
Cosmic Microwave Background 
(WMAP experiment) 

Temperature = 2.72 Kelvin 

Temperature = 2.721 – 2.729 Kelvin 

Temperature = 2.7249 – 2.7251 Kelvin 



But the universe today (13.7 billion years old) doesn’t look 
like that at all! 

It contains all sorts of structure on all scales. 

•  Small scales:  people, planets, stars, solar systems… 
  (less than one light year) 

•  Intermediate scales:  galaxies 
   (1 – million light years) 
 
•  Large scales: clusters of galaxies, super-clusters… 
  (million – billion light years)  





Galaxies Dark Matter 



How did structure in the universe grow? 



Aims of the course 
§  How do we measure galaxy properties? 

§  Galaxy surveys 

§  What statistics are used to quantify structure and how are 
they measured? 

§  Brief review of homogeneous universe 

§  How did the universe form structure on all scales? 

§  What models are used to connect observations to theory? 

§  What observational probes are used to constrain cosmology? 

§  How do galaxies form? 



Radio Sky 



Microwave Sky 

WMAP 



Infrared Sky 

2MASS 



Optical Sky 



Ultraviolet Sky 

GALEX 



X-ray Sky 

ROSAT 



γ-ray Sky 

Fermi 



Milky Way 



cold region 

hot region 

The Cosmic Microwave Background 



The CMB temperature map corresponds to a density map at the 
epoch of recombination:  300,000 years after the Big Bang 

Basic picture: 
 
•  As the universe expands, the photon-baryon plasma in it cools. 

•  When the temperature drops below about 3000oK, electrons 
recombine with protons and photons can move freely. 

•  In overdense regions of the universe, the photon-baryon 
plasma is compressed and slightly hotter than average.  

But the exact physics is complicated! 

The Cosmic Microwave Background 



300,000 years after the Big Bang Distance light travels 
in13.7 billion years.  

Location where Milky 
Way will form. 

Colder region 

Hotter region 

Comoving coordinates 

The Cosmic Microwave Background 



A little bit later… Distance light travels 
in13.7 billion years.  

Location where Milky 
Way will form. 

Colder region 

Hotter region 

Comoving coordinates 

The Cosmic Microwave Background 



Today Distance light travels 
in13.7 billion years.  

Location where Milky 
Way will form. 

Colder region 

Hotter region 

Comoving coordinates 

The Cosmic Microwave Background 



Primary fluctuations (at origin): 
 
•  Adiabatic fluctuations:  high density regions appear hot 

•  Gravitational redshift:  high density regions appear cold 
•  Time dilation:  high density regions appear hot 

•  Doppler effect: photons scattered by moving plasma 

•  Acoustic oscillations of baryon-photon plasma 

Secondary fluctuations (along path to us): 
 
•  CMB photons traverse changing gravitational field 

•  CMB photons scatter off hot plasma in clusters 

•  CMB photons are gravitationally lensed 

•  + many more effects 

The Cosmic Microwave Background 



The CMB:  COBE (1989-1993) 



The CMB:  WMAP (2001-2010) 



The CMB:  Planck (2009-2013) 



The Cosmic Microwave Background 



The Cosmic Microwave Background 



The CMB:  How the Planck map is made 



The CMB:  How the Planck power spectrum is made 
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The CMB power spectrum:  WMAP 



The CMB power spectrum:  Planck 



The CMB tells us what the universe is made of 



•  11 days total exposure time 
 
 10,000 galaxies 
 
 3 arcminutes size 
  (0.1 x diameter of moon) 

Lots of galaxies! 



Galaxies with disks 



and clumpy spiral 
shapes, 



and smooth elliptical 
galaxies. 



Well, this one has a neighbor… 

Sloan Digital Sky Survey 

Galaxies that are 
isolated, 



Perseus cluster - Sloan Digital Sky Survey 

and in clusters. 



As well as galaxies that are just 
weird. 

