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theory

*  what (who?) made the noise? 

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

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

observation

computation

The first three 
paradigms of 

scientific research



The fourth paradigm?

DATA-driven
scientific discovery

Phenomenology

Cosmology + Astrophysics: 
dense observational catalogs 

and images supported by 
even denser ensembles of 
simulation (synthetic) data



mock catalog :( 

synthetic catalog :)



Wilkinson Microwave 
Anisotropy Probe

http://map.gsfc.nasa.gov

initial conditions for LSS imprinted on CMB 



Sloan Digital Sky 
Survey
sdss.org

We see the evolved density field through a set of biased tracers 
(galaxies)



goal: halos (and large sub-halos) should contain baryonic objects like this!  

 http://heritage.stsci.edu/gallery
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The theoretical framework is in place to understand this bias from 
first principles.   
But: 
- 



* baryons in M>1e14 Msun halos are observed to reside mainly in a hot, 
intracluster medium (ICM) 

– hot gas outweighs baryons in stars by factors >~5
 0th order dynamics: ignore galaxy formation entirely (gravity + shock heating only) 
 1st order dynamics:  include feedback effects of galaxy formation on ICM

      via a simple `preheated’ assumption => elevate gas entropy at high z

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



what are clusters of galaxies? 

* terminus of clustering hierarchy => largest, non-linear structures

* multi-component -  DM: hot gas: galaxies+stars :: ~100: 10: 1

* quasi-equilibrium (`frustrated’) dynamical systems

easily visible  we can find all the biggest ones now

many observational channels  radio/mm - IR/optical - X-ray

~one-parameter family  tight mass-observable scalings



cluster samples today are sparse relative to massive halos on the sky

Allen, Evrard & Mantz 2011

symbol size scales 
with median redshift

Halo mass scale is 
M200m

(h = 0.7)

zmed=0.83

zmed=0.39

X-ray
Optical

SZ
theory

DES 



LSS Simulations
(past + present)





key characteristics of LSS 

 http://heritage.stsci.edu/gallery

* galaxies and clusters of galaxies are 
weak-field structures in the 
expanding FRW metric, 

      v2 /c2 << 1

  => a Newtonian description of 
the gravitational potential is accurate 
to model the dynamics of sub-
horizon LSS formation. 

LSS simulations use Newtonian 
potential of perturbations in an 
expanding FRW metric.



large-scale structure simulations: methodologies

* DM evolution using collisionless N-body simulations (single fluid)
     – assumes DM is weakly interacting massive particle (WIMP) 

–  initial density fluctuations are Gaussian random field with power spectrum, P(k), calculable from linear theory 
–  growing mode from linear perturbation theory sets initial conditions
–  `particles’ represent coarse-grained phase space kinematics
–  `softening’ of pair-wise force required to regularize dynamics
–  individual timesteps improve performance

–  Layzer-Irving equation benchmarks energy conservation (+ p,L cons.)

* direct N-body + gas dynamics simulation (≥ 2 fluids)
–  on galactic and larger scales, baryons trace DM at high-z
–  baryons are collisional, so intersecting streams generate shocks 
–  shocks generate thermal energy and entropy 
–  radiation field can produce cooling or heating in gas
–  employ empirically motivated star formation and feedback prescriptions

* indirect N-body + `semi-analytic’ baryon evolution (PDE’s => ODE’s)
–  determine halo and sub-halo formation history (from direct simulation or statistical summary thereof)
–  write cooling, star formation and feedback in terms of analytic profiles within halo
–  add seed BH’s at high-z, write rules for BH merging and accretion
–  add rules for effects of mergers, including morphological transitions
–  predict observable features using stellar population synthesis modeling, including dust opacity
 



Springel et al (2005)
Park et al (2012)

growth rate
x ~5.6/yr



http://www.mpa-garching.mpg.de/aquarius/



      

similarity of internal halo structure, from galaxy to cluster scales 

courtesy S.D.M. White, CATB2009



* results from six 
  different N-body
  codes 

* mergers are 
  dynamically soft 
  (non-violent)      

precision calibration of DM halo virial scaling relation

Evrard et al (2008)



precision calibration of DM halo virial scaling relation

Evrard et al (2008)



