
Outline
Part I (Nov. 3rd - Monday): crash course on star 
formation, stellar structure and evolution, 
nucleosynthesis, simple stellar populations

Part II (Nov. 6th - Thursday): population synthesis 
models, photometric and spectroscopic stellar 
population diagnostics, galaxy formation, SN rates in 
galaxies, star-formation histories, etc.



Stars of a given mass evolve along an evolutionary track at various 
speeds. At any given time during the evolution of an SSP we can take a 
snapshot of the H-R diagram and derive the “isochrone”.

Isochrone: L-T relation for stars of a defined age and chemical mix.  
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Evolution of Simple Stellar Populations



Isochrone: L-T relation for stars of a defined age and chemical mix.  

Consider a monotonic, linear new coordinate along each isochrone

One can associate p with a particular stellar evolutionary phase on the 
isochrone at the time

At a given age (i.e. dt=0) and assuming no change in chemical 
composition (i.e. dX=0) over time we obtain

Evolution of Simple Stellar Populations
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Isochrone: L-T relation for stars of a defined age and chemical mix.

Simple Stellar Populations

Goal: Find isochrone(s) that match data - watch degenracies!!

Create a synthetic stellar population based on set of evolutionary 
tracks and selection and error functions - build the isochrones by 
adopting a stellar mass function and binary spectrum.



Stellar Mass Function
The stellar mass function 
describes the number of stars 
per mass interval defined as

This function is often referred 
to as the “initial mass function”, 
and is called Salpeter IMF when 
the exponent is            .

Other functional forms of the 
stellar mass distribution include 
a changing exponent for various 
mass ranges.

Note: for most IMFs the 
majority of stellar mass is in 
low-mass stars!

γ ≈ 2.35

dN = cM
−γ

dM



Simple Stellar Populations
L126 BROWN ET AL. Vol. 613

Fig. 1.—(a) subsection of the F606W image, centered on SKHB 312, with a logarithmic stretch. A star near the turnoff ( mag,′′ ′′24 # 24 m p 29F814W

mag) is circled for reference. (b) Completeness of our photometry as a function of mF814W (labeled) and distance from the cluster.m !m p !0.4F606W F814W

(c) Stellar density as a function of distance from the cluster, for stars above the turnoff ( ), normalized to unity (dashed line) beyond the tidal radiusm ≤ 29F814W

of the cluster, uncorrected for incompleteness. Our CMD analysis is restricted to the annulus spanning 100–300 pixels (shaded), i.e., from the point where the
star counts roll over because of severe crowding to the point where the field contamination is 50%. (d ) CMD from the annulus shown in the previous panel. Note
the tight clump of red HB stars (unobscured in the next panel) and the red RGB locus, compared to the CMD of the field population (Brown et al. 2003). The
turnoff is clearly detected. The ridge lines (curves) and HB locus (points) from two Galactic clusters (labeled) are overplotted. The clusters bracket the metallicity
of SKHB 312, yet the turnoff of each is fainter than that of SKHB 312. The luminosity difference between the HB and the subgiant branch is ≈0.2 mag smaller
in SKHB 312 than in the Galactic clusters, indicating an age 2–3 Gyr younger. (e) CMD of SKHB 312 with a 10 Gyr isochrone (yellow) at the cluster metallicity
shows good agreement; 8 Gyr (green) is clearly too young, and 12 Gyr (red) is too old. ( f ) 10 Gyr isochrone plotted with the same halo contamination, scattering,
and completeness (shaded) as in the data; beyond the CMD region used for fitting, the SKHB 312 data are shown. This 10 Gyr model agrees well with the same
region shown in the previous panels.

vations were dithered, the exposure time was not uniform
across the annulus. We discarded the fraction of the annulus
(!0.5%) that had half of the total exposure time but kept the
fraction (14%) that was exposed for 75%; 86% of the annulus
was exposed fully.
We used extensive artificial star tests to determine the pho-

tometric scatter and completeness as a function of color, lu-
minosity, and field position. Small numbers of stars were re-
peatedly added to the images with a distribution tracking the
cluster light profile (to match these tests to the data), with the
noise reflecting the exposure time variations. Only those results
within the 100–300 pixel annulus were used in our modeling.

