. T : : *

- ‘Earchmg Sep'(éMI;ér' 2013
r e N e

Tfle formatlo_n and eyolutmnﬁ {
- galaxy pqpulatmn‘ vl i
\‘ Nk \ ,ifl x,,"-‘ﬁ...“'

L

. e

S SzmonW}zzte = B
“ Max Planﬁlnstltute for AstmphySlcs i

L]

As, R 2t T : ’



Planck CMB map: the IC's for structure formation
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Information content of the Planck CMB map
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The six parameters of the minimal ACDM model

Planck+WP
Parameter Best fit 68% limits
Qbh2 .......... 0.022032 0.02205 + 0.00028
Qhr . .. ... 0.12038 0.1199 + 0.0027
1000y . . . . . ... 1.04119 1.04131 = 0.00063
0.012
T o e e e e e e e 0.0925 0.089J_f0.0l 1
g v v v e e e e 0.9619 0.9603 + 0.0073
In(10"04¢) . . ... .. 3.0980 3.089% 0037




The six parameters of the minimal ACDM model

Planck+WP

Parameter Best fit 68% limits
Quh? . ... ... ... 0.022032 0.02205 + 0.00028
Qh* . ... 0.12038 0.1 1%‘% + 0.0027
1000MC A 406 detection of nonbaryonic DM using only z ~1000 data!
£SO 0.0925 0.089f8:8}i
N v v e e e e 0.9619  0.9603 + 0.0073
In(10"04¢) . . ... .. 3.0980 3.089% 0037




Ly a forest spectra and small-scale initial structure

Viel, Becker, Bolton & Haehnelt 2013
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Transmitted quasar flux in hydrodynamic simulations of the intergalactic
medium in ACDM and WDM models.

High-frequency power 1s missing in the WDM case
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Lyman a forest spectra for WDM relative to CDM
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Dark matter effects on galaxy formation?
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N-body codes can simulate the evolution of the abundance,
internal structure and clustering of dark halos at high precision s
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N-body codes can simulate the evolution of the abundance, &
o internal structure and clustering of dark halos at high precision fEassss

& Galaxies correspond to self-bound subhalos within halos,
g8~ rather than to the halos themselves




g2t N-body codes can simulate the evolution of the abundance, &S
@ ¥ internal structure and clustering of dark halos at high precision fEasesss

Galaxies correspond to self-bound subhalos within halos,

#% rather than to the halos themselves

| The information relevant to galaxy formation is encoded in
% subhalo merger trees
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Galaxies form by the cooling and condensation of gas in the
cores of the evolving population of dark halos

- s "*.:.-l-. -..
"I.I‘ , ’
A
,-' , J P
/ |
L i
. L
s
" & \ .r
1.
J . h ol




Galaxies form by the cooling and condensation of gas in the
cores of the evolving population of dark halos

Halo gravity controls assembly through accretion and merging

- Radiative cooling controls gas supply through condensation




' Galaxies form by the cooling and condensation of gas in the
cores of the evolving population of dark halos

' Halo gravity controls assembly through accretion and merging
' Radiative cooling controls gas supply through condensation

White & Frenk 1991

We distinguish two different cases. When r_, is larger than the
virialized region of a halo, cooling is so rapid that infalling gas
never comes to hydrostatic equilibrium. The supply of cold gas
for star formation is then limited by the infall rate rather than
by cooling. When r__, lies deep within the halo, the accretion
shock radiates only weakly, a quasi-static atmosphere forms,

and the supply of cold gas for star formation is regulated by
radiative losses near r,,.

Thus, when req > Fyir,

M. (V.. 2) = 0.15,Q, V. 3G ! . rapid infall

“cold flows”

In the _nppnéite limlt ooot KT

vir?

dr..,; radiative settling
M ooV, 2) = 4mp {r’-‘““’} cool 4. “cooling flows”




Galaxies form by the cooling and condensation of gas in the
cores of the evolving population of dark halos

Halo gravity controls assembly through accretion and merging
' Radiative cooling controls gas supply through condensation

WHITE & FRENK
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~ Galaxies form by the cooling and condensation of gas in the
cores of the evolving population of dark halos

' Halo gravity controls assembly through accretion and merging
' Radiative cooling controls gas supply through condensation

WHITE & FRENK
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~ Galaxies form by the cooling and condensation of gas in the
cores of the evolving population of dark halos