* general aspects of halos
– 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 of halos
– relaxation to common density + velocity radial profiles
– surviving substructures contain a small percentage of total mass
– hierarchical nesting of sub-structure families reflect accretion history

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

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

summary: lessons from N-body simulations about halo model of LSS 



N-body + gas dynamics
(past + present)



* 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+gas dynamics

Bertschinger 1998 



hydro solution methods:  various flavors

method character advantages disadvantages examples

Lagrangian
(particle)

•solve energy 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

•complex to code
•sensitive to sub-
grid handling

• ART 
• Enzo 
• RAMSES
• FLASH

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

•best of breed? •very complex to 
code •Arepo



early results with P3MSPH

Evrard, Summers and Davis (1994)

all baryons

• 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

baryons in `globs’

all dark matter

dark matter in halos

z = 3.0



early results with P3MSPH

Evrard, Summers and Davis (1994)

all baryons

• 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

baryons in `globs’

all dark matter

dark matter in halos

z = 3.0
(zoom in)



the first theoretical Halo Occupation Distribution (HOD)

early results with P3MSPH

Evrard, Summers and Davis (1994)



first cosmological simulation 
to naturally form disk galaxies!  

early results with P3MSPH



baryon physics available in current codes 

Benson (2010)



      

best effort (circa 2011) at simulating formation of the Milky Way
Guedes et al (2011)



      

Eris simulation synthetic images in optical-UV 
Guedes et al (2011)



Eris simulation galaxy properties are realistic 
Guedes et al (2011)



Eris simulation: low baryon fraction with new star formation parameters
Guedes et al (2011)

threshold: nSF = 0.1 atoms/cc

threshold: nSF = 5 atoms/cc

Is the star formation 
threshold really 
uncertain by a factor 
of 50?



* 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? 
– mass loading and metal pollution by SN blastwaves
– effects of jet heating from central BH (AGN activity)
– +...
All of this entails many tens of control parameters, effects of which 
often compete against one another.  

How do we know when we’ve reached THE solution of nature?  
Does nature even follow a unique prescriptive solution? Or might elements 
be stochastic?  
Do the stellar IMF and feedback processes depend only on local conditions? 

* SAM models already have >100 input parameters  :(
(e.g., galacticus.org)

fundamental issue: uniqueness in the presence of process complexity 



multiple versions of SAMs with slightly different astrophysical processes  
Benson (2010)

c.f.,  D. Scott arXiv:1112.0285



Will we ever declare galaxy formation a 
`solved problem’?    

Is the solar wind a solved problem?



* Halo Occupation Distribution (HOD) method: 
    assign galaxies to halos

– for given minimum luminosity, know n(L,z) empirically
– also know n(M,z) from sims
– also know two-point clustering of halos and galaxies
– write p(Ngal | M,z) to match n(L,z) and clustering 

* Sub-Halo Assignment Matching (SHAM) method: 
   assign galaxies to sub-halos

– for given minimum luminosity, know n(L,z) empirically
– also know n(M,z) and n(Msub, z) from sims
– within given volume, rank order L and Msub, and match ranks to 
assign L to Msub

– scatter can be introduced during ranking process

end run around complexity: statistical solutions for galaxy formation

Conroy etal (2006)

Zehavi etal (2010)



role of LSS simulations 
in dark energy studies

(the future)



basic steps to study dark energy (DE) with large-scale structure

1. produce a large survey of a class of cosmic objects to z≥1, using a 
class that enables statistical tracing of dark matter

– extract statistics, yi, for DE test method i (e.g., BAO, WL, CL)

2. compute model expectations for object survey statistics
– calculate likelihood, p(yi | , ),  over cosmological params, , 
and within an assumed astrophysical model, , for the specific 
object class use

3. perform the likelihood analysis, marginalizing over (or just fixing) 
– extract cosmological constraints, p()



role of simulations in DE survey science

Survey-specific simulations enable key capabilities: 

* to extract unbiased statistical signals, yi, from the raw object catalog 

* to predict statistical expectations, p(yi | , ) for a variety of models 

* to calculate the expected signal covariance, COV(yi , yj)



