~NMSU ASTRONOMY CUME 349, January 2010 ‘ Jon Holtzman

Read the paper “z ~ 7 Galaxies in the HUDF: Flrst Epoch WFC3 /IR Results” by Oesch et al.,
ApJL 709, L16

1. (15 points) Observational issues.

(a)

©

e 2. LBGsand Lymaa_breaktechnlque_&o_pomts)ﬁ,,,7,,, SR S e

(a)

(b)

(7 points) The paper states that “magnitudes are given in the AB system”. What
does this mean? By approximately how much might an AB J magnitude differ from a
“standard” J magnitude?

The AB system means the magnitudes are measured relative to o source with o flat F,
spectrum, specifically a spectrum with F, = 3.63 X 107 ®erg/em?®/s/Hz. “Standard” J
magnitudes are relative to a source with the spectrum of Vega (although AB mags are
becoming more and more standard!). If we approzimate Vega as a blackbody, it would
have F, o< X2, All magnitude systems are normalized to give the same magnitude around
5500 A So at 1.2 p, you expect the reference fluzes to differ by (1.2/0. 55)% = 4.76 which
corresponds to a magnitude dzﬁerence of 1.7 mags, where the Vega-based magmtude would
be brighter.

(5 points) The paper says that the data set has a PSF FWHM of ~ 0.16 arcsec. Is this
what you would expect from thxs instrument. Note that Hubble has a 2.4m dlameter
mirror? :

HST is a 2.4m diameter telescope. These observations are in the near-IR, longest
wavelength is around 1.6 microns. At 1.6 microns, resolution is 1.220/D = 0.17 arcsec,

" $0 sounds about right.

(3 points) The colors are meassured in 1sophotal apertures”. What does this mean?
Isophotal aperture means aperture goes out to some ﬁ:ced surface brightness level.

What is the Lyman break? :Describe quahtatlvely how the Lyman break techmque is
used to identify high redshift objects.

The Lyman break technique takes advantage of the expectation that fluz shor‘tward of -
the Lyman limit will be very e_ﬁectwely absorbed by neutral hydrogen in the path towards
the object, leading to a sharp break in the spectrum if an object is producing a significant
amount of rest-frame UV flux. This break will be shifted to longer wavelength at higher
redshift, so if the break can be identified by multi-color photometry, an approzimate red-
shift can be determined. Generally, three color méasurements are required to distinguish
redshift from intrinsic variations of spectral energy distributions of galazies and stars.

Given the wavelength oflLyman o« and the effective wavelengths of the filters (see the
subscripts in the filter names), demonstrate why the authors thmk their 16 objects are
at redshift z ~ 7. .

The objects are detected in the Y band ( 1.05 microns), but not in the z band (0.85
microns). So the break occcurs somehwere around 0.95 microns. Since the Lyman limit
is a 912 Angstroms, this corresponds to a shift of (1 + z) = Ags / Aemitted = 10. 4, which
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s ‘actually a redshift of z ~ 9! However, the authors suggest that most light is absorbed
shortward of Lyman o at 1216 A, which gwes a redshift of 6.8.

(C) The paper mentions that an accompa.nymg paper discusses detection of several z ~ 8
objects. Given the description of the data that were collected, how do you think this
was accomplished; what figure might have been constructed?

For z ~ 8, Lyman « is redshifted to 1.1 microns, so the idea is to look for objects with

fuz in J, but not Y, with o color control of J-H, i.e. shift the filters to drop the shortest
-wavelength used here, and add a longer one: use a Y-J vs J-H color-color diagram.

(d) The authors suggest that one of the objects that satisfy their color criteria for distant
galaxies is actually likely to be a supernova. How does this object manage to satisfy the
color cut for distant objects? Given that it satisfies the color cut, why do they think it
is a supernova? :

The color criterion is based on being v'e'r"g faint, or undetected, in the optical, but detected
“in the near IR. However, the optical data were taken at a much earlier time, from a pre-
vious data set, so this opens up the possibility for a time variable object like a supernova.
They suggest that this one object is sufficiently bright in the near-IR that it would have
been detected in the previous (shallower) IR zmagmg, but it wasn’t! Hence they think it’s
a Supernova. :

3. Galaxy colors (20 points). These should be answered in 2-3 sentences maximum.

(a) The caption of Figure 1 mentions that tracks of a “simple stellar popﬁlatlon are shown.
‘What does this mean? What objects in the Universe are probably fairly close to simple
stellar populations?

A simple stellar population is a populatéfon of stars all at the same age and metallicity.
Star clusters are probably good examples of SSPs.
... {b) What are the main characteristics of the stellar population of a galaxy that.will determine .
the color of the galaxy?
Galazy colors will come predominantly from the distribulion of stellar ages and metal-
licities. In some cases, the distribution of stellar masses might be important as well.
(c) If one were to look at the distribution of optical colors (e.g., g — ) of a large sample of
%  nearby galaxies (e.g., the SDSS galaxy sample), what would the distribution look like?
Local galazies have a bimodal color distribution.
(d) Compare the spectra of these high redshift galaxies with that of the Milky Way. What
type of local objects might these high-redshift galaxies be most comparable to?

