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Populations of Galaxies

• Building a Galaxy
• Stellar Luminosity Functions, Mass-Luminosity Relations
• Initial Mass Function
• Star Formation Rates
• Heavy Element Enrichment
• Evolution of a Population
• Spectral Synthesis
• Age/Metallicity Indicators
• Multiple Populations - the Milky Way
• Starburst galaxies, Ultraluminous                             

Infrared Galaxies (ULIRGS)
• Galaxy Evolution
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Question: How would you build a synthetic spectrum and 
determine predicted colors for a population of stars?

• Start a population with an initial mass function (IMF).
    (determined from luminosity function and mass-lum. relation)
• Specify a star formation rate (SFR).

– instantaneous? continuous? episodic?
• Add interaction with the ISM to increase metals.
• Fill in an H-R (or color-magnitude) diagram and let it evolve.
• Make a synthetic spectrum or synthetic colors .

– Weight each spectral type by luminosity function.
– Convolve spectrum with kinematics of the population.

• What if there is more than one population (like Milky Way)?
• Repeat the above steps for each population. 
• Model populations separately if they can be resolved directly 

or through spectral or color gradients.
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Stellar Luminosity Functions
• Ф (L) dL: # of stars with luminosities between L and L + dL 

per 1000 pc3

– Need distances via parallax and secondary methods.
– For example, use photometric distances (color gives 

luminosity, calibrated with parallax studies of close stars).
– Done primarily for stars in solar neighborhood (detected 

via proper motion surveys) and clusters.
• Want a volume-limited sample (e.g., solar neighborhood), but 

must deal with magnitude limits (Malmquist bias).
– Faint, low-mass end difficult to characterize.

• Ф for a specific class of stars is useful:
– ФMS is needed for determining the IMF
– Even ФMS shows dispersion due to metallicity and 

evolution
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General Ф

(Sparke & Gallagher, p. 63)

solid dots: Hipparcos sample
open circles: photometric sample

• ~55 stars, 35L¤ per 1000 pc3 in the hood

L Ф(L)

M Ф(L)

Ф(L)
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ФMS in the Solar Neighborhood

• Later types dominated by MS stars
• Luminosity classes squeeze together at high L

(Binney &
 Merrifield, p. 104)

(Binney &
 Merrifield,
  p. 129)
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• L(M) can be determined theoretically or observationally
• Theory: Combine stellar interior and atmosphere models:

Mass-Luminosity Relation for M.S. Stars

LMS
L⊙

=

81(M / M⊙ )2.14                 (M > 20M⊙ )

1.78(M / M⊙ )3.5   (2M⊙ < M < 20M⊙ )
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A star evolves off the M.S. when it converts ~10% of its H to He:
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→ No star with M ≤ 0.8M⊙  has evolved off the M.S. (τMS ≥13.8 Gyr)

(Binney & Merrifield,
  p. 280)

Theory Drawbacks:
 1) Low mass stars may not have settled onto M.S.
 2)  Strong effects of molecules and abundances at M < 0.5M�
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• Determined from binary stars (visual and eclipsing)

(Binney & Merrifield, p. 81)

squares: visual
circles: eclipsing

Observational Mass-Luminosity Relation

Problem: Large range in dL over short dM at M < 0.2M�
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Initial Mass Function
• For a starburst, # new stars with masses between M and M+dM:

  

dN = N0ξ(M)dM,  where ξ(M) is the IMF

ξ(M) is normalized so that Mξ(M)dM∫ = 1M

N0 =
MdN∫

M∫ ξ(M)dM
=  MdN∫  = # of solar masses in starburst

MS MS
0

MS

t (M)    for  (M) t
(L) (L) x

1                  for  (M) t
τ τ <⎧

Φ =Φ ⎨ τ >⎩

• How do we get the IMF? à from ΦMS(L) and Mass-Luminosity
• Need to correct ΦMS(L) to cumulative value Φ0(L) 
    - Starburst: correct for stellar evolution (e.g., use young clusters)
    - Constant SFR: also correct for death of massive stars early on

0
dL(M) [L(M)]
dM

ξ = Φ• The IMF is then:
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IMF Results
• Typically characterized by a power-law:

• More recent results – Scalo (1986) IMF:

