
Star-formation rates of high-redshift galaxy clusters

Item Type text; Dissertation-Reproduction (electronic)

Authors Finn, Rose A.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 09:24:48

Link to Item http://hdl.handle.net/10150/289932

http://hdl.handle.net/10150/289932


STAR-FORMATION RATES OF fflGH-REDSHIFT GALAXY CLUSTERS 

by 

Rose A. Finn 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF ASTRONOMY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PfflLOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2 0 0 3  



UMI Number: 3106986 

UMI 
UMI Microform 3106986 

Copyright 2004 by ProQuest Information and Learning Company. 

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



9 

THE UNIVERSITY OF ARIZONA (S 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

, , ,. , , Rose A. Finn 
read the dissertation prepared by 

entitled Star-Formation Rates of High-Redshift Galaxy Clusters 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Dennis ̂ ^rltsky Date 

Donald W. McCarthy, Jr. * Date ̂  

Robert KennicutDate 

M ItJO ^ 
Christoplier Impey' 1/ Date pner Impey u 

Date 

Final approval and acceptance gf this dissertation is contingent upon 

the candidate's submission of the final copy of the dissertation to the 

Graduate College. 

I hereby certify that I have read this dissertation prepared under my 

direction and recommend that it be accepted as fulfilling the dissertation 

requirement. 

y ̂ o3 
Dissetration''Director / Date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when 
in his or her judgment the proposed use of the material is in the interests of scholarship. 
In all other instances, however, permission must be obtained from the author. 

SIGNED: 



4 

ACKNOWLEDGMENTS 

I am truely thankful for my graduate experience and for the supportive environment 
at Steward. I have learned so much from the faculty in and out of classes, and three 
faculty in particular have made this work possible. Don McCarthy - for tireless support 
with proposal writing, observing, and data reduction. The very inconvenient run before 
last Christmas that you graciously supported provided half the data for this thesis! 
Dennis Zaritsky - for asking all the right questions and for perfectly-timed doses of 
encouragement. Chris Impey - for support and confidence in my abilities. All of my 
advisors have allowed complete flexibility in my schedule, and I am deeply grateful 
for being able to pursue research while spending most of the daylight hours with my 
children. 

Thanks to the graduate students - my classmates Joannah Hinz, Valorie Burkholder, 
Chris Groppi, Chris Gottbrath, Christian Drouet D'Aubigny, Chien Peng. I have learned 
so much from all of you. Cathy Petry for lots of good talks, Janice Lee, John Moustakas, 
Dan Mcintosh (taught me perl!), Greg Rudnick, Phil Hinz, Craig Kulesa, Tim Pickering, 
Karen Knierman and Patrick for observing help. Mike Meyer - lots of laughs. Eric 
Hooper, my own personal cheerleader. Thanks to Michelle and Catalina, for always 
being soooo helpful and fun. Joy and Kristen. Telescope Operators: Vic Hansen, Dennis 
Means, Ale Milone, John McAffee. Daniel Eisenstein for holding my hand through the 
Press-Schechter calculations. 

On a more personal note, thanks to Ed Schauffert, for being the best husband. 
Thanks to James and Caitlin, for the hugs, kisses and giggles that helped get me 
through these last few months. Thanks to all my siblings and siblings-in-law, for 
providing emotional support and laughter during visits and over the phone during our 
"time away from home." Most frequently called are Mary and mom, thanks for being 
home at the right times. Thanks to Carol and Carson for being our in-town family and 
showering James and Caitlin with love and attention. Thanks to my parents, for endless 
encouragement, babysitting, and for believing that astronomy is not such a crazy thing 
to do. To my mother-in-law, for days and days of babysitting during observing and 
meetings. And finally, thank you God for everything, literally. 



5 

DEDICATION 

This thesis is decidedly and solely dedicated to my husband, Edward Arthur 
Schauffert, whom I've known since I was 12 and loved since I was 23. You have given 
me the incredible gift of unwavering support, even through the darkest hours. To put 
it simply, you have made this possible. You have believed in my ability as a scientist, 
and you have helped me find my balance. You have made countless career and personal 
sacrifices over the last six years for my benefit, and you have never lost faith and (almost) 
never lost your humor. We now embark on a new journey, to bring our two beautiful 
children home. I look forward to our grass and tree-filled future, and to watching James 
and Caitlin grow with the love and support of friends and family. I love you completely, 
and I hope that with the completion of this monumental task we will now have time to 
pursue a few of your dreams - your education, quiet walks in the woods, teaching our 
children to ski. 



6 

TABLE OF CONTENTS 

LIST OF FIGURES 9 

LIST OF TABLES 17 

ABSTRACT 18 

1 Introduction 19 

1.1 Introduction 20 

1.2 Theoretical Perspective and Physical Mechanisms for Butcher-Oemler 
Effect 20 

1.3 Review of Existing Observations 22 

1.4 The Goals of This Thesis 27 

1.5 The Galaxy Cluster Sample 28 

2 CLJ0023+0423B 31 

2.1 Introduction 32 

2.2 Observations & Data Reduction 33 

2.2.1 Source Detection and Photometry 34 

2.2.2 Flux Calibration of J- and Narrow-band Images 35 

2.3 Continuum Subtraction 36 

2.3.1 Methodology 38 

2.3.2 Modeling Uncertainties 40 

2.4 Results 41 

2.4.1 Radial Distribution of SFRs 45 

2.4.2 Cross-Check with Spectroscopy 45 

2.4.3 Morphological Dependence of SFRs 50 

2.4.4 Comparison of [Oil] and Ha-derived SFRs 65 

2.4.5 Completeness of Spectroscopic Surveys 66 

2.5 Discussion 67 

2.6 Summary 72 



7 

TABLE OF CONTENTS — Continued 

3 The EDisCS Clusters 87 

3.1 Introduction 88 

3.2 Observations & Data Reduction 89 

3.2.1 Flux Calibration of J- and Narrow-band Images 93 

3.2.2 Source Detection and Photometry 95 

3.3 Continuum Subtraction 96 

3.3.1 The Reality of Near-Infrared Photometry 103 

3.4 Results 105 

3.4.1 Brightest Cluster Galaxies 114 

3.4.2 Comparison with Spectroscopy 114 

3.4.3 Completeness of Spectroscopic Surveys 120 

3.4.4 Color Dependence of SFRs 120 

3.5 Summary 123 

4 Star-Formation Properties of ^ ~ 0.8 Galaxy Clusters 168 

4.1 Spatial Distribution of Star-Forming Galaxies 169 

4.1.1 Radial Distribution of SFRs 170 

4.1.2 Nearest-Neighbor Distances 175 

4.2 Star-Formation and Cluster Mass and Redshift 177 

4.3 Comparison with z ~ 0.4 Clusters 180 

4.4 Comparison with Field Star-Formation Rates 186 

4.5 Comparison with Field Star-Formation Densities 188 

4.6 Modeling Cluster Infall 193 

4.7 Summary 200 

5 Conclusions & Future Work 203 

5.1 Conclusions 204 

5.2 Future Work 206 



8 

TABLE OF CONTENTS — Continued 

5.2.1 Near-IR Spectroscopy with ARIES 207 

5.2.2 Obscured Star-Formation with SIRTF 208 

APPENDIX A NARROW-BAND FILTER PROPERTIES 212 

APPENDIX B GORY DETAILS OF EXTENDED PRESS-SCHECTER 
CALCULATION 215 

B.l Normalization of Power Spectrum 215 

B.2 Calculating 216 

B.3 Calculating 216 

B.4 Cluster Mass Distribution at Earlier Times 217 

REFERENCES 218 



9 

LIST OF FIGURES 

1.1 Results from Rakos & Schombert (1995) are plotted, showing the fraction of 
blue galaxies in 0.18 < z < 0.93 clusters. The observed fraction of blue cluster 
galaxies increases dramatically beyond 2: ~ 0.5. The shaded region shows the 
redshift range where we will be measuring SFRs 23 

2.1 Residual narrow-band flux after image subtraction versus subtraction of 
fluxes measured individually from J- and narrow-band images 39 

2.2 Narrow-band equivalent width of E, SO, Sa, Sb, and Sc galaxy types as a 
function of redshift. Galaxy spectra are from Mannucci et al. (2001). ... 42 

2.3 SFR versus EW for all galaxies in CL J0023+0423B field. Dotted lines 
mark the 3cr SFR limits and 10 A EW limits. Filled triangles show 
significant detections, and open triangles show sources below the SFR 
and/orEWcuts 44 

2.4 (Top) J-band image of CL J0023+0423B and (Bottom) schematic 
showing positions of galaxies relative to cluster center. Galaxy positions 
are marked with black dots. Galaxies with significant emission are 
marked with stars, and galaxies with significant absorption are marked 
with circles. The cluster center is marked with an X. Dashed circle shows 
0.79 X R200 46 

2.5 Distribution of Ha-derived SFRs for galaxies in CL J0023+0423B 
field. Red histogram shows distribution of all galaxies, and the shaded 
histogram shows the distribution for galaxies with |EW| > 10 A. Vertical 
dotted lines mark the ±3a flux limits. Negative SFRs indicate objects 
with significant narrow-band absorption 47 

2.6 Continuum-subtracted narrow-band flux versus projected radial distance 
from cluster center for all galaxies in CL J0023+0423B field. Horizontal 
dotted lines show 3a flux limits. Vertical dotted line marks radius beyond 
which areal coverage is incomplete 48 

2.7 Trace of narrow-band filter plotted with spectroscopic redshifts of 
CL J0023+0423B from Postman et al. (1998) 49 



10 

2.8 Narrow-band EW versus redshift for galaxies with spectroscopic redshifts 
from Postman et al. (1998). Galaxies with continuum-subtracted fluxes 
above our 2>a cut are depicted with solid triangles, and galaxies with 
continuum-subtracted fluxes below our 3a flux cut with blue squares. 
After applying the EW and flux cuts we find three false detections from 
non-cluster galaxies 51 

2.9 Narrow-band EW versus galaxy T-type for galaxies with visually 
determined morphologies from Lubin et al. (1998). We denote an 
extremely compact source with a T-type of —1. We denote galaxies that 
Lubin et al. classify as peculiar with a T-type of 10. Galaxies with some 
sign of interaction are shown with filled triangles. Shaded areas show 
range of EWs for sample of nearby galaxies (Kennicutt, 1998) 53 

2.10 Narrow-band EW versus Bulge-to-Total ratio for 39 galaxies in Lubin 
et al. (1998) sample. Galaxies with some sign of interaction are shown 
with filled triangles. Three galaxies fit with pure-bulge models show 
significant EWs 55 

2.11 Narrow-band EW versus Sersic index calculated by GALFIT (Peng et al., 
2002). Galaxies with some sign of interaction are shown with filled 
triangles 56 

2.12 WFPC2 F702W 101 x 101 pixel images of galaxies with EW> 10 A. The 
galaxy name, narrow-band EW (A), Sersic index, and redshift if known 
are listed from top to bottom for each galaxy. The two images taken with 
WFPC2 Planetary Camera are labeled PC in the top right comer. All other 
images are taken with the wide-field cameras 58 

2.13 Comparison between [O II] and Ha-derived EWs (left) and SFRs (right) 
for eight cluster members. Solid line in left panel shows empirical relation 
for local galaxies (Kennicutt, 1992a,b) 66 

2.14 Histogram of Ha + [Nil] equivalent widths from this study (solid-line 
histogram) with those from Postman et al. (1998) spectroscopic survey 
(shaded histogram). We detect 52 galaxies with equivalent width > 10 A, 
and Postman et al. detect 13. The spectroscopic survey covers a larger 
area than our imaging 68 

2.15 Cumulative SFR versus J magnitude for all > 3a emission sources. 
Dashed horizontal lines show 50% and 90% of our integrated SFR 69 



11 

2.16 Fraction of emission-line galaxies within 0.79 x i?200 versus cluster 
redshift. We apply the same absolute magnitude cut to all samples and 
consider all > 3a detections with SFR > 0.5 > 
10 A as emission-line galaxies. The Butcher-Oemler effect predicts a 
higher emission-line fraction for CL J0023+0423B than the low redshift 
clusters, but this is not observed 71 

2.17 Integrated SFR within 0.79 x i?2oo per cluster mass versus cluster redshift. 
CL J0023+0423B has a higher SFR per mass than the low redshift 
clusters, and a larger sample of 2: ~ 0.8 clusters is needed to confirm 
the increase in SFR per mass with redshift 73 

2.18 Integrated cluster SFR per cluster mass versus cluster velocity dispersion 
for CL J0023+0423B and clusters from literature. All 3 > a sources 
within 0.79 x R200 are included. The integrated SFR per mass correlates 
with cluster mass, and a larger sample of clusters at the same redshift is 
needed to break the degeneracy between mass and redshift in the current 
sample 74 

3.1 Narrow-band filter transmissions with histogram of spectroscopic 
redshifts from EDisCS VLT survey for (a) CL 1040-1155, (b) 
CL 1054—1245, and (c) CL 1216—1201. Filter transmissions are shown 
in units of %/10 to match scale of number counts 90 

3.2 (Left) Combined J-band image of CL 1054—1245 showing horizontal 
streaking associated with bright stars. (Right) Same image after median 
filter is applied along rows and then subtracted from original image. ... 92 

3.3 EW measured through filter 8 for five different galaxy types as a function 
of redshift. Scaled J-band flux is used for continuum subtraction, and 
the errors in measured EWs are dominated by slope in galaxy SED across 
J-band window. A more sophisticated procedure for fitting continuum is 
required 97 

3.4 (Top) Narrow to J flux ratio for E, SO, Sa, Sb, and Sc galaxies as a 
function of redshift. The solid horizontal line shows the ratio of filter 
throughputs, and the dashed horizontal lines show this ratio ±10%. The 
solid black curve shows the average ratio for E through Sb galaxies versus 
2;. (Bottom) Percent difference of Narrow-to-J ratios compared with 
average as a function of redshift. For z < 1.8, the range of ratios for 
all galaxy types is within 10% of the average value. Therefore, if we 
know a galaxy's redshift, we can determine that narrow-band continuum 
within 10% 99 



12 

3.5 Same as Figure 3.4 for CL 1054—1245 100 

3.6 Same as Figure 3.4 for CL 1216—1201 101 

3.7 Comparison of SFRs calculated using two different sets of photometric 
redshifts. RMS is 0.5 M© yr~^ 102 

3.8 Number of galaxies versus observed narrow-to-J flux ratio for (a) 
CL 1040-1155, (b) CL 1054-1245, (c) CL 1216-1201, and (d) 
CL J0023+0423B. Vertical dotted line shows mode of observed ratios, 
and dashed line shows expected value for cluster galaxies with no 
excess emission. Expected and observed values agree reasonably well 
for CL 1216—1201 and CL J0023+0423B, but we find a significant 
offset between observed and expected values for CL 1040—1155 and 
CL 1054-1245 104 

3.9 Atmospheric transmission (dotted black line) plotted with J (solid line) 
and narrow-band (dashed line) filter transmissions. From left to right, 
the narrow-band filters correspond to CL1040—1155, CL 1054—1245, 
CL1216—1201, and CL J0023-f-0423B. Atmospheric water feature at 
1.10-1.15 /im compromises flux calibration of CL 1040—1155 and 
CL 1054-1245 filters 106 

3.10 (Top) J-band image of CL 1040—1155 and (Bottom) schematic showing 
positions of galaxies relative to cluster center. Galaxy positions are 
marked with black dots. Galaxies with significant emission and 
absorption are marked with stars and circles, respectively. Image 
dimension is 2.37'x 2.46'. The dotted circle marks 0.79 x i?2oo 108 

3.11 (Top) J-band image of CL 1054—1245 and (Bottom) schematic showing 
positions of galaxies relative to cluster center. Galaxy positions are 
marked with black dots. Galaxies with significant emission and 
absorption are marked with stars and circles, respectively. Image 
dimension is 2.73'x 2.62'. The dotted circle marks 0.79 x i?2oo 109 

3.12 (Top) J-band image of CL 1216—1201 and (Bottom) schematic showing 
positions of galaxies relative to cluster center. Galaxy positions 
are marked with black dots. Galaxies with significant emission 
and absorption are marked with stars and circles, respectively. The 
CL 1216—1201 image dimension is 2.47'X 2.31'. The dotted circle marks 
0.79xi?2oo 110 

3.13 Distribution of narrow-band EWs for all objects in (a) CL 1040—1155, 
(b) CL 1054-1245, (c) CL 1216-1201, and (d) CL J00234-0423B fields. 112 



13 

3.14 Distribution of Ha-derived SFRs for (a) CL 1040—1155, (b) 
CL 1054—1245, and (c) CL 1216—1201. The histogram shows 
distribution of all galaxies, and the shaded histogram shows the 
distribution for galaxies with EW > 10 A. Vertical dotted lines mark the 
3(7 flux limits. Negative SFRs indicate objects with significant absorption. 113 

3.15 201 X 201 pixel box centered on Brightest Cluster Galaxy of (a) 
CL 1040-1155, (b) CL 1054-1245, and (c) CL 1216-1201. Left 
panel shows J-band image, center panel shows narrow-band image, 
and right panel shows continuum-subtracted narrow-band image. Image 
dimensions correspond to roughly 200 h'^^Q kpc x 200 kpc 115 

3.16 Narrow-band EW versus spectroscopic redshift for (a) CL 1040—1155, 
(b) CL 1054-1245, and (c) CL 1216-1201. Sources with > 3a 
continuum-subtracted flux are shown with filled squares, and sources with 
< 3(7 continuum-subtracted flux are shown with open triangles 117 

3.17 Narrow-band EW versus photometric redshifts from Dr. Greg Rudnick 
for (a) CL 1040-1155, (b) CL 1054-1245, and (c) CL 1216-1201. 
Sources with > 3a continuum-subtracted flux are shown with filled 
squares, and sources with < 3a continuum-subtracted flux are shown 
with open blue triangles 118 

3.18 Spectroscopically determined [Oil] EW versus narrow-band Ha EW for 
(a) CL 1040-1155, (b) CL 1054-1245, and (c) CL 1216-1201. Solid 
line shows empirical relationship for between [Oil] and Ha EW found by 
Kennicutt (1992a,b) 119 

3.19 Histogram (open) of narrow-band EWs for (a) CL 1040—1155, (b) 
CL 1054-1245, and (c) CL 1216-1201. The filled histogram 
shows the EWs for the spectroscopic sample, where we have divided 
spectroscopically measured [Oil] EWs by 0.4 to approximate Ha EW. We 
find that the spectroscopic samples detect 31 ±5% of the star formation in 
CL 1040-1155, 11±2% of the star formation in CL 1054-1245, and 
39±5% of the star formation in CL 1216—1201 121 

3.20 Cumulative SFR versus J-band (left) and i?-band (right) magnitude for 
CL 1040—1155. Magnitudes are measured in a 2" radius aperture. The 
horizontal dashed lines show the 50% and 90% levels of the total star 
formation detected in each narrow-band image 122 

3.21 Same as Figure 3.20 for CL 1054-1245 122 

3.22 Same as Figure 3.20 for CL 1216—1201 125 



14 

3.23 Narrow-band EW versus R ~ J color for all galaxies in (a) 
CL 1040-1155, (b) CL 1054-1245, and (c) CL 1216-1201 fields. 
Magnitudes are isophotal (R-band data courtesy of the EDisCS 
collaboration) 126 

4.1 Continuum-subtracted flux versus projected radial distance from cluster 
center for all galaxies in (a) CL 1040—1155, (b) CL 1054—1245, (c) 
CL 1216-1201, and (d) CL J0023+0423B fields. The dashed vertical 
line shows where areal coverage becomes incomplete 171 

4.2 (Left) Average SFR versus projected radial distance from cluster center. 
(Right) Average narrow-band EW versus projected radial distance from 
cluster center. We include only significant detections 172 

4.3 Fraction of galaxies with EW(HQ;) > 25 A as a function of projected 
radial distance from cluster center (solid line). We show the fraction of 
CNOC galaxies with EW([OII]) > 10 A (dashed Une) for comparison. . . 173 

4.4 Cumulative distribution of 
projected radial distances for (a) CL 1040—1155, (b) CL 1054—1245, 
(c) CL 1216-1201, and (d) CL J0023+0423B fields. The distribution 
for galaxies with EW>20 is shown with solid line, EW<20 with dashed 
line, and spectroscopically confirmed members with the dotted line. A K-
S test indicates no significant difference between the radial distributions 
of emission line and non-emission line galaxies for CL 1040—1155 and 
CL J0023H-0423B. CL 1054—1245 shows significantly less star-forming 
galaxies at low projected radii (93% confidence), and CL 1216—1201 
shows significantly more star-forming galaxies at low projected radii 
(94% confidence) 174 

4.5 Cumulative distribution of nearest-neighbor distances 
for (a) CL 1040-1155, (b) CL 1054-1245, (c) CL 1216-1201, and 
(d) CL J0023-I-0423B. The solid black line shows the nearest-neighbor 
distribution for all galaxies on the field, and the dotted blue and dashed red 
lines show the distribution for emission and non-emission line galaxies 
only 176 

4.6 Galaxy number counts versus J-band magnitude within a 2" radius. The 
combined counts from the four cluster fields are shown with solid squares. 
The results from the Subaru Deep Field are shown with solid triangles 
(Maihara et al., 2001). The counts from the Hubble Deep Field South and 
Chandra Deep Field (Saracco et al., 2001) are shown with open triangles 
and open squares, respectively 178 



15 

4.7 Fraction of emission line galaxies within 0.79 x i?2oo versus cluster 
redshift. We consider all > Scr detections with SFR >0.5 ^0 
and EW > 20 A as emission-line galaxies. We find no correlation 
between emission-line fraction and redshift 181 

4.8 Integrated cluster SFR per cluster mass versus cluster redshift. Integrated 
SFR per mass increases with cluster redshift, consistent with the Butcher-
Oemler effect. However, we can not distinguish between a mass or 
redshift dependence with the current cluster sample 182 

4.9 Integrated cluster SFR per cluster mass versus cluster velocity dispersion. 
Integrated SFR per mass is inversely correlated with cluster velocity 
dispersion, but we can not break degeneracy between mass and redshift 
with the current cluster sample 183 

4.10 SFR for 22 field galaxies from combined sample of Tresse et al. (2002) 
and Glazebrook et al. (1999). We set minimum SFR of 2 Mq yr~^ . 187 

4.11 Median cluster SFRs for all galaxies with SFRs > 2 M© yr~^ versus 
redshift. Solid line shows median field SFR with same selection applied. 
Errorbars show ±la errors measured with bootstrap resampling 189 

4.12 SFR density versus redshift for 4 clusters (circles) and scaled field values 
(open triangles). Solid line shows Psfr OC (1 -I- found by Tresse 
et al. (2002) which we have normalize by eye 192 

4.13 (Left) Fraction of cluster mass for 2: = 0.8 cluster located in halos of 
10^^ —10^^ M© dXz — 1.16, corresponding to 1 Gyr prior to observations. 
(Right) Star-Forming Mass versus cluster mass for 2; = 0.8 cluster, where 
we assume 10^^ — 10^^ M© halos that merged within the last Gyr are still 
forming stars 194 

4.14 Relative star-forming mass accreted during last Gigayear as a function 
of redshift for a 5 x 10^^ M© cluster. Implies increasing fraction of 
blue, star-forming galaxies with increasing redshift consistent with the 
Butcher-Oemler effect 195 

4.15 (a) Observed (solid squares) and predicted (open circles) values of 
integrated star-formation rate versus cluster mass, (b) Ratio of observed 
to predicted integrated star-formation rates versus cluster mass, (c) 
Observed (solid squares) and predicted (open circles) values of integrated 
star-formation rate versus cluster redshift. (d) Ratio of observed to 
predicted integrated star-formation rates versus cluster redshift 198 



16 

5.1 Local galaxy SEDs (Devriendt et al., 1999) redshifted to ^ ~ 0.8 shown with 
predicted MIPS sensitivities at 24, 70 and 160^m. MIPS observations will be 
sensitive to SFRs > 100 M© yr~^ 210 

A.l Traces of narrow-band filters used for (a) CL J0023+0423B, (b) 
CL 1040-1155, (c) CL 1054-1245, and (d) CL 1216-1201. Solid and 
dotted lines show transmission at 77 K and room temperature, respectively. 214 



17 

LIST OF TABLES 

1.1 Galaxy Cluster Sample 29 

2.1 Summary of Photometric Calibrations 37 

2.2 Integrated SFRs of Galaxy Clusters 75 

2.3 Ha Data for CL J0023+0423B Galaxies 77 

2.4 Structural Parameters for CL J0023+0423B Galaxies 85 

3.1 Summary of Observations 91 

3.2 Summary of Photometric Calibrations 94 

3.3 Ha Data for CL 1040-1155 Galaxies 127 

3.4 Ha Data for CL 1054-1245 Galaxies 136 

3.5 Ha Data for CL 1216-1201 Galaxies 147 

4.1 Field and Cluster Volume-Averaged SFRs 190 

4.2 Infall Estimates for Last Gigayear 202 

5.1 Future Galaxy Cluster Sample 208 

A.l Filter Characteristics 213 



18 

ABSTRACT 

In this thesis, we take the first step toward building a star-formation limited sample 

of z ~ 0.8 cluster galaxies with the goal of understanding the physical processes that 

affect star formation within the cluster environment. We present Ha narrow-band 

imaging results for four z ~ 0.8 clusters. We reach 3a star-formation rate (SFR) limits 

of < 0.3 yr ^, demonstrating that near-infrared, narrow-band imaging centered 

on the observed wavelength of Ha is a powerful technique for sampling the entire Ha 

luminosity function even at relatively high redshifts where Ha emission moves into the 

near-infrared. Comparison with optical spectroscopy reveals a significant population 

of galaxies with Ha emission but no [Oil] emission. The integrated SFR per cluster 

mass increases with increasing redshift, consistent with the Butcher-Oemler effect. We 

compare our cluster SFRs with a limited sample of coeval field galaxies and find that 

cluster galaxies have lower SFRs than their field counterparts. However, a larger sample 

of coeval field galaxies is needed to make a more conclusive comparison. We model 

cluster infall using the extended Press-Schecter approach where we assume that the 

integrated star formation is dominated by galaxies that have been accreted during the 

last gigayear. The results show reasonable agreement for four out of seven clusters but 

differ by more than a factor of two for the remaining three clusters. A larger sample of 

clusters at similar redshifts will provide a more complete census of cluster star-formation 

properties and will allow a cleaner comparison with our infall model. We will continue 

to build such a sample of z ^ 0.8 clusters. 



INTRODUCTION 
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1.1. Introduction 

Observations of local and distant galaxy clusters show that cluster galaxies have lower 

star-formation rates than coeval field galaxies. Nearby clusters contain a higher fraction 

of E/SO galaxies and older stellar populations than observed in the field (e.g. Dressier, 

1980; Whitmore et al., 1993) As shown in Figure 1.1, higher-redshift clusters, which 

are presumably in an earlier phase of formation, contain a higher fraction of blue 

galaxies: the Butcher-Oemler effect (Butcher & Oemler, 1984). Morphologically, the 

Butcher-Oemler effect is dominated by the transformation of blue, star-forming spirals 

into SO galaxies (Dressier et al., 1997). Star formation must be stopped in order for the 

blue, high-redshift galaxies to evolve into their local, red counterparts. Exactly how this 

truncation occurs is unclear. If infalling galaxies experience a burst of star formation, 

then the increasing fraction of blue spirals at higher redshift might represent starbursting 

galaxies. These galaxies should then have higher star-formation rates (SFRs) than field 

galaxies at the same redshift. If infalling galaxies are stripped of their gas, then the blue 

spirals might be galaxies just starting to fall into the cluster. Their higher SFRs can be 

explained by an increase in the SFRs of all galaxies at higher-redshift (Madau et al., 

1998). Studying the amount and radial dependence of star-formation in distant clusters 

can help identify the dominant physical processes that affect the evolution of galaxies in 

clusters and the cause of the Butcher-Oemler effect. 

1.2. Theoretical Perspective and Physical Mechanisms for Butcher-Oemler Effect 

In hierarchical clustering models, clusters form in regions of high overdensity and grow 

through the accretion of field galaxies and groups. Kauffmann (1995) describes the 

Butcher-Oemler effect as a natural consequence of hierarchical clustering where the 

increasing blue fraction of cluster galaxies with increasing redshift is explained by two 
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factors: (1) the increasing infall rate of clusters with increasing redshift, and (2) the 

higher star-formation rate of accreted galaxies at higher redshift. Do these infalling 

galaxies evolve passively upon entering the cluster environment, or does the cluster affect 

the star-formation properties of its galaxies? Most studies support the latter scenario, 

and three main physical mechanisms have been proposed to explain how the cluster 

environment affects the star-formation properties of infalling galaxies: ram-pressure 

stripping, galaxy harassment, and strangulation. Here we describe these processes and 

observational signatures in detail. 

Ram-pressure stripping was first proposed as a mechanism for removing gas from 

cluster galaxies by Gunn & Gott (1972). The pressure of the inter-cluster medium (ICM) 

on a galaxy traveling with velocity u is a Pgaiv"^- Cold disk gas is stripped from a 

galaxy as it passes through the dense ICM of cluster. Stripping is most effective near the 

cluster core, although less dramatic stripping may occur at large radii (Neumann et al., 

2001; Kodama et al., 2001). This is the most likely process that can halt star-formation 

abruptly; Quilis et al. (2000) find that one pass through the dense ICM in the cluster core 

can remove all diffuse HI in 100 Myrs. When turbulence and shocks are included in 

hydrodymanic modeling, all of the interstellar gas outside molecular clouds is removed, 

and star-formation ceases once molecular clouds evaporate (Quilis et al., 2000). 

Galaxy harassment (Moore et al., 1996, 1998) describes the effects of tidal 

interactions between infalling field galaxies and the cluster potential. Harassment is 

more effective in dense environments and on low surface density disks. The interactions 

may help funnel gas into a galaxy's center. This could produce a burst of circum-nuclear 

star-formation, but harassment is not able to quench star-formation. This is the most 

likely mechanism for morphological transformation of late-type spirals into dwarf 

spheroidals (Moore et al., 1998). Bulge-dominated galaxies are more stable to tidal 
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forces. 

Strangulation or starvation describes the depletion of a galaxy's gas reservoir 

once it enters the cluster environment (Larson et al., 1980). The extended halo of gas 

surrounding a galaxy becomes part of the inter-group or inter-cluster gas. The galaxy is 

no longer able to replenish its disk gas, and star-formation peters out as the remaining 

disk gas is consumed. This is the mechanism favored by infall simulations of Balogh 

et al. (2000). They are able to reproduce the color and star-formation gradients observed 

in clusters by assuming that star-formation of newly accreted galaxies gradually tapers 

off over a few billion years. 

Another factor surely at play is pre-processing (Zabludoff & Mulchaey, 1998). Tidal 

interactions in groups are affecting star-formation properties before and during accretion 

into cluster. This will hinder our ability to disentangle effects of cluster environment. 

1.3. Review of Existing Observations 

Almost 300 citations exist to the original study of Butcher & Oemler (1984). Many 

studies focus on broad-band colors and the effect of cluster environment on the inferred 

star formation of cluster galaxies. In this Section we review studies where SFRs are 

measured more directly from Ha or [Oil] emission. In an early study of the Virgo cluster, 

Kennicutt (1983a) finds that cluster spirals have systematically lower disk emission than 

field spirals. To improve on small number statistics, Kennicutt et al. (1984) image A1367, 

Cancer, and Coma in Ha. They find SFRs of a given morphology are similar in cluster 

and field environments, implying that the Virgo results are the exception rather than the 

rule and that the cluster environment has little effect on galaxy star-formation properties. 