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

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

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



DES Simulation Working Group: key personnel

Michael Busha, postdoc (Zurich)
– N-body production + postprocessing
– ADDGALS development and application
– DES catalog production (masking, Data Challenge ingest) 

Matt Becker, grad student (Chicago)
– N-body production + postprocessing
– gravitational lensing shear (new Spherical Harmonic Tree code)  

Brandon Erickson, grad student (Michigan)
– N-body production + postprocessing
– workflow development for XSEDE/SLAC processing (BCC)

Risa Wechsler,  asst. professor (Stanford/SLAC)
– ADDGALS methodology, empirical tuning 
– DES catalog production lead



simulation workflow to support DES analysis

Risa Wechsler, DES Penn Collaboration Mtg, 11 Oct 2011



simulation workflow to support DES analysis

Risa Wechsler, DES Penn Collaboration Mtg, 11 Oct 2011
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courtesy H. Lin (FNAL)
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follow the $: DES SimWG activities remain an unfunded mandate

SDSS (NSF + private Sloan Foundation) = astronomical survey
    agencies pay to produce the catalog

 science emerges later (single investigator grants)

DES (DoE + NSF) ≈ physics (dark energy) experiment  
    DoE pays for new camera (DECam) 

 NSF pays for Data Management and CTIO facilities
 DES science teams are mandated to address nature of dark energy 
 who pays for quality assurance of dark energy constraints? 
 who pays for ensuring the validity of the science return?



*  what (who?) made the noise? 

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

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

observation

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

• synthetic multiwavelength 
skies available to perform 
cross-survey science analysis

• improved theoretical 
constraints from precision 
measurement and modeling

theorycomputation



cosmology from 
counts and clustering 

of massive halos



basic ingredients for cosmology from cluster counts and clustering

1. halo space density (aka, mass function), dn(>M, z)/dV
– well calibrated (~5% in dn) by (dark matter only) simulations  

2. two-point spatial clustering of halos (aka, bias function), b(M, z)
– similarly well calibrated 

3. population model for signal, S, used to identify clusters, p(S | M, z)
– power-law with log-normal deviations (typically self-calibrated) 
– projection effects (signal-dependent) Sobserved ≠ Sintrinsic

4. selection model for signal, S
– completeness (missed clusters)
– purity (false positives) 



projection effects on clusters: blending of halos in z-space



observable signal choices for surveys: pros and cons

Signal Pros Cons

X-ray 

• spatially compact signal 
(relative to other methods)
• hot thermal ICM is unique to 
clusters
• 40+ year science history

• expensive (space-based)
• flux confusion from AGN
• surface brightness dimming
• most sources will have 
moderate S/N

Optical

• inexpensive (free with any 
galaxy survey!)
• old, `red sequence’ galaxies 
reside in massive halos
• 80+ year science history

• confusion from line-of-
sight projection
• moderate S/N (Poisson 
statistics for N≥10)
• galaxy formation!  

Sunyaev-
Zel’dovich

• inexpensive (free with any 
CMB survey)
• nearly redshift-independent 
signal 

• point source confusion
• l-o-s projected confusion 
with low angular resolution
• moderate S/N for most 
sources 



consistent cosmology from existing optical and X-ray samples  

Rozo et al 2010

optical: maxBCG
   (shaded)
    ~14,000 clusters
 
X-ray: 400d, BCS
   (lines) 

~100 clusters 

systematics 
limited !



cosmological complementarity from cluster counts + clustering

Cunha, Huterer Frieman, 
0904.1589

nuisance: 
4 mass bias params
7 mass variance params

PCA analysis of DE figure of merit 



*  what (who?) made the noise? 

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

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

cluster cosmology: 
solidifying theoretical framework

 - halo space density (well-calibrated functional form) 
 - halo spatial clustering  (  “  )
 - multi-component signal model (power-law + log-norm scatter)
 - growing body of empirical evidence to inform models
 - improving fidelity of simulations

challenges to survey analysis
 - survey-specific halo selection 
 - detailed form of mass-observable relations
 - absolute calibration of cluster masses 
 - sensitivities to baryon physics (feedback)

 
optical surveys for BAO & WL get clusters “for free”!

large, multi-wavelength surveys are coming