• IMF not well determined at M < 0.3M¤, since dL/dM is large
• Cutoffs at M < 0.08M¤ (no hydrogen fusion),                         

M > 100M¤ (star’s radiation pressure exceeds gravity)

(M) M    Salpeter (1955)   = 2.35
Total mass diverges at low mass if 2 and at high mass if 2

−αξ ∝ → α
α > α <

-2.45

-3.27

-1.83

M              ( M 10M )

(M) M    (1M M 10M )

M  (0.2M M 1M )

⎧ >
⎪⎪ξ ∝ < <⎨
⎪ < <⎪⎩
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Scalo (1986) IMF

(Binney & Merrifield, p. 286)

Squares and fit: constant rate of star formation in solar neighborhood
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Star Formation Rate (SFR)
• To determine the current SFR, count the number of hot blue 

stars and divide by their approx. lifetime (lower limit)
• More precisely for a cluster à use H-R diagram:
      # stars above M.S.turnoff (inferred) / cluster age
• How do we count the number of hot blue stars in galaxies?

1) UV images (GALEX): count UV photons directly
2) Hα narrow-band images (ground-based): reprocessing of 

UV radiation by H II regions
3) Dust re-radiation (IRAS): new stars enshrouded in dust

• Ideally, use a combination of the above (but note that optical 
and IR radiation can also heat dust grains)

• What is the SFR for the Milky Way averaged over its history?
11

10
10 starsSFR 10 stars/year
10 years

≈ =
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Birth Rate

(Binney & Merrifield, p. 321)

• Birth rate = b = current SFR/<SFR>
• Can be characterized by EW (Hα) ~ (# hot stars/ total # stars)
• Depends on IMF and functional form of SFR

Model predictions:
Squares: Salpeter IMF
Triangles: Scalo IMF
Filled: SFR rises exponentially
Open: Current Starburst + constant SFR

Measured avg. b (Kennicutt et al. 1994, 435, 222):
   Sa      Sab    Sb    Sbc    Sc    Scd/Sd  Sm/Im
<0.07   0.17  0.33  0.84   0.99    0.69      1.67
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Spectral Synthesis

• Start with an IMF.
• Populate the H-R diagram with the proper number of stars.
• Let the population and metallicity evolve.
• Generate a synthetic spectrum (properly weighted by # stars 

and luminosity per star in each spectral/luminosity class).      
Ex) Bruzual & Charlot (1993, ApJ, 405, 538)

• Multiply spectrum by filter curves to get synthetic colors.

Heavy Metal Enrichment 
• A population will be enriched with metals (elements heavier 

than He) over time.
• Z = metallicity = mass of heavy elements/total mass (Z� = 0.02)

• X, Y = fractional masses of H, He (X� = 0.70, Y� = 0.28)
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Build an H-R Diagram and Let it Evolve

(Binney & Merrifield, p. 266)

4.4

1.3

8.5
12.4

29.5

67.9

171

347

1030
2470

8900

78,245

M.S. Age (Myrs)

Mass M�

O V

B 4

B 7

A 2
F 3

G 5

K 7

Spectral Type



15

Spectral Synthesis and Evolution

(Sparke & Gallagher, p. 268) 
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Age and Metallicity Diagnostics:
 Young Populations (≤1 Gyr)

• Age (t) - from ratio of blue or UV flux to red flux
• Metallicity (Z) – use emission lines from H II regions

- Note: For specific elements, the “abundance” is normally 
given (number fraction, rather than mass fraction):

( )

[ ]

X

H solar

solar

X X

H Hstar solar

nSolar Abundance of X :  A(x)  12.0 log 
n

Ex) A(He)   12.0 log 0.1 11  Y 0.28

n nRelative abundance of X :  X/H log   log 
n n

⎛ ⎞
= + ⎜ ⎟

⎝ ⎠
= + = → =

⎛ ⎞ ⎛ ⎞
= −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠



Element He C N O Ne Mg Si S Fe
A(x) 11.0 8.6 8.0 8.8 7.6 7.5 7.5 7.2 7.4

Solar (or “cosmic”) abundances:
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(Sparke and Gallagher, p. 267)

• Spectral features are sensitive to both t and Z

Age and Metallicity Diagnostics:
 Older Populations (> 1 Gyr)
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Color and M/L Evolution of a Population

