
Galaxies: Structure, Dynamics, 
and Evolution

Analysis of Galaxy Stellar Populations

“What can we learn about galaxies by 
putting together a large survey of galaxies in 

the nearby universe”



Layout of the Course

Feb 2:  Course Introduction, Overview, and Galaxy Formation Basics
Feb 9:  Disk Galaxies (I)
Feb 12:  Disk Galaxies (II)
Feb 16:  Disk Galaxies (III) / Collisionless Stellar Dynamics
Feb 23:  Collisionless Stellar Dynamics + Vlasov/Jeans Equations
Feb 26:  Vlasov/Jeans Equations / Elliptical Galaxies (I)
Mar 9:  Elliptical Galaxies (II)
Mar 23:  Dark Matter Halos
Mar 30:  Connecting Galaxies to Dark Matter Halos
Apr 13:  Galaxy Stellar Populations + Lessons from Galaxies at z<0.2
Apr 20:  Lessons from Galaxy Samples at z<0.2 + Evolution with Redshift
Apr 23: Evolution of Galaxies with Redshift + Gas Cycle
May 4: Galaxy Evolution at z>1.5
May 11: Galaxy Evolution at z>6. / Review for Final Exam

Lectures 



Due on April 27

Problem Set 4

Galaxies: Structure, Dynamics, and Evolution

Problem Set 4

Instructor: Dr. Bouwens

Here is Problem Set 4. The entire problem set will be due before class on

Monday, April 27 (email them to Wout and include GSD in the subject line).

Be sure to pay extra attention to problem 6, as your solution to that prob-

lem will be checked carefully and used in determining your homework grade.

1. Determine the impact of projection e↵ects on the apparent isophotal

twist (for elliptical galaxies). Consider two ellipses with their major axis

oriented 45 degrees away from some line (that line would be horizontal on

the following diagram):

Suppose that the axial ratio is 1.15 for the one ellipse (similar to the leftmost

ellipse shown in the above figure) and 2.8 for the other ellipse (similar to the

center ellipse shown in the above figure). Suppose that we are viewing the

ellipses face on and then we rotate the ellipses by 60 degrees about an axis

(parallel to the aforementioned line) so that the ellipses are viewed almost

edge on. What ellipticity would we measure for each of our two ellipses?

What would be the apparent position angle of the major axis of each ellipse

relative to aforementioned line?

2. (a) Derive the enclosed mass M(< r) for the NFW profile ⇢(r) =

⇢s/[(r/rs)(1 + r/rs)
2
]. Use r/(1 + r)

2
= 1/(r + 1)� 1/(1 + r)

2

(b) Use this to show ⇢s =
200
3 ⇢cr(z)

c3

ln(1+c)�c/(1+c) given our parameteriza-

tion ⇢(r) =
⇢s

(r/rs)(1+r/rs)2

(c) Derive the circular velocity as a function of radius for an NFW profile.

1

3. Consider the collapse of a uniform cloud of stars initially at rest. Assume

the cloud has a total mass of 5⇥10
10

M�, is entirely composed of stars with

1 M�, and has approximate dimensions of 2 kpc ⇥ 2 kpc ⇥ 2 kpc. Assume

that the collapse finishes in one free fall time, 1/
p
G⇢. What is the time

scale for violent relaxation? [Approximate order-of-magnitude estimates are

fine for this first step.] If the system were instead in equilibrium (i.e., not

undergoing collapse), what relaxation time scale would we estimate for stars

in this system using the equations we derived in Lecture #5? How do these

time scales compare?

4. Determine what the bn normalization factor in the Sersic law must be

such that the integral of the surface brightness profile 10
bn[(R/Re)1/n�1]

over

all radii is equal to one. What is this normalization factor in the case n = 1

and n = 4?

5. Look at the angular correlation functions for luminous galaxies �22 <

MUV,AB < �21 and lower luminosity galaxies �19 < MUV,AB < �18 (shown

in the last lecture). What is the ratio of bias factors for these galaxies at a

scale of 1.5 h
�1

Mpc? [Make your best guess for the bias factors based on

the figure shown in lecture.]

6. Derive the Fundamental Plane that one would find if the mass-to-light ra-

tio is a function of mass only M/L = M
0.25

and more generally M/L = M
�
.

(The Fundamental Plane is the relation of the form Re / �
↵
µ
�
e where Re is

the half-light radius.) Assume that the galaxies are homologous, i.e., they

have similar density profiles, but scaled up or down with respect to each

other. Note that the assumption of homology results in the following rela-

tion: �
2 / M/Re.

7. The number density of galaxies is about 0.01 h
3
Mpc

�3
. The correlation

length r0 is 5h
�1

Mpc.

a) Why does the density and the correlation length depend on h (= H0/

(100 km/s/Mpc))

b) The correlation function gives the relative excess of galaxies at a given

radius. Calculate the integrated correlation function, i.e., the excess from

within a radius smaller than r.

c) Now combine this with the average number density to estimate the radius

r within which each galaxy has on average 1 neighbor.

d) What would this radius be if the galaxies are not correlated?
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Due on May 4

Problem Set 5

Galaxies: Structure, Dynamics, and Evolution
Problem Set 5
Instructor: Dr. Bouwens

Here is Problem Set 5. The entire problem set will be due before class on
Monday, May 4 (email them to Wout and include GSD in the subject line).
Be sure to pay extra attention to problem 1, as your solution to that prob-
lem will be checked carefully and used in determining your homework grade.

1. We can see from the figure from Springel et al. that about 30-40% of the
mass of a halo is in subhalos. This appears quite di↵erent from the situation
in clusters, where the light is dominated by the ensemble of regular cluster
galaxies, and NOT by the brightest cluster galaxy. Can you think of an
explanation ?

2. One result which has been found in the astronomical literature (Adel-
berger 2005) is that the observed clustering of quasars does not depend on
the luminosity of the quasar. What does this suggest about the relationship
between the quasar luminosity and the mass of the underlying halo in which
it lives. Can you think of any physical reason why this might be the case?

3. Approximate the rotation curve of UGC 4325 by a straight line, through
(0 arcsec, 0 km/s) and (60 arcsec, 110 km/s). What is the best fitting NFW
model ? This would be the model for which �2 =

R
(Vobs � Vmodel)2dr is

minimized.
4. Images of the bulge show that it has a very regular appearance. However,
we have seen that the halo is quite irregular, with stellar streams, etc. Why
might the bulge be so regular, whereas the halo is irregular? Be quantitative.

5. Assume that red galaxies form in random bursts from t = 0.4 Gyr to
t = Tb where Tb is 1 Gyr and 8 Gyr and t is the time after the Big Bang.
Calculate the scatter in the color U�V magnitude that one would derive for
a population of such galaxies, assuming U � V = 0.65 log10 time + b where
b is some constant. The current age of the universe is 13.7 Gyr.

1



Due on May 11

Problem Set 6

Galaxies: Structure, Dynamics, and Evolution

Problem Set 6

Instructor: Dr. Bouwens

Here is Problem Set 6. The entire problem set will be due before class on

Monday, May 11 (email them to Wout and include GSD in the subject line).

Be sure to pay extra attention to problem 1, as your solution to that problem

will be checked carefully and used in determining your homework grade.

1. Evolution of the mass-to-light ratio. (a) The mass-to-light ratio is roughly

a power-law with time. Measure by hand the coe�cient ↵ for the mass-to-

light ratio M/L = t↵ for the V band from the following figure shown in

lecture (choose the middle line):

(b) The B � V and V � K color of a SSP (simple stellar population) de-

pend more or less linearly on log t for ages about 108 years. Determine this

dependence from the figure shown above (take the middle line again). Use

the result to derive the coe�cient ↵ for the mass-to-light ratio dependence

on time for the B band and the K band.

(c) Use the following figure (also shown in lecture) to derive ↵ for the U -

band (the U band curve is the steepest one):

1

2. (a) Assume that the time dependence of the mass-to-light ratio derived

in problem #1 for all t below 10
10

years. The equations above were derived

for single burst stellar populations. Now assume a population with constant

star formation. Calculate the evolution of the M/L ratio with time T for

the U , B, V and K band. Do this by calculating the light from a popula-

tions formed at a time interval t, t+ dt, and then integrating from t = 0 to

t = T , where T varies from 1 to 10 Gyr. The only thing we care about is

the dependence of the M/L ratio with time, not the absolute value of the

M/L ratio.

(b) Use the results obtained in (a) to derive the dependence of the U � B,

B � V , and V � K colors with time. Compare these numbers to the time

dependence of the same colors for an SSP.

3. An important assumption in the analysis of unresolved stellar population

is that of a universal initial mass function. What would be the impact if this

assumption were not true? Consider two cases: the first being a Salpeter

IMF with cut-o↵s at 0.1 M� and 100 M� and the second being a Salpeter

IMF with cut-o↵s at 0.1 M� and 1 M�.
(a) Assume that a galaxy formed stars acording to the two IMFs described.

Very qualitatively, what would the SEDs of galaxies look like like 10 Myr

later and 11 Gyr later? How similar are the SEDs of galaxies in the two

cases at the later time?

(b) How do the SEDs of galaxies evolve in the case of the first IMF vs. the

second IMF? How accurately could one determine the time since the instan-

2

taneous burst of star formation in the two cases?

(c) Let’s suppose that the true IMF of a galaxy corresponded to the sec-

ond case, but let’s suppose one assumed it was the first case. How might

it impact one’s estimates of the total mass locked up in stars based on

the observed SED? How might it impact one’s estimates on the total met-

als ejected as a result of supernovae in the formed stars? Describe each case.

4. Use a modern stellar population synthesis code to predict galaxy spectra.

In this problem you will use the Flexible Stellar Population Synthesis (FSPS)

code through its Python interface (python-fsps). Start early, as installation

and setup may take some time.

