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*  cosmic structure as a (complex) initial-value problem
   – clusters of galaxies as a motivational example 

*  the N-body era 
   – broad and deep expertise in non-linear behavior 

*  beyond N-body:  tracing baryon evolution
   – galaxy formation: many recipes, improving insights

*  synthetic skies for Dark Energy Survey + XMM-XXL
   – empirical, statistical approaches circumvent complex astrophysics

*  post-adolescent thoughts
   – community / identify / infrastructure for 21st C. workflows

outline
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the cosmic microwave background provides initial conditions

Planck satellite
http://www.esa.int/Our_Activities/

Space_Science/Highlights/
Planck_s_Universe
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galaxy surveys provide tracers of the final density field

Sloan Digital Sky 
Survey
sdss.org



21 May 2014 - Trieste Observatory Colloquium - Gus Evrard, U Michigan 

Combined statistical constraints from:

– Cosmic Microwave Background (CMB)

– Large-Scale Structure (LSS) traced by galaxies

– local cosmic expansion rate (Hubble constant) 

constraints on the energy density of today’s universe

?!

?
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essence of cosmic structure formation (real-space perspective)

Gravity amplifies
tiny random noise into a 

cosmic web 
of hierarchically-evolving 

large-scale structure, 
which features 

locally bound, ellipsoidal 
halos

as an essential component.
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example of baryonic web at z~1.5            http://spine-public.projet-horizon.fr

Dubois et al 2014
Dubois, Pichon et al 2014
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frequency of “simulation” in the Google Books corpus
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frequency of “simulation” in the Google Books corpus

Relative to observation and experiment, simulation is in an adolescent phase.
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clusters of galaxies =  
manifestations of massive, 

dark matter-dominated halos
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* baryons in M>~1e14 Msun halos reside mainly in a 

                     hot, intracluster medium (ICM) 

– hot gas outweighs baryons in stars by factors >~5

clusters of galaxies are simple (relative to galaxies) astrophysical laboratories

Allen, Evrard & Mantz 2011

X-ray                                 optical                      mm (Sunyaev-Zel’dovich)    

Abell 1835 (z=0.25) 5.2 arcmin ~ 1.2 Mpc images
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levels of physical modeling

level approach pros cons

0 collisionless N-body
inexpensive,

mature methods, 
DM phenom.

limited physical 
scope

1 coupled N-body + 
simple gas dynamics

+ hot gas phenom., 
good hydro 

methods

no galaxy phenom.,
 limited applicability

2 + star/BH formation 
+ SN/AGN feedback 

+ galaxy phenom., 
wide applicability

expensive, 
large modeling 
uncertainties
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some clusters are more dynamic, like Abell 3376

Durret et al 2013
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wide range of core entropies signals complex core astrophysics

Cavagnolo et al. 2009

archival Chandra data of ACCEPT cluster sample

low entropy core clusters have BCG’s that 
      - are centered closely with X-ray peak, 
      - show more evidence of recent star formation

Hoffer et al. 2012
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the central galaxies of clusters are sometimes quite active

Fabian et al. 2005

~Msec Chandra observation of Perseus cluster core
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massive halos can probe fundamental physics 

Sartoris et al. 2014

comparing lensing mass to kinematic mass measures 
equation of state of the dark matter fluid 

consistent with 
“dust-like”
expectation for 
weakly interacting 
dark matter (w=0)

MACS 1206.2-0847  z = 0.44
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the N-body era
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humble beginnings in pre-internet times

(courtesy S. Habib, 2013 APS mtg.)
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cosmological simulations: algorithmic evolution

1960’s+70’s - direct (NxN) force summation
 studies of galaxy encounters and stellar clusters 

1980’s - particle-mesh (FFT’s) and Tree algorithms for large-scale gravity
 studies of `cosmic web’ topology from initial random noise field

1990’s - parallelization on Beowulf clusters, special purpose chips (GRAPE) 
      detailed studies of clustering statistics, cosmological dependence
 - first multi-fluid codes to model coupled dark matter and baryons

 initial studies of galaxy formation

>2000’s - massive parallelization on large-scale supercomputers
      precise calibration of large-scale structure statistics
 - multi-fluid codes with hydro + approx. radiation transfer, MHD
      SMBH formation, feedback effects, high-rez galaxy formation, ... 