' Halo gravity controls assembly through accretion and merging
' Radiative cooling controls gas supply through condensation

WHITE & FRENK
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ztellar mass

From the observed
stellar mass function

10




Most stars are 1n galaxies similar in mass to the Milky Way
Dark matter 1s much more broadly distributed across halos

stellar mass

— Jdark matter mass

From the standard .I_ .
ACDM model g -l'

10
log(M/M,)




Most stars are 1n galaxies similar in mass to the Milky Way
Dark matter 1s much more broadly distributed across halos

—— (Galaxy to halo mass ratio varies strongly with mass

117 12 135 14 15
|Og(Mhulo[Msun])




Most stars are 1n galaxies similar in mass to the Milky Way
Dark matter 1s much more broadly distributed across halos

—— Halo to galaxy mass ratio varies strongly with mass

Star formation efficiency 1s reduced at both low and high halo mass

Cooling inefficiency

+ AGN feedback
Croton et al 2006

12 135 14 15
|Og(Mhulo[Msun])




Most stars are 1n galaxies similar in mass to the Milky Way
Dark matter 1s much more broadly distributed across halos

—— Halo to galaxy mass ratio varies strongly with mass

Star formation efficiency 1s reduced at both low and high halo mass

Q/Q)M =M +M +M +M +M_

alo hot ejecta star

T

black hole

radio mode accretio quasar mode accretion
RMifeedback

coolmg -

an N
IGM > hothalogas < (. i Aigm reheating \Cold 1ntesrstellp

infall

SN feedback stellar mass -
winds IOSS Aormaﬁon

ejected gas | stars




Most stars are 1n galaxies similar in mass to the Milky Way
Dark matter 1s much more broadly distributed across halos

—— Halo to galaxy mass ratio varies strongly with mass

Star formation efficiency 1s reduced at both low and high halo mass

Q/Q)M =M +M +M +M +M_

alo hot ejecta star

M T é black hole

ot halo BH hot .
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infall - -

SN feedback stellar mass -
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The semi-analytic programme

Follow the DM distribution with high-resolution simulations
identify dark halos/subhalos at all times, building merger trees to
describe their growth, internal structure and spatial distribution

Treat baryonic physics within the evolving population of DM
objects using simplified physical models for processes such as
gas cooling onto central galaxies
star formation within these central galaxies
central black hole growth
generation of winds through stellar and AGN feedback

production, expulsion and mixing of nucleosynthesis products

Measure the efficiencies of these processes as functions of
redshift and galaxy properties by comparing model output
directly with observational data

eg | Lo >



Six parameters fine-tuned to fit a single curve

Planck+WP
Parameter Best fit 68% limits
Qbh2 .......... 0.022032 0.02205 + 0.00028
Qhr . .. ... 0.12038 0.1199 + 0.0027
1000y . . . . . ... 1.04119 1.04131 = 0.00063
0.012
T o e e e e e e e 0.0925 0.089J_f0.o} 1
g v v v e e e e 0.9619 0.9603 + 0.0073
In(10"04¢) . . ... .. 3.0980 3.089% 0037
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How many parameters are
needed to fit the galaxy
population?
(abundance by mass,
size, gas content,
SFR, B/T, AGN;
- scaling relations;
clustering...)
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Population simulations provide a tool...

To explore the statistics and interactions of the many processes
affecting stars and gas within growing ACDM structures

To understand how the effects of these processes are reflected 1n
the various observed population properties of galaxies and
their evolution -- abundances, scaling relations, clustering

To allow interpretation of large observational surveys in terms of
the rates, efficiencies and significance of these processes



Population simulations provide a tool...

To explore the statistics and interactions of the many processes
affecting stars and gas within growing ACDM structures

To understand how the effects of these processes are reflected 1n
the various observed population properties of galaxies and
their evolution -- abundances, scaling relations, clustering

To allow interpretation of large observational surveys in terms of
the rates, efficiencies and significance of these processes

NOT to make a definitive a priori physical model for the
formation of everything from linear ACDM 1nitial conditions

NOR to represent the internal structure of individual galaxies at
anything but the most schematic level
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" Virgo - Millennium Databas
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Metadata queries: The SCL statements under these buttons provide examples for querying and managing the state of a private database.
Holding the mouse over the button will give a short explanation of the goal of the staterment.