(Binney & Merrifield, p. 318)

M
/L

 ra
tio

- Luminosity continues to decrease with time, since it is dominated  by 
giant stars, and later-type stars move off  the M.S. at a much lower rate.
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Spectral Indices for Older Populations

(Binney & Merrifield, p. 99)

Central
 bandpass

Side
 bandpasses
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Metallicity and Age – Model Predictions

(Binney & Merrifield, p. 322)

-  Mg2 sensitive to both t and Z (mostly Z) 
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Metallicity/Age Indicators

(Binney & Merrifield, p. 322)

- decrease in δlog(t) that would offset increase in δlog(Z):
- all indicators are sensitive to both Z and t àuse a combination
-  Fe2 most sensitive to Z, Hβ most sensitive to age
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Metallicities of Galaxies – Ellipticals
• Giant ellipticals tend to be redder than dwarf ellipticals.
    à must be due to metallicity, since both have only old populations

• The centers of giant ellipticals are redder.
    àmetallicities decrease from 1 –2 Z� (center) to a few times smaller (edge)
     - confirmed with spectral indices:

(Sparke & Gallagher, p. 260)

Increasing distance from center
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Metallicities of Galaxies – Results
Spiral Galaxies

• Abundances decrease with the galaxy’s absolute magnitude

(Binney & Merrifield, p. 519)
-probably due to higher gas densities (initially) and more 
“processing”  of gas in brighter spirals (tend to be early types)
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• Abundance gradients in Spirals: [O/H] and [N/H] decrease 
with increasing distance from center (by factor of ~10)

(Sparke & Gallagher, p. 160)
- Remember: disk colors get bluer with increasing distance (M 31),

   à partially explained by decreasing metallicity
àalso, the fraction of stars that are hot and blue increases with 

distance (larger fraction of mass in gas form)
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Multiple Populations: Ellipticals

• Most giant Ellipticals are likely ≥10 Gyrs old 
• Hβ absorption increases outward à younger at edges?
• There are a couple of claims that dwarf E’s are a few Gyrs 

younger than giant E’s (hard to check)
• A few have swallowed S’s or Irr’s and have younger 

populations as well à Centaurus A:

(Ground-based) (HST)
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Multiple Populations: Spirals (like Milky Way)
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Milky Way Populations
(Allen’s Astrophysical Quantities, p. 479)

Scale length (pc)      2700                    3000                 500               3000              3000
Scale height (pc)      2000                    1000                 300                300                 100

(τ/ τu = age in units of Universe’s age)  (σU, σV, σW – velocity dispersions toward the 
Galactic center, toward the direction of rotation, and perpendicular to the plane)

Where are the Pop III stars?
 (a few halo stars have been found with Z ~ 10-4 Z�)
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Irregulars -  LMC

• Both old (~10 Gyr) and young (< 50 Myr) globular clusters.
• Very little star formation between 4 and 10 Gyrs ago.
• Old GCs are in a thick disk, Z ~ 0.01 Z�

• Young GCs are spread out and have Z ~ 0.4 Z�

R136a cluster in
 30 Doradus nebula     
(3.5 Myr old, ~107 L�)

LMC
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Starburst Galaxies
• Starbursts are found in irregulars or the centers of spirals
• Spirals with central starbursts also known as “H II” galaxies 
• Gas is brought into the centers of galaxies by:

1) Funneling of gas inward by large-scale stellar bars
2) Mergers of galaxies à highest star formation rates (SFRs)

• Since V(R ) ~ R in the inner bulge, angular velocity is 
constant à no gas shear to disrupt star formation

• Gas revealed as “dust spirals” within ~1 kpc of nucleus

(NGC 6212, Pogge & Martini 2002, ApJ, 569, 624)

HST
Direct
Image

“Structure
  Map”
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NGC 1808 – A Nearby Starburst Galaxy

(HST)

Blue – Hα emission
Red/yellow – stellar continuum

Fed by a bar
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Antennae Galaxies

~1000 bright star clusters
- fed by a merger
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Starburst Optical Spectrum

H II region spectrum + faint stellar absorption
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Spectral Energy Distribution (SED)
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• “Extreme” starburst galaxies with very young stars, 
surrounded by hot dust