(a) Consider a simple stellar population (SSP), in which all stars form in-

stantaneously at t = 0. Using FSPS, generate spectra for a population

with the following parameters:

• Star formation history: instantaneous burst (SSP)

• Metallicity: Z ⇡ 0.004 (subsolar)

• Initial mass function: Salpeter

• No dust attenuation and no nebular emission

Compute spectra over a range of ages from 10
6
to 10

10
years, using log-

arithmically spaced time steps (e.g., ⇠ 100 steps). Plot the spectrum

at approximately 10
7
, 10

8
, 10

9
, and 10

10
years on the same wavelength

range.

Briefly describe how the spectral shape evolves with time.

(b) Using the same model, compute the absolute magnitudes in the V and

I bands as a function of time over the range 10
6
to 10

10
years.

From these results, determine the absolute magnitude in the I band,

MI , either directly or using

MI = MV � (V � I).

Plot MI as a function of log10(t/yr).

Using the stellar mass of the population and the I-band luminosity,

determine how the mass-to-light ratio evolves with time. Assume a

power-law form

M

LI
/ t↵.
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Presentation of Solutions to Problems 



First, let’s review the important 
material from last week



Ideally, we would use the observed stars to reconstruct the 
history of star formation in a galaxy.

We would like to determine the function:
SFR(t)

where t is time.

What can learn about the formation 
and evolution of galaxies from the stars 

we find in these galaxies?



Generally, this area of study is divided into 
two subfields:

1) Resolved Stellar Population Analyses
Can measure the luminosity and color of individual stars in

the nearby object

Useful for studies of Nearby Galaxies and Star Clusters

2) Integrated (Unresolved) Stellar Population 
Analyses

Used in Studying Distant Galaxies 
(galaxies greater than a few Mpc away)

One cannot resolve the light from individual stars 
and they all blend together.



2) Integrated Stellar Population Analyses

If one cannot resolve out the individual stars, one must look at the total 
spectrum coming from all stars in a galaxy.   

Introduction to Astronomy & Astrophysics:  Stellar Populations 2010 Lecture 1I 

The Problem

Text

“What you’d like to get” “What you get”

WHAT CAN WE MEASURE?

Broad-band colours (B-V, J-K, etc). 

Surface brightness fluctuations (sometimes)

Spectroscopic features (absorption lines)

(George Hau)

Credit: Russell Smith
10



2) Integrated Stellar Population Analyses

One attempts to model the observed spectrum using the following inputs:

1) Stellar Initial Mass Function ɸ(m):  
Defines the Fraction of Forming Stars as a 
function of the stellar mass m.   Appears 

to be well described by the Salpeter 
power-law function m−2.35 at intermediate 

to high masses.

Introduction to Astronomy & Astrophysics:  Stellar Populations 2010 Lecture 1 

Tracks & Isochrones

INITIAL MASS 
FUNCTION

How many stars formed per 
unit mass?

Determines number of stars 
expected at each point along 
isochrone.

Constrained from detailed 
observations of star-forming 
regions in the MW. 

Applied to wide range of 
environments beyond MW!

Kroupa (2002)

Salpeter IMF
(single power law)

Kroupa IMF
(breaks at low mass)

2) Metallicity and abundance ratios of the stars which are forming:

Metallicity can have a significant impact on the light emitted by stars, 
making them appear redder.   It can also slow down the evolution of 

stars somewhat.

At masses lower than 1 solar mass, 
the power law turns over.



2) Integrated Stellar Population Analyses

Other inputs to stellar population analyses:

3) Detailed Stellar Evolution Models:
While most phases of stellar evolution seem to be well understood, 

other rarer phases of stellar evolution like the horizontal branch 
evolution or the asymptotic giant branch evolution are less well 

understood.   This can make the predictions of the models uncertain.

4) Spectra of Stars at a given temperature, metallicity, surface gravity.
One can calculate the spectra of stars theoretically from stellar 

atmosphere modelling.  However, the predictions from theory often differ 
from observations -- suggesting that one may want to use real spectra of 

actual stars.   The challenge with using real 



2) Integrated Stellar Population Analyses
Other inputs to stellar population analyses:

5) Star Formation History of Galaxies 

This is the typical input that people assume changes from galaxy to galaxy.

The simplest model is single burst stellar population models... where one assumes 
all the stars in a galaxy formed at a single point in the past. 

Such models can work well for describing the stellar populations of elliptical galaxies 
and globular clusters, where most of the stars were first formed long ago in the past.

Another simple model is to assume that stars in a galaxy formed at a fixed constant rate with 
time. 

Such models can work well for describing the stellar populations of late spiral and 
irregular galaxies.

One can try to parameterize all star formation histories between a constant star formation model 
and a fixed burst in the past adopting an exponentially declining star formation rate:

e−t/τ

where τ is the time scale on which the star-formation rate of some galaxy declines with time.

Note that τ = 0 corresponds to a simple stellar population (all stars formed at some 
time in the past) while τ = ∞ corresponds to a constant star formation model.



Star Formation Along the Hubble 
Sequence 

Kennicutt 1998, ARAA, 36, 189 

early universe now-ish 

H& K 4000A Break!

Spectral Indicators!

Kauffmann et al. 2003 MNRAS, 341, 33 

2) Integrated Stellar Population Analyses
Other inputs to stellar population analyses:

5) Star Formation History of Galaxies 
One can try to parameterize all star formation histories between a constant star formation model 

and a fixed burst in the past adopting an exponentially declining star formation rate:

e−t/τ

where τ is the time scale on which the star-formation rate of some galaxy declines with time.

Kennicutt+1988



Age-Metallicity Degeneracy7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c06-17

Below we analyze how the mass-to-light ratio evolves
with time. This is important, as it is used to derive
stellar masses from the luminosities. First, we have to
realize that much of the light of galaxies comes from
the red giant branch. The luminosity of the galaxy is
therefore proportional to the number of stars on the
RGB, times their average luminosity:

Ltot ≈ LGB ∗ NGB

where Ltot is total luminosity, LGB is characteristic
luminosity of star on the Giant Branch, and NGB is
number of stars on the Giant Branch.
We assume a general IMF

dN

dM
= cM−(1+x)

where x = 1.35 for a Salpeter mass function.

7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c06-18

How many stars are on the RGB ? Calculate the num-
ber of stars which turned off from the main sequence
between t = t0 and t = t0 + TRGB , where TRGB is the
time a star spends on the RGB.
The life time on the main sequence is

tMS

10Gyr
=

(

M

M⊙

)−2.5

The higher the mass, the lower the main sequence life
time. Hence the turnoff mass is related to age by

Mturnoff ∝ t−0.4

The change in the turnoff mass in a time interval t, t +
TRGB is

dMturnoff ∝
−0.4

t1.4
TRGB ∝ (M2.5)1.4TRGB ∝ M3.5TRGB

the number of stars in that mass interval M, M +
dMturnoff is given by

dN = dMturnoff ∗ IMF(M) ∝ M3.5M−(1+x)

∝ M (−x+2.5) ∝ t0.4x−1

Hence to first approximation, the luminosity of the
galaxy evolves like

L ∝
1

t1−0.4x
for x = 1.35 L ∝

1

t0.46

A wide variety of different ages and 
metallicities for a stellar population 
produce approximately the same

integrated spectrum:

It can therefore be quite challenging 
to determine both the age and 

metallicity of a galaxy uniquely with 
just color information.

One must look at the properties 
of specific absorption lines to 

break the degeneracy

To break the degeneracy, high S/N 
spectra are required!



Introduction to Astronomy & Astrophysics:  Stellar Populations 2010 Lecture I1I 

fl
u

x

Line indices (e.g. “Lick” indices)

We have seen that the degeneracy-breaking power of spectra is localised to 
particular features.

So define “indices” which isolate these features and so carry most of the information 
in the spectra.

Cannot see “true” continuum. Use neighbouring region to define “pseudo-continua”.

Express absorbed flux as an equivalent width.

wavelength
EW is the width of a square, 

completely-absorbed segment of 
the spectrum with same integrated 

absorption as the line itself. 

0

1

The blue 
regions have 
equal area

Credit: Russell Smith

Breaking the Age-Metallicity Degeneracy with 
Spectra

16



What can we learn about 
the structure, formation 

and evolution of galaxies by 
putting together a large 
survey of galaxies in the 

nearby universe?



18

The most ambitious 
survey of the sky ever 
undertaken.

Imaging survey of 8600 
square degrees.

Redshifts of more than 
1,000,000 galaxies & QSOs.

The SDSS

Robotic 2.5m telescope - imaging & Spectrscopy

Credit: 
Brinchmann

(Back in 1990-2000s)



There are spectra, colors, luminosities for 100,000s of galaxies in the 
nearby universe such as we have from the Sloan Digital Sky Survey.

What general conclusions can we draw about galaxies from these 
observations?

DR5

DR5



Galaxies in the nearby universe can be divided into two types:

7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-1

7 Applications to large numbers of galaxies

The simplest diagnostic of a galaxy is its color. Below
we show the correlation between color and magnitude
for a sample of field galaxies (from SDSS).

As can be seen, there is a sequence of red galaxies,
with U - G colors around 1.7. A typical spectrum is
shown below:

7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-2

The galaxy has strong absorption lines, including a
strong break at 4000 angstrom (rest), strong Mg ab-
sorption lines, etc. This is an old galaxy. There is no
ongoing star formation.

color

luminosity

“red sequence”

“blue cloud”

“green valley”

There is a clear bimodality to the distribution!

Galaxies whose colors lie
on “red sequence”

Galaxies whose colors lie 
within the “blue cloud”



What is the distinction between galaxies in 
the red sequence and the blue cloud?

It would appear to be whether the galaxies 
are still actively undergoing star formation 

or not.

There are other factors which are 
important (dust, metallicity), but they only 

change the picture slightly.



7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-5

et al 1992). The small spread in colors indicate a small
spread in age.

The measured scatter in U-V color is 0.05 mag, of
which 0.03 is due to observational error.

