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Characterising the last 8 Gyr

The present-day Universe
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Luminosity and mass
functions
 Redshift survey

 Apparent
magnitude limited

 e.g., SDSS
 14.5<r<17.77

 2 choices for LF
 Thin shells

 Limited
dynamic range,
small number
statistics

 Vmax
 Evolution and

k-corrections
get mixed up
with LF…

SDSSSDSS
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Luminosity and mass
functions : Vmax method
 Instead of making histogram of

luminosities or masses of galaxies as
observed, weight them by 1/Vmax
 Vmax is the maximum volume over which a

galaxy can be seen

 Vmax should account for k-corrections,
and one can debate over how one deals
with evolution

 If stellar mass, no k-corrections needed
for luminosities, but still needed for Vmax
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Result
Blanton et al. 2004
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Key observation : correlation between
structure and star formation history

 A bimodal galaxy
population - transition
mass of 3e10
 Red sequence

 Mostly non-star-forming
 Bulk of galaxies bulge-

dominated
 Most massive galaxies

 Blue cloud
 Star-forming
 Bulk of galaxies disk-

dominated
 Lower mass galaxies

-18    -20    -22-18    -20    -22
                  Absolute magnitude in i-band                  Absolute magnitude in i-band

Blanton et al. 2003; Blanton et al. 2003; ApJApJ, 594, 186, 594, 186

Low mass             High mass

B
lu

e,
 fo

rm
s 

st
ar

s 
   

   
  R

ed
, n

on
 S

F

Cessation (quenching) of star formation is empirically correlated with
the existence of a prominent spheroid
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GO TO BLANTON
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Red sequence vs. blue
cloud

Disks and IrregularsDisks and Irregulars

E/S0/SaE/S0/Sa0.65<z<0.750.65<z<0.75
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Trager et al. 2000
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Faber et al 2004
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conclusions

 Met/mass relation
 Type of merger

 Core/cusp
 Boxy/disky
 Rotating/not

 Gas-rich - faint E
 Gas-poor - bright E
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Blue cloud galaxies

Schiminovich et al. 2008
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Environmental dependence

At high masses:
Weak env. Dep.

At lower masses:
Strong env. Dep.

Baldry + 2006
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         Evolution II

Bell et al. 2004Bell et al. 2004
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Mass function: color split

BorchBorch et al. et al.
20062006

Local Local MFsMFs

Weak evolutionWeak evolution
in blue guysin blue guys
(= disks)(= disks)

Strong evolution Strong evolution 
in red guys at in red guys at 
L<2L* at leastL<2L* at least
(= spheroids)(= spheroids)

Blue cloudBlue cloud

Red sequenceRed sequence
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Evolution IV
 Always a pronounced blue

cloud
 Color redder with time

 Red sequence builds up with
time
 Color of ancient stars at

every epoch
 Build-up of x3 or so since

z~1 (Bell et al. 2004; Chen
et al. 2003; Willmer, Faber
et al. 2005)

 In agreement with at least
some models (Cole et al.
00; Somerville et al. in
prep)

Chen et al. 03Chen et al. 03

BorchBorch et al. 2006 et al. 2006

Blue cloudBlue cloud

Red sequenceRed sequence
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Where’s the mass?

 A red sequence
 Dominated by spheroids at z<1
 Color evolves ~ passively
  stellar mass density increases by x2 or more
 Most mass is in spheroids at redshifts below ~0.7

 A blue cloud
 Dominated by disks
 Color reddens towards present day
 Stellar mass function more or less constant since z~1
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Demographics of the evolving
galaxy population

Where is the star formation?
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Cosmic SFR

 UV / IR / radio /
emission lines

 Luminosity function
extrapolation a
challenge

 Reasonable
agreement

Hopkins 2004Hopkins 2004



Heidelberg
March-April 2008

Eric Bell

Spitzer: new insights

 Spitzer 24μm data from the MIPS
instrument team for the CDFS

 83μJy limit corresponding to 3M yr-1 at
z~0.7 (Kroupa IMF ~ 0.5x Salpeter)

Spitzer imageSpitzer image

COMBO-17 andCOMBO-17 and
GEMS coverageGEMS coverage

RiekeRieke et al. 2004; data described in  et al. 2004; data described in PapovichPapovich et al. 2004 et al. 2004
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IR luminosity from 24μm flux

 Rest-frame 12-15μm
correlates strongly with
total IR luminosity in the
local Universe, with < x2
scatter

 Will be able to test IR flux
estimates with Spitzer
70,160μm, Apex 350μm
and 870μm and Herschel
PACS and SPIRE

Chary & Chary & ElbazElbaz 2001;  2001; PapovichPapovich & Bell 2002 & Bell 2002
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LogLog1010  ννLLνν,15,15μμmm/L/L