•  Initially detected by IRAS (12, 25, 60, 100 μm survey)
• Infrared luminosities up to ~1013 L� ≈ 100LMW! 
• Some (most?) have a hidden AGN (fueled by same process)

Arp 220 – nearest ULIRG (z = 0.018)

HST NICMOS - 3 IR colors

VLA 6cm: 0.1' x 0.1'
-cores of two
 colliding spirals

Ultraluminous Infrared Galaxies (ULIRGs)
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Starburst Galaxy Characteristics

• High SFRs: 10 – 1000 M� yr-1

• High FIR luminosities: LFIR (8 - 1000μ) = 1010 – 1013L�

– due to heating of dust (primarily from hot stars)
– ULIRGs: LFIR> 1011L�

• H II region-like spectra, high Balmer luminosities
• Strong radio continuum emission (from supernovae)
• Galactic superwinds (outflowing ionized gas)
• Almost always within 0.2 – 2 kpc of nucleus
• Star formation timescale (all gas is used up): 0.1 – 1.0 Gyr
• High inner gas densities: 102 – 105 M� pc-2

• Result in a “super star cluster” at nucleus (>108 M� )
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Galactic Superwinds

Galactic superwind in M82 (red – Hα emission)
- outflowing ionized gas due to supernovae and hot-star winds
- also detected in X-rays, enriches IGM
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gas

1
gas gas-1

10 8

8

For a starburst that uses 100% of its gas in a timescale :

M
SFR 100 M yr  

10 M 10 yrs

(The dynamical time scale for feeding the nucleus is ~10  yrs.)
The maximum bolometric

−

τ

⎛ ⎞ τ⎛ ⎞
= ⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠




2 2
max

8

gas11
max 10

 luminosity is:

L 0.01 f M c 0.01 f (SFR) c
where f 0.05 for a Salpeter IMF, (fraction of stellar mass processed

in 10  yr), 0.01 is the fusion efficiency

M f
L 7 x 10  L

0.0510 M

•
≈ =

≈

⎛ ⎞⎛ ⎞≈ ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠




Ø To get LFIR ≈ 1013 L�, you need Mgas ≈ 1011 M� 
Ø So a ULIRG processes mass comparable to the entire ISM
    of a galaxy within ~ 1 kpc at 100% efficiency over 108 years!
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Far-IR Luminosity vs. Mass (H2)

Open – typical galaxies
Filled – bright IR
galaxies (ULIRGs)

solid line – typical SFR
dashed – 100% efficiency

(Kennicutt, 1998, ARAA, 36, 213)

- ε is the SFR efficiency per 108 yrs
- average ε ≈ 30% for ULIRGs à the gas is consumed in ~0.3 Gyrs
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Dependence on Morphological Type

• Detection of nuclear H II emission increases with later type:
     - E (0%), SO (8%), Sa (22%), Sb (51% ), Sc-Im (80%)
         (Ho et al. 1997, ApJ, 487, 579)

• However, the H II luminosities decrease with later type:
    - H II nuclei in SO-Sbc galaxies are ~10x more luminous than 

those in Sc galaxies
    à bars are “stronger” in early types, leading to higher fueling 

rates (when gas is actually available)
• Most ULRIGs are “peculiar” galaxies à mergers
     For LFIR < 1010 L�, 20 – 30% of IR galaxies are interacting
     For LFIR > 1012 L�, 70 – 95% of IR galaxies are interacting
      (Sanders et al. 1988, ApJ, 325, 74) 
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More ULIRGs - Major Mergers
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Lyman-Break Galaxies (LBGs)

• Starburst galaxies at z = 2.5 – 5 (~10% of the Hubble time)
• Identified by their far-UV colors around the Lyman 

continuum break (912 Å)
– Prominent in the atmospheres of hot stars

• Allows the photometric detection of galaxies at high z 
(thousands of detections so far)
– Note: This technique identifies UV-bright starbursts at 

high z, but not those hidden by dust (ULIRGs)

Spectra similar to low-z 
starburst galaxies.