In the previous handout, we saw that colors evolve with
time as color = a log(t)+b. For the U-V color, the co-
efficient a is about 0.65. Hence a scatter of 0.05 mag
in U-V indicates a scatter of 0.08 in log(age), which is
very low - a typical factor of 1.2, or 20%. Hence the
red galaxies are very uniform, with small scatter in age.

Systematic analysis of the SDSS galaxies

Kauffmann et al (2003a,b, 2004), Brinchmann et al
(2004) analyzed the spectra of > 1e5 galaxies from
SDSS. They determined stellar masses and star forma-
tion rates. They used absorption and emission lines -
not just colors

The great advantage of using absorption lines is that
they are less influenced by dust than colors. But the
effects of dust are not zero - young stars are preferen-
tially more obscured than old stars. Hence the absorp-
tion line strengths (which are expressed in equivalent
width) can still be influenced by dust if some popula-
tions are more extincted than others. This is ignored in
the models used below.

7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-6

This figure shows the main indices used in the study
for the stellar mass determination, the 4000 Å break
and Hδ.

Two features that were used extensively were the Hδ line and 
the magnitude of the 4000 Angstrom break Dn(4000)

Hδ 
line

Dn(4000) break measured by 
comparing these two spectral regions

Hδ line emission;
Dn(4000) small

Almost no 
4000 

Angstrom 
break

Measurable 
4000 

Angstrom 
break

Young 

Older 

Systematic Analysis of >100,000 Galaxy Spectra from the Sloan Digital Sky Survey

Hδ line absorption;
Dn(4000) large



NOW new material for this 
week



How do the properties of galaxies depend on their 
stellar mass?



7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-15 7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-16

The next aspect to study is to analyze how galaxy
properties depend on mass, and other parameters.
First we analyze the mass dependence (Kauffmann et
al 2003b).

Galaxies below 2e10 Msun are quite different from
galaxies above 2e10 Msun !

Below 2e10: mostly low D4000 − > young, forming
stars

Above 2e10: mostly high D4000 − > old , not forming
stars in large numbers

How do the spectral properties of galaxies, i.e., 
Dn(4000) and Hδ, depend on their mass?

what is striking is a 
bimodality in the 

distribution

it occurs around a solar 
mass of 3 x 1010 Msolar

galaxies that are less 
massive than 3 x 1010 

Msolar show low Dn(4000)

galaxies that are more 
massive than 3 x 1010 

Msolar have high Dn(4000)

Bimodality



Why is there a bimodality?

Galaxies exist in one 
of two states:

ALIVE
and 

star-forming

DEAD
and 

non-star-forming

“quenching”

(fueled by 
cold gas)

(only have hot gas 
left -- which 
cannot cool)



7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-17 7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-18

Surface density, and concentration, also depend on
M. Surface density is Mstar/R2. Concentration is
R(90)/R(50): the ratio of the radii which encompass
90% and 50% of the light, respectively. High con-
centration means high sersic index, low concentration
means low sersic index. hence galaxies with mass >
1e11 all have high sersic index, galaxies with masses <
2e10 all have low sersic index (are exponential disks)

This can also be seen in the following figure showing 
distribution of galaxies vs. Dn(4000)

lowest mass

highest mass

Fraction



7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-17 7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-18

Surface density, and concentration, also depend on
M. Surface density is Mstar/R2. Concentration is
R(90)/R(50): the ratio of the radii which encompass
90% and 50% of the light, respectively. High con-
centration means high sersic index, low concentration
means low sersic index. hence galaxies with mass >
1e11 all have high sersic index, galaxies with masses <
2e10 all have low sersic index (are exponential disks)

Other structural properties of galaxies also depend on their 
mass

μ* = surface density 
of stars =

M* / radius2



7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-17 7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-18

Surface density, and concentration, also depend on
M. Surface density is Mstar/R2. Concentration is
R(90)/R(50): the ratio of the radii which encompass
90% and 50% of the light, respectively. High con-
centration means high sersic index, low concentration
means low sersic index. hence galaxies with mass >
1e11 all have high sersic index, galaxies with masses <
2e10 all have low sersic index (are exponential disks)

Other structural properties of galaxies also depend on their 
mass

μ* = surface density 
of stars =

M* / radius2
R90 / R50 = radius 
containing 90% of 

light / radius 
containing 50% of 

light

related to the Sersic 
index of galaxies

low mass galaxies 
have exponential 

disks while high mass 
galaxies have r1/4 

profiles

“concentration of light”



7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-17 7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-18

Surface density, and concentration, also depend on
M. Surface density is Mstar/R2. Concentration is
R(90)/R(50): the ratio of the radii which encompass
90% and 50% of the light, respectively. High con-
centration means high sersic index, low concentration
means low sersic index. hence galaxies with mass >
1e11 all have high sersic index, galaxies with masses <
2e10 all have low sersic index (are exponential disks)

Other structural properties of galaxies also depend on their 
mass

μ* = surface density 
of stars =

M* / radius2
R90 / R50 = radius 
containing 90% of 

light / radius 
containing 50% of 

light

related to the Sersic 
index of galaxies

low mass galaxies 
have exponential 

disks while high mass 
galaxies have r1/4 

profiles

“concentration of light”



7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-19

Finally, D4000 correlates better with stellar surface
density than with mass. The plot above shows a tight
relation between D4000 with density - little overlap
where both high and low values occur.

Star formation rates

Next we determine the star formation rate. This was
done primarily from the emission lines, H α and other
lines. See Brinchman et al 2004 for details. Correc-
tions for extinction, and aperture effects were very im-
portant.

The specific star formation rate SFR/Mstar is shown
against mass

7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-20

Clearly, the low mass galaxies have relatively more
star formation than the high mass galaxies, i.e., they
formed relatively speaking more of their stars in recent
times.

Environment

As we saw earlier, rich clusters consist mostly of red
galaxies - not blue. They are quite different from the
normal field.

In order to measure this properly, we have to define
the “environment” of a galaxy - indicating whether it
lies in a cluster or not. We do that by counting the
galaxies around the galaxy. If that number is high, it is
a “high density”, if it is low, it is “low density”.

We either use this “density” parameter, or the number
of neighbors, as shown below (Kauffmann et al. 2004):

Dn(4000) correlates 
well with surface 

density of stars and 
also with the 

concentration R90/R50 .

There is a good connection between the Spectral Properties of 
Galaxies (Dn(4000) and Hδ) and Structural Properties (μ* and R90/R50)



Can compute the star formation rate for galaxies in the nearby 
universe from the strength of Hα, Hβ lines7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-19

Finally, D4000 correlates better with stellar surface
density than with mass. The plot above shows a tight
relation between D4000 with density - little overlap
where both high and low values occur.

Star formation rates

Next we determine the star formation rate. This was
done primarily from the emission lines, H α and other
lines. See Brinchman et al 2004 for details. Correc-
tions for extinction, and aperture effects were very im-
portant.

The specific star formation rate SFR/Mstar is shown
against mass
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Clearly, the low mass galaxies have relatively more
star formation than the high mass galaxies, i.e., they
formed relatively speaking more of their stars in recent
times.

Environment

As we saw earlier, rich clusters consist mostly of red
galaxies - not blue. They are quite different from the
normal field.

In order to measure this properly, we have to define
the “environment” of a galaxy - indicating whether it
lies in a cluster or not. We do that by counting the
galaxies around the galaxy. If that number is high, it is
a “high density”, if it is low, it is “low density”.

We either use this “density” parameter, or the number
of neighbors, as shown below (Kauffmann et al. 2004):

Specific Star Formation 
Rate

= Star Formation Rate /
M* (stellar mass)

Brinchmann et al. 2004

Galaxies with lower stellar mass tend to be star-forming, whereas galaxies with higher stellar 
masses appear to have stopped forming stars.

Very massive galaxies formed most of their stars long ago in the past!

and correcting for extinction realizing that intrinsic ratio of 
Hα, Hβ is fixed by fundamental fixed (Hα / Hβ ~ 3)



How do the properties of galaxies depend on their 
environment?



LONG-STANDING DEBATE:
Nature vs. Nurture

“NATURE”: Do galaxies have their observed properties 
simply as a result of properties inherent to themselves 

(e.g., their mass or angular momentum)?

“NURTURE”: Of do galaxies have their observed 
properties more as a result of their interactions with 

galaxies that surround them?

This question (and the previous one) connects to a 
long-standing debate:
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Only a small fraction of galaxies are in really rich clus-
ters (> 20 neighbors)

This shows how the stellar density, and the concentra-
tion depends on mass. The black line shows the depen-
dence for the full sample, the colored lines for high and
low density. There is not much difference !

7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-22

The colors are very different, however ! Here we see
the g-r color mass diagram, for low density and high
density environments. Look at how different ! There
are many more red galaxies in high density environ-
ments, at a given mass. You can also see that there
are more high mass galaxies in dense environments.

Dependence of Galaxy Properties on their Environment

You have seen that the properties  of 
galaxies appear to depend on their 

environment, i.e., elliptical galaxies are 
more common in clusters.

However, it would be nice to quantify 
the role that the environment has.

So, what is environment and how can 
we quantify it?

We can quantify it in terms of the 
local density of galaxies around a 

specific galaxies.

To do this, we count the # of 
neighboring galaxies within a given 

distance. Criteria for a Neighboring Galaxy:
<2 Mpc projected separation (plane of sky),

<500 km s-1 (along line of sight)Analysis as in Kauffmann+2004 (but 
also see Blanton+2003, Hogg+2004

“What fraction of galaxies have fewer than N nearby 
neighbors?”
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Only a small fraction of galaxies are in really rich clus-
ters (> 20 neighbors)

This shows how the stellar density, and the concentra-
tion depends on mass. The black line shows the depen-
dence for the full sample, the colored lines for high and
low density. There is not much difference !
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The colors are very different, however ! Here we see
the g-r color mass diagram, for low density and high
density environments. Look at how different ! There
are many more red galaxies in high density environ-
ments, at a given mass. You can also see that there
are more high mass galaxies in dense environments.