Brown et al. (2003)

M31 GC - SKHB312



The goal of population synthesis models is to predict the time evolution 
of the spectral energy distribution of a composite stellar population with 
defined star formation history + IMF(s), age-Z relations, etc.

Generally, the following assumptions apply:

1. The stellar models accurately predict the observed properties of stars 
of different masses as a function of their age and metallicity.

2. The stellar mass function, either independent of age and chemical mix 
or variable, is a realistic counterpart to the true IMF

3. The observational errors can be accurately measured and modeled

4. The theoretical stellar populations represent all the populations present 
in the observed composite stellar population

Composite Stellar Populations



Resolved Composite Stellar Population
At any given time the star formation rate includes the integral over a 
given stellar mass function for each SSP. These contributions are then 
summed up over time and modulated by the age-metallicity relation to 
derive the final star formation history.
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Fig. 10.— Our best full CMD fit to the data from the entire field. Upper-left: The observed
CMD. Upper-right: The best-fitting model CMD from MATCH. Lower-left: The residual

CMD. Redder colors denote an overproduction of model stars. Bluer colors denote an un-
derproduction of model stars. Lower-right: The deviations shown in lower-left normalized

by the Poisson error in each CMD bin. This plot shows the significance of the residuals in
lower-left. Only the red clump and AGB bump show significant residuals.

Williams et al. (2008)

Υ(t, Z) =

t∫
0

Ξ(t)Ψ(t)dt

Age-Z Relation

SFR
AGB bump

red clump



Resolved Composite Stellar Population

Williams et al. (2008)
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Fig. 1.— The locations of our M81-DEEP field and our defined subregions of the field shown
on a DSS image. The arrow marks the apparent spur of the Northern spiral arm according

to the distribution of main-sequence stars in our field. Inset on the lower-right corner is the
equivalent location of our M81-DEEP field shown with a white box on a star count map of
M31 (Ferguson et al. 2002). The inner and outer edges of the field are located at the same

scale lengths as in M81.
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Fig. 4.— The borders of the subregions used in our SFH analysis. Blue crosses mark the

locations of main sequence stars in the field. Main sequence stars were chosen using a hand-
drawn polygon that followed the edges of the blue plume of stars in the CMD. The color

and magnitude limits of the polygon were approximately 24<F814W<28 and -0.2<F606W-
F814W<0.3.
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Fig. 12.— The SFH of the entire ACS field as determined by the MATCH package. Top:
The solid histogram marks the star formation rate (normalized by sky area) as a function of

time for the past 14 Gyr. The dashed line marks the best-fitting constant star formation rate
model. Middle: The mean metallicity and metallicity range of the population as a function
of time. Heavy error bars mark the measured metallicity range, and lighter error bars mark

how that range can slide because of errors in the mean metallicity. Bottom: Same as top,
but showing only the results for the past 1.3 Gyr.



Resolved Composite Stellar Population

Williams et al. (2008)
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Fig. 4.— The borders of the subregions used in our SFH analysis. Blue crosses mark the

locations of main sequence stars in the field. Main sequence stars were chosen using a hand-
drawn polygon that followed the edges of the blue plume of stars in the CMD. The color

and magnitude limits of the polygon were approximately 24<F814W<28 and -0.2<F606W-
F814W<0.3.
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Fig. 13.— The SFH of the arm subregion as determined by the MATCH package. Lines,
error bars, and panels are the same as in Figure 12.
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Fig. 14.— The SFH of the interarm subregion as determined by the MATCH package. Lines,
error bars, and panels are the same as in Figure 12.
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Fig. 15.— The SFH of the crowded southern subregion as determined by the MATCH
package. Lines, error bars, and panels are the same as in Figure 12.



Unresolved Simple Stellar Population
At a given wavelength, the integrated light of an unresolved stellar 
population is composed of the various contributions              from 
stars of a given mass and metallicity, integrated over the IMF       .

fλ(m, t, Z)

Fλ(t, Z) =

m2∫
m1

fλ(m, t, Z)Φ(m)dm

Φ(m)



Unresolved Simple Stellar Population
The evolution of broad-band photometric colors can be modeled and the 
best combination to break the age-metallicity degeneracy can be found.



Unresolved Simple Stellar Population
The evolution of broad-band photometric colors can be modeled and the 
best combination to break the age-metallicity degeneracy can be found.