Moss & Whittle (1993) measure Ha-derived SFRs for eight nearby Abell clusters using 

an objective prism survey. They find that late-type spirals have lower SFRs compared to 
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Figure 1.1 Results from Rakos & Schombert (1995) are plotted, showing the fraction of blue 

galaxies in 0.18 < 2; < 0.93 clusters. The observed fraction of blue cluster galaxies increases 

dramatically beyond 2: « 0.5. The shaded region shows the redshift range where we will be 

measuring SFRs. 
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the same type field galaxies, but early-type spirals have higher SFRs compared to field. In 

a more extensive comparison between cluster and field galaxies, Moss & Whittle (2000) 

find that circumnuclear starbursts are more common in spirals that live in higher density 

regions and in clusters with higher central density. They conclude that galaxy-galaxy and 

galaxy-cluster tidal interactions are the dominant process responsible for this increase in 

star-formation and the transformation of field spirals to cluster SOs. 

Two extensive surveys of intermediate redshift clusters have been conducted by the 

CNOC and MORPHS collaborations. Balogh et al. (1997,1998) study the star formation 

properties of 15 X-ray luminous CNOC clusters at 0.2 < 2; < 0.5, imaging the clusters 

out to 2 R200 ~ 1.5 — 2 Mpc, where i?200 is the radius at which the density equals 200x 

the critical density. They find that cluster galaxies of all Hubble types have lower SFRs 

than the same type field galaxies. Using [OII]A3727 as a star-formation tracer, they find 

no cluster galaxies with SFRs > 4 M© yr~^ Ellingson et al. (1991) study population 

gradients in the CNOC clusters and find a significant Butcher-Oemler effect when they 

probe to projected radii greater than 0.5 x -R2oo- In addition, their modeling suggests 

that star formation is truncated gradually without a strong starburst. This conclusion 

is supported by photometric modeling of seven CNOC clusters by Kodama & Bower 

(2001). 

The MORPHS collaboration (Smail et al., 1997; Dressier et al., 1999; Poggianti 

et al., 1999) combines spectroscopy and ground-based imaging with Hubble Space 

Telescope (HST) WFPC2 imaging of ten 0.35 < z < O.b clusters in order to study 

the effects of cluster environment on galaxy evolution. Dressier et al. (1999) find that 

SFRs of all Hubble types are lower for cluster galaxies than coeval field galaxies. In 

addition, the characteristics of the 4000 A break are consistent between field and cluster 

populations, implying a relatively recent split in star-formation properties. Poggianti 
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et al. (1999) present detailed modeling of the MORPHS spectra, and the most striking 

difference in spectroscopic properties between field and cluster galaxies is the significant 

fraction (21%) of post-starburst cluster galaxies (compared with 6% of field galaxies). 

These post-starburst spectra exhibit moderate to strong Balmer absorption (measured 

with H(5) with no [Oil] emission. In order to reproduce the post-starburst spectra, models 

require either (1) a quiescent phase soon after a significant burst (~20% of galaxy 

mass) or (2) an abrupt truncation of star formation, with the last epoch of star formation 

~1.5 Gyr prior to observations (Poggianti et al., 1999). The MORPHS collaboration 

defines another spectral class, e(a) galaxies, that show strong Balmer absorption with 

[Oil] emission, and these spectra are best modeled with dusty starburst galaxies. Further 

support for the dusty starburst scenario is provided by Poggianti & Wu (2000) who find 

that ~50% of their sample of Very Luminous Infrared Galaxies exhibit e(a) spectra. 

The intermediate-redshift surveys discussed so far (CNOC and MORPHS) use 

[Oil] as the star-formation indicator. This is a less-than-ideal method because the [Oil] 

flux is less directly related to star formation than Ha. Furthermore, [Oil] is strongly 

affected by dust and metallicity. Recently, some headway has been made in Ha studies 

of intermediate-redshift clusters. Balogh & Morris (2000) present Ha imaging for 1189 

galaxies in the CNOC cluster Abell 2390 at z ~ 0.23. They conclude that their results 

are consistent with a slow decline in star-formation, and they find no evidence for bursts 

or abrupt termination. The fraction of galaxies with > 2a emission increases from 

zero at cluster center to 12% at -R2oo- Couch and collaborators are conducting an Ha 

spectroscopic survey of three 2: ~ 0.3 clusters. Couch et al. (2001) present results for 

AC 114 at 2; = 0.32. They obtain spectra for 586 galaxies and find at most 10% have 

Ha emission. They find that the cluster Ha luminosity function is an order of magnitude 

below that observed for coeval field galaxies. Balogh et al. (2002) present spectroscopic 

results for 522 galaxies in the second cluster, A 1689 at z = 0.18. They find an emission 
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line fraction of 24% (depends on magnitude limit of galaxies and flux cut for Ha), and 

90% of cluster spirals show Ha emission compared to < 10% of E and SO galaxies. 

Results for the final cluster have not been published. 

Published studies of star-formation properties of higher redshift clusters rely 

exclusively on [Oil], van Dokkum et al. (1999) study a redshift 0.83 cluster and find that 

although the observed merger rate is significantly higher than the field, there is no sign of 

excess star-formation. Postman et al. (1998, 2001) study four 2; ~ 0.9 clusters and find 

that cluster galaxies have systematically lower star-formation rates than field galaxies at 

similar redshifts. 

Several studies find no evidence for a burst of star formation as galaxies fall into 

clusters (Balogh et al., 1997, 1998, 2002; van Dokkum et al., 1999; Postman et al., 1998, 

2001), yet the MORPHS results show clear evidence for a significant population of 

starburst (5% of cluster population) and post-starburst (21%) galaxies. A fast truncation 

of star formation is required to reproduce the MORPHS post-starburst spectra, but the 

CNOC results favor a more gradual decline in star formation. The discrepancies among 

current star-formation studies may be explained by variations among clusters, different 

sample selections, and different spectral resolution. Clearly, more work needs to be done 

on high-redshift clusters to understand what happens to a galaxy that is drawn into a 

cluster potential. A large sample of clusters at similar redshifts observed with the same 

technique is needed to reveal cluster-to-cluster variations and build a more reflective 

picture of cluster star-formation properties. 

1.4. The Goals of This Thesis 

Several questions remain unanswered from current cluster studies. How do star-formation 

properties depend on cluster mass and redshift? Do infalling galaxies experience a burst 
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of star formation? Is the decline of star formation rapid or gradual? How are the current 

high-redshift surveys affected by using [Oil] as the star-formation indicator? Do we 

see signs of one dominant physical process or are several physical processes working 

together to quench star formation? Are physical mechanisms independent of redshift? 

By studying a sample of four 2: ~ 0.8 clusters spanning a range in mass, we 

significantly expand the census of star formation in high-redshift clusters, and we 

begin to address some of these questions. A larger sample of clusters, described in 

Chapter 5, will help refine the conclusions of this thesis. We are making two significant 

strides in this program. First, we are creating a star-formation limited sample, not a 

magnitude-limited sample. Second, we will be measuring SFRs from the Hct line which 

is more directly related to star formation and less affected by dust and metallicity than 

the more commonly used [OIL] line. We use narrow-band imaging centered on the 

observed wavelength of Ha. Imaging is the best approach because we then create a 

star-formation limited sample, not magnitude limited. All of the high-redshift cluster 

studies use [OII]A3727 as the star-formation tracer (van Dokkum et al., 1999; Postman 

et al., 1998, 2001). However, the Ha line flux is a more reliable indicator of SFRs, and 

the ratio of [OII]/HQ! can vary by a factor of 25 among galaxies (Jansen et al., 2001; 

Moustakas & Kennicutt, 2003). 

The redshift range of our sample is ideally situated to look for the progenitors of 

the post-starburst population observed at 2; ~ 0.4 (Dressier et al., 1999; Poggianti et al., 

1999). The look-back time at 0.7 < z < 0.85 is 4.4 to 4.9 Gyr, and the look-back time at 

2; ~ 0.4 is 3 Gyr. Spectral models of the post-starburst galaxies show that the last epoch 

of star-formation is 1-1.5 Gyr prior to the 2: ~ 0.4 observations, corresponding to the 

redshift range of our clusters. The Poggianti et al. (1999) results predict that we should 

observe a significant fraction of starburst galaxies. 
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1.5. The Galaxy Cluster Sample 

The cluster sample presented in this thesis is listed in Table 1.1. Our current sample 

consists of four 2; 0.8 clusters. The cluster CL J0023+0423B at z — 0.845 is selected 

because the observed wavelength of Ha lies in a standard narrow-band near-infrared 

filter and because it has been studied extensively using HST WFPC2 imaging and Keck 

imaging and spectroscopy (Postman et al., 1998; Lubin et al., 1998). These additional 

data provide a useful check and complement to our imaging. The remaining three 

clusters are selected from the Las Campanas Distant Cluster Survey (LCDCS, Gonzalez 

et al., 2001). The LCDCS clusters are part of a larger sample of ten 2; 0.5 and four 

2: fs 0.8 LCDCS clusters being studied by the ESO Distant Cluster Survey (EDisCS) 

collaboration. Extensive multi-color imaging and spectroscopic follow-up have been 

completed at the VLT. In addition, the 2; 0.8 clusters will be imaged with the Advanced 

Camera for Surveys (ACS) on BST. As with CL J0023-I-0423B, these additional data 

provided by the EDisCS collaboration help us calibrate and interpret the results of our 

narrow-band imaging. 

The advantage of studying the Las Campanas Clusters over other clusters in the 

literature is that so much information is already available that can be used in conjunction 

with the SFRs we will measure. Velocity dispersions allow us to investigate correlations 

between global star-formation properties and cluster mass. Not all Ho; sources have 

spectroscopy, but for those that do, we study the correlation between the SFRs deduced 

from the [Oil] line with those determined from the Ha line. We are also able to 

use our star-formation limited sample to comment on any incompleteness inherent in 

magnitude-limited samples. With this extensive data set, we can produce a more coherent 

picture of the physical properties of galaxies in 2: ft; 0.8 clusters. 

We are focusing on the high-redshift clusters of the EDisCS sample for several 
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Table 1.1 Galaxy Cluster Sample 

Name z Add. Phot. Ref. 

(km/s) 

CL J0023+0423B 0.8453 

CL 1040-1155 0.704 

CL 1054-1245 0.748 

CL 1216-1201 0.794 

400 B, V, J, K 1 

480 V,R,I,J,K';ACS 2,3 

830 V,R,I,J,K';ACS 2,3 

993 V,R,I,J,K';ACS 2,3 

References. — (1) Postman, Lubin & Oke 1998; (2) Gonzalez et al. 2001; (3) White 2003 

reasons. First, the observed wavelength of Ha lies in a better atmospheric window 

for the 2; Ri 0.8 clusters than the z « 0.5 clusters. Second, the observed SFRs are 

expected to increase with increasing redshift due to the higher fraction of blue galaxies, 

as shown in Figure 1.1. In addition, the infall rate into clusters increases with redshift, so 

higher redshift clusters provide a larger sample of newly accreted galaxies and a better 

test-bed for studying the effect of the cluster environment on star formation. Third, little 

information exists on the SFRs for clusters with z > 0.5. Currently, SFRs of five z > 0.6 

clusters have been sampled using [Oil] spectroscopy, and our observations of four and 

eventually ten clusters will greatly enhance the current state of knowledge. Finally, 

by focusing on the higher-redshift clusters, we can image more of each cluster in one 

pointing. 
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This thesis is organized as follows. In Chapter 2 we present narrow-band imaging 

results for CL J0023+0423B. We compare our results with the spectroscopic results of 

Postman et al. (1998), and we investigate the connection between SFR and morphology 

using WFPC2 images of CL J0023-1-0423B available through the HST Archive. In 

Chapter 3 we present narrow-band imaging results for the three EDisCS clusters. The 

results from the four clusters are compared with each other and with results from the 

literature in Chapter 4. We investigate the spatial distribution of star-forming galaxies 

and look for correlations between integrated SFR and cluster mass and redshift. We 

model cluster infall using the extended Press-Schecter approach, and we compare 

integrated SFRs predicted from this model with observations. Conclusions and future 

directions are presented in Chapter 5. Unless otherwise noted, we assume a present-day 

matter density fio of 0.3 and a vacuum energy density Oa of 0.7. We express results in 

termsof/iioo = ioo^. 



CLJ0023+0423B 
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2.1. Introduction 

In this Chapter we present Ha imaging results for the first cluster in our sample, 

CL J0023+0423B. We choose CLJ0023+0423B as part of our cluster sample because 

its redshifted Ho; emission lies in a standard near-infrared narrow-band filter (see Figure 

2.7) and because it has been studied extensively using HST WFPC2 imaging and Keck 

imaging and spectroscopy (Postman et al., 1998; Lubin et al., 1998). These additional 

data provide a useful check and complement to our imaging. Postman et al. (1998) 

measure a velocity dispersion of 400 km/s from seventeen z = 0.845 galaxies, and 

from this determine a cluster mass of ~ 1 — 5 x 10^^ Mq. Postman et al. compare 

CL J0023-I-0423B to an Abell richness class 0 cluster. The velocity distribution differs 

significantly from Gaussian, which implies that the cluster is not virialized, and no X-ray 

detections exist to date. CL J0023-I-0423B also distinguishes itself from more massive 

clusters in terms of its morphological mix. Lubin et al. (1998) use WFPC2 imaging to 

visually classify the morphology of galaxies in the CL J0023+0423B field and find an 

early-type fraction of < 33%, which is comparable to that of the field. Spectroscopy of 

two E/SO galaxies shows signs of recent star formation. The Ha imaging presented below 

paints a more detailed picture of the star-formation properties of the cluster galaxies, and 

we investigate the star-formation properties of the two early-type galaxies in more detail 

in Section 2.4.3. 

The organization of this Chapter is as follows. In Section 2.2 we describe the 

observations and data reduction procedure. In Section 2.2.2 we explain how we calibrate 

the narrow-band images, and in Section 2.3, we describe the continuum-subtraction 

process and model the associated uncertainties. Results from the narrow-band imaging 

are presented in Section 2.4, and we discuss these results in the context of existing 

observations in Section 2.5. The chapter is summarized in Section 2.6. Throughout this 
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paper we assume = 0.3 and = 0.7, and we express results in terms of hwo. 

2.2. Observations & Data Reduction 

Observations of CL J0023+0423B were made with the PISCES near-infrared camera 

(McCarthy et al., 2001) at the 6.5m MMT on December 19, 2002. The J-band exposure 

times are 90 seconds, and the individual narrow-band exposure times are ten minutes. 

The total integration times in the narrow and J-bands are 100 and 22.5 min, respectively. 

The telescope is dithered between successive images in increments of 10 to 15". PISCES 

does not yet have a guiding capability at the MMT, so each the ten minute exposure is 

unguided. 

Images are first corrected for cross-talk like contamination as described in McCarthy 

et al. (2001), and dark frames are subtracted. Object frames are then flattened using dome 

flats to remove small scale variations. We remove large-scale gradients by making a sky 

flat from the object frames using a median combine with an upper rejection threshold 

set ~ 100-200 ADU above the maximum sky level. We map the geometric distortion in 

the J and narrow-band filters using observations of the open cluster NGC 1193. The 

observations were taken with PISCES at the MMT on October 13, 2002. Astrometric 

positions are obtained from the USNO Star catalog, version 2, and a list of observed and 

true stellar positions is fed to the IRAF task GEOMAP. We fit the distortion with a fifth 

order Legendre polynomial in the x and y directions and find an RMS of 0.5" in both 

axes. We then correct images for geometric distortion using the IRAF GEOTRAN task. 

Before combining frames, we create a bad pixel mask and set bad pixels to large negative 

numbers in the object frames so they are rejected in the final combine. The object frames 

are aligned and combined into a final image. The combined narrow and J-band images 

are aligned using GEOTRAN. 
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The final combined J-band image shows < 0.05% peak-to-valley variations. The 

combined narrow-band image shows a residual peak-to-valley variation of < 0.2%. To 

improve the narrow-band flatfielding, we use SExtractor (Bertin & Amouts, 1996) to 

create an image of the background and then divide the normalized background image 

into the narrow-band frame. The resulting image is flat to within < 0.07% across the 

entire image. The final combined J and narrow-band images have seeing FWHM of 

1.1", or six pixels. 

2.2.1. Source Detection and Photometry 

We use SExtractor for source detection and photometry. We are able to detect all sources 

that "look" real using the following parameters: a signal-to-noise threshold of 2.0cr per 

pixel, a minimum object area of 12 pixels, and a tophat 5x5 convolution kernel. We find 

that a background mesh size of 48 pixels optimizes sky subtraction. We run SExtractor 

in two-image mode, so that sources are selected from the combined J and narrow-band 

image, and the source positions and apertures are then applied to the J, narrow, and 

continuum-subtracted images as described below. We calculate isophotal fluxes, where 

the last isophote is set by our 2o per pixel limit in the J+narrow image. 

The minimum object size and the noise in the continuum-subtracted image set our 

flux limit. To determine the noise in the continuum-subtracted image, we use the IRAF 

IMEXAM task to calculate the standard deviation in several 15 x 15 pixel boxes. We 

find an average standard deviation of 0.011 ADU/sec. The la noise associated with our 

12 pixel object area is thus 0.038 ADU/sec, where 

a = VArea x std^. (2.1) 

Our 3 a detection threshold is then 0.11 ADU/sec. 
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2.2.2. Flux Calibration of J- and Narrow-band Images 

Our goal is to convert continuum-subtracted narrow-band fluxes to SFRs which requires 

flux calibration of the narrow-band data. The narrow-band filter is not part of the standard 

magnitude system, but the J-band filter is. Thus, we convert the narrow-band flux to 

absolute units by relating it to the J-band flux. 

To calibrate, we observe solar-type standard stars from Persson et al. (1998) in the 

J-band and narrow-band filters. We use these data and the IRAF DAOPHOT package 

to solve the J-band photometric transformation equation, solving only for the zeropoint 

and airmass terms. The solution for Dec. 19 2002 is listed in Table 2.1. Narrow and 

J-band images are corrected for airmass using the J-band term. We measure the ratio 

of narrow-to-J fluxes to be independent of airmass for the CL J0023-I-0423B filter, 

so the J-band airmass term is the appropriate correction for the narrow-band data. 

We then integrate the Planck function over the J-band filter, multiplying by the filter 

and atmospheric transmissions at each wavelength, to calculate the number of J-band 

photons/sec/cm^/sr~^ hitting the telescope. We then integrate the solar spectrum over the 

narrow-band filter in a similar manner. Assuming that the detector quantum efficiency is 

constant over both filter bandpasses, we have the narrow-to-J ratio of photons expected 

of 0.0488. We compare the model solar spectrum of Kurucz (Kurucz, 1979) with the 

Planck function and find similar results for the two spectra. We adopt the Planck function 

because of its convenient functional form. 

The measured J-band flux of the standard star is converted to Janskys using 

a J magnitude zeropoint of 1600 Jy (Campins et al., 1985). The flux is converted 

to ergs/sec/cm^ by multiplying by the J filter bandwidth of 0.3//m and then to 

photons/sec/cm^ by dividing by hc/Xc, where the central wavelength of our J filter is 

1.25/im. Multiplying by the unobscured area of the primary mirror then converts the 
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J-band counts to photons/sec. The predicted photons/sec in the narrow-band filter is the 

product of the number of photons/sec in the J-band times the ratio of the narrow-to-J 

integrals. 

We convert narrow-band counts to ergs/s/cm^ by multiplying by the average energy 

per photon and dividing by the telescope area. We then convert to ergs/sec emitted by a 

given source by multiplying by 47r(i|, where is the luminosity distance given by the 

following equation. 

We use the Kennicutt star-formation convention (Kennicutt et al., 1994) to relate Ha 

luminosity to star-formation rate, where 

We correct for 1 magnitude of dust extinction (Kennicutt, 1983b). In addition, our 

fluxes need to be corrected for [NIL] contamination. We adopt an [NII]/HQ; ratio of 

0.3 (Tresse et al., 1999) and scale continuum-subtracted fluxes by 0.77. The average 

narrow-band flux zeropoint determined from three standard stars is listed in Table 2.1 in 

units of ergs cm"^ and M© yr~^. Our 3a detection threshold of 0.11 ADU/sec 

corresponds to 0.24 at 2; = 0.845. However, our detections are also limited 

in equivalent width, as discussed in Section 2.3.2. 

dz' 
(2.2) 

1 ergs s~^ = 7.9 x IQ-^^Moyr'^ (2.3) 

2.3. Continuum Subtraction 

Ka emission and absorption sources should have a residual narrow-band flux in 

comparison to the expected continuum emission. The J-band flux, scaled by the ratio 



Table 2.1 Summary of Photometric Calibrations 

J-band Solution Narrow-band ZP 

Date ZP Airmass Coeff R.M.S Flux®^ SFR^ 

19 Dec 2002^ 24.94±0.02 0.06±0.01 0.0400 9.21±0.06 2.29±0.02 

Units of 10"^^ ergs/s/cm^. 

^ SFR in units of M© yr~^ corresponding to a 2: = 0.845 source. 

Solution from standard stars P525-E, P533-D, and S840-F (Persson et al., 1998). 
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of narrow-to-J filter throughputs, is used to predict the continuum emission within the 

narrow-band filter. The filter throughputs are determined numerically by convolving 

the filter transmission with the atmospheric transmission and summing over the filter 

window. 

2.3.1. Methodology 

We compare two methods for calculating continuum-subtracted narrow-band fluxes. In 

the first method, we use SExtractor to calculate fluxes of the narrow and continuum 

images and then subtract these values. In the second method, we subtract the continuum 

image from the narrow-band image and then run SExtractor on the subtracted image. 

To subtract the continuum from the narrow-band image, we first multiply the J-band 

image by 0.0488, the calculated ratio of filter throughputs (see Section 2.2.2). We then 

run SExtractor to produce a background image. The background image is subtracted 

from the J-band image to produce a sky-subtracted continuum image. We subtract the 

sky from narrow-band image in the same manner. Finally, we subtract the continuum 

image from the narrow-band image. The continuum-subtracted image has peak-to-valley 

variations is sky levels of 0.005 ADU with RMS noise of 0.011 ADU. 

In Figure 2.1, we plot the narrow-band, continuum-subtracted flux for the two 

methods of continuum subtraction. On this plot we place three reference lines 

corresponding to (1) zero flux as determined from method 1, (2) zero flux as determined 

from method 2, and (3) a one-to-one relation between the two methods. The errors 

computed by SExtractor are shown for method 2, and in method 1 we show the 

SExtractor errors propagated through the subtraction. Figure 2.1 shows that the scatter 

away from the one-to-one correlation is small; fluxes from the two methods agree 

within la. This means that the two methods are consistent, which is reassuring but not 

surprising. 
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Figure 2.1 Residual narrow-band flux after image subtraction versus subtraction of fluxes 

measured individually from J- and narrow-band images. 
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Hereafter we will use method 1 for calculating continuum subtracted fluxes. We 

choose method 1 over method 2 for several reasons. First, method 1 requires less 

image processing (sky subtraction). Second, negative sources (absorption) in the 

continuum-subtracted image are not easy to detect with SExtractor, and we find no 

mention in SExtractor manuals about how to go about this. Finally, the main advantage 

of image subtraction is the ability to measure residual fluxes over smaller apertures. 

However, the point spread function varies between narrow and J-band images and the 

alignment of the images varies by a few pixels at the edge of the field. Defining apertures 

from the subtracted image could thus introduce large errors in fluxes. 

2.3.2. Modeling Uncertainties 

The scaled J-band flux does not provide a perfect estimate of the narrow-band 

continuum. To quantify the errors in our continuum estimates we calculate the measured 

narrow-band equivalent width (EW) for five galaxy types, E through Sc, as a function of 

redshift using composite spectra from Mannucci et al. (2001). We define EW as 

EW = (2.4) 
Jj 

where /„ is the narrow-band flux in ADU/s, r is the calculated ratio of narrow-to-J filter 

throughputs (throughput is filter convolved with atmosphere), fj is the J band flux in 

ADU/s, and AAj is the bandwidth of the J-band filter or 0.3//m. With this definition, 

emission sources have positive EWs and absorption sources have negative EWs. The 

EWs of the composite spectra are shown in Figure 2.2 as a function of galaxy redshift. 

The standard deviations in narrow-band EW for the E, SO, Sa, Sb, and Sc galaxies EWs 

are 10.4, 9.8, 8.3, 8.3, and 12.3 A, respectively. The standard deviation of the Sc galaxy 

includes the Ha emission line that we are trying to detect, so the standard deviation in Sc 

EW overestimates the level of contamination. We adopt 10 A as our minimum reliable 

EW and consider only objects with EW > 10 A as significant detections. The scatter in 
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the measured EWs is dominated by spectral features, not errors introduced by continuum 

slope across the J-band window. The CL J0023+0423B filter sits right in the middle of 

the broad J-band filter. As a result, the continuum slope through the broad filter does 

not severely undermine the calculated narrow-band continuum. However, continuum 

slope adds significant error to EW measurements for some of our other filters, and we 

incorporate continuum fitting in the subtraction process for these filters (Section 3.3). 

N.B. In Figure 2.2, the spikes in measured EW at low redshift are numerical artifacts and 

are not due to real spectral features. 

2.4. Results 

We discuss continuum-subtracted flux in terms of two quantities, equivalent width and 

star-formation rate. We define the rest-frame EW as 

The definition is identical to Equation 2.4 except we divide by 1 + z to obtain the 

rest-frame EW. The redshift, z, is the cluster redshift, and we assume that all objects with 

significant EWs are associated with the cluster. The error in EW is 

The narrow and J-band flux errors, and Ufj, are the sum in quadrature of zeropoint 

errors and SExtractor photometric errors. 

The star-formation rate is calculated by scaling the continuum-subtracted flux by the 

conversion from ADU/s to M© yr~^ given in Table 2.1. The continuum-subtracted 

flux, fcs, is the scaled J-band flux subtracted from the narrow-band flux. 

(2.5) 

(2.6) 

fcs fn ^fj- (2.7) 
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Figure 2.2 Narrow-band equivalent width of E, SO, Sa, Sb, and Sc galaxy types as a 

function of redshift. Galaxy spectra are from Mannucci et al. (2001). 
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The error in the continuum-subtracted flux is 

'^fcs = + (2.8) 

with errors in and afj defined as above. The conversion to SFR introduces an 

additional error associated with the conversion factor, and this is included in the error 

estimate for each SFR. 

We list the EW and SFR data for each galaxy in Table 2.3. The columns correspond 

to (1) galaxy name, (2) RA offset from the cluster center, (3) DEC offset from 

the cluster center, (4) x position on image, (5) y position on image, (6) ratio used 

to compute continuum-subtracted flux, (7) narrow-band equivalent width in A, (8) 

continuum-subtracted flux in units of 10^^ ergs cm~^, (9) Ha luminosity in units of 

104i ergs assuming source is at the cluster redshift, and (10) star-formation rate in 

units of Mq yr~^. The error in luminosity is scaled from the flux error, and the error 

in SFR is calculated as described above. The EW is not corrected for [Nil] contamination 

but the flux, luminosity, and SFR are. 

Our detection sensitivity is limited in two ways, first by the noise properties of 

the final narrow and J-band images, and second by the uncertainty in estimating the 

narrow-band continuum from the J-band flux. We show the relationship between these 

two limitations in Figure 2.3, where we plot SFR versus narrow-band EW. We consider 

all objects with > 3a continuum-subtracted flux and \EW\ > 10 A as significant 

detections, and these are plotted with solid red triangles. Objects that fall below these 

detection thresholds are shown with open triangles. 

In the left panel of Figure 2.4, we show the final J-band image of CL J0023-I-0423B. 

The right panel shows a schematic of galaxy positions relative to the cluster center so the 

reader can see the location of galaxies with residual narrow-band flux more clearly. The 

position of each galaxy is marked with a black dot. We mark sources with significant 
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Figure 2.3 SFR versus EW for all galaxies in CL J0023-I-0423B field. Dotted lines mark 

the 3(7 SFR limits and 10 A EW limits. Filled triangles show significant detections, and 

open triangles show sources below the SFR and/or EW cuts. 
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emission with stars and sources with significant absorption with red circles. The cluster 

center (Postman et al., 1998) is marked with an X. We detect 90 galaxies total, 39 of these 

have significant Ha emission and four objects have significant narrow-band absorption. 

The distribution of SFRs is shown in Figure 2.5. The integrated SFR for all galaxies with 

EW > 10 A and > 3a continuum-subtracted flux is 63.5±3.1 M© yr~^ with an 

average SFR of 1.9 M© yr~^ We present a detailed study of the spatial distribution 

of emission-line galaxies in Section 4.1. 

2.4.1. Radial Distribution of SFRs 

In Figure 2.6 we plot the continuum-subtracted flux versus projected radial distance 

from the cluster center for all galaxies. The cluster is not centrally concentrated, so the 

cluster center is not well-determined. We use what appears to be the brightest cluster 

galaxy to define the center and find no trend in SFRs with radius. Again, this cluster is 

not very massive so comparison with low-redshift massive clusters is difficult. Our areal 

coverage is complete to 225 h~^ kpc and cuts off completely before 500 h~^ kpc, yet 

i?2oo — 250 kpc so we are stifl imaging a significant fraction of this cluster. The 

limited field size and uncertainty in the position of the cluster center preclude further 

analysis on the radial dependence of SFRs. 

2.4.2. Cross-Check with Spectroscopy 

Postman et al. (1998) have published spectroscopy for 127 objects in the field of 

CL J0023+0423B. Seventeen are confirmed cluster members al z = 0.845 and another 7 

are associated with a group at z = 0.827. Figure 2.7 shows the trace of the narrow-band 

filter plotted with spectroscopically confirmed cluster members from Postman et al. 

(1998). All spectroscopically confirmed members lie just redward of peak transmission 

of the narrow-band filter, and the lower redshift group lies in the blue wing of the filter. 
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Figure 2.4 (Top) J-band image of CL J0023+0423B and (Bottom) schematic showing 

positions of galaxies relative to cluster center. Galaxy positions are marked with black 

dots. Galaxies with significant emission are marked with stars, and galaxies with 
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Figure 2.5 Distribution of Ha-derived SFRs for galaxies in CL J0023+0423B field. 

Red histogram shows distribution of all galaxies, and the shaded histogram shows the 

distribution for galaxies with [EWl > 10 A. Vertical dotted lines mark the ±3(7 flux 

limits. Negative SFRs indicate objects with significant narrow-band absorption. 
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Figure 2.6 Continuum-subtracted narrow-band flux versus projected radial distance from 

cluster center for all galaxies in CL J0023+0423B field. Horizontal dotted lines show 3a 

flux limits. Vertical dotted line marks radius beyond which areal coverage is incomplete. 