<0.3 <0.3 dexdex scatter scatter
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Which galaxies form stars?
 Red E/S0s are non-

star-forming
 Most SF is in spiral

galaxies

Rest-frame V-band absolute magnitudeRest-frame V-band absolute magnitude
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E/S0E/S0 SaSa——SdSd  

IrrIrr/compact/compact Clearly interactingClearly interacting

Bell et al. 2005Bell et al. 2005
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Demographics of the evolving
galaxy population

SFR vs. SFH
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SFR vs. SFH

BorchBorch et al. 2006 et al. 2006
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Evolution of IR LF

IR LF very stronglyIR LF very strongly
evolvingevolving

Almost all SF isAlmost all SF is
in blue disksin blue disks

TotalTotal

Blue / diskBlue / disk
LocalLocal

RedRed

Le Le FlocFloc’’hh et al. 2005 et al. 2005
Bell et al. 2005Bell et al. 2005
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Split by color

 Can compare
integrated SFR
with observed
mass growth:  IR-
derived

 Blue disks form
stars

 Stars end up in red
spheroid-
dominated
galaxies

Bell et al., in prep., Le Bell et al., in prep., Le FlocFloc’’hh et al. 2005 et al. 2005
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The evolution of the mass
function…
 Can estimate evolution of the mass

function with time

tt

t+dtt+dt
For each mass bin:For each mass bin:

Work out average Work out average dMdM*/*/dtdt
Multiply by Multiply by ΔΔt to work out t to work out ΔΔM*M*
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Results

 Hypothesis 1: SF in red  red
                          SF in blue  blue

log spacelog space
densitydensity

log stellar masslog stellar mass

All galaxiesAll galaxies

Red galaxiesRed galaxies

Blue galaxiesBlue galaxies

z = 0.9         0.7         0.5         0.3         0.0z = 0.9         0.7         0.5         0.3         0.0

Obs. MFObs. MF

PredPred. MF. MF
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Results

 Hypothesis 1: All SF  red

log spacelog space
densitydensity

log stellar masslog stellar mass

All galaxiesAll galaxies

Red galaxiesRed galaxies

Blue galaxiesBlue galaxies

z = 0.9         0.7         0.5         0.3         0.0z = 0.9         0.7         0.5         0.3         0.0

Obs. MFObs. MF

PredPred. MF. MF
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Conclusions

 Assumption of Universal IMF gives a consistent,
if unconventional, picture of the interrelationship
between the evolution of star formation and
stellar mass – both integral and mass function

 Growth of stellar mass in blue cloud
counteracted by sink term into red sequence

 Primary mode of growth of red sequence is
through truncation of star formation in massive
blue galaxies
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Scaling relations

 Intense SF in disks + transformation of
disks to early-types implies…
 Disk galaxies are always growing
 Scaling relations offer insight into evolving

galaxy population
 Luminosity/mass size
 Tully-Fisher relation

Introduction

Star formation in
disks

Transformation
of disks to early
types

Scaling relations

Summary and
Outlook
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Luminosity-size: disks

Barden Barden et al.et al.
20052005

See also Lilly et al.See also Lilly et al.
1998; 1998; Simard Simard et al.et al.  
1999; 1999; RavindranathRavindranath

et al. 2004et al. 2004

Introduction

Star formation in
disks

Transformation
of disks to early
types

Scaling relations

Summary and
Outlook
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 Strong surface
brightness evolution
 ~1 mag/arcsec2 per

unit redshift in rest-
frame V-band

 But, the disks are
forming stars, are
bluer and so have
lower M/Ls….

Luminosity-size: disks

 surface brightness evolution surface brightness evolution

SDSSSDSS

GEMSGEMS
MMVV < -20 only < -20 only

Barden Barden et al. 2005et al. 2005

50% comp.50% comp.

Edge-onEdge-on

Face-onFace-on

Introduction

Star formation in
disks

Transformation
of disks to early
types

Scaling relations

Summary and
Outlook
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 No strong evolution
in surface density

 Stellar mass-size
relation is ~constant
over last 8 Gyr!

 See talk by
Somerville

Stellar mass-size: disks

 surface density evolution surface density evolution

SDSSSDSS
GEMS GEMS 

> 10> 101010 M M  onlyonly

Barden Barden et al. 2005et al. 2005

Introduction

Star formation in
disks

Transformation
of disks to early
types

Scaling relations

Summary and
Outlook
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Stellar mass-size at z>1

 Tendency towards smaller sizes for most
massive galaxies at higher redshift
 Mass errors?