What does the color - stellar mass relation look like in low and high 
density environments?

color

stellar mass stellar mass

prominent red 
sequence

few nearby 
neighbors

many nearby 
neighbors



We saw that many of the properties of galaxies depend on their stellar 
mass.   Is there an additional dependence on their environment?
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Only a small fraction of galaxies are in really rich clus-
ters (> 20 neighbors)

This shows how the stellar density, and the concentra-
tion depends on mass. The black line shows the depen-
dence for the full sample, the colored lines for high and
low density. There is not much difference !
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The colors are very different, however ! Here we see
the g-r color mass diagram, for low density and high
density environments. Look at how different ! There
are many more red galaxies in high density environ-
ments, at a given mass. You can also see that there
are more high mass galaxies in dense environments.

Here are the Dn(4000), specific star formation rates (SFR/M*), stellar mass 
density μ*, and concentration parameters C = R90/R50 we looked before:

Cyan = lowest density environment
Blue = 2nd lowest density environment

Green = 3rd lowest density environment

Black = 3rd highest density environment
Red = 2nd highest density environment

Magenta = highest density environment
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Only a small fraction of galaxies are in really rich clus-
ters (> 20 neighbors)

This shows how the stellar density, and the concentra-
tion depends on mass. The black line shows the depen-
dence for the full sample, the colored lines for high and
low density. There is not much difference !
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The colors are very different, however ! Here we see
the g-r color mass diagram, for low density and high
density environments. Look at how different ! There
are many more red galaxies in high density environ-
ments, at a given mass. You can also see that there
are more high mass galaxies in dense environments.We can also see that stellar mass density vs. stellar mass relation shows a 

weak dependence on environment

90th percentile

10th percentile

90th percentile

10th percentile

(color of galaxies in different environments shown as before)



Why is there a bimodality?

Galaxies exist in one 
of two states:

ALIVE
and 

star-forming

DEAD
and 

non-star-forming

“quenching”

(fueled by 
cold gas)

(only have hot gas 
left -- which 
cannot cool)
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The same thing holds for D4000 and star formation
rate (estimated from the emission lines). The star for-
mation rate is characterised by the specific star for-
mation rate SFR/Mstar. This parameter is indepen-
dent of mass - it is inversely proportional to the time it
takes to build the galaxy at its current star formation
rate. Hence old galaxies have low b, and young galax-
ies high b.
Blue lines show the relation for low density environ-
ments (low D4000, high b). Red lines for high density
environments (high D4000, low b)
Density has a distinct impact on the star formation his-
tory ! But not very much on the size, or concentration.

7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c07-24

This last result came as a surprise: classical studies
had always shown that clusters have many more ellip-
ticals and S0’s than the field. The field is more dom-
inated by spirals. Spirals are very different from ellip-
ticals and S0’s: they form stars, and have large disks.
Hence the SDSS results confirm that the field has more
star forming galaxies, but does not confirm that the
galaxies are larger in the field.
How come ?
This is due to the fact that we study galaxy parameters
as a function of stellar mass.
The rich environments have more massive galaxies than
the field; but at each mass, the galaxies are similar,
except for the star formation rate. The previous sam-
ples were not studied by mass, but by luminosity - and
hence the results looked different.

Main result
1) High mass galaxies have nearly formed all their stars
2) Galaxies in rich environments have less star forma-
tion
These two results suggest that stellar mass and en-
vironment determine the star formation history. The
environment is correlated to the type of halo the galaxy
sits in. So maybe it is just 1 parameter which deter-
mines the star formation history: the halo mass.
In more massive halos, galaxies have lower star forma-
tion. It could be that the correlation with galaxy mass
is entirely due to the halo - more massive galaxies are
likely to sit in more massive halos.
The physics behind this are under active research right
now!

from the paper



2.   Environmental Quenching

Some factor related to the environment of a galaxy is found 
causes star formation in a galaxy to shut off (perhaps due to 
the fact that galaxies in dense environments will not be fed 

by cold gas and thus the star formation would shut off?)



What drives quenching?

1.   Mass Quenching

2.   Environmental Quenching

Some factor related to the mass of a galaxy causes star 
formation in a galaxy to shut off (perhaps due to heat 

produced from a supermassive black hole in galaxies? which 
is proportional to the stellar mass)

Some factor related to the environment of a galaxy is found 
causes star formation in a galaxy to shut off (perhaps due to 
the fact that galaxies in dense environments will not be fed 

by cold gas and thus the star formation would shut off?)



The Mass–Metallicity Relation 7

measurement error, we switch to using the luminosity in the
native SDSS passbands, k-corrected to the median redshift,
z ∼ 0.1. To quantify the influence of dust, we correct the
galaxy luminosities for intrinsic attenuation using the atten-
uation curve of Charlot & Fall (2000) and assuming that the
stars experience 1/3 of the attenuation measured in the neb-
ular gas. The nebular attenuation is determined simultane-
ously with the metallicity assuming a metallicity-dependent
Case B Hα/Hβ ratio (Brinchmann et al. 2004; Charlot et al.
2004). We assume that the correction for intrinsic attenuation
automatically accounts for any inclination-dependent effects.

In Figure 5 we systematically examine the impact of dust
and M/L variations on the luminosity–metallicity relation by
adopting different measures of galaxy luminosity: 1) the ab-
solute g-band magnitude corrected for inclination-dependent
attenuation following Tully et al. (1998); 2) the absolute g-
band magnitude corrected for intrinsic attenuation, as de-
scribed above; 3) and the absolute z-band magnitude cor-
rected for intrinsic attenuation. In panels 1-3 of Figure 5
we indicate the distribution of metallicity at a given lumi-
nosity by displaying the contours which enclose 68 and 95%
of the data in bins of 0.4 mag. The contours provide a non-
parametric description of the distribution which is unbiased
as long as the errors in luminosity are small relative to our
adopted bin-size. For comparison, we also show the tradi-
tional least-squares linear bisector fit to the data in panel 1
(12+log(O/H) = −0.186(±0.001)Mg + 5.195(±0.018)). Be-
cause we do not know a priori the true functional form of
the luminosity–metallicity relation, we focus on the contours.
Comparison of the first two panels of Figure 5 shows that cor-
recting the luminosity for attenuation reduces the scatter and
flattens the luminosity–metallicity relation at high mass. This
trend is even more pronounced when the extinction corrected
z-band magnitude is used (panel 3). Because the z-band is
less sensitive to dust and recent starbursts, the range of M/L
ratios is smaller, and the scatter is reduced by ∼ 20% com-
pared to the uncorrected g-band. However, even in the z-band,
M/L ratios can vary by factors of a few. This effect is illus-
trated in panel 4 where we plot the median z-band luminosity–
metallicity relation for galaxies in four bins of Dn(4000). As
discussed in Kauffmann et al. (2003a), Dn(4000) is a good
measure of the mean stellar age of the population. Our inter-
pretation of panel 4 is that at fixed metallicity, galaxies with
lower Dn(4000) are shifted to brighter magnitudes because of
the lower M/L ratios of their young stellar populations. This
confirms our intuition that the underlying physical correlation
is between stellar mass and metallicity.

5. THE MASS–METALLICITY RELATIONSHIP

With our new prescriptions for measuring stellar mass and
gas-phase metallicity it is now possible to examine the mass–
metallicity relationship of our sample of SDSS star-forming
galaxies. Figure 6 shows that a striking correlation is ob-
served, extending over 3 decades in stellar mass and a fac-
tor of 10 in metallicity. The correlation is roughly linear from
108.5 M⊙ to 1010.5 M⊙ after which a gradual flattening occurs.
Most remarkable of all is the tightness of the correlation: the
1σ spread of the data about the median is ±0.10 dex, with
only a handful of extreme outliers present. The relationship is
well fitted by a polynomial of the form:

12+log(O/H) = −1.492+1.847(logM∗)−0.08026(logM∗)2

(3)
where M∗ represents the stellar mass in units of solar masses.
This equation is valid over the range 8.5 < logM∗ < 11.5.
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FIG. 5.— The luminosity–metallicity relation of SDSS galaxies in the g and
z-bands. In the first panel we have corrected Mg to face-on orientation, but
we have not corrected for internal attenuation. In panels 2-4 we correct Mg
and Mz for internal attenuation, assuming that the stars experience 1/3 of the
reddening measured in the gas. The solid black contours in panels 1-3 enclose
68 and 95% of data with statistics computed in bins of 0.4 mag in luminosity.
The median half-width of the distribution is listed in the lower right corner.
For comparison, the dashed line in the first panel shows the least-squares
linear bisector fit to the data. The fourth panel shows the median z-band
luminosity–metallicity relation for galaxies in four bins of Dn(4000): from
bottom to top, 1.0 - 1.2, 1.2 - 1.3, 1.3 - 1.4, 1.4 - 1.8. Data for the contours in
panels 1 and 3 are given in Tables 1 and 2.
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FIG. 6.— The relation between stellar mass, in units of solar masses, and
gas-phase oxygen abundance for ∼53,400 star-forming galaxies in the SDSS.
The large black points represent the median in bins of 0.1 dex in mass which
include at least 100 data points. The solid lines are the contours which enclose
68% and 95% of the data. The red line shows a polynomial fit to the data.
The inset plot shows the residuals of the fit. Data for the contours are given
in Table 3.

The principal difference between the mass–metallicity

Relationship between the Gas-Phase Metallicity in a Galaxy 
and Its Mass

Tremonti+2004

Gas-Phase
Metallicity

Stellar Mass

Two primary explanations 
for this:

1) Low Mass Galaxies Form 
Stars Less Efficiently

2) Metals can escape more 
easily from low-mass 

galaxies due to SNe winds

As such, only a small percentage of the 
gas turns into SNe (which adds more 

metals to the mix)

The escape velocity for lower mass 
galaxies is lower and hence it is easier for 
metals to escape from such galaxies due 

to SNe winds

High Mass,
High Metallicity

Lower Mass,
Low Metallicity



How do the properties of galaxies change as we move 
to earlier times in the universe?