Antennae galaxies – OSU Bright galaxy survey 



Anatomy of a galaxy 

Disk: stars, gas, dust 

Spheroid: old stars 
Globular clusters: old stars 

Satellite galaxy 

Black Hole 



Anatomy of a galaxy 

Disk: stars, gas, dust 

Spheroid: old stars 
Globular clusters: old stars 

Satellite galaxy 

Dark Matter Halo 

Black Hole 



Spiral/disk galaxies: 
•  have a disk-like structure 
•  are blue-ish in color 
•  tend to be isolated 

Elliptical galaxies: 
•  have no disk 
•  are red-ish in color 
•  tend to be located in clusters 

Very generally, there are two types of galaxies that we see: 



Hubble’s Classification scheme 



M87 : E0 



ESO325 : E3 



NGC5866 : S0 



M81 : Sab 



M101 : Scd 



NGC1300 : SBbc 



Hubble’s Classification scheme 



Luminosity and flux 

Luminosity   L : energy/time (erg/s) 
Flux   f  : luminosity/area (erg/s/cm2) 

Inverse square law: f =
L

4πd 2



Surface brightness 

Surface brightness  I : flux/solid angle (erg/s/cm2/st) 
 
(4π steradians on the sky       1 steradian = 3282.8 deg2) 

d 

2d 

At twice the distance: 
•  flux from each star is 4x fainter 
•  area covered by solid angle is 4x larger (i.e., 4x more stars) 

Surface brightness is distance-independent 



Apparent magnitude 

A star that is 5 magnitudes brighter (smaller m) has 100x the flux. 

m = −2.5 log f + const

m1 − m2 = −2.5 log f1 f2( )
f1
f2
= 10 m2 −m1( ) 2.5



Photometric filters 



SDSS filters 



Absolute magnitude 
M = apparent magnitude the star would have if it were 10pc away. 

m −M = 5 log d
10pc

⎛
⎝⎜

⎞
⎠⎟

f = L
4πd 2

f10 =
L

4π 10pc( )2 distance modulus 

For example, the distance modulus for M31 is about 24.5 



Color 
Color = crude, low resolution, estimate of spectral shape 

B −V = mB −mV = MB −MV = −2.5 log fB
fV

⎛
⎝⎜

⎞
⎠⎟

•  distance independent 

•  indicator of surface temperature 

•  by definition, B-V=0 for Vega (T~9500K) 



Color 

•  Measure a star’s brightness through two different filters 

R 

B 

V 

•  Take the ratio of brightness: (redder filter)/(bluer filter) 
 if ratio is large à  red star 
 if ratio is small à blue star  e.g., V/B 



Color 

The color of a star measured like this tells us its temperature! 

B V 

wavelength (nm) 



Stellar spectra 
The solar spectrum can be approximated as 

•  a blackbody 

 + 

•  absorption lines (looking at hotter layers through  
   cooler outer layers) 





Stellar Spectra 

cool 

hot 



Galaxy Spectra 
Which one is an Elliptical  
and which is a Spiral? 

Elliptical 

Spiral 



Hertzsprung - Russell Diagram 
B stars: 
M ~ 6 Msun 
 L ~ 1000 Lsun 
 t  ~ 0.1 Gyr 

A stars: 
M ~ 2 Msun 
 L ~ 10 Lsun 
 t  ~ 1 Gyr 

G stars: 
M ~ 1 Msun 
 L ~  Lsun 
 t  ~ 10 Gyr 



Stellar populations 

 
L ≈ L

M
M

⎛
⎝⎜

⎞
⎠⎟

3.5

t ≈ f εMc2

L

•  Luminosity-mass relation 

•  Lifetime on the Main Sequence 

ε = 0.07%

 f  0.1

 
t ≈10Gyr M

M

⎛
⎝⎜

⎞
⎠⎟

−2.5

4H è He 
Fraction of total 
mass in core 

 

10Gyr 1M

1Gyr 2.5M

0.1Gyr 6.3M



Stellar populations 

dN
dM

= const ×M −α

•  Initial mass function 
Salpeter: α=2.35 
 
Scalo , Kroupa: flattens below 1Msun 

log dN
dM

 log M M( )
0



Stellar populations 

Van Dokkum & Conroy (2010) 



Stellar populations 

N tot M :M1→M2( ) = dN
dM

dM
M1

M2

∫

= const× M −2.35 dM
M1

M2

∫

= const× M2
−1.35 −M1

−1.35( )

