
Relevant Material for Lecture 10

“Galaxies: Structure, Dynamics, and Evolution”
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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:
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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.
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This is a spectrum of a typical blue galaxy. It has
strong emission lines, and much weaker absorption
lines. It has almost no 4000 Angstrom break, but fairly
strong Balmer lines (H gamma, delta, ...) This is a
spectrum of a star forming galaxy.
The distinction between the red galaxies and the blue
galaxies seems to be mostly one of star forming ver-
sus dead galaxies. This is not entirely true - some red
galaxies are also star forming, but are red due to dust.

Age determinations

The color of the red sequence galaxies is consistent
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with an old age (say 10Gyr), and no star formation.
This is not unique, however:

• dust can make a blue galaxy look red
• higher metallicity makes a galaxy look redder (at a

given age).
Hence, without more information, it is hard to be sure
of this age. This is why extensive studies are being
made of the detailed absorption lines, leaving metallic-
ity and age a free parameter. Absorption line strengths
are less sensitive to dust, so that is less of a concern.
These studies generally indicate that the galaxies are
indeed old (with variations in age, metallicity, and
metal abudance ratios !)
Another constraint can come from the tightness of
the red sequence. In clusters, the red sequence is very
tight.

Color magnitude of the Virgo and Coma cluster (Bower
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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.
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This figure shows the main indices used in the study
for the stellar mass determination, the 4000 Å break
and Hδ.
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These parameters depend on age as shown above. No-
tice that D4000 increases steadily with age, whereas
Hδ peaks around 300 Myrs. Hence it is sensitive to
star formation in the last Gyr.
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When we measure the parameters for galaxies, the two
correlate as shown in the figure above. For ordinary
models with continuous star formation, H δ goes down,
and D4000 increases, and a good correlation exists.
However bursts super imposed on continuous star for-
mation give H δ which deviates.

The combination of Hδ and D4000 gives a good con-
straint on the stellar population of the galaxy, and its
mass-to-light ratio. However, the extinction also needs
to be measured. The colors are used for that. Here is
the result:
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The galaxies with high D4000 have low extinction esti-
mated, star forming galaxies have much higher extinc-
tion (as might be expected). Now the mass-to-light
ratio can be estimated, from D4000, Hδ and Az. Be-
low the derived mass-to-light ratio is plotted against
color.
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There is clearly a good relation between the derived
mass-to-light ratio and the color. Furthermore, the
stellar masses correlate well with the dynamical masses
(not shown in the paper, plotted myself)
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Hence the stellar masses we have now are reliable.
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We can now analyze the distribution of galaxies over
mass, color, etc. This is shown above.
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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
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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)
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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):
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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.
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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.
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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!


