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Moore's Law for Cosmological

N-body Simulations

Springel et al 2005
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Millennium Run
® Computers double their 10 direct summation \&
speed every 18 months P'Mar AP'M
B distributed-memory parallel Tree n
@ parallel or vectorized P*M

® Simulations double their

. distributed-memory parallel TreePM
size every 16.5 months * ~

® A naive N-body force

lation particles

10° —
. 2
calculation needs N op's s
E ,
® Progress has been roughly 4 . R
Al [ 2] Miyoshl & Khera (1975) [11] Gaib & Betschingsr (1954) —
equally due to hardware ™ ., e " e o o
and to improved algorithms o, v, ek s 151 1] vt it - s 1
= [ 7] White, Frenk, Dews, Efstathiou (1987)  [16] Colbsng etal, (2000) -
[ 8] Canbeng & Couchman [1963) [17] Wambsganss, Bode & Cstiker (2004)
i [5] Suto & Suginohara (1991) [18] Springel &t &, (2005)
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Millennium Run Statistics

Springel et al 2005: The Virgo Consortium
® DM particle number: N =2160° = 10,077,696,000 ~ 10"

® Box size: L = 500 Mpc/h, Softening: € = 5 kpc/h— L/e = 10°

e Initial redshift: z =127

1nit

e Cosmology: (2 t=1, Qm=0.25, Qb=0.045, h =0.73, n=1, 08=O.9

to

® 343,000 processor-hours on 512 nodes of an

M Regatta

(28 machine days @ 0.2 Tflops using 1 Tbyte RAM)

® Full raw and reduced data stored at 64 redshifts

» 27 Tbytes of stored data

A testbed for simulating the formation of ~10’ galaxies
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Halo Mass Functions in the MS

Springel et al 2005
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Goals for simulations of galaxy/AGN evolution

® Explore the physics of galaxy formation

® Understand the links between galaxy and SMBH formation
® Clarify why galaxy properties are related to clustering

® Determine how environment stimulates galaxy activity

® Interpret new multi-wavelength surveys of galaxies

® Check if such surveys can provide precision tests of and
parameter estimates for the standard ACDM paradigm



Simulating galaxies /AGN in the Millennium Run

Springel et al 2005; Croton et al 2006, De Lucia et al 2006

® Build and store merger trees which encode the detailed assembly
history of every z=0 halo and of the substructure within it

* Implement models for the formation/evolution of galaxies to follow

-- accretion, shock-heating and cooling of diffuse gas into disks
-- star formation from the ISM 1n disks

-- stellar evolution :
) After Springel et al (2001
-- SN feedback and stellar winds [ an% Di Lucia e(t al (2)004)]

-- chemical enrichment/dust formation
-- galaxy merging/morphological transformation

* Implement models for the growth of central black holes to follow

-- formation and growth from ISM gas during mergers [After Kauffmann
-- black hole mergers following galaxy mergers & Haehnelt (2000)]

® Include “radio mode™ feedback from BH at cooling flow centres
-- energy feedback from BH in the central dominant galaxy depends on

BH mass, gas temperature and gas mass fraction oc fgas m_ T'









Springel, Frenk &
White 2006
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dark matter z =855

T=0.6 Gyr

7. .galaxigs >

Ci.i z=855

Large-scale

structure at
high redshift

o '__T.i'_-U.E'i Gyr .

z2=5.72

T=1.00Gyr

Yiie 7 =572

Springel, Frenk & White 2006

5o s S -.'.T =1 0 éyr -

z2=1.39

MLz =139

Large-scale structure n
the galaxy distribution

evolves very little with
redshift

150 Mpe/h |, i e o b T=_1é.é Gyr )

350 : % :
150 Mpc/h, . T
x ] +.

It 1s as strong at z=8.5
as at z=(

C S eden



Evolution of mass and galaxy correlations

Springel, Frenk & White 2006
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Effect of feedback on the Luminosity Function

T T T
-« Morberg et ol. (2002)

¢ (h3Mpc=3mag=1)
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Full model with reionisation, AGN and SN feedback

Croton et al 2006



Effect of feedback on the Luminosity Function
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Effect of feedback on the Luminosity Function
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Effect of feedback on the Luminosity Function
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Effect of feedback on the Luminosity Function
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The effects of “radio

1.0

mode” feedback on
7z=0 galaxies

0.6 B Croton et al 2006

1 @ In the absence of a “cure” for the
elipticels « 4 cooling flow problem, the most

