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Preamble: Physics and Mathematics of the Universe
Observations?

CERN / LHC

The Universe as
laboratory
Subaru
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The Universe as laboratory

Subaru

Dark matter simulation

Fundamental physics from:
• expansion history
• growth of structure
• probes of the metric

CL0024 Cluster

Galaxies are the observable:
• trace density field
• mass probes
Messy!
Galaxy physics will dominate systematics.
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Current problems in galaxy evolution...
since z~1.5, about 9 Gyr ago

CL0024 Cluster
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Current problems in galaxy evolution...
since z~1.5, about 9 Gyr ago
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growth and assembly through time
relation to dark matter (bias)
fueling of star formation (inflows)
quenching of star formation
star formation history (bursty? smooth?)
morphology and morphological evolution
role of galaxy-galaxy mergers
role of active nuclei
role of environment and local density
outflows of gas
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See: weak lensing GR & cosmology to follow
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How are massive galaxies built
through cosmic time?

1) Do they grow hierarchically and
at what rate?
Following LCDM and dark matter?

2) What processes drive or
inhibit growth?
The most massive galaxies are centrals
Mergers, feedback, environment...
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How are massive galaxies built
through cosmic time?
strategy

1) Do they grow hierarchically and
at what rate?
Following LCDM and dark matter?
large surveys

2) What processes drive or
inhibit growth?
The most massive galaxies are centrals
Mergers, feedback, environment...
detailed followup
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How are massive galaxies built
through cosmic time?
strategy

1) Do they grow hierarchically and
at what rate?
Following LCDM and dark matter?
large surveys
ICHIRO

2) What processes drive or
inhibit growth?
The most massive galaxies are centrals
Mergers, feedback, environment...
detailed followup
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How are massive galaxies built
through cosmic time?

1) Do they grow hierarchically and
at what rate?
Following LCDM and dark matter?
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Hierarchical LCDM dark matter assembly

Note: comoving (expanding) coordinates
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Millennium, Springel et al. 2005

Hierarchical LCDM dark matter assembly

Note: comoving (expanding) coordinates
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Millennium, Springel et al. 2005

Lucia and J. Blaizot

Assembling dark matter halos

cosmic
time

DeLucia et al. 2007
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Assembling dark matter halos
... drive the assembly of galaxies

he FOF group in which the BCG sits at redshift zero. Only the trees of subhaloes with more than 500 particles at z = 0 are shown.
n down to a 100-particle limit. Symbol coding is the same as in Fig. 1. The left-most tree is that of the main subhalo of the FOF,
hand side correspond to other substructures identified in the FOF group at z = 0. In green, we mark the subhalo that contains the

progenitor of the BCG at any given time as
implying that it necessarily contains most