GCS spectroscopy: Lick index system
 defined in the 80s by 
the Lick group (Burstein, 
Faber, Worthey et al.)

 25+ indices that cover 
4100-6400 Å

 Lick system provides 
“simple” means to 
calculate theoretical index 
predictions

 designed to investigate 
stellar populations of 
giant elliptical galaxies  
⇒ 8-12 Å resolution

4.5 Line Indices 107

Figure 4.9: Representative spectra from our final globular cluster sample. The
relative Mgb index strength increases from the upper to the lower panel. Note
the anti-correlation in the strength of some prominent spectral features such as
Balmer lines and the Mgb feature at ∼ 5180 Å. All spectra are taken from the
sample of globular clusters in NGC 5846 to demonstrate the influence of increasing
metallicity on the continuum flux in the blue (note the changing ordinate scale).
Feature passbands of measured Lick indices are shaded and labeled accordingly.
Where two index passbands overlap the narrower is shaded darker and the label is
elevated.

metallicities, chemical compositions, ages





Age-Metallicity Diagnostic Plots

best metallicity indicator:

5.3 Reducing the Age-Metallicity Degeneracy of Diagnostic Plots 119

by mass-loss, the line indices need to be calibrated with globular clusters for which
the HB morphology is known (Chapter 3 and Maraston & Thomas 2000). This
exercise is clearly impossible for extragalactic globular clusters. This is why in
the following we will use models of Chapter 3 which include reddish and bluish
HB morphologies as function of metallicity, and that encompass well the observed
range of Balmer lines in Milky Way globular clusters. As thoroughly explored by
Greggio & Renzini (1990), blue HBs are in principle possible also in metal-rich stel-
lar populations (see also Rich et al. 1997, for two Milky Way globular clusters), that
suffer from enhanced mass-loss or have a high Helium abundance. Models with blue
HBs at high metallicity will be published elsewhere (Maraston 2003), and here we
report on their differential effect.

In the following we use the Balmer indices as age indicators with confidency
at low metallicity, because HB morphology is included in our SSP models and
under control. At high metallicity, we have the warning in mind that ages could be
degenerate with the presence of unresolved blue HBs. For this reason we will refer
to such young ages as ”formal”. Further potential systematics which can influence
age and metallicity determinations are addressed in Appendix F, among which we
discuss the influence of satellite lines, contamination by ionised gas, model-to-model
variations, and systematics inherent in SSP model.

5.3.3 The Influence of [α/Fe] Variations on Isochrones

Figure 5.3: Panel (a): Hβ vs. 〈Fe〉. Lines show model pre-
dictions (Thomas et al. 2003a) for stellar populations with metallicities
[Fe/H]=−2.25,−1.35,−0.55,−0.33, 0.00, 0.35, and 0.67 and two ages 13 (solid lines)
and 3 Gyr (dot-dashed lines) parameterized for three different [α/Fe] ratios 0.0, 0.3,
and 0.5 dex. Panel (b): Hβ vs. [MgFe]′. Models as in Panel (a). Panel (c): Hβ vs.
Mgb. Models as in Panel (a).

Recently, Thomas et al. (2003a) calculated new theoretical Lick index predic-
tions which are parameterized for well-defined [α/Fe] ratios for a wide range of ages
and metallicities. These models take into account the effects of changing element
abundance ratios on Lick indices, hence give Lick indices not only as a function
of age and metallicity, but also as a function of the [α/Fe] ratio. They are based
on the evolutionary population synthesis code of Maraston (1998). The impact
from element ratio changes is computed with the help of the Tripicco & Bell (1995)
response functions, using an extension of the method introduced by Trager et al.
(2000a). Because of the inclusion of element ratio effects, the influence of [α/Fe]
on Balmer indices can be studied, and is illustrated in Figure 5.3. In general, such
variations of Hβ between isochrones with [α/Fe] ratios between solar and +0.5 dex
are of the order ∼ 0.05 Å for low, and ∼ 0.2 Å for high metallicities, and corresponds
to an age difference in the range ∆t/t ∼ 0.2.