Here — I will give the historical perspective:  

discuss progress made ~15-20 years ago… 

Will give an overview of more recent results at the end 
(and also see paper presentations)



however, backwards evolution only works so well, 
since the age of stars is not the only thing which 

changes in galaxies...

While we can understand much from galaxies in 
the nearby universe, we actually want to 

understand how they are arrived at their current 
state

what is their history?

well we can make some estimate of what galaxies 
looked like from the ages of their stars, i.e., by 

evolving these stars backwards in time...  



one way is to use spectroscopy as we did in 
studying galaxies in the local universe

how can we identify large samples of galaxies in 
distant universe and study their properties?

but this is expensive...   sources 7 billion years in the past are 100x 
fainter than sources in the nearby universe.

need to integrate 104 x longer to reach the same signal to noise as 
galaxy in local universe.

but telescopes from the 2000s (i.e., ~10-m Keck telescopes in Hawaii) 
have 16x collecting area as the Sloan Digital Sky Survey telescope...

Not possible to do surveys like the Sloan Digital Sky Survey in the 
nearby universe...



How can study the properties of galaxies at 
intermediate cosmic time then?

1) Study smaller spectroscopic samples than 106 galaxies

2) Estimate redshifts and other properties from the 
photometry (i.e., photometric redshifts)

Both approaches are used a lot these days

Both approaches start by imaging a field at a number of different 
wavelengths, from optical wavelengths to the near-IR

U, V, I, R, z -- in the optical
Y, J, H, K -- in the IR

3.6, 4.5, 5.8, 8 microns
24, 70, 160 microns with Spitzer

70, 100, 160 microns
250, 350, 500 microns with Herschel

plus radio, x-ray,  UV from GALEX

Not all bands 
are necessary of 
course



Surveys usually select galaxies based on light beyond the 4000 Angstrom 
break, as this correlates better with the stellar mass in a galaxy

As such, surveys of galaxies at z<1.5 often select galaxies based on the 
light in a redder optical band or a near-IR band.

Then, a large number of spectra are taken of all galaxies brighter 
than flux level in some selection band (probed rest-frame optical 
light)

The DEEP2 program (Davis et al. 2005; Faber et al. 2006) did such 
using the power DEIMOS spectrograph on the Keck telescope.



Here is a picture of the DEIMOS spectrograph:21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-3 21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-4

The largest element is about 1m - the size of a small
telescope.

The instrument can take more than 100 spectra at
high spectral resolution. The latter is important, as
the night sky is full with emission lines in the red (λ >
6000 Å). Only with high resolution can one look “be-
tween” the emission lines.

With a slit mask with many short slits, one can take
many spectra. The output is shown below:

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-3 21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-4

The largest element is about 1m - the size of a small
telescope.

The instrument can take more than 100 spectra at
high spectral resolution. The latter is important, as
the night sky is full with emission lines in the red (λ >
6000 Å). Only with high resolution can one look “be-
tween” the emission lines.

With a slit mask with many short slits, one can take
many spectra. The output is shown below:

Biggest element is 1 meter in size!

Similar to size of small telescope

Can take 100s of spectra at a time.

Useful feature is high spectral 
resolution -- which allows us to see 
between sky lines which are prominent 
at > 6000 angstroms



Slit spectroscopy!

•! Why using a slit? To keep out as much as 
background light as possible!

•! How does the output look like? 2D spectrum !

C. Porciani! Observational Cosmology! III-11!

wavelength!

position!position!

credit: Porciano

How does one use DEIMOS to obtain deep spectra for many sources on a 
field?

- Make a slit mask and then disperse the light 
perpendicular to the axis of the slit mask.



Here is the signal on the detector based on a mask:

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-5

This is a raw image from the spectrograph. You can
see the individual spectra, and the skylines. The sky-
lines are much brigher than the galaxies. Even the con-
tinuum sky is quite bright. Furthermore, lots of cosmic
rays can be seen. Some of the slits are tilted, because
the mask was designed with tilted slits, to lie along the
major axis of the galaxies (for some, not all)

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-6

These are the spectra after careful skysubtraction. We
can now see the emission lines very clearly - but it is
also clear that the continuum is not very visible - that
requires much longer integration times.

The goals of the survey are listed on the next page
(Davis et al 2003)

Wavelength

Spatial
Position
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This is a raw image from the spectrograph. You can
see the individual spectra, and the skylines. The sky-
lines are much brigher than the galaxies. Even the con-
tinuum sky is quite bright. Furthermore, lots of cosmic
rays can be seen. Some of the slits are tilted, because
the mask was designed with tilted slits, to lie along the
major axis of the galaxies (for some, not all)

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-6

These are the spectra after careful skysubtraction. We
can now see the emission lines very clearly - but it is
also clear that the continuum is not very visible - that
requires much longer integration times.

The goals of the survey are listed on the next page
(Davis et al 2003)

Here is after the subtraction of the sky lines (after sky subtraction)

Emission lines are clearly visible...  but cannot see continuum well 
(the continuum requires even longer integration times)
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Basic results

The most basic result coming out of the survey is the
evolution of the density of red and blue galaxies with
redshift. The next figure shows the color distribution of
the galaxies as a function of redshift.

Here are the goals of the DEEP program:

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-7 21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-8

Basic results

The most basic result coming out of the survey is the
evolution of the density of red and blue galaxies with
redshift. The next figure shows the color distribution of
the galaxies as a function of redshift.
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Basic results

The most basic result coming out of the survey is the
evolution of the density of red and blue galaxies with
redshift. The next figure shows the color distribution of
the galaxies as a function of redshift.
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Basic results

The most basic result coming out of the survey is the
evolution of the density of red and blue galaxies with
redshift. The next figure shows the color distribution of
the galaxies as a function of redshift.
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One can clearly see the red sequence out to z = 1.
This is expected - z = 1 is only 6 Gyr ago - and people
think that ellipticals are much older than that.

This result was obtained earlier by Bell et al 2004 - not
by taking spectroscopic redshifts, but by photomet-
ric redshifts. This method works in the following way.
Take spectra at low resolution - through 17 filters

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-10

One can derive fairly accurate photometric redshifts
this way. See:

The accuracy is at a level of a few percent for galaxies
with high signal-to-noise, and worse for fainter galaxies.

One of the most important results from the DEEP2 program 
regards the evolution of the “red sequence” and “blue cloud” on the 
color-luminosity diagram:

One can see the existence of the red-sequence out to z~1



This same result was obtained earlier by Bell et al., based on 
photometric redshifts from the COMBO-17 survey.

COMBO-17 was not based on large numbers of spectroscopic 
redshifts, but on redshifts estimated from photometry in large 
numbers of passbands.
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One can clearly see the red sequence out to z = 1.
This is expected - z = 1 is only 6 Gyr ago - and people
think that ellipticals are much older than that.

This result was obtained earlier by Bell et al 2004 - not
by taking spectroscopic redshifts, but by photomet-
ric redshifts. This method works in the following way.
Take spectra at low resolution - through 17 filters

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-10

One can derive fairly accurate photometric redshifts
this way. See:

The accuracy is at a level of a few percent for galaxies
with high signal-to-noise, and worse for fainter galaxies.

17 Filters used by COMBO-17:

Sensitivity

Wavelength



How well can one estimate the redshifts of distant sources from the 
flux measurements in 17 different passbands?

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-9

One can clearly see the red sequence out to z = 1.
This is expected - z = 1 is only 6 Gyr ago - and people
think that ellipticals are much older than that.

This result was obtained earlier by Bell et al 2004 - not
by taking spectroscopic redshifts, but by photomet-
ric redshifts. This method works in the following way.
Take spectra at low resolution - through 17 filters

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-10

One can derive fairly accurate photometric redshifts
this way. See:

The accuracy is at a level of a few percent for galaxies
with high signal-to-noise, and worse for fainter galaxies.

One Example:



How well can one estimate the redshifts of distant sources from the 
flux measurements in 17 different passbands?

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-9

One can clearly see the red sequence out to z = 1.
This is expected - z = 1 is only 6 Gyr ago - and people
think that ellipticals are much older than that.

This result was obtained earlier by Bell et al 2004 - not
by taking spectroscopic redshifts, but by photomet-
ric redshifts. This method works in the following way.
Take spectra at low resolution - through 17 filters

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-10

One can derive fairly accurate photometric redshifts
this way. See:

The accuracy is at a level of a few percent for galaxies
with high signal-to-noise, and worse for fainter galaxies.

Four Other Examples:



How well do the redshift estimates we derive from the flux 
measurements in the different passbands compare with 
spectroscopic redshifts?21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-11 21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-12

The resulting color magnitude diagram looks like this.
Very good !

The interesting thing is that the red sequence looks
just as prominent in the COMBO-17 data as in the
DEEP 2 data. Notice that COMBO-17 has more galax-
ies - 25.000.



How well do the redshift estimates we derive from the flux 
measurements in the different passbands compare with 
spectroscopic redshifts?

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-11 21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-12

The resulting color magnitude diagram looks like this.
Very good !

The interesting thing is that the red sequence looks
just as prominent in the COMBO-17 data as in the
DEEP 2 data. Notice that COMBO-17 has more galax-
ies - 25.000.



What does the color-luminosity diagram look for galaxies in 
different redshift slices?
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The resulting color magnitude diagram looks like this.
Very good !

The interesting thing is that the red sequence looks
just as prominent in the COMBO-17 data as in the
DEEP 2 data. Notice that COMBO-17 has more galax-
ies - 25.000.

Clear evidence for
“red sequence”
and blue cloud

Bell+
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The resulting color magnitude diagram looks like this.
Very good !

The interesting thing is that the red sequence looks
just as prominent in the COMBO-17 data as in the
DEEP 2 data. Notice that COMBO-17 has more galax-
ies - 25.000.