n to the main branch must first be accreted
d it is therefore interesting to establish the
galaxy and the halo merger trees. Fig. 2
he FOF group containing our case-study
ghted in green is the branch containing the
. The right-most branches are merger trees
es (only those with more than 500 particles)
. These substructures have not yet dissolved
heir galaxies can thus not contribute to the
n Figs 1 and 2 circles mark objects (galaxies
o the same FOF group as the main branch
gles mark objects that have not yet joined
y, when a halo is accreted on to a bigger
me FOF group), it loses mass efficiently due
a et al. 2000; De Lucia et al. 2004a; Gao
t al. 2004). A nice example of this process
nch located roughly at the centre of Fig. 2.
alo dissolves that its galaxies become part
FOF group and are then allowed to merge
n a dynamical friction time-scale.
of the merger history shown in Fig. 1, it
eral times that mark important phases in
We call identity time (tid ) the cosmic time
its final identity. We define tid as the time
erger on the main branch occurred, that
e galaxy which merges on the main branch
third of the mass of the main progenitor.
s not exist as one single object, but as sevarable masses. Our definition of the identity
account for multiple simultaneous mergers.
ded identity time (t̃id ) as the latest (cosmic)
e masses of the progenitors merging on the
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itor. By definition, tid ! t̃id , although they are equal in most cases
(see Fig. 6 in Section 5).
Early theoretical work discussed the difference between formation and assembly times for elliptical galaxies in a hierarchical context (Baugh, Cole & Frenk 1996; Kauffmann 1996), although this
difference has been quantified only recently (De Lucia et al. 2006).
Following this work, we call assembly time (ta ) the time when the
main progenitor contains half the final stellar mass of the BCG. As
discussed above, although the main branch may capture the identity
of a galaxy for some time, it is not suited to describe the complete
evolution of the BCG. The stellar population of the BCG, in particular, can be fully described only by taking into consideration the
whole tree, because a large fraction of stars actually form in secondary branches. It is therefore useful to define a more classical
formation time (tf ) as the time when the total mass of stars formed
reaches half the final mass of the BCG. By ‘total mass’ we mean, at
each cosmic time, the sum of the stellar masses of all the progenitors
present at that given time, that is, the projection of Fig. 1 on to the
vertical time-axis.
4.2 Mass build-up of the BCG
Fig. 1 shows that the stars that end up in the BCG today, start
forming at very high redshifts. Rapid cooling in the early phases
of the cluster collapse lead to the formation of a massive central
galaxy of stellar mass ∼1011 M" h−1 about 11 Gyr ago (z ∼ 2.5).
A number of accretions of massive satellites increases its mass to
slightly less than half its present value at redshift about 1 and then
the BCG continues growing by accretion of satellites. Fig. 1 also
clearly shows that the satellites accreted below redshift ∼1 are red
and much less massive than the main branch.
In Fig. 3 we show the ‘formation’ and ‘assembly’ histories of the
stars that end up in the BCG of our case-study cluster. The black
line in Fig. 3 shows the stellar mass of the main branch. The green
line shows the sum of the stellar masses in all progenitors at each
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Assembling dark matter halos
... drive the assembly of galaxies
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5 Gyr ago (z~0.5)
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Theoretical
prediction for
galaxy assembly!

itor. By definition, tid ! t̃id , although they are equal in most cases
(see Fig. 6 in Section 5).
Early theoretical work discussed the difference between formation and assembly times for elliptical galaxies in a hierarchical context (Baugh, Cole & Frenk 1996; Kauffmann 1996), although this
difference has been quantified only recently (De Lucia et al. 2006).
Following this work, we call assembly time (ta ) the time when the
main progenitor contains half the final stellar mass of the BCG. As
discussed above, although the main branch may capture the identity
of a galaxy for some time, it is not suited to describe the complete
evolution of the BCG. The stellar population of the BCG, in particular, can be fully described only by taking into consideration the
whole tree, because a large fraction of stars actually form in secondary branches. It is therefore useful to define a more classical
formation time (tf ) as the time when the total mass of stars formed
reaches half the final mass of the BCG. By ‘total mass’ we mean, at
each cosmic time, the sum of the stellar masses of all the progenitors
present at that given time, that is, the projection of Fig. 1 on to the
vertical time-axis.
4.2 Mass build-up of the BCG
Fig. 1 shows that the stars that end up in the BCG today, start
forming at very high redshifts. Rapid cooling in the early phases
of the cluster collapse lead to the formation of a massive central
galaxy of stellar mass ∼1011 M" h−1 about 11 Gyr ago (z ∼ 2.5).
A number of accretions of massive satellites increases its mass to
slightly less than half its present value at redshift about 1 and then
the BCG continues growing by accretion of satellites. Fig. 1 also
clearly shows that the satellites accreted below redshift ∼1 are red
and much less massive than the main branch.
In Fig. 3 we show the ‘formation’ and ‘assembly’ histories of the
stars that end up in the BCG of our case-study cluster. The black
line in Fig. 3 shows the stellar mass of the main branch. The green
line shows the sum of the stellar masses in all progenitors at each
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Early theoretical work discussed the difference between formation and assembly times for elliptical galaxies in a hierarchical context (Baugh, Cole & Frenk 1996; Kauffmann 1996), although this
difference has been quantified only recently (De Lucia et al. 2006).
Following this work, we call assembly time (ta ) the time when the
main progenitor contains half the final stellar mass of the BCG. As
discussed above, although the main branch may capture the identity
of a galaxy for some time, it is not suited to describe the complete
evolution of the BCG. The stellar population of the BCG, in particular, can be fully described only by taking into consideration the
whole tree, because a large fraction of stars actually form in secondary branches. It is therefore useful to define a more classical
formation time (tf ) as the time when the total mass of stars formed
reaches half the final mass of the BCG. By ‘total mass’ we mean, at
each cosmic time, the sum of the stellar masses of all the progenitors
present at that given time, that is, the projection of Fig. 1 on to the
vertical time-axis.
4.2 Mass build-up of the BCG