3 Gyr

13 Gyr

Puzia et al. (2005)
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n
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i
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SSP models: Thomas et al. (2003)

[MgFe]′ =
√
Mgb · (0.72Fe5270+0.28Fe5335)



M31 GC ages and chemical compositions

Puzia, Perrett, Bridges (2005)

T. H. Puzia et al.: New light on the formation and evolution of M 31 and its globular cluster system 923

Fig. 9. Comparison of age-metallicity diagnostic diagrams panels a–c) for M 31 (solid circles), M 81 (diamonds), Milky Way (solid squares),
and LMC globular clusters (stars), as well as globular clusters in Sculptor-group spiral galaxies (pentagons). The panels show diagnostic plots
using different Balmer indices, HγA, Hβ, and HδA. Also shown is the α/Fe diagnostic grid panel d). Milky Way globular clusters are from
Puzia et al. (2002b), while LMC globular clusters were taken from Beasley et al. (2002). Squares with a central dot indicate measurements of
Galactic globular clusters performed by Cohen et al. (1998) and calibrated by Beasley et al. (2004). Lick indices for M 81 globular clusters were
performed by Schroder et al. (2002), and Olsen et al. (2004) measured indices for globular clusters in Sculptor-group spiral galaxies. Note that
HδA measurements are not available in the Cohen et al. dataset. Most of the M 81 data have no higher-order Balmer index measurements. Also
plotted are index measurements for the nuclear diffuse light of the Milky Way and M 31. A large open square marks the index measurements
for the Galactic Bulge light in Baade’s Window, taken from Puzia et al. (2002b), and two crossed open circles indicate measurements for the
diffuse light of the M 31 bulge at two different galactocentric radii (labeled as z0 and z1, see Table 1). Note, that all data and models use the
same index passband system. SSP model predictions are as in Fig. 6.

globular cluster system. Keeping this in mind, we can draw the
following conclusions. The age structure of each globular clus-
ter system suggests that luminous globular clusters experienced
significantly different formation histories in all three galax-
ies. While the question about the presence of intermediate-age
globular clusters in the Milky Way will certainly be answered
by our ongoing spectroscopic survey of Local Group globular
clusters, photometric CMD studies suggest that a small frac-
tion of metal-rich Galactic globular clusters might be younger
than ∼9 Gyr (Salaris & Weiss 2002). However, among the stud-
ied bright clusters we find no Galactic counterparts for the

intermediate-age and/or young globular clusters found in M 31,
M 81, LMC, and Sculptor-group spiral galaxies. From Fig. 10
it seems that the age structure of the M 31 cluster system is
a composite of globular clusters in all other studied galaxies.
This aspect might suggest that M 31 globular clusters with ages
<∼9 Gyr were accreted from satellite galaxies.

4.3.2. [α/Fe] ratios

The average [α/Fe] ratios of LMC and Milky Way globular
clusters are ∼0.1−0.2 dex higher than the mean α-element

M31

LMC

MW

M81

Sculptor Sps



16 1. Introduction

low!resolution spectrum

Digitized Sky Survey

Anglo−Australian Observatory

M87, a giant elliptical galaxy

NGC 6284, a Milky Way Globular Cluster

Figure 1.2: The figure illustrates the way to obtain a line-index measurement of the
integrated light of an extragalactic globular cluster. Representatively, we show the
rich globular cluster system in the giant elliptical galaxy M87, and in the enlarge-
ment the Galactic globular cluster, NGC 6284, with the spectrograph slit projected
ontop. A low resolution spectrum is obtained from the integrated light falling
through the slit. At the very bottom of the plot, the graphical definition of a line
index is shown. The feature passband with boundaries λmin and λmax is flanked by
two neighbouring continuum passbands. The mean flux in both continuum passband
is used to linearly interpolate a pseudo-continuum throughout the feature passband.
The ratio between the observed flux Fl and the flux of the pseudo-continuum Fc

per unit wavelength is used to calculate the line index.



GC ages, metallicities and [α/Fe] ratios

GCs in Es and Spirals have 
similar mean age 

GCs in E/Sp are on average 
older than GCs in S0s

GCs in Es and S0s reach 
higher [Z/H] than in spirals

GCs in Es have highest mean 
[α/Fe] ratios 

Puzia et al. (2006)

– 6 –

Fig. 2.— Age, metallicity, and [α/Fe] distributions of globular clusters in elliptical (up-
per row), lenticular (middle row), and spiral galaxies (bottom row). Solid curves are non-
parametric probability density estimates with their 90% confidence limits indicated by dashed

lines.

galaxies.

