Galaxies: Structure, Dynamics,

13

and Evolution

Evolution of Galaxies with Redshift:
What are the Most Salient
issues?”’

“How do galaxies look at the earliest

times?”

Layout of the Course

Lectures

Feb 2: Course Introduction, Overview, and Galaxy Formation Basics
Feb 9: Disk Galaxies (1)

Feb 12: Disk Galaxies (Il)

Feb 16: Disk Galaxies (lll) / Collisionless Stellar Dynamics

Feb 23: Collisionless Stellar Dynamics + Vlasov/Jeans Equations

Feb 26: Vlasov/Jeans Equations / Elliptical Galaxies (1)

Mar 9: Elliptical Galaxies (Il)

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 Redskjft

Apr 23: Evolution of Galaxies with Redshift + Pushing to z>1.5

May 4: Gas Cycle + Galaxy Evolution at z>6
May | 1: Galaxy Evolution with JWST / Review for Final Exam

Set 4. The entire problem st will be du
oW

Problem Set 4
Due on April 27

inelude GSD in the subject line).

er that
tion: a? x M/R,

Problem Set 5
Due on May 4

Structure, Dynamies, and Evolution

e sur tra 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 th from Springel et al. that about 30-40% of the

m s This appears qui rent; from the situation
in where the light is dominated mble of regular cluster
o and NOT by the brightest clu Can you think of an

explanation ?

2. One result which has been found in the mical literature (Adel-
berger 2005) is that the observed clisteri rs docs not depend on
the luminosity of the quasar. What d ut the relationship
between the quasar liminosity and the g

it lives. Can you think of any physic

3. Approximate the rotation curve of UGC 4325 by a straight line, through
(0 aresec, 0 km/s) and (60 arcsec, 110 km/s). What is the
model ? This would be the model for which x* = [(V
minimized

ow that it has a very reg

alcnlate the
a population of such ¢
b is some constant. The current age of the universe is 13.7 Gyr




Problem Set 6

Due on May ||

Presentation of Solutions to Problems

~7.5% of course grade
involves presenting a
solution to a problem

~ |6 students from class
need to present

Feb 19: Board Work + Problem Set |
Mar 12: Board Work + Problem Set 2
Mar 26: Problem Set 3 / Paper Presentations (3 slots)

Apr 2: Problem Set 3 (contd) / Paper Presentations (6 slots)

Apr 16: Problem Set 4 / Paper Presentations (3 slots)

Apr 30: Problem Set 5 / Paper Presentations (3 slots) <=
May 7: Problem Set 6 / Paper Presentations (3 slots) €

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

What can we learn about
the structure, formation
and evolution of galaxies by
putting together a large
survey of galaxies in the
nearby universe?




THE SDSS

The most ambitious
survey of the sky ever
undertaken

Imaging survey of 8600

square degrees.

Robotic 2.5m telescope - imaging & Spectrscopy
. ‘ .
Credit:
Brinchmann

There are spectra, colors, luminosities for 100,000s of galaxies in the
nearby universe such as we have from the Sloan Digital Sky Survey.
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What general conclusions can we draw about galaxies from these

observations?

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

Galaxies whose colors lie Galaxies whose colors lie
“ ” . H 13 ”»
on “red sequence within the “blue cloud

jequence”
‘green valley”

Joud”
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There is a clear bimodality to the distribution!

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.




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

Two features that were used extensively were the HO line and

the magnitude of the 4000 Angstrom break D,(4000)
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How do the spectral properties of galaxies, i.e.,
Dn(4000) and HO, depend on their mass?

D,(4000)

what is striking is a
bimodality in the
distribution

it occurs around a solar
mass of 3 x 1019 Msepar
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galaxies that are less
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Figure 1. Conditional density distril trends in the stellar ag
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D, (4000) and H ; as functions of the logarithm of stellar mass and of

¢-band absolute magnitude. Galaxies have been weighted by 1/V a5 and the bivariate distribution function has been normalized to  fixed number of galaxies
in each bin of log M, or M(¢). Here and in all subsequent contour plots, each contour represents a factor of 2 change in density.

The structural properties of galaxies also depend on their

mass
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Figure 8. Conditional density distributions showing trends in the structural parameters . 112 and C = R90/RS50 as a function the logarithm of stellar
mass and as a function of r-band absolute magnitude. Galaxies have been weighted by 1/ Vs and the bivariate distribution function has been normalized to
a fixed number of galaxies in each bin of log M, and of -band absolute magnitude. The line in the bottom left-hand panel indicates the surface brightness
completeness limit of the SDSS survey.

