L J

Ry pand N 8
the High Redshift Universe:

.

' .

., Michael Strauss; Princeton University
. 3 ; : ; oo i

B

= What is the epoch of galaxy formation?
= What does a primeval galaxy look like?
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ABSTRACT

Most models for galaxy formation in an evolving Universe include a high-luminosity epoch of bright star
formation at a redshift of 2 < z < 100. These objects could have escaped detection on deep red photographuc
plates 1t they are extended (~ 10U arcsec®) and fade into the sky background. This paper reports an unsuccessful
search for extended red objects, in apparently blank regions of the sky. A special photometer with high red
sensitivity was used to compare the sky brightness in two halves of a circular aperture. Search beams between
177 and 40” diameter were used, and altogether 2.0 x 10* arcseconds® were searched. With 90 percent confidence,
there was no object in the area searched with a flux greater than 38 x 10~2° ergs cm~2 s~* Hz~ % in our bandpass
of 6200-8900 A. Furthermore, fluctuations on a scale of 26" were smaller than § x 10-2% ergs cm~2s~* Hz™%,
The results constrain the luminosity and number density of primeval galaxies in the standard model.

Subject headings: cosmology — galaxies




3C 324—AN EXTREMELY DISTANT CLUSTER RADIO GALAXY
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ABSTRACT

The strong radio source 3C 324 is identificd with a faint cluster galaxy, with ¥ = 22,6, Our new CCD

spectroscopic data yield an emission-line redshift, z, = 1.2063. The emission spectrum is narrow-linc and shows a

characteristic low-ionization level. The strong [O 1] line is both spatially and velocity resolved in 3C 324; a

speculative hypothesis on its origin in a rotating and possibly captured gas disk or an infalling galaxy is
advanced. The detection of a cluster around 3C 324 is discussed.
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Steidel et al. 2003:
Composite spectra
of ~200 galaxies in
each bin, at z~3.
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Kashikawa et al. 2006, spectroscopy of Lyman « galaxies at 7=6.5




m Atincreasingly high redshifts, HST/ACS is
observing the rest-frame UV, and therefore is
sensitive to recent star formation.

To observe the bulk of the stellar mass, one
wants to observe at A, > 5000-10,000 A; at
redshift 3, this is 2-3 microns. Spitzer IRAC is
exactly what we want.

Spitzer also allows us to find dust-enshrouded
galaxies, and to do spectroscopy in the mid-
infrared, a brand-new capability at high redshift.

Great Observatories Origins Deep Survey: 320
arcmin? in BViz with ACS, plus 3.6, 4.5, 5.8, and 8
microns with IRAC and 24 microns with MIPS,
plus Chandra, to depths within 1 magnitude of
the Hubble Deep Field.

This is just what we want: multiple bands in both
HST and IRAC, going deep enough to study
galaxies all the way to z~6.

Extensive ground-based follow-up with
spectroscopy and JHK imaging.




Gabasch et al. 2004: Star formation rate from 1500 A luminosity
density (Madau diagram). Correction for dust extinction is large and
uncertain! SFR from Spitzer may be more robust (Papovich et al. 2006)
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m Rest-frame UV luminosity is strongly
affected by extinction (but it can be
corrected for... Look at 24 microns for
galaxies with heavy extinction.

m Ho can be observed in near-IR at z~3
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Alternative measures from X-ray, radio (e.g., Reddy and
Steidel 2004) give consistent results.
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Houck et al. 2005

Another approach is PAH emission from IRS
spectroscopy (which yields redshifts too!).

UV luminosity function at z=3,
and z=6, from photometrically
selected galaxies from GOODS
(Bouwens et al. 2006). The star
formation rate is finally falling
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Bouwens et al. 2006, the Madau diagram pushed to
astonishingly high (photometric) redshift.




the star
formation in higher-mass objects took
place at earlier times. There is no one
epoch of galaxy formation

Juneau et al. 2005 (from
GDDS): star formation
rate (from [OII], UV light)
shows different functional
dependence for different
mass galaxies.
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Similarly, the stellar mass
function of galaxies of
different morphologies is a
strong function of redshift,
with a dramatic increase at
low masses since z=1.
Bundy et al. 2005
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So what about galaxy
morphologies?

