
Relevant Material for Lecture 11

“Galaxies: Structure, Dynamics, and Evolution”
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8 Evolution with redshift

In the last handout we discussed how the nearby uni-
verse looked like. What can we say about evolution
? We can do a simple thing: try to model the nearby
galaxies, determine their past star formation histories,
and stick to those models. However, this is not very
pleasing: the models may clearly be wrong.
Hence, we can turn the problem around: we can look
at galaxies in the distant universe, determine their star
formation rates and masses, and see how the universe
at high redshift compares to the universe in the nearby
universe.
A major practical problem occurs: a vast amount of
telescope time is needed to get spectra and redshifts
of galaxies. Why ? SDSS looked at galaxies brighter
than 17.8 in the r band, and nearly 1e6 of them. How-
ever, typical galaxies at z = 1 have r band magnitudes
fainter by 5 or more magnitudes - requiring 1e4 longer
integration times to get the same signal-to-noise.
With larger telescopes one can gain a factor of 16 in
area - but it is easy to see that this is not enough to
do surveys as large as the SDSS at high redshift.

There are two solutions:

• do surveys on smaller areas and smaller numbers
• try to estimate the redshifts from (narrowband)

photometry, not spectroscopy

Both approaches are being used a lot these days

Both types of surveys start with wide-field imaging to
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find the galaxies.
It is generally best to image the fields with as many
bands as possible.

For example:
U, B, V, R, I, z in the optical
J, H, K in the near-IR
3.6, 4.5, 5.8, 8 µ m with IRAC on Spitzer 24µm, 70
µm, 160 µm with MIPS on Spitzer

plus radio, Xray, UV from GALEX, etc..

Not all of these bands are necessary - some specific
studies use many fewer bands.

Studies to z=1.5

Studies to z = 1.5 are usually based on imaging in the
optical. Galaxies are generally selected in a red band,
so that the selection band lies redward of the 4000 Å
break (or close to it). The light redward of the 4000 Å
break correlates better with stellar mass than the light
blueward of it.

Then, large numbers spectra are taken (e.g., DEEP
2 survey, Davis et al 2003, Faber et al. 2007). This
survey used the Keck telescope, to take 11.000 spectra
out to z = 1.4. Galaxies were selected in the R band.
The area was 3.5 deg2. To avoid too many galaxies at
low redshift, a color selection was used.
A special spectrograph was used to take the spectra. It
is called DEIMOS, and it is a giant !
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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:
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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)
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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)
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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
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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.
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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.
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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 ?).
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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.
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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.
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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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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:
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This is the Fundamental Plane that is derived from
this. The small scatter is remarkable. This allows an
accurate measurement
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Van der Wel et al extended the results to the field.
These studies are harder: in clusters, it is easy to ob-
serve many galaxies at the same time. In the field, this
is harder - it takes more telescope time to observe the
same number of galaxies .
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The mass-to-light ratio correlates nicely with color
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This is the result. The massive field galaxies evolve as
slowly as cluster galaxies. The lower mass field galaxies
maybe not - but this can be a selection effect.
All in all, the result from the Fundamental Plane show
that the mass-to-light ratios of early-type galaxies
evolve quickly with redshift. Hence the fact that the
luminosity density of early-types is constant translates
directly into the conclusion that the mass density must
decrease with increasing redshift