The high-z galazies have much more UV emission than the Milky Way. They might be
most comparable to local starburst galazies.

4. Galaxy luminosities (15 points)

(a) What physical distribution is a Schechter function usually used to represent? Give the
units of this distribution. s




A Schechter function is usually used to represent the rﬁh{fbe number of galazies at
different luminosities, i.c. the galazy luminosity function. Number of galazies peymolume
per unit luminosity. /ﬂ

(b} What is the mathematical form of a Schechter function? b +

) ¢ = ¢uexp(—L/L)(L/ L)AL/}

(c) How does the “faint end slope” (o) of the Schechter function for these high redshift

galaxies compare with that of nearby galaxies?

! The faint end slope locally is around -1 to -1.2, so significantly slhallower than the faint

end slope at higher redshift.
5. Reionization (10 points)

(a) What does the epoch of reionization mean? What is being reionized? OQver what red-
shift range, and why, was it previously ionized (i.e., why is is reionization and not just
ionization)?

Reionization means the epoch when the neutral hydrogen in the intergalactic medium .
becomes ionized. Hydrogen was ionized in the early universe because the temperature was

significantly higher, but became neutral at the time of recombination, which occurred at
z ~ 1000. '

(b) Over what redshift range is reionization currently thought to have occurred? What are.
the data that are used to infer this redshift range?

When the H in the IGM is jonized, UV light can pass through it without being absorbed.
If even a small fraction of the IGM is ionized, the IGM effectively becomes opaque at
wavelengths shorter than 912 A. Looking at objects up to redshift ~ 6 (predominantly
quasars), fluz is seen shortward of the (redshifted) Lyman limit. However, at higher
... __redshifts, a complete break is seen (the so-called Gunn-Peterson trough). So.there must
have been some neutral hydrogen at that epoch, i.e. reionization was not complete until
then. However, reionization might have started significantly earlier, and in fact, WMAP
observations of the CMB suggest o much earlier epoch (z ~ 15 — 20) for the start of
reionization.
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ABSTRACT

We present a sample of 16 robust z ~ 7 zgsp-drop galaxies detected by the newly installed Wide Field Camera 3
(WFC3)1IR on the Hubble Space Telescope. Our analysis is based on the first epoch data of the HUDF09 program
covering the Hubble Ultra Deep Field with 60 orbits of ¥1gs, J)25, and Hj¢ observations. These remarkable data
cover 4.7 arcmin® and are the deepest near infrared images ever taken, reaching to ~29 mag AB (50). The 16
z ~ 6,5-7.5 galaxies have been identified based on the Lyman Break technique utilizing (zgsp — Y105) versus
(Y105 — J125) colors. They have magnitudes Ji25 = 26.0-29.0 (AB), an average apparent half-light radius of ~0.16
arcsec (51 kpc), and show very blue colors (some even 8 < —2.5), in particular at low luminosities. The WFC3/IR
data confirm previous Near Infrared Camera and Multi-Object Spectrometer detections indicating that the dropout
selection at z ~ 7 is very reliable. Our data allow a first determination of the faint-end slope of the z ~ 7 lu-
minosity function, reachmg down to Myy ~ —18, a full magnitude fainter than previous measurements. When
fixing ¢, = 1.4 x 1072 Mpc™ mag™' to the value previously measured at z ~ 6, we find a best-fit value of
a = —1.77 £ 0.20, with a characteristic luminosity of M, = -19.91 & 0.09. This steep slope is similar to what is
seen at z ~ 2-6 and indicates that low-luminosity galaxies could potentially provide adequate flux to reionize the
vniverse. The remarkable depth and resolution of these new images provlde ms1ghts into the coming power of the

doi:10. 1088/204 1-8205/709/1/L.16

, G. D. lLLinGgworTH?, C. M. CarorLo!, M. Franx®, L Laeg?®, D. MAGEE?, M. STIAVELLE,

James Webb Space Telescope.
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1. INTRODUCTION

‘While great progress has been made in the study of galaxies
up to z ~ 6, even after more than a decade of Lyman break
galaxy (LBG) surveys, the samples of UV-selected candidate
z 2 7 galaxies are still very modest (e.g., Bouwens et al. 2004b,
2008; Yan & Windhorst 2004; Bradley et al. 2008; Richard et al.
2008; Oesch et al. 2009a; Zheng et al. 2009; Quchi et al. 2009,
Castellano et al. 2009). Due to their small number, the 7 = 7
luminosity function (L.F), and in particular its faint-end slope,
is still very uncertain. An accurate measurement of this is of
fundamental importance, however, not only for the early stages
of galaxy formation, but also for the understanding of the epoch
of reionization and the role of galaxies therein.