-  massive galaxies are:
- St too bright
BINE D too blue
R disk-dominated

® With cooling flows suppressed by
“radio AGN” these galaxies are
PRS0 _ less massive
0.4 ""'. i ,,_ T | ellng;-icrrz:: : ] I‘ed
e elliptical
9.0 95 100 105 11.0 11.50 120 12.5
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Issues for public release of Millennium data

® Data Volume
Raw data ---- 64 snapshots ---- 20 Tbytes
Halo data ---- 7.5 10° halos/subhalos ---- 300 Gbyte database

Galaxy data ---- 10’ galaxies ---- 1 Tbyte database per model
® Complexity of data relations

Spatial relations ---- real space, redshift space....
Temporal relations ---- many to one forwards in time

Variety of attributes ---- M, age, L, B-V, B/T, V_

Linking data of different type -- (sub)halos — galaxies
halos/galaxies — mass

galaxies — shear field
lightcone — snapshot

® Ease of use for non-specialists

Good documentation
Widely known, 'simple' and powerful search engine



Exploring the milli-Millennium simulation with a relational database

Documentation celect DI HALD,
0. SHAPNUM,
1. Introduction O.N P as T NP,
1.1 Simulation P1. W P as P1_WP,
1.2 Semi-analytical P2 H P as P2_NP
galaxy formation e %g gé‘
1.3 Science questions HALD T
1.4 Storing merger trees where P1. SNAPHUM=PZ. SNRPNUM
1.5 Peano-Hilbert ) B £ ) § P G _Execute Query |
ial ; and P1.I DESCENDENT = 0. I_HaL0
spatl_al indexing and P2 I _DESCENDANT = D.I_HALO Clear all |
1.6 Links and PL.N P »>= 240 N P
2. Relational databases and P2 N P 3=  2*0 N P
and SQL and D.N_PB > 1000 Help |
3. Tables
3.1 HALO
3.2 FOF
3.3 SAGFUNIT
3.4 SNAPSHOTS
3.5 GALAXY
4. Views Maximum number of rows to return to the query farm: |10 =
5. Functions
6. Demo queries Previous gueries : | |
Halo 1
Galaxy 1 : . . . . . .
Halo 2 Halo 1 | Galamy 1 | Find halos/galaxies at a given redshift (SMaPMURY within a certain part of the simulation volume (<,%,2).
n::gg Halo 2 | Find the whole progenitor tree, in depth-first order, of a halo identified by its id {_HaLO)
Halo o Find th it t i dshift (SMAPMUN of all hal i M_F ter than 4000
ind the progenitors at a given redshi of all halos of mass reater than
gg:ﬂg ﬂl at a Iaterpredgshiﬂ (SNAPN%I_IM). The progenitors are limited to have mass == 1009

Halo 4 | Find all the halos of mass (M_P) == 1000 that have just had a major merger,
defined by having at least two progenitors of mass == 0.2%descendant mass.

Halo 5 | Galaxy 5 | Find the mass/Auminasity function of halos/galaxies at z=0 using logarithmic intervals.

Galaxy B | Find the Tully-Fizher relation, kMag_hiwidk v W_vir for galaxies with bulgedotal mass ratio < 0.1.
td Subsample by about 1% (RAMDOM between 20000 and 30000).

Reformat | | C8v |

This button wil attempt to start up VOPIot within an applet, so that the current result can be explored graphically. This clearly reguires that the browser has been configured

Plot (YOFIot) | for wiewing applets.
DISCLAIMER This functionality has been partially tested only. &ny problems are our responsibility, not WOPlot™s.
It seems that the applet does not work properly with Kongueror.

Cluery titme {in millisec) = 15623
Mumber of rows retrieved from database = 12 (Maximum # = 10000)

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

i_halo snapnum d_np pl_np pZ_np
2576 il 10791924 | 222




Does halo clustering depend on formation history?
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Does halo clustering depend on formation history?
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Does halo clustering depend on formation history?
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Halo bias as a function of

mass and formation time
Gao, Springel & White 2005

® Bias increases smoothly with
formation redshift

| ® The dependence on formation

redshift 1s strongest at low mass

| ® This dependence is consistent

neither with excursion set
theory nor with HOD models

10.00



Halo bias as a function of mass and formation time

Gao & White 2006

*+ » & O
NN NN
il nn
L= -

— e = m

Formation time _

(a)




Halo bias as a function of mass and concentration

Gao & White 2006
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Halo bias as a function of mass and substructure

Gao & White 2006
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Halo bias as a function of mass and substructure

Gao & White 2006
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Halo bias as a function of mass and spin

Gao & White 2006
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Majar mergar rate{Galaxy}
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mass grawth rate
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Comparison with COSMOS survey w(0)
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Strong lensing statistics in a DM-only universe

Strong lensing optical depths

Lens redshift distributions
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