Figure 2.7 Trace of narrow-band filter plotted with spectroscopic redshifts of 

CL J0023+0423B from Postman et al. (1998). 
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We have matched 32 spectroscopic targets with galaxies in our J-band image. The 

redshift information provides a valuable check on the validity of our Ha equivalent width 

measurements. In Figure 2.8 we plot the narrow-band EW versus spectroscopic redshift 

for the 32 matched galaxies. The bandpass of the filter is marked with solid lines, and 

dashed horizontal lines show the EW limits of ±10 A. Galaxies above our EW and 3a 

flux limits are shown with solid triangles. Galaxies below these limits are shown with 

solid squares for completeness, but we do not consider these significant detections. We 

find three significant (> 3a) detection from non-cluster galaxies. In Figure 2.8, we also 

plot vertical dashed lines showing where prominent spectral features pass through our 

narrow-band filter and find that we can not attribute any false detections to emission or 

absorption from another spectral feature. The galaxies may have non-standard spectral 

energy distributions (SEDs) such as broad emission due to an active galactic nucleus 

(AGN). From comparison with the spectroscopic sample of Postman et al. (1998), we 

conclude that contamination from non-cluster members is 9±6% (3/32). 

We investigate the correlation between observed EW for non-cluster galaxies and 

galaxy color. Differences among galaxy colors will introduce errors in the inferred 

continuum, and although we have calculated that these errors are small (see Section 

2.3.2), we check nonetheless. We find a larger dispersion in EW toward bluer colors, 

which is a consequence of the decreasing signal-to-noise with increasing J magnitude, 

but no other systematic effects. 

2.4.3. Morphological Dependence of SFRs 

Lubin et al. (1998) use WFPC2 imaging to visually classify the 200 brightest galaxies 

in the CL J0023+0423B field. We use these visual morphological classifications to 

relate narrow-band EW to galaxy morphology. In Figure 2.9, we plot the narrow-band 

equivalent width versus galaxy T-type for 39 galaxies that are either confirmed cluster 
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Figure 2.8 Narrow-band EW versus redshift for galaxies with spectroscopic redshifts from 

Postman et al. (1998). Galaxies with continuum-subtracted fluxes above our 3cr cut are 

depicted with solid triangles, and galaxies with continuum-subtracted fluxes below our 

3cr flux cut with blue squares. After applying the EW and flux cuts we find three false 

detections from non-cluster galaxies. 
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members or galaxies with undetermined redshifts (possible cluster members). We denote 

our equivalent width detection thresholds with horizontal dotted lines. The shaded boxes 

show the range of observed equivalent widths for a sample of nearby galaxies (Kennicutt, 

1998). We observe significant equivalent widths in several E/SO galaxies, and this is 

strikingly different from the Kennicutt (1998) results for nearby galaxies. However, we 

use GALFIT (Peng et al., 2002) to model the galaxy profiles of two spectroscopically 

confirmed cluster members that Lubin et al. (1998) classify as elliptical and which 

show active star formation. We find that they are best fit with exponential disk profiles. 

Lubin et al. (1998) also say that these galaxies have blue colors and spectral properties 

indicative of ongoing star formation. Therefore, their visual classification as early-type 

is suspect. 

Lubin et al. (1998) also characterize the presence of merging and/or tidal features, 

and we mark those galaxies that show signs of interactions with red solid triangles. 

Are emission-line galaxies more likely to be interacting? For the sample plotted in 

Figure 2.9, 43±13% (12/28) of the emission-Hne galaxies show signs of interactions, 

while 27±16% (3/11) of the non-emission-line galaxies show signs of interactions. The 

errors are large for such a small sample and hence the statistical significance of the 

difference is < la, but the results suggest that interactions may be an important factor 

in determining the star-formation properties of galaxies in this cluster. We include all 

confirmed cluster members and all galaxies with undetermined redshifts in Figure 2.9, 

so we are including galaxies whose Ha emission is not detectable in our narrow-band 

filter. Therefore, galaxies which show signs of interaction but no Ha emission could be 

foreground/background galaxies. 

The light profiles of the galaxies in the CL J0023-I-0423B WFPC2 image have 

been analyzed using the MLE software as part of the Medium Deep Survey (MDS; 
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Figure 2.9 Narrow-band EW versus galaxy T-type for galaxies with visually determined 

morphologies from Lubin et al. (1998). We denote an extremely compact source with a 

T-type of —1. We denote galaxies that Lubin et al. classify as peculiar with a T-type of 

10. Galaxies with some sign of interaction are shown with filled triangles. Shaded areas 

show range of EWs for sample of nearby galaxies (Kennicutt, 1998). 
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Ratnatunga et al., 1999). The MLE software fits one of three models to each galaxy; 

disk, disk+bulge, and bulge. The MLE software calculates the Bulge/Total (B/T) ratio 

for the disk+bulge model, and we set the B/T ratio to 1 for a pure bulge model and 

0 for a pure disk model. We plot narrow-band EW versus B/T in Figure 2.10. As 

expected, disk-dominated galaxies show the highest EWs. Three of the four galaxies 

with pure-bulge fits also show high EWs. Inspection of the images shows the presence 

of spiral arms in the two pure-bulge galaxies with highest EW. As with the visual 

classifications of Lubin et al. (1998), the results from the MLE software indicate the 

presence of actively star-forming galaxies with elliptical profiles. However, some fits do 

not coincide with visual appearance of galaxy. 

To obtain a more robust measure of the structural parameters of these galaxies, we 

use the GALFIT program (Peng et al., 2002). Galaxies which show significant EWs are 

likely cluster members, and we limit our GALFIT analysis to these galaxies (30/39). We 

fit each galaxy with a Sersic profile, 

E(r) = (2.9) 

The effective radius is rg, Eg is the surface brightness at r ^ ,  n  is the power-law index, 

and K is adjusted so that half of the galaxy light lies within r^. (Peng et al., 2002). An 

index of one corresponds to an exponential disk and four corresponds to a deVaucouleur 

profile. In Figure 2.11 we plot the narrow-band EW versus best-fit Sersic index. We 

show a lOI X lOI pixel WFPC2 F702W image of each galaxy in Figure 2.12, and we 

provide the name (same as Table 2.3), narrow-band EW, Sersic index, and spectroscopic 

redshift if known. We present all structural information on these galaxies from the MDS 

and GALFIT analysis in Table 2.4, where we relist the parameters from Figure 2.12 

along with SFR, B/T, and more details of the best-fit Sersic profile. 

The GALFIT results show two interesting phenomena. First, several galaxies have 
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Figure 2.10 Narrow-band EW versus Bulge-to-Total ratio for 39 galaxies in Lubin et al. 

(1998) sample. Galaxies with some sign of interaction are shown with filled triangles. 

Three galaxies fit with pure-bulge models show significant EWs. 
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Figure 2.11 Narrow-band EW versus Sersic index calculated by GALFIT (Peng et al., 

2002). Galaxies with some sign of interaction are shown with filled triangles. 
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best-fit Sersic indices greater than four. In some cases the error of the index is quite high 

and reflects GALFIT's difficulty in locating the galaxy center; visual inspection shows 

these galaxies to be irregular. We find one case where the high Sersic index is relatively 

well constrained (CLJ0023+0423B-72), and this may indicate the presence of a central 

point source or AGN. GALFIT can fit several components to each galaxy, and we can fit 

this with a Sersic + point-source model to test the AGN hypothesis. This will be done 

at a later date. The second interesting feature of Figure 2,11 is that one galaxy with a 

Sersic index of four shows signs of ongoing star-formation: CLJ0023+0423B—60 with 

an EW of 36.5 ± 13.7 A. Inspection of the WFPC2 image shows a faint companion 0.7" 

away from CLJ0023+0423B—60 that we do not resolve in our ground-based data. This 

companion could be contributing to the excess narrow-band flux. This object definitely 

warrants follow-up with near-infrared spectroscopy to determine the redshift, confirm 

the Ho; flux, and to study the spectral properties of the underlying stellar population. 

In conclusion, the results from the GALFIT analysis show that EWs decrease with the 

steepness of the galaxy profile as expected and that there is no significant population of 

early-type galaxies with significant star-formation. 
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CLJ0023+0423B-4 
EW= 10.67+/- 6.49 
n = 0.59 +/- 0.04 

CLJ0023+0423B-6 
EW= 28.38+/- 12.20 
n = 1.20+/-0.08 

CLJ0023+0423B-8 
EW= 13.47+/- 2.88 
n = 1,27 +/- 0,04 

CLJ0023+0423B-10 
EW= 11.98+/- 2,56 
n = 5.50 +/- 0,35 

Figure 2.12 WFPC2 F702W 101 x 101 pixel images of galaxies with EW> 10 A. The 

galaxy name, narrow-band EW (A), Sersic index, and redshift if known are listed from 

top to bottom for each galaxy. The two images taken with WFPC2 Planetary Camera are 

labeled PC in the top right comer. All other images are taken with the wide-field cameras. 

CU0023+0423B-12 
EW = 28.81 +/- 6.28 
n = 0,89 +/- 0.06 

CLJ0023+042S6-14 
EW= 86.79+/- 15.97 
n = 0.87+/-0,». 

CU0023+0423B-16 
EW= 63.08+/- 10.17 
n= 0,26+/-0.03 

CLJ0023+0423B-17 
EW= 109.72+/- 10.17 
n = 0.98 +/- 0.04 
z = 0.8380 

Figure 2.12 — Continued. 
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CLJ0023+0423B-24 
EW = 20.49 +/- 6.58 
n = 1.13+/-0.05 

CLJ0023+0423B-20 
EW= 13.20+/- 3.37 
n = 7.57 +/- 3.36 

*• 

CLJ0023+04Sflp-27 
EW= 47.01 +/-'i8.28 
n=0^+/-0,98 

Figure 2.12 — Continued. 



CLJ0023+0423B-29 
EW»-10.56+/- 2.50 
n=4.01 +/-0,25 

•» 

CLJ0023+0423B-34 PC 
EW= 101.31+/- 31.17 
n =2.03+/-0.36 

CLJ0023+0423B-33 
EW= 14.76+/- 3.57 
n= 0.78+/-0.02 

* 

CU0023+0423B-45 
EW = 144.81 +/- 50.76-
n = 0.29+/-0.02 ' 

Figure 2.12 — Continued. 



CLJ0023+0423B-51 
EW= 19.49+/- 10.86 
n = 2.04 +/- 0.84 

CU0023+0423B-53 
Ew= 71.37+/- 'e.es' 
n = 0.82 +/- 0.02 
z = 0.8444 

CLJ0023+0423B-55 
EW= 107,17+/- 12.09 
n = 0.99 +/- 0.04 
2 = 0.8444 

CU0023+0423B-56 
EW=: 46.41 +/- 16.62 
n = 0.60 +/- 0.04 

Figure 2.12 — Continued. 



CLJ0023+0423B-60 
EW= 36.50+/- 13.66 
n = 4.05+/-0.45 

CU0023+0423B-63 
EW = 55.86 +/- 9.56 
n = 2.68+/. 0.18 

CLJ(MG3+0423B-72 
EW= 88.49+/- 8.14 
n = 10.0(yW-1.81 

CU0023+0423e-73 
EW= 19.70-t^- 3^69 
n = 0.05V-0.00 . . 

Figure 2.12 — Continued. 



CLJ0023+0423a.74 
EW= 121.91 +/- 17.14 
n = 6.94 +/- 8.64 ' 
z = 0.8447 

CU0023+0423B-76 
EW = 74.26 +/- 6.91 
n = 1.41 +/-0.11 
z = 0,8451 

CU0023+0423B-83 
EW= 17,08+/- 8.36 
n =5.03+/-1.53 

CLJ0p23+0423B-84„ 
EW.s -13.39 +/- 6.08 
n = 0.07+/;o,01, • • 

Figure 2.12 — Continued. 



CU0023+0423B-86 
EW = 34.94 +/- 2.69 
n = 0.88 +/- 0.02 

CU0623+0423B-90 
EW= 11.20+/- 4.9£ 
n = 3.15+/. 1.75 

Figure 2.12 — Continued. 
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2.4.4. Comparison of [Oil] and Ha-derived SFRs 

Eight spectroscopically confirmed cluster galaxies lie within our Ha image, and we 

compare the Postman et al. (1998) [O II] equivalent widths to our Ha equivalent widths 

in the left panel of Figure 2.13. The solid line shows the empirical relation for local 

galaxies (Kennicutt, 1992a,b). The agreement between [OII] and Ho; EWs is surprisingly 

good given the dispersion observed in local samples. Did we just get lucky? 

Postman et al. (2001) provide a prescription for converting their [O II] EWs to 

star-formation rates, and here we give an overview of the procedure used to calculate 

[O II]-derived SFRs for the CL J0023+0423B galaxies. [Oil] EWs are published in 

Postman et al. (1998). We relate EW [Oil] to a line flux using Equation 2 from Postman 

et al. (2001): 

log[I([OII])] = log[EW([OII])] - 0.4AB(3727) + 31.97. (2.10) 

Equation 4 from the same paper provides the conversion from intensity to SFR: 

SFR = I([OII]) X 6.80 X 10"^^ HFOO M© yr'^ (2.11) 

The continuum near A3727 shifts to A6858 at z = 0.84, which is in the i?-band. For 

now we use the R AB magnitude as a proxy for AB(3727) and convert this to the 

absolute R AB magnitude using a distance modulus of 42.88. The [OII]-derived SFRs 

are corrected for 1 magnitude of extinction to match the corrected Ha values. The Ha 

reddening is relevant for [O II] as well because the [O II] SFR is calibrated from Ha 

(Kennicutt, 1998). We plot the resulting [OII]-derived SFRs versus Ha-derived SFRs 

in the right panel of Figure 2.13. The sample is small and the [O II] SFR calculation 

is tentative. With these caveats in mind we note that the deviation from a one-to-one 

correlation is remarkably small. This is surprising given the work of Jansen et al. (2001) 

and Moustakas & Kennicutt (2003), which show the [OII]/Ha ratio varies by a factor of 

25 among galaxies when no extinction corrections are applied. 
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Figure 2.13 Comparison between [O II] and Ha-derived EWs (left) and SFRs (right) for 

eight cluster members. Solid line in left panel shows empirical relation for local galaxies 

(Kennicutt, 1992a,b). 

2.4.5. Completeness of Spectroscopic Surveys 

How much star formation is missed in magnitude-limited spectroscopic surveys? To 

answer this, we plot the distribution of equivalent widths measured from our Ha imaging 

and compare this to [Oil] equivalent widths of the seventeen cluster members detected 

by Postman et al. (1998) in Figure 2.14. We multiply the Postman et al. (1998) [O II] 

equivalent widths by 2.5 to approximate the Ha equivalent width (Kennicutt, 1992a,b). 

The spectroscopy covers a larger area on the sky than our narrow-band imaging, but here 

we compare only the total number of star-forming galaxies detected with each method. 

We apply a minimum equivalent width cut of 10 A to separate star-forming galaxies. 

We detect 34 galaxies with both an equivalent width >10 A and Ha flux >3a, and 

Postman et al. detect 13. A few (1-3) of our detections may be non-cluster galaxies, 

so we therefore estimate that the Postman et al. (1998) spectroscopic survey misses 

~60% of the star-forming galaxies in this cluster because of incomplete sampling. In 
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terms of total star-formation detected, Postman et al. (1998) detect an integrated SFR of 

30.7±2.2 M© for their seventeen cluster galaxies, and we detect an integrated 

SFR of 31.7±0.8 hiQQ M© However, if we limit the Postman et al. data to the same 

area as our image, the integrated [OII]-derived SFR is 9.7±1.5 /I^qq M© yr~^ Therefore, 

Postman et al. (1998) miss at least 50% of the cluster star formation in the surveyed area. 

The criterion Oke et al. (1998) use to select CL J0023+0423B galaxies for 

spectroscopic follow-up is i? > 23.5, and they estimate that the final spectroscopic 

sample is 80% complete in this magnitude cut. Plotting cumulative SFR versus R 

magnitude gives another way to estimate the incompleteness of the spectroscopic survey. 

Unfortunately, we do not have i?-band data for CL J0023+0423B. However, we plot the 

cumulative SFR versus J-band magnitude for all > Scr emission sources in Figure 2.15. 

We will have the necessary photometry to compare integrated SFR versus the optical 

color used for selecting spectroscopic targets for the EDisCS clusters. 

2.5. Discussion 

The goal of this Section is to compare the star-formation properties of CL J0023+0423B 

with results for other clusters. Comparing spectroscopic and imaging surveys is difficult, 

and comparing results from Ha with [Oil] is even more complicated. Because of this, we 

limit our comparison to three z ~ 0.2 clusters from the literature for which Ha imaging 

or spectroscopy is available. The three surveys are summarized in Table 2.2. A larger 

sample of high-redshift clusters is also required to make a meaningful comparison with 

the z ~ 0.2 clusters. In the next Chapter, we present imaging results for three additional 

2; ~ 0.8 clusters, and we compare results for the full sample of clusters in Chapter 4. 

The Butcher-Oemler effect describes the increasing blue fraction of cluster galaxies 

with redshift. The blue fraction is determined photometrically, with "blue" galaxies 
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Figure 2.14 Histogram of Ha + [Nil] equivalent widths from this study (solid-

line histogram) with those from Postman et al. (1998) spectroscopic survey (shaded 

histogram). We detect 52 galaxies with equivalent width >10 A, and Postman et al. 

detect 13. The spectroscopic survey covers a larger area than our imaging. 
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Figure 2.15 Cumulative SFR versus J magnitude for all > 3a emission sources. Dashed 

horizontal lines show 50% and 90% of our integrated SFR. 
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defined relative to the red sequence of each cluster. We investigate a related quantity 

in this Section, namely the fraction of emission-line galaxies. To facilitate comparison 

with the low-redshift Ho; studies, we apply four cuts to our data. First, we include 

only galaxies within 0.79 x R200 so that we sample the same relative fraction of each 

cluster. If we assume an isothermal sphere model for the cluster density profile (provides 

relationship between a and cluster mass), we can express i?2oo in terms of the cluster 

velocity dispersion as follows: 

= , Mpc (2.12) 
1 + z 465 km/s 

Second, we apply a minimum SFR cut of 0.5 0^^ sources only), where 

galaxies with SFRs above this limit are considered emission-line. Clearly, the fraction of 

emission-line galaxies is a strong function of SFR, and a uniform SFR cut is essential 

for making a meaningful comparison between surveys. Third, only galaxies with EW 

greater than 20 A are included as emission line. Finally, the minimum SFR and EW 

cuts imply a completeness limit in terms of broad band magnitude, and we apply the 

same absolute magnitude cut to all samples. The total number of galaxies includes all 

galaxies that make our selection cuts, and we make no correction for contamination of 

non-cluster members. We show the fraction of emission-line galaxies versus redshift in 

Figure 2.16 for CL J0023-I-0423B and the three 2: ~ 0.2 clusters. We see no evidence of 

a Butcher-Oemler effect, but a larger sample of 2: ~ 0.8 clusters is needed to confirm this. 

Another way to quantify the evolution of cluster SFRs is in terms of the integrated 

SFR per cluster mass. In Figure 2.17 we show this quantity as a function of redshift 

for CL J0023+0423B and the three z ~ 0.2 clusters from the literature. The mass-

normalized SFR of CL J0023-I-0423B is > 10 x higher than the low redshift clusters. We 

plot integrated SFR per cluster mass versus cluster velocity dispersion in Figure 2.18 and 

find that the integrated SFR per cluster mass also correlates with cluster mass. A larger 
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Figure 2.16 Fraction of emission-line galaxies within 0.79 x i?2oo versus cluster redshift. 

We apply the same absolute magnitude cut to all samples and consider all > 3a detections 

with SFR > 0.5 M© yr"'^ and EW > 10 A as emission-line galaxies. The Butcher-

Oemler effect predicts a higher emission-line fraction for CL J0023-I-0423B than the low 

redshift clusters, but this is not observed. 
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sample of ^ ~ 0.8 clusters is needed to break the degeneracy betweeen mass and redshift 

in the current sample. 

2.6. Summary 

We present Ha-derived star-formation rates for the galaxy cluster CL J0023+0423B 

(z = 0.845) and demonstrate that near-infrared narrow-band imaging is a powerful way 

to sample the entire star-forming galaxy population in distant clusters. Comparison with 

spectroscopy shows that the number of false detections is low, and our Ha equivalent 

widths show reasonable correlation with spectroscopically determined [O II] equivalent 

widths. There are no surprises in correlation between morphology and star-formation 

properties once a reliable estimate of the radial profile is obtained. One interesting source 

for follow-up is an elliptical galaxy with possible ongoing star-formation. The presence 

of a nearby companion limits our confidence in the detected equivalent width, and 

near-infrared spectroscopy or narrow-band imaging using adaptive optics and ARIES is 

required to investigate star-formation properties further. 

CL J0023+0423B is an excellent target for our narrow-band imaging study because 

of the wealth of published photometry, spectroscopy, and morphologies that we can 

correlate with our narrow-band imaging. Also, the low mass implied from low velocity 

dispersion, the lack of X-ray emission, and the predominantly spiral morphologies give 

us good reason to expect a significant number of Ha detections. However, for these 

same reasons, CL J0023+0423B does not allow for straightforward comparison to other 

intermediate redshift clusters which are X-ray selected. Imaging for a larger sample of 

2; 0.8 clusters is required to further explore the connection between star-formation and 

cluster mass and redshift. We take the first step toward building a more comprehensive 

picture of the star-formation properties of 2; 0.8 galaxy clusters in Chapter 3, where we 
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Figure 2.17 Integrated SFR within 0.79 x i?2oo per cluster mass versus cluster redshift. 

CL J0023+0423B has a higher SFR per mass than the low redshift clusters, and a larger 

sample of 2: ~ 0.8 clusters is needed to confirm the increase in SFR per mass with redshift. 
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Figure 2.18 Integrated cluster SFR per cluster mass versus cluster velocity dispersion for 

CL J0023+0423B and clusters from literature. All 3 > a sources within 0.79 x R^oo 

are included. The integrated SFR per mass correlates with cluster mass, and a larger 

sample of clusters at the same redshift is needed to break the degeneracy between mass 

and redshift in the current sample. 



Table 2.2 Integrated SFRs of Galaxy Clusters 

Name z a R200 Survey Radius E SFR Tracer Tech^ Ref. 

(km sec~^) (') (') (R/R200) (/ifoo M© yr-i) 

CL J0023+0423B 0.8453 4l5tlf 0.82 1.29 1.57 31.7±0.8 Ho; I 1 

Abell 2390 0.228 1023±200 7.79 8.00 1.03 32.7±4.5 Ha I 2 

AC 114^- 0.32 1390±200 8.91 4.35 0.49 10.3±0.4 Ha S 3 

Abell 16S9'' 0.183 1273±200 17.44 4.35 0.25 15.2±0.4 Ha S 4 

"Observing Technique: I = narrow-band imaging; S = spectroscopic survey 

^ Velocity dispersions are calculated from Lx using best-fit Lx — <J relation of Mahdavi & Geller (2001) 

because measured dispersions are inflated by substructure. 

References — (1) This work; (2) Balogh & Morris 2000; (3) Couch et al. 2001; 

(4) Balogh et al. 2002 
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present data for three additional clusters. CL J0023+0423B is compared with these three 

clusters and with results from previously published studies in Chapter 4. 



Table 2.3 Ha Data for CL J0023+0423B Galaxies 

Name" 5RA 5Dec X y Ratio EW(Hq!) Flux(HQf)^ L(Ha)'^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1 -105.5 -24.1 421.1 16.6 0.0488 ± 0.0000 -26.1 ± 2.2 -14.8 ± 2.6 -4.85 ± 0.86 -3.8 ± 0.4 

2 -88.6 19.1 661.1 111.0 0.0488 ± 0.0000 -6.9 ± 2.1 -5.1 ±3.1 -1.67 ± 1.00 -1.3 ±0.4 

3 -93.1 -12.4 486.0 86.0 0.0488 ± 0.0000 23.0 ± 8.8 2.1 ± 1.4 0.69 ± 0.47 0.5 ± 0.2 

4 -90.5 -43.6 312.7 100.4 0.0488 ± 0.0000 10.7 ± 6.5 1.7 ±2.0 0.57 ± 0.64 0.4 ± 0.3 

5 -91.1 -15.2 470.7 96.8 0.0488 ± 0.0000 58.9 ± 14.6 3.4 ± 1.3 1.10 ±0.44 0.9 ± 0.2 

6 -87.0 -23.6 424.1 119.5 0.0488 ± 0.0000 28.4 ± 12.2 1.7 ± 1.3 0.57 ± 0.43 0.4 ± 0.2 

7 -85.4 -69.1 170.9 128.5 0.0488 ± 0.0000 -2.2 ± 7.8 -0.2 ± 1.5 -0.07 ± 0.48 -0.1 ±0.2 

8 -76.0 -10.5 496.4 180.7 0.0488 ± 0.0000 13.5 ± 2.9 7.5 ± 3.0 2.45 ± 0.98 1.9 ±0.4 

9 -72.7 13.0 627.5 198.9 0.0488 ± 0.0000 6.2 ± 6.2 1.0 ± 1.9 0.32 ± 0.61 0.3 ± 0.2 

10 -69.2 1.7 564.5 218.5 0.0488 ± 0.0000 12.0 ± 2.6 7.4 ±3.0 2.42 ± 0.97 1.9 ± 0.4 

11 -71.5 -81.9 99.8 205.8 0.0488 ± 0.0000 2.1 ±9.7 0.1 ± 1.1 0.04 ± 0.36 0.0 ±0.1 

12 -70.0 -16.2 465.1 214.0 0.0488 ± 0.0000 28.8 ± 6.3 5.2 ± 2.0 1.71 ±0.67 1.4 ±0.3 



Table 2.3 Ha Data for CL J0023+0423B Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(Ha) Flux(Ha)b L(HQ!)^ SFR'' 

(") (") (pixel) (pixel) (narrow/J) (A) 

13 -65.3 -39.7 334.2 240.4 0.0488 ± 0.0000 -9.7 ± 1.2 -15.5 ± 3.9 -5.09 ± 1.28 -4.0 ± 0.6 

14 -68.6 -5.2 526.3 221.8 0.0488 ± 0.0000 86.8 ± 16.0 4.9 ± 1.4 1.62 ±0.45 1.3 ± 0.2 

15 -65.9 -60.4 219.6 236.9 0.0488 ± 0.0000 -5.1 ± 3.0 -2.1 ± 2.4 -0.69 ± 0.78 -0.5 ± 0.3 

16 -65.4 -15.9 466.5 239.5 0.0488 ± 0.0000 63.1 ± 10.2 7.6 ± 2.0 2.49 ± 0.65 2.0 ± 0.3 

17 -65.1 16.9 648.7 241.3 0.0488 ± 0.0000 109.7 ± 10.2 17.4 ± 2.4 5.70 ± 0.79 4.5 ± 0.4 

18 -63.7 -7.3 514.2 249.3 0.0488 ± 0.0000 54.5 ± 15.5 3.1 ± 1.4 1.00 ±0.46 0.8 ± 0.2 

19 -64.2 2.8 570.7 246.6 0.0488 ± 0.0000 -6.7 ± 5.7 -1.2 ± 1.9 -0.38 ± 0.63 -0.3 ± 0.3 

20 -53.8 18.3 656.6 304.3 0.0488 ± 0.0000 13.2 ±3.4 6.1 ±2.9 1.99 ±0.95 1.6 ±0.4 

21 -61.0 -75.0 138.2 263.9 0.0488 ± 0.0000 201.1 ± 46.9 4.8 ± 1.2 1.57 ± 0.39 1.2 ±0.2 

22 -51.2 -10.0 499.7 318.7 0.0488 ± 0.0000 0.4 ± 3.4 0.2 ± 2.7 0.05 ± 0.89 0.0 ± 0.4 

23 -56.1 -70.1 165.7 291.2 0.0488 ± 0.0000 -29.6 ± 7.8 -2.1 ± 1.1 -0.68 ± 0.38 -0.5 ± 0.2 

24 -53.2 -0.6 551.8 307.6 0.0488 ± 0.0000 20.5 ± 6.6 3.2 ± 1.9 1.05 ± 0.61 0.8 ± 0.3 



Table 2.3 Hct Data for CL J0023+0423B Galaxies - continued 

Name" SRA (5Dec x y Ratio EW(HQ;) F1UX(HQ;)^ L(Raf SFR^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

25 -53.4 40.6 780.8 306.2 0.0488 ± 0.0000 -27.8 ± 12.2 -0.9 ± 0.8 -0.28 ± 0.26 -0.2 ±0.1 

26 -51.4 -30.9 383.4 317.5 0.0488 ± 0.0000 -2.9 ± 12.2 -0.1 ± 1.0 -0.04 ± 0.32 -0.0 ±0.1 

27 -49.6 -38.4 341.9 327.6 0.0488 ± 0.0000 47.0 ± 18.3 1.8 ± 1.2 0.59 ± 0.38 0.5 ± 0.2 

28 11.0 -26.2 409.4 664.2 0.0488 ± 0.0000 3.2 ±2.5 1.9 ± 2.9 0.63 ± 0.96 0.5 ± 0.4 

29 37.1 -22.6 429.5 809.3 0.0488 ± 0.0000 -10.6 ± 2.5 -7.1 ±3.4 -2.34 ± 1.10 -1.8 ±0.5 

30 36.2 13.4 629.2 804.0 0.0488 ± 0.0000 115.7 ± 38.1 2.0 ± 0.9 0.65 ± 0.29 0.5 ±0.1 

31 32.3 -43.2 315.3 782.5 0.0488 ± 0.0000 57.4 ± 23.0 1.4 ± 0.9 0.45 ± 0.29 0.4 ±0.1 

32 5.7 -14.4 474.9 634.7 0.0488 ± 0.0000 -12.3 ± 14.5 -0.3 ± 0.8 -0.11 ±0.25 -0.1 ±0.1 

33 2.2 -33.2 370.7 615.1 0.0488 ± 0.0000 14.8 ± 3.6 6.1 ±2.7 1.99 ±0.89 1.6 ± 0.4 

34 2.9 8.6 602.6 619.2 0.0488 ± 0.0000 101.3 ±31.2 2.0 ± 0.9 0.66 ± 0.29 0.5 ±0.1 

35 2.0 -84.6 85.1 614.4 0.0488 ± 0.0000 30.6 ± 5.7 6.5 ±2.1 2.13 ±0.70 1.7 ±0.3 

36 2.0 -74.2 143.0 614.3 0.0488 ± 0.0000 28.4 ± 11.1 1.8 ± 1.3 0.60 ± 0.41 0.5 ± 0.2 



Table 2.3 Ha Data for CL J0023+0423B Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(Ha) F1UX(Hq;)^ L(Ha)^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

37 1.9 -75.3 136.7 613.3 0.0488 ± 0.0000 -3.1 ± 6.5 -0.4 ± 1.7 -0.13 ±0.54 -0.1 ± 0.2 

38 -0.0 -0.1 554.3 602.9 0.0488 ± 0.0000 0.5 ± 1.2 1.1 ±4.9 0.37 ± 1.60 0.3 ± 0.7 

39 0.5 -41.7 323.4 606.0 0.0488 ± 0.0000 -2.7 ± 1.9 -2.3 ± 3.0 -0.75 ± 0.98 -0.6 ± 0.4 

40 -2.5 -73.6 146.2 588.9 0.0488 ± 0.0000 12.5 ± 11.3 0.7 ± 1.2 0.23 ± 0.38 0.2 ± 0.2 

41 -3.2 -71.6 157.0 585.2 0.0488 ± 0.0000 156.3 ± 44.7 3.0 ± 1.0 0.98 ± 0.33 0.8 ±0.1 

42 -3.9 -78.9 116.6 581.4 0.0488 ± 0.0000 -4.0 ±3.4 -1.3 ±2.1 -0.41 ± 0.69 -0.3 ± 0.3 