21 May 2014 - Trieste Observatory Colloquium - Gus Evrard, U Michigan http://www.mpa-garching.mpg.de/aquarius/



21 May 2014 - Trieste Observatory Colloquium - Gus Evrard, U Michigan 

      

similarity of internal halo structure, from dwarf galaxy to cluster scales 

courtesy S.D.M. White, CATB2009

 Mcluster ~ 1000 Mgalaxy
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Springel et al (2005)
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Park et al (2012)
Springel et al (2005)

growth rate:
 ~1.7/yr

~240/decade
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DEUS simulation effort by Obs. de Paris Meudon group (~0.5 teraparticle)

http://www.deus-consortium.org/

Energy (power+cooling) cost: 
  5M core-hours x ~50 W/core 
        = 250,000 kW-hours
             x $0.1/kW-hour 

      =>  $25,000 x (PUE) ~ $50k

~ $10k / Mcpu-hr
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DEUS-FUR detailed study of BAO spectral features

http://www.deus-consortium.org/
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DEUS-FUR detailed study of BAO spectral features

http://www.deus-consortium.org/
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* results from six 
  different N-body
  codes 

* evidence that
  mergers are 
  dynamically soft 
  (in the bulk)      

multi-code, precise calibration of DM halo virial scaling relation

Evrard et al (2008)
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multi-code, precise calibration of DM halo virial scaling relation

Evrard et al (2008)
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halo space density calibration in wCDM cosmologies

Bhattacharya et al (2011)

~10% for wCDM

~2% rms fit for ΛCDM

universe with only 
collisionless dark matter
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* general aspects
– halos are dynamically evolving systems: close to virial equilibrium but 
     frustrated by mergers and continual accretion
– ellipsoidal in shape (tending prolate) with 2:1 axis ratios common 
     aligned with surrounding filaments

* internal structure
– relaxation to similar density + velocity radial profiles
– surviving sub-halo structures contain a small percentage of total mass
– hierarchical nesting of sub-structure families reflect accretion history

* low-order spatial distribution
   – functional forms for mass function, n(M,z), and bias function, b(M,z),
         precisely calibrated via similarity variable, σ(M)      (mainly wCDM)

– different, one-parameter mass assignment methods (FOF, SO) exist     
       good: flexibility, reflects edge complexity  bad: literature confusing   

N-body simulations inform an increasingly precise halo model of LSS 
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multi-fluid models: 
N-body + baryons

(+ chemistry + radiation + B-fields + ...)
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* baryon fluid 
coupled via 
gravity to 
DM

* solve Euler 
equation in 
comoving 
coordinates 

* energy or 
entropy 
equation 
        
* requires 
shock 
treatment

multi-fluid systems: N-body + basic baryonic gas dynamics

Bertschinger 1998 
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hydro solution methods:  various flavors

method character advantages disadvantages examples

Lagrangian
(particle)

•solve fluid eq’n 
along streamlines
•local kernel 
density estimates

•simple, fast
•good dynamic 
range w/ variable 
kernel scale

•approx. shock 
treatment
•poor error 
control (no grid)

smoothed particle 
hydro (SPH)
• gadget
• gasoline 

Eulerian
fixed mesh

•uniform (cubic) 
spatial grid

•simple, fast
•good (trunc.) 
error control
•shocks 

•limited spatial 
resolution

• c.f., 
Kang et al (1994)

Eulerian 
Adaptive Mesh 

Refi. (AMR)

•grid cells refined 
(sub-divided) in 
target regions

•improved spatial 
and mass resol’n
•wider dynamic 
range

•memory 
intensive 
•complex post-
processing

• ART 
• Enzo 
• RAMSES
• FLASH

Moving Mesh
•hybrid Lagr./Eul.
•deformable, 
moveable grid cells 
(up to max.)