 Trujillo et al. 2006

Introduction

Star formation in
disks

Transformation
of disks to early
types

Scaling relations

Summary and
Outlook

1010                1111 1010                11111010                1111

LogLog1010 M M**/M/Msunsun
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Tully-Fisher relation

 <~ 1 mag
brightening in B
 large astrophysical

scatter; selection
and survey details
become important

 Small change in
stellar mass TF
 Conselice+ 2005;

Hammer+ 2006;
Kassin+ 2006; Weiner+
2006; Boehm+ 2004;
Koposov+ in prep.

 See Vogt’s talk

Introduction

Star formation in
disks

Transformation
of disks to early
types

Scaling relations

Summary and
Outlook

ConseliceConselice+ 2005+ 2005

Hammer+ 2005Hammer+ 2005
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Discussion I
 Disk galaxies grow inside-out, at least on

average

Introduction

Star formation in
disks

Transformation
of disks to early
types

Scaling relations

Summary and
Outlook
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Discussion II

 Stellar mass TF relation unchanging
 As stellar mass grows, rotation velocity grows also
 For inside-out growth, I may not have expected this

 Instead, expected *lower* rotation velocity (if assumed
baryonic TF relation fundamental)

 SFR 5x higher; gas mass 3-5x higher (i.e., gas fractions of
up to 50%)
 Expected offsets <~0.3 dex

 BUT, if stellar masses are overestimated at z~1, easier to
understand…

Introduction

Star formation in
disks

Transformation
of disks to early
types

Scaling relations

Summary and
Outlook
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Galaxy merging - driving
the growth of the red
sequence?

Introduction

The growth of the
  red sequence

Can mergers drive
  growth of the red
  sequence?

introduction
merger rates
assumptions
results

Summary

Springel, MPA

i) Mergers create
spheroids

ii) Merger initiates 
feedback which
quenches SF

(recall spheroids 
empirically associated
with quenched SF)
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I. Merger rates
 Merger rates

 2 point correlation function --> fraction of
galaxies in close pairs in 3D space (through
deprojection)

Bell et al.Bell et al.  20062006

M > 2.5x1010 M 

z~0.6 COMBO-17
z~0.1 SDSS/2MASS

MB < -20

z~0.6 COMBO-17
z~0.1 2dFGRS

Introduction

The growth of the
  red sequence

Can mergers drive
  growth of the red
  sequence?

introduction
merger rates
assumptions
results

Summary
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II. Assumptions

 Assume
 Mergers between galaxies 2.5x1010 M galaxies  red

galaxies with > 5x1010 M

 All r<30kpc pairs merge (limit)
 Timescale ~ 2πr / v

 rav ~ 15kpc, v ~ 150km/s    timescale ~ 0.4Gyr
 Very uncertain

 Only way to make z<1 5x1010 M galaxy is through
merging

 Predict rate of growth of number of red galaxies
with > 5x1010 M

Introduction

The growth of the
  red sequence

Can mergers drive
  growth of the red
  sequence?

introduction
merger rates
assumptions
results

Summary
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III. Results

 IF all mergers between gals
with M > 2.5x1010 M

      red sequence galaxy
M>5x1010 M

 There are enough
mergers to plausibly
feed the growth of red
sequence

Observed Observed 
number densitynumber density
of red galaxiesof red galaxies

with M>with M>5x5x10101010 M M  

PredictedPredicted
rate of growthrate of growth

Introduction

The growth of the
  red sequence

Can mergers drive
  growth of the red
  sequence?

introduction
merger rates
assumptions
results

Summary
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Galaxy Mergers

 Galaxy Merging
 Insight into dark matter-driven galaxy assembly and

therefore galaxy structures
 Potential driver of star formation history

 Key results
 Correlation between structure and star formation history
 Ongoing red galaxy/spheroid creation
 Rates of growth consistent with merger rate

 Challenges
 Larger datasets - better pair fractions and environments
 Simulations calibrate timescales and merger probabilities
 Extension to infrared opens up z>1 Universe

Introduction

The growth of the
  red sequence

Can mergers drive
  growth of the red
  sequence?

Summary
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SDSS DR2

NYU VAGC  
Blanton+05

Group catalog
Yang et al 05

SF/AGN 
Brinchmann+04

Introduction

Star formation in
disks

Transformation
of disks to early
types

Scaling relations

Summary and
Outlook

Bell, submittedBell, submitted  
to to ApJApJ
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Transformation
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Many red
sequence 
n<1.5 have
AGN

* Internally-
driven 
transform 
Sd-Im to Sph
unlikely 
(predict all 
Sph satellites) 

Bulge (SMBH) requirement for quenching for central galaxies

Introduction

Star formation in
disks

Transformation
of disks to early
types

Scaling relations

Summary and
Outlook