Detection of Lyman-break galaxies

42
(Ellis 1998)
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Galaxy Formation- HST Images

(Giavalisco, 2002, ARAA, 40, 579)

For each LBG:
Left: WFPC2  BVI
Right:NICMOS JH

Various morphologies:
(compact, diffuse, regular,
  irregular, fragmented)
àMany similar to late-
type spirals or mergers
àMay not be seeing entire
galaxy, just regions of high
SFR.
àNote: We are seeing UV-
bright starburts, but missing
the ULIRGs at high z



44

Galaxy Evolution: the “Main Sequence” of Star FormationNo. 1, 2010 MASS AND ENVIRONMENT AS DRIVERS OF GALAXY EVOLUTION 197

Figure 1. The relationship between SFR and stellar mass for star-forming SDSS galaxies in the low-density D1 quartile (left) and high-density D4 quartile (right). The
three almost indistinguishable lines, reproduced on both panels, show the fitted relation for all galaxies, and for those in the D1 and D4 density quartiles. Star-forming
galaxies have an sSFR that varies only very weakly with mass and is independent of environment.
(A color version of this figure is available in the online journal.)

The SFR for the SDSS blue star-forming galaxies was taken
from Brinchmann et al. (2004, hereafter B04). These are based
on the Hα emission line luminosities, corrected for extinction
using the Hα/Hβ ratio, and corrected for aperture effects. The
B04 SFR was computed for a Kroupa IMF and so we convert
these to a Chabrier IMF, by using log SFR (Chabrier) = log
SFR (Kroupa) − 0.04.

2.2.3. Construction of the Density Field

We have computed a comoving density ρ and an over-density
δ for all galaxies in the SDSS sample in as similar a way as we
can to the zCOSMOS approach that we described above. We use
the same volume-limited tracer population of MB, AB ! −19.3
– z, and compute the “unity-weighted” 5NN density field over
the redshift range 0.02 ! z ! 0.085, checking that there is little
difference with the density field that would be obtained using
the stronger evolution −1.6z preferred by Blanton et al. (2003).
We again use projected densities in cylinders corresponding to
an interval of ±1000 km s−1. Since the effect of incomplete
spatial sampling is small (only ∼10% of the SDSS targets
are missed from the spectroscopy sample), we simply use the
spectroscopic sample as the tracers, weighted by 1/TSR instead
of applying the more complex ZADE approach, described
above, that we developed for zCOSMOS. We also assume
that the spectroscopic completeness is independent of galaxy
properties in SDSS. Edge effects are treated in the same way as
in zCOSMOS, but are anyway minimized by only considering
objects with f > 0.9, where f is the fraction of the adopted
aperture to estimate the local density that lies within the survey
region (see K10).

For consistency with Bolzonella et al. (2009), we define the
quartiles of the environmental density using the distribution of
densities of galaxies above 1010.5 M⊙.

3. STAR FORMATION

Star formation represents the build-up of the visible (stellar)
component of galaxies. In this section, we first briefly review

the strong uniformities in star formation that have emerged from
recent studies of large numbers of galaxies, both locally and
at high redshifts. We then examine how these relations vary
with environment, before considering the mass function of star-
forming galaxies and its evolution with epoch.

3.1. Star Formation Rates and Stellar Mass

Several recent studies have emphasized the close relationship
between the star formation rates of galaxies and their existing
stellar mass, m, conveniently parameterized as the specific star
formation rate, sSFR, defined as sSFR = SFR/m. In local SDSS
samples, Salim et al. (2007) and Elbaz et al. (2007) have shown
the existence of a tight “main sequence” of star-forming galaxies
in which the sSFR is approximately constant over more than
two decades of stellar mass, with a dispersion of only 0.3 dex
about the mean relation. The relationship that is derived from
the stellar masses and Hα-derived star formation rates of B04
is shown in Figure 1 for blue star-forming galaxies. The ridge
line of this SDSS relation has the following relation log sSFR =
−10.0 – 0.1 (log m – 10.0) indicating only a weak dependence
of sSFR on mass, i.e., sSFR ∝ mβ with β = −0.1. Naturally,
the inverse of the sSFR defines a timescale for the formation
of the stellar population of a galaxy, τ = sSFR−1. In the local
universe, this is of order 10 Gyr, i.e., comparable to the Hubble
time.