Fig. 1 shows that the stars that end up in the BCG today, start
forming at very high redshifts. Rapid cooling in the early phases
of the cluster collapse lead to the formation of a massive central
galaxy of stellar mass ∼1011 M" h−1 about 11 Gyr ago (z ∼ 2.5).
A number of accretions of massive satellites increases its mass to
slightly less than half its present value at redshift about 1 and then
the BCG continues growing by accretion of satellites. Fig. 1 also
clearly shows that the satellites accreted below redshift ∼1 are red
and much less massive than the main branch.
In Fig. 3 we show the ‘formation’ and ‘assembly’ histories of the
stars that end up in the BCG of our case-study cluster. The black
line in Fig. 3 shows the stellar mass of the main branch. The green
line shows the sum of the stellar masses in all progenitors at each
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Early theoretical work discussed the difference between formation and assembly times for elliptical galaxies in a hierarchical context (Baugh, Cole & Frenk 1996; Kauffmann 1996), although this
difference has been quantified only recently (De Lucia et al. 2006).
Following this work, we call assembly time (ta ) the time when the
main progenitor contains half the final stellar mass of the BCG. As
discussed above, although the main branch may capture the identity
of a galaxy for some time, it is not suited to describe the complete
evolution of the BCG. The stellar population of the BCG, in particular, can be fully described only by taking into consideration the
whole tree, because a large fraction of stars actually form in secondary branches. It is therefore useful to define a more classical
formation time (tf ) as the time when the total mass of stars formed
reaches half the final mass of the BCG. By ‘total mass’ we mean, at
each cosmic time, the sum of the stellar masses of all the progenitors
present at that given time, that is, the projection of Fig. 1 on to the
vertical time-axis.

Low Mass
M*>1010

4.2 Mass build-up of the BCG
Fig. 1 shows that the stars that end up in the BCG today, start
forming at very high redshifts. Rapid cooling in the early phases
of the cluster collapse lead to the formation of a massive central
galaxy of stellar mass ∼1011 M" h−1 about 11 Gyr ago (z ∼ 2.5).
A number of accretions of massive satellites increases its mass to
slightly less than half its present value at redshift about 1 and then
the BCG continues growing by accretion of satellites. Fig. 1 also
clearly shows that the satellites accreted below redshift ∼1 are red
and much less massive than the main branch.
In Fig. 3 we show the ‘formation’ and ‘assembly’ histories of the
stars that end up in the BCG of our case-study cluster. The black
line in Fig. 3 shows the stellar mass of the main branch. The green
line shows the sum of the stellar masses in all progenitors at each
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How can we observe, test, and measure this growth?

• How do we measure mass?
• How do we measure assembly?
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How can we observe, test, and measure this growth?
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Bundy+05

How can we observe, test, and measure this growth?

galaxy stellar mass function
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Connection to fundamental physics probes
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growth = merging (stripping)
+ SFR + feedback

These processes adjust total
mass profiles and bias weak
lensing probes of fundamental
physics.
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halo scales

Current galaxy surveys

1 Gyr ago

Sloan, z~0.1, 9830 deg2,
1e6 galaxies
0.2 Gpc3
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High-z, z > 2
No complete samples

Current galaxy surveys

9 Gyr ago

High-z surveys, z=1.5
~1 deg2, 2e4 galaxies,
0.001 Gpc3
Examples:
DEEP2, VVDS,
COSMOS, COMBO17

1 Gyr ago

Sloan, z~0.1, 9830 deg2,
1e6 galaxies
0.2 Gpc3
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Planned surveys

LSST: construction 2016?

