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Why me? 

  Millennium Run Database (online) 
  arXiv:astro-ph/0608019,  
  gavo.mpa-garching.mpg.de/Millennium 
  also multidark.org 

  Millennium Run Observatory (online) 
  arXiv:1206.6923 
  galformod.mpa-garching.mpg.de/mrobs 

With (thanks to): 
Raul Angulo, Jeremy Blaizot, Emmanuel Bertin, Tamas Budavari, Darren Croton, 
Gabriella DeLucia, Matthias Egger, GAVO, Bruno Henriques, Gabriel-Dominique 
Marleau,  
Roderik Overzier, Guo Qi, Volker Springel, Alex Szalay,  
Virgo Consortium, Simon White. 
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Why here? 
“Moore’s law” for N-body simulations 

Courtesy Simon White 



Lectures and hands-on sessions 

  L1: Overview + Phenomenology 
  L2: Virtual Universes in a Database 
  L3: Virtual Observatory and Theory 
  H1: Querying databases 
  H2: Filling databases and publishing them 
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Raw data: 
Particles 

FOF groups and Subhalos 

Density fields 

Subhalo merger trees 

Synthetic galaxies (SAM) 

Mock catalogues 

Mock images 



Lectures and hands-on sessions 

  L1: Overview + Phenomenology 
  L2: Virtual Universes in a Database 
  L3: Virtual Observatory and Theory 
  H1: Querying databases 
  H2: Filling databases and publishing them 
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Some typical questions, easily posed 
and answered with a database 

  Environmental dependencies 
  Conditional statistics 

  galaxies in halos 
  Comparison galaxy formation algorithms 
  Time evolution of halos, galaxies 
  Mock catalogues 

  Spatial queries 



Lectures and hands-on sessions 

  L1: Overview + Phenomenology 
  L2: Virtual Universes in a Database 
  L3: Virtual Observatory and Theory 
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  H2: Filling databases and publishing them 
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www.g-vo.org 



Lectures and hands-on sessions 
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Querying the database 

Conditional luminosity functions:  
Galaxies  in FOFs ~1000 particles 

select f.snapnum 
, .1*floor(g.mag_bDust/.1) as B 
, count(*) as num 
from mfield..fof f 
, mfield..fofsubhalo sh 
, mpagalaxies..delucia2006a g 
where f.np between 1000 and 1010 
and f.snapnum in (27,32,40,63) 
and sh.fofid=f.fofid 
and g.subhaloid=sh.subhaloid 
group by f.snapnum 
, .1*floor(g.mag_bDust/.1) 
order by 1,2 

select d.type as dtype 
, d.stellarMass as dmass 
, d.bulgeMass as dbulgemass 
, d.mag_v as dmag 
, d.mag_vdust as dmagdust 
, d.mag_b-d.mag_v as dcol 
, d.mag_bdust-d.mag_vdust 
as dcoldust 
, b.stellarMass as bmass 
, b.bulgeMass as bbulgemass 
, b.mag_v as bmag 
, b.mag_vdust as bmagdust 
, b.mag_b-b.mag_v as bcol 
, b.mag_bdust-b.mag_vdust 
as bcoldust 
from mpagalaxies..delucia2006a d 
, mpagalaxies..bertone2007a b 
where d.snapnum=63 
and d.random between 700000 
and 700750 
and d.galaxyid = b.galaxyid 

Comparing SAMs: 
DeLucia2006a vs Bertone2007a 

type 012 



Lectures and hands-on sessions 

  L1: Overview + Phenomenology 
  L2: Virtual Universes in a Database 
  L3: Virtual Observatory and Theory 
  H1: Querying databases 
  H2: Filling databases and publishing them 

  Using results from hands-on sessions Darren, Peter and 
Risa,  
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PHENOMENOLOGY: 
SIMULATION PIPELINES AND 
DATA PRODUCTS 
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Exemplified by the  
Millennium Run Observatory 



Raw data: 
Particles 

FOF groups and Subhalos 

Density fields 

Subhalo merger trees 

Synthetic galaxies (SAM) 

Mock catalogues 

Mock images 



Millennium Run Observatory 
Overzier, GL etal 2012, arXiv:1206:6923 

  Extend the Millennium Run project approach by producing data products 
directly corresponding to observations, namely synthetic images and 
extracted source catalogs 

  Aid theorists in testing analytical models against observations 
  Aid observers in making detailed predictions for observations and better 

analyses of observational data 
  Allow the community to subject the models to new kinds of tests 
  Allow observers and theorists to work toward each other from either 

direction with the freedom of where to meet. 
  Allow detailed comparisons with synthetic observations produced by 

other groups performing cosmological simulations 
  Allow calibration of observational analysis methods by making available 

synthetic data for which the entire underlying physical ”reality” is known. 
  Extend the realism with which semi-analytic models can address 

questions such as what is the probability that a z  10 galaxy will be 
detected within a particular observational data set? 