43 -2.3 -93.7 34.5 590.2 0.0488 ± 0.0000 -36.3 ± 7.0 -3.1 ± 1.2 -1.00 ±0.41 -0.8 ± 0.2 

44 -4.4 -86.8 73.0 578.3 0.0488 ± 0.0000 -2.2 ± 2.8 -1.0 ±2.6 -0.34 ± 0.84 -0.3 ± 0.3 

45 -6.0 -12.3 486.8 569.6 0.0488 ± 0.0000 144.8 ± 50.8 1.9 ±0.8 0.62 ± 0.27 0.5 ±0.1 

46 -14.1 -69.0 171.6 524.5 0.0488 ± 0.0000 -14.3 ± 15.4 -0.3 ± 0.7 -0.11 ±0.23 -0.1 ±0.1 

47 -12.4 -5.4 525.0 534.3 0.0488 ± 0.0000 -3.0 ± 8.2 -0.3 ± 1.4 -0.09 ± 0.47 -0.1 ±0.2 

48 -8.5 -6.2 520.5 555.9 0.0488 ± 0.0000 -3.8 ± 3.2 -1.5 ±2.4 -0.48 ± 0.78 -0.4 ± 0.3 



Table 2.3 Ha Data for CL J0023+0423B Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(HQ!) F1UX(HQ;)^ L(HA)^ SFR"^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

49 -7.9 12.3 623.1 559.1 0.0488 ± 0.0000 1.4 ± 2.0 1.2 ± 3.3 0.40 ± 1.08 0.3 ± 0.4 

50 15.3 -58.7 228.7 687.9 0.0488 ± 0.0000 93.5 ± 36.5 1.4 ±0.8 0.46 ± 0.26 0.4 ±0.1 

51 -12.4 -21.8 433.8 534.4 0.0488 ± 0.0000 19.5 ± 10.9 1.4 ± 1.4 0.45 ± 0.46 0.4 ± 0.2 

52 12.2 33.5 741.3 670.9 0.0488 ± 0.0000 35.6 ± 19.4 0.9 ± 0.9 0.30 ± 0.28 0.2 ±0.1 

53 -18.9 9.6 608.6 498.2 0.0488 ± 0.0000 71.4 ±6.7 16.1 ± 2.5 5.26 ± 0.81 4.2 ± 0.4 

54 16.1 40.2 778.3 692.6 0.0488 ± 0.0000 9.9 ± 6.9 1.3 ± 1.7 0.42 ± 0.55 0.3 ± 0.2 

55 -18.4 -15.8 467.2 500.6 0.0488 ± 0.0000 107.2 ± 12.1 11.6 ± 1.9 3.81 ± 0.63 3.0 ± 0.3 

56 -19.0 29.2 717.2 497.5 0.0488 ± 0.0000 46.4 ± 16.5 2.0 ± 1.2 0.65 ± 0.39 0.5 ± 0.2 

57 -19.5 15.1 638.9 494.8 0.0488 ± 0.0000 2.5 ± 3.3 0.9 ± 2.3 0.31 ± 0.77 0.2 ± 0.3 

58 -21.9 -55.5 246.5 481.1 0.0488 ± 0.0000 -3.9 ± 4.6 -0.9 ± 2.1 -0.30 ± 0.70 -0.2 ± 0.3 

59 -17.4 -5.7 523.6 506.4 0.0488 ± 0.0000 77.2 ± 28.5 1.7 ± 1.0 0.56 ±0.31 0.4 ±0.1 

60 -10.3 -42.7 317.9 545.7 0.0488 ± 0.0000 36.5 ± 13.7 1.8 ± 1.1 0.57 ± 0.37 0.5 ± 0.2 



Table 2.3 Ha Data for CL J0023+0423B Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(Ha) Flux(Ha)b hiUaf SFR^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

61 3.3 5.2 584.0 621.5 0.0488 ± 0.0000 10.7 ± 5.9 2.1 ± 2.2 0.69 ± 0.70 0.5 ± 0.3 

62 -25.3 -56.0 244.2 462.6 0.0488 ± 0.0000 -7.7 ± 1.0 -18.6 ±4.8 -6.08 ± 1.56 -4.8 ± 0.7 

63 -23.0 17.5 652.0 475.2 0.0488 ± 0.0000 55.9 ± 8.6 8.3 ± 2.1 2.72 ± 0.69 2.1 ± 0.3 

64 12.2 -29.3 392.4 670.5 0.0488 ± 0.0000 7.1 ±4.7 1.6 ± 2.0 0.51 ± 0.64 0.4 ± 0.3 

65 11.5 6.9 593.2 667.1 0.0488 ± 0.0000 10.5 ± 2.2 8.6 ± 3.4 2.82 ± 1.12 2.2 ± 0.5 

66 -22.8 -76.5 130.0 476.4 0.0488 ± 0.0000 -0.8 ± 10.5 -0.1 ± 1.2 -0.02 ± 0.39 -0.0 ± 0.2 

67 -23.9 -67.5 180.2 470.4 0.0488 ± 0.0000 -5.9 ± 13.8 -0.2 ± 0.8 -0.06 ± 0.28 -0.0 ±0.1 

68 -25.5 -2.6 540.3 461.6 0.0488 ± 0.0000 -1.2 ± 1.5 -1.7 ±4.3 -0.56 ± 1.40 -0.4 ± 0.6 

69 -24.6 36.9 760.2 466.6 0.0488 ± 0.0000 28.3 ± 20.4 0.7 ± 0.9 0.22 ± 0.28 0.2 ±0.1 

70 -27.3 -49.7 279.1 451.1 0.0488 ± 0.0000 14.5 ± 10.8 0.9 ± 1.3 0.31 ± 0.42 0.2 ± 0.2 

71 -30.7 -35.9 355.8 432.6 0.0488 ± 0.0000 20.8 ± 15.8 0.7 ± 1.0 0.24 ± 0.33 0.2 ±0.1 

72 -32.2 -9.4 502.5 424.4 0.0488 ± 0.0000 88.5 ± 8.1 15.4 ± 2.3 5.05 ± 0.74 4.0 ± 0.3 



Table 2.3 Ha Data for CL J0023+0423B Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(Ha) FluxCHa)^ L(Ha)'^ SFR'' 

(") (") (pixel) (pixel) (narrow/J) (A) 

73 -33.5 0.2 556.2 417.2 0.0488 ± 0.0000 19.7 ± 3.7 8.5 ± 2.9 2.78 ± 0.96 2.2 ± 0.4 

74 -36.7 1.5 563.1 399.2 0.0488 ± 0.0000 121.9 ± 17.1 9.4 ± 1.8 3.07 ± 0.59 2.4 ± 0.3 

75 -37.7 -57.9 233.5 393.7 0.0488 ± 0.0000 -6.0 ± 1.9 -5.2 ± 3.2 -1.71 ± 1.06 -1.4 ±0.4 

76 -39.5 37.8 765.2 383.4 0.0488 ± 0.0000 74.3 ± 6.9 15.8 ± 2.4 5.17 ± 0.79 4.1 ±0.4 

77 -40.9 -43.4 314.0 375.6 0.0488 ± 0.0000 28.3 ± 16.2 1.0 ± 1.0 0.32 ± 0.33 0.3 ±0.1 

78 13.9 -47.1 293.4 680.4 0.0488 ± 0.0000 17.5 ± 14.7 0.6 ± 0.9 0.19 ± 0.30 0.2 ±0.1 

79 -41.0 -81.0 105.0 375.0 0.0488 ± 0.0000 36.0 ± 16.0 1.4 ± 1.1 0.47 ± 0.36 0.4 ±0.1 

80 37.2 -4.0 533.0 809.8 0.0488 ± 0.0000 81.2 ±25.2 2.1 ± 1.0 0.70 ± 0.32 0.6 ± 0.1 

81 30.0 17.1 650.1 769.6 0.0488 ± 0.0000 67.2 ± 6.1 16.7 ± 2.6 5.46 ± 0.84 4.3 ± 0.4 

82 36.4 -12.2 487.0 805.2 0.0488 ± 0.0000 30.6 ± 16.3 1.1 ± 1.0 0.35 ± 0.33 0.3 ± 0.1 

83 8.9 -30.1 387.9 652.6 0.0488 ± 0.0000 17.1 ± 8.4 2.0 ± 1.8 0.64 ± 0.57 0.5 ± 0.2 

84 33.6 -5.9 522.2 789.6 0.0488 ± 0.0000 -13.4 ±6.1 -1.6 ± 1.5 -0.53 ± 0.48 -0.4 ± 0.2 



Table 2.3 Ha Data for CL J0023+0423B Galaxies - continued 

Name" ^RA (5Dec X y Ratio EWOHa) Flux(Ha;)'' L(Hay SFR'' 

(") (") (pixel) (pixel) (narrow/J) (A) 

85 34.0 -56.9 239.1 791.8 0.0488 ± 0.0000 -7.3 ± 6.5 -1.0 ± 1.7 -0.32 ± 0.56 -0.3 ± 0.2 

86 18.1 -45.2 303.7 703.5 0.0488 ± 0.0000 34.9 ± 2.7 28.2 ± 4.0 9.22 ± 1.32 7.3 ± 0.6 

87 8.2 18.2 656.4 648.7 0.0488 ± 0.0000 258.1 ± 112.1 1.9 ±0.7 0.61 ± 0.24 0.5 ±0.1 

88 20.7 -78.1 121.2 717.9 0.0488 ± 0.0000 16.1 ±4.0 5.8 ± 2.7 1.90 ±0.87 1.5 ± 0.4 

89 11.3 -23.6 423.6 665.9 0.0488 ± 0.0000 16.8 ± 9.6 1.4 ± 1.4 0.45 ± 0.47 0.4 ± 0.2 

90 16.1 35.1 750.3 692.5 0.0488 ± 0.0000 11.2 ± 5.0 2.6 ± 2.2 0.87 ± 0.72 0.7 ± 0.3 

"• Name is CLJ0023+0423B— followed by number listed in column. 

^ Units of 10"^^ ergs s~^ cm"^ 

^ Units of 10^^ ergs s^^ 

^ Units of /ij^oo M0yr~^ 

00 
-1^ 



Table 2.4 Structural Parameters for CL J0023+0423B Galaxies 

GALFIT Sersic Parameters 

Name" MDS'' EW(HQ;) 

(A) 

SFR 

(Kol M© yr"^) 

B/T" n Re 

(pixels) 

(b/a) to
 

8 15 13.5 ± 2.9 1.0 ±0.2 0.05 ± 0.00 0.59 ± 0.04 10.42 ± 0.38 0.56 ± 0.02 11.23 

10 24 12.0 ± 2.6 1.0 ±0.2 0.47 ± 0.02 1.20 ± 0.08 4.95 ± 0.22 0.40 ± 0.01 12.86 

12 47 28.8 ±6.3 0.7 ±0.1 0.00 ± 0.00 1.27 ± 0.04 6.47 ±0.16 0.87 ± 0.01 7.13 

14 77 86.8 ± 16.0 0.6 ±0.1 0.00 ± 0.00 5.50 ± 0.35 4.26 ± 0.37 0.88 ± 0.02 2.96 

16 58 63.1 ± 10.2 1.0 ±0.1 0.00 ± 0.00 0.89 ± 0.06 3.70 ±0.11 0.34 ± 0.01 6.83 

17 57 109.7 ± 10.2 2.2 ± 0.2 0.00 ± 0.00 0.87 ± 0.08 2.90 ± 0.09 0.40 ± 0.01 4.05 

18 48 54.5 ± 15.5 0.4 ±0.1 0.00 ± 0.00 0.26 ± 0.03 11.80 ±0.31 0.15 ±0.01 6.54 

20 40 13.2 ±3.4 0.8 ± 0.2 0.65 ± 0.00 0.98 ± 0.04 2.02 ± 0.03 0.85 ± 0.01 2.01 

24 62 20.5 ± 6.6 0.4 ±0.1 0.00 ± 0.00 0.71 ± 0.06 9.09 ± 0.43 0.64 ± 0.02 3.91 

29 7 -10.6 ± 2.5 -0.9 ± 0.2 0.17 ±0.01 7.57 ± 3.36 11.79 ± 12.40 0.76 ± 0.10 44.25 

33 27 14.8 ± 3.6 0.8 ± 0.2 0.00 ± 0.00 1.13 ±0.05 6.42 ±0.19 0.35 ± 0.01 1.98 

34 120 101.3 ±31.2 0.3 ±0.1 0.28 ± 0.16 0.65 ± 0.08 5.87 ± 0.29 0.66 ± 0.03 4.77 



Table 2.4 Structural Parameters for CL J0023+0423B Galaxies — continued 

GALFIT Sersic Parameters 

Name" MDS'' EW(Ha) SFR B/T^ n Re (b/a) xl 
(A) (Kol Mq yr"^) (pixels) 

45 69 144.8 ± 50.8 0.2 ±0.1 0.00 ± 0.00 4.01 ± 0.25 383.94 ± 114.34 0.76 ± 0.01 2.45 

53 30 71.4 ±6.7 2.1 ±0.2 0.16 ±0.02 0.78 ± 0.02 6.64 ±0.10 0.63 ± 0.01 1.83 

55 50 107.2 ± 12.1 1.5 ±0.1 0.00 ± 0.00 2.03 ± 0.36 9.68 ± 1.79 0.46 ± 0.04 5.25 

56 60 46.4 ± 16.5 0.3 ±0.1 0.00 ± 0.00 0.29 ± 0.02 5.39 ±0.11 0.73 ± 0.02 1.78 

63 56 55.9 ± 8.6 1.1 ±0.1 1.00 ±0.00 2.04 ± 0.84 3.47 ± 1.13 0.53 ±0.11 16.87 

72 67 88.5 ±8.1 2.0 ± 0.2 1.00 ± 0.00 0.82 ± 0.02 5.65 ± 0.09 0.65 ± 0.01 1.99 

73 31 19.7 ± 3.7 1.1 ±0.2 0.32 ± 0.03 0.99 ± 0.04 4.33 ± 0.09 0.52 ± 0.01 1.72 

74 37 121.9 ± 17.1 1.2 ±0.1 0.17 ±0.02 0.60 ± 0.04 5.44 ±0.10 0.16 ±0.00 2.36 

76 45 74.3 ± 6.9 2.0 ± 0.2 0.54 ± 0.02 4.05 ± 0.45 2.44 ± 0.26 0.93 ± 0.04 2.04 

86 16 34.9 ± 2.7 3.6 ± 0.3 0.18 ±0.05 2.68 ±0.19 2.69 ±0.15 0.88 ± 0.03 2.86 

" Name is CLJ0023+0423B— followed by number listed in column. 

'' Catalog name used in Lubin et al. (1998). 

B/T ratio from Medium Deep Survey (Ratnatunga et al., 1999). 



THE EDISCS CLUSTERS 
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3.1. Introduction 

In this Chapter we present the narrow-band imaging results for three high-redshift 

EDisCS clusters: CL 1040-1155 at ^ = 0.704, CL 1054-1245 at ^ = 0.748, 

and CL 1216—1201 at z = 0.794. The EDisCS clusters are targets of an extensive 

photometric and spectroscopic survey of high redshift clusters being conducted by 

the EDisCS collaboration at the VLT. As with CL J0023+0423B, these additional 

data greatly enhance the results from our narrow-band imaging. Specifically, we 

use photometric redshifts derived from optical and near-infrared images to aid in 

continuum subtraction. As with CL J0023+0423B, we test the reliability of our EWs 

using spectroscopic redshifts. We correlate color information with SFRs for individual 

galaxies, and we use the velocity dispersions to investigate the connection between 

cluster mass and integrated star-formation. These clusters are also targets for ACS, 

and with these high resolution images we can perform structural analysis on cluster 

galaxies with significant EWs as we did for CL J0023+0423B. The narrow-band 

imaging presented in this Chapter greatly expands the current census of star-formation 

in high-redshift clusters. By combining the narrow-band imaging with the wealth of 

data available from the EDisCS collaboration, we take the first step toward creating a 

star-formation limited sample of high-redshift cluster galaxies, and we begin to explore 

the connection between star-formation, redshift, and cluster mass. 

The organization of this Chapter is as follows. In Section 3.2 we present the 

observations and data reduction procedure. The details of calibrating the narrow-band 

images are given in Section 3.2.1. We describe the continuum subtraction process and 

model the associated uncertainties in Section 3.3. Section 3.4 describes the results of the 

narrow-band imaging, and the Chapter is summarized in Section 3.5. The star-formation 

properties of CL J0023+0423B and the EDisCS clusters are compared to each other and 
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previously published studies in Chapter 4. 

3.2. Observations & Data Reduction 

Custom narrow-band (2%) filters were made by Barr Associates for each cluster so that 

the central wavelength coincides with the observed wavelength of Ha at the cluster 

redshift. The filter transmissions are plotted with results from VLT spectroscopy in 

Figure 3.1, and the specifications for the filters are given in Appendix A. 

All observations were taken with the PISCES near-infrared camera (McCarthy 

et al., 2001) and the 6.5m MMT. The observations for the three clusters discussed in this 

Chapter are summarized in Table 3.1. The J-band exposure times range from 60 to 120 

seconds, depending on sky brightness, and the individual narrow-band exposure times are 

ten minutes for CL 1040—1155 and CL 1054—1245 and five minutes of CL 1216—1201. 

The telescope is dithered between successive images in increments of 10 to 15". 

Our data reduction procedure is described in detail in Section 2.2. Here we outline 

the major steps. Images are first corrected for cross-talk like contamination as described 

in McCarthy et al. (2001). We then subtract a dark exposure and do a first pass flatfield 

using dome flats. We flatten images again using a sky flat created from the object frames. 

Images are corrected for geometric distortion and aligned. The combined narrow-band 

images show a residual variation in fl.atness at the level of < 2%. We use SExtractor 

to create an image of the background and then divide a normalized background image 

into the narrow-band frames. The resulting images are flat to within < 0.5% across the 

entire image. We measure the noise in the continuum-subtracted image by calculating 

the standard deviation in a 15 x 15 pixel box at ten different locations in each image 

using the IRAF task IMEXAM. The average RMS for the ten regions is given in the last 

column of Table 3.1. 
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(a) CL 1040-1155 (b) CL 1054-1245 

O 

In V 43 
S 
3 
2: 

(o) CL 1216-1201 

Figure 3.1 Narrow-band filter transmissions with histogram of spectroscopic redshifts 

from EDisCS VLT survey for (a) CL 1040-1155, (b) CL 1054-1245, and (c) 

CL 1216—1201. Filter transmissions are shown in units of %/10 to match scale of number 

counts. 



Table 3.1 Summary of Observations 

Galaxy Cluster J-band Narrow-band 

Date Exp FWHM®^ Date Exp FWHM®^ RMS^ 

(m) (") (m) (") (ADU/sec) 

CL 1040-1155 19 Dec 2002 

CL 1054-1245 10 Mar 2003 

CL 1216-1201 11 Mar 2003 

35 1.1 19 Dec 2002 

38 1.2 10 Mar 2003 

36 1.0 12 Mar 2003 

150 1.13 0.0113±0.0008 

120 1.35 0.0112±0.0007 

140 1.1 0.0055±0.0003 

" FWHM in final combined image. 

'' RMS in continuum-subtracted image. 
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The flattened images show horizontal streaking associated with bright stars that 

probably exists at some level for all sources in the image. The streaking is not detectable 

in individual images but is very noticeable in the combined frame. The streaking severely 

undermines the sky flatness. We can remove this effect by applying a median filter 

to the final images. The median filter is 1 pixel wide and 150 pixels long with a high 

and low threshold set so as to reject any pixels slightly above or below the sky level. 

The thresholding serves to reject objects while keeping the vertical patterning. The 

filtered image is subtracted to remove streaks in the horizontal direction, and in Figure 

3.2 we show the J-band image of CL 1054—1245 before (left) and after (right) the 

median-filtered image is subtracted. We have not properly studied how the photometry of 

faint objects is affected by applying the median filter, so for now we use the unstreaked 

image to select objects and apertures and apply these positions to the original image. 

Figure 3.2 (Left) Combined J-band image of CL 1054—1245 showing horizontal 

streaking associated with bright stars. (Right) Same image after median filter is applied 

along rows and then subtracted from original image. 
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3.2.1. Flux Calibration of J- and Narrow-band Images 

The details of our flux calibration procedure are presented in Section 2.2.2. Here we 

outline the major steps. To flux-calibrate the narrow-band data, we observe solar-type 

standard stars from Persson et al. (1998) in the J-band and narrow-band filters. We use 

the IRAF DAOPHOT package to solve the J-band photometric transformation equation 

from these data, solving only for the zeropoint and airmass terms. The solutions for 

Dec. 19 2002 and Mar 10 2003 are listed in Table 3.2. We then integrate the solar 

spectrum over the J and narrow-band filters, multiplying by the filter and atmospheric 

transmissions at each wavelength. Assuming that the detector quantum efficiency is 

constant over both filter bandpasses, we have the narrow-to-J ratio of photons expected. 

The measured J-band flux of the standard star is converted to Janskys using a J 

magnitude zeropoint of 1600 Jy (Campins et al., 1985). The predicted photons/sec in 

the narrow-band filter is the product of the number of photons/sec in the J-band times 

the ratio of the narrow-to-J integrals. We convert narrow-band counts to ergs/s/cm^ by 

multiplying by the average energy per photon and dividing by the telescope area. 

To obtain a luminosity from the measured flux, we multiply by where 

di is the luminosity distance corresponding to the cluster redshift. We then use the 

Kennicutt star-formation law (Kennicutt et al., 1994) to relate Ha emission in ergs/sec to 

a star-formation rate in solar masses per year: 

1 ergs s"^ = 7.9 x IQ-^^^oyr-^ (3.1) 

We correct for 1 magnitude of extinction at Ho; (Kennicutt, 1983b), and we adopt an 

[NII]/HQ; ratio of 0.3 (Tresse et al., 1999) to correct for [NIL] contamination. The average 

narrow-band flux zeropoints determined for the CL 1040—1155, CL 1054—1245, and 

CL 1216—1201 filters are listed in Table 3.2 in units of ergs s~^ cm~^ and M© yr"^ 



Table 3.2 Summary of Photometric Calibrations 

J-band Solution Narrow-band ZP 

Date ZP Airmass Coeff R.M.S Flux®^ SFR'^ Filter Cluster 

19 Dec 2002'= 24.94±0.02 0.06±0.01 0.0400 8.55±0.06 1.35±0.02 Filter 8 CL1040-1155 

10 Mar 2003^ 24.93±0.07 0.08±0.05 0.0358 8.46±0.25 1.62±0.04 Filter 6 CL 1054-1245 

9.54±0.27 2.02±0.06 Filter 4 CL 1216-1201 

^ Units of 10"^^ ergs/s/cm^. 

^ SFR in units of Mq yr~^ corresponding to a z = 0.704, 0.748, and 0.794 source for Filters 8, 6, and 4, 

respectively. Errors are standard deviation among standard stars. 

^ Solution uses standard stars P525-E, P533-D, S840-F, and P545-C (Persson et al., 1998). 

Solution uses standard stars P545-C, P550-E, P565-C, S791-C, S860-D, and S867-V (Persson et al., 1998). 
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3.2.2. Source Detection and Photometry 

We use SExtractor for source detection and photometry. We are able to detect all sources 

that "look" real using the following parameters; a signal-to-noise threshold of 1.5cr per 

pixel, a minimum object area of 24 pixels, and a tophat 5x5 convolution kernel. We find 

that a background mesh size of 48 pixels optimizes sky subtraction. We use isophotal 

fluxes, where the last isophote is set by our 1.5(j per pixel limit. We run SExtractor 

in two-image mode, so that sources are selected from a combined J and narrow-band 

image, and the source positions and apertures are then applied to the J and narrow 

images. We make the narrow+J image by adding the sky-subtracted narrow-band image 

to the sky-subtracted, scaled J-band image. The J-band image is scaled by the ratio 

of narrow-to-J filter throughputs, where throughput includes filter and atmospheric 

transmissions. The difference of the sky-subtracted narrow and scaled-J image is used 

to quantify the noise properties of the continuum-subtracted fluxes. We use the VLT 

i?-band data (courtesy of EDisCS) to separate stars and galaxies because the VLT images 

have better seeing. We consider objects with a SExtractor classifier index over 0.9 as 

stars, and we exclude them from further analysis. 

The minimum object size and the noise in the continuum-subtracted image set 

our 1(7 flux sensitivity. To determine noise in the continuum-subtracted image, we use 

the IRAF IMEXAM task to calculate the standard deviation in several 15 x 15 boxes. 

The average standard deviations per pixel are listed in the last column on Table 3.1 

for the three EDisCS clusters. The la noise associated with our minimum object area 

is thus 0.055, 0.055, and 0.027 ADU/sec for CL 1040-1155, CL 1054-1245, and 

CL 1216-1201, where 

a = VArea x std^. (3.2) 
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Our 3cr detection thresholds are then 0.17, 0.17, and 0.081 ADU/sec for CL 1040—1155, 

CL 1054—1245, and CL 1216—1201, corresponding to star-formation rates of 0.23,0.28, 

and 0.16 M© yr̂ .̂ 

3.3. Continuum Subtraction 

The filters for the three EDisCS clusters lie in the blue end of J-band filter (see Figure 

3.9). This means that we can not estimate the continuum in the narrow-band filter 

by simply scaling the J-band flux by the ratio of the filter throughputs as we did for 

CL J0023-1-0423B; the scaled J-band flux gives a good estimate of the continuum in the 

center of the J-band filter, but this is not a good estimate of the continuum at the blue or 

red end of the J window due to the slope of a galaxy's SED. (We define throughput as 

the convolution of filter and atmospheric transmissions.) In Figure 3.3 we illustrate this 

effect for the CL 1040— 1155 filter, where we show the narrow-band EW versus redshift 

expected for E, SO, Sa, Sb, and Sc galaxy types. We calculate the EW using composite 

spectra from Mannucci et al. (2001) and estimate the narrow-band continuum by scaling 

the J-band flux by the ratio of narrow-to-J filter throughputs. The resulting EWs should 

be zero except where prominent spectral features are marked, yet we measure EWs 

from 50 to —70 A. Therefore, a simple scaling of the J-band flux does not provide an 

acceptable estimate of the narrow-band continuum. 

A more sophisticated technique is required to estimate the narrow-band continuum, 

and we present results for the CL 1040—1155 filter in detail for illustration. The results 

are similar for the CL 1054—1245 and CL 1216—1201 filters. In Figure 3.3 we observe a 

systematic decrease in EW with increasing redshift. We show this same trend in the top 

panel of Figure 3.4, where we plot the narrow-to-J flux ratio for E, SO, Sa, Sb, and Sc 

galaxies as a function of redshift. The solid horizontal line shows the calculated ratio of 
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Figure 3.3 EW measured through filter 8 for five different galaxy types as a function of 

redshift. Scaled J-band flux is used for continuum subtraction, and the errors in measured 

EWs are dominated by slope in galaxy SED across J-band window. A more sophisticated 

procedure for fitting continuum is required. 
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filter throughputs, and the dashed horizontal lines show this ratio ±10%. The bold black 

curve shows the average narrow-to-J ratio for E through Sb galaxies versus redshift, and 

in the bottom panel of Figure 3.4, we show the residuals for each galaxy type relative to 

this average. The results for CL 1054—1245 and CL 1216—1201 are shown in Figures 

3.5 and 3.6, respectively. For JZ < 1.8, the range of ratios for all galaxy types at a given 

redshift is within 10% of the average value. Therefore, if we know a galaxy's redshift, 

we can determine that narrow-band continuum to within 10%. The EDisCS collaboration 

has calculated photometric redshifts for all galaxies in each cluster field, and we use 

these redshifts in combination with the relationship between filter ratios and redshift to 

calculate narrow-band continuum. 

The EDisCS collaboration provides two independent measures of the photometric 

redshift for each galaxy. One set is calculated by Dr. Greg Rudnick following the 

method outlined in Rudnick et al. (2001), and the second is from Hyperz (Bolzonella 

et al., 2000). We compare SFRs derived using the two sets of photometric redshifts in 

Figure 3.7. The RMS is 0.5 M© yr"^, but only 9% of the points have differences 

greater than 0.5 M© yr~^. Therefore, the RMS must be dominated by outliers. If we 

delete the three most deviant points, the RMS drops to 0.26 /i{^o This error is 

comparable to our Su flux limits and so adds significant uncertainty to the derived SFRs. 

We use the Rudnick photometric redshifts to estimate our narrow-to-J filter ratios. Greg 

gives best-fit photometric redshift and the redshifts corresponding to the 68% confidence 

interval. We estimate the uncertainty in the narrow-to-J ratio by calculating the RMS 

over the redshift range corresponding to the 68% confidence interval of the photometric 

redshift, and we propagate this error through to the continuum subtracted flux. 
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Figure 3.4 (Top) Narrow to J flux ratio for E, SO, Sa, Sb, and Sc galaxies as a function 

of redshift. The soUd horizontal line shows the ratio of filter throughputs, and the dashed 

horizontal lines show this ratio ±10%. The solid black curve shows the average ratio 

for E through Sb galaxies versus 2;. (Bottom) Percent difference of Narrow-to-J ratios 

compared with average as a function of redshift. For 2: < 1.8, the range of ratios for 

all galaxy types is within 10% of the average value. Therefore, if we know a galaxy's 

redshift, we can determine that narrow-band continuum within 10%. 
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Figure 3.5 Same as Figure 3.4 for CL 1054—1245. 
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Figure 3.6 Same as Figure 3.4 for CL 1216—1201. 



Figure 3.7 Comparison of SFRs calculated using two different sets of photometric 

redshifts. RMS is 0.5 M© yr~^ 
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3.3.1. The Reality of Near-Infrared Photometry 

Now that the theoretical behavior of the filter ratios is well understood, we compare 

with the data. In Figure 3.8, we plot a histogram showing the number of galaxies 

versus the ratio of narrow-to-J flux for (a) CL 1040—1155, (b) CL 1054—1245, and 

(c) CL 1216—1201. We also plot the results for CL J0023-f0423B in panel (d) for 

comparison. The vertical dotted line shows the mode of observed ratios, and the dashed 

vertical line shows the expected value for galaxies at the cluster redshift that have no 

excess emission. If we make the assumptions that (1) the galaxy counts are dominated 

by galaxies at the cluster redshift and (2) the majority of the galaxies have no excess 

emission, then the dotted and dashed vertical lines in Figure 3.8 should coincide. 

The expected and observed values agree reasonably well for CL 1216—1201 and 

CL J0023+0423B, but we find a significant (19%) offset between observed and expected 

values for CL 1040-1155 and CL 1054-1245. For CL 1040-1155 the mode of the 

observed ratios is 0.06375, and the expected value is 0.07608. The mode of the observed 

values is 0.0645 for CL 1054—1245, and the expected value is 0.07696. To correct 

for the discrepancy between observed and expected narrow-band fluxes, we scale the 

CL 1040—1155 and CL 1054—1245 narrow-band images by 1.19 so that the observed 

narrow-to-J ratio meets the expected value. If all cluster galaxies have at least some 

low-level star-formation, then we will underestimate star-formation rates. This should be 

a conservative approach. 

How do we account for the discrepancy between observed and calculated filter ratios 

for CL 1040— 1155 and CL 1054—1245? The narrow and J-band images for both clusters 

were taken on the same nights, and both nights appeared photometric. CL J0023-I-0423B 

was observed on the same night as CL 1040—1155, and the CL J0023+0423B images 

calibrate very well. We see no trend in observed ratio versus distance from the image 
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Figure 3.8 Number of galaxies versus observed narrow-to-J flux ratio for (a) 

CL 1040-1155, (b) CL 1054-1245, (c) CL 1216-1201, and (d) CL J0023+0423B. 