This uniformity in the sSFR in “normal” star-forming galaxies
is a striking feature of the galaxy population. It clearly, how-
ever, does not extend to the Ultra Luminous Infrared Galaxies
(ULIRGs) which exhibit highly elevated star formation rates of
100 M⊙ yr−1 or greater (Sanders & Mirabel 1996) in galaxies
within the same range of stellar mass of normal galaxies. How-
ever, the ULIRGs are believed to be associated with rare major
mergers (Sanders et al. 1988; Sanders & Mirabel 1996) and con-
sequently distinct star formation processes. Although ULIRGs
lie off the main sequence, their effect is in fact automatically
incorporated into our analysis (as argued in Section 7.3 below)
and their effect does not need to be considered separately.

(Peng, et al. 2010, ApJ, 721, 193)
• SFR (from Hα emission): nearly linear with stellar mass.
• Specific SFR: sSFR = SFR/M ~ M-0.1 .
• SFR regulated by inflow and stellar feedback? (stellar winds, SNR’s)
• When SF quenched, galaxy moves off the correlation (ULIRGs lie above).

SDSS:
- Star formation rate essentially 
independent of low (D1) and 
high density (D4) environments
- Stellar mass from M/L ratio as 
function of color
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Color-Magnitude Diagram of 60,000 galaxies from SDSS

target being less than 5500 away. This is a limit imposed by
the plate and fiber technology. When two or more MGS
targets are within 5500 of each other, a fiber is assigned at
random to one of them. Of the spectroscopically observed
targets, 99.5% have reliable redshifts determined and, of
these, 97.7% are galaxies with redshifts between 0.001 and
0.3.

We further restrict our sample to a low-redshift range of
0:004 < z < 0:080 and a range in absolute magnitude of
!23:5 < Mr < !15:5, given by

Mr ¼ r ! kr ! 5 log ðDL= 10 pcÞ; ð4Þ

where r is the Milky Way extinction-corrected Petrosian
magnitude, DL is the luminosity distance for a cosmology with
ð!m;!"Þ0 ¼ ð0:3; 0:7Þ and H0 ¼ ðh70Þ 70 km s!1 Mpc!1,
and kr is the k-correction using the method of Blanton et al.
(2003b).7 This produces a sample of 66,846 galaxies with
reliable redshift measurements.

Including higher redshift galaxies can leverage better
statistics on the bright galaxies, but here we are also interested
in the continuity between low- and high-luminosity galaxies.
In addition, restricting the sample to z < 0:08 reduces
evolution effects and uncertainties in k-corrections. Blanton
et al. (2003c) reduced these types of uncertainties by
k-correcting to the z ¼ 0:1 bandpasses. This is optimal for
the median-redshift galaxies in the MGS but suboptimal for
low-luminosity galaxies (only observed near z ¼ 0). There-
fore, we keep to the standard definition of k-corrections (to
z ¼ 0). This also means that no extrapolation is required to get
from the observed-frame bandpasses to the rest-frame u and r
bands principally used in our analysis.

3. THE BIVARIATE DISTRIBUTION

For a spectral-type indicator, we use the rest-frame u!r
color defined by8

Cur ¼ ðumodel ! kuÞ ! ðrmodel ! krÞ: ð5Þ

This is used because, even without k-corrections, the u!r
color has been shown to be a nearly optimal separator into two
color types (Strateva et al. 2001). The u-band filter observes
flux from below the 4000 Å break and thus any u!X color is
highly sensitive to SFH (X ¼ g; r; i, or z). We determined that
using u!r gave the most robust results for the analysis
presented in this paper (though u!g gave a marginally better
division by type for the more luminous galaxies).

Model magnitudes are used because they give a higher S/N
measurement than the Petrosian magnitudes, particularly
because the u-band flux is generally weak and aperture
photometry includes significant Poisson and background-
subtraction uncertainties. In fact, if Petrosian colors are used,
using the u-band may not be optimum. For example, Blanton
et al. (2003c) found that the bimodality was most evident in
the 0.1(g!r) color. Note that SDSS model magnitudes are
determined using the best-fit profile obtained from the r-band
image and fitting only the amplitude in the other bands.