•best of breed? •complex to code •Arepo
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synthetic XMM images of Millennium Gas simulations (Gadget SPH)

courtesy E. Rasia
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XMM images of REXCESS cluster sample 
Pratt et al. (2009)
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`designer’ simulation: SPH 2-body model of X-ray emission from A3376

Machado & Lima Neto 2013
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challenge: halos (and sub-halos) should contain baryonic objects like this!  

 http://heritage.stsci.edu/gallery
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quantum     
noise      

gravity    

radiative losses     

amplifier
(10–5 -> 106+)     

        source         

differentiator   

star & 
black hole 
formation

+ 
feedback

Star

/SMBH 


formation


dark matter

bar
yons

cosmic engineering:  a flowchart for galaxy formation
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first cosmological simulation 
to naturally form disk galaxies  

early galaxy formation results with P3MSPH

• 16 Mpc cube in Ωm=1 universe (aka, SCDM)
• 2 x 643 particles on CRAY Y-MP (@SDSC) 
• DM mp≈1e9 Msun, baryon mp≈1e8 Msun,  soft≈10kpc 
• shock heating + radiative cooling only

Evrard, Summers 
& Davis 1994
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first estimate of the galaxy Halo Occupation Distribution (HOD)

early results on galaxy formation with P3MSPH

`GLOBs’
     = Galaxy-Like OBjects

Evrard, Summers 
& Davis 1994
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baryon physics in current codes is now much more sophisticated

Benson (2010)
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RAMSES simulations w/ AGN feedback
Dubois et al 2013

no AGN

 AGN

reduces fraction of 
baryons in stars

reduces core 
density; better 
rotation curves

central 
galaxies in
group-scale 
halos
~1013 Msun
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RAMSES simulations w/ AGN feedback

Martizzi et al 2014

AGN feedback 
reduces stellar mass 
content of massive 
halos 

dramatic reduction 
relative to star 
formation feedback 
only models
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Gadget simulations w/ AGN feedback

Planelles et al 2013

hot gas (intracluster medium) scaling relations with AGN 
offer better match to observations
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Arepo simulation of 100 Mpc region w/ ~0.1kpc resolution : illustris

Vogelsberger et al 2014
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Arepo simulation of 100 Mpc region w/ ~0.1kpc resolution : illustris

Movie?
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AREPO models with layered physics, up to 3 modes of AGN feedback

Vogelsburger et al 2013
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Illustris simulation: tunable parameter

Vogelsberger et al 2014
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Illustris simulation doesn’t solve everything

Genel et al 2014

hot gas fraction at z=0 
(green solid)
in galaxy groups lies far 
below observations
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reflections on simulation-observation interplay: the trust issue 

Vogelsberger et al 2014

!!
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* modeling star formation in direct gas dynamic simulations requires 
– shocks
– cooling in a plasma heated by multiple processes (non-LTE...)
– magnetic fields + cosmic ray heating
– species chemistry and dust  
– mass loading and metal pollution by SN blastwaves
– effects of jet heating from central BH (AGN activity)
– +...
All of this entails many ‘sub-grid’ control parameters, effects of which 
can often be degenerate.  

Do purely DETERMINISTIC sub-grid solutions make sense?  
   Are resolved solutions of local astrophysical conditions sufficient?  
   Does `missing’ small-scale physics add stochasticity?

* semi-analytic models already have >~100 input parameters  :(
(e.g., galacticus.org)

fundamental issue: uniqueness in the presence of process complexity 
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* modeling star formation in direct gas dynamic simulations requires 
– shocks
– cooling in a plasma heated by multiple processes (non-LTE...)
– magnetic fields + cosmic ray heating
– species chemistry and dust  
– mass loading and metal pollution by SN blastwaves
– effects of jet heating from central BH (AGN activity)
– +...
All of this entails many ‘sub-grid’ control parameters, effects of which 
can often be degenerate.  