•  Fraction of number of stars of different masses 

Number of stars that live <0.1Gyr:  0.27% 
 
Number of stars that live <1Gyr:  0.95% 
 
Number of stars that live <10Gyr:  3.30% 



Stellar populations 

Ltot M :M1→ M 2( ) = L M( ) dN
dM

dM
M1

M2

∫

= const × M 3.5M −2.35 dM
M1

M2

∫

= const × M 1.15 dM
M1

M2

∫ = const × M 2
2.15 −M1

2.15( )

•  Fraction of light from stars of different masses 

Luminosity of stars that live <0.1Gyr:  99.74% 
 
Luminosity of stars that live <1Gyr:  99.96% 
 
Luminosity of stars that live <10Gyr:  99.99% 



Stellar populations 

M tot M :M1→ M 2( ) = M dN
dM

dM
M1

M2

∫

= const × M ⋅M −2.35 dM
M1

M2

∫

= const × M −1.35 dM
M1

M2

∫ = const × M 2
−0.35 −M1

−0.35( )

•  Fraction of mass from stars of different masses 

Mass of stars that live <0.1Gyr:   14.66% 
 
Mass of stars that live <1Gyr:   23.69% 
 
Mass of stars that live <10Gyr:   36.04% 



The evolution of a stellar population 

At t = t0, a new stellar population is formed 

G stars 

A stars 

B stars 



The evolution of a stellar population 

100 Myr later 



The evolution of a stellar population 

At t = t1, star formation shuts off 100 Myr later 



The evolution of a stellar population 

100 Myr later 



The evolution of a stellar population 

1 Gyr later 



The evolution of a stellar population 
Once star formation turns off in a galaxy: 

•  Its luminosity decreases with time 

•  Its color gets redder with time 

•  It’s spectrum looks more like that of low mass stars 

This is called “Passive Evolution”, i.e., involves no  
new star formation. 



The evolution of a stellar population 
Galaxy luminosity also depends on the total mass  
of the galaxy (i.e., total number of stars) 
 
Color, however, does not 

Galaxy color is thus an age indicator 
Red galaxies are old 
Blue galaxies are young 

Color changes fast at first, and not much past 1Gyr 
It is thus not a very good age indicator. 
 
It is a much better star formation history indicator: 
Red galaxies haven’t formed new stars in the past Gyr 
Blue galaxies are still forming stars 



Determining distance 

Standard candle 

Standard ruler 

d = L
4π f

⎛
⎝⎜

⎞
⎠⎟

1
2

d = R
θ

R

L

d

θ



Determining distance: Parallax 

tanπ = R
d
≈ π π

d
R

Define new distance unit: parsec (parallax-second) 

1pc = 1AU
tan !!1( )

= 206,265AU = 3.26ly d
1pc

⎛
⎝⎜

⎞
⎠⎟
= 1

′′π

R = 1AU = 1.5 ×1013cm

RULER 



Determining distance: Parallax 



Determining distance: Parallax 

Point spread function (PSF) 



Determining distance: Parallax 

Need high angular precision to probe  
far away stars. 
 
 
e.g., to get 10% distance errors 

σ d

d
= σπ

π
= dσπ → d = σ d

d
⎛
⎝⎜

⎞
⎠⎟
1
σπ

dmax =
0.1
σπ

Mission Dates 	
 dmax 
Earth telescope ~  0.1 as 1 pc 

Hipparcos 1989-1993 ~  1 mas 100 pc 

Gaia 2013-2018 ~ 20 as 5 Kpc 

SIM cancelled ~   4 as 25 Kpc 



1 kpc 

Astrometry Missions 

8 kpc 

Gaia 

Hipparcos 



Determining distance: variable stars 



Determining distance: variable stars 

Cepheid variables:  
Pop I giants,   M ~ 5-20 Msun 
 
Pulsation due to feedback loop: 
 
An increase in T 
è HeIII  (doubly ionized He) 
è high opacity 
è radiation can’t escape 
è even higher T and P 
è atmosphere expands 
è low T 
è HeII  (singly ionized He) 
è low opacity 
è atmosphere contracts 
è rinse and repeat… 
 



Determining distance: variable stars 

RR-Lyrae variables:  
Pop II dwarfs,   M ~ 0.5 Msun 



Determining distance: variable stars CANDLE 

Variable stars have a tight 
period-luminosity relation 
 
•  Measure lightcurves: flux(t) 
 