ShowTables Show Views Show Columns Show Indexes MyDB Size MyDE Table Size

Create View Drop Table Create Index




Limitations of the Millennium Simulation

Limited modeling of structure of galaxies, gas components
Limited resolution — too poor to model formation of dwarfs

No convergence tests — are galaxy results numerically converged?
Limited volume — too small for BAO work, precision cosmology
Only one (““wrong”) cosmology

Users unable to test dependences on parameters/assumptions
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Second generation galaxy formation models based
on the MS and the MS-II jointly

Guo et al 2011

Implement modelling simultaneously on MS and MS-II

Test convergence of galaxy properties near resolution limit of MS

Extend to properties of dwarf galaxies
Improve/extend treatments of “troublesome’ astrophysics
Adjust parameters to fit new, more precise data

Test against clustering and redshift evolution



The stellar mass function of galaxies
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Luminosity function of

Milky Way satellites
R N Luminosity functions of satellites
1"-&:- N """-9..9%”’ around 1500 “Milky Ways”
; T, NG, i.e. isolated disk galaxies with
SO L Nk . N log M_=10.8
—6 —8—10-12—14—16—18-20 Guo et al 2011

My[mag]
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log(Rso[kpc])

Scaling relations
Guo et al 2011
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Mass-dependent galaxy clustering
Guo et al 2011
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Distortions of BAO feature in the galaxy population

Stellar Mass
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Angulo et al 2013

Small but measurable shifts for different selection methods



Scaling simulations to neighboring cosmologies

Angulo & White 2010

For example: "WMAP1' — Qm =(0.25, Qb = (0.045, c, = 0.9
to "WMAP3' — Qm =0.238, Qb =0.0418, C, = 0.76

1) Scale simulation size to match power spectrum slopes of original
and target cosmologies on the scales of the target z=0 halos

-- 685 Mpc 620 Mpc

2) Reassign redshifts to match linear amplitudes on these scales
-- z=0.69, 1.75, 3.02 z=0,1,2

3) Scale particle masses and velocities to match () and new size
- 1.1x10°M 7.1x10°M

© ©

4) Adjust for the difference between amplitudes of original and
target power spectra on large scales using linear theory.



Effect of changing cosmology on structure growth
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Scalings needed to adapt the MS to changing CMB cosmologies




Effect of changing cosmology on structure growth
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Effect of changing cosmology on structure growth
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Effect of changing cosmology on structure growth
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Effect of changing cosmology on structure growth
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Switching from WMAP1
to WMAP7

1 Small shifts in the parameters of

| the galaxy formation model allow
. 1 the galactic stellar mass function

\ 1 to be fit equally well in the two
different cosmologies despite

=09 » o =0.81
8 8

7 B 9 10 11 12
log,o{M.[Mo])

Parameter Description WMAP1 WMAPT
x Star formation efficiency 0.02 0.015
€ Amplitude of SN reheating efficiency 8.5 4.5
/1 Slope of SN reheating efficiency a5 4
Veeheat normarlization of SN reheating efficiency dependence on Vmax o 20
7 Amplitude of SN ejection efficiency 0.32 0.33
P2 Slope of SN ejection efficiency a5 8.5
Veject normarlization of SN ejection efficiency dependence on Vmax 0 B0
" Hot gas accretion efficiency onto black holes 1.5 x 10-% 8.0 x 108




w(r,)[Mpc]
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Switching from WMAP1 to WMAP7
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Guo et al 2013

Clustering at z = 0 fits observation

] better for the WMAP7 cosmology
than for WMAPI1



Switching from WMAP1 to WMAP7
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Guo et al 2013
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MCMC allows exploration of parameter space

. >3 2<7<3
Ty _0-5 By
2
o
g .
15
0
—_ 1<z<2 O<z<1
% 05
Z
2
2
0
6 4 2 06 -4 -2 0
IDQ1 D{Treinc:} IDQ1 0 {TIEII'IC:.
% 1523 2<7<3
2]
T 1
E”E 05
g o
= 15¢1 D<z<1
@
T 1
% 05 @
g o
1 -05 0 05-1-05 0 05
log, (n(eject))  log, (n(eject))

=3

@
s

O<z<1

55 5 45
Iogm(kAGN

455 -5 —45 —4

log, ,(Kaan

2<7<3

Q

&

-2 15 1 052 15 -1 -05&

log ; O{Yield}

Henriques et al 2013

Iogm[‘(ield}

SA model of Guo et al (2011)
constrained by observed stellar
mass and luminosity functions

at z=0,1,2and 3

Parameters are determined by
data at each individual redshift

No parameter set 1s consistent
with data at all redshifts

(At least) one parameter 1s
required to vary with redshift
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Henriques et al 2013b, Planck cosmology
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Changing the assumed timescale for reincorporation of wind ejecta

t =const/H(z)V =t

return

return

= const. / M

halo

allows a good fit to data at all redshifts for the same # of parameters

8
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Clustering predictions depend weakly and at a similar level on cosmology
and galaxy formation model



Galaxy-galaxy lensing: a cosmological test?