Clear evidence for
“red sequence”
and blue cloud

Bell+



How do the colors of galaxies in the red sequence change with 
redshift?21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-13

This figure shows how the colors of the galaxies evolve
with redshift. The evolution one expects from the
models depends in a simple way on the formation red-
shift. This is simply due to the fact that the color
evolution is a simple power-law with time color =
constant ∗ log(t). Hence, if the galaxies formed at
higher redshift, they evolve slower. The slow evolution
suggests that the galaxies formed early (z > 2 ?).

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-14

This figure shows the luminosity function of the red se-
quence at different redshifts. The luminosity functions
are well determined out to z = 0.8.

“Red sequence” galaxies are becoming 
bluer, as one moves to higher redshift.

This is what one would expect if they 
formed almost all of their stars a long time 
ago.    

Since the colors of galaxies change as a 
power law, one can try to use the 
evolution in color to determine when red 
sequence galaxies formed their stars.

Bell+



How does the abundance and luminosity of red sequence galaxies 
change with redshift (as seen from their luminosity function)?21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-13

This figure shows how the colors of the galaxies evolve
with redshift. The evolution one expects from the
models depends in a simple way on the formation red-
shift. This is simply due to the fact that the color
evolution is a simple power-law with time color =
constant ∗ log(t). Hence, if the galaxies formed at
higher redshift, they evolve slower. The slow evolution
suggests that the galaxies formed early (z > 2 ?).

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-14

This figure shows the luminosity function of the red se-
quence at different redshifts. The luminosity functions
are well determined out to z = 0.8.

z~0

ɸ(L) = ɸ*e-L/L*  (L/L*)α

Exponential 
cut-off

Power-Law

Power-Law

Exponential 
cut-off

Schechter 
Function

Bell+



21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-15

The characteristic brightness of galaxies increases with
redshift(left), but the density goes down (middle), and
the luminosity density (the integral of the luminosity
function multiplied with the luminosity per galaxy) is
constant. This is a real surprise.

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-16

The luminosity density is nearly flat, but models predict
that it should rise. The models assume that galaxies
remain on the red sequence since z = 2. Those galax-
ies are much younger by z = 1 compared to z = 0,
and hence should be brighter. Why not ? This is the
question. Bell speculated that this is due to merging.

Parameterizing the evolution of the luminosity function of “red 
sequence” galaxies using the Schechter function, 

how do the individual parameters evolve? 

How would you interpret these trends?

ɸ(L) = ɸ*e-L/L*  (L/L*)α
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The characteristic brightness of galaxies increases with
redshift(left), but the density goes down (middle), and
the luminosity density (the integral of the luminosity
function multiplied with the luminosity per galaxy) is
constant. This is a real surprise.
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The luminosity density is nearly flat, but models predict
that it should rise. The models assume that galaxies
remain on the red sequence since z = 2. Those galax-
ies are much younger by z = 1 compared to z = 0,
and hence should be brighter. Why not ? This is the
question. Bell speculated that this is due to merging.

How does the total luminosity in “red sequence” galaxies 
per unit volume change change with redshift?

(from COMBO-17 analysis: Bell et al.)

(derived by 
integrating 
luminosity 
function)

Predictions of 
instantaneous 
burst models
where all the 
stars in red
sequence 
galaxies form 
at some time 
(redshift) in 
the past

Observations

Luminosity in red 
galaxies per unit 
volume



How does the luminosity function of red galaxies evolve with 
redshift?

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-17

Faber et al. combined the results of Bell et al. with
the DEEP 2 results. They split the galaxies into blue
and red galaxies.

The luminosity density of the red galaxies is constant,
and that of the blue galaxies is evolving. It is going
down from high redshift to low redshift.

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-18

This result is consistent with the Bell et al result. So
what happens ?

Faber et al. (and in a different paper, Bell et al.) sug-
gest various explanations. One is merging, the other
is that blue galaxies stop forming stars at some stage,
become red (move up), and then merge (move left).
Probably all those processes play a role.
All in all, the results are intruiging, if true: we expect
that the luminosity density of the red galaxies goes
down with time - but instead, it remains constant; and
we expect the luminosity density of blue galaxies to
remain constant with time (or to increase); and instead
it decreases !
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Faber et al. combined the results of Bell et al. with
the DEEP 2 results. They split the galaxies into blue
and red galaxies.

The luminosity density of the red galaxies is constant,
and that of the blue galaxies is evolving. It is going
down from high redshift to low redshift.
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This result is consistent with the Bell et al result. So
what happens ?

Faber et al. (and in a different paper, Bell et al.) sug-
gest various explanations. One is merging, the other
is that blue galaxies stop forming stars at some stage,
become red (move up), and then merge (move left).
Probably all those processes play a role.
All in all, the results are intruiging, if true: we expect
that the luminosity density of the red galaxies goes
down with time - but instead, it remains constant; and
we expect the luminosity density of blue galaxies to
remain constant with time (or to increase); and instead
it decreases !

Redshift

Exponential cut-off 
luminosity at bright 
end of luminosity 
function

Volume density of 
galaxies at bright 
end of luminosity 
function

(DEEP 2 Results: Faber+)



How does the luminosity function of blue galaxies evolve with 
redshift?
21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-17

Faber et al. combined the results of Bell et al. with
the DEEP 2 results. They split the galaxies into blue
and red galaxies.

The luminosity density of the red galaxies is constant,
and that of the blue galaxies is evolving. It is going
down from high redshift to low redshift.

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-18

This result is consistent with the Bell et al result. So
what happens ?

Faber et al. (and in a different paper, Bell et al.) sug-
gest various explanations. One is merging, the other
is that blue galaxies stop forming stars at some stage,
become red (move up), and then merge (move left).
Probably all those processes play a role.
All in all, the results are intruiging, if true: we expect
that the luminosity density of the red galaxies goes
down with time - but instead, it remains constant; and
we expect the luminosity density of blue galaxies to
remain constant with time (or to increase); and instead
it decreases !
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gest various explanations. One is merging, the other
is that blue galaxies stop forming stars at some stage,
become red (move up), and then merge (move left).
Probably all those processes play a role.
All in all, the results are intruiging, if true: we expect
that the luminosity density of the red galaxies goes
down with time - but instead, it remains constant; and
we expect the luminosity density of blue galaxies to
remain constant with time (or to increase); and instead
it decreases !
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21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-17

Faber et al. combined the results of Bell et al. with
the DEEP 2 results. They split the galaxies into blue
and red galaxies.

The luminosity density of the red galaxies is constant,
and that of the blue galaxies is evolving. It is going
down from high redshift to low redshift.

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-18

This result is consistent with the Bell et al result. So
what happens ?

Faber et al. (and in a different paper, Bell et al.) sug-
gest various explanations. One is merging, the other
is that blue galaxies stop forming stars at some stage,
become red (move up), and then merge (move left).
Probably all those processes play a role.
All in all, the results are intruiging, if true: we expect
that the luminosity density of the red galaxies goes
down with time - but instead, it remains constant; and
we expect the luminosity density of blue galaxies to
remain constant with time (or to increase); and instead
it decreases !

How does the luminosity function of all galaxies evolve with redshift?

Redshift

Exponential cut-off 
luminosity at bright 
end of luminosity 
function

Volume density of 
galaxies at bright 
end of luminosity 
function

(DEEP 2 Results: Faber+)



Faber et al. combined the results of Bell et al. with the DEEP2 
results.   They split galaxies into red and blue galaxies.

The luminosity density of the red galaxies is constant, but may fall at the 
earliest times.    From stellar evolution, one would expect it to rise.

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-17

Faber et al. combined the results of Bell et al. with
the DEEP 2 results. They split the galaxies into blue
and red galaxies.

The luminosity density of the red galaxies is constant,
and that of the blue galaxies is evolving. It is going
down from high redshift to low redshift.
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This result is consistent with the Bell et al result. So
what happens ?

Faber et al. (and in a different paper, Bell et al.) sug-
gest various explanations. One is merging, the other
is that blue galaxies stop forming stars at some stage,
become red (move up), and then merge (move left).
Probably all those processes play a role.
All in all, the results are intruiging, if true: we expect
that the luminosity density of the red galaxies goes
down with time - but instead, it remains constant; and
we expect the luminosity density of blue galaxies to
remain constant with time (or to increase); and instead
it decreases !
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Faber et al. combined the results of Bell et al. with
the DEEP 2 results. They split the galaxies into blue
and red galaxies.

The luminosity density of the red galaxies is constant,
and that of the blue galaxies is evolving. It is going
down from high redshift to low redshift.
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This result is consistent with the Bell et al result. So
what happens ?

Faber et al. (and in a different paper, Bell et al.) sug-
gest various explanations. One is merging, the other
is that blue galaxies stop forming stars at some stage,
become red (move up), and then merge (move left).
Probably all those processes play a role.
All in all, the results are intruiging, if true: we expect
that the luminosity density of the red galaxies goes
down with time - but instead, it remains constant; and
we expect the luminosity density of blue galaxies to
remain constant with time (or to increase); and instead
it decreases !
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Faber et al. combined the results of Bell et al. with the DEEP2 
results.   They split galaxies into red and blue galaxies.

The luminosity density of the blue galaxies also increases towards 
earlier times.    Galaxies were forming stars faster in the past.

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-17

Faber et al. combined the results of Bell et al. with
the DEEP 2 results. They split the galaxies into blue
and red galaxies.

The luminosity density of the red galaxies is constant,
and that of the blue galaxies is evolving. It is going
down from high redshift to low redshift.
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This result is consistent with the Bell et al result. So
what happens ?

Faber et al. (and in a different paper, Bell et al.) sug-
gest various explanations. One is merging, the other
is that blue galaxies stop forming stars at some stage,
become red (move up), and then merge (move left).
Probably all those processes play a role.
All in all, the results are intruiging, if true: we expect
that the luminosity density of the red galaxies goes
down with time - but instead, it remains constant; and
we expect the luminosity density of blue galaxies to
remain constant with time (or to increase); and instead
it decreases !
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is that blue galaxies stop forming stars at some stage,
become red (move up), and then merge (move left).
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Faber et al. combined the results of Bell et al. with
the DEEP 2 results. They split the galaxies into blue
and red galaxies.