4. Discussion

Figure 3 shows [α/Fe] plotted against age (left panels) and metallicity (right panels)

for globular clusters in elliptical, lenticular, and spiral galaxies (from top to bottom). The
direct comparison of GCSs shows important differences: globular clusters tend to have higher

[α/Fe] ratios and reach higher metallicities in hosts with earlier morphological type. Most of
the extremely α-enhanced clusters ([α/Fe] > 0.5) are old (t!8 Gyr), and are mainly found

in elliptical galaxies. Very few counterparts are found in lenticular and spiral galaxies. The
metallicities of these high-[α/Fe] clusters reach solar values in elliptical and lenticular galax-
ies, but are significantly lower ([Z/H] <−1.0) in spirals. There is tentative evidence for an

age-[α/Fe] correlation for globular clusters in elliptical galaxies (correlation coefficient 0.5;
see panel a in Fig. 3), in the sense that younger globular clusters have on average lower

[α/Fe] ratios. For metal-rich globular clusters ([Z/H]>−1.0) in elliptical galaxies, we find an
anti-correlation of [α/Fe] and metallicity, which becomes weaker toward later-type hosts. At



Comparison with SN ejecta models
monolithic models are solid (1011 M⊙) and dashed lines (1012 M⊙)

GCs in early-type galaxies show signatures of 
massive type-II and/or PI-SNe

Puzia, Kissler-Patig, Goudfrooij (2006)

pair-inst. SNe (170-190 M☉) 
taken from Heger & Woosley (2002)

type-II SNe (13-70 M☉) 
taken from Nomoto et al. (1997)

hypernovae (>1052 erg) 
taken from Nakamura et al. (2001)

type-Ia SNe
taken from Nomoto et al. (1997)



How many supernovae per year does a stellar population produce?

Use power-law IMF, Salpeter slope -2.35 ≈ -7/3"

Stellar Mass Function and SN Rates

N(M) ∝ M
−7/3

∣

∣

∣

20−100M!

0.1M!log N(M)

log M

0.1M! 8M! 20 − 100M!

Supernova limit

?



Number of stars

Fraction of stars with                        over the IMF is then

                              500 stars make 1 supernova!

Stellar Mass Function and SN Rates

if γ≠1

fN =

∫ 20

8
M−7/3dM

∫ 20

0.1 M−7/3dM
=

#supernovae

#stars

∫

Φ(M)dM = c

mu
∫

ml

M−γdM =
c

1 − γ
M1−γ

∣

∣

∣

∣

∣

∣

mu

ml

20M! > M > 8M!

fN =
M−4/3 |20

8

M−4/3 |20
0.1

=
0.0184 − 0.0625

0.0184 − 21.544

fN = 0.002 = 0.2% ⇒



SNe are rare (depending on the slope of the IMF), but each is very 
massive. 

What fraction of the mass goes into SNe?

supernova mass fraction:

Stellar Mass Function and SN Rates

fM =

∫ 20

8
M · M−7/3dM

∫ 20

0.1 M · M−7/3dM

fM =
M−1/3 |20

8

M−1/3 |20
0.1

=
0.368 − 0.5

0.368 − 2.154

fM = 0.0738 = 7.4%



What is the mean SN mass?

median SN mass:

Stellar Mass Function and SN Rates

〈M〉 =

20∫

8

M · M−7/3dM

20∫

8

M−7/3dM

=

1

−1/3
M−1/3 |20

8

1

−4/3
M−4/3 |20

8

=
4(0.368 − 0.5)

0.0184 − 0.0625
= 11.97 ≈ 12

1

2
=

M̄SN∫

8

M · M−7/3dM

20∫

8

M · M−7/3dM

=
M̄

−1/3

SN
− 0.5

0.368 − 0.5
⇒ M̄SN # 12.23



We can now calculate the SN rate in a spiral galaxy with a typical star 
formation rate

where 7.4% of the stellar mass detonate in SN explosions. That implies 

go into SN explosions!

Hence the SN rate is: 

SN Rates in Galaxies

SFR = 8M!yr−1

8 × 0.074 " 0.6M!yr−1

0.6M!yr−1

M̄SN

=
0.6M!yr−1

12.23M!