•  Get period P 
 
•  From P-L relation, get L 
 
•  Use L to get distance 
 
 
Very powerful method.   
Cepheids can be seen very  
far away.  Used to measure H0 
 
P-L relation is calibrated on local 
variables with parallax measurements 



Determining distance: Tully-Fisher 

NGC 3198 rotation curve 



Determining distance: Tully-Fisher 

vrot
2 =

Gm < r( )
r

m(< r) = ρ r( )4πr2 dr
0

r

∫

ρ r( ) = C
r2

Flat rotation curve è density profile 
is a singular isothermal sphere (SIS) 

m(< r) = C
r2
4πr2 dr

0

r

∫ = 4πCr

vrot
2 = G4πCr

r
= 4πGC



Determining distance: Tully-Fisher 

M = 4
3
πR3ρ < R( )

= 4
3
πR3Δcritρ0

Dark matter halo definition: 

vrot
2 = G 4πΔcritρ0

3
⎛
⎝⎜

⎞
⎠⎟
1 3

M 2 3 →

Δcrit ≈ 200

M = 4πCR
For a SIS density profile: 

4πC = 4πΔcritρ0
3

⎛
⎝⎜

⎞
⎠⎟
1 3

M 2 3

M = 3
4πG3Δcritρ0

⎛
⎝⎜

⎞
⎠⎟

1 2

vrot
3



Determining distance: Tully-Fisher 



Determining distance: Tully-Fisher 

L = Cvrot
α

CANDLE 



Determining distance: Tully-Fisher 

Pizagno et al. (2007) 



Determining distance: Tully-Fisher 

Pizagno et al. (2007) 

L = Cvrot
α → Mi = a logvrot + b



Determining distance: Faber-Jackson 



Determining distance: Faber-Jackson 



Determining distance: Faber-Jackson 

L = Cσ v
α

CANDLE 



Determining distance: Fundamental Plane 



Determining distance: Fundamental Plane 



Determining distance: Fundamental Plane 

L = Cσ v
α I β

R = Sσ v
γ × I δ

RULER 



Determining distance: Fundamental Plane 

Bernardi et al. (2007) 



Determining distance: Surface Brightness Fluctuations 



Determining distance: Surface Brightness Fluctuations 



Determining distance: Surface Brightness Fluctuations 



Determining distance: Surface Brightness Fluctuations 

M32 

d=0.76 Mpc 

x2 

x4 

x8 



Determining distance: Supernovae type Ia 

SN 1572 



Determining distance: Supernovae type Ia 

White dwarfs are made of a C/O core that is supported by electron 
degeneracy pressure. 
 
WD masses cannot exceed 1.4 Msun (Chandrasekhar limit) because  
then gravity wins. 
 
WD that accretes enough mass to surpass this limit, collapses,  
heats up, and fuses all its C/O in a fast runaway reaction. 
 
The energy released unbinds the star.  SN Ia 

SNIa have similar peak luminosities  
because they come from the same  
mass star. 



Riess et al. (2006) 

Determining distance: Supernovae type Ia 

ΔM15



Determining distance: Supernovae type Ia 

Phillips (1993) 

CANDLE 



The Distance Ladder 

Method Scatter Reach Systematics 

Parallax ~d <1 kpc 

Cepheids 5-10% 30 Mpc Metallicity 

SBF 5-10% 50 Mpc Stellar LF 

Tully-Fisher 10-20% >100 Mpc Mass-to-light 

FP/Dn-sigma 10-20% >100 Mpc Kinematics 

SN Ia 5-10% >1000 Mpc Dust 



The Distance Ladder 

parallax 

Cepheids/RR Lyrae 

Tully-Fisher/Dn-sigma 

SN Ia 



Redshift 

We can measure galaxies’ radial velocity using the Doppler effect. 

Doppler effect:  when an object is moving away from (or toward) us, 
the frequency of light that we see from it is shifted. 

galaxy spectrum è Doppler shift (redshift) è radial velocity 



Redshift 

z = λobs − λemit
λemit

1+ z = 1+ vr c
1− vr c  

z  vr
c

Relativistic Doppler Effect 



Hubble Law 



Hubble Law 

vr = H0 × d H0 ≈ 500
km
s
Mpc−1⎛

⎝⎜
⎞
⎠⎟



Hubble Law 

The expansion of the universe is 
such that galaxies’ recessional 
speeds are proportional to their 
distance. 