  Provide a framework for future virtual theoretical observatories 

17 ISSAC 2012 SDSC, San Diego, USA 



SUBFIND  Tree 
Builder  

Halo Merger 
Trees  

SAM 
SSP 

FOF Group 
Finder 

(Sub-)Halos FOF 
Groups 

Simulation 
Particles  

Gadget 

MoMaF’ 

SAM 
Galaxies 

Light-cone 
Galaxies 

SkyMaker’ SExtractor 

Synthetic 
Images 

SExtractor 
Catalogues 

PSF, Noise, 
Background 

Scaling  

IGM 

Millennium Run Observatory 



SUBFIND  Tree 
Builder  

Halo Merger 
Trees  

SAM 
SSP 

FOF Group 
Finder 

(Sub-)Halos FOF 
Groups 

Simulation 
Particles  

Gadget 

MoMaF’ 

SAM 
Galaxies 

Light-cone 
Galaxies 

SkyMaker’ SExtractor 

Synthetic 
Images 

SExtractor 
Catalogues 

PSF, Noise, 
Background 

Scaling  

IGM 

Millennium Run Observatory: 
Cosmological DM Simulations 
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Millennium-II 

M. Boylan-Kolchin et al. 2009,  
MNRAS 398, 1150  
100 Mpc/h, 1010 particles, 
68 snapshots 

V. Springel et al. 2005,  
Nature 435, 629  
500 Mpc/h, 1010 particles 
64 snapshots 

~WMAP1 cosmology 

Millennium 



Millennium 
XXL 

3000 Mpc/h,  
3*1011 particles 
64 snapshots 
700TB → 70TB 
Raw snapshots at  
z=0, 0.3, 1.0, 2.0 

Angulo, R. etal, 2012 
arXiv:1203.3216 

courtesy RaulAngulo 
(click for demo) 
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Millennium Run Observatory: 
Clusters: FOF Groups 



Clusters 

  Particles cluster and 
collapse to groups/
halos/clusters. 

  Many cluster finder 
algorithms  

  All: cluster=group of 
particles 

  Here:  
FOF + SUBFIND 

  See also lectures by 
Risa and Peter 
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Friends-of-friends algorithm 
Davis etal 1985 
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Linking length : 
b=0.2 x mean inter-particle distance 

Minimum # particles/group 
Nmin = 20 



FOF Groups, sometimes noisy 
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FOF groups have substructure 
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Detect sub-halos 

  SUBFIND   
  Springel etal 2001 

  One possible algorithm to detect sub-halos 
  See Risa/Peter for alternatives 

  Gravitationally bound (more or less) 
  Basis of semi-analytical galaxy modeling  
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SUBFIND algorithm: 
Selection of sub-halo candidates 
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Peak 

slides courtesy Francesca Iannuzzi 



SUBFIND algorithm: 
Selection of sub-halo candidates 

33 ISSAC 2012 SDSC, San Diego, USA 

Peak 
Halo particle 

slides courtesy Francesca Iannuzzi 



SUBFIND algorithm: 
Selection of sub-halo candidates 
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Peak 
Halo point 
Saddle point 

Candidate sub-halo 

slides courtesy Francesca Iannuzzi 



SUBFIND algorithm: 
Selection of sub-halo candidates 
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Peak 
Halo point 
Saddle point 

Candidate sub-halos 

slides courtesy Francesca Iannuzzi 



SUBFIND algorithm: 
Unbinding 

  Process the candidates for self-boundedness 
  For every particle compute: 

  potential energy (positions in physical units) 
  kinetic energy (velocities wrt bulk velocity + Hubble flow, 

physical units) 
  Total energy > 0 particle removed from the candidate 

  Iteratively - no more than 1/4 of the particles removed at 
once 
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Millennium simulations 

  Millennium 
  ~18 million/snapshot @ z=0 
  Total ~800 million 

  Millennium-II 
  ~12 million @ z=0 
  Total ~680 million 

  Millennium XXL @ z=0 
  FOF ~650 million 
  SH ~ 720 million 
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Millennium Run Observatory: 
Halo Merger Trees 