For sources of such early cosmic times the intergalactic
medium absorbs most of the light blueward of Lya, which is
redshifted into the near-infrared (NIR), where the sensitivities
and fields of view of the detectors have lagged behind the optical
CCD cameras. Extremely deep NIR imaging is needed to detect
these galaxies. Moreover, due to limited spatial resolution of
carlier IR cameras, it has not been possible so far to measure
other basic quantities of 7 ~ 7 galaxies such as sizes.

With the installation of the Wide Field Camera 3 (WFC3) in
Service Mission 4 of the Hubble Space Telescope (HST) a new
era of high-redshift galaxy surveys has begun, With its large
- area, high sensitivity, and small pixel size, it allows us to probe

* Based on data obtained with the Hubbfe Space Telescope operated by
AURA, Inc. for NASA under contract NAS5-26555.
3 Hubble Fellow. -
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faint objects much more efficiently than HST's previous NIR
camera Near Infrared Camera and Multi-Object Spectrometer
(NICMOS). Additionally, WFC3’s improved filter set over
NICMOS helps us to exclude contaminating interloper objects
and to estimate more precise photometric redshifts for these
sources. Furthermore, it allows for the first time the detection
of galaxies at z ~ 8, which we report On in an accompanying
paper (Bouwens et al. 2009b).

In this Letter, we present early results on our search for z ~ 7
galaxies from the first epoch data of the HUDF09 survey. In
Section 2, we describe the data, the z ~ 7 candidate selection
and its efficiency. In Section 3, we present new constraints on
the LBG LF at z ~ 7. We adopt Qy = 0.3, Q4 = 0.7, Hg =
70 km s Mpe™!, ie., & = 0.7, Magmtudes are given in the
AB system (Oke & Gunn 1983).

2. OBSERVATIONS AND SOURCE SELECTION
2.1. The HUDF09: First Epoch Data

- The HUDF(9 program will cover the Hubble Ultra Deep Field
(HUDF,; Beckwith et al. 2006) with a total of 96 orbits of WFC3/
IR observations in three filters. These are Higo (F160W), Ji25
(F125W), and Y105 (F105W). The first epoch data available now
have been taken between 2009 August 26 and 2009 September
6 and consist of 62 orbits reaching a uniform point-source depth
in all filters of 28.6-28.7 (5¢ AB, in 0725 radius apertures).
The data set covers an area of 4.7 arcmin? and has a point-
spread function (PSF) FWHM of ~0!16. It already allows us to
generate the deepest NIR images ever seen. -
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Figure 1. Color—color diagram used for the selection of z ~ 7 2gs0 dropout galaxies. Left: 1o limits are used when measuring colors, right: the same with 20 limits.
The gray points indicate all galaxies in the catalog and black dots are 17 candidates with no detections in the optical. As mentioned in the text, the reddest of these
is very likely to be a SN (marked with a dark gray circle) and is excluded in our further analysis. Tracks of star-forming galaxies, obtained with Bruzual & Charlot
(2003 models, are shown with solid lines in blue-to-red colors corresponding to dust obscurations of E(B - V) = 0, 0.15, 0.3, Low-redshift galaxy tracks up to
redshift z = § are derived from the galaxy templates of Coleman et al. (1980) and are shown as dash-dotted lines. Additionally, we plot the track of a simple stellar
population with an age of 500 Myr as a solid black line. The green hatched region covers the locus of M, L, and T dwarf stars derived by convolving observed spectra
from Burgasser et al. (2004) as well as theoretical template SEDs of Burrows et al. (2006) with the WEFC3 filter curves. The black arrow indicates the reddening vector
with E(B — V) = 0.3 at redshift 1.5 and with a Calzetti et al. (2000} reddening curve. Low-redshift galaxies in our selection window are typically described by very
young SEDs with strong nebular line and continuum emission, These galaxies are, however, well detected in the optical data, and they all lie within o of our selection
window. The inset in the left panel shows the estimated redshift distribution expected for our color selection.

The images have been reduced using standard techniques.
A super median image was subtracted from afl frames before
coadding them to an image of 0706 pixel scale registered to
the NICMOS HUDF images (Thompson et al. 2005, including
the deep UDFOS peinting; see Oesch et al. 2007, 2009a) using
our own modified version of multidrizzle (Koekemoer et al.
2002). Only ground-based calibration data for WFC3 were
available at the time of this analysis. Therefore, image distortion
maps have been derived by us based on relatively bright sources
in the Advanced Camera for Surveys (ACS) HUDE

We have found that persistence in severely saturated pixels
from prior observations can have a noticeable effect on sub-
sequent observations, even hours after the saturation has taken
place. The affected pixels have been masked out before further
processing. However, two orbits of Yigs data were completely
excluded.

. We have checked the photometric zero points based on

spectral energy distribution (SED) fitting to the well-calibrated
and PSF-matched ACS and NICMOS data, which resulted in
values very similar (<0.05 mag) to the space based zero points
derived by STScl. We therefore opted to use the official values
in our subsequent analysis.