Vertical dotted line shows mode of observed ratios, and dashed line shows expected 

value for cluster galaxies with no excess emission. Expected and observed values agree 

reasonably well for CL 1216—1201 and CL J0023-I-0423B, but we find a significant offset 

between observed and expected values for CL 1040—1155 and CL 1054—1245. 
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center, so vignetting is not to blame. Furthermore, we observed standard stars at low 

airmass through both filters, and the narrow-to-J flux ratios agree with expected values 

to within 5%. The probable cause of the discrepancy is atmospheric absorption. Figure 

3.9 shows the atmospheric transmission (black dotted line) as a function of wavelength 

across the J-band window. The filter transmission for J is shown with the solid line, 

and the narrow-band filter transmissions are shown with dashed lines. From left to right, 

the narrow-band filters correspond to CL1040—1155, CL 1054—1245, CL1216—1203, 

and CL J0023-I-0423B. We assume that the airmass dependence and time variabiHty of 

the atmospheric water feature at 1.10-1.15//m compromise the flux caHbration of the 

CL 1040-1155 and CL 1054-1245 filters. The CL 1216-1201 and CL J0023+0423B 

filters lie in better atmospheric windows, so fluxes calibrate more easily. 

3.4. Results 

We discuss continuum-subtracted flux in terms of two quantities, equivalent width and 

star-formation rate. We define the rest-frame EW as 

EW = (3.3) 
fj (1 + z) 

where /„ is the narrow-band flux in ADU/s, r is the calculated ratio of narrow-to-J filter 

throughputs (throughput is filter convolved with atmosphere), fj is the J band flux in 

ADU/s, and AAj is the bandwidth of the J-band filter or With this definition, 

emission sources have positive EWs and absorption sources have negative EWs. The 

redshift, 2;, is the cluster redshift, and we assume that all objects with significant EWs are 

associated with the cluster. The error in EW is 

The narrow and J-band flux errors, CT/^ and are the sum in quadrature of zeropoint 

errors and SExtractor photometric errors. The error in the narrow-to-J ratio, a^, is the 
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Figure 3.9 Atmospheric transmission (dotted black line) plotted with J (solid line) 

and narrow-band (dashed line) filter transmissions. From left to right, the narrow

band filters correspond to CL1040-1155, CL 1054-1245, CL1216-1201, and 

CL J0023-t-0423B. Atmospheric water feature at 1.10-1.15 /um compromises flux 

calibration of CL 1040-1155 and CL 1054-1245 filters. 
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RMS of the ratio within the 68% confidence intervals of the photometric redshift. 

The star-formation rate is calculated by scaling the continuum-subtracted flux by the 

conversion from ADU/s to ^0 given in Table 3.2. The continuum-subtracted 

flux, fcs, is the scaled J-band flux subtracted from the narrow-band flux. 

with errors in a/„, <j/^, and ar defined as above. The conversion to SFR introduces an 

additional error associated with the conversion factor, and this is included in the error 

estimate for each SFR. 

The left panel of Figures 3.10, 3.11, and 3.12 shows the final J-band image for 

clusters CL 1040—1155, CL 1054—1245, and CL 1216—1201, respectively. The right 

panel is a schematic showing the positions of the galaxies relative to the brightest cluster 

galaxy (BCG). Our observations are limited in both flux and EW, and we consider 

all objects with > 3a continuum-subtracted flux and \EW\ > 10 A as significant 

detections. The one exception is what looks to be a foreground interacting pair in the 

CL 1216-1201 field, at 6RA = -35" and 5DEC = +10" from the BCG. The SFR 

is 19.9ztl.2 Mq yr~^, but the EW is just above our threshold at 10.7 ± 0.6 A. We 

therefore discard this galaxy from our sample. In the right panel of Figures 3.10, 3.11, 

and 3.12 we show galaxies with significant narrow-band emission with stars and galaxies 

with significant absorption with circles. By inspection, the CL 1216—1201 field appears 

to be the richest cluster, and this is confirmed by number counts and velocity dispersion. 

We list the data for each galaxy in the field of CL 1040—1155 in Table 3.3. 

The columns are (1) name according to EDisCS, (2) the offset in RA from the 

fcs fn ^ fJ • (3.5) 

The error in the continuum-subtracted flux is 

(3.6) 
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Figure 3.10 (Top) J-band image of CL 1040—1155 and (Bottom) schematic showing 

positions of galaxies relative to cluster center. Galaxy positions are marked with black 

dots. Galaxies with significant emission and absorption are marked with stars and circles, 

respectively. Image dimension is 2.37'x 2.46'. The dotted circle marks 0.79 x -R2oo-
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Figure 3.11 (Top) J-band image of CL 1054—1245 and (Bottom) schematic showing 

positions of galaxies relative to cluster center. Galaxy positions are marked with black 

dots. Galaxies with significant emission and absorption are marked with stars and circles, 

respectively. Image dimension is 2.73'x 2.62'. The dotted circle marks 0.79 x R2oo-
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Figure 3.12 (Top) J-band image of CL 1216—1201 and (Bottom) schematic showing 

positions of galaxies relative to cluster center. Galaxy positions are marked with black 

dots. Galaxies with significant emission and absorption are marked with stars and circles, 

respectively. The CL 1216—1201 image dimension is 2.47'x 2.31'. The dotted circle 

marks 0.79 x i?2oo-
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brightest cluster galaxy, (3) the offset in DEC from the brightest cluster galaxy, (4) 

the x-position of the image, (5) the y-position of the image, (6) the ratio used to 

compute the continuum-subtracted flux, (7) the narrow-band equivalent width in A, 

(8) the continuum-subtracted narrow-band flux in units of 10^^ ergs s~^ cm~^, (9) Ha 

luminosity in units of 10''^ ergs assuming the source is at the cluster redshift, and 

(10) star-formation rate in units of M© yr~^. The error in luminosity is scaled 

from the flux error, and the error in SFR is calculated as described above. The data for 

CL 1054—1245 and CL 1216—1201 galaxies are presented in the same format in Tables 

3.4 and 3.5, respectively. 

The distribution of narrow-band EWs is shown in Figure 3.13 for (a) CL 1040— 1155, 

(b) CL 1054—1245, and (c) CL 1216—1201. The distribution of Ha SFRs is shown 

in Figure 3.14 for the three clusters. The histogram shows all sources in the 

field, and the shaded histogram shows only those sources with a narrow-band 

|EW| > 10 A. The integrated star-formation for all significant detections is 

79.9±4.0 /ifoo M© yr-i for CL 1040-1155,114.2±9.1 /ifoo M© yr"^ for CL 1054-1245, 

and 230.7±10.3 M© yr"^ forCL 1216-1201. 

The J-band image of CL 1040—1155 shows an object at 6RA = 50.9" and 

6DEC — —5.8" which is not detected in the narrow-band image. The corresponding 

narrow-band EW is —122.5 ± 3.6 A. Such a large value can not be explained by stellar 

absorption, and we suspect that this galaxy either has significant dust extinction or is at 

very high redshift (2; = 1.8 for 4000 A break; 2; ~ 8 for Lyman break). We do not detect 

this galaxy in the optical VLT images, but the presence of a nearby bright star limits 

our ability to put limits on the optical flux. Near-infrared imaging from the EDisCS 

collaboration will be used to confirm the existence of this galaxy. 
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Figure 3.13 Distribution of narrow-band EWs for all objects in (a) CL 1040—1155, (b) 

CL 1054-1245, (c) CL 1216-1201, and (d) CL J0023+0423B fields. 
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Figure 3.14 Distribution of Ha-derived SFRs for (a) CL 1040-1155, (b) CL 1054-1245, 

and (c) CL 1216—1201. Tlie histogram shows distribution of all galaxies, and the shaded 

histogram shows the distribution for galaxies with EW >10 A. Vertical dotted lines mark 

the 3(7 flux limits. Negative SFRs indicate objects with significant absorption. 
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3.4.1. Brightest Cluster Galaxies 

The BCGs are thought to originate from a series of major mergers early on and the 

subsequent accretion of smaller mass galaxies (Dubinski, 1998). The active merging 

history of BCGs makes them interesting targets for star-formation studies. We show the 

J-band, narrow-band, and continuum-subtracted images for the three EDisCS BCGs in 

Figure 3.15. All three of the BCGs show signs of interactions, yet their star-formation 

properties are quite different. The CL 1040—1155 BCG, EDCSJ1040404—1156042, 

shows Ha emission corresponding to a SFR of 1.3 ± 0.6 M© yr"^ and an EW of 

4.2 ± 1.7 A, which is below our confidence cut. Therefore, the Ha flux is consistent 

with zero. The CL 1054-1245 BCG, EDCSJ1054436-1245519, shows an H<5 EW of 

—3.1 A in the optical spectrum. We detect the galaxy in absorption as well with an Ha 

EW of —10.2 ± 1.5 A, just above our significance cut. The CL 1216—1201 BCG and 

surrounding ~3 galaxies in CL 1216—1201 have a combined SFR of 24 /ifoo M© yr~^ 

Interestingly the BCG, EDCSJ1216453 —1201176, has an Ha EW of 20.9 ± 1.1 A and 

SFR of 13.3 ±1.1 /tfoo M© but the optical spectrum shows no [Oil] emission. This 

indicates the presence of significant dust and again highlights the strength of Ha over 

[Oil] as a star-formation indicator. 

3.4.2. Comparison with Spectroscopy 

The EDisCS collaboration has provided spectroscopic redshifts and [Oil] EWs for the 

three clusters, and we use the redshifts to check the validity of our EWs. In Figure 

3.16, we plot narrow-band EW in A versus spectroscopic redshift. Sources with > 3a 

continuum-subtracted flux are shown with solid squares. For completeness we also 

show < 3a sources with open triangles. The redshift range for which Ha is detectable 

through each filter is shown with solid vertical lines. Other spectral features that could 

be detected from galaxies at non-cluster redshifts are shown with dotted vertical lines. 



115 

J-banpl Narr-pw 

Figure 3.15 201 x 201 pixel box centered on Brightest Cluster Galaxy of (a) 

CL 1040-1155, (b) CL 1054-1245, and (c) CL 1216-1201. Left panel shows 

J-band image, center panel shows narrow-band image, and right panel shows 

continuum-subtracted narrow-band image. Image dimensions correspond to roughly 

200 /ij"oo kpc X 200 kpc. 
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Considering significant sources only, we find three false detections out of eight for 

CL 1040-1155 (one is a star), 1/9 for CL 1054-1245, and 1/20 for CL 1216-1201. By 

combining statistics for the three clusters, we find a total of five false detections out of 

37, or 14 ± 6%. 

We can also compare our narrow-band EWs with photometric redshifts. This has 

the advantage of including all sources but the disadvantage of larger errors in redshift. In 

Figure 3.17, we plot narrow-band EW versus photometric redshift. The redshift errors 

show the 68% confidence interval. The redshift range over which Ha is observable in 

the narrow-band filter is shown with solid vertical lines. Redshifts where other spectral 

features pass through the narrow-band filters are shown with dotted vertical lines. Again, 

sources with > 3a continuum-subtracted fluxes are shown with filled squares, and < 3a 

sources are shown with open triangles. The contamination rate is difficult to assess due to 

uncertainties in photometric redshifts, but the majority of sources with significant EWs 

have redshifts consistent with the cluster. 

In Figure 3.18, we plot [Oil] EW versus Ha EW for the spectroscopic samples of (a) 

CL 1040—1155, (b) CL 1054—1245, and (c) CL 1216—1201. We also plot the empirical 

relationship for between [Oil] and Ha EW found by Kennicutt (1992a,b). We find 

reasonable agreement between [Oil] and Ha EWs for all three clusters. Interestingly, we 

find 14 out of 51 galaxies with significant Ha EWs and no detectable [Oil] emission. 

This implies that spectroscopic surveys which use [Oil] as a star-formation indicator 

provide an incomplete census of star-formation properties due to (1) incomplete sampling 

and (2) severe extinction of [Oil]. Evidence for significant dust motivates mid-infrared 

observations of clusters using SIRTF to detect heavily obscured star-formation, which 

we discuss in Chapter 5. 
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Figure 3.16 Narrow-band EW versus spectroscopic redshift for (a) CL 1040—1155, (b) 

CL 1054—1245, and (c) CL 1216—1201. Sources with > 3a continuum-subtracted flux 

are shown with filled squares, and sources with < 3a continuum-subtracted flux are 

shown with open triangles. 
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Figure 3.17 Narrow-band EW versus photometric redshifts from Dr. Greg Rudnick 

for (a) CL 1040-1155, (b) CL 1054-1245, and (c) CL 1216-1201. Sources with 

> 3(j continuum-subtracted flux are shown with filled squares, and sources with < 3a 

continuum-subtracted flux are shown with open blue triangles. 
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Figure 3.18 Spectroscopically determined [Oil] EW versus narrow-band Ha EW for (a) 

CL 1040-1155, (b) CL 1054-1245, and (c) CL 1216-1201. Solid line shows empirical 

relationship for between [Oil] and Ha EW found by Kennicutt (1992a,b). 
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3.4.3. Completeness of Spectroscopic Surveys 

How much star formation is missed in the EDisCS spectroscopic surveys? In Figure 3.19 

we plot the distribution of narrow-band EWs for (a) CL 1040—1155, (b) CL 1054—1245, 

and (c) CL 1216—1201. We also show the histogram of EWs for the spectroscopic 

sample, where we have divided spectroscopically measured [Oil] EWs by 0.4 to 

approximate the Ha EW (Kennicutt, 1992a,b). To estimate the star formation missed 

with spectroscopy, we sum the SFRs for the spectroscopic sample and divide by the total 

SFR for all objects with significant narrow-band emission. We find that the spectroscopic 

samples detect 31±5% of the star formation in CL 1040—1155, 11±2% of the star 

formation in CL 1054—1245, and 39±5% of the star formation in CL 1216—1201. The 

EDisCS spectroscopic samples are magnitude-limited, but photometric redshifts are used 

to select likely cluster members. Thus, the EDisCS spectroscopic samples are likely to be 

more complete for a given number of spectra than a purely magnitude-limited sample. In 

Figures 3.20, 3.21, and 3.22, we also plot cumulative SFR versus J-band magnitude (left) 

and i?-band magnitude (right) for CL 1040-1155, CL 1054-1245, and CL 1216-1201 

for comparison with magnitude-limited samples. Both J and R magnitudes are measured 

in a circular aperture of 2" radius. The horizontal dashed lines show the 50% and 90% 

levels of the total star formation detected in each narrow-band image. 

3.4.4. Color Dependence of SFRs 

Do we recover the EW-color trend observed in local galaxy samples? In Figure 3.23 

we plot narrow-band EW versus R — J isophotal magnitude for (a) CL 1040—1155, 

(b) CL 1054—1245, and (c) CL 1216—1201. We show our EW limits of ±10 A with 

dashed lines. The bluer galaxies in all three clusters have the highest EWs, as in seen 

in local samples (Moustakas & Kennicutt, 2003). The resulting plots do not show as 

tight a correlation as local samples, but we have made no background corrections. 
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Figure 3.19 Histogram (open) of narrow-band EWs for (a) CL 1040—1155, (b) 

CL 1054—1245, and (c) CL 1216—1201. The filled histogram shows the EWs for the 

spectroscopic sample, where we have divided spectroscopically measured [Oil] EWs by 

0.4 to approximate Ha EW. We find that the spectroscopic samples detect 31±5% of the 

star formation in CL 1040—1155, 11±2% of the star formation in CL 1054—1245, and 

39±5% of the star formation in CL 1216—1201. 
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J (2 arcsec radius) R (2 arcsec radius) 

Figure 3.20 Cumulative SFR versus J-band (left) and i?-band (right) magnitude for 

CL 1040—1155. Magnitudes are measured in a 2" radius aperture. The horizontal dashed 

lines show the 50% and 90% levels of the total star formation detected in each narrow

band image. 
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Figure 3.21 Same as Figure 3.20 for CL 1054—1245. 
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CL 1054—1245 shows eight red (i? — J = 3 — 4) galaxies with significant EWs. The 

presence of star-formation implies that the red colors are probably due to dust and not the 

underlying stellar population. However, we can not say anything definite until images 

are recalibrated to confirm the narrow-to-J filter ratios. 

3.5. Summary 

We present Ho; narrow-band imaging results for three 2: ~ 0.8 EDisCS clusters. As in 

Chapter 2, we show that near-infrared, narrow-band imaging centered on the observed 

wavelength of Ha is a powerful technique for sampling the entire Ha luminosity 

function. For the first time we assemble a star-formation limited sample of galaxies in 

high-redshift clusters. We find the following results, both technical and scientific in 

nature: 

• The scaled J-band flux is not a good estimate of continuum levels for the EDisCS 

cluster filters, and we use photometric redshifts from EDisCS collaboration to 

reduce uncertainties in the continuum estimate. 

• We estimate the rate of false detections by comparing our narrow-band EWs with 

spectroscopic redshifts from the EDisCS collaboration. By combining statistics for 

the three clusters, we conclude that the rate of false detections is 14 ± 6% (5/37). 

• We measure the integrated star-formation rate within the same fraction of the virial 

radius (0.79 x -R200) for each cluster and find values of 39.6±1.0, 67.5±3.0, and 

120.5±2.9 /i{oo Mo yr'^ forCL 1040-1155, CL 1054-1245, andCL 1216-1201. 

Integrated star-formation increases with cluster mass within our small sample. 

• The Brightest Cluster Galaxies show a range of star-formation properties. The 

CL 1216—1201 BCG and surrounding galaxies show active star formation. The 
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CL 1040—1155 BCG shows no star-formation, and the CL 1054—1245 BCG 

shows weak absorption which is confirmed in optical spectra. 

• We compare our Ha EWs with [Oil] EWs from EDisCS spectroscopic survey 

and find 14 out of 51 galaxies with significant Ha emission and no detectable 

[Oil] emission. This implies that spectroscopic surveys which use [Oil] as a 

star-formation indicator provide an incomplete census of star-formation properties 

due to (1) incomplete sampling and (2) severe extinction of [Oil], [Oil] emission 

may be obscured in 27% of the star-forming population. Evidence for significant 

dust motivates mid-infrared observations of clusters using SIRTF to detect heavily 

obscured star-formation. 

• Spectroscopic surveys miss a large fraction (> 60%) of cluster star formation due 

to incomplete sampling. 
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Figure 3.22 Same as Figure 3.20 for CL 1216—1201. 
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Figure 3.23 Narrow-band EW versus R — J color for all galaxies in (a) CL 1040—1155, 

(b) CL 1054—1245, and (c) CL 1216—1201 fields. Magnitudes are isophotal (R-band 

data courtesy of the EDisCS collaboration). 



Table 3.3 Ha Data for CL 1040— 1155 Galaxies 

Name" SRA 5Dec X y Ratio EW(Ha) F1ux(HQ!)'' L(Ha)'^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1040363-1156346 -60.4 -30.4 225.0 12.6 0.0742 ± 0.0001 3.4 ± 3.6 1.5 ±3.2 0.32 ± 0.66 0.3 ± 0.3 

1040362-1156259 -62.1 -21.8 273.0 3.0 0.0717 ± 0.0004 -26.1 ± 15.7 -0.9 ± 1.1 -0.19 ±0.23 -0.1 ±0.1 

1040367-1155518 -53.8 12.1 461.1 49.0 0.0730 ± 0.0002 18.5 ± 5.7 5.3 ± 3.0 1.10 ±0.63 0.9 ± 0.3 

1040366-1156136 -56.1 -9.8 339.8 36.3 0.0800 ± 0.0009 -0.8 ± 23.7 -0.0 ± 1.3 -0.00 ± 0.26 -0.0 ±0.1 

1040368-1156141 -53.0 -9.8 339.5 53.5 0.0644 ± 0.0006 0.2 ± 17.8 0.0 ± 1.3 0.00 ± 0.27 0.0 ±0.1 

1040369-1156356 -51.4 -31.4 219.8 62.4 0.0711 ±0.0005 -1.1 ±2.8 -0.8 ± 3.8 -0.17 ±0.79 -0.1 ± 0.3 

1040370-1156185 -50.6 -14.4 314.1 67.0 0.0766 ± 0.0001 28.9 ± 15.7 2.0 ± 1.9 0.41 ± 0.40 0.3 ± 0.2 

1040374-1155353 -44.1 28.7 553.4 103.1 0.0705 ± 0.0001 -8.9 ± 5.0 -2.8 ±3.1 -0.58 ± 0.64 -0.5 ± 0.3 

1040373-1156570 -45.7 -52.7 101.1 94.1 0.0800 ± 0.0002 18.0 ± 15.9 1.2 ± 2.0 0.26 ± 0.43 0.2 ± 0.2 

1040375-1155499 -43.0 14.1 472.5 109.1 0.0676 ± 0.0004 38.4 ± 16.1 2.2 ± 1.6 0.45 ± 0.33 0.4 ±0.1 

1040381-1157000 -33.8 -55.7 84.5 160.2 0.0710 ± 0.0004 69.6 ± 5.3 27.9 ± 3.8 5.84 ± 0.80 4.6 ± 0.4 

1040381-1156341 -33.5 -29.9 228.1 161.7 0.0748 ± 0.0005 -1.3 ±7.8 -0.2 ± 2.5 -0.04 ± 0.53 -0.0 ± 0.2 



Table 3.3 Ha Data for CL 1040—1155 Galaxies - continued 

Name" SRA 5Dec X y Ratio EW(Ha) Flux(Ha)^ L(Hq;)= SFR^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1040381-1155330 -34.1 31.4 568.7 158.4 0.0646 ± 0.0004 -15.1 ± 10.9 -1.2 ± 1.7 -0.25 ± 0.36 -0.2 ±0.1 

1040384-1155501 -29.5 13.8 470.9 184.0 0.0710 ± 0.0004 33.8 ± 5.7 11.1 ±3.4 2.32 ± 0.71 1.8 ±0.3 

1040382-1156063 -32.2 -2.2 381.8 169.1 0.0717 ± 0.0003 -15.4 ± 18.2 -0.6 ± 1.3 -0.12 ±0.27 -0.1 ±0.1 

1040385-1156311 -28.4 -26.9 244.4 190.0 0.0736 ± 0.0001 72.2 ± 7.2 18.8 ±3.2 3.93 ± 0.67 3.1 ±0.3 

1040386-1156438 -26.7 -39.6 173.9 199.5 0.0740 ± 0.0004 -4.4 ± 6.0 -1.0 ±2.6 -0.20 ± 0.53 -0.2 ± 0.2 

1040385-1157079 -28.2 -63.7 40.3 191.6 0.0714 ± 0.0001 159.4 ± 29.3 7.2 ± 1.8 1.50 ±0.37 1.2 ±0.2 

1040384-1156410 -29.2 -36.7 190.1 185.9 0.0742 ± 0.0000 17.5 ± 18.8 0.8 ± 1.5 0.16 ±0.31 0.1 ±0.1 

1040386-1156143 -26.2 -10.4 336.5 202.4 0.0742 ± 0.0004 121.5 ± 24.5 6.2 ± 1.8 1.31 ± 0.38 1.0 ± 0.2 

1040390-1155459 -19.9 18.0 493.8 237.6 0.0800 ± 0.0006 3.8 ±4.9 1.5 ± 3.6 0.31 ±0.75 0.2 ± 0.3 

1040389-1156433 -22.8 -39.3 175.7 221.4 0.0730 ± 0.0010 57.9 ± 17.7 3.8 ± 1.9 0.80 ± 0.41 0.6 ± 0.2 

1040389-1155314 -22.0 32.6 574.9 225.6 0.0736 ± 0.0002 21.7 ± 14.1 1.5 ± 1.8 0.31 ±0.37 0.2 ± 0.2 

1040390-1155537 -21.0 10.3 451.4 231.2 0.0646 ± 0.0008 6.8 ± 11.8 0.5 ± 1.8 0.11 ± 0.37 0.1 ±0.2 



Table 3.3 Ha Data for CL 1040— 1155 Galaxies - continued 

Name" JRA JDec X y Ratio EW(Ha) Flux(Ha)^ L(Har SFR'' 

(") (") (pixel) (pixel) (narrow/J) (A) 

1040392-1155166 -17.2 47.4 657.2 252.7 0.0767 ± 0.0009 -27.2 ± 4.9 -7.3 ± 2.7 -1.53 ± 0.57 -1.2 ±0.3 

1040391-1156440 -19.0 -39.7 173.3 242.2 0.0730 ± 0.0004 -15.8 ± 18.3 -0.6 ± 1.4 -0.12 ±0.29 -0.1 ±0.1 

1040393-1155365 -15.6 27.5 546.7 261.4 0.0767 ± 0.0009 16.1 ± 8.5 2.4 ± 2.4 0.50 ± 0.49 0.4 ± 0.2 

1040393-1157089 -16.1 -64.5 35.5 258.3 0.0767 ± 0.0003 83.9 ± 32.9 2.4 ± 1.5 0.51 ±0.31 0.4 ± 0.1 

1040397-1156047 -10.4 -0.5 391.1 290.1 0.0657 ± 0.0001 19.6 ± 4.0 10.2 ±3.8 2.13 ±0.80 1.7 ±0.3 

1040397-1156280 -10.2 -23.8 261.8 291.4 0.0709 ± 0.0001 -1.1 ±4.4 -0.5 ± 3.5 -0.10 ±0.73 -0.1 ±0.3 

1040397-1155183 -10.5 45.8 648.4 289.8 0.0738 ± 0.0004 5.8 ± 2.8 4.2 ± 4.0 0.88 ± 0.83 0.7 ± 0.4 

1040395-1156335 -14.0 -29.0 232.7 270.1 0.0717 ± 0.0000 21.7 ± 22.7 0.7 ± 1.3 0.14 ±0.27 0.1 ±0.1 

1040394-1155284 -14.0 35.6 591.6 270.4 0.0705 ± 0.0002 -37.9 ± 16.5 -1.3 ± 1.2 -0.28 ± 0.26 -0.2 ±0.1 

1040404-1156042 -0.1 -0.5 391.4 347.2 0.0738 ± 0.0004 4.2 ± 1.7 9.5 ± 7.2 1.99 ± 1.50 1.6 ±0.7 

1040400-1157135 -5.7 -69.0 10.9 316.1 0.0740 ± 0.0001 6.1 ± 3.2 4.1 ±4.1 0.86 ± 0.86 0.7 ± 0.4 

1040399-1157100 -6.9 -65.7 28.8 309.9 0.0748 ± 0.0002 -45.8 ± 7.5 -6.0 ± 2.1 -1.25 ± 0.44 -1.0 ±0.2 



Table 3.3 Hct Data for CL 1040—1155 Galaxies - continued 

Name" SRA 5Dec X y Ratio EW(Ha) Flux(Ha)^ L(Ha)^ SFR'' 

(") (") (pixel) (pixel) (narrow/J) (A) 

1040399-1156247 -6.7 -20.6 279.7 310.8 0.0736 ± 0.0003 121.3 ±38.1 3.3 ± 1.5 0.69 ±0.31 0.5 ±0.1 

1040405-1156003 1.4 3.8 414.9 356.0 0.0646 ± 0.0004 -2.9 ± 3.0 -2.0 ± 4.0 -0.41 ± 0.83 -0.3 ± 0.3 

1040403-1155587 -0.9 5.3 423.3 343.1 0.0748 ± 0.0005 17.2 ± 5.0 6.7 ± 3.6 1.40 ± 0.76 1.1 ±0.3 

1040408-1156015 5.4 2.5 408.1 378.2 0.0742 ± 0.0004 3.9 ±2.5 3.7 ±4.6 0.77 ± 0.96 0.6 ± 0.4 

1040461-1156000 83.7 4.4 418.3 813.1 0.0674 ± 0.0001 -15.0 ± 7.7 -2.3 ± 2.3 -0.48 ± 0.49 -0.4 ± 0.2 

50.9 -5.8 362.0 630.7 0.0723 ± 0.0000 -122.5 ± 3.6 -26.4 ± 2.3 -5.53 ± 0.48 -4.4 ± 0.3 

1040431-1156473 39.5 -43.2 154.2 567.3 0.0800 ± 0.0005 124.2 ± 22.5 8.5 ± 2.2 1.79 ± 0.47 1.4 ±0.2 

1040431-1156358 39.6 -31.5 218.9 568.0 0.0714 ±0.0000 27.6 ± 2.2 43.4 ± 6.5 9.07 ± 1.36 7.2 ± 0.6 

1040431-1156121 39.7 -8.0 349.5 568.3 0.0713 ± 0.0003 -19.6 ±7.8 -2.9 ± 2.4 -0.61 ± 0.49 -0.5 ± 0.2 

1040431-1155339 39.6 30.2 561.6 567.9 0.0785 ± 0.0003 23.5 ± 4.5 12.4 ±4.3 2.58 ± 0.90 2.0 ± 0.4 

1040444-1156545 58.5 -50.3 114.4 673.2 0.0630 ± 0.0003 5.1 ± 11.6 0.4 ± 1.7 0.08 ± 0.36 0.1 ±0.1 

1040423-1155271 27.6 36.8 598.6 501.4 0.0740 ± 0.0000 -28.7 ± 10.1 -2.4 ± 1.8 -0.51 ± 0.37 -0.4 ± 0.2 , 
1 



Table 3.3 Ha Data for CL 1040—1155 Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(Ha) Flux(Ha)'^ U H a f  SFR^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1040444-1156543 59.9 -50.0 116.3 680.7 0.0630 ± 0.0003 13.2 ±9.8 1.5 ±2.1 0.31 ± 0.43 0.2 ± 0.2 

1040442-1155335 56.4 30.6 563.8 661.3 0.0737 ± 0.0005 43.7 ± 15.8 3.0 ± 1.9 0.62 ± 0.39 0.5 ± 0.2 

1040425-1155452 31.8 18.7 497.6 524.5 0.0770 ± 0.0006 19.3 ± 15.4 1.2 ± 1.7 0.25 ± 0.36 0.2 ±0.1 

1040447-1155314 63.9 32.9 576.8 703.0 0.0736 ± 0.0001 18.1 ± 13.9 1.5 ±2.1 0.31 ±0.43 0.2 ± 0.2 

1040424-1156282 29.2 -24.1 260.0 510.2 0.0700 ± 0.0001 22.7 ± 7.0 5.0 ±2.8 1.04 ±0.59 0.8 ± 0.2 

1040447-1156450 63.2 -40.7 167.9 699.4 0.0785 ± 0.0004 17.0 ± 2.3 22.1 ± 5.6 4.62 ± 1.16 3.7 ±0.5 

1040439-1156574 51.9 -53.1 99.1 636.4 0.0665 ± 0.0012 32.1 ±22.8 1.0 ± 1.3 0.21 ± 0.27 0.2 ±0.1 

1040422-1155112 26.2 52.9 688.0 493.6 0.0754 ± 0.0002 -50.1 ± 8.0 -5.8 ± 2.0 -1.22 ± 0.43 -1.0 ±0.2 

76.2 2.2 406.1 771.4 0.0723 ± 0.0000 -9.4 ± 8.6 -1.2 ±2.2 -0.26 ± 0.46 -0.2 ± 0.2 

1040430-1156127 38.2 -8.8 344.9 560.4 0.0543 ± 0.0003 73.1 ±20.0 3.2 ± 1.4 0.68 ± 0.30 0.5 ±0.1 