The bivariate distribution of the sample in Cur versus Mr is
shown in Figure 1. The bimodality is clearly visible, with two

tilted ridges representing the early- and late-type galaxies.
The other u!X CM distributions appear similar (after scaling
the color-axis appropriately). For the g!XCMdistributions, the
bimodality is still evident (at low luminosities), but the late-
type ridge appears to merge with the early-type ridge around
Mr % !20, whereas this occurs at slightly higher luminosities
with the u!X colors. This probably reflects the changing
dependence of dust and SFH on the colors of the late-type
galaxies. For the remaining CM distributions (r!i, r!z, i!z),
the bimodality is not evident as the ridges have merged.

3.1. Correcting for Incompleteness

Before the distribution is analyzed, there are two significant
incompleteness issues to deal with:9 (1) galaxies of a given
absolute magnitude and spectral type can be observed only
within a certain redshift range, which in some cases is much
less than the redshift range of the sample, and (2) some
galaxies are not observed because of fiber collisions.

To correct for the first issue, we weight each galaxy by a
Vsurvey/Vmax factor before recomputing the bivariate distribu-
tion, where Vmax is the maximum volume over which the
galaxy could be observed within the sample redshift range
(0:004 < z < 0:08, Vsurvey ¼ 9:3& 106 Mpc3). We calculate
Vmax by iterating to a solution for the k-correction at zmin and
zmax. The factor, Vsurvey/Vmax, varies from about 1.4 for the
brightest galaxies (set by r > 13:5), down to 1.01 atMr ' !21,
up to 450/650 for the faintest galaxies (set by r < 17:5/17.77).

7 The k-corrections were derived from KCORRECT ver. 1.16.
8 We use the magnitudes as defined by the SDSS software pipelines. To

convert to AB magnitudes: ðu! rÞðABÞ ' ðu! rÞðSDSSÞ ! 0:05 (Abazajian
et al. 2003), and to convert to Vega magnitudes: ðu! rÞðVegaÞ '
ðu! rÞðSDSSÞ ! 0:85.

Fig. 1.—Observed bivariate distribution of the sample in rest-frame color vs.
absolute magnitude. The contours are determined for galaxy number counts in
0.1 color & 0:5mag bins (with a total of 66,846 galaxies). The contour levels are
on a logarithmic scale, starting at 10 and doubling every two contours. The
dashed lines represent the limits used in the double-Gaussian fitting described in
x 4.

9 We assume that the surface-brightness limit and star-galaxy separation
criteria do not significantly affect the analysis presented here. Blanton et al.
(2003c) show that the luminosity density due to galaxies as a function of
surface brightness drops rapidly before the limit, and Strauss et al. (2002)
determined that only 0.3% of galaxies brighter than an r magnitude of 17.77 are
rejected by the star-galaxy separation criteria. In addition, the low-redshift
sample (z < 0:08) analyzed here will be less affected by these selection biases
than the majority of galaxies in an r < 17:77 sample (median z ¼ 0:10).
Instead, the brightest galaxies in our sample may suffer from deblending
problems. Large galaxies are more likely to be blended with foreground stars,
and they are well resolved, which means that PHOTO is more likely to measure
their fluxes incorrectly (by stripping genuine parts from a galaxy). Their colors
should be less affected since deblending is applied equally in all bands. We also
assume that this deblending issue does not significantly affect our results. Some
discussion of bright-end incompleteness is given by Strauss et al.

COLOR-MAGNITUDE DISTRIBUTION OF GALAXIES 683No. 2, 2004

(Baldry et al., 2004, ApJ, 600, 681 

red sequence à

blue cloud à

• Red sequence: primarily ellipticals; increasing (redder) color 
with luminosity reflects metallicity trend

• Blue cloud: primarily spirals, irregulars; increasing color with 
luminosity reflects increasing prominence of bulge
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C-M Diagram – Early Schematic

• Early interpretation: galaxies move from blue to red, possibly through 
mergers (colliding disks form ellipticals).
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C-M Diagrams by Morphology

Schawinski et al., 2014, MNRAS, 440, 889.

• Blue ellipticals (5%) and red spirals (7%) exist.  10% to 20% of E’s and 
S’s are in green valley.

• Possibility: SF in spirals quenches gradually, possibly through growth of 
hot halo. Quenching in ellipticals is result of major mergers that use up 
most of the gas in huge starburst (assisted by AGN feedback?)
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AGN/Star Formation Connection?