2.2. zgsp-dropout Candidate Selection

The summed Jyis+Y05 image is used to detect galaxies
with the SExtractor program (Bertin & Armouts 1996) and to
measure their colors in isophotal apertures after the optical
images have been PSF-matched to the WFC3/IR exposures.
Total magnitudes are measured in 2.5 Kron (AUTQ) apertures
and small corrections of 0.1 mag have been applied to account
for flux Joss in the wings of the PSE.

Only sources with signal-to-noise ratio- (§/N) larger than 5
within 0725 radius apertures in both Jy25- and Yjps-images are
considered. We have ensured that our weight maps correctly

reproduce the appropriate noise properties in these apertures and
measured fluxes < 1o were replaced by a 1—o upper limit.”
Galaxies are selected from the SExtractor catalog based on
the Lyman Break technique (e.g., Steidel et al. 1996; Giavalisco
et al. 2004; Bouwens et al. 2007) requiring '

(zgs0 — Yaps) > 0.8
{zaso — Y105) > 0.9 + 0.75(¥105 -~ J125)
{zes0 — Yros} = —1.1 +4(¥105 — J125)
S/N(Jz25) = 5 AS/N(Y;os) > 5
’ S/.N(V606) < 2 A S/N(i7s) < 2.

These criteria select galaxies from z ~ 6.4-7.3 with amiedian
redshift of {z) = 6.8; see the inset of Figure 1.

After rejecting spurious sources such as diffraction spikes of
stars and one probable supernova, we find 16 z ~ 7 candidates
between Ji2s = 26.0 and 29.0 mag. Their properties are listed in
Table 1, and an image of all candidates is shown in Figure 2. As
can be seen from Table 1, the J125 — Higy colors of these sources
are extremely blue, in particular toward faint Ji»s magnitudes,
which results in UV-continuum slopes as steep as § < —2.5.
This could imply that these sources are dominated by very metal-
poor stars with little to no dust extinction, or alternatively exhibit
initial mass functions skéwed toward massive stars. All these
possibilities would have strong implications for the ionizing
flux produced by these galaxies, which may be larger than what
is assumed in current calculations of reionization (see Bouwens
et al. 2009d).

It is reassuring that all z ~ 7 galaxy candidates, which have
been identified in previous work, are confirmed to be secure -
high-redshift candidates (see Table 1). We show in Figure 3

9 We also checked that the use of 2—¢ limits does not change our results
significantly. In Figure 1, we show the photometry using both limits.
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Table 1
Photometry (AB mag) of the z ~ 7 zgsg-dropout Sources?

D o 8 Juas zgs0 — Yios Yips — Jizs Jias — Higo S/Nyi25 Reference
UDFz-42566566  03:32:42.56 —27:46:56.6 2595 £ 0.04 148 £+ 0.14 016 £ 004 —0.08 + 0.04 25.8 1,2,3,4,5,6
UDFz-44716442  03:32:44.71 —27:46:442 26,90 4 0.10 »2.43 .66 £ 0.12 —0.25 £ 0.09- 17.2 X
UDFz-38807073  03:32:38.80 --27:47:073 2690 £ 0.06 2.34 + 0.61 0.41 £ 0.08 0.14 £ 0.06 26.2 1,2,4,5,6,7
UDFz-39557176  03:32:39.55 —-2747:176 2719 £ 008 195 +£0.70 051 £ 0.12 0.04 £ 0.09 14.8 2,5
UDFz-42577314  03:32:42.57 2747314 27.22 + 0.20 1.61 £ 0.33 0.30 = 0.14  —0.16 £ 0.12 i1.1 2.5,6
UDFz-39586565  03:32:39.58 —2746:565 2774 £0.18 099 £ 027 =0.11 £0.15 —0.32+0.18 9.3 -
UDFz-37228061  03:32:37.22 —27:48:06.1 27.76 + 0.14 >2.18 046 £ 016 —0.08 & 0.13 11.3 -
UDFz-43146285  03:32:43.14 2746285 2781 £ 0.20 >2.13 027 £ 0.16 0.04 + 0,14 10.3 x
UDFz-36777536  03:32:36,77 —27:47:53.6 27.83 £ 0.16 106 £023 —0.23 £ 0.11 —-0.13 £ 0.13 13.5 —
UDFz-37446513  03:32:37.44  —-27:46:513 ° 27.86 £ 0.16 1.05 =027 ~0.11 £0.13 —0.06 & 0.14 114 -
UDFz-40566437  03:32:40.56  —27:46:43.7 2797 +£0.17 132 £ 040 =007 £ 0.15 043 £ 0.20 137 -
UDFz-41057156  03:32:41.05 —2747:156 28.08 &£ 0.16 146 £ 0.51 0.18 £0.16 —0.16 + 0.1 10.7 —
UDFz-36387163  03:32:36.38  —-2747:163 2827 £ 0.18 098 £029 —007 x£0.15 -—0,12+017 9.8 -
UDFz-37807405  03:32:37.80 -27:47:405 2836 £ 0.16 >1.97 0.06 £021 027 £ 024 6.8 -
UDFz-39736214  03:32:39.73  —27:46:214 28,56 + 0.20 =>1.95 0.04 £023 —-041 + 028 59 —_
UDFz-38537519  03:32:38.53 2747519 2895 +4: 0.24 >1.81 0.08 £ 026 -0.62 = 0.36 5.8 -
UDF-34537360°  03:32:34.53  —2747:360 2596 4 0.03 335 £ 057 QU8 =003 021 £003 500

Notes.