10

107

Wang, Mandelbaum et al, in prep.
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Galaxy-galaxy lensing: a cosmological test?
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Guo et al (2013) galaxy
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The Millennium Run Observatory
Overzier et al 2013

Construct deep light cones to z~10 1n arbitrary directions including
any desired object (e.g. a cluster) at any desired redshift for a choice
of cosmologies (e.g. WMAP1, WMAP7...)

Project each galaxy onto the sky using size, mass, stellar population
and orientation (J) as input to standard profiles for disk and bulge

Choose a population synthesis codes to simulate photometry
Create observer frame photometry including IGM absorption

Use a telescope simulator to create realistic images (e.g. pixel scale,
PSF, counting noise, etc.)

Open-access database implementation under construction



C10024

Harsono & De Propris
2007
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The MROBS Project O | oaal notce

_ . _ portal
H-x-ll::;::pll::liihll fiir [magmg PDrtaI about & credits
’ help

We have developed the Millennium Run Observatory (MRObs), a theoretical virtual observatory framework which uses virtual telescopes to
“observe' semi-analytic galaxy formation simulations based on the suite of Millennium Run (MR) dark matter simulations.

Description of data products in the MRObs: Here

Explore our virtual observations in the MRObs Image Browser: Here (Interactive version of the MRObs Image Browser: Here)
Data release; Here

FAQ and How-to: Here

Visualisations and PR material: Here

Contact: Roderik Overzier, Gerard Lemson

References: Overzier, Lemson, et al. 2012, MNRAS, in press (arXiv:1206.6923v2, high resolution paper here). (see 'about & credits' for further references).

Surveys Overview Table http://galformod.mpa-garching. mpg.de/mrobs/
Survey A  Instrument/Filter Stellar Population IGM Model Cosmology Download
HST/ACS F606W
HST/ACS F814W MADAU
CANDELS/COSMOS  WFC3/IR F105W Eﬂ%f MEIKSIN A V05
WFC3/IR F125W INOUE-IWATA
WFC3/IR FI60W
HST/ACS FE0BW
HST/ACS FB14W MADAU
CANDEIS/UDS  WFC3/IR FIOSW 3%93 MEIKSIN mﬂ,, V05
WFC3/IR F125W . INOUE-WATA
WFC3/IR F160W
Megacam u
Megacam g MADAL
CFHTALS Deep i Eﬂ%f MEIKSIN mﬂ?* V05
Megacam i INOUE-IWATA
Megacam z
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How do we learn from population simulations?
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When simulating the astrophysics of
galaxy formation, agreement with data 1s
a measure of success...

Guo et al 2011
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How do we learn from population simulations?
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When simulating the astrophysics of
galaxy formation, agreement with data 1s
a measure of success...

...but 1t 1s the failures which show where
there 1s missing or inadequate physics

cosmology? star formation? enrichment
and feedback? environmental effects?

Guo et al 2011
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How do we learn from population simulations?
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When simulating the astrophysics of

galaxy formation, agreement with data 1s
a measure of success...

Remember the scientific method!

The goal 1s not to fit the observations

It 1s to improve understanding of the real world by
framing hypotheses based on available data, and
then testing them through acquisition of new data
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in conclusion...

e The 1nitial conditions for galaxy formation are now precisely known
in terms of both baryon/DM/radiation content and structure

e Simulations of nonlinear structure growth give precise and detailed
statistics for the assembly histories of halos of all relevant masses

e Implementation of simplified treatments of baryonic processes (inflow,
condensation, star and BH formation, enrichment, feedback, mergers...)
gives numerically converged predictions for the full galaxy population

* These can be compared directly with observed galaxy abundances,
scaling relations and clustering

e Such comparisons indicate how galaxy formation and cosmological
factors combine to influence observables, and hence allow us

:> to 1dentify/characterize the primary galaxy formation processes
to assess systematics when extracting cosmological information



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75