1040421-1155092 25.6 54.8 698.5 490.5 0.0750 ± 0.0001 -33.6 ± 5.8 -7.3 ± 2.6 -1.53 ± 0.55 -1.2 ±0.2 

1040455-1155430 75.5 21.1 511.0 767.5 0.0754 ± 0.0003 -9.8 ± 6.7 -2.1 ±2.8 -0.43 ± 0.58 -0.3 ± 0.2 



Table 3.3 Ha Data for CL 1040— 1155 Galaxies - continued 

Name" 6RA ^Dec X y Ratio EW(Ha) FIUXCHq)'' L(Ha)'^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1040428-1155520 34.8 12.3 462.6 541.5 0.0674 ± 0.0010 26.4 ±13.9 2.1 ± 2.0 0.44 ± 0.42 0.3 ± 0.2 

1040406-1155145 3.2 49.4 668.6 365.8 0.0713 ± 0.0003 25.3 ± 25.1 0.7 ± 1.3 0.15 ±0.26 0.1 ±0.1 

1040421-1156004 25.4 3.6 413.8 488.9 0.0711 ±0.0001 12.2 ±6.1 3.1 ± 2.9 0.64 ± 0.60 0.5 ± 0.2 

1040421-1155450 25.7 19.1 500.3 490.5 0.0698 db 0.0013 80.2 ± 30.8 2.4 ± 1.5 0.50 ± 0.30 0.4 ±0.1 

1040406-1155524 3.4 11.5 458.0 366.8 0.0742 ± 0.0003 -22.6 ± 10.5 -1.8 ± 1.7 -0.37 ± 0.35 -0.3 ±0.1 

1040423-1155524 28.8 11.4 457.5 507.7 0.0742 ± 0.0002 14.3 ± 12.4 1.2 ± 2.0 0.26 ± 0.42 0.2 ± 0.2 

1040421-1155524 24.8 11.6 458.5 486.0 0.0740 ± 0.0001 -2.1 ± 2.4 -1.9 ±4.2 -0.39 ± 0.87 -0.3 ± 0.4 

1040444-1156483 60.0 -44.1 148.8 681.1 0.0657 ± 0.0006 112.7 ±27.4 4.8 ± 1.7 1.01 ±0.36 0.8 ± 0.2 

1040406-1156295 2.6 -25.4 252.9 362.7 0.0800 ± 0.0000 32.3 ± 5.4 10.5 ± 3.2 2.20 ± 0.66 1.7 ±0.3 

1040426-1155534 31.9 10.6 453.1 525.0 0.0740 ± 0.0008 10.0 ±2.1 11.0 ±4.4 2.29 ± 0.93 1.8 ±0.5 

1040406-1155456 3.2 18.1 494.8 365.9 0.0717 ± 0.0004 12.5 ± 7.3 2.5 ± 2.8 0.53 ± 0.58 0.4 ± 0.2 

1040418-1155547 21.4 9.8 448.3 466.7 0.0736 ± 0.0002 4.0 ± 4.3 2.1 ±4.3 0.45 ± 0.90 0.4 ± 0.4 



Table 3.3 Ha Data for CL 1040— 1155 Galaxies - continued 

Name" SRA 5Dec X y Ratio EW(HQ;) F1ux(HQ!)^ L(Ha)'^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1040421-1156504 24.8 -46.1 138.1 485.8 0.0714 ± 0.0002 22.1 ± 1.5 41.8 ±5.8 8.75 ± 1.20 6.9 ± 0.6 

1040422-1155177 26.6 46.4 651.7 495.5 0.0712 ± 0.0005 7.1 ± 8.6 1.0 ±2.3 0.21 ± 0.47 0.2 ± 0.2 

1040420-1155198 24.0 44.2 639.3 481.6 0.0710 ±0.0001 -49.3 ± 6.4 -6.8 ± 1.9 -1.43 ± 0.40 -1.1 ±0.2 

1040419-1155119 22.7 52.1 683.5 473.9 0.0748 ± 0.0003 -14.0 ± 8.0 -2.1 ± 2.4 -0.44 ± 0.50 -0.3 ± 0.2 

1040419-1156182 22.5 -14.1 315.7 473.0 0.0742 ± 0.0000 3.8 ± 11.1 0.3 ± 1.8 0.07 ± 0.37 0.1 ±0.2 

1040419-1155229 22.6 41.0 621.5 473.3 0.0674 ± 0.0006 -40.9 ± 15.9 -1.4 ± 1.2 -0.30 ± 0.25 -0.2 ±0.1 

1040417-1155083 19.8 55.8 704.1 458.0 0.0742 ± 0.0004 -19.2 ±6.6 -3.4 ± 2.4 -0.72 ± 0.49 -0.6 ± 0.2 

1040416-1156207 18.5 -17.0 299.7 450.6 0.0742 ± 0.0001 -14.7 ± 5.8 -4.0 ± 3.1 -0.83 ± 0.65 -0.7 ± 0.3 

1040416-1156559 17.8 -51.5 107.8 446.8 0.0742 ± 0.0000 36.9 ± 5.2 16.0 ±4.1 3.35 ± 0.86 2.6 ± 0.4 

1040415-1155101 16.7 54.0 694.1 441.0 0.0742 ± 0.0003 16.2 ± 25.5 0.4 ± 1.2 0.09 ± 0.25 0.1 ±0.1 

1040413-1155412 13.2 22.7 520.4 421.1 0.0764 ± 0.0003 27.2 ± 7.3 6.9 ± 3.4 1.45 ± 0.71 1.1 ±0.3 

1040423-1155366 28.7 27.4 546.4 507.4 0.0770 ± 0.0006 22.7 ± 2.7 19.3 ± 4.3 4.03 ± 0.90 3.2 ± 0.4 



Table 3.3 Ha Data for CL 1040—1155 Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(Ho!) F1UX(Hq;)^ L(Ha)^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1040422-1157094 27.2 -64.9 33.4 499.2 0.0748 ± 0.0003 -9.1 ±9.3 -1.2 ±2.3 -0.24 ± 0.49 -0.2 ± 0.2 

1040408-1156468 5.9 -42.6 157.5 380.6 0.0742 ± 0.0003 43.1 ± 8.4 7.7 ± 2.6 1.61 ± 0.55 1.3 ±0.2 

1040412-1155431 12.2 21.1 510.9 415.8 0.0742 ± 0.0003 117.0 ±22.5 6.6 ± 1.9 1.38 ±0.39 1.1 ± 0.2 

1040412-1156574 11.7 -53.2 98.7 413.2 0.0741 ± 0.0002 22.2 ±6.1 5.8 ± 2.9 1.20 ±0.61 0.9 ± 0.3 

1040411-1156345 10.0 -30.3 225.5 403.6 0.0717 ±0.0003 54.6 ± 3.6 39.3 ± 4.8 8.22 ± 1.01 6.5 ± 0.5 

1040411-1155590 10.7 5.1 422.6 407.3 0.0714 ±0.0004 58.9 ± 3.6 47.8 ± 5.5 9.99 ± 1.15 7.9 ± 0.6 

1040440-1156547 52.9 -50.3 114.7 642.0 0.0564 ± 0.0009 -30.9 ± 13.4 -1.3 ± 1.1 -0.26 ± 0.23 -0.2 ±0.1 

1040411-1156134 11.1 -9.3 342.4 409.8 0.0754 ± 0.0002 1.0 ±3.5 0.6 ± 3.6 0.12 ± 0.76 0.1 ± 0.3 

1040411-1156387 11.0 -34.5 202.6 409.0 0.0800 ± 0.0004 2.3 ± 6.2 0.5 ± 2.7 0.11 ±0.57 0.1 ± 0.2 

1040411-1155313 11.1 32.8 576.1 409.9 0.0711 ±0.0003 31.5 ± 12.6 2.8 ± 2.0 0.59 ± 0.43 0.5 ± 0.2 

1040410-1156281 9.5 -23.9 261.0 400.8 0.0748 ± 0.0003 65.2 ± 4.5 40.3 ± 5.0 8.42 ± 1.05 6.7 ± 0.5 

1040409-1156273 7.4 -23.3 264.8 389.2 0.0737 ± 0.0003 30.1 ± 3.7 17.4 ± 4.0 3.63 ± 0.84 2.9 ± 0.4 



Table 3.3 Ha Data for CL 1040—1155 Galaxies - continued 

Name" ^RA T^Dec x y Ratio EW(Ha) F1UX(HQ;)^ UHaf SFR^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1040411-1154585 9.7 65.6 758.6 401.9 0.0800 ± 0.0000 12.1 ± 3.7 5.8 ± 3.4 1.21 ± 0.70 1.0 ±0.3 

1040410-1155272 9.2 36.8 598.5 399.3 0.0767 ± 0.0006 27.8 ± 16.3 1.6 ± 1.7 0.34 ± 0.36 0.3 ± 0.1 

1040409-1155524 8.0 11.6 458.7 392.7 0.0800 ± 0.0005 54.2 ± 22.4 2.4 ± 1.7 0.50 ± 0.35 0.4 ±0.1 

° Names is EDCSJ followed by ID listed in column. 

Units of 10"^^ ergs s~^ cm~^ 

Units of 10^^ ergs s~^ 

Units of Moyr^^ 



Table 3.4 Ha Data for CL 1054-1245 Galaxies 

Name" 5RA 5Dec X y Ratio EW(Ha) F1UX(Hq;)^ L(Ha)'^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1054375-1246123 -89.4 -20.5 410.3 22.2 0.0720 ± 0.0002 -7.7 ± 2.2 -6.7 ± 3.7 -1.62 ±0.89 -1.3 ± 0.4 

1054374-1246265 -91.6 -34.5 332.2 10.3 0.0800 ± 0.0001 -3.6 ± 8.4 -0.5 ± 2.0 -0.11 ±0.50 -0.1 ±0.2 

1054379-1245517 -83.9 0.2 524.9 52.8 0.0720 ± 0.0002 17.6 ± 6.4 4.1 ± 2.8 1.00 ± 0.68 0.8 ± 0.3 

1054379-1246249 -83.3 -33.1 339.9 56.2 0.0720 ± 0.0001 5.2 ± 2.9 4.4 ± 4.7 1.07 ± 1.15 0.8 ± 0.5 

1054377-1246151 -86.2 -23.2 395.4 39.9 0.0705 ± 0.0002 13.7 ± 16.3 0.6 ± 1.3 0.14 ±0.33 0.1 ±0.1 

-81.5 34.2 713.9 66.4 0.0720 ± 0.0000 186.3 ± 25.3 9.4 ± 2.0 2.29 ± 0.48 1.8 ±0.2 

-76.0 -52.4 232.9 96.7 0.0720 ± 0.0000 -21.9 ±5.6 -4.4 ± 2.3 -1.08 ± 0.55 -0.9 ± 0.2 

1054384-1246116 -76.1 -19.7 414.3 96.3 0.0716 ± 0.0003 0.3 ± 11.8 0.0 ± 1.7 0.01 ± 0.42 0.0 ± 0.2 

1054388-1245584 -70.0 -6.6 487.4 130.1 0.0720 ± 0.0003 36.1 ± 8.3 5.5 ± 2.4 1.34 ± 0.57 1.1 ±0.2 

1054394-1245362 -62.1 15.3 609.1 174.0 0.0720 ± 0.0001 13.1 ±3.1 7.8 ± 3.5 1.88 ±0.85 1.5 ± 0.4 

1054399-1246058 -54.3 -14.0 446.2 217.4 0.0720 ± 0.0006 8.1 ± 1.3 20.1 ± 6.4 4.87 ± 1.54 3.9 ±0.8 

1054392-1245441 -64.7 7.6 566.2 159.7 0.0720 ± 0.0001 97.8 ± 24.4 3.3 ± 1.4 0.81 ±0.35 0.6 ± 0.1 



Table 3.4 Ha Data for CL 1054—1245 Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(HQ;) F1ux(HQ!)^ L(Ha)^ SFR'' 

(") (") (pixel) (pixel) (narrow/J) (A) 

1054396-1246130 -58.6 -21.1 406.8 193.6 0.0720 ± 0.0001 8.9 ± 11.9 0.6 ± 1.6 0.15 ± 0.39 0.1 ±0.2 

1054398-1245578 -55.3 -6.0 490.5 212.0 0.0730 ± 0.0005 27.7 ± 5.6 7.7 ± 3.0 1.87 ±0.72 1.5 ±0.3 

-57.9 26.8 672.8 197.4 0.0720 ± 0.0000 99.9 ± 33.7 1.9 ± 1.1 0.47 ± 0.27 0.4 ±0.1 

1054399-1247154 -53.8 -83.2 61.6 220.2 0.0720 ± 0.0003 29.1 ± 5.9 7.8 ±3.0 1.90 ±0.73 1.5 ±0.3 

1054402-1246556 -49.1 -64.0 168.2 246.2 0.0720 ± 0.0013 23.3 ± 2.0 31.4 ±5.4 7.61 ± 1.30 6.0 ± 0.8 

1054404-1246162 -47.1 -24.5 388.1 257.1 0.0735 ± 0.0000 8.3 ± 2.7 6.9 ± 4.3 1.67 ± 1.03 1.3 ± 0.4 

-52.3 23.8 656.1 228.7 0.0720 ± 0.0000 -5.6 ± 12.7 -0.3 ± 1.4 -0.08 ± 0.34 -0.1 ±0.1 

1054401-1244517 -51.6 60.4 859.3 232.6 0.0696 ± 0.0001 66.3 ± 18.5 3.3 ± 1.7 0.80 ± 0.40 0.6 ± 0.2 

1054403-1246024 -48.8 -10.7 464.8 247.7 0.0713 ± 0.0005 11.1 ± 6.7 2.2 ± 2.5 0.53 ± 0.61 0.4 ± 0.3 

1054407-1244448 -43.3 67.2 897.6 278.4 0.0720 ± 0.0001 23.8 ± 2.3 28.1 ± 5.3 6.81 ± 1.29 5.4 ± 0.6 

1054402-1245014 -49.7 50.4 804.1 242.6 0.0736 ± 0.0004 -27.5 ± 10.7 -2.2 ± 1.7 -0.55 ± 0.42 -0.4 ± 0.2 

1054402-1245471 -49.8 4.5 549.3 242.4 0.0656 ± 0.0006 51.4 ± 20.8 1.7 ± 1.3 0.42 ±0.31 0.3 ±0.1 



Table 3.4 Ha Data for CL 1054—1245 Galaxies - continued 

Name" (^RA 5Dec X y Ratio EW(Ha) Flux(Ha)'' SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1054405-1246481 -45.1 -56.1 212.1 268.3 0.0720 ± 0.0006 0.4 ± 6.8 0.1 ± 2.3 0.02 ± 0.55 0.0 ± 0.2 

1054407-1246241 -41.7 -32.3 344.6 287.4 0.0709 ± 0.0003 32.0 ± 8.3 5.0 ± 2.4 1.21 ± 0.59 1.0 ± 0.2 

1054410-1246532 -38.3 -61.2 183.8 306.3 0.0720 ± 0.0002 7.5 ± 3.7 3.4 ± 3.3 0.83 ± 0.79 0.7 ± 0.3 

1054409-1245596 -39.6 -7.8 480.5 299.3 0.0720 ± 0.0008 4.7 ± 4.8 1.4 ± 2.8 0.35 ± 0.68 0.3 ± 0.3 

1054417-1247167 -27.9 -84.5 54.5 363.8 0.0720 ± 0.0002 9.5 ± 0.9 39.2 ± 7.8 9.51 ± 1.89 7.5 ± 0.9 

1054410-1246068 -37.9 -15.1 440.1 308.7 0.0720 ± 0.0000 24.0 ± 9.6 2.6 ± 1.9 0.63 ± 0.47 0.5 ± 0.2 

1054410-1246164 -38.1 -24.6 387.1 307.2 0.0704 ± 0.0002 40.6 ± 10.9 3.7 ± 1.9 0.90 ± 0.45 0.7 ± 0.2 

1054410-1245564 -37.5 -4.6 498.3 310.9 0.0720 ± 0.0005 45.2 ± 10.7 4.3 ± 1.9 1.05 ± 0.46 0.8 ± 0.2 

1054414-1245469 -31.8 4.6 549.4 342.2 0.0698 ± 0.0004 90.4 ± 9.4 15.8 ± 3.0 3.82 ± 0.72 3.0 ± 0.3 

1054412-1247140 -35.5 -81.8 69.8 322.0 0.0720 ± 0.0004 100.5 ± 19.5 4.6 ± 1.5 1.12 ± 0.37 0.9 ± 0.2 

1054414-1245342 -32.6 17.5 621.0 338.0 0.0720 ± 0.0000 24.7 ± 5.8 5.5 ±2.5 1.34 ± 0.60 1.1 ±0.3 

1054415-1245384 -30.8 13.3 597.8 348.1 0.0720 ± 0.0003 78.6 ± 8.2 13.7 ± 2.6 3.32 ± 0.64 2.6 ± 0.3 



Table 3.4 Ha Data for CL 1054—1245 Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(Ha) Flux(Ha)^ L(H«)'^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1054414-1246403 -32.5 -48.3 255.8 338.5 0.0720 ± 0.0004 68.5 ± 12.1 5.8 ± 1.9 1.41 ±0.45 1.1 ±0.2 

1054421-1246126 -21.2 -21.0 407.4 400.9 0.0720 ± 0.0000 18.9 ± 1.3 51.5 ±7.3 12.50 ± 1.76 9.9 ± 0.9 

1054419-1246352 -24.8 -43.2 284.0 381.2 0.0720 ± 0.0006 41.6 ± 6.2 10.5 ± 2.9 2.54 ±0.71 2.0 ± 0.3 

1054418-1246284 -26.6 -36.5 321.3 371.2 0.0713 ± 0.0009 42.5 ± 7.4 7.9 ± 2.5 1.90 ±0.62 1.5 ± 0.3 

1054418-1246336 -25.7 -41.6 292.7 376.5 0.0720 ± 0.0003 100.8 ± 13.4 8.8 ± 2.1 2.14 ±0.50 1.7 ± 0.2 

1054420-1247264 -23.7 -93.8 3.1 387.3 0.0800 ± 0.0000 11.4 ±7.0 1.6 ± 1.9 0.39 ± 0.45 0.3 ± 0.2 

1054430-1246547 -8.8 -62.6 176.5 470.0 0.0680 ± 0.0008 16.0 ± 10.1 1.7 ± 2.0 0.41 ± 0.50 0.3 ± 0.2 

1054478-1246291 62.6 -36.9 319.0 866.7 0.0720 ± 0.0002 36.1 ±6.3 8.6 ± 2.8 2.10 ±0.69 1.7 ±0.3 

1054449-1245251 19.4 26.8 673.1 626.9 0.0720 ± 0.0008 33.6 ± 13.1 2.3 ± 1.7 0.55 ± 0.40 0.4 ± 0.2 

1054446-1247090 15.5 -76.7 98.0 605.0 0.0701 ± 0.0001 7.3 ± 5.0 2.1 ±2.8 0.51 ± 0.67 0.4 ± 0.3 

1054446-1246456 15.4 -53.4 227.2 604.6 0.0720 ± 0.0001 -34.7 ± 10.1 -2.7 ± 1.6 -0.64 ± 0.38 -0.5 ± 0.2 

1054446-1246173 14.6 -25.3 383.5 600.1 0.0720 ± 0.0004 4.6 ± 4.7 1.4 ±2.8 0.34 ± 0.67 0.3 ±0.3 , 
1 



Table 3.4 Ha Data for CL 1054—1245 Galaxies - continued 

Name" (^RA (^Dec X y Ratio EW(Ha) Flux(Ha)^ L(Har SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1054445-1244543 14.1 57.6 843.8 597.6 0.0705 ± 0.0003 -12.7 ± 4.9 -3.6 ± 2.7 -0.88 ± 0.66 -0.7 ± 0.3 

1054445-1245535 14.2 -1.6 515.2 597.7 0.0720 ± 0.0000 1.4 ± 4.6 0.5 ± 2.9 0.11 ±0.71 0.1 ±0.3 

1054445-1244587 14.0 53.3 819.9 597.0 0.0720 ± 0.0013 -13.2 ± 8.8 -1.2 ± 1.6 -0.29 ± 0.38 -0.2 ± 0.2 

1054445-1246244 13.8 -32.2 345.4 595.6 0.0720 ± 0.0008 -6.0 ± 14.4 -0.3 ± 1.5 -0.08 ± 0.37 -0.1 ± 0.2 

1054444-1245196 11.8 32.1 702.1 584.5 0.0720 ± 0.0004 8.0 ± 2.2 9.5 ± 5.0 2.31 ± 1.22 1.8 ±0.5 

1054444-1247226 12.4 -90.1 23.5 587.6 0.0701 ± 0.0005 37.6 ± 21.3 1.1 ± 1.2 0.27 ± 0.28 0.2 ±0.1 

1054443-1246442 9.8 -52.2 234.0 573.5 0.0720 ± 0.0005 -9.4 ± 2.4 -8.8 ± 4.4 -2.13 ± 1.06 -1.7 ±0.5 

1054441-1245064 8.6 45.3 775.9 566.7 0.0720 ± 0.0007 24.2 ± 10.4 2.4 ± 2.0 0.59 ± 0.48 0.5 ± 0.2 

1054441-1245273 8.3 24.6 660.4 565.2 0.0720 ± 0.0007 15.9 ± 10.1 1.7 ± 2.0 0.41 ± 0.49 0.3 ± 0.2 

1054441-1247158 8.4 -83.4 60.7 565.7 0.0698 ± 0.0007 33.8 ± 20.0 1.3 ± 1.5 0.33 ± 0.36 0.3 ±0.1 

1054441-1246001 7.7 -7.9 480.0 561.7 0.0720 ± 0.0002 119.0 ± 34.4 2.6 ± 1.3 0.64 ±0.31 0.5 ±0.1 

1054440-1246087 6.5 -16.7 431.3 555.1 0.0720 ± 0.0001 19.9 ± 9.3 2.5 ± 2.2 0.61 ± 0.54 0.5 ± 0.2 



Table 3.4 Ha Data for CL 1054—1245 Galaxies - continued 

Name" 6RA 5Dec X y Ratio EW(Ha) Flux(Ha)^ L(Ha)'= SFR<^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1054440-1246391 6.5 -47.1 262.5 554.9 0.0720 ± 0.0008 -19.7 ±4.7 -5.7 ± 2.7 -1.37 ±0.65 -1.1 ±0.3 

1054439-1244496 4.5 62.3 869.9 543.9 0.0664 ± 0.0001 37.4 ± 8.8 4.9 ± 2.2 1.19 ±0.52 0.9 ± 0.2 

1054438-1245409 3.8 10.9 584.7 540.3 0.0720 ± 0.0005 -7.4 ± 2.5 -5.8 ± 3.8 -1.41 ±0.91 -1.1 ±0.4 

1054438-1247223 4.1 -90.0 24.0 541.5 0.0720 ± 0.0001 25.5 ± 18.0 1.0 ± 1.4 0.25 ± 0.33 0.2 ±0.1 

1054438-1245471 2.8 4.7 550.1 534.4 0.0720 ± 0.0000 -2.1 ± 3.8 -0.9 ± 3.3 -0.23 ± 0.80 -0.2 ± 0.3 

1054436-1245519 0.1 -0.1 523.6 519.7 0.0720 ± 0.0003 -10.2 ± 1.5 -25.3 ± 7.3 -6.13 ± 1.77 -4.8 ± 0.8 

1054434-1245534 -2.6 -1.5 515.9 504.6 0.0720 ± 0.0006 2.3 ± 4.5 0.7 ± 2.6 0.17 ± 0.63 0.1 ±0.3 

1054433-1245541 -4.0 -2.2 512.0 496.8 0.0720 ± 0.0004 8.4 ± 4.7 2.6 ± 2.8 0.64 ± 0.69 0.5 ± 0.3 

1054437-1245322 2.3 19.6 633.0 531.6 0.0720 ± 0.0008 -3.0 ±9.1 -0.3 ± 1.7 -0.07 ± 0.40 -0.1 ±0.2 

1054437-1246270 2.0 -35.1 329.0 530.0 0.0720 ± 0.0003 -7.5 ± 5.3 -2.0 ± 2.7 -0.48 ± 0.66 -0.4 ± 0.3 

1054428-1247100 -11.1 -77.7 92.3 457.2 0.0720 ± 0.0000 253.3 ± 11.8 49.6 ± 4.4 12.02 ± 1.07 9.5 ± 0.7 

1054428-1246358 -11.6 -44.1 279.2 454.4 0.0720 ± 0.0001 -7.2 ± 5.9 -1.6 ±2.6 -0.39 ± 0.62 -0.3 ±0.3^ 
Cs 



Table 3.4 Ha Data for CL 1054—1245 Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(Ha) Flux(Ha)'^ L(H«)'^ SFR^ 

O (") (pixel) (pixel) (narrow/J) (A) 

1054425-1246086 -15.9 -16.9 430.3 430.5 0.0720 ± 0.0000 19.7 ± 2.7 16.0 ± 4.2 3.88 ± 1.03 3.1 ±0.4 

1054426-1246123 -15.0 -20.4 410.9 435.4 0.0720 ± 0.0001 58.4 ± 17.4 2.6 ± 1.4 0.64 ± 0.35 0.5 ±0.1 

1054425-1246158 -16.1 -23.9 391.2 429.4 0.0720 ± 0.0007 22.2 ± 5.7 5.4 ± 2.7 1.32 ±0.65 1.0 ±0.3 

1054424-1245139 -17.0 37.8 733.9 424.7 0.0720 ± 0.0012 93.0 ± 10.1 13.0 ± 2.6 3.16 ±0.62 2.5 ± 0.3 

1054422-1245158 -19.8 35.9 723.5 409.3 0.0682 ± 0.0007 59.2 ± 11.7 6.2 ± 2.2 1.50 ±0.54 1.2 ±0.2 

1054422-1246045 -20.5 -12.6 453.9 405.4 0.0720 ± 0.0008 23.0 ± 11.3 2.0 ± 1.8 0.48 ± 0.45 0.4 ± 0.2 

1054421-1247087 -21.4 -76.8 97.6 400.2 0.0720 ± 0.0002 187.1 ± 35.7 5.4 ± 1.6 1.30 ±0.38 1.0 ±0.2 

1054421-1245294 -21.7 22.4 648.3 398.2 0.0704 ± 0.0001 116.0 ± 30.6 2.7 ± 1.2 0.66 ± 0.29 0.5 ±0.1 

1054474-1245578 56.3 -5.5 493.3 831.6 0.0720 ± 0.0006 77.5 ± 7.5 16.3 ± 2.9 3.95 ±0.71 3.1 ±0.3 

1054476-1246404 59.7 -48.1 256.6 850.8 0.0720 ± 0.0003 12.6 ± 6.6 2.6 ± 2.6 0.62 ± 0.62 0.5 ± 0.3 

1054453-1246587 26.2 -66.4 154.9 664.5 0.0720 ± 0.0001 94.2 ± 18.6 4.6 ± 1.6 1.12 ±0.38 0.9 ± 0.2 

1054452-1245527 23.3 -0.6 520.5 648.4 0.0720 ± 0.0008 38.5 ± 5.9 9.8 ± 2.9 2.38 ± 0.69 1.9 ±0.3 



Table 3.4 Ha Data for CL 1054—1245 Galaxies - continued 

Name" 5RA 5Dec x y Ratio EW(HQ;) F1UX(HQ!)'' L(HQ!)'^ SFR'' 

(") (") (pixel) (pixel) (narrow/J) (A) 

1054470-1246074 49.7 -15.2 439.6 795.0 0.0720 ± 0.0004 10.0 ± 2.7 8.4 ± 4.3 2.04 ± 1.05 1.6 ± 0.5 

1054471-1246412 52.0 -48.9 252.2 807.8 0.0720 ± 0.0000 18.6 ±3.6 9.2 ± 3.4 2.23 ± 0.83 1.8 ± 0.4 

1054471-1246275 51.6 -35.4 327.3 805.7 0.0716 i 0.0007 7.0 ± 4.3 2.9 ± 3.3 0.69 ± 0.81 0.5 ± 0.3 

1054465-1245249 43.0 27.4 676.2 758.1 0.0720 ± 0.0002 114.4 ±29.0 3.0 ± 1.3 0.72 ± 0.31 0.6 ± 0.1 

1054468-1245321 48.1 20.1 635.8 786.1 0.0602 ± 0.0009 29.2 ± 11.2 2.4 ± 1.8 0.59 ± 0.42 0.5 ± 0.2 

1054472-1245433 53.4 8.9 573.5 815.9 0.0664 ± 0.0002 47.5 ± 14.0 3.0 ± 1.6 0.72 ± 0.39 0.6 ± 0.2 

1054465-1246529 43.9 -60.4 188.6 763.1 0.0720 ± 0.0001 89.5 ± 17.9 5.4 ± 1.9 1.31 ± 0.46 1.0 ± 0.2 

1054453-1246150 25.8 -23.0 396.1 662.6 0.0640 ± 0.0000 55.2 ± 9.9 6.2 ± 2.1 1.51 ± 0.50 1.2 ± 0.2 

1054451-1245098 22.8 41.7 755.9 645.7 0.0720 ± 0.0011 146.5 ± 21.6 6.9 ± 1.7 1.67 ± 0.41 1.3 ± 0.2 

1054458-1246373 32.2 -45.2 273.2 697.9 0.0736 ± 0.0003 7.9 ± 4.0 3.4 ± 3.3 0.82 ± 0.79 0.6 ± 0.3 

1054456-1246419 30.3 -49.7 248.0 687.6 0.0720 ± 0.0009 3.9 ±9.1 0.4 ± 1.8 0.10 ± 0.43 0.1 ± 0.2 

1054461-1246157 36.3 -23.6 393.0 720.7 0.0703 ± 0.0004 29.9 ±21.1 1.0 ± 1.3 0.23 ± 0.31 0.2 ± 0.1 



Table 3.4 Ha Data for CL 1054—1245 Galaxies - continued 

Name" SRA 5Dec X y Ratio EW(Ha) Flux(HQf)b UHaf SFR^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1054456-1247094 30.2 -77.1 95.4 686.7 0.0713 ± 0.0002 -22.1 ±9.1 -2.3 ± 1.8 -0.55 ± 0.44 -0.4 ± 0.2 

1054459-1246291 34.7 -37.0 318.6 711.8 0.0720 ± 0.0002 15.0 ± 5.0 4.7 ± 3.0 1.15 ±0.74 0.9 ± 0.3 

1054450-1244583 21.9 53.8 822.7 640.7 0.0664 ± 0.0004 78.4 ± 17.9 3.6 ± 1.5 0.88 ±0.36 0.7 ± 0.2 

1054456-1246300 30.2 -37.8 313.9 686.8 0.0730 ± 0.0001 5.2 ± 5.2 1.5 ± 2.9 0.36 ± 0.69 0.3 ± 0.3 

1054451-1245585 22.1 -6.6 487.4 641.9 0.0720 ± 0.0012 16.2 ±0.9 67.9 ± 8.1 16.47 ± 1.97 13.0 ± 1.9 

1054453-1245589 25.2 -6.8 486.1 659.1 0.0619 ± 0.0003 14.5 ±6.1 2.9 ± 2.3 0.70 ± 0.57 0.6 ± 0.2 

1054455-1246265 28.2 -34.3 333.4 675.7 0.0720 ± 0.0002 64.8 ± 17.9 3.0 ± 1.5 0.74 ± 0.37 0.6 ± 0.2 

1054449-1246451 20.1 -52.8 230.8 630.8 0.0720 ± 0.0004 18.2 ±9.7 2.0 ± 2.0 0.48 ± 0.48 0.4 ± 0.2 

1054433-1247203 -3.6 -88.0 34.8 498.8 0.0720 ± 0.0001 57.5 ± 7.7 11.0 ± 2.7 2.68 ± 0.66 2.1 ±0.3 

1054433-1245174 -3.9 34.6 716.0 497.2 0.0720 ± 0.0002 174.9 ± 28.2 6.6 ± 1.7 1.61 ± 0.41 1.3 ± 0.2 

1054447-1246363 16.7 -44.2 278.3 611.8 0.0720 ± 0.0003 46.3 ± 7.3 9.0 ± 2.6 2.18 ± 0.64 1.7 ± 0.3 

1054445-1246051 14.2 -13.1 451.4 597.8 0.0720 ± 0.0013 -4.4 ± 3.6 -2.0 ± 3.2 -0.49 ± 0.79 -0.4 ± 0.4 



Table 3.4 Ha Data for CL 1054—1245 Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(HQ;) Flux(Ha)'^ U H a f  SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1054447-1245206 16.6 31.2 697.6 611.4 0.0720 ± 0.0003 13.8 ± 11.0 1.2 ± 1.9 0.30 ± 0.46 0.2 ± 0.2 

1054451-1245330 22.8 18.8 628.5 645.7 0.0720 ± 0.0008 54.3 ± 11.5 4.9 ± 1.9 1.19 ±0.46 0.9 ± 0.2 

1054437-1246028 2.3 -10.9 463.7 531.7 0.0720 ± 0.0002 -10.7 ±7.4 -1.5 ± 2.0 -0.36 ± 0.48 -0.3 ± 0.2 

1054442-1246142 8.9 -22.3 400.4 568.6 0.0720 ± 0.0000 163.1 ± 15.0 15.7 ± 2.4 3.80 ± 0.59 3.0 ± 0.3 

1054442-1246053 9.8 -13.4 449.4 573.5 0.0720 ± 0.0013 -5.5 ± 17.2 -0.2 ± 1.3 -0.05 ± 0.32 -0.0 ±0.1 

1054446-1247154 15.8 -83.0 62.8 607.0 0.0720 ± 0.0002 54.3 d= 12.5 5.0 ±2.1 1.22 ±0.51 1.0 ±0.2 

1054439-1245555 5.1 -3.7 503.5 547.6 0.0720 ± 0.0002 -1.0 ±4.0 -0.4 ±3.1 -0.09 ± 0.74 -0.1 ±0.3 

1054439-1246187 4.8 -26.6 376.0 545.6 0.0720 ± 0.0013 42.1 ± 11.6 4.1 ± 2.1 0.99 ± 0.51 0.8 ± 0.2 

1054435-1246153 -0.7 -23.4 394.1 515.1 0.0720 ± 0.0008 3.5 ± 2.6 2.8 ± 3.9 0.67 ± 0.95 0.5 ± 0.4 

1054432-1245240 -5.4 27.7 678.0 489.3 0.0720 ± 0.0008 21.0 ±6.3 4.5 ± 2.6 1.09 ± 0.62 0.9 ± 0.3 

1054435-1245134 -1.4 38.5 737.9 511.2 0.0713 ± 0.0002 48.3 ± 6.2 14.5 ± 3.5 3.51 ±0.85 2.8 ± 0.4 

1054434-1245108 -2.9 40.9 751.3 502.8 0.0681 ± 0.0001 27.1 ± 6.1 6.4 ± 2.7 1.55 ±0.66 1.2 ±0.3 



Table 3.4 Ha Data for CL 1054—1245 Galaxies - continued 

Name'^ ^RA SDec x y Ratio EW(HQ;) Flux(HA)'^ L(Haf SFR'' 

(") (") (pixel) (pixel) (narrow/J) (A) 

1054432-1246206 -5.9 -28.7 364.5 486.4 

1054432-1245388 -5.9 13.0 596.2 486.4 

1054431-1245294 -7.7 22.3 648.1 476.3 

1054430-1245485 -8.2 3.2 541.8 473.7 

° Names is EDCSJ followed by ID listed in column. 