SuMIRe, 2011-2020?

BOSS: Baryon Oscillation
Spectroscopic Survey
(Working NOW!)
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The BOSS
• SDSS-III program, better spectrographs
• 5 deg2 plates, 1000 fibers
• 10,000 deg2, 1.5e6 massive galaxies to z~0.7

PI: David Schlegel

(2.5m telescope!)
2010年12月9日木曜日

as of Sept. 2010

BOSS: Baryon Oscillation Spectroscopic Survey

High-z, z > 2
No complete samples

9 Gyr ago

6 Gyr ago

BOSS
10,000 deg2, 1.5e6
brightest galaxies,
14 Gpc3, z→0.7

1 Gyr ago

Sloan, z~0.1, 9830 deg2,
1e6 galaxies
0.2 Gpc3

2010年12月9日木曜日

BOSS: Baryon Oscillation Spectroscopic Survey

High-z, z > 2
No complete samples

9 Gyr ago

6 Gyr ago

BOSS
10,000 deg2, 1.5e6
brightest galaxies,
14 Gpc3, z→0.7

1 Gyr ago

Sloan, z~0.1, 9830 deg2,
1e6 galaxies
0.2 Gpc3
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SuMIRe

The problem: IR for reliable stellar mass estimates

BOSS
ugriz

Photometry matching

UKIDSS
YJHK

1000-2000 deg2 overlap ➟ catalog level matching
Differences

•
•
•
•
•
•

Magnitude system (AB vs. Vega)
Spatially varying PSFs
Photometry techniques / apertures available
Pixel scales (UKIDSS is 0.4’’)
Magnitude limits
Coverage by band (non-detection vs non-observation)

Recurring problems for the future of large surveys
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BOSS+UKIDSS: “Synthetic Aperture” Matched Photometry
Exponential

16

r-band profile

18

PSF deconvolved
profile

20

22
24
−2

better fit
−1

0
Radius / Re

u

1

2

g

r

Surface Brightness (mag arcsec−2)

Surface Brightness (mag arcsec−2)

Devaucouleurs
16

18

20

22
24
−2

−1

i

0
Radius / Re

1

2

z

scaled to each band, each PSF convolved

⊗

SDSS, r-band profile
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UKIDSS PSF
in best band
(H-band)

Matched photometry in UKIDSS
apertures (e.g., diam = 2.8’’)
uSYN = rSYN + (u-r)
gSYN = rSYN + (g-r)
rSYN = rSYN
iSYN = rSYN + (i-r)
zSYN = rSYN + (z-r)

YAperMag = YAperMag + (Y-H)PSF
JAperMag = JAperMag + (J-H)PSF
HAperMag = HAperMag
KAperMag = KAperMag + (K-H)PSF

First Look! Galaxy Stellar Mass Function

Log dN/dlogM* [h703 Mpc-3 dex-1]

-2

COSMOS z~0.5

-3

Log
Number -4
Density
per Mpc3

25 deg2
(Stripe 82)

see also
Matsuoka
& Kawara
2010

PRELIMINARY

-5
z~0.45
z~0.53
z~0.58
z~0.63

-6
11.0
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11.2
11.4
11.6
2
LogStellar
M*h70Mass
/M O•
Log

11.8

12.0

Preliminary results so far...
1.0

PRELIMINARY
Abundance
compared
to z=0

High mass
growth

Predicted Growth
Log M* = 10−11
Log M* > 11
Log M* >11 Stripping

0.6

(approximate only)
0.0
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0.2

0.4

0.6
Redshift

0.8

1.0

1.2

Preliminary results so far...
1.0

Abundance
compared
to z=0

Expected quality
from complete survey
Predicted Growth
Log M* = 10−11
Log M* > 11
Log M* >11 Stripping

0.6

0.0
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0.2

0.4

0.6
Redshift

0.8

1.0

1.2

How are massive galaxies built
through cosmic time?
strategy

1) Do they grow hierarchically and
at what rate?
Following LCDM and dark matter?
large surveys

2) What processes drive or
inhibit growth?
The most massive galaxies are centrals
Mergers, feedback, environment...
detailed followup
2010年12月9日木曜日

How are massive galaxies built
through cosmic time?
strategy

1) Do they grow hierarchically and
at what rate?
Following LCDM and dark matter?
large surveys
ICHIRO

2) What processes drive or
inhibit growth?
The most massive galaxies are centrals
Mergers, feedback, environment...
detailed followup
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How are massive galaxies built
through cosmic time?