# The Jy25 photometry was derived from elliptical apertures of 2.5 Kron radit, and has been corrected 1o total magnitudes by 0.1 mag offsets, while colors
were measured in isophotal apertures. Limits correspond to 1o.
® This object is most likely a supernova, as it is very bright and has a stellar profile. It should have been securely detected in the previous NICMOS i 1mages,

and we therefore exclude it from any further analysis.

References. (1) Bouwens & Illingworth 2006; (2) Bouwens et al. 2004b; (3) Yan & Windhorst 2004; (4) Coe et al, 2006; (5) Labbé et al. 2006; (6) Bouwens

et al. 2008; and (7) Oesch et al. 200%a: () not covered by NICMOS data and (—) no previcus detection,

a comparison of the NICMOS observations with the WFC3
data for the brightest candidates which were covered by both
instruments in order to visualize the enormous improvement in
data quality provided by WFC3/1IR. The new data allow us.to
probe much fainter limits, While in previous studies only two
galaxies were identified beyond a magnitude of 27.5, of which
one is only marginally detected (Bouwens et al. 2008; Oesch
et al. 2009a), the current WFC3 sample includes 11 such faint
objects, resulting in much better constraints onthe LF at z ~ 7,

2.3. Sources of Sample Contamination

Previous z ~ 7 selections have suffered from several possible
sources of contamination, such as (1) spurious detections, (2)
cool dwarf stars, (3) intermediate redshift galaxies with red
optical-NIR colors, (4) lower redshift sources which scatter into
the selection due to photometric errors, and (5) high-redshift
supernovae. Our HUDF09 WFC3/IR observations are much
less affected by these problems as we briefly discuss below.

(1) The sources presented in this Letter are virtually all
=50 detections in three bands, which have been obtained with
different dither positions, and the noise properties of WFC3/IR
are much better behaved than in NICMOS data. Thus we rule
out that any of our source is a spurious detection or is caused by
an image artifact.'’

(2) As can be seen in Figure I, dwarf stars occupy a
different locus in the zgso — Y05 versus ¥ips — Jizs diagram
than high-redshift galaxies. The Jys band probes short enough
wavelengths that it is not dominated by the strong absorption
bands of dwarf star SEDs. Therefore, it is very unlikely that any
such source contaminates our sample.!!

10 1t is furthermore reassuring that after submission of this manuscript McLure
et al. {20095} and Bunker ¢t al. (2009} have independently identified a very
similar set of z ~ 7 galaxy candidates from the same data set used in this work.
1 Note that the HST zg50 — Yigs colors are bluer than (z — ¥}ag colors
reported for T dwarfs from ground-based measurements (e. g Pinficld et al.
2008) due to the wider ¥ps.

(3) and (4) The z ~ 7 galaxy candidates are covered with
three bands, all showing colors bluer than expected for possi-
ble low-redshift contaminants. Based on simulations in which
we add photometric errors to galaxies in the magnimde range
Ji25 = 24-25.9, simulating the photometry of galaxies down to
Ji2s = 29, we find a negligible contamination fraction by lower
redshift interlopers (<0.3%). These simulations are based on
the assumption that bright galaxies follow the same SED distri-
bution: as at fainter magnitudes, which is not likely to be true.
In fact, the fainter population shows slightly bluer z — ¥ colors,
which would result in an even smaller contamination rate in the
observations than in our simulations. However, the only galaxies
with intrinsic SEDs of sufficiently blue NIR colors and which
may remain undetected in the optical are very young (<107 yr)
z ~ 1.5 galaxies with strong emission lines. Given their pecu-
liar SEDs and their extreme faintness being at z ~ 1.5, such
galaxies are not expected to be very common, even though their
exact number density is unknown. We are thus confident that
our selection is essentially free from low-redshift contaminants.

{5) Since our WFC3/IR observations are taken much later
than the already existing optical data, supernovae are a potential
source of contamination of our sample. Following the calcula-
tion in Bouwens et al. (2008), however, only 0.012 sources are
expected to be found per aremin®, which results in ~0.06 ex-
pected supemovae. Fortunately, at the bright end, such sources
can be eliminated by comparison to the existing NICMOS im-
ages. Indeed, we find one such source, which shows a stellar
profile and, with Ji35 =26.0 mag, should have been securely
detected in the previous NICMOS images of the HUDF (sce
Table 1). We exclude this source from our subsequent analysis,
but list it here because of its potential interest.

