Ch@[{
dt
1,11 — exp(—0T,

e = 3 Lol = exp(=07,)

e krec71p7@e — N TNe —ngkpu

Veell

rays

e)q:LLaLtLg photon conserving
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Loop for Ray Tracing:

loop over sources

choose angles

loop over angles

casting rays

compute rates
Tom Abel RIPAC/Stanford
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Hydrogen Reionization -

Tom Abel Razoumov, Normawn, Abel § Scott, 2002, Ap) kpac/stanford




Faster then Light
lonization Fronts

drng Rjv; = Npg; [Npm] =#/s

Vr = NPH/(47TnH R%)

For Large N or small R one gets into trouble with
a pure attenuation equation

e

neluole time dependent term or force
Tom Abel r<ce (t—t_O) RIPAC/Stanford




jump condltlon for
lonization Fronts

Picture this along a single ray:
Lr

e
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O Store arrival times

O wovie shows contours of
constant time

O Gives quick rough Loea
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Arrival time technique

O cawn be extended to muLtf:PLe Sources

O To capture some aspects of the time-dependent
transfer equatiow

O Has been used with 100reds of thousand of sources
Ln 2D

0 Sokastan, Abel § Hernguist 2000-04: Studied heliwm
§ hydrogen retonization, 21em emission and

absorptiow and nature of ULV background at z~3.
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Lnes ray tracing

numbers

Self splittingp ackages emitteod and traced through
AMR grid hierpirehy for multiple energy group

Energy conserying at any spatial resolution

Be careful withimoving and accelerating sources

O
O unfortunatelylno adaptive time steps (yet)
0
O

Same pamLLeLLz:atLow Lssues as MC methods
Tom Abel RIPAC/Stanford
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O ewnergy denstty

O Flux

O eddington Tensor

O Transfer equ:
a0k = Si
c Ot O’
1 OF 0 2 .-
s e

= [ i ]
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O Stratght forward to compute

O Looks like gravity over numerous points of
different mass -> many numerical methods
available to compute this very rapidly
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0O Abel 1999, Php thesis
gnedin § Abel, 2001, NewA
OTVET:

Optically Thin variable Eddington
Tensor formalism
tnolependent of Nsources
very fast moment solver
multi-frequency
all cosmological terms
Adequate 2D-RT for apps. tn
cosmolog Y,
ISM ph 5s£cs,
star formation

O owly OTVET so far has lead to
publications with transfer and
hgdroolg namles coupled.
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O qnedin § Kravtsov tn prep

O (mplementation of approximative technique, OTVET, of Abel 1999 and
Tom Abel Guedin and Abel 2001 KIPAC/Stanford




Techniques equally
applicable for present

day star formation

Li, Maclow § Abel 2004

Fiz. %.— Propagation of the oot in 2 384° deopity field piooulated with Jiffeent WHT
madee. fafl: iomdzing pource ip lncated st mamimom deneity; v ipnizing pourss ip leated

Tom Abel &t mindmm degity. The congoure gZive the poeition of the I[-fm}g fw@ wlzﬁﬁﬁ d
om Abe . —_____with the intersal inceseing caenly by s factor of 10, The eize ﬂfbw.jﬁ.ﬂﬁ-m/r%m ".
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. 5. —These images are similar to Fig. 4 except that extended features have been filtered out. Fig. 5h, which includes M43 to its northeast, is displaye
st level which is different from Fig, Sa. 1

ZADEH (see 361, L20) -
-
—

Yusef-Zadeh et al.
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Being applied
successfully!

ciardi § Ferrara 2000-
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Conclusions

O There are many novel appLLoatLows for 2D transport

O early stages of doing three-d transport in cosmological
hydrodynamics

O Lots of problems to be solved

O A few tmplementations avatlable already
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