“concentration of light”

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 r!/4

profiles

There is a good connection between the Spectral Properties of
Galaxies (Dn(4000) and H5) and Structural Properties (u* and Reo/Rso)

Dn(4000) correlates
well with surface
density of stars and
also with the

concentration Ryo/Rso .
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Figure 12, Conditional density distributions showing trends in the stellar age indicators Da(4000) and H3 4 as functions of the logarithm of the surface mass
density (2, and of the concentration index C.




Why is there a bimodality?

ALIVE (fueled by
and cold gas)
star-forming
Galaxies exist in one |
of two states: ‘ « . ‘
quenching

DEAD  (only have hot gas

left -- which
and cannot cool)
non-star-forming

We saw that many of the properties of galaxies depend on their stellar
mass. s there an additional dependence on their environment?

Yes: here are the Dn(4000), specific star formation rates (SFR/M*), stellar mass
density U+ and concentration parameters C = Rgo/Rso we looked at before:
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Cyan = lowest density environment

Blue = 2nd lowest density environment
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o ] " . .
§ 16 3 Black = 3rd highest density environment
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Magenta = highest density environment

Low mass galaxies in high
density environments are
more likely to have stopped

3 forming stars

D,(4000)
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Figure 7. Top: the median relations between D, (4000) and SFR/M, are plotted as a function of stellar mass for five different bins in density, colour-coded
as in Fig. 5. Bottom: the median relations between 2,(4000) and jz, (left) and C (right).

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

Two primary e>.<planat|ons ol i e
for this: [ 2| High Metallicity |]
. 9.2} i 8
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How have the properties of galaxies changed over the past 10
billlion years?

Can investigate by creating large samples of galaxies over the
redshift range z~0 to z~| to study them in the same way as at z~0.

How to collect such samples?

1) Use powerful spectrographs like DEIMOS on Keck to obtain
spectroscopy of many sources on a field simultaneously

(Still Samples not as Large as at z~0)

2) Take images of an area on the sky at multiple wavelengths and
then estimate redshifts for sources from the measured fluxes:




One of the most interesting aspects of the evolution of galaxies with
cosmic time are changes to the “red sequence” and “blue cloud”:
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One can see the existence of the red-sequence out to z~|

How do the colors of galaxies in the red sequence change with
redshift?
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“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 seauence galaxies formed their stars.

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

(L) = prett* (L/IL¥)a

how do the individual parameters evolve?
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How would you interpret these trends?
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week




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

There are many possibilities!
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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.

How does quenching happen?

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.

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

I) 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

) . (tends to occur more frequently for lower mass
(e.g., between two spiral galaxies)

% galaxies, when galaxy evolution less advanced)

Galaxy Galaxy
. —_— —
(with gas) (with gas)
Case #2:“Dry” Mergers (frequently occurs after many previous mergers, when

(e.g., between two elliptical galaxies) the mass is higher)

Galaxy -5
(without gas)

— Galaxy
(without gas)

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

There are many possibilities!
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How might galaxies move from the blue cloud to red sequence?

There are many possibilities!
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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

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...

. . Spread in the
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Noekse+2007; Salim+2006




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

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

Noekse+2007; Salim+2006

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

How are the SFRs and stellar masses derived?

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?

I.  Using the Ha 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 Ha
emission. One challenge is that dust extinction can attenuate the Ha
emission in galaxies and requires correction. Fortunately, one can use
Hp emission from galaxies to estimate this extinction, since the ratio of
fluxes in Ha to HP is almost the same under a variety of conditions.
After correction for dust extinction, one can directly estimate the dust
extinction from Ha 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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Galaxy Formation: Major Steps

Overdense Disk Galaxy
Region (Supported by Angular
In Early Momentum)

Universe Merger
Gravitational Gas Violent
Collapse Cooling Relaxation

Virialized
Overdensity

Spheroid Galaxy
(Random Motion
Supported)




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.
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FiG. 6.—Age-dust degeneracy. The points indicate the observed SED of
3C 324-C2, an LBG at z = 2.880. Shown with the points are BC96 con-
stant star formation models of different ages, modified by the amount of
dust extinction required to reproduce the observed G—# color. The
dotted line is a 1 Gyr model with E(B — V) = 0.149; the dashed lineis a 100
Myr model with E(B— V) = 0.186; and the solid line is a 1 Myr model with
E(B—V) = 0.263. All of these models describe the observed optical photo-
metry equally well. However, only the 1 Gyr model successfully describes
the observed 2 — K, color. [See the electronic edition of the Journal for a
color version of this figure.]