= 0.048yr−1
≈ 1SN/20yr



The star formation rate drives the chemical enrichment history of a 
galaxy. Let’s compare the mean star formation rates and the resulting 
SN rates for various galaxy types:

 

       star formation rate       supernova rate

Spiral Galaxy: 

Elliptical Galaxy:

Irregular Galaxy:

SN Rates in Galaxies

∼ 1SN/20yr∼ 8M!yr−1

∼ 0 − 100M!yr−1

∼ 5 · 10−3
M"yr−1

∼ 60 SN/yr

∼ 6 SN/106yr



Last SN explosions in the Milky Way - the 
next one is overdue!

SNe in the Milky Way

type-Ia: SN 1006

type-Ia: Tycho’s 1572

type-Ia: Kepler’s 1604last type-II: Cassiopeia A (est. age 300 yrs)

all images are from Chandra X-ray observatory



Progenitor star visible: ~20 Msol blue supergiant





Galaxy formation starts with the ripples in the density field of the 
early Universe. We find anisotropies in the CMB temperature

at the time of decoupling. 

These fluctuations are the seeds for halo formation

that grow governed by dark matter to form today’s galaxies.

Galaxy Formation

∆ρ

ρ
∼

∆T

T
≈ 10

−5K



How do we study the formation and 
evolution of galaxies?

1. By looking at galaxy formation directly:
  high-z star-forming galaxies: LyBG, Sub-m., EROs, etc.

2. By looking at large galaxy samples over a redshift range:
   statistical analysis of galaxy parameters: evolution
   of Luminosity (Mass) Function and Scaling Relations

3. By looking at “fossil records” in nearby galaxies:
   Stellar Remnants, X-ray Halos, and star clusters



The three key galaxy formation models:

1. Monolithic Collapse (top down): collapse of individual 
gas clouds early in the history of the Universe. 

2. Hierarchical Merging (bottom-up): formation of galaxies 
through the merging and accretion of many smaller ones. 

3. Secular Evolution: formation as a result of internal 
processes, such as the actions of spiral arms and bars.

Galaxy Formation



Which ripples will collapse ? 

Gravity pulls matter in. Pressure pushes it back out.

When pressure wins -> stable oscillations (sound waves).

When gravity wins -> collapse.

Cooling lowers pressure, triggers collapse.

Applies to both Star Formation and Galaxy Formation.

Jean’s criterion 
for gravitational instability

L

ρ Gravity PressurePressure



Let’s consider N molecules of mass m, in a sphere of size R, at Temp. T

Gravitational Energy:

Thermal Energy:

Ratio:

Jeans Length:

                       Gravity wins when R > RJ.

When does Gravity win?

EG

ET

∝

GM2

RNkBT
∝

GρR3m

RkBT

EG ∝

GMM

R2

ET ∝ NkBT M = Nm ∝ R3ρ

RJ =

√

kBT

Gρm



Let’s consider N molecules of mass m, in a sphere of size R, at Temp. T

Gravitational Energy:

Thermal Energy:

Ratio:

Jeans Length:

                       Gravity wins when R > RJ.

When does Gravity win?

EG

ET

∝

GM2

RNkBT
∝

GρR3m

RkBT

EG ∝

GMM

R2

ET ∝ NkBT M = Nm ∝ R3ρ

RJ =

√

kBT

Gρm



Gravity tries to pull material in. 

Pressure tries to push it out.

Gravity wins for"" R > RJ " ----> large regions collapse.

Pressure wins for" R < RJ" ----> small regions oscillate.

Jeans Length:

Ergo: Large cool dense regions collapse!

Jean’s instability - recap.

RJ =

√

kBT

Gρm



Ignore Pressure!

Gravitational acceleration:

Time to collapse:

This is the gravitational timescale, or dynamical timescale.

Note:  denser regions collapse faster.

          collapse is independent of size.

Collapse Timescale

g ∝

GM

R2
∝

R

t2
M ∝ ρR3

tG ∝

√

R

g
∝

√

R3

GM
∝

1
√

Gρ



Ignore Gravity!

Pressure waves travel at sound speed:

Sound crossing time:

Ergo: Small hot regions oscillate more rapidly!

Note that before decoupling                       and                .

