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Hydrodynamic Cosmology



Baryons: The Tail of the Dog

Dark matter Gas
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A Schematic Outline of the Cosmic History

5.G. Djorgovski et al. & Digital Media Center, Caltech

<-The Big Bang

The Universe filled
with ionized gas

+-The Universe becomes
neutral and opaque

The Dark Ages start

Galaxies and Quasars
beqgin to form
The Reionization starts

The Cosmic Renaissance
The Dark Ages end

<+ Reionization complete,
the Universe becomes
transparent again

Galaxies evolve

The Solar System forms

Today: Astronomers
figure it all out!
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(gm Coemological Simulation Code

Laboratory for Conputational Astrophyszics
University of California, San Diego

General

General Information
@ Description

@ Features Description

@ Authors Enzo is an adaptive mesh refinement (AME), grid-based hybrid code (hydro + M-

@ Body) which is designed to do simulations of cosmaological structure formation. It

Acknowledgements uses the algorithms of Berger & Collela to improve spatial and temporal resolution by

@ [Mews in regions of large gradients, such as gravitationally collapsing objects. The Enzo

Software simulation software 15 incredibly flexible, and can be used to simulate a wide range
of cosmological situations with the physics packages described below (See
Features).

@ |icense

@ Requirements Enzo has been parallelized using the MPI message-passing library and can run on

@ Download any shared or distributed memory parallel supercomputer or PC cluster.

@ Code Simulations using as many as 1024 processors have been successiully carried out

Development on the San Diego Supercomputing Center's Blue Hornzon, an IEM SF.

Documentation _ _ _ o
Enzois scheduled to be released into the public domain in October 2003 For

, ; more information please contact enzo-li@ucsd edu at the Laboratory for
@ Llser Guide C ional A e
@ CookbookTutorial omputational Astrophysics.

@ [Developer Guide | Features v




Main Loop of Hydrodynamic
Cosmology Code

> Scale factor a(t) gas dynamics

Gravity solver species solver

Hydro solver heating & cooling

star formation &
N-body solver feedback

radiative
transfer

New timestep




Cosmological Hydrodynamics
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Sample Applications

< 00\\& RO
X-ray clusters X | X [X
Intergalactic medium [ X | X | X | X
First stars X [ X [ X [X|X
Galaxy formation X [ X | X |X X| X
Reionization of IGM X | X [ X [X X|X| X




X-Ray Clusters

Hot, x-ray emitting gas
bound to a cluster of

galaxies
Extremely luminous in x-ray

T easily measured
T and M tightly correlated
— n(T,z)=n(M,z)

Cosmological probes of

P(k) O Qb and O Coma Cluster
7 SSms A ROSAT (Boehringer et al)




X-Cluster Statistics on 5123 Grid

CHDM
L=170 h-! Mpc
Connection Machine-5 Bryan & Norman (1994, 1998)




Technical Difficulty: Range of

Survey volume

Scales

Tidal neighborhood

. Virial radius
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|dealized Cluster ICM
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Adaptive Mesh Refinement

Refine cell spacing
locally and
automatically based
on any

combination

of physical or
numerical

criteria

=> can resolve all
relevant length and
timescales




Adaptive Mesh Refinement



Formation of an X-ray Cluster
256° AMR (adiabatic)

Dark matter Baryons

(comoving)



Formation of an X-ray Cluster
256°% AMR (adiabatic)

Temperature X-ray surface brightness

16 Mpc
(comoving)
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The

Intergalactic Medium
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Precision cosmology using the
Lyman o forest

* Absorption spectrum is a 1D map of neutral
hydrogen along LOS

« Assuming gas is in ionization equilibrium with
known UV background, have 1D map of baryons
along LOS

« Baryons closely follow dark matter, hence have
1D map of total mass density along LOS

« Many LOS sample matter power spectrum P(k)

« Simulations provide mapping between
absorption spectra and P(k)

< back




Simulating the Formation of the
First Star in the Universe
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Tom Abel, Greg Bryan & MN

http://www.TomAbel.com



The Universe at z=20

Dark matter : Baryonic Matter

b
A

0.1 Mpc (comoving)



Formation of First Stars
Adaptive Mesh Refinement Simulation

Abel, Bryan & Norman (2001)
¢ 10 x 100 x 1000 x

Cosmic scales

. | z=18,1812 [y e z=18.1812 | z=18,1812 : T
~1.81-0.34 1.14 262 4.09 Density -1.36 0.78 252 506 7.20 Bensity 087 3.02 5.17 7.33 0.48 2.14 431 648 86510

Drensily

107 x 106 x 105 x \ 104 x
Solar Sysz‘en%z scales /

| i , — z=18.1812 | [ i - z=18.1812 L - z=18.1812 [ .-
10.82 11.72 12,61 13.51 14.40 Density 9.82 1096 12.10 13.25 1439 Diensity 7.72 9.30 10.89 12.47 14.05 Density 525 7.33 9.41 11.49 1357






Impact of the First Stars

* The first stars are massive, extremely
luminous, and short lived

* The either explode as supernovae or
collapse to form the first black holes, or
both

 Early reionization and reheating of the
intergalactic medium (WMAP)

« Chemical enrichment of the intergalactic
medium

< back
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Age of the Universe

| .

Elliptical

5 Billion Years

Today: 14 Billion Years 9 Billion Years

>

2 Billion Years
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Galaxies: Snapshots in Time

HST - WFPC2



Hydrodynamic Simulation of
Galaxy Formation
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Star formation and feedback
recipe (Cen & Ostriker 1992)

- for each cell with overdensity o,/ p, > 7

 check whether 3 criteria are satisfied:
Vv, <0 = contracting

[

cool

Lo = \/ 37/32Gp,, = cooling rapidly

mb >mJeanS EG_3/2IOb1/2C [1+ 51061] -3/2
op,

—> gravitationally unstable

* if so, convert fraction f*At/,, ,, of gas to
collisionsless star particle




Evolution of the Universe:
Large Scale Structure and Galaxy Formation

Grand Challenge Cosmology Consortium

Michael Norman, NCSA
Brian O’Shea, NCSA
Greg Bryan, Princeton

HDTV Visual Excerpt from "Runaway Universe"

Courtesty NOVA/WGEBH, PBS
Thomas Lucas Productions
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Reionization of IGM by High-z
Ga laxies Razoumov etal. (2002)




Gunn-Peterson optical depth vs. z
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Epoch of reionization
sensitive to UV emission
from early galaxies

Razoumov et al. (2002) Z