1965). The two sequences are separated by !3 mag. If the two
sequences are modeled as Gaussians, one finds that there is an
excess of galaxies in the gap (Wyder et al. 2007). This is not the
case in classical optical CMDs (Baldry et al. 2004). We refer to
the gap region and its population as the ‘‘green valley’’ (Martin
et al. 2007). A detailed quantitative study of the GALEX UV to
optical CMD is presented in Wyder et al. (2007).

In the subsequent panels in Figure 1 we display the CMDs of
various classes of galaxies as defined in x 3.2. Each panel has the
gray scale normalized to the number of galaxies in the given class.
For better reference with respect to the full sample, in each sub-
sequent panel we repeat the contour containing 90% of all galax-
ies. Not surprisingly, the star-forming galaxies (SF) occupy the
blue portion of the CMD. Part of the width of the sequence is due
to the intrinsic dust attenuation. The CMD of composite galaxies
(showing both signatures of SF and AGNs) are shown in the top
right panel. Their NUV" r colors are offset to the red compared
to those of the ‘‘pure’’ SF galaxies. Galaxies with narrow line
AGNs (bottom left panel ) occupy the regions of the red sequence
and of the green valley (Martin et al. 2007; Kauffmann et al.

2007). Moreover, most galaxies with intermediate colors are
either AGNs or composites. Star formation histories of AGNs
are discussed more extensively in x 7.3. Next, we have low-S/N
SF galaxies (middle bottom panel ), which indeed mostly lie on
the blue, star-forming sequence (preferentially its more luminous
part). However, there is a tail of red galaxies that are probably
contaminated by AGNs as observed in x 3.2. Finally, we have
galaxieswith no detectableH! (bottom right panel ). As expected,
these galaxies form the bulk of the red sequence. However,
there is a tail of galaxies of this class extending toward the blue
colors. Since the spectral classification used here is nuclear (cen-
tral 300) it is possible that some of these galaxies are classified as
not having H! because of the dominant bulge, while the rela-
tively faint star-forming disk is giving a galaxy an overall blue
color. However, as we discuss in x 7.4, this is not the case for
most of them. The CMDs presented in Figure 1 require a detec-
tion in NUV. The remaining 15% of our sample with no NUV
detection falls mostly in the red sequence (as evidenced from
their u" r colors). These galaxies are too faint to be detected in
the UV.

TABLE 1

Average Errors of ‘‘UV’’ and ‘‘H!’’-based Star Formation Rates

Class Number

UV Detecteda

(%) h"( log SFR(‘‘UV’’))i h"( log SFR(‘‘H!’’))i

Allb ......................................... 48,295 86 0.38 0.43

SF ........................................... 12,901 99 0.20 0.29

SF ( low S/N) ........................ 9060 93 0.30 0.39

Comp...................................... 3966 96 0.28 0.40

AGN....................................... 5827 90 0.41 0.49

No H! .................................... 16,159 68 0.60 0.54

Note.—UV-based SFRs are averaged over 100 Myr.
a Either FUVor NUV detection. Of objects detected in FUV, 98% are also detected in NUV.
b Includes 382 objects for which classification was not possible; see x 3.2.

Fig. 1.—UV to optical color-magnitude diagrams (CMDs). Top left panel shows a gray-scale scatter plot of all galaxies in our sample with a near-UV detection. (The
shade of gray is directly correlated to the number of points contained in a given ‘‘pixel.’’) Note the pronounced bimodality of the blue and the red sequences, and their large
separation. Dashed line represents the completeness limit at the mean redshift of our sample. The remaining panels show CMDs of different galaxy classes (SF: star-
forming; Comp: star-forming /AGN composite; AGN: type 2 AGNs; SF ( low S/N): star forming with weak H!; and No H!), as determined from the position in the BPT
diagram. The outer contour encompasses 90% of the entire sample is plotted for reference. While SF galaxies mostly lie in the blue sequence, and those with no H! in the
red, most galaxies in between the two sequences are AGNs or AGN/SF composites. Absolute magnitude is given in z ¼ 0 r-band, and the color is K-corrected to z ¼ 0
rest-frame, as indicated by superscript 0.
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(Salim et al. 2007, ApJS, 173, 268)

• Most AGN lie in the “green valley”
• AGN activity comes toward the end of intense SF phase? (last stop for 

fueling?)