(sub-)halo merger trees 

  Evolution of halos: 
  Birth: first time a halo has >=20 particles 
  Growth by 

•  Accretion 
•  Merging 

  Merge onto other halo 
  Also 

  Dissolve 
  Get lost for a while (too close to other subhalo) 
  Are misidentified  
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Halo evolution: accretion and mergers 
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(see TOPCAT) 

particles halos 
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Millennium Run Observatory: 
Semi-analytical Galaxies 



Semi-analytical models for  
galaxy formation (SAMs) 

  SAM: 
  Add baryonic physics after gravitational evolution on 

skeleton of halo merger trees 
  Advantage: can sample parameter space more 

efficiently 
  Disadvantage: no feedback baryonic physics on 

clustering. 
  L-Galaxies: MPA’s semi-analytical models (SAM)  

for galaxy formation 
  Others: Benson, Croton, Durham , GalICS, 

Somerville, … (etal) 
  See lectures by Darren Croton for all the details 
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courtesy Bruno Henriques 

Stars 
Cold 
Gas  

Hot Gas  

Ejected Gas  

Recycling Star 
Formation 

Cooling Reheating 

Ejection 

Reincorporation 

Stars  

SAMs: baryons in halo merger trees 

ISSAC 2012 SDSC, San Diego, USA 



Halos  Galaxies 
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MS and MSII converge 
above 10**9.5 Msun 

Latest models 

Halo mass function as 
a function of Mh x Omega_b x 0.3 

DeLucia & Blaizot, 2006 

courtesy Qi Guo 

Guo etal, 2011 
ISSAC 2012 SDSC, San Diego, USA 



Luminosity Functions 

Correlation functions 

  Good convergence between MS and MSII 
  Good fits at large scale → central 

galaxies are formed in the right halos. 
  Excess at small scale → too many 

satellites? sigma_8 (0.9) too big? 

Wrong cosmology? courtesy Qi Guo ISSAC 2012 SDSC, San Diego, USA 
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Millennium Run Observatory: 
Light Cones 



Alternative cosmologies: Scaling 

  Beyond WMAP1 
  without needing new simulations 

  Angulo & White (2010) 
“One simulation to fit them all” 
  Use Millennium simulation 
  Scale size/mass/time to  

reproduce mass function/power 
spectrum of other cosmology 

  Use rescaled, retimed snapshots 
as input for SAM 
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Guo etal 2012 arXiv:12060052 
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Solid: WMAP 7 
Dashed WMAP 1 
Red: MR 
Green MR-II 
Purple: MR-WMAP7  



Correlation functions  
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Solid: MR 
Dashed MR-II 
Red: WMAP1 
Green WMAP 7 
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Millennium Run Observatory: 
Light Cones 



Light cones 

  SAMs produce galaxies in snapshots 
  To mimic real observations, need to produce “light 

cones”: 
  Observational properties: apparent magnitudes, sky 

positions, apparent redshifts, sizes, etc. 
  Millennium box too small 

  Periodic replication needed 
  E.g. MoMaF, 

Blaizot etal 2005 
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Perspective effect 
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Pencil beams  
(Kitzbichler & White 2007, Henriques etal 2012) 
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“All” Sky 
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Millennium Run Observatory: 
Synthetic Images 



Simulations	
 Observations	

number counts/clustering	


SED fitting of Data	


SEDs applied to Simulation,	

selection function affects data	


Realistic comparison	

but still idealized	


Mock images	

“True Comparison”	


Comparison	
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courtesy Roderik Overzier 58 
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SkyMaker (E. Bertin, 2008) 

  Ideal image: 
bulges and disks 

  Incl and PA  
from model 
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Observe: instrument, PSF, noise, 
depth, pixel size,… 
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Mock vs real CANDELS 
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Aiming at Specific Objects at Desired Redshift...	


Cluster at z=2	
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(most massive z=0 MR cluster, seen at z=0.83, 
three different observer’s viewing angles)	


courtesy Roderik Overzier 

Aiming at a cluster from different directions 
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Millennium Run Observatory: 
Sextractor Catalogues 



Analyse like ordinary images 

  E.g. SExtractor 
  Compare these catalogues  

with originals 
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MRObs Online 

  Original database site 
  http://gavo.mpa-garching.mpg.de/Millennium 
  http://gavo.mpa-garching.mpg.de/MyMillennium 

(private with MyDB) 
  Download images etc 

  http://galformod.mpa-garching.mpg.de/mrobs 
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MRObs Image Browser 
http://galformod.mpa-garching.mpg.de/mrobs/browser 

  Online tool for browsing 
images “ala GoogleMaps” 

  Image pyramids 
  Interactive version (private 

for now) allows click-and-
query 
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THANKS TO THE 
ORGANIZERS AND  
THANK YOU. 
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