The luminosity density of the red galaxies is constant,
and that of the blue galaxies is evolving. It is going
down from high redshift to low redshift.
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This result is consistent with the Bell et al result. So
what happens ?

Faber et al. (and in a different paper, Bell et al.) sug-
gest various explanations. One is merging, the other
is that blue galaxies stop forming stars at some stage,
become red (move up), and then merge (move left).
Probably all those processes play a role.
All in all, the results are intruiging, if true: we expect
that the luminosity density of the red galaxies goes
down with time - but instead, it remains constant; and
we expect the luminosity density of blue galaxies to
remain constant with time (or to increase); and instead
it decreases !

Faber et al. combined the results of Bell et al. with the DEEP2 
results.   They split galaxies into red and blue galaxies.

The luminosity density in all galaxies increases, as one goes back in time.
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How might galaxies move from the blue cloud to red sequence?

There are many possibilities!

The above are scenarios outlined in Faber et al. based on DEEP2 results



What is quenching?

A galaxy is “quenched” when it stops forming stars.   It appears that 
most quenched galaxies never form stars again.

It is unknown.   Maybe due to energy coming from black holes at 
the center of a galaxy heating up the gas in and around a galaxy.

How does quenching happen?

Observationally, by noting which galaxies are quenched and which 
are not, we can determine the factors which led to “quenching”:

1)  Mass Quenching -- When galaxies become more massive, 
“quenching” is more likely to happen

(could be due to increased important of AGN in the most massive galaxies)

2)  Environmental Quenching -- When galaxies are in dense 
environments (nearby many other galaxies), “quenching” is more 
likely to happen

(could occur as galaxies become satellites in more massive halos and lose their gas supply)



REMINDER: What is a dry merger?

There appear to be two different classes of elliptical galaxies.
They form in two different ways.

Case #1: “Wet” Mergers

Galaxy
(with gas)

Galaxy
(with gas)

(tends to occur more frequently for lower mass 
galaxies, when galaxy evolution less advanced)

Case #2: “Dry” Mergers

Galaxy
(without gas)

Galaxy
(without gas)

(frequently occurs after many previous mergers, when 
the mass is higher)(e.g., between two elliptical galaxies)

(e.g., between two spiral galaxies)



How might galaxies move from the blue cloud to red sequence?

There are many possibilities!



How might galaxies move from the blue cloud to red sequence?

There are many possibilities!



Besides this movement of galaxies from the 
blue cloud to the red sequence, how does 
star formation proceed on the blue cloud?

How do galaxies grow when they exist in the 
blue cloud?



Let’s look at evolution of SFR and stellar mass relation for blue 
cloud



Clear relationship between the star formation rate and the stellar 
mass of a galaxy...

Star formation to z > 1 in AEGIS field galaxies 3

Fig. 1.— SFR vs M⋆ for 2905 galaxies in the EGS, in the M⋆ range where the data are > 80% complete; see §2 . The dotted vertical
line marks > 95% completeness. Filled blue circles: Combined SFR from MIPS 24µm and DEEP2 emission lines. Open blue circles: No
24µm detection, blue U −B colors, SFR from extinction-corrected emission lines. Green crosses: Same as open blue circles, but red U −B
colors, mostly LINER/AGN candidates (§3). Orange down arrows: No robust detection of f(24µm) or emission lines; conservative SFR
upper limits shown. There is a distinct sequence formed by fiducial SF galaxies (open and filled circles); galaxies with little or no SF lie
below this sequence. Red circles show the median of log(SFR) in mass bins of 0.15 dex for main sequence galaxies (blue circles). Red
lines include 34% of the main sequence galaxies above and 34% below the median of log(SFR), ±1σ in the case of a normal distribution.
Horizontal black dashed line: SFR corresponding to the 24µm 80% completeness limit at the center of each z bin. 24µm-detected galaxies
above the magenta dot-dashed line are LIRGs (§4.2).

a trend for the slope to flatten to higher z, but the com-
pleteness limits do not allow a robust quantification. A
further important result is that the normalization of the
main sequence evolves strongly over the redshift range of
our sample; the median SFR at fixed M⋆ evolves down-
wards by a factor of 3, measured at 1011M⊙, from the
our highest (median z = 0.98) to our lowest (median
z = 0.36) redshift bin. Importantly, it appears that the
whole of the main sequence shifts downwards with time,
rather than just the upper envelope decreasing, which
was also reported by a recent GALEX study at z = 0.7
(Zamojski et al. 2007). A straightforward interpretation
of these observations is that normal star-forming galax-
ies possess a limited range of SFR at a given M⋆ and z,
which is presumably set by whatever physical processes
regulate SF in quiescent disks. Galaxies that are not on
the main sequence, in categories (2) and (3) above, are
observed during or after quenching of the SF activity,
with either low-level or no current SF, or LINER/AGN
activity.

4. DISCUSSION

4.1. Completeness: Is the Main Sequence Real?

It is obviously crucial to determine whether the “main
sequence” that we have identified is real, or could be
caused by selection effects or observational biases. We
address the following possible causes of incompleteness
or bias in our sample, again restricting the discussion to
the M⋆ range where we claim that the sample is > 95%
complete:

(1) Could the optically selected DEEP2 parent sample
be missing a significant number of galaxies, or are there
galaxies in the DEEP2 sample that lack a successful red-
shift determination because of low S/N? (2) Could we
be significantly underestimating the SFR in galaxies in
our sample due to biases in our SF indicators?

(1) The DEEP2 spectroscopic selection (RAB < 24.1)
has been shown to be complete in the M⋆ ranges in-
dicated in Fig. 1 (vertical lines), from comparisons to
various surveys with spectroscopic and deep photometric
redshifts, including in particular the K-selected K20 sur-

vey, which should be less affected by extinction (Willmer
et al. 2006, Bundy et al. 2006, Cimatti et al. 2006).
For galaxies that are below our 24µm detection limit, we
expect the extinction to be moderate, and would expect
these galaxies to be picked up in K-selected surveys, but
no such population is found to be missed by DEEP2.

More obscured populations can be probed through the
deep Spitzer IRAC 3.6µm data in AEGIS, which at a
given redshift are a proxy for M⋆ yet are barely affected
by extinction. We have compared the distribution of
f(24µm) at a given f(3.6µm) and z in the DEEP2 RAB-
selected sample and an IRAC f(3.6µm)-selected sample
with IRAC-based photometric redshifts. We find no ev-
idence that DEEP2 misses a significant population of
heavily obscured, star-forming galaxies at z ! 1, which
could populate the area above the upper boundary of the
MS. This agrees with the results of Houck et al. (2005)
and Weedman et al. (2006) in the large area NDWFS,
which indicate that such missed f(24µm)-bright, opti-
cally faint galaxies at z < 1 would contribute < 1% of
our sample.

(2) The 24µm completeness limit (horizontal black
dashed line in Fig. 1) intersects the main sequence
in each redshift bin. As discussed in §3, most galax-
ies below the MS are red, early type, non-SF, and/or
LINER/AGN dominated (shown as orange arrows and
green crosses). However, a fraction show spiral/late-type
morphologies or visual signs of possible SF (§3). In prin-
ciple, these red galaxies could have dust-obscured SF,
unrecovered by emission lines, yet lie below the 24µm de-
tection limit. Their true SFRs could then be anywhere
up to the 24µm limit, in which case they may not be a
distinct population, but rather a downward continuation
of the MS. If this were the case, these galaxies would
make up ! 10(20)% of the MS at z < (>)0.7. We can
constrain the maximal effect of missed, dust-obscured SF
in these galaxies on the 1σ range of SFR along the MS
by including in the calculation of σMS all red, 24µm-
undetected galaxies with spiral/late-type morphologies,
and Hα,Hβ, and/or [OII] line emission down to spurious
detections (i.e., 100% error in EW). For the extremes of

Spread in the 
relation is only 
0.3 dex

Suggests that SFR
is proportion to 
stellar mass

Implies 
exponential 
growth of galaxies

Noekse+2007; Salim+2006

called “main sequence 
of star formation” for 
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Let’s look at evolution of SFR and stellar mass relation for blue 
cloud



Clear relationship between the star formation rate and the stellar 
mass of a galaxy...

Star formation to z > 1 in AEGIS field galaxies 3

Fig. 1.— SFR vs M⋆ for 2905 galaxies in the EGS, in the M⋆ range where the data are > 80% complete; see §2 . The dotted vertical
line marks > 95% completeness. Filled blue circles: Combined SFR from MIPS 24µm and DEEP2 emission lines. Open blue circles: No
24µm detection, blue U −B colors, SFR from extinction-corrected emission lines. Green crosses: Same as open blue circles, but red U −B
colors, mostly LINER/AGN candidates (§3). Orange down arrows: No robust detection of f(24µm) or emission lines; conservative SFR
upper limits shown. There is a distinct sequence formed by fiducial SF galaxies (open and filled circles); galaxies with little or no SF lie
below this sequence. Red circles show the median of log(SFR) in mass bins of 0.15 dex for main sequence galaxies (blue circles). Red
lines include 34% of the main sequence galaxies above and 34% below the median of log(SFR), ±1σ in the case of a normal distribution.
Horizontal black dashed line: SFR corresponding to the 24µm 80% completeness limit at the center of each z bin. 24µm-detected galaxies
above the magenta dot-dashed line are LIRGs (§4.2).

a trend for the slope to flatten to higher z, but the com-
pleteness limits do not allow a robust quantification. A
further important result is that the normalization of the
main sequence evolves strongly over the redshift range of
our sample; the median SFR at fixed M⋆ evolves down-
wards by a factor of 3, measured at 1011M⊙, from the
our highest (median z = 0.98) to our lowest (median
z = 0.36) redshift bin. Importantly, it appears that the
whole of the main sequence shifts downwards with time,
rather than just the upper envelope decreasing, which
was also reported by a recent GALEX study at z = 0.7
(Zamojski et al. 2007). A straightforward interpretation
of these observations is that normal star-forming galax-
ies possess a limited range of SFR at a given M⋆ and z,
which is presumably set by whatever physical processes
regulate SF in quiescent disks. Galaxies that are not on
the main sequence, in categories (2) and (3) above, are
observed during or after quenching of the SF activity,
with either low-level or no current SF, or LINER/AGN
activity.