3. THE z ~ 7 LBG LUMINOSITY FUNCTION

As in Oesch et al. (2007, 2009a), completeness, C, and
magnitude-dependent redshift selection probabilities, §, for
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Figure 2, All z ~ 7 galaxy candidates in Byas, Vs, i775. 2850, Y105, J1254 and
Hiso (from left to right), ranked by their J125-flux (see also Table 1). The sizes
of the images are 272 272,

our sample are derived from. simulations in which we add
artificial galaxies into the real images and rerun our detection
and selection procedure. The input SED distribution for these
simulations is chosen to be slightly steeper than the measured
slopes for z ~ 6 galaxies (f = —2.2; Stanway et al. 2005;
Bouwens et al. 2009¢) to account for the very blue colors seen
in our sample (ﬁ ~ —2.5, see also Bouwens et al. 2009), and
a log-normal size distribution with a size scaling of (1 + zy!
{Ferguson et al. 2004; Bouwens et al. 2004a; Oesch et al. 200%b)
is assumed. '

The LF brightens significantly from z ~ 6 to z ~ 4
(e.g., McLure et al. 2009a; Bouwens et al. 2007; Bouwens

NICMOS
J+H

Figure 3, Companson of WFC3 Ji35 (top) and NICMOS FI10W+F160W
(bottom; Thompson et al. 2005) images for the brightest zgsq-dropout galaxies,
showing the improvement in data quality. Only galaxies covered with both
instruments are shown.,
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Figure 4. z ~ 7 LBG LF derived from the WFC3 candidates (filled red
circles). The black solid line corresponds to our best-fit LF with ¢ = —1.77,
dy = 1.4 % 1073 Mpc—mag™!, and M, = —19.91, This value of the faint-end
slope is consistent with ro evolution since 7 ~ 2 (e.g., Bouwens et al. 2007;
Oesch et al. 2007; Reddy et al. 200%). Data points from previous estimates are
shown as open symbols; orange circles: Bouwens et al, (2008), green diamonds:
Qesch et al. (20092}, dark red squares: Ouchi et al. (2009). The latter ones have
been used in our fit to constrain the bright end of the LF. The remaining lines
show the LF at z ~ 5 (light gray solid line: Oesth et al. 2007), and z ~ 6 {dark
gray solid line: Bouwens et al. 2007). Note that the z ~ 7 points of Bouwens
etal. {2008) and Qesch et al. (2009a) are partially based on NICMOS data from
the HUDF and are thus not independent from our measurements,

& Tliingworth 2006; Qesch et al. 2007; Yoshida et al. 2006;
Ouchi et al. 2004; Steidel et al. 1999), following M,(z) =
—21.02 + 0.36(z — 3.8) {Bouwens et al. 2008), and previous
studies suggested a similar trend to z ~ 7 (e.g., Bouwens
et al. 2008; Oesch et al. 2009a; Quchi et al. 2009). From our
simulations we estimate that 31 & 8 objects should be detected -
in our small area survey, assuming no evolution of the LF since
z ~ 6 (error bars include uncertainties in the LF parameters).
The cosmic variance Is expected to add 35%—40% (Trenti &
Stiavelli 2008). While the expected number of sources is much
larger than the 16 observed, the difference is not yet statistically
robust. Clearly, the combination of our survey with wider area
data will provide much stronger constraints on the changes from
z ~ 6to z ~ 7 in the future.

To better quantify the evolution of the LBG population,
we show the stepwise LF based on our data in Figure 4.
Absolute magnitudes are computed assuming zll candidates
to lie at z ~ 6. 8 and the effective volume is estimated as

eff(m) = fg d S(Z, m)C(m)

Due to the' smaﬂ area of the present data we are not able to fit
all parameters of the Schechter function from our data set alone.
We therefore include the points from wide area Subaru searches
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for z ~ 7 galaxies by Ouchi et al. (2009) in order to constrain
the bright end of the LF. The fitting is done as in Oesch et al.
(2009a) maximizing the Poissonian likelihood for the observed
number of sources in each magnitude bin.

The value of ¢, of the UV LF has been found to be remarkably
constant with redshift, and we fix its value to ¢, = 1.4 x 1072
Mpe mag™! as measured at 7 ~ 6 (Bouwens et al. 2007). This
results in M, = —19.91 3 0.09 and @ = —1.77 £ 0.20, which
gives a first constraint on the faint-end slope at z ~ 7. This
Schechter function is shown in Figure 4 as a black solid line,

The data are consistent with a faint-end slope that is largely
unchanged over the 2.5 Gyr from z ~ 7 to z ~ 2 with a
value of @ ~ —1.7 (e.g., Reddy et al. 2009; Bouwens et al.
2007; Oesch et al. 2007), and the measured value of M, is in
very good agreement with the extrapolation of Bouwens et al.
(2068). Note also that, within the error bars, the LF function
parameters are consistent with the ones derived by Ouchi et al.
(2009).