2) What processes drive or
inhibit growth?
The most massive galaxies are centrals
Mergers, feedback, environment...
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9 Gyr ago
COSMOS

High-z surveys, z=1.5
~1 deg2, 2e4 galaxies,
0.001 Gpc3

1 Gyr ago

Sloan, z~0.1, 9830 deg2,
1e6 galaxies
0.2 Gpc3
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COSMOS Groups

• HST/ACS over 1.6 deg2
• 30 bands to AB ~ 25
• Photo-z accuracy of ~0.02
Scoville+07, Capak+07, Ilbert+09

• ~150 groups X-ray selected groups

using Chandra + XMM
• weak lensing calibrated halo masses
M200~5 x 1013 M
• 0.2 < z < 1.2
• Unique in M200, z, completeness
Finoguenov+07, Leauthaud+10
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COSMOS Brightest Central (group) Galaxies

Projects
z=0.22

1. Weak-lensing vs. LX scaling relations.
See Alexie’s talk tomorrow! (and Leauthaud+09)

2. Lensing constraints on halo centers and group member
assignment. See Matt George’s poster!
3. Baryon content.

See Stefania Giodini’s poster!

4. Statistical nature of BCGs.

See Melody Wolk’s poster!

5. Assembly history of groups and BCGs.
See the next few slides!

z=0.75
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COSMOS Brightest Central (group) Galaxies

Projects
z=0.22

1. Weak-lensing vs. LX scaling relations.
See Alexie’s talk tomorrow! (and Leauthaud+09)

2. Lensing constraints on halo centers and group member
assignment. See Matt George’s poster!
3. Baryon content.

See Stefania Giodini’s poster!

Why study galaxy growth using BCGs?

4. Statistical nature of BCGs. See Melody Wolk’s poster!
1. They are the most massive galaxies in the universe.
They livehistory
in a special
place,
5. 2.
Assembly
of groups
andallowing
BCGs. tests of specific
physical processes.
See the next few slides!

3. They are (usually) ellipticals and follow scaling
relations.

z=0.75
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Internal structure of ellipticals

velocity
dispersion
(spectroscopy)

size
(high resolution)

surface
brightness
(ideally M✭)
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Internal structure of ellipticals

total mass

size
luminous
mass
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COSMOS Groups and BCGs
VLT Followup with FORS2
Increase spec-z membership (to z=1),
Stellar velocity dispersions of BCGs and field ellipticals,
Spec-z merging pairs of group members

• 4 perfect nights in February 2010
• ~1hr exposures, R~2000
• First pass reduction: 537 redshifts,

47 BCG velocity dispersions
• Second pass will increase samples
by 50%
FORS2

2010年12月9日木曜日

Projects
1. Weak-lensing vs. LX scaling relations.
Alexie Leauthaud (Leauthaud+10)

2. Lensing constraints on halo centers and group member
assignment. Matt George et al. (in prep)
3. HOD constraints.

Jeremy Tinker et al. (in prep)

4. Statistical nature of BCGs.

Melody Wolk et al. (in prep)

5. Assembly history of groups and BCGs.
See later slides!
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10

Host Halo Masses of BCGs

Number

8

6

4

2

0
13.0
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13.2

13.4

13.6 13.8
Lensing M200

14.0

14.2

14.4

current spectroscopic sample

BCG Mergers...

20 kpc

Log M200 = 13.7
Log M* = 11.6

BCG triple merger at z=0.49 revealed!
PRELIMINARY
• Major BCG pairs ~10%
• Substructure and tidal features ~50%
• Late time BCG assembly in action?