Do purely DETERMINISTIC sub-grid solutions make sense?  
   Are resolved solutions of local astrophysical conditions sufficient?  
   Does `missing’ small-scale physics add stochasticity?

* semi-analytic models already have >~100 input parameters  :(
(e.g., galacticus.org)

fundamental issue: uniqueness in the presence of process complexity 

How do we know we’ve reached THE solution of nature?  
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complexity example: the effect of baryons (w/ AGN) on final halo mass

Cui et al 2014: Gadget-SPH

Vogelsberger et al 2014: 
Arepo

Martizzi et al 2014: 
RAMSES

Halo mass is 
suppressed 
in SPH and Arepo Halo mass is 

enhanced 
in RAMSES  
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synthetic skies
in support of 

dark energy studies



Dark Energy Survey

An NSF+DOE-funded study of dark energy using four techniques
1) Galaxy cluster surveys (with SPT)
2) Galaxy angular power spectrum 
3) Weak lensing/cosmic shear
4) SN Ia distances

Two linked, multiband optical surveys
5000 deg2 g r i z Y bands to ~24th mag in r
Repeated observations of 40 deg2

Development and schedule
Construction: 2007-2012 

New 3 deg2 camera on Blanco 4m, Cerro Tololo
Data management system at NCSA

Survey Operations: 2013-2017
510 nights of telescope time over 5 years
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XMM-XXL survey will use X-ray detected cluster counts to test DE

FDS dust emission

BOSS

XXM-XXL (north)

DES

ACTPol Wide 
(preliminary survey regions)

ACTPol Deep

SPTXXM-XXL south

Vista-VHS

6 Msec XMM allocation, 10 ksec exposures 
tiling 2 x 25 sq deg regions (S field overlaps DES)
  + multi-wavelength campaigns
expect ~500 groups and clusters to z~2

PI: M. Pierre (Saclay)
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simulations in dark energy survey science

Survey-specific simulations enable key capabilities: 
* test signal extraction from survey data (create truth catalogs)
* predict (range of) observable features for a cosmology 
* calculate expected signal covariance

DES Simulation Working Group
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simulation workflow to support Dark Energy Survey (DES) science analysis

Catalog Simulations
M. Becker (Stanford)
M. Busha (Stanford)
B. Erickson (Michigan)
A. Evrard (Michigan)
A. Kravtsov (Chicago)
R. Wechsler (Stanford)

Image Simulations
H. Lin (Fermilab)
Nikolai Kuropatkin (Fermilab)
+ DES Data Management

ROCKSTAR
local

density

CALCLENS

ADDGALS

N-body

ƐŝŵƵůĂƟŽŶƐ
ps ic N-body

snapshots

galaxy
catalog

ƐǇŶƚŚĞƟĐ
sky

imaging

lightcones
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simulation workflow to support Dark Energy Survey (DES) science analysis

Catalog Simulations
M. Becker (Stanford)
M. Busha (Stanford)
B. Erickson (Michigan)
A. Evrard (Michigan)
A. Kravtsov (Chicago)
R. Wechsler (Stanford)

Image Simulations
H. Lin (Fermilab)
Nikolai Kuropatkin (Fermilab)
+ DES Data Management

ROCKSTAR
local

density

CALCLENS

ADDGALS

N-body

ƐŝŵƵůĂƟŽŶƐ
ps ic N-body

snapshots

galaxy
catalog

ƐǇŶƚŚĞƟĐ
sky

imaging

lightcones

Airavata workflow manager
 w/ IU CS group (Marru, Pierce)

Erickson et al (2013) 
   XSEDE13 proceedings
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one real and one synthetic galaxy cluster image from DECam: which is which? 

Courtesy Chris Miller (Michigan)



21 May 2014 - Trieste Observatory Colloquium - Gus Evrard, U Michigan 

synthetic and real galaxy cluster images from DECam 

DES optical image
XMM X-ray contour

Simulated DES observation
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connecting clusters to halos through galaxy membership

Farahi et al, in prep.