4. SUMMARY AND CONCLUSIONS

The first observations with the WFC3/IR camera have
demonstrated the amazing improvement over previous NIR in-
struments. Nevertheless, they have confirmed our prior NIC-
MOS detections at z ~ 7. In the first epoch data of the HUDF(9,
which comprises only about one third of the final data set, we
have identified a robust sample of 16 z ~ 7 galaxy candidates
down to flux limits as low as 29 mag. With NICMOS about 100
orbits were needed per z ~ 7 galaxy candidate found (Bouwens
et al. 2009a); WFC3 is ~40 times more efficient and requires
only 2.4 orbits per candidate (for fields with existing decp opti-
cal data). This remarkable ability to detect high redshift galaxies
extends to z 2> 8 (see Bouwens et al. 2009b)

Most of the z ~ 7 candidates appear very compact with an
average observed half-light radius of ~0716 (from SExtractor
apertures) indicating that the typical size of a starburst galaxy
at z ~ 7 is of the order of 51 kpe (for a more extensive analysis
of galaxy sizes, see Oesch et al. 2009b).

Due to the depth of our observations we can put a first
constraint on the faint end of the LF at z ~ 7 of ¢ =
—1.77 £ 0.20. This is consistent with no evolution over the
whole time span from z ~ 7 until z ~ 2 and such a steep faint-
end slope has strong implications for reionization, providing
support to a scenatio in which low-luminosity galaxies provide
~ the bulk of the flux for ionizing the universe (see also Oeschetal.
20093, Kistler et al. 2009). The combined surface brightness of
our sources is g ; ~ 26.1 mag arcmin > which is brighter than
the minimum required for reionization at ~7 for Population II
Stars g =~ 27.2 (Stiavelli et al. 20044, 2004b). The factor
~3 difference suggests that even considering an escape fraction
1, these galaxies still contribute significantly to reionization.

The full HUDFQ9 data set, complemented with planned wide
areasurveys, will allow another leap forward in the measurement
of the z ~ 7 LF in the near future. The HST is again enabling
a revolutionary advance in our understanding of the build-up of
galaxies in the universe.
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NMSU ASTRONOMY CUME 349, January 2010 ' Jon Holtzman

Read the paper “z ~ 7 Galaxies in the HUDF First Epoch WFC3 /IR Results” by Oesch et al.,
ApJl. 709, L16

1. {15 points) Observational issues.

(a)

()

(7 points) The paper states that “magnitudés are given in the AB system”. What does
this mean? Calculate approximately how much an AB J magnitude would differ from a
“standard” (Vega-based) J magnitude; you can approximate Vega as a blackbody. "

The AB system means the magnitudes are measured relative to a source with a flat F,
spectrum, speczﬁcally a spectrum with F, = 3.63 x 10~®erg/cm?/s/Hz. “Standard” J
magnitudes are relative to a source with the spectrum of Vega (although AB mags are
becoming more and more standard!). If we approzimate Vega as a blackbody, it would
have F,, o< A72. All magnitude systems are normalized to give the same magnitude around
5500 /f So at 1 2 p, you expect the reference fluzes to differ by (1.2/0.55)2 = 4.76 which
corresponds to a magmtude difference of 1.7 mags where the Vega-based magnitude would
be brighter.

(5 pomts) The paper says that the data set has a PSF FWHM of ~ 0.16 arcsec. Is this
what you would expect from this 1nstrument’? Note that Hubble has a 2.4m diameter
mirror.

HST is a 2.4m diameter telescope. These observations are in the near;IR longest
wavelength is around 1.6 microns. At 1.6 microns, resolution is 1.22A/D = 0.17 arcsec,
so sounds about right.

(3 points) The colors are meassured in “isophotal apertures”. What does this mean?

Isophotal aperture means aperture goes out to some fized surface brightness level.

~— 20 LBGsand Lyman-break technique{2¢ points)—~ - = - -

(a)

What is the Lyman break? Desi_:ribe qualitatively how the Lyman break technique is
used to identify high redshift objects.

The Lyman break is the feature in a spectrum that corresponds to. the jonization edge of
hydrogen, i.e. at the energy which corresponds to the energy required to ionize hydrogen
from the ground state; this energy corresponds to photons at 912 A. The Lyman break
techmque takes advaniage of the ezpectation that fluz shortward of the Lyman limit will
be very eﬁectwely absorbed by neutral hydrogen in the path towards the object, leading to
a sharp break in the spectrum if an object is producing a significant amount of rest-frame
UV flux. This break will be shifted to longer wavelength at higher redshift, so if the break
can be identified by multi-color photometry, an approzimate redshift can be determined.
Generally, three color measurements are required to distinguish redshift from intrinsic
variations of spectral energy distributions of galazies and stars.