4. DISCUSSION

4.1. Completeness: Is the Main Sequence Real?

It is obviously crucial to determine whether the “main
sequence” that we have identified is real, or could be
caused by selection effects or observational biases. We
address the following possible causes of incompleteness
or bias in our sample, again restricting the discussion to
the M⋆ range where we claim that the sample is > 95%
complete:

(1) Could the optically selected DEEP2 parent sample
be missing a significant number of galaxies, or are there
galaxies in the DEEP2 sample that lack a successful red-
shift determination because of low S/N? (2) Could we
be significantly underestimating the SFR in galaxies in
our sample due to biases in our SF indicators?

(1) The DEEP2 spectroscopic selection (RAB < 24.1)
has been shown to be complete in the M⋆ ranges in-
dicated in Fig. 1 (vertical lines), from comparisons to
various surveys with spectroscopic and deep photometric
redshifts, including in particular the K-selected K20 sur-

vey, which should be less affected by extinction (Willmer
et al. 2006, Bundy et al. 2006, Cimatti et al. 2006).
For galaxies that are below our 24µm detection limit, we
expect the extinction to be moderate, and would expect
these galaxies to be picked up in K-selected surveys, but
no such population is found to be missed by DEEP2.

More obscured populations can be probed through the
deep Spitzer IRAC 3.6µm data in AEGIS, which at a
given redshift are a proxy for M⋆ yet are barely affected
by extinction. We have compared the distribution of
f(24µm) at a given f(3.6µm) and z in the DEEP2 RAB-
selected sample and an IRAC f(3.6µm)-selected sample
with IRAC-based photometric redshifts. We find no ev-
idence that DEEP2 misses a significant population of
heavily obscured, star-forming galaxies at z ! 1, which
could populate the area above the upper boundary of the
MS. This agrees with the results of Houck et al. (2005)
and Weedman et al. (2006) in the large area NDWFS,
which indicate that such missed f(24µm)-bright, opti-
cally faint galaxies at z < 1 would contribute < 1% of
our sample.

(2) The 24µm completeness limit (horizontal black
dashed line in Fig. 1) intersects the main sequence
in each redshift bin. As discussed in §3, most galax-
ies below the MS are red, early type, non-SF, and/or
LINER/AGN dominated (shown as orange arrows and
green crosses). However, a fraction show spiral/late-type
morphologies or visual signs of possible SF (§3). In prin-
ciple, these red galaxies could have dust-obscured SF,
unrecovered by emission lines, yet lie below the 24µm de-
tection limit. Their true SFRs could then be anywhere
up to the 24µm limit, in which case they may not be a
distinct population, but rather a downward continuation
of the MS. If this were the case, these galaxies would
make up ! 10(20)% of the MS at z < (>)0.7. We can
constrain the maximal effect of missed, dust-obscured SF
in these galaxies on the 1σ range of SFR along the MS
by including in the calculation of σMS all red, 24µm-
undetected galaxies with spiral/late-type morphologies,
and Hα,Hβ, and/or [OII] line emission down to spurious
detections (i.e., 100% error in EW). For the extremes of

Constant of proportionality 
between the star formation rate and 
stellar mass evolves with redshift...

Noekse+2007; Salim+2006

Galaxies form stars for a given
stellar mass at high redshift...

Let’s look at evolution of SFR and stellar mass relation for blue 
cloud



How are the SFRs and stellar masses derived?

Let’s look at evolution of SFR and stellar mass relation for blue 
cloud



Deriving the Star Formation Rate in Distant Galaxies

One of the best measures of how quickly galaxies are growing is the star 
formation rate (since it measures the growth in the stellar mass).

How is the star formation rate estimated?

1.    Using the Hα emission line fluxes.   Hot O stars produce a lot of 
radiation at wavelengths blueward of 912 Angstroms.   This radiation 
ionizes hydrogen gas and results in large ionized bubbles surrounding 
star-forming regions in galaxies.   These ionized bubbles produce Hα 

emission.   One challenge is that dust extinction can attenuate the Hα 
emission in galaxies and requires correction.   Fortunately, one can use 
Hβ emission from galaxies to estimate this extinction, since the ratio of 

fluxes in Hα to Hβ is almost the same under a variety of conditions.  
After correction for dust extinction, one can directly estimate the dust 

extinction from Hα fluxes.



Deriving the Star Formation Rate in Distant Galaxies

2.    Using the UV light   Hot O and B stars in galaxies produce a lot of 
UV light in general.   One can use this UV light to estimate the star 

formation rate in distant galaxies.   However, dust extinction can be a key 
challenge, as even a small amount of dust extinction can attenuate most 

of the UV light.   

3.    Using the far-IR emission.   If most of the light from young stars is 
absorbed by dust and then re-emitted, that light will come out with a 
blackbody structure at 1000 microns.   With telescopes like Spitzer or 

Herschel or submm telescopes on the ground, one can measure this light 
directly for galaxies (but generally only for the most extreme systems).   
By measuring the total energy output in the IR, one can try to estimate 
the star formation rate.    One drawback of this technique is that other 
energy sources can also heat the dust, e.g., quasars or even lower mass 

stars.



Deriving the Star Formation Rate in Distant Galaxies

4.    Using the radio emission.    Synchrotron emission from electrons in 
supernovae explosions produce significant radio emission in star forming 

galaxies.    Since supernovae explosions are proportional to the star-
formation rate, one can use light in the radio as a probe of the star 

formation rate.  The correlation of the radio emission with the far-IR 
emission is remarkably good and not totally understood.   Very deep 

observations are required.

5.    Using x-ray emission.   One biproduct of star formation in galaxies is 
the production of high-mass x-ray binaries, which emit prolifically at x-ray 

wavelengths and can be used as a probe of the star formation rate in 
distant galaxies.   Very deep data are required to use this technique.

When using the far-IR emission, radio emission, or x-ray emission to 
derive star formation rates, one must be careful that an AGN is not 

present, since it can produce a similar or even stronger signal.
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21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c09-19

It turns out that the masses are reasonably “stable” if
we make changes to the models (like changing the star
formation history, metallicity, dust extinction law - all
unknown parameters).
We generally find low mass-to-light ratios for Lyman

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c09-20

breaks, and high mass-to-light ratios for the red galax-
ies. The Lyman breaks have typically masses of 1010

M⊙, the red galaxies masses at the level of 1011 M⊙.
There are of course variations - it depends on the bright-
ness of the galaxy too.
van Dokkum et al. applied this technique to all galax-
ies found in a deep Near-IR imaging survey. Redshifts
were not measured with spectroscopy, but from the
photometry. This is necessary as it is still very hard
to obtain spectroscopy on faint near-ir galaxies. The
photometric redshifts are derived from fitting galaxy
template spectra to the photometry - while keeping the
redshift free as a fitting parameter.

The templates used for the photometric redshift fit-
ting. Note the large variation from blue to red

How can estimate the stellar 
masses of individual galaxies?

Through stellar population modelling:

Measure the fluxes of galaxies at a 
large number of wavelengths and 
then find the stellar population 

model (age of stellar population,
metallicity, current star formation 

rate) that best fits the fluxes.

Flux Measurements in K 
band or with Spitzer are 

particularly essential.

From Shapley et al.



How accurate are mass measurements of distant galaxies based on 
their flux measurements?

These mass measurements can be checked directly for early-type 
galaxies by measuring their velocity dispersions.   This requires 
long integrations on distant galaxies, i.e., >10 hour integration 
times with 10 meter telescopes.

One example is shown below from elliptical galaxies in cluster at z=0.8:

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-19

Measuring masses

One of the issues with the results above is that it is all
based on measurements of light. Models are used to
transform those measurements into estimates of stellar
mass. The questions is, are those models correct ?

For early-type galaxies, we can check directly. We can
simply measure the motions of the stars, by measuring
the velocity dispersions. With long integration times,
we can now do this to high redshift (Franx 1993, van
Dokkum et al 1996, 1998, vd Wel et al 2003). An ex-
ample is shown below:

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-20

This is the Fundamental Plane that is derived from
this. The small scatter is remarkable. This allows an
accurate measurement

Franx 1993; van Dokkum et al. 1996, 1998; van der Wel et al. 2003



Velocity Dispersion Measurements
Fitting the Velocity Dispersion

Recall the following diagram from the lecture on elliptical galaxies:

This illustrates how one measures the velocity dispersion. 

Thick Black Line is
Observed Spectrum

Dotted lines are spectra of stars 
smoothed along the line of sight 

to obtain a match with the 
observed spectrum



We noted that red sequence galaxies appear 
to evolve by passive evolution...

Can we gain more insight into these galaxies 
by looking at their dynamics?



Where are these galaxies on the fundamental plane relative to 
galaxies in the nearby universe?

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-19

Measuring masses

One of the issues with the results above is that it is all
based on measurements of light. Models are used to
transform those measurements into estimates of stellar
mass. The questions is, are those models correct ?

For early-type galaxies, we can check directly. We can
simply measure the motions of the stars, by measuring
the velocity dispersions. With long integration times,
we can now do this to high redshift (Franx 1993, van
Dokkum et al 1996, 1998, vd Wel et al 2003). An ex-
ample is shown below:

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-20

This is the Fundamental Plane that is derived from
this. The small scatter is remarkable. This allows an
accurate measurement

re = Size

σ = velocity 
dispersion

Ie = Surface 
Brightness

galaxies at z=0.8

galaxies at z=0

offset


