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Cosmological Simulations of
Galaxy Formation

Ryan McKinnon
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The Big Picture

EvoLuTiIoN oF GALAXIES

Dark ages
o e Lo First stars

First galaxies

Galaxy development

Galaxy clusters
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Mock Hubble UDF | Real Hubble UDF
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|2. What sort of science can we do?

3. What are the computational costs?

Image Credit: Greg Snyder
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Generic Simulation Approach

Discretize Medium and Equations of Motion

Simulation
Approach

a=ax Physical
Input




Cosmological Simulation Approach

Implement Relevant Physics

1. Gravity
e Drives structure formation
* Influences all matter on large scales

2. Hydrodynamics

* Affects flow of gas within and around galaxies
* Computationally more challenging than gravity

3. “Galaxy Formation Physics”
* Various processes that shape internal structure of galaxies
e Star formation, gas cooling, “feedback” onto surrounding gas, etc.



Cosmological Simulation Approach

Set up initial conditions

Planck

Use early universe cosmology to
set initial distribution of matter

Early universe almost unitform, with
~10 parts per million fluctuations






Cosmological Simulation Approach

Implement Relevant Physics

1. Gravity
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Cosmological Simulation Approach
Hydrodynamical Methods

Lagrangian Methods

(SPH) e.g., GADGET

Quasi-Lagrangian Finite-Vdiume

=  Geometrically flexible

= Naturally adaptive resolu

x  Galilean invariant

—ulerian Methods

(AMR) e.g., ENZO

(moving mesh) e.g., AREPO

Y’/

stability handling

1atural shock capturing

nase boundary resolution
Springel (2010)



Cosmological Simulation Approach

Example of Kelvin-Helmholtz Instability




Paul Torrey N
Mark Vogelsberger II .ﬁ
Harvard-Smithsonian Center for Astrophysics
Institute for Theory and Computation
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Are we done?

What other physics do we need to include?



Science with Simulations

Importance of Feedback on Galaxy Growth

; gl
- | e
. Star formation is too efficient unless we account
o -for physics that can regulate growth of galaxies!
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Cosmological Simulation Approach

Implement Relevant Physics

1. Gravity
e Drives structure formation
* Influences all matter on large scales

2. Hydrodynamics

* Affects flow of gas within and around galaxies
* Computationally more challenging than gravity

3. “Galaxy Formation Physics”
* Various processes that shape internal structure of galaxies
e Star formation, gas cooling, “feedback” onto surrounding gas, etc.



Science with Simulations

The lllustris Collaboration

Core Collaboration Members:
® Mark Vogelsberger (MIT)

® Paul Torrey (MIT)

® Shy Genel (Columbia)

® Debora Sijacki (Cambridge)

® \/olker Springel (HITS)

® | ars Hernquist (Harvard)

Current Collaboration Status:
® ~30 Active Members

® ~10 Institutions

® \Vide range of expertise and interests
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Science with Simulations

The lllustris Simulation



Science with Simulations

Testing Various Physics Models
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Science with Simulations

Testing Various Physics Models
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Simulated Sky (2) Real Sky



Science with Simulations

Testing Various Physics Models

‘e

Simulated Sky (3) Real Sky




Science with Simulations

Testing Various Physics Models

Simulated Sky (4) Real Sky




Computing Trends and Projections

How Big is lllustris?

01 Metzler+ 1994 02 Katz+ 1996

03 Pearce+ 1999 04 Dave+ 2001

05 Murali+ 2002 06 Springel+ 2003
07 Di Matteo+ 2008 08 Planelles+ 2009
09 Schaye+ 2010 10 Cen+ 2012

11 Vogelsberger+ 2012 12 Cui+ 2012

13 Hirschmann+ 2014 14 van Daalen+ 2014
15 Khandai+ 2014 16 Schaye+ 2014

17 Vogelsberger+ 2014a,b, Genel+ 2014
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numerical scheme: included physics:

® SPH cooling + star formation
B AMR

® moving mesh +black hole feedback

2005 2010
year




Computing Trends and Projections

Moore’s Law: The Good

10,000,000

Dual-Care Itanium 2 s )

Intel CPU Trends

1,000,000

{sources: Intel, Wikipedia, K. Olukotun)

100,000

m Transistors (000)

@ Clock Speed (MH2)
A Power (W)

@ Pert /Clonk (ILP)

1970 1975 1980 1985 1990 1995 2000 2005 2010




Computing Trends and Projections

Moore’s Law: The Good

01 Metzler+ 1994 02 Katz+ 1996

03 Pearce+ 1999 04 Dave+ 2001

05 Murali+ 2002 06 Springel+ 2003

07 Di Matteo+ 2008 08 Planelles+ 2009

09 Schaye+ 2010 10 Cen+ 2012

11 Vogelsberger+ 2012 12 Cui+ 2012
7)) 13 Hirschmann+ 2014 14 van Daalen+ 2014
-E 15 Khandai+ 2014 16 Schaye+ 2014
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numer .al scheme: included physics:
B ! cooling + star formation
. AMR

® moving mesh +black hole feedback

2000 2005 2010
year




Computing Trends and Projections

Moore’s Law: The Bad

10,000,000 —
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Intel CPU Trends

{sources: Intel, Wikipedia, K. Olukotun)

| Pentium 4 8
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Computing Trends and Projections

Moore’s Law: The Bad

01 Metzler+ 1994 02 Katz+ 1996

03 Pearce+ 1999 04 Dave+ 2001

05 Murali+ 2002 06 Springel+ 2003
07 Di Matteo+ 2008 08 Planelles+ 2009
09 Schaye+ 2010 10 Cen+ 2012

11 Vogelsberger+ 2012 12 Cui+ 2012

13 Hirschmann+ 2014 14 van Daalen+/ J14
15 Khandai+ 2014 16 Schaye+ 2 4

17 Vogelsberger+ 2014a,b, Genel+ 201
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numerical scheme: included physics:

® SPH cooling + star formation
B AMR

® moving mesh +black hole feedback

2005 2010
year
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Computing Trends and Projections

Moore’s Law: The Bad

2006

2008

2010 2012
Year

500

The List.