Cosmological Redshift 



Cosmological Redshift 

1+ z =
a t0( )
a t( )

=
1
a t( )

a t( ) = R t( )
R t0( )

Cosmic scale factor: 

Wavelengths stretch with scale factor: 

z = λobs − λemit
λemit

→1+ z = λobs
λemit



Hubble Law 

vr = H0 × d

H0 ≈ 70
km
s
Mpc−1

H0 ≡ 100h
km
s
Mpc−1

h ≈ 0.7



Hubble Law 



Hubble Law 



Hubble Law 

Riess et al. (2006) 



Redshift Surveys 

Lots of structure on  
large scales! 

1 billion light years 



Sloan Digital Sky Survey 

An international collaboration of 14 institutions 
with more than 200 involved scientists.  

38 institutions including Vanderbilt 





Apache Point Observatory 

2.5m  

3.5m  

0.5m  



2.5 meter survey telescope 



SDSS imaging camera 

•  30  2048x2048  CCDs 

•  5  color filters  

•  126 megapixels! 



SDSS imaging camera 



First light image!  May 1998 



Drift scanning 



Drift scanning 



Drift scanning 

2.5o 



June 2003   53 million objects 



March 2004  88 million objects 



Sept 2004   141 million objects 



June 2005   180 million objects 



June 2006   215 million objects 



June 2007   287 million objects 



Oct 2008   357 million objects 



























Pal 5 star cluster   



NGC 6070 galaxy   



Perseus galaxy cluster 



Selecting objects for spectroscopy 

Choose 640 targets in a 3o diameter circle 
 

(about half a percent of all detected objects) 



Drill Plate 

640 objects (holes) per plate 



Fiber-optic cables 



Plugging plates 



Spectrum 

Wavelength of light 

Blue Red Green Infrared 



Over 2000 plates! 



SDSS is state of the art! 

•  Imaging covering ¼ of sky : 100,000,000 galaxies detected 

•  Spectra of 1,500,000 galaxies and redshifts 

•  Also seen: stars in our galaxy, asteroids, quasars, etc… 



Hubble’s Classification scheme 



redshift-space distortions 

vr

Most galaxies move through space due to the gravitational pull of  
surrounding structures.   
 
This motion is called peculiar motion. 
 
Peculiar velocities cause doppler shifts, which add to the redshift. 

Hubble flow “velocity”: 
 
Radial component of  
peculiar velocity: 
 
 
Total radial “velocity”: 

H0d

H0d + vr



redshift-space distortions 

cz

Redshift according to the doppler effect is: 
 
 
So the inferred velocity from a measured redshift is: 
 
 
 
And the inferred distance is: 
 
 
 
But what is really being measured is: 

z = vr
c

d = cz
H0

cz
H0

= d + vr
H0



redshift-space distortions 

H0d

vvr
 cz = H0d +

vr

cz
H0

d

Observed True 



redshift-space distortions 

cz
H0

d

Observed True 

overdensity 



redshift-space distortions 

cz
H0

d

Observed True 



redshift-space distortions 
real space 

 9.9 ×10
14M

z-space 
 9.5 ×10

13M



redshift-space distortions 

•  Large scales:  compression 
 
  
 

•  Small scales:  smearing (fingers of God) 

H0R > vpec

H0R < vpec R

R





redshift-space distortions 

Redshift as distance estimator 

d =
cz
H0

−
vr
H0

σ d =
vr
H0

→
σ d

d
=

vr
H0d

Redshift wins over other 
distance indicators at 
large distance. 