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:
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most galaxies is the
the brightest cluster

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

Recall the following diagram from the lecture on elliptical galaxies:

This illustrates how one measures the velocity dispersion.

Fitting the Velocity Dispersion

Thick Black Line is 08
Observed Spectrum
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Dotted lines are spectra of stars
smoothed along the line of sight
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observed spectrum L
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FiG. 3.—NGC 4472 compared with standard star HR 1805 (K3 111, broadened by various line-of-sight velocities (dotted line)

Galaxies in the intermediate to high-redshift
z>1.5 universe




Observing galaxies at high redshifts z>1.5 is more
challenging that at later times

At optical wavelengths, we only see the UV light
from the distant galaxies

i.e., we only see the regions in distant
galaxies which are actively star-forming...

To see the predominantly older and longer lived
lower mass stars, we need to survey the sky in
the near-infrared. This is more challenging, due to
technological issues... brightness of sky in near-
infrared, etc.

How does one identify large numbers of galaxies
at z>1.5?

I. Select them at optical wavelength, i.e., in the
rest-frame UV

2. Select them at near-infrared wavelength, i.e., in
the rest-frame optical

3. Select them by their brightness at some other
wavelength, i.e., radio, near-infrared, mm
wavelengths

Each selection technique has its advantages and
disadvantages.

Let’s begin by talking about ) ﬁ_j Lyman -Break Technique L
selecting z> 1.5 galaxies at

optical wavelengths (i.e., in
the rest-frame UV)

Model galaxy at z=3.0

W W“\ Ak

We can take advantage of neutral snettensted pectrum
hydrogen in the distant universe
which absorbs light in galaxies "™ ’ —_——
blueward of 1216 Angstroms 3 Yo B foe
(Lyman Alpha)

Tedshifted Lyman limit

relative flux

an {“f/\
H \
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L
This introduces a very sharp \
break in the spectrum -- which is
a very characteristic feature that
is easy to identify in looking at
light in broad-band images.

Expect very Red U-B colors
and Blue B-V colors

Credit: Dickinson 1999~

Lyman-Break Galaxies are Galaxies in the Early Universe on the

Blue Cloud \
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How might one hope to isolate z~3 galaxies in color-color space
using such a selection?

Looking at the 3 T
spectrum to the right
relative to the filters,

B = |
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How does such a selection look like in color-color space?
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of star-forming =
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variety of dust
reddening

colors of nearby
stars

Do galaxies selected using the Lyman-Break Galaxy selection
technique have the desired redshifts?

Find out using the large telescopes like the 10-meter Keck
Telescopes in Hawaii. ..
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When one takes deep
spectra at optical
wavelengths of Lyman-Break
selected galaxies (“U-
Dropouts”), one finds the
spectra to the right:
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What redshift distribution was found for galaxies selected in this

15

way!

Number of Galaxies

How can we determine which galaxies on deep
images come from the most distant galaxies?

There is a sharp break in
spectrum of distant
galaxies due to neutral
hydrogen in the universe.

As the universe expands,
this break in the spectrum is
shifted to redder
wavelengths (“redshifted”)

By looking for sources with
breaks at very red
wavelengths, we identify
the most distant galaxies.

Spectra of Distant Galaxies
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What are the properties of =
these galaxies that one » P e

finds at z~3?

Their volume density is 1.6
x 10-2 Mpc3 similar to the
density of galaxies in the
local universe.

However, z~3 galaxies are
much more actively forming
stars and have much higher
surface brightnesses at rest-

frame UV wavelengths.

If you would put nearby
galaxies at z~3, you wouldn’t
see anything.
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WFPC2+F606W images of LLGs and local galaxies
as HST would observe them if placed at z = 3. We
had to boost their surface brightness 100x to detect
them in 5 hr except NGC 1068, shown before and
after the boost. Panels are 7 arcsec in size and q0 =

0.1.

How do the spectra of
these z~3 galaxies compare
with the models?

These galaxies appear to be
consistent of very young
stars, with a small amount of
dust present
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The newly discovered z~3
population was found to be
very different from any
galaxy known in the local
universe.

It was a major discovery and
revolutionized extragalactic
science in 1995-1996.

These galaxies are very
irregular, clumpy, and quite

z~3 galaxies in the Hubble
Deep Field North

rieiu

bd2_0624_1688

»

-
bd2_1410_0259

<

hd2_0705_1366

small.
Most had sizes of ~1-2 kpc.

This is many times smaller
than most bright star-
forming galaxies today!

Redshifts allow us to look at the clustering of galaxies in space

This allows us to determine the mass of the dark matter halos in
which they live.