Oscillation Timescale

cS ∝

√

P

ρ
∝

√

kBT

m

tS ∝

R

cS

∝ R

√

m

kBT

Prad >> Pgas cS ∼

√

3c



Collapse time:               Sound crossing time:

Ratio of timescales:

Jeans length (again!)

Ratio of Timescales

tG ∝
1

√
ρG

tS ∝

R

cS

where cS ∝

√

kBT

m

tS
tG

∝
R
√

Gρ

cS

∝ R

√

Gρm

kBT
∝

R

RJ

RJ ∝
cS

√
Gρ



Sizes and Timescales

size

ti
m
es

ca
le

oscillate

collapse

tG ∝
1

√
ρG

tS ∝

R

cS

RJ



Jeans Length : (smallest size that collapses) 

Jeans Mass: (smallest mass that collapses)

It requires cool dense regions to collapse stars, but galaxy-mass/size 
regions can collapse sooner.

Jeans Mass and Length

RJ ∝

√

kBT

Gρm

MJ ∝ ρR3

J ∝ ρ

(

kBT

Gρm

)3/2

∝ T 3/2ρ−1/2



Today:

In an expanding Universe:

At decoupling we have T=3000 K

That is about the density of 

Conditions at Decoupling

T0 = 2.7K ρ0 = 10
−28kg/m3

T ∝ R
−1 ρ ∝ R−3

∝ T 3

ρ = 10
−28

(

3000

2.7

)3

= 1.4 × 10
−19kg/m3

2 M! pc−3



Jeans Length :

Jeans Mass:

More than a star, but less than a galaxy,

"  close to a globular cluster mass.

Size and Mass of first Galaxies

ρ = 1.4 × 10−19kg m−3
⇒ 2 M" pc−3

T = 3000K

! 3 × 10
5
M!

MJ ! ρR3

J ! 2M!pc−3
· (50 pc)3

RJ !

(

kBT

Gρm

)1/2

=
1.6 × 1018m

3.2 × 1016m/pc
= 50 pc





Globular Clusters

47 Tuc with HST

3-D view of GCs in the Milky Way



At decoupling:

Collapse timescale:" "

Expect first galaxies to form 107 yr after decoupling - for all sizes!!

More small ripples than large waves."  

--> Universe dominated by globular clusters (?!)

Time to form first galaxies

ρ = 1.4 · 10
−19kg m−3

tG !
1

√
ρG

= 3.3 · 1014s = 107yr

RJ ∝

(

kBT

Gρm

)1/2

≈ 50 pc MJ ∝ ρR3

J ≈ 10
6M!



Dimensional Analysis -->  we left out dimensionless factors (factor      ).

We also ignored: angular momentum 

-->  slows and can halt the collapse --> Spiral galaxies

cosmological expansion 

-->  delays collapse until:    expansion time > collapse time

So, how did galaxies form?! 

--> “Dark Matter halos” (collapse before!! decoupling) -> baryons follow.

If large enough, i.e.    R > RJ  - and massive enough, i.e.   M > MJ

Smallest halos that collapse:  globular-cluster-ish

Tiny halo regions stable: can’t form stars (yet!).

Caveats
∼10



Uniform neutral IGM    
(Inter-Galactic Medium)

Proto-globular clusters
Rare larger objects:
" proto-galaxies
" proto-clusters
TCMB=2.7(1+z) K
No stars!

z≈6

z≈1100

Free e- scatter ~15% of CMB photons.

     IGM reionization
complete by z≈20!

CMB Polarization      -      Spergel et al. (2003)

z≈10



Baryons

Dark Matter

Millenium Simulation, 
Springel et al. (2003)



Elliptical Galaxies

GCs



...in a nutshell.

Red" " " " "      -------------->      Old stars

Few emission lines"   -------------->      Low SFR

Little dust or gas"   -------------->      Gas converted to stars.

High surface brightness" ---------->      Form via mergers

No net rotation" "   -------------->      with low net 

Found in high density environment ->      galaxy clusters

Have many GCs" " " "

Elliptical Galaxies

v/σ



Spiral Galaxies



...in a nutshell.

Red halo, blue disc       -------------->      Old and young stars.