Growth to be quantified..
e.g., Tran+08 but see Wiley+08
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The dynamical evolution of BCGs
816

LAUER ET AL.

Evolution of early-type BCGs
would still

BCGs

BCGs
Field

e.g., Bernardi09

Local cluster BCGs are larger...

e.g., Lauer+07
Fig. 3.—Relationship between central velocity dispersion, !, and L for the
sample. A fit to just the core galaxies and BCGs (solid line; eq. [7]) gives
L " !7 , a much steep relationship than the standard L " ! 4 Faber-Jackson
relationship, and L " ! 2 for the power-law galaxies alone (dotted line; eq. [8]).
It is this change in slope that leads to conflicting predictions for M! from the
M.-L and M.-! relations for the most luminous galaxies. Core galaxies with
directly measured BH masses are circled. [See the electronic edition of the
Journal for a color version of this figure.]

with lower velocity dispersions.

3.3. Parameter
Biases in Galaxies with M. Measures?
But do lie on the Fundamental
Plane
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The distribution of points with M! measurements shows what
appears to be a bias in the BH sample: galaxies with MV "
#22:5 with measured M! have a higher than average ! than
typical galaxies at this luminosity, or conversely have low luminosities for their !-values (see also Bernardi et al. 2007b).
The seven galaxies with measured M! at MV " #22:5 have av#1

MV < #22
with lumino
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The dynamical evolution of BCGs
Expected evolution in FP projections as seen in radial merger simulations

Radial
Mergers
M. Boylan-Kolchin, C.-P. Ma
and E.
Quataert

Boylan-Kolchin+06
β

α
Logarithmic slopes of the
and Faber–Jackson
(M ∗ ∝halo
σ e ; right)
relations as a function of orbital pericen
e ∝ M ∗ ; left)
Domass–size
radial relation
BCG(Rmergers
may
signify major
mergers?
each of the equal-mass merger simulations listed in Table 1. The two orbital energies are shown as diamonds (bound) and squares (parabo
Major
galaxy
mergers?
merger run is marked with an X symbol. At a given
r peri , the
bound orbits
produce remnants with a slightly lower α and β than parabolic or
✺
lic head-on orbit has β ≈ 28, so it✺ is not plotted here. For orbits with significant orbital angular momentum (large r peri ), our merger simulat
✺
he observed values of α ∼ 0.6 and β ∼ 4 but we predict a sharp increase in α and✺β for more radial mergers. The results for the remerger run a
studies
needed.
hose for the first✺ generation
mergers, indicating that the spherical ✺and✺isotropic galaxy models usedNew
in thesub-halo
first generation
mergers
do not stro
✺
Still
unclear
see
e.g.,
Wetzel
ults.
✺
✺
Radial
✺

✺

Circular

2010, Faltenbacher 2010

the background dark matter halo than do bulges on low angular
atio of the merging galaxies and the internal structure of
Major halo / Major stellar
Minor halo / Major stellar
mentum orbits. This leads to a more tightly bound remnant bu
bulge/halo system being of secondary importance.
with a larger σ (smaller β) and smaller R e (smaller α), as is fo
mparison, the observed fundamental plane projections are
4
–
4.14
–0.63
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(Pahre et al. 1998b; Bernardi et al.
in the simulations. The same effect also explains why orbits w
and L ∝ σ e

Results: COSMOS BCGs
BCGs are larger than
field ellipticals.
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Predicted Growth
Log M* = 10−11
Log M* > 11
Log M* >11 Stripping

0.6

!!#"

!%#"
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Summary:
The Growth of Massive Galaxies

Combining the statistical power of new large surveys
with detailed tests of physical mechanisms.

• BOSS: First robust measures of galaxy
growth and detection of hierarchical galaxy
assembly in the next few months.

Log dN/dlogM* [h703 Mpc-3 dex-1]
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COSMOS z~0.5

-3
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-5
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z~0.53
z~0.58
z~0.63

-6
11.0

• BCGs Mergers: COSMOS BCGs show
frequent signs of minor merging. But their
dynamics show little sign of significant mergers.
Evidence for stripping and suppression?
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