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EXECUTIVE SUMMARY 
 
Lyman Alpha Emitting (LAE) galaxies are a powerful tracer of large scale 
structure, making them an excellent probe of baryonic acoustic oscillations, which 
constrain the expansion history of the universe and hence the nature of the dark 
energy.  The HETDEX Stage III dark energy experiment will utilize LAEs for this 
purpose, and they are under consideration as a tracer of structure for Stage IV 
ground- and space-based dark energy missions.  Our successful investigation of 
LAEs at z=2.1 and z=3.1 now provides the best information on the number 
density and clustering bias of these galaxies over the redshift range that 
HETDEX will study.  Connecting these star-forming galaxies to their host dark 
matter halos represents a major increase in scientific understanding, as we can 
now proceed with confidence in studying the spatial distribution of significantly 
larger samples.  Our data also provided an empirical test of the Lyman Alpha 
Tomography technique, which has proven effective and can now be used to 
design future experiments to probe dark energy and dark matter properties.   
 
 

ACCOMPLISHMENTS VERSUS GOALS 
 
Our project presented several goals, as summarized in the proposal Project 
Summary.  Here we address how well each was met.   
 

1. Define the z=2.1 LAE space density and luminosity function.   



The z=2.1 LAE space density and rough luminosity function were measured and 
published in Guaita et al. (2010), with a full analysis of the luminosity function 
forthcoming (Gronwall et al., in preparation).   
 

2. Obtain a precise measure of the LAE clustering bias at z=2.1 and z=3.1. 
The LAE clustering bias at z=2.1 was published in Guaita et al. (2010).  An 
improved analysis of the LAE clustering bias at z=3.1 using the Lyman Alpha 
Tomography technique is underway (Gawiser et al., in preparation).   
 

3. Quantify the relationship between Ly-alpha based and true systemic 
redshifts for LAEs.  

This goal has not yet been met, as the near-infrared multi-object spectrographs 
required to measure the systemic redshifts via rest-frame optical nebular 
emission lines have been delayed.  In particular, Flamingos-2 is finally 
undergoing commissioning at Gemini-South, but it is not yet clear if it will be 
ready for our approved observations in 2010B; we have additional time approved 
via the same NOAO survey program for 2011B so this goal should eventually be 
achieved. 
 

4. Use these results to improve the design of HETDEX and to determine the 
feasibility of other LAE-based BAO surveys.   

Our results were awaited with great enthusiasm by the HETDEX experiment, 
which will use 800,000 LAEs at 1.8<z<3.5 to study the dark energy equation of 
state and its evolution.  The measured number density and clustering bias of 
z=2.1 LAEs have now been folded into the HETDEX survey design and have 
informed final decisions on the procurement of detectors for the VIRUS 
spectrographs.  We have simulated the expected performance of the Lyman 
Alpha Tomography technique, showing that its redshift precision is equivalent to 
R=500 spectroscopy and should therefore allow determination of the radial and 
transverse scales of Baryonic Acoustic Oscillations (Kanarek et al., in 
preparation).  In our empirical test using the NB4990 and NB5010 filters, this 
technique performs nearly as well as in the simulations, with delta_z=0.01 
(Gawiser et al., in preparation).   
 
 

PROJECT ACTIVITIES 
 

Data Acquisition & Analysis 
 
z=2.1 Ly-alpha emitters:  We acquired a 36 hour exposure using the NB3727 
narrow-band filter on the CTIO 4-m Mosaic-II camera in December 2007 to 
search for Ly-alpha emitting (LAE) galaxies at z=2.1 in the Extended Chandra 
Deep Field South (ECDF-S).   Combined with our existing z=3.1 data this allows 
us to explore the evolution in LAE properties as a function of redshift.  Guaita led 



the data reduction and analysis of this sample, which forms the basis for her PhD 
thesis jointly advised by Gawiser and Padilla.  She found a sample of 250 LAE 
galaxies at z=2.1, consistent with no change in number density versus z=3 
(Guaita et al 2010).  This publication also reports the clustering strength, star 
formation rates, and emission-line equivalent width distribution of the z=2.1 
LAEs. Most significantly, our clustering analysis finds that the z=2.1 LAEs have a 
bias factor of 1.8+-0.3 and are hosted by dark matter halos with median mass 
10^{11.5+-0.5} M_sun. All of these are ground-breaking results, as this is the first 
large LAE sample published near z=2.  (A recent paper by Nilsson et al. 2009 
presented a comparably sized sample of LAEs at z=2.3 but did not include 
clustering analysis.  Their sample probes only part of our luminosity range and 
agrees with our reported number density to their luminosity limit.)  Forthcoming 
work involves a detailed determination of the z=2.1 LAE luminosity function (led 
by Gronwall) and spectral energy distribution fitting (led by Guaita & Gawiser), 
including submillimeter stacked photometry following the method of Kurczynski & 
Gawiser (2010) to constrain dust properties of these galaxies that can cause 
systematic errors when using them to trace large-scale structure.   
 