Given the wavelength of Lyman o and the effective wavelengths of the ﬁlters (see the
subscripts in the filter names), demonstrate why the authors think their 16 objects are
at redshift z ~ 7. SR R



"“""'—"'——""—““""'“*A"simple stelia‘r‘populati'on 18 a populatz'on"of stars oll at the‘s'mn'E‘ayE“and' metali?.mt'y

()

The objects are detected in the Y band (1.05 microns), but not in the z band (0.85
microns). So the break occcurs somehwere around 0.95 microns. Since the Lyman limit
is a 912 Angstroms, this corresponds to a shift of (1 + 2) = Aops/Aemitted = 10.4, which
is actually a redshift of z ~ 9! However, the authors suggest that most light is absorbed
shortward of Lyman o at 1216 A, which gives a redshift of 6.8.

The paper mentions that an accompanying paper discusses detection of several z ~ 8
objects. Given the description of the data that were collected, how do you think this

" was accomplished: what figure might have been constructed?

For z ~ 8, Lyman « is redshifted to 1 1 microns, so the idea is to look for objects with

fluz in J, but not Y, with a color control of J-H, i.e. shift the filters to drop the shortest

(d)

wavelength used here, and add a longer-one: use a Y-J vs J-H color-color diagram.

The ém_uthors suggesl: that one of the objects th_alt satisfy their color criteria for dlslsant
galaxies is actually likely to be & supernova. How does this object manage to satisfy the
color, cut for distant objects? Given that it satisfies the color cut, why do they think it

_ is a supernova?

The color criterion is based on being very famt or undetected in the optical, but detected
in the near IR. However, the optical data were taken at a much earlier time, from a pre-
vious data set, so this opens up the possibility for a time variable object like a supernova.
They suggest that this one object is sufficiently bright in the near-IR that it would have
been detected in the previous (shallower) IR imaging, but it wasn’t! Hence they think it’s
a SUPernova.

3. Galaxy colors (20 points). These should be answered in 2-3 sentences maximum.

(a) The caption of Figure 1 mentions that tracks of a “simple stellar population” are shown.

(b)

What does this mean? What objects in the Universe are probably fairly close to si'mple
stellar populations? ' '

Star clusters are probably good examples of SSPs.
What are the main characteristics of the stellar populatlon ofa galaxy that will determine
the color of the galaxy?

Galazy colors will come predominantly from the distribution of stellar ages and metal-
licities. In some cases, the distribution of stellar masses might be important as well.

(c) If one were to look at the distrlbﬁtlon of optical colors (e.g., g — i) of a large sample of
~ nearby galaxies (e.g., the SDSS galaxy sample) what would the CllStI‘lbuthIl look like?

Local galazies have a bimodal color distribution.

(d ) Compare the spectra of the high redshift galaxies d1scussed in the paper with that of

the Milky Way. What type of: local objects m1ght these h1gh—redsh1ft galaxies be most
comparable to?

The high-z galazies have much more UV emission than the Milky Way. They ngh,t be
most comparable to local starburst galazies. .

4, Galé.xy luminosities (15 points)




(a) What physical distribution is a Schechter function usually used to represent? Give the
units of this distribution.
A Schechter function is usually used to represent the number of galawies at different
luminosities, i.e. the galazy luminosity function. Number of galazies per unit volume per
unit luminosity. :

(b) What is the mathematical form of a Schechter function?

¢ = ¢uexp(—L/L)(L/ L)AL/ L

(c) How does the “faint end slope” (a) of the Schechter function for these high redshift
galaxies compare with that of nearby galaxies?
The faint end slope locally is around -1 to -1.2, so significantly shallower than the faint
end slope at higher redshift. .

5. Reionization (10 points)

(a) What does the epoch of reionization mean? What is being reionized? Qver what redshift
range, and why, was it previously ionized (i.e., why is this reionization and not just
ionization}?

Reionization means the epoch when the neutral hydrogen in the intergalactic medium
becomnes ionized. Hydrogen was ionized in the early universe because the temperature was

significantly higher, but became neutral at the time of recombination, which occurred at
z ~ 1000,

(b) Over what redshift range is reionization currently thought to have occurred? What are
the data that are used to infer this redshift range?

When the H in the IGM is ionized, UV light can pass through it without being absorbed.
If even a small fraction of the IGM is ionized, the IGM effectively becomes opague at

———wavelengths shorter than-912-A. Looking-at-objects up to redshift-~ 6 (predominantly - -

quasars), fluz is seen shortward of the (redshifted) Lyman limit. However, at higher
redshifts, a complete break is seen (the so-called Gunn-Peterson trough). So there must
have been some neutral hydrogen at that epoch, i.e. reionization was not complete until
then. However, reionization might have started significantly earlier, and in fact, WMAP
observations of the CMB suggest a much earlier epoch (z ~ 15 — 20) for the start of
retonization.