Redshift 

z = λobs − λemit
λemit

1+ z = 1+ zcosm( ) 1+ zdoppler( )

 
zdoppler 

vr
c

Cosmological + Doppler redshift 

1+ zcosm =
1
a t( )



Redshift Surveys 

CfA survey 



Redshift Surveys 

2dF survey 



Redshift Surveys 

2dF survey 



Redshift Surveys 

2dF survey 



Redshift Surveys 

SDSS Main 



Redshift Surveys 

SDSS Main 



Redshift Surveys 

SDSS LRG 



Redshift Surveys 

SURVEY YEARS Ngals dmax Area 
CfA 1977-1982 2,395 150 Mpc N 
CfA2 1985-1995 18,000 150 Mpc N 
SSRS2 1994 5,500 150 Mpc S 
PSCz 1998 15,000 150 Mpc All-sky 
LCRS 1996 25,000 600 Mpc N+S Slices 700 

deg2 
2dF 2001 250,000 600 Mpc N+S 1500 deg2 
SDSS 1998-2008 1 million 600 Mpc 1/5 of sky 
SDSS LRG 1998-2008 100,000 1 Gpc 1/5 of sky 
DEEP2 2002-2005 50,000 2-3 Gpc 3 deg2 
VVDS 2002-2010 150,000 2-3 Gpc 16 deg2 
SDSS 3 2008-2014 1.5 million 1.8 Gpc 1/4 of sky 
SDSS 4 2014-2020 ? 2.4 Gpc 1/4 of sky 



Redshift Surveys 



Flux/Magnitude-limited and Volume-limited samples 

Surveys typically have a flux limit (i.e., minimum detectable flux) that  
corresponds to integration time and instrument sensitivity.  
 
SDSS imaging detected galaxies down to  r ~ 22.2 
(telescope diameter=2.5m,  integration time=54.1s) 
 
SDSS spectra were taken for galaxies down to   r ~ 17.77 
(integration time=45-60min) 

m − M = 5 logd − 5→ Mmax = mlim − 5 logd + 5

f = L
4πd 2

→ Lmin = 4πd
2 flim



Flux/Magnitude-limited and Volume-limited samples 

Mr,max = rlim − 5log
cz
H0

×106
#

$
%

&

'
(+ 5



Flux/Magnitude-limited and Volume-limited samples 



Flux/Magnitude-limited and Volume-limited samples 



Flux/Magnitude-limited and Volume-limited samples 



A simple example 

What is the fraction of red and blue galaxies in the universe? 



A simple example 

What is the fraction of red and blue galaxies in the universe? 



A simple example 



A simple example 



Bimodality 

Baldry et al. (2004) u-r 



Bimodality 

Blanton et al. (2004) 



Stellar mass 

g-r 

Mr 
Evolution 

 
Dust 

Bell & de Jong (2001) 



Bimodality 

Kauffmann et al. (2004) 



K-corrections 



K-corrections 



K-corrections 

Galaxy magnitudes at different redshifts cannot be compared directly 
because photometric filters cover a different part of the rest-frame 
galaxy spectrum. 

fintrinsic
fobserved

=
F λ( )S λ( )dλ

0

∞

∫

F λ
1+ z
#

$
%

&

'
(S λ( ) dλ

1+ z0

∞

∫

λobserved
λemitted

= 1+ z



K-corrections 

mintrinsic = mobserved − K z( )

K z( ) = 2.5log 1+ z( )
F λ( )S λ( )dλ

0

∞

∫

F λ
1+ z
#

$
%

&

'
(S λ( )dλ

0

∞

∫

#

$

%
%
%
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&
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(
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= 2.5log 1+ z( )+ 2.5log
F λ( )S λ( )dλ
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K-corrections 

F λ( ) = Cλα K z( ) = 2.5 α +1( ) log 1+ z( )



K-corrections 

De Lapparent et al. (2003) 



Evolution corrections 

Galaxy luminosities evolve with redshift, making it difficult to compare 
galaxies at different redshifts. 
 
Passive luminosity evolution: galaxies fade with time as their stellar  
populations age (i.e, no new star formation) 



Luminosity Function 



Luminosity Function 

Φ L( ) = Φ∗

L∗
L
L∗

#

$
%

&

'
(

α

exp −
L
L∗

#

$
%

&

'
(



Luminosity Function 

Blanton et al. (2003) 



Luminosity Function 

Blanton et al. (2003) 



Luminosity Function 

Blanton et al. (2005) 



Selection Functions 

2dFGRS angular selection function 

Norberg et al. (2002) 



Selection Functions 

Radial selection function 

Φ z( ) =
dMΦ M( )

Mmax z( )

−∞

∫

dMΦ M( )
Mcut

−∞

∫

Mmax z( ) =mlim − 5log
cz
H0

×106
#

$
%

&

'
(+ 5−K z( )



Selection Functions 

2dFGRS radial selection function 

Norberg et al. (2002) 



Photometric Redshifts 

SDSS, Blanton 



Photometric Redshifts 

Where spectroscopic data are unavailable, one can still 
use photometric data in multiple bands to estimate 
redshift.  Galaxy colors depend on: 

•  spectral type of galaxy 

•  redshift 

•  reddening due to dust 

Since galaxies have a narrow range of spectral types, 
we can jointly fit for type and redshift. 