Emission & absorption lines"----------->      Star formation 
                                                          + old stars"

Dust lanes & HI"" "    -------------->      Gas available 
                                            to form stars

Moderate surface brightness" -------->      Form via collapse with
and Rotating disk                                 high 

In clusters & field"" " -------------->      Can survive mergers.

Have fewer GCs

Spiral Galaxies

v/σ



Irregular Galaxies



...in a nutshell.

Blue "" " " "             -------------->      Young stars

Strong emission lines" "   -------------->      High SFR"

Sub-mm signal     "         -------------->      Large gas reservoir

Rotating"                    -------------->      High

Mainly in field" "  "      -------------->      Easily disrupted.

Have few GCs

Irregular Galaxies

v/σ



...in a nutshell.

" Consider a condensation of primordial mix [ X=0.75, Y=0.25, Z=0.0 ] 

Total mass:         Mgas

Star formation:"  Mgas --->" Mstars

" How quickly?   With what efficiency?

Star-Formation Rates (SFR)

dΨ

dt

Elliptical Irregular

Spiral

t



 " M0 = initial gas mass

" MG(t) = gas mass at time t 

" MS(t) = mass converted to stars

" β = fraction of MS returned to gas   ( SNe, stellar winds, PNe )

" α = 1-β = fraction of MS retained in stars""

  "           =  star formation efficiency

in density speak:

Closed Box Model

MG = M0 − MS + βMS

= M0 − (1 − β)MS = M0 − αMS

ρG = ρ0 − αρS



             = mass fraction of M0 in gas

             = mass fraction of M0 turned into stars

Closed Box Model

µ(t) ≡
MG(t)

M0

S(t) ≡
MS(t)

M0

MG = M0 − αMS

µ = 1 − αS

Since α < 1, S(t) → S∞ > 1

µ(t)

S(t)
S∞

1



Assume      " "      which means more gas -> more stars form

SFR in Ellipticals

µ(t) = 1 − αS(t)

dµ

dt
= −α

dS

dt
= −αCµ

dµ

µ
= −αCdt = −

dt

t

dS

dt
= Cµ

C =
1

αt!

lnµ = −

t

t!
+ A A = 0 gives µ(0) = 1

µ(t) = e−t/t! αS(t) = 1 − e
−t/t!

dS(t)/dt ∝ µ

Gas: Stars:



    = e-folding timescale

    = time to turn mass M0/e"into stars. 

Typically, " "

What is              , how long would it 
take to turn 90% of gas into stars?

Consider:

then

Star Formation Timescales

t!

t! ≈ 0.5 − 5Gyr

t! = 2 Gyr

µ(t) = e−t/t! = 0.1

t = −t! ln(µ)

= −2 ln(0.1) = 4.6 Gyr

µ(t) = e−t/t!

1

1

t

gas

stars

t!

t!

t

αS(t) = 1 − e
−t/t!



Assume SFR = constant

SFR in Spirals

= mass converted per year  Ṁ

dS

dt
=

Ṁ

M0

1

t

µ(t) = 1 − αS(t)

gas

starsdµ

dt
= −α

dS

dt
= −α

Ṁ

M0

µ(t) = 1 − α
Ṁ

M0

t S(t) =
Ṁ

M0

tGas: Stars:



Episodic SF: typically bursts of 100 Msol/yr for 0.5 Gyr at intermittent 
intervals:

where f is the fraction of time 

spent in starburst mode

SFR in Irregulars

Gas: Stars:

1

t

µ(t) = 1 − αS(t)

gas

stars

dS

dt
= f

Ṁ

M0

dµ

dt
= −αf

Ṁ

M0

µ(t) = 1 − αf
Ṁ

M0

t S(t) = f
Ṁ

M0

t



...in a nutshell.

Ellipticals form most of their stars early on in short starburst. Their 
stars all roughly same age (co-eval); closest to SSP.

Spirals and Irregulars have prolonged, complex SF histories.

Star-Formation Histories - recap.

Elliptical Irregular

Spiral

t

dS

dt



                                  where     is the e-folding time

                                  where     is the star-formation efficiency

                                  and     the gas mass conversion rate

                                  where     is the time in starburst mode

Star-Formation Histories - Summary

µell = e
−t/t! t!

µsp = 1 − α
Ṁ

M0

t α

fµirr = 1 − αf
Ṁ

M0

t

Ṁ
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