Padilla, Francke, Guaita and Walker-Soler had a subsequent observing run at the 
CTIO 4-m on February 20-23, 2009.  They obtained 20 hours of MOSAIC-II 
imaging through the same NB3727 filter on a second MUSYC field (SDSS 
1030+05).  This will allow us to account for cosmic variance in our analyses.  
Matkovic (new postdoc at PSU) will lead the reduction and analysis of this data. 
  
z=3.1 Ly-alpha emitters:  To complement our existing NB4990 data, we 
obtained a 16 hour exposure using a NB5010 filter on the CTIO 4-m Mosaic-II 
camera in October 2006.  Gronwall & Ciardullo, with the assistance of 
McCathran, Sinawa and Wolf, led the data analysis of this sample and have 
found 202 additional LAEs.  In combination with our existing NB 4990 data, this 
expands the volume covered to 3.08 < z < 3.15.  Forthcoming analyses include 
an enhanced LAE luminosity function (led by Gronwall & Ciardullo) and 2-D and 
3-D clustering analysis (led by Francke & Gawiser).  We will also publish our 
empirical proof of the effectiveness of Gawiser's Lyman-alpha tomography 
technique, which makes use of the overlapping wavelength coverage of the 
NB4990 and NB5010 filters to produce LAE photometric redshifts with 
unprecedentedly high precision (results paper led by Gawiser, simulations paper 
led by Kanarek).   

 
Subsequent data acquisition:   
A proposal submitted during the project period obtained observing time Dec. 17-
19, 2009 with the Very Large Telescope FORS-2 spectrograph for medium-
resolution multi-object spectroscopy of our z=2.1 and z=3.1 LAE samples (PI 
Padilla through Chilean access to VLT).  This is the only functioning spectrograph 
in the Southern hemisphere on an 8-meter class telescope that offers high 



enough sensitivity in the near-ultraviolet to provide the needed follow-up spectra 
for z=2.1 LAEs.  Observations were successful, and realtime reduction 
determined redshifts for 9 z=2.1 LAEs and 15 additional z=3.1 LAEs.  The data 
are currently being reduced and are expected to generate a significantly larger 
number of spectroscopic confirmations, with sufficient resolution to determine the 
Lyman Alpha emission profiles of these galaxies as a constraint upon systematic 
uncertainties in HETDEX redshifts.    
 
Another proposal submitted during the project period obtained 23 nights in 2010-
2011 on the 8.4-meter Gemini-South telescope with the FLAMINGOS-2 
spectrograph for multi-object near-infrared spectroscopy of targets including our 
z=2.1 LAE sample through the Unified GOODS/F-2 Survey (PIs Gonzalez & Mark 
Dickinson of NOAO, Co-Is include Gawiser and Gronwall).  These data should 
fully calibrate the mean and scatter of redshift offsets between those determined 
from Lyman Alpha emission and the true systemic velocity traced by rest-frame 
optical nebular emission lines.   
 

Interpretation of results 
 

We have continued to push across the traditional dividing line between 
observation and theory in order to connect our samples of LAE galaxies with their 
host dark matter halos and to connect these high-redshift dark matter halos with 
their z=0 descendants.  Two complementary approaches have shown our results 
to be robust.  The first is the evolution of bias via the Sheth-Tormen conditional 
mass function, which we implemented in Francke et al. (2008). The second is via 
the Millenium-2 simulation halo catalogs, which allow us to select a ``mock 
catalog'' of LAEs at z=3.1 and to follow the actual dark matter halos through 
mergers and diffuse accretion to measure their z=0 mass distribution (Walker, 
Gawiser & Bond 2009).  A paper in preparation presents these results (Walker-
Soler & Gawiser, in preparation).   
 

Scientific meetings attended 
 
Our PSU-Rutgers collaboration met at Rutgers in Nov. 2008 and at Penn State in 
April 2009 for two-day meetings where we presented recent progress, discussed 
methodology in detail, and planned further analysis and publications.   
 
Gawiser, Gronwall, Ciardullo, Bond, Walker-Soler, Francke, and Guaita all 
attended and presented results related to our project at the "Understanding 
Lyman-alpha Emitters" meeting at the Max Planck Institute for Astronomy in 
Heidelberg, Germany (October 2008).  Guaita also presented results from this 
project at the VIIth Marseille International Cosmology conference in June 2009 
and the XXV IAP Annual Colloquium in Paris in July 2009.   
 



Gawiser disseminated our research results in additional conference talks (Great 
Surveys Workshop in Santa Fe, November 2008, American Astronomical Society 
in Long Beach January 2009, American Physical Society in Denver May 2009) 
and by giving departmental colloquia on this topic at UC Santa Cruz, Maryland, 
MPIA-Heidelberg, and Tufts.  A Science News article, ``Introducing the Young 
Milky Ways,'' based upon Gawiser's presentation of preliminary z=2.1 LAE 
results at the APS meeting in May 2009 appeared at  
http://www.sciencenews.org/view/generic/id/43438/title/Introducing_the_young_M
ilky_Ways 
 
Gronwall & Ciardullo attended a HETDEX collaboration meeting in Austin, TX in 
December 2008 to discuss plans for analyzing prototype data, and experimental 
design for the final survey. Gronwall also attended the HETDEX science 
workshop in Austin, TX on February 17-18, 2009.  The purpose of this workshop 
was to discuss science goals for the survey data.  Gronwall presented a 
discussion of [OII] emission-line galaxies in the HETDEX data, where they must 
be separated from the main LAE sample but can then be used as a key further 
probe of cosmological parameters.   
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