•  the more bands the better! 

•  photo-z’s have accuracy of z~0.1 

•  allow us to exploit deep imaging surveys. 



Photometric Redshifts 

GOODS, Mainieri et al. (2005) 



Photometric Redshifts 

FORS Deep Field, Gabasch et al. (2004) 



Photometric Redshifts 

Wolf et al. (2003) 

COMBO-17 Survey: 
•  1 square degree 
•  25,000 galaxies 
•  z/z ~ 0.02 



Measured galaxy properties 

What can we measure from broadband galaxy images? 

V band K band 



Measured galaxy properties 

What can we measure from broadband galaxy images? 

•  magnitudes (e.g., mr) 

•  colors (e.g., g-r) 

•  surface brightness 

•  angular size 

•  1D radial light profile 

•  morphology 

•  photometric redshift  



Measured galaxy properties 
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Measured galaxy properties 

What can we measure from galaxy spectra? 

•  redshift 

•  absolute magnitude (e.g., Mr) 

•  physical size 

•  elemental abundances 

•  velocity dispersion / rotation 

•  stellar population 

•  star formation indicators  



Galaxy light profiles 
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Galaxy light profiles 

Disk galaxies: Exponential disk 

I r( ) = I0 exp −r r0( )



Galaxy light profiles 
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Elliptical galaxies: de Vaucouleurs profile 



Galaxy light profiles 

I r( ) = I0 exp − r r0( )
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n=1 n=4 

More general: Sersic profile 



Galaxy light profiles 
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Galaxy light profiles 



Galaxy morphology 

Spiral 

Barred spiral 

S0/lenticular 

Irregular 

Elliptical 

Tidal tails 



Galaxy morphology 



Galaxy morphology 

Types 
 
•  Spiral structure 

•  Bars vs. no bars 

•  Disk vs. bulge 

•  Smooth vs. clumpy 

•  Tidal features 

Method 

•  By eye 

•  1D light profile fitting 

•  2D light profile fitting 

•  Disk/bulge decomposition 

•  Spectro-Photometrically 



Galaxy morphology 



Galaxy morphology 

de Souza (2004) 

1D fitting 



Galaxy morphology 

de Souza (2004) 

2D fitting 



Galaxy morphology 

•  150,000 people 
•  50 million galaxy classifications 



Galaxy environments 

The “environment” of a galaxy is a general term that has many different 
specific definitions, but is usually related to the local mass density.    

Environment measures 
 
•  galaxy density on a scale r 

•  distance to Nth nearest neighbor 

•  group or cluster membership 

•  distance to nearest cluster 

•  void membership 



Galaxy environments 



Galaxy environments 

•  Galaxy density on 
  small scale (1 Mpc/h) 
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Galaxy environments 

•  Galaxy density on 
  small scale (1 Mpc/h) 

•  Galaxy density on 
  large scale (8 Mpc/h) 

•  Group or cluster  
  membership 

Small group (N=2) 

Rich cluster (N=50) 

•  Distance to Nth  
  nearest neighbor 



Galaxy environments 

•  Galaxy density on 
  small scale (1 Mpc/h) 

•  Galaxy density on 
  large scale (8 Mpc/h) 

•  Group or cluster  
  membership 

•  Distance to nearest 
  cluster 

r 

•  Distance to Nth  
  nearest neighbor 



Galaxy environments 

•  Galaxy density on 
  small scale (1 Mpc/h) 

•  Galaxy density on 
  large scale (8 Mpc/h) 

•  Group or cluster  
  membership 

•  Distance to nearest 
  cluster 

•  Void membership 

In a void 

Not in a void 

•  Distance to Nth  
  nearest neighbor 



Morphology-density relations 

Dressler 1980 

Ellipticals 

Spirals 
S0 

Density 

Fraction 



Morphology-density relations 

Bamford et al. 2009 



Correlations of galaxy properties with environment 

Blanton 



Correlations of galaxy properties with environment 

Blanton 



Galaxy groups and clusters 

Galaxies congregate on small scales to form  
groups and clusters. 