^ Units of 10"^^ ergs s~^ cm~^ 

Units of 10^^ ergs s~^ 

Units of M0yr~^ 

42^ 
ON 

0.0696 ± 0.0004 44.7 ± 5.5 14.6 ± 3.4 3.55 ± 0.82 2.8 ± 0.4 

0.0720 ± 0.0002 24.2 ±12.1 1.9 ± 1.8 0.45 ± 0.43 0.4 ± 0.2 

0.0681 ± 0.0004 5.1 ±7.6 0.7 ± 2.1 0.18 ±0.51 0.1 ±0.2 

0.0696 ± 0.0003 14.3 ± 6.9 2.7 ± 2.4 0.65 ± 0.59 0.5 ± 0.2 



Table 3.5 Ha Data for CL 1216—1201 Galaxies 

Name" ^RA (5Dec X y Ratio EW(Ha) Flux(Ha)^ L(Ha)'= SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216421-1201509 -47.4 -33.6 202.4 77.5 0.0721 ± 0.0007 6.0 ± 1.3 12.3 ± 4.9 3.47 ± 1.39 2.7 ± 0.8 

1216418-1201373 -51.4 -20.1 277.6 55.4 0.0746 ± 0.0000 0.0 ± 0.6 0.0 ± 7.9 0.01 ± 2.22 0.0 ± 0.9 

1216418-1200449 -51.3 32.3 568.6 55.7 0.0723 ± 0.0007 10.4 ± 2.4 7.6 ± 3.2 2.12 ±0.91 1.7 ± 0.4 

1216414-1201223 -57.8 -5.0 361.0 19.8 0.0719 ± 0.0000 -7.1 ±7.3 -0.7 ± 1.4 -0.19 ±0.39 -0.2 ± 0.2 

1216414-1201498 -58.0 -32.5 208.7 18.7 0.0728 ± 0.0002 45.8 ± 7.0 6.3 ± 1.7 1.77 ±0.47 1.4 ±0.2 

1216413-1201426 -59.7 -25.4 247.9 9.6 0.0734 ± 0.0001 -2.0 ± 0.8 -6.7 ± 5.4 -1.87 ± 1.51 -1.5 ±0.6 

1216413-1201296 -58.6 -13.1 316.0 15.2 0.0727 ± 0.0001 -6.5 ± 10.4 -0.4 ± 1.1 -0.10 ±0.32 -0.1 ±0.1 

1216413-1201554 -59.7 -38.1 177.4 9.5 0.0723 ± 0.0003 42.3 ± 5.2 9.3 ± 2.0 2.62 ± 0.57 2.1 ± 0.2 

1216412-1202113 -60.5 -54.2 87.9 4.8 0.0728 ± 0.0002 -38.8 ± 2.0 -21.6 ± 2.4 -6.06 ± 0.67 -4.8 ± 0.3 

1216412-1201487 -60.6 -31.3 215.1 4.6 0.0746 ± 0.0005 -21.9 ± 8.9 -1.3 ± 1.0 -0.35 ± 0.29 -0.3 ±0.1 

1216419-1201081 -50.6 9.4 441.0 59.7 0.0721 ± 0.0006 2.8 ± 1.9 3.2 ± 4.0 0.89 ± 1.11 0.7 ± 0.5 

1216416-1201323 -55.6 -15.0 305.7 32.1 0.0730 ± 0.0002 5.2 ±7.9 0.5 ± 1.4 0.14 ±0.39 0.1 ± 0.2 



Table 3.5 Ho; Data for CL 1216—1201 Galaxies - continued 

Name*^ ^RA <^Dec X y Ratio EW(Ha) F1UX(HQ;)'^ L(Ha)'^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216416-1202068 -54.7 -49.5 113.7 37.0 0.0716 ± 0.0005 -52.4 ± 7.2 -3.3 ± 1.0 -0.92 ± 0.28 -0.7 ±0.1 

1216416-1200295 -55.0 47.8 654.7 35.3 0.0727 ± 0.0006 -23.4 ± 9.8 -1.1 ±0.9 -0.31 ± 0.27 -0.2 ±0.1 

1216417-1200353 -53.7 42.0 622.6 42.7 0.0746 ± 0.0002 -23.3 ± 13.1 -0.7 ± 0.9 -0.21 ± 0.24 -0.2 ±0.1 

1216419-1202044 -50.6 -47.0 128.1 60.0 0.0734 ± 0.0000 -30.3 ± 3.0 -9.7 ± 2.0 -2.72 ± 0.55 -2.1 ± 0.2 

1216419-1202015 -50.0 -44.1 144.0 63.4 0.0761 ± 0.0003 -16.1 ±3.0 -6.0 ± 2.3 -1.69 ± 0.64 -1.3 ±0.3 

1216419-1201026 -51.0 14.5 469.7 57.6 0.0734 ± 0.0001 3.1 ± 10.3 0.2 ± 1.1 0.05 ± 0.30 0.0 ±0.1 

1216419-1201289 -51.0 -11.7 324.0 57.8 0.0701 ± 0.0012 7.1 ± 14.2 0.2 ± 0.9 0.07 ± 0.26 0.1 ±0.1 

1216420-1201331 -49.5 -15.9 300.9 66.0 0.0728 ± 0.0008 108.1 ±29.0 2.2 ± 0.9 0.63 ± 0.25 0.5 ±0.1 

1216422-1201121 -46.2 5.1 417.2 84.5 0.0694 ± 0.0000 -0.3 ± 5.0 -0.1 ± 1.6 -0.02 ± 0.46 -0.0 ± 0.2 

1216421-1202189 -48.2 -61.4 48.1 73.4 0.0716 ± 0.0002 -43.7 ± 9.5 -1.7 ±0.8 -0.49 ± 0.23 -0.4 ±0.1 

1216421-1201235 -47.1 -6.3 354.0 79.4 0.0723 ± 0.0001 34.0 ± 11.8 1.9 ± 1.2 0.53 ± 0.33 0.4 ±0.1 

1216422-1202133 -46.2 -56.1 77.2 84.6 0.0732 ± 0.0003 -0.3 ± 8.9 -0.0 ± 1.3 -0.01 ± 0.36 -0.0 ±0.1 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" (^RA 5Dec X y Ratio EW(Ha) Flux(Ha)b L(Ha)^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216423-1201069 -44.9 10.3 446.1 91.4 0.0734 ± 0.0002 -6.7 ± 7.0 -0.7 ± 1.4 -0.19 ±0.39 -0.2 ± 0.2 

1216424-1202061 -43.0 -48.7 118.5 102.1 0.0746 ± 0.0003 -2.7 ± 2.0 -2.0 ± 2.8 -0.56 ± 0.79 -0.4 ± 0.3 

1216424-1202243 -43.5 -66.8 18.0 99.3 0.0712 ± 0.0001 24.9 ±5.2 5.1 ±2.0 1.44 ±0.55 1.1 ±0.2 

1216424-1201576 -43.1 -40.2 165.5 101.4 0.0723 ± 0.0007 -6.4 ± 2.3 -3.6 ± 2.5 -1.00 ±0.70 -0.8 ± 0.3 

1216426-1200163 -40.3 61.0 728.1 117.4 0.0751 ±0.0003 -1.5 ±2.0 -1.3 ± 3.3 -0.36 ± 0.93 -0.3 ± 0.4 

1216425-1201496 -41.5 -32.3 209.6 110.3 0.0727 ± 0.0001 18.8 ± 5.3 3.9 ±2.1 1.11 ±0.58 0.9 ±0.2 

1216424-1201310 -43.8 -13.8 312.5 97.9 0.0746 ± 0.0001 -2.3 ± 11.0 -0.1 ± 1.1 -0.03 ± 0.31 -0.0 ±0.1 

1216423-1201342 -44.2 -16.9 294.9 95.3 0.0751 ±0.0003 45.2 ± 21.9 1.0 ±0.9 0.29 ± 0.24 0.2 ±0.1 

1216423-1201395 -44.1 -22.0 266.6 95.9 0.0754 ± 0.0001 -18.7 ± 11.5 -0.8 ± 0.9 -0.22 ± 0.27 -0.2 ±0.1 

1216424-1200321 -42.8 45.0 639.0 103.3 0.0723 ± 0.0000 3.7 ± 17.6 0.1 ±0.8 0.02 ± 0.22 0.0 ±0.1 

1216429-1201380 -35.9 -20.8 273.5 141.6 0.0697 ± 0.0003 16.2 ± 1.6 20.6 ± 4.0 5.78 ± 1.11 4.6 ± 0.5 

1216426-1200581 -40.4 19.0 494.5 116.8 0.0721 ± 0.0001 81.5 ± 16.0 4.0 ± 1.2 1.12 ±0.35 0.9 ±0.1 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(HA) F1UX(HQ;)^ UUaf SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216426-1201145 -39.3 2.6 403.6 122.5 0.0727 ± 0.0002 49.4 ± 10.4 4.5 ± 1.6 1.28 ± 0.46 1.0 ±0.2 

1216427-1201454 -39.4 -28.1 232.7 121.9 0.0734 ± 0.0001 4.7 ± 15.5 0.1 ±0.8 0.04 ± 0.24 0.0 ±0.1 

1216430-1200591 -34.0 18.0 488.9 152.2 0.0727 ± 0.0000 -0.6 ±4.0 -0.1 ± 1.8 -0.04 ±0.51 -0.0 ± 0.2 

1216432-1202241 -31.8 -66.6 18.9 164.4 0.0727 ± 0.0006 -6.5 ± 3.3 -2.2 ± 2.2 -0.62 ± 0.61 -0.5 ± 0.3 

1216431-1201432 -33.2 -25.9 245.3 156.6 0.0697 ± 0.0006 12.9 ± 4.7 2.7 ± 1.8 0.75 ± 0.51 0.6 ± 0.2 

1216430-1200152 -33.6 62.1 734.2 154.6 0.0727 ± 0.0001 -17.5 ±5.5 -2.6 ± 1.6 -0.73 ± 0.46 -0.6 ± 0.2 

1216432-1200337 -31.3 43.4 629.9 167.2 0.0748 ± 0.0001 3.9 ± 3.7 1.2 ± 2.2 0.34 ± 0.61 0.3 ± 0.3 

1216431-1201515 -33.3 -34.1 199.3 156.2 0.0723 ± 0.0003 -11.3 ± 8.7 -0.7 ± 1.0 -0.19 ±0.29 -0.2 ±0.1 

1216434-1200143 -27.9 62.8 738.1 186.1 0.0746 ± 0.0001 -9.8 ± 2.4 -5.6 ± 2.7 -1.57 ± 0.77 -1.2 ±0.3 

1216433-1202034 -29.1 -46.0 133.7 179.1 0.0723 ± 0.0003 13.2 ±3.2 4.7 ± 2.2 1.32 ±0.61 1.0 ±0.3 

1216436-1200071 -24.5 70.2 778.9 204.8 0.0761 ± 0.0002 -7.6 ± 1.3 -12.6 ±4.2 -3.53 ± 1.17 -2.8 ± 0.5 

1216439-1202112 -21.5 -53.7 90.7 221.3 0.0697 ± 0.0003 73.2 ±4.1 33.0 ± 3.2 9.26 ± 0.91 7.3 ± 0.4 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" 6RA 5Dec X y Ratio EW(Ho;) Flux(Ha)^ L(Ha)'^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216434-1201434 -27.8 -26.1 244.2 186.5 0.0727 ± 0.0000 11.2 ±3.4 4.0 ± 2.2 1.11 ±0.63 0.9 ± 0.3 

1216434-1202128 -27.6 -55.3 81.7 187.8 0.0727 ± 0.0003 51.1 ±6.3 9.0 ± 1.9 2.53 ± 0.55 2.0 ± 0.2 

1216433-1201371 -29.5 -19.8 279.2 177.3 0.0461 ± 0.0032 10.2 ±6.8 0.8 ± 1.0 0.23 ± 0.29 0.2 ± 0.2 

1216434-1201210 -28.8 -3.8 367.9 180.9 0.0697 ± 0.0008 -13.4 ± 8.5 -0.8 ± 1.0 -0.23 ± 0.29 -0.2 ± 0.1 

1216435-1201313 -26.2 -14.1 310.5 195.4 0.0712 ± 0.0002 24.8 ± 6.1 4.3 ± 1.9 1.21 ± 0.54 1.0 ± 0.2 

1216434-1200399 -27.5 37.1 595.4 188.1 0.0800 ± 0.0000 -12.8 ± 4.3 -2.7 ± 1.8 -0.76 ± 0.50 -0.6 ± 0.2 

1216436-1200363 -24.9 40.7 615.0 202.7 0.0727 ± 0.0001 4.9 ± 1.9 4.2 ± 3.1 1.17 ±0.86 0.9 ± 0.4 

1216437-1200543 -24.3 22.7 515.1 205.9 0.0746 ± 0.0002 6.0 ± 2.4 3.6 ± 2.7 1.01 ± 0.77 0.8 ± 0.3 

1216439-1200536 -21.2 23.4 519.1 223.4 0.0754 ± 0.0004 9.8 ± 1.7 11.6 ± 3.8 3.26 ± 1.06 2.6 ± 0.5 

1216435-1200438 -26.3 33.3 573.8 194.8 0.0698 ± 0.0003 -9.0 ± 7.0 -0.8 ± 1.3 -0.24 ± 0.36 -0.2 ± 0.1 

1216436-1201377 -25.0 -20.6 274.6 202.3 0.0761 ± 0.0005 18.2 ± 10.5 1.2 ± 1.3 0.35 ± 0.37 0.3 ± 0.2 

1216449-1201044 -5.4 12.9 460.9 311.1 0.0726 ± 0.0002 15.3 ± 3.0 10.1 ± 3.7 2.83 ± 1.04 2.2 ± 0.4 



Table 3.5 Ho; Data for CL 1216—1201 Galaxies - continued 

Name" SRA (5Dec X y Ratio EW(Ha) Flux(Ha)^ L(Ha)'= SFR^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216437-1201392 -23.4 -22.0 266.7 210.8 0.0723 ± 0.0001 79.3 ± 14.1 4.9 ± 1.4 1.36 ±0.39 1.1 ±0.2 

1216438-1202155 -21.8 -58.0 66.9 220.1 0.0746 ± 0.0000 13.6 ±4.2 3.5 ± 2.0 0.99 ± 0.57 0.8 ± 0.2 

1216438-1201500 -22.9 -32.6 208.1 214.0 0.0743 ± 0.0004 84.2 ± 19.3 2.8 ± 1.0 0.77 ± 0.28 0.6 ±0.1 

1216439-1201138 -21.6 3.3 407.3 221.1 0.0720 ± 0.0009 8.3 ± 6.9 0.9 ± 1.4 0.26 ± 0.41 0.2 ± 0.2 

1216438-1200197 -21.5 57.3 707.2 221.5 0.0773 ± 0.0013 -18.9 ± 11.6 -0.8 ± 1.0 -0.23 ± 0.28 -0.2 ± 0.1 

1216440-1200233 -19.3 53.7 687.5 233.9 0.0728 ± 0.0002 37.3 ±5.1 8.9 ± 2.2 2.50 ±0.61 2.0 ± 0.3 

1216442-1201553 -16.5 -38.6 174.6 249.6 0.0728 ± 0.0002 27.9 ± 5.0 7.8 ± 2.5 2.20 ±0.71 1.7 ± 0.3 

1216444-1201429 -13.2 -25.6 246.7 267.4 0.0721 ± 0.0002 16.4 ± 1.6 21.6 ±4.1 6.07 ± 1.14 4.8 ± 0.5 

1216441-1202194 -17.3 -62.1 44.0 245.0 0.0712 ± 0.0001 16.1 ± 5.7 2.8 ± 1.9 0.79 ± 0.52 0.6 ± 0.2 

1216441-1201347 -17.6 -17.5 291.9 243.1 0.0721 ± 0.0000 14.0 ± 4.7 2.9 ± 1.8 0.81 ±0.51 0.6 ± 0.2 

1216440-1200027 -19.5 74.6 803.2 232.9 0.0711 ±0.0001 -24.0 ± 9.9 -1.2 ± 1.0 -0.34 ± 0.29 -0.3 ±0.1 

1216445-1201533 -11.4 -36.0 189.0 277.6 0.0732 ± 0.0003 14.2 ± 1.6 21.6 ±4.5 6.06 ± 1.26 4.8 ± 0.6 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(Hq!) Flux(Ha)'^ L(HQ!)'^ SFR^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216442-1200500 -16.3 27.0 539.0 250.5 0.0734 ± 0.0001 0.7 ± 5.9 0.1 ± 1.6 0.03 ± 0.44 0.0 ± 0.2 

1216446-1201132 -10.1 3.7 409.8 284.7 0.0743 ± 0.0002 15.1 ±2.6 9.6 ± 3.1 2.71 ± 0.86 2.1 ±0.4 

1216444-1201201 -13.6 -3.0 372.4 265.4 0.0721 ± 0.0002 13.6 ±2.4 8.7 ± 2.9 2.44 ±0.81 1.9 ±0.3 

1216453-1201176 0.3 -0.4 386.7 342.9 0.0727 ± 0.0006 20.9 ± 1.1 67.2 ± 6.7 18.86 ± 1.87 14.9 ± 1.1 

1216441-1202253 -17.5 -67.7 13.0 243.5 0.0739 ± 0.0002 48.5 ± 19.2 1.6 ± 1.0 0.44 ± 0.29 0.3 ± 0.1 

1216442-1201187 -15.8 -1.5 380.6 252.9 0.0746 ± 0.0001 12.4 ± 8.4 1.0 ± 1.3 0.29 ± 0.37 0.2 ± 0.2 

1216444-1201384 -13.5 -21.2 271.2 265.9 0.0754 ± 0.0005 72.9 ± 4.8 21.7 ±2.5 6.09 ± 0.70 4.8 ± 0.3 

1216443-1200305 -14.2 46.4 647.0 261.9 0.0711 ±0.0001 7.1 ± 3.9 1.8 ± 1.9 0.51 ± 0.53 0.4 ± 0.2 

1216454-1200507 1.6 26.3 535.1 349.7 0.0722 ± 0.0001 17.0 ± 1.4 33.1 ±5.3 9.31 ± 1.50 7.4 ± 0.6 

1216444-1200176 -12.9 59.5 719.5 269.5 0.0665 ± 0.0001 22.1 ±3.4 7.8 ± 2.2 2.19 ±0.63 1.7 ±0.3 

1216448-1201283 -8.2 -11.1 327.4 295.7 0.0728 ± 0.0002 67.0 ± 2.8 51.0 ±3.9 14.33 ± 1.11 11.3 ±0.5 

1216443-1200432 -14.5 33.7 576.1 260.3 0.0666 ± 0.0005 -17.8 ±7.6 -1.3 ± 1.2 -0.38 ± 0.33 -0.3 ±0.1 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" 5RA (5Dec X y Ratio EW(Ha) Flux(Ha)^ L(Ha)'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216448-1201434 -8.2 -26.1 243.8 295.5 0.0721 ± 0.0007 13.1 ± 1.8 13.6 ± 3.6 3.83 ± 1.02 3.0 ± 0.5 

1216444-1201361 -13.6 -18.7 284.9 265.6 0.0727 ± 0.0001 -7.2 ± 11.9 -0.3 ± 1.1 -0.09 ± 0.30 -0.1 ±0.1 

1216449-1200064 -6.0 70.8 782.1 307.5 0.0761 ± 0.0000 7.9 ± 2.0 8.1 ±3.9 2.27 ± 1.10 1.8 ±0.5 

1216449-1201309 -5.9 -14.2 310.3 308.4 0.0701 ± 0.0001 37.3 ± 2.4 33.0 ± 3.9 9.26 ± 1.10 7.3 ± 0.5 

1216447-1201089 -9.7 8.3 435.3 287.3 0.0734 ± 0.0001 19.9 ± 3.0 9.8 ± 2.7 2.75 ± 0.77 2.2 ± 0.3 

1216444-1201293 -13.3 -12.1 321.6 267.3 0.0728 ± 0.0001 -29.2 ± 10.0 -1.3 ±0.9 -0.38 ± 0.27 -0.3 ±0.1 

1216447-1200373 -8.7 39.7 609.3 292.8 0.0712 ± 0.0003 -5.3 ± 2.1 -3.4 ± 2.6 -0.95 ± 0.73 -0.8 ± 0.3 

1216454-1201209 1.2 -3.7 368.4 347.5 0.0721 ± 0.0006 25.2 ± 1.8 33.3 ± 4.5 9.36 ± 1.26 7.4 ± 0.6 

1216505-1200480 76.2 29.1 550.4 764.5 0.0712 ± 0.0001 58.5 ± 4.4 19.3 ± 2.6 5.42 ± 0.72 4.3 ± 0.3 

1216500-1201106 69.9 6.4 424.6 729.4 0.0748 ± 0.0001 25.1 ± 2.9 15.8 ± 3.3 4.43 ± 0.93 3.5 ± 0.4 

1216504-1201456 75.8 -28.5 230.7 762.3 0.0741 ± 0.0001 -12.9 ± 14.1 -0.4 ± 0.8 -0.10 ±0.21 -0.1 ±0.1 

1216503-1159595 74.9 77.5 819.7 756.8 0.0727 ± 0.0001 9.4 ± 8.9 0.6 ± 1.1 0.17 ±0.30 0.1 ±0.1 



Table 3.5 Ho; Data for CL 1216—1201 Galaxies - continued 

Name" SRA (5Dec X y Ratio EW(Hq;) Flux(Htt)^ UilaT SFR"^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216465-1200300 19.1 46.9 649.4 447.0 0.0726 ± 0.0000 55.4 ± 9.7 5.9 ± 1.7 1.66 ±0.49 1.3 ±0.2 

1216465-1200525 18.4 24.6 525.6 443.2 0.0697 ± 0.0006 6.2 ± 6.4 0.7 ± 1.4 0.20 ± 0.39 0.2 ± 0.2 

16.1 77.6 819.8 430.3 0.0640 ± 0.0000 30.8 ± 5.7 5.6 ± 1.9 1.57 ± 0.52 1.2 ±0.2 

1216464-1200334 16.6 43.6 631.4 433.5 0.0721 ± 0.0002 2.0 ± 6.8 0.2 ± 1.3 0.06 ± 0.37 0.0 ± 0.2 

1216464-1201085 16.5 8.7 437.1 432.4 0.0721 ± 0.0007 -0.1 ± 5.5 -0.0 ± 1.5 -0.00 ± 0.41 -0.0 ± 0.2 

1216464-1202273 16.5 -69.6 2.4 432.6 0.0727 ± 0.0006 5.3 ± 10.3 0.3 ± 1.0 0.07 ± 0.27 0.1 ±0.1 

1216463-1202253 14.2 -68.0 11.4 419.6 0.0746 ± 0.0005 10.9 ± 2.6 6.5 ± 2.9 1.81 ± 0.83 1.4 ±0.4 

1216463-1200073 14.8 69.8 776.5 423.4 0.0694 ± 0.0002 -6.1 ± 3.2 -1.9 ± 2.0 -0.55 ± 0.56 -0.4 ± 0.2 

1216463-1200310 14.3 46.1 644.9 420.3 0.0694 ± 0.0001 17.0 ± 3.8 5.4 ± 2.2 1.51 ±0.62 1.2 ±0.3 

1216462-1200323 13.0 44.7 637.4 413.4 0.0721 ± 0.0001 85.6 ± 14.6 4.5 ± 1.2 1.27 ± 0.34 1.0 ±0.1 

1216462-1201143 12.6 2.9 404.9 411.2 0.0723 ± 0.0003 21.0 ± 1.3 48.7 ± 5.6 13.68 ± 1.58 10.8 ± 0.7 

1216463-1201409 14.3 -23.7 257.2 420.3 0.0721 ± 0.0003 -6.7 ± 10.9 -0.3 ± 0.9 -0.08 ± 0.27 -0.1 ±0.1 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" SRA 5Dec X y Ratio EW(Ha) Flux(Ha)^ L(Ha)'= SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216462-1200362 14.1 40.6 614.4 419.1 0.0461 ± 0.0016 41.2 ± 15.2 1.1 ±0.7 0.32 ± 0.21 0.3 ±0.1 

1216462-1201008 13.6 16.3 479.8 416.5 0.0748 ± 0.0001 53.3 ± 8.0 6.6 ± 1.7 1.84 ± 0.47 1.5 ±0.2 

1216462-1202076 13.0 -50.1 110.4 413.1 0.0723 ± 0.0004 -10.7 ± 11.2 -0.5 ± 1.1 -0.15 ± 0.31 -0.1 ± 0.1 

1216459-1201056 8.6 11.5 452.8 388.9 0.0727 ± 0.0003 14.2 ± 5.6 2.5 ± 1.8 0.69 ± 0.51 0.5 ± 0.2 

1216457-1201080 6.0 9.1 439.4 374.2 0.0727 ± 0.0002 23.1 ± 2.4 17.6 ±3.5 4.95 ± 0.97 3.9 ± 0.4 

1216459-1201299 9.3 -12.7 318.5 392.7 0.0694 ± 0.0002 0.3 ± 13.2 0.0 ± 0.8 0.00 ± 0.22 0.0 ±0.1 

1216459-1200015 8.5 75.8 810.1 388.4 0.0639 ± 0.0004 14.2 ± 7.3 1.3 ± 1.3 0.37 ± 0.36 0.3 ±0.1 

1216459-1201462 8.9 -29.0 228.0 390.5 0.0734 ± 0.0001 -39.0 ± 14.1 -0.9 ± 0.7 -0.25 ± 0.19 -0.2 ±0.1 

1216459-1201283 8.3 -11.1 327.3 386.9 0.0746 ± 0.0001 -13.4 ±9.0 -0.8 ± 1.1 -0.22 ± 0.30 -0.2 ±0.1 

1216457-1201228 6.5 -5.6 357.9 376.9 0.0701 ± 0.0004 118.1 ±7.2 23.6 ± 2.3 6.63 ± 0.65 5.2 ± 0.3 

1216457-1200380 6.5 39.0 605.7 376.9 0.0730 ± 0.0003 8.7 ± 10.2 0.5 ± 1.1 0.14 ± 0.31 0.1 ±0.1 

1216457-1200073 6.0 69.8 776.9 374.5 0.0727 ± 0.0003 -14.3 ± 7.0 -1.3 ± 1.3 -0.37 ± 0.36 -0.3 ±0.1 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" SRA 5Dec X y Ratio EW(Ha) F1ux(HQ!)^ L(Ha)'^ SFR'' 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216484-1201587 45.8 -41.4 159.1 595.7 0.0719 ±0.0001 12.4 ± 4.7 2.9 ±2.1 0.82 ± 0.59 0.6 ± 0.2 

1216503-1201147 73.8 2.4 402.3 751.0 0.0746 ± 0.0001 5.2 ± 1.2 11.4 ±5.0 3.19 ± 1.40 2.5 ± 0.6 

1216455-1201159 2.0 1.2 395.5 352.0 0.0746 ± 0.0001 14.9 ± 1.7 18.5 ±4.0 5.19 ± 1.11 4.1 ±0.5 

1216500-1201186 69.6 -1.4 381.1 727.8 0.0734 ± 0.0000 -4.0 ± 4.8 -0.7 ± 1.7 -0.20 ± 0.47 -0.2 ± 0.2 