The Hubble
Ultra-Deep Field
is stunning; it is
showing us UV
morphology for
highest-redshift
galaxies

Colorized by Hogg
et al, following
Lupton et al.




The morphologies of galaxies
are a strong function of
wavelength!
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Lotz et al. 2005; some galaxies at z=4 have
“recognizable” morphologies...

while others have truly “weird” shapes
(Elmegreen et al. 2005; Conselice et al. 2004)

At the present day, the distribution of galaxies is strongly bimodal in
broad photometric and stellar population properties. But the detailed
properties of disks, bars, spiral arms, etc, have not been put on the
same scheme, or studied with as large uniform samples.
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Population age indicators

Blanton et al. 2004

Stellar mass

Kauffmann et al. 2003
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magnitude

diagram for
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bimodality existed
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Let’s go deep in J and H with
WEC3 in the GOODS fields

WEFC3 has the resolution to get good galaxy
morphologies in rest-frame optical bands for high-

redshift galaxies.

Rest-frame optical from WFC3, plus rest-frame near-IR
from Spitzer/ IRAC, allows us to determine stellar

populations and stellar masses as a function of redshift,
and compare directly with the story told by the Madau

diagram.

Good JH photometry is important for getting

photometric redshifts in the “redshift desert”, 1.3 <z < 2.

So, do the stellar populations make any sense?

What you can do with 11-band
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Papovich et al. 2005: detailed fit to the SED of a z~3 galaxy:

two distinct stellar populations?

12



-
=)

1, (erg st em™? 871

f, (erg s'em™ &Y

Observed A (um)

-4-20 2 4 -4-20 2 4 -4-20 2 4 -4-20 2 4
grcse grcse grcse grcse

Mobasher et al. 2005. A galaxy with a stellar mass of 6x10!'' M
few x108 years old??

sun’

With resolved emission-line
spectra, you can determine a
c{ynamlcal mass

I ®AGN
&J-K>23

Erb et al. 2006: dynamical masses are |[SeEscn
in good agreement with those from 1
stellar populations for many

(although not all!) galaxies.

Padmanabhan et al. 2004:
ratio of dynamical to stellar
mass is well-behaved for
z~0 ellipticals.




We need more spectra!

Spectra allow us to determine the redshift, the star-
formation rate, the metallicity, the dynamics, the
stellar populations, AGN components...

For many of our purposes,
near-IR (rest-frame optical), or
even mid-IR spectra are ideal.
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Erb et al. 2006: metallicity-
mass relationship is
dramatically lower at high z...
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The end of reionization...

Limits on the :
(mass-weighted) : JPark Gap Size
neutral hydrogen I
fraction as a
function of
redshift. ..

AHIl region Size A

We claim a
measurement of

0.05 at z=6.4.

WMAP claims 50%
ionized fraction at
z~10. So the
reionization process
is not like a phase
transition.

The state of the IGM should have an
effect on the observed properties of

z~6 galaxies
» Might formation of dwarf galaxies be suppressed (Loeb
and Wyithe)?
= Might Lyo emission be suppressed by the damping
wing of neutral hydrogen absorption?
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m Covering a fair fraction of the GOODS fields with WFC3
in J and H to get rest-frame optical morphologies, and
real SEDs at z=1-2. Does it make sense to do slitless
spectroscopy with WEC3 in NIR?

GOODS is still cosmic-variance limited for many
populations of galaxies. Larger areas (10 deg? ?) would
allow measurement of a true global star formation rate
with redshift.

One can never have enough spectroscopy. Optical and
near-IR spectroscopy will be from the ground, but
Spitzer IRS spectra are a new resource we are just
beginning to use and understand, and we won’t have
them much longer...

We are just starting to study the physical properties (e.g.,
stellar populations) of galaxies at the reionization epoch,
z~6.

We are asking questions at high redshift that are still
unknown, or are only now getting properly addressed,
at low redshift (e.g., mass-metallicity relation, relation
between stellar and dynamical masses, the physical
nature of the Hubble sequence, properties of young star-
forming galaxies at low redshift). All this suggests
further work at z~0, with COS, and surveys like SDSS,
2MASS.

Images and science results from the Great Observatories
are truly inspirational to the general public, more so,
perhaps, than the manned missions. We need to
communicate this fact to the folks at NASA!
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