2014

w.10p5C0.0rg/Ists/2015/06

SITE

National Super Computer
Canter in Guangzhou
China

DOE/SC/Oak Ridge National
Laboratory
United States

DOE/NNSA/LLNL
United States

RIKEN Advanced Institut
Computational Scie

Japan

DOE/SC/Argonne Nztional
Laboratory
United States

Swiss National Supercomputing
Cantre (CSCS)

Switzerland

{ing Abdullah Uriversity of
Science and Technology

Saudi Arabia

Texas Advanced Computing
Canter/.Jniv. of Texas

United States

CORES

3,120,000

260,640

705,024

786,432

o c

RMAX RPEAK POWER
(TFLOP/S) (TFLOP/S) (KW)

33,862.7 54,902.4 17,808

17,173.2

11,280.4

10,066.3
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Computing Trends and Projections

Moore’s Law:

2006

2008

2010 2012
Year

500

The List.

2014

w.10p5C0.0rg/Ists/2015/06

SITE

National Super Computer
Canter in Guangzhou
China

DOE/SC/Oak Ridge National
Laboratory
United States

DOE/NNSA/LLNL
United States

RIKEN Advanced Institut
Computational Scie

Japan

DOE/SC/Argonne Nztional
Laboratory
United States

Swiss National Supercomputing
Cantre (CSCS)

Switzerland

{ing Abdullah Uriversity of
Science and Technology

Saudi Arabia

Texas Advanced Computing
Canter/.Jniv. of Texas

United States

CORES

3,120,000

260,640

272,864

786,432

196,608

o c

RMAX RPEAK POWER
(TFLOP/S) (TFLOP/S) (KW)

33,862.7 54,902.4 17,808

17,173.2

11,280.4

10,066.3




Computing Trends and Projections

Moore’s Law:

W ‘1‘»“‘-‘-‘.tm5c0 .Ofg Sty ;j ':‘ ‘ t ' : [_: L—l c

RMAX RPEAK POWER
RANK SITE (TFLOP/S)  (TFLOP/S) (KW)

54,902.4 17,808

This trajectory implies power consumption of:
10 MW consumption now
100 MW by 2020

1 GW by 2026

In relative terms:
e 700 MW is roughly output

CPUs per Supercomputer

Saudi Arabia

Texas Advanced Computing LA7 LA? 5.148.1
Canter/.Jniv. of Texas
United States

The List.



Computing Trends and Projections

Moore’s Law: A More Realistic Future

Better metrics of computing
efflc I en Cyf? Listed below are the June 2015 Thhomputers ranked frecm 1 to 10.

HOW tO handle CompleXH:y Of 7 03158 Shoubu - ExaScaer-.4 803rick, Xeon E5-2518_Vv3 8C 2.3GHz
heterogeneous architectures (e.g. iz i
CPUs + GPUs)?

Suiren Elue ExaScaler “ .4 “6Brick, Xcon EB 2678Lv3 8C 2.3GHz,

6,842.31 Infniband, PEZY-SC

Suiren - ExeScaler 32U256SC C usler, Intel Xecn E5-2660v2 10C

R 2.2GHz, Infiniband =DR, PEZY-SC

ASUS ESC4000 FDR/G2S, Intel Xecn E5-2690v2 10C 3Gkz,

Complexity of hybrid parallelism S2T1B1 || riband FOR, AVD F roPro 59150
(e.9. MPI + threading)? 425788 | £ 262002 06 2.100GHz, MNDANG FOR, NVIDIAKZDX 3083

XEtrzam - Cray CS-Storm, Intel Xeon £5-2680v2 10C 2.8CGHz,
Infniband FDR, Nvidia K&0

4,112.11 190.0C

Storm1 - Cray CS-Storm, Intel Xeon ES-2€60v2 10C 2.2CGHz,

3,962.73 || g FDR, Nvidia K<0m

3.631.70 Wilkes - Dell TE20 Cluster, Intel Xenn FE-2630v? RC 2. 60DGH7
e Infiniband FOR, NVIDIA K20
Taurus GPUs - Bull bullx R400, Xcor E6 2680v3 “2C 2.6GHz,

3,614.71
Intniband FOR, Nvidia K80

iDataFlex DX36G0M4, Intel Xeon EC-2630v2 1CC 2.800CHz,

2
3,643.32 Infniband, NVIDIA K20x




Summary

e (Galaxy formation is complicated!

 Need to account for gravity, hydrodynamics, and
small-scale physics within galaxies

e Can use simulations to “test out” various physics
models, see what processes drive galaxy tformation

« HPC advances are needed Iin the future to enable
arger simulations, easier parallelization