RECALL (from Lecture 9)
Why is it useful to learn about the dark matter halos in which galaxies live?

It provides us a powerful tool for tracing the same population of galaxies
through cosmic time.

Halo Mass same galaxy, but

later in cosmic
time

Theory gives us
the average growth
rate of halos

same galaxy, but
earlier in cosmic time

Cosmic Time

Using the spectroscopic redshifts for these galaxies, researchers
immediately investigated their spatial distribution to determine their
clustering properties.
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What correlation lengths were found for —
galaxies in these high-redshift samples? - 23.5<%<24.75 -
6 O 24.75<R<25.5—

Researchers separated the brighter z~3 L 4
galaxies from the fainter z~3 galaxies, in - -
deriving their clustering properties and @ -

correlation lengths.
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Clustering lengths for these galaxies at in the
range ~3-5 Mpc.
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From the plot at the right, are the
correlation lengths of bright galaxies or
faint galaxies larger?

©

As we can see that the correlation lengths 3
of bright galaxies tend to be larger, this

implies they live in more massive halos. BM BX LBG

Fic. 5—Correlation length ro for bright and faint subsamples of the BM,
BX, and LBG samples.

We can use their measured correlation lengths to determine the mass of
the halos they likely live in and connect them with galaxies at lower
redshift that they likely become (after evolution).
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Amazingly, they match the clustering properties of red sequence (or
elliptical) galaxies at lower redshifts.

Near-IR selections of z>2 galaxies

Perhaps, the best way to select
older and more evolved galaxies
like those that exist in the nearby
universe is to search for them at

rest-frame optical wavelengths.

This was very hard to do for many
years due to high sky brightness at
near-infrared wavelengths and the lack
of instrumentation to do this well.

This changed, however, 9 years ago

with the introduction of the ISAAC

and HAWK-| cameras on the very
large telescope.

ISAAC mounted on the VLT UT1

Labbe et al. 2003 and Forester-Schreiber et al. used very deep imaging
over the HDF South and MS1054 to search for galaxies at z>2. This was
part of FIRES survey led by Marijn Franx (200 hours).

Labbé et al
2003




Here’s a zoom-in on the
previous image in the |, J, K
bands. Some galaxies are

very red in these colors,

suggesting they emit
almost all of their light in
the K band. If these
galaxies are at z~2.5, this
would be in the rest-frame
optical.

How do the SEDs of the galaxies with the very red colors look?
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F1G. 3.—SEDs of four galaxies with J,—K > 2.3. They span the full range
in I—K, color. All the galaxies show a break between the J, and K, bands.
The curves show stellar population fits with either constant formation and
reddening or unreddened single-age bursts.

Some especially red galaxies that we
select with J-K colors are already on

the red sequence at z~2.5.
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Red-Sequence galaxies are relatively
rare though at z~2.5. Almost all
galaxies at z~2.5 are in the blue cloud.
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How can we gain insight into the properties of these distant galaxies?

How can estimate the stellar 18
masses of individual galaxies?
20
Through stellar population modelling:
22

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

‘ From Shapley et al.
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FIG. 6.—Age-dust degeneracy. The points indicate the observed SED of

3C 324-C2, an LBG at z = 2.880. Shown with the points are BC96 con-

band or with Spitzer are
particularly essential.

stant star formation models of different ages, modified by the amount of
dust extinction required to reproduce the observed G—# color. The
dotted line is a 1 Gyr model with E(B— V) = 0.149; the dashed line is a 100
Myr model with E(B— V) = 0.186; and the solid line is a 1 Myr model with

E(B— V) = 0.263. All of these models describe the observed optical photo-
‘metry equally well. However, only the 1 Gyr model successfully describes
the observed % — K, color. [See the electronic edition of the Journal for a
color version of this figure.]




Stellar Masses are particularly stable in stellar population fits to the
measured fluxes.

Small changes to the metallicity, age, or other parameters in the stellar
population fits do not affect the estimated masses much.

Most Lyman-Break Galaxies at z~3 have masses of 10!0 My, while most
“red” galaxies at z~2-3 have masses of 10!l My,

Photometric Redshift Selections of z>2 Galaxies

A more generic way of
selecting z>2 galaxies is by
fitting the photometry of
z>2 galaxies to SED
templates (as shown to the
right). You have already
seen COMBO-17 using
almost an identical
technique at z~0 to z~|

van Dokkum applied this
technique to all of the galaxies
found in the wide-area surveys.
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How well did the photometric redshift estimates by van Dokkum compare
with the spectroscopic redshifts where they were available?
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