Galaxy groups and clusters 

What defines a group or cluster? 

In theory… 
 
•  Gravitationally bound system of galaxies 

•  System of galaxies in virial equilibrium 

•  Galaxies that live in the same dark matter halo 

In practice… 
 
•  Whatever group-finding algorithm is used 



Galaxy groups and clusters 

There are as many algorithms as group/cluster catalogs 

Three broad sets of classes: 
 
•  2D vs. 3D 

•  purely geometric vs. spectro-photometric 

•  galaxies vs. gas vs. dark matter 

All must deal with: 
 
•  incompleteness (missing galaxies that should be included) 

•  contamination (including galaxies that should not be) 



Galaxy groups and clusters 

Geometric method:  friends-of-friends 

Linking length:  



Galaxy groups and clusters 

Geometric method:  friends-of-friends 

X-Y linking length:  

Z linking length:  

Z 



Galaxy groups and clusters 

Berlind et al. (2006) 



Galaxy groups and clusters 

Berlind et al. (2006) 



Galaxy groups and clusters 

Berlind et al. (2006) 



Galaxy groups and clusters 

Berlind et al. (2006) 

Group/cluster multiplicity/richness function 



Galaxy groups and clusters 

Koester et al. (2007) 

2D Photometric cluster finders: maxBCG 



Galaxy groups and clusters 

4000 Å break 



Galaxy groups and clusters 

Koester et al. (2007) z 

r 

g-r g-r 

g-r 

i 



Galaxy groups and clusters 

Vikhlinin et al. (2009) 

X-ray clusters 

Chandra ROSAT 
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Galaxy groups and clusters 

Vikhlinin et al. (2009) 

X-ray clusters 

Chandra ROSAT 



Galaxy groups and clusters 

Vikhlinin et al. (2009) 

X-ray clusters 



Galaxy groups and clusters 

Carlstrom et al. 

Sunayev-Zel’dovich effect 



Galaxy groups and clusters 

Carlstrom et al. 

SZ clusters 



Galaxy rotation curves 

v2 r( )
r

=
GM r( )
r2

→ v r( ) = GM r( )
r

r

At large distances, where the galaxy runs out of light, the 
rotation speed should decrease as  r−1 2



Galaxy rotation curves 

v r( ) = const→ M r( ) = v
2

G
r

Instead, it stays flat.  

There must therefore be lots of mass that is not visible, out 
to very large distances.  ---> Dark matter   



Modified gravity? 

 

F = ma

Alternatively, our theory of gravity is wrong, and gravitational 
accelerations are stronger than Newton on very large scales. 

Newton: 
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MOND: 



How does MOND work? 

F = GMm
r2

=
ma2

a0
→ a2 = GMa0

r2

a = v
2

r
→ v2 = GMa0

r2
"

#
$

%

&
'
1 2

r→ v = GMa04 = const!

Plugging in measured rotation speeds and visible 
masses of galaxies: 

a0 = 1.2 ×10
−10ms−2



A galaxy cluster: Dark matter 

85% of mass 



A galaxy cluster: Hot X-ray gas 

12% of mass 



A galaxy cluster: Galaxies (stars + cold gas) 

~3% of mass 



Galaxies 



X-ray gas 



Dark matter 



Gravitational lensing 



Gravitational lensing 



Gravitational lensing 



Optical image 



X-ray image 



Modelling 



What happens in a cluster collision? 

•  Dark matter does not collide 
•  Hot gas collides and gets shock-heated 
•  Galaxies do not collide. 

 So, galaxies and dark matter should move through 
each other whereas gas should stay behind. 
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What happens in a cluster collision? 

•  Dark matter does not collide 
•  Hot gas collides and gets shock-heated 
•  Galaxies do not collide. 

 So, galaxies and dark matter should move through 
each other whereas gas should stay behind. 



Modeling 



X-ray image 



Lensing map 



Lensing map 



X-ray + Lensing map 