“clean” cluster-halo match

“dirty” cluster-halo match

redMapper Pmem halo ID

redMapper Pmem halo ID
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testing methods to find clusters using X-ray of optical signatures

Farahi et al, in prep.

halos
(angular size;

color = redshift)

X-ray emission (greyscale)
+ optical galaxies in r

redMaPPer clusters (points)

X-ray cluster detections 
(black/green = hi/lo S/N)

+ optically-detected
redMaPPer clusters (red)
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thoughts on
post-adolescent

computational cosmology
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personal identity: a foundation for scholarly reputation

! ORCID provides a non-proprietary registry of persistent unique 
identifiers for researchers  

! ORCID iDs are embedded in research systems and ORCID 
provides an API that enables the interoperable exchange of 
information between systems 

 

! ORCID code is open source and we support community efforts to 
develop tools and services  

! ORCID links research information across systems through 
persistent identifiers 

ORCID 

20 February 2014 orcid.org! 12 

! ORCID record data marked 
public by researchers is 
published annually 

Registrations growing steadily 

20 February 2014 orcid.org! 16 

!"!!!!

!50,000!!

!100,000!!

!150,000!!

!200,000!!

!250,000!!

!300,000!!

!350,000!!

!400,000!!

!450,000!!

!500,000!!

Oct! Nov! Dec! Jan! Feb! Mar! Apr! May! Jun! Jul! Aug! Sep! Oct! Nov! Dec!

Member!Creator!

Website!

Trusted!party!

ORCID has issued over 
525,000 identifiers since our 
launch in October 2012 
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data identity: a foundation for re-use and reproducibility 
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data/code repositories: emerging public/private solutions
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a notional stack of production/access layers

physics modules (TBD)

cosmo codes (Enzo, RAMSES, gadget, ART, ... )

analysis, post-proc. (yt, RT, ADDGALS, XMAS, ... )

workflow (galaxy, pegasus, Airavata, ... )

portal (hub-zero, ... )

provisioning (condo-of-condo’s?, ... )

O
R

C
ID

 / 
D

at
aC

ite
 / 

al
t-

m
et

ri
cs Goal: 

Improve
community 
coordination 
to maximize 
science 
return of 
exascale 
simulations.
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a notional stack of production/access layers

physics modules (TBD)

cosmo codes (Enzo, RAMSES, gadget, ART, ... )

analysis, post-proc. (yt, RT, ADDGALS, XMAS, ... )

workflow (galaxy, pegasus, Airavata, ... )

portal (hub-zero, ... )

provisioning (condo-of-condo’s?, ... )

How to build across institutions?
How to incentivize community alignment?  

O
R

C
ID

 / 
D
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aC

ite
 / 

al
t-

m
et

ri
cs Goal: 

Improve
community 
coordination 
to maximize 
science 
return of 
exascale 
simulations.
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positive developments in community structure
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Moore’s law has been true for almost four decades - how much longer?

http://www.extremetech.com/
computing/165331-intels-former-
chief-architect-moores-law-will-

be-dead-within-a-decade

“For planning horizons, I 
pick 2020 as the earliest 
date we could call [Moore's 
law] dead,” Colwell said. 
“You could talk me into 
2022, but whether it will 
come at 7 or 5nm, it’s a big 
deal.”

Bob Colwell, 
formerly Intel, 
now DARPA
@ Hot Chips 2013
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*  what (who?) made the noise? 

visible universe : Milky Way  ::  Earth : whale   (factor of 106)

visible universe : Earth ::  Earth : atomic nucleus (factor of 1020)

observation

a maturing future: 
• simulations as an integral element 
of large survey projects

planning + funding issues

• synthetic multi-wavelength skies 
available to perform cross-survey 
science analysis
    (cyber-)infrastructure issues

simulation

theory

GOAL: 
gain physical understanding by 
    precision measurement
                  and      
     accurate modeling
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The End