1216455-1201110 3.4 6.1 422.6 360.1 0.0754 ± 0.0002 15.5 ± 5.2 2.9 ± 1.8 0.81 ±0.51 0.6 ± 0.2 

1216454-1200017 2.1 75.5 808.5 352.7 0.0727 ± 0.0006 -0.5 ± 2.3 -0.4 ± 3.0 -0.10 ±0.85 -0.1 ± 0.4 

1216455-1201252 2.9 -8.1 344.3 357.1 0.0734 ± 0.0001 2.6 ± 12.6 0.1 ±0.9 0.03 ± 0.26 0.0 ± 0.1 

1216455-1201370 2.7 -19.8 278.9 355.8 0.0746 ± 0.0002 21.3 ±6.0 3.2 ± 1.7 0.91 ± 0.47 0.7 ± 0.2 

1216455-1202217 2.6 -64.1 32.7 355.6 0.0727 ± 0.0004 329.5 ± 77.6 4.1 ± 0.9 1.15 ±0.25 0.9 ±0.1 

1216454-1200141 1.1 62.9 738.4 347.1 0.0773 ± 0.0003 -1.5 ±7.9 -0.1 ± 1.3 -0.04 ± 0.38 -0.0 ± 0.2 

1216453-1202177 0.7 -60.4 53.6 344.8 0.0728 ± 0.0001 6.6 ± 9.5 0.5 ± 1.3 0.13 ± 0.35 0.1 ± 0.1 

1216453-1201386 0.3 -21.5 269.8 342.7 0.0697 ± 0.0001 145.9 ± 10.9 17.1 ± 1.9 4.80 ± 0.53 3.8 ± 0.2 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" ^RA 5Dec X y Ratio EW(HQ;) Flux(Ha)^ L(Hq;)^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216453-1202262 -0.1 -68.7 7.3 340.7 0.0697 ± 0.0000 9.7 ± 3.0 3.9 ± 2.3 1.09 ± 0.65 0.9 ± 0.3 

1216453-1200227 -0.3 54.3 690.7 339.6 0.0730 ± 0.0001 1.3 ± 4.0 0.4 ± 2.0 0.10 ±0.57 0.1 ± 0.2 

1216453-1200417 0.1 35.3 585.2 341.6 0.0727 ± 0.0006 -4.3 ± 9.1 -0.3 ± 1.1 -0.08 ± 0.32 -0.1 ±0.1 

1216453-1201300 0.3 -12.8 317.9 342.6 0.0727 ± 0.0005 -6.0 ± 8.3 -0.4 ± 1.1 -0.11 ±0.31 -0.1 ±0.1 

1216453-1202050 0.2 -47.7 124.0 342.1 0.0734 ± 0.0000 -16.9 ± 9.6 -0.9 ± 1.0 -0.25 ± 0.28 -0.2 ±0.1 

1216452-1200359 -1.7 41.1 617.4 331.5 0.0746 ± 0.0005 -5.5 ± 5.9 -0.8 ± 1.6 -0.22 ± 0.46 -0.2 ± 0.2 

1216453-1201317 -1.0 -14.5 308.3 335.5 0.0727 ± 0.0002 0.1 ± 8.2 0.0 ± 1.2 0.00 ± 0.33 0.0 ±0.1 

1216452-1202231 -1.2 -65.8 23.5 334.5 0.0754 ± 0.0004 73.4 ± 26.4 1.5 ±0.8 0.41 ± 0.24 0.3 ±0.1 

1216451-1201016 -3.2 15.4 474.6 323.4 0.0692 ± 0.0007 79.2 ± 8.9 9.0 ± 1.7 2.54 ± 0.47 2.0 ± 0.2 

1216494-1200189 61.2 58.2 712.5 680.9 0.0746 ± 0.0001 -4.8 ±9.1 -0.3 ± 1.1 -0.08 ± 0.30 -0.1 ±0.1 

1216451-1201258 -3.6 -8.3 343.1 321.1 0.0728 ± 0.0005 56.7 ±7.1 10.0 ±2.1 2.80 ± 0.60 2.2 ± 0.3 

1216451-1201574 -3.3 -40.1 166.5 322.9 0.0721 ± 0.0002 -20.5 ± 12.6 -0.7 ± 0.9 -0.19 ±0.24 -0.2 ±0.1 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" 5RA (5Dec X y Ratio EW(Ha) Flux(Ha)'' "Liliaf SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216470-1200475 25.5 29.8 554.3 482.9 0.0746 ± 0.0000 -4.1 ± 18.8 -0.1 ± 0.7 -0.02 ± 0.20 -0.0 ± 0.1 

1216483-1201012 43.8 15.9 477.5 584.3 0.0727 ± 0.0003 -2.6 ± 10.4 -0.1 ± 1.0 -0.04 ± 0.28 -0.0 ±0.1 

1216450-1202036 -4.9 -46.3 132.0 314.0 0.0701 ± 0.0002 55.2 ± 2.9 36.6 ± 3.5 10.27 ± 0.99 8.1 ±0.5 

1216450-1202139 -4.9 -56.5 75.0 313.9 0.0727 ± 0.0004 5.0 ± 1.7 5.0 ± 3.3 1.41 ± 0.93 1.1 ±0.4 

1216450-1202158 -5.3 -58.4 64.7 311.5 0.0761 ± 0.0002 -0.8 ± 2.0 -0.6 ± 2.9 -0.17 ± 0.82 -0.1 ±0.3 

1216467-1200451 20.1 31.9 566.4 452.5 0.0741 ± 0.0004 6.1 ± 13.3 0.2 ± 1.0 0.07 ± 0.27 0.1 ±0.1 

1216449-1200022 -6.6 75.0 805.8 304.4 0.0754 ± 0.0001 -13.1 ±4.7 -2.4 ± 1.7 -0.66 ± 0.47 -0.5 ± 0.2 

1216450-1200097 -4.4 67.2 762.2 316.8 0.0721 ± 0.0001 -5.7 ± 13.3 -0.2 ± 1.0 -0.06 ± 0.27 -0.0 ± 0.1 

1216449-1201203 -5.5 -3.1 371.7 310.4 0.0723 ± 0.0003 15.8 ± 2.2 12.9 ±3.3 3.63 ± 0.93 2.9 ± 0.4 

1216448-1201233 -7.8 -6.2 354.7 297.8 0.0723 ± 0.0000 16.8 ± 3.6 5.5 ± 2.2 1.54 ±0.62 1.2 ±0.3 

1216449-1200435 -5.4 33.5 575.2 311.2 0.0746 ± 0.0000 -2.6 ± 8.9 -0.2 ± 1.2 -0.05 ± 0.35 -0.0 ±0.1 

1216466-1200150 19.7 62.1 734.0 450.5 0.0726 ± 0.0001 12.8 ± 6.0 1.9 ± 1.6 0.52 ± 0.46 0.4 ± 0.2 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" JRA 5Dec X y Ratio EW(HQ;) Flux(Ha)^ L(Har SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216504-1201598 75.1 -42.7 151.9 758.4 0.0727 ± 0.0001 105.0 ± 22.8 3.3 ± 1.1 0.91 ± 0.30 0.7 ±0.1 

1216502-1200038 73.2 73.4 796.6 747.7 0.0727 ± 0.0003 6.3 ±3.8 1.9 ± 2.1 0.52 ± 0.60 0.4 ± 0.2 

1216451-1200243 -2.9 52.7 681.7 324.7 0.0800 ± 0.0001 -24.4 ± 12.0 -0.9 ± 1.0 -0.27 ± 0.27 -0.2 ± 0.1 

1216505-1201306 76.4 -13.5 314.1 765.6 0.0738 ± 0.0013 -30.2 ± 14.3 -0.7 ± 0.7 -0.20 ± 0.20 -0.2 ±0.1 

1216447-1201164 -9.1 0.8 393.2 290.7 0.0694 ± 0.0000 -19.5 ± 11.9 -0.7 ± 0.8 -0.19 ±0.23 -0.1 ± 0.1 

1216504-1200120 75.7 65.0 750.3 761.6 0.0712 ± 0.0002 1.4 ±7.0 0.1 ± 1.4 0.04 ± 0.39 0.0 ± 0.2 

1216446-1200475 -10.6 29.5 553.0 282.0 0.0800 ± 0.0002 -34.3 ± 7.2 -2.7 ± 1.2 -0.76 ± 0.33 -0.6 ± 0.1 

1216497-1201117 65.4 5.3 418.7 704.6 0.0732 ± 0.0005 6.1 ±3.6 2.1 ± 2.4 0.60 ± 0.67 0.5 ± 0.3 

1216498-1201358 67.0 -18.6 285.4 713.4 0.0746 ± 0.0002 -3.9 ± 2.8 -1.8 ±2.5 -0.50 ±0.71 -0.4 ± 0.3 

1216486-1201529 49.5 -35.6 191.3 615.9 0.0728 ± 0.0002 69.2 ± 5.5 19.1 ± 2.6 5.35 ± 0.72 4.2 ± 0.3 

1216485-1202270 48.6 -69.5 2.8 611.1 0.0727 ± 0.0001 15.4 ± 16.8 0.4 ± 0.8 0.11 ±0.22 0.1 ± 0.1 

1216466-1201574 19.2 -40.0 166.6 447.7 0.0721 ± 0.0002 2.5 ±3.1 1.0 ±2.4 0.28 ± 0.66 0.2 ± 0.3 



Table 3.5 Ho; Data for CL 1216—1201 Galaxies - continued 

Name" 5RA ^Dec X y Ratio EW(Ha) Flux(Ha)b LiHaf SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216501-1201336 71.1 -16.5 297.4 736.1 0.0727 ± 0.0001 25.8 ± 6.0 4.4 ± 1.9 1.23 ± 0.52 1.0 ±0.2 

1216500-1201541 70.3 -36.9 183.9 731.6 0.0694 ± 0.0008 10.8 ± 5.5 1.6 ± 1.6 0.46 ± 0.45 0.4 ± 0.2 

1216466-1200271 19.9 49.9 666.1 451.5 0.0667 ± 0.0002 11.3 ±5.3 2.1 ± 1.9 0.60 ± 0.53 0.5 ± 0.2 

1216496-1201584 64.6 -41.3 159.7 699.8 0.0723 ± 0.0001 285.1 ±32.1 11.7 ± 1.4 3.28 ± 0.40 2.6 ± 0.2 

1216499-1201392 67.5 -22.1 266.4 716.2 0.0746 ± 0.0006 2.8 ± 1.9 2.7 ± 3.4 0.75 ± 0.94 0.6 ± 0.4 

1216498-1200238 66.9 53.2 684.5 712.8 0.0727 ± 0.0006 -6.2 ±4.1 -1.3 ± 1.7 -0.38 ± 0.48 -0.3 ± 0.2 

1216498-1200311 66.7 45.9 644.0 711.7 0.0800 ± 0.0000 -34.0 ± 16.2 -0.7 ± 0.7 -0.19 ±0.19 -0.2 ± 0.1 

1216497-1200517 64.5 25.3 529.6 699.4 0.0723 ± 0.0001 6.9 ± 6.5 0.8 ± 1.5 0.24 ± 0.42 0.2 ± 0.2 

1216494-1201116 61.1 5.5 419.4 680.3 0.0751 ±0.0001 28.4 ±6.1 5.4 ±2.1 1.51 ±0.59 1.2 ±0.2 

1216492-1201360 57.9 -18.8 284.5 662.9 0.0722 ± 0.0001 51.9 ±4.8 14.0 ± 2.3 3.92 ± 0.64 3.1 ±0.3 

1216492-1202036 58.5 -46.4 131.0 665.9 0.0723 ± 0.0003 1.6 ± 4.4 0.4 ± 1.9 0.10 ±0.52 0.1 ±0.2 

1216491-1201531 56.1 -35.9 189.7 652.7 0.0712 ±0.0002 64.4 ± 4.2 23.6 ± 2.7 6.63 ± 0.76 5.2 ± 0.3 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" SRA (5Dec X y Ratio EW(Hq;) F1UX(Hq;)^ L(Ha)^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216496-1202023 64.5 -45.2 137.7 699.6 0.0709 ±0.0011 -4.0 ± 9.0 -0.3 ± 1.2 -0.08 ± 0.34 -0.1 ±0.1 

1216486-1201111 49.5 6.0 422.4 615.8 0.0730 ± 0.0002 13.2 ± 1.4 20.9 ± 4.3 5.86 ± 1.21 4.6 ± 0.5 

1216486-1201185 48.9 -1.3 381.6 612.7 0.0754 ± 0.0003 14.9 ± 1.1 42.1 ± 5.8 11.83 ± 1.64 9.3 ± 0.8 

1216494-1200092 61.7 68.2 767.8 683.7 0.0716 ±0.0009 -13.5 ±5.5 -2.0 ± 1.6 -0.57 ± 0.46 -0.4 ± 0.2 

1216493-1202201 60.1 -62.9 39.3 675.1 0.0721 ± 0.0003 106.2 ± 16.6 6.5 ± 1.5 1.82 ±0.42 1.4 ±0.2 

1216490-1202183 55.5 -61.2 49.3 649.3 0.0730 ± 0.0007 -10.0 ± 8.6 -0.7 ± 1.2 -0.19 ±0.32 -0.2 ± 0.1 

1216488-1200150 52.6 62.1 734.2 633.0 0.0721 ± 0.0001 4.8 ± 16.1 0.1 ±0.8 0.04 ± 0.23 0.0 ±0.1 

1216490-1159599 54.7 77.3 818.6 645.0 0.0734 ± 0.0000 15.5 ± 10.1 1.0 ± 1.2 0.27 ± 0.33 0.2 ±0.1 

1216493-1201479 58.8 -30.7 218.7 667.5 0.0635 ± 0.0004 -6.5 ± 9.8 -0.3 ± 0.9 -0.08 ± 0.25 -0.1 ±0.1 

1216487-1202115 50.6 -54.3 87.4 622.3 0.0728 ± 0.0008 1.2 ±2.4 0.8 ± 2.9 0.22 ±0.81 0.2 ± 0.4 

1216491-1200407 56.9 36.3 590.8 657.2 0.0727 ± 0.0001 -8.3 ± 4.8 -1.6 ± 1.8 -0.44 ± 0.50 -0.4 ± 0.2 

1216487-1202146 50.3 -57.4 70.2 620.2 0.0748 ± 0.0001 10.9 ± 6.8 1.5 ± 1.7 0.41 ± 0.48 0.3 ± 0.2 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" 5RA (^Dec X y Ratio EW(Hck) F1UX(Hq;)*' L(Ha)^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216491-1201123 56.2 4.8 415.6 653.1 0.0773 ± 0.0001 -3.4 ± 6.7 -0.4 ± 1.6 -0.12 ± 0.45 -0.1 ± 0.2 

1216490-1201239 54.4 -6.7 351.7 643.1 0.0721 ± 0.0002 8.5 ± 1.9 7.8 ±3.3 2.19 ±0.93 1.7 ± 0.4 

1216490-1200091 55.0 68.1 767.3 646.6 0.0721 ± 0.0001 -14.3 ±2.1 -9.3 ± 2.8 -2.63 ± 0.78 -2.1 ±0.3 

1216490-1201456 54.4 -28.4 231.0 643.4 0.0746 ± 0.0002 4.4 ± 7.6 0.5 ± 1.5 0.13 ±0.41 0.1 ±0.2 

1216489-1201157 52.9 1.6 398.1 634.6 0.0727 ± 0.0001 23.6 ± 18.8 0.6 ± 0.8 0.16 ±0.23 0.1 ±0.1 

1216488-1201012 51.3 16.0 477.7 626.2 0.0697 ± 0.0002 7.1 ±4.0 1.7 ± 1.8 0.47 ± 0.51 0.4 ± 0.2 

1216469-1200395 23.5 37.5 597.4 471.4 0.0743 ± 0.0002 51.0 ± 15.1 2.2 ± 1.1 0.62 ±0.31 0.5 ± 0.1 

1216480-1201328 40.3 -15.7 302.0 564.7 0.0697 ± 0.0006 -24.9 ± 7.9 -1.6 ± 1.0 -0.45 ± 0.29 -0.4 ± 0.1 

1216480-1200048 39.6 72.4 791.2 561.1 0.0726 ± 0.0004 -9.5 ± 7.2 -1.0 ± 1.5 -0.28 ± 0.41 -0.2 ± 0.2 

1216491-1201426 56.0 -25.3 248.5 652.4 0.0754 ± 0.0004 -2.0 ± 2.0 -1.8 ±3.5 -0.50 ± 0.97 -0.4 ± 0.4 

1216489-1202124 53.5 -55.2 82.2 638.5 0.0773 ± 0.0002 -18.4 ±6.6 -2.0 ± 1.5 -0.57 ± 0.42 -0.5 ± 0.2 

1216487-1201011 49.7 16.0 477.9 617.2 0.0716 ± 0.0002 17.3 ±4.1 4.8 ±2.1 1.34 ±0.60 1.1 ±0.2 



Table 3.5 Ho; Data for CL 1216—1201 Galaxies - continued 

Name" 5RA 5Dec X y Ratio EW(Ha) Flux(Ha)^ L(Ha;)'^ SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216487-1202046 50.4 -47.5 125.4 620.9 0.0728 ± 0.0005 16.1 ±7.3 1.7 ± 1.4 0.48 ± 0.40 0.4 ± 0.2 

1216483-1201199 43.7 -2.6 374.6 583.9 0.0727 ± 0.0000 93.3 ± 13.8 6.2 ± 1.4 1.75 ± 0.40 1.4 ±0.2 

1216484-1200119 45.7 65.3 751.6 595.0 0.0800 ± 0.0002 33.6 ± 26.0 0.6 ± 0.8 0.16 ±0.21 0.1 ±0.1 

1216476-1201413 34.4 -24.0 255.5 532.0 0.0721 ± 0.0003 -1.6 ±5.6 -0.2 ± 1.5 -0.06 ± 0.41 -0.0 ± 0.2 

1216485-1200169 47.6 60.1 723.1 605.2 0.0746 ± 0.0003 -4.7 ± 9.0 -0.3 ± 1.2 -0.09 ± 0.34 -0.1 ±0.1 

1216484-1202028 45.9 -45.5 136.4 596.1 0.0734 ± 0.0003 -13.0 ± 14.8 -0.4 ± 0.8 -0.10 ±0.22 -0.1 ±0.1 

1216474-1201197 31.5 -2.6 374.6 515.8 0.0727 ± 0.0001 6.2 ± 2.7 3.4 ± 2.8 0.95 ± 0.80 0.7 ± 0.3 

1216478-1200072 36.7 70.0 777.7 545.1 0.0716 ± 0.0001 17.6 ± 14.5 0.6 ± 1.0 0.18 ±0.27 0.1 ±0.1 

1216476-1201274 34.1 -10.3 331.7 530.7 0.0728 ± 0.0001 27.3 ± 10.7 1.8 ± 1.3 0.51 ± 0.36 0.4 ±0.1 

1216483-1201302 43.8 -12.9 317.1 584.5 0.0773 ± 0.0001 -10.4 ± 5.1 -2.0 ± 1.9 -0.56 ± 0.54 -0.4 ± 0.2 

1216477-1201069 35.5 10.2 445.8 538.4 0.0761 ± 0.0001 -7.0 ± 4.6 -1.5 ± 1.9 -0.42 ± 0.54 -0.3 ± 0.2 

1216481-1200220 40.8 55.0 694.7 567.8 0.0734 ± 0.0002 -4.3 ± 2.5 -2.2 ± 2.6 -0.63 ± 0.72 -0.5 ± 0.3 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" (5RA <5Dec X y Ratio EW(Hq;) Flux(Ha)^ L(Ha)'= SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216468-1201112 21.5 6.0 422.1 460.5 0.0721 ± 0.0000 135.5 ± 20.5 5.7 ± 1.2 1.60 ± 0.34 1.3 ±0.1 

1216480-1201488 40.2 -31.5 214.0 564.1 0.0734 ± 0.0003 -10.3 ±5.5 -1.4 ± 1.5 -0.40 ± 0.42 -0.3 ± 0.2 

1216478-1201413 37.3 -24.0 255.9 548.0 0.0723 ± 0.0001 55.1 ± 17.8 1.8 ± 1.0 0.51 ± 0.28 0.4 ±0.1 

1216478-1200159 36.9 61.0 728.1 545.7 0.0694 ± 0.0001 0.9 ± 12.0 0.0 ± 1.0 0.01 ± 0.27 0.0 ±0.1 

1216479-1202175 38.2 -60.3 54.2 553.0 0.0727 ± 0.0006 -6.4 ± 4.4 -1.3 ± 1.8 -0.37 ± 0.49 -0.3 ± 0.2 

1216478-1200550 37.8 22.2 512.2 550.9 0.0732 ± 0.0003 19.4 ± 3.5 9.0 ± 3.0 2.53 ± 0.85 2.0 ± 0.4 

1216471-1200360 27.1 41.1 617.4 491.6 0.0743 ± 0.0001 -29.5 ± 8.3 -2.3 ± 1.3 -0.64 ± 0.37 -0.5 ± 0.2 

1216473-1201326 29.7 -15.4 303.6 505.9 0.0734 ± 0.0000 -26.6 ± 8.3 -1.6 ± 1.1 -0.46 ± 0.30 -0.4 ±0.1 

1216476-1200428 34.1 34.2 579.0 530.4 0.0667 ± 0.0001 8.2 ± 6.6 0.9 ± 1.4 0.27 ± 0.40 0.2 ± 0.2 

1216475-1200036 33.2 73.6 797.7 525.5 0.0697 ± 0.0001 -2.6 ± 6.2 -0.3 ± 1.4 -0.09 ± 0.40 -0.1 ± 0.2 

1216479-1202245 38.1 -67.3 15.2 552.4 0.0728 ± 0.0002 5.9 ± 11.6 0.3 ± 1.1 0.08 ±0.31 0.1 ±0.1 

1216468-1201271 22.5 -9.8 334.5 466.3 0.0698 ± 0.0001 41.4 ± 10.8 3.2 ± 1.4 0.89 ± 0.40 0.7 ± 0.2 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" (^RA (^Dec X y Ratio EW(Ha) FIux(Ha)^ L(Har SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216477-1202000 36.2 -42.8 151.4 542.2 0.0734 ± 0.0002 33.8 ± 12.4 2.0 ± 1.3 0.55 ± 0.36 0.4 ±0.1 

35.6 -69.5 3.1 539.0 0.0640 ± 0.0000 -11.8 ±4.3 -2.1 ± 1.5 -0.59 ± 0.42 -0.5 ± 0.2 

1216475-1200495 32.1 27.7 542.7 519.2 0.0701 ± 0.0002 -15.5 ±4.6 -3.1 ± 1.8 -0.87 ± 0.52 -0.7 ± 0.2 

1216475-1200277 33.1 49.4 663.4 524.7 0.0694 ± 0.0002 -18.5 ±7.3 -1.5 ± 1.2 -0.42 ± 0.33 -0.3 ±0.1 

1216474-1200322 30.4 44.8 637.8 509.7 0.0734 ± 0.0002 1.0 ± 12.5 0.0 ± 0.9 0.01 ± 0.25 0.0 ±0.1 

1216469-1202028 23.4 -45.6 135.7 470.7 0.0711 ±0.0005 132.8 ± 14.0 11.4 ± 1.7 3.21 ± 0.49 2.5 ± 0.2 

1216474-1200194 30.7 57.9 710.5 511.3 0.0748 ± 0.0001 -21.2 ± 7.5 -1.7 ± 1.2 -0.47 ± 0.34 -0.4 ± 0.1 

1216469-1201542 23.8 -36.7 185.1 473.0 0.0754 ± 0.0001 27.9 ± 7.7 3.4 ± 1.7 0.96 ± 0.48 0.8 ± 0.2 

1216468-1200143 22.7 62.8 737.9 466.9 0.0727 ± 0.0002 -4.8 ± 11.5 -0.2 ± 1.1 -0.06 ± 0.30 -0.1 ±0.1 

1216471-1201180 25.7 -0.9 383.9 484.0 0.0734 ± 0.0001 19.4 ± 2.7 11.0 ±2.8 3.09 ± 0.79 2.4 ± 0.3 

1216469-1201208 23.5 -3.6 369.2 471.7 0.0748 ± 0.0001 75.6 ± 7.9 11.8 ± 2.0 3.31 ±0.57 2.6 ± 0.2 

1216471-1201216 25.8 -4.5 364.2 484.5 0.0732 ± 0.0003 15.4 ± 2.9 7.4 ± 2.6 2.08 ± 0.73 1.6 ±0.3 



Table 3.5 Ha Data for CL 1216—1201 Galaxies - continued 

Name" 5RA (5Dec x y Ratio EW(Ho;) FIuxCHq!)^ L(Haf SFR'^ 

(") (") (pixel) (pixel) (narrow/J) (A) 

1216470-1201241 24.6 -6.9 350.9 All.1 0.0721 ± 0.0007 21.8 ± 2.1 19.6 ± 3.5 5.50 ± 0.99 4.3 ± 0.5 

1216470-1201494 25.1 -32.1 210.8 480.3 0.0746 ± 0.0005 25.9 ± 4.3 7.1 ±2.2 2.00 ± 0.61 1.6 ±0.3 

1216469-1202226 23.7 -65.3 26.3 472.5 0.0746 ± 0.0002 11.5 ±2.1 10.5 ± 3.7 2.95 ± 1.03 2.3 ± 0.4 

° Names is EDCSJ followed by ID listed in column. 

^ Units of 10"^^ ergs s~^ cm~^ 

Units of 10^^ ergs s~^ 

Units of hiQQ M0yr""^ 
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4 STAR-FORMATION PROPERTIES OF Z ~ 0.8 GALAXY CLUSTERS 
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In this Chapter we combine the data presented in the last two Chapters in order to 

(1) investigate the possible physical mechanisms that affect the star-formation properties 

of cluster galaxies and (2) compare with results from previous cluster and field studies. 

In Section 4.1, we investigate the spatial distribution of emission-line and non-emission 

line galaxies. We then compare SFRs (fractional and integrated) with cluster velocity 

dispersions and redshift in Section 4.2, and we look for evolution between our clusters 

and the ^ ~ 0.4 MORPHS sample in Section 4.3. We compare to individual field 

galaxy SFRs in Section 4.4 and to volume-averaged SFR densities in Section 4.5. In 

Section 4.6 we use the extended Press-Schechter formalism to calculate the fraction of 

newly accreted galaxies. Again, we compare the expected integrated SFR derived from 

Press-Schechter with the results from our four clusters. We summarize the results of this 

Chapter in Section 4.7. 

4.1. Spatial Distribution of Star-Forming Galaxies 

The spatial distribution of star-forming galaxies relative to the cluster center and to 

each other can help decipher the relative importance of galaxy-galaxy interactions, ram 

pressure stripping, and cluster-induced bursts. Galaxy-galaxy interactions can be probed 

by measuring the nearest neighbor distances of emission-line galaxies in comparison 

with non emission-line galaxies. Ram pressure should induce radial gradients in SFRs 

with SFRs decreasing toward the cluster center. Starbursts will occur preferentially at 

large cluster radii if they are caused by the initial interaction between an infalling galaxy 

and the intergalactic medium or if they are field starburst galaxies whose star formation 

is quenched by the cluster. 
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4.1.1. Radial Distribution of SFRs 

Figure 4.1 shows the continuum-subtracted flux versus projected radial distance from 

the cluster center. We use the brightest cluster galaxy to define the cluster center for the 

EDisCS clusters, and we select what appears to be the brightest cluster galaxy as the 

center of CL J0023+0423B. CL 1216—1201 is the only cluster that shows a trend in SFR 

with projected radial distance, with galaxies showing higher SFRs at small projected 

radii and lower SFRs at larger projected radii. The trend is significant at the 3.8cr level 

as determined by a Spearman-rank test. We plot the average SFR versus projected 

radial distance in the left panel of Figure 4.2, including only those galaxies with > 3a 

continuum-subtracted flux and EW > 10 A. The SFR remains fairly constant except for 

the innermost bin, and the elevated SFR in this bin is due exclusively to the BCG and 

associated galaxies in CL 1216—1201. The right panel of Figure 4.2 shows the average 

EW versus projected radial distance for galaxies with > 3a continuum-subtracted flux 

and EW > 10 A. The EW is lower within 0.4 x R/R200, and the sense of this trend is 

expected from the morphology-density relation. We can measure morphologies for the 

EDisCS galaxies when the ACS data become available to see if the EW trend is due to 

earlier-type galaxies near the cluster center. 

Balogh et al. (1997) calculate the fraction of galaxies with EW([OII]) > 10 A as a 

function of projected radial distance from the cluster center. They find a lower fraction 

of emission-line galaxies with decreasing projected distance, and the observed fraction is 

lower than expected from the CNOC galaxy colors. We plot the fraction of emission-line 

galaxies for our clusters with the solid line in Figure 4.3. Here we apply an Ho; EW cut 

of 25 A which should be comparable to the CNOC [Oil] EW cut (Kennicutt, 1992a,b). 

Our clusters show lower Ha EWs within 0.4 x R/R200, consistent with the CNOC 

results. However, we need a larger sample of clusters to reduce the errorbars. The higher 
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Figure 4.1 Continuum-subtracted flux versus projected radial distance from cluster center 

for all galaxies in (a) CL 1040-1155, (b) CL 1054-1245, (c) CL 1216-1201, and (d) 

CL J0023-I-0423B fields. The dashed vertical line shows where areal coverage becomes 

incomplete. 
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Figure 4.2 (Left) Average SFR versus projected radial distance from cluster center. 

(Right) Average narrow-band EW versus projected radial distance from cluster center. 

We include only significant detections. 

fraction of emission line galaxies observed in our sample is due to the Butcher-Oemler 

effect as well as a possible mismatch between [Oil] and Ha EW cuts. 

We show the cumulative distribution of projected radial distances for star-forming, 

non-star-forming, and spectroscopically confirmed members in Figure 4.4. We separate 

actively star-forming galaxies using a narrow-band EW of 20 A. In Figure 4.4, the 

distribution for star-forming galaxies is shown with the solid line, non star-forming 

galaxies with the dashed line, and spectroscopically confirmed members with the dotted 

line. A Kolmogorov-Smimov (K-S) test indicates no significant difference between the 

radial distributions of emission line and non-emission line galaxies for CL 1040—1155 

andCL J0023+0423B. CL 1054—1245 shows less star-forming galaxies at low projected 

radii (93% confidence), and CL 1216—1201 shows more star-forming galaxies at low 

projected radii (94% confidence). 
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Figure 4.3 Fraction of galaxies with EW(HQ;) > 25 A as a function of projected radial 

distance from cluster center (solid line). We show the fraction of CNOC galaxies with 

EW([OII]) > 10 A (dashed line) for comparison. 
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Figure 4.4 Cumulative distribution of projected radial distances for (a) CL 1040—1155, 

(b) CL 1054-1245, (c) CL 1216-1201, and (d) CL J0023+0423B fields. The 

distribution for galaxies with EW>20 is shown with soHd fine, EW<20 with dashed 

line, and spectroscopically confirmed members with the dotted line. A K-S test indicates 

no significant difference between the radial distributions of emission line and non-

emission line galaxies for CL 1040—1155 and CL J0023+0423B. CL 1054—1245 shows 

significantly less star-forming galaxies at low projected radii (93% confidence), and 

CL 1216—1201 shows significantly more star-forming galaxies at low projected radii 

(94% confidence). 



175 

4.1.2. Nearest-Neighbor Distances 

The high relative velocities of cluster galaxies make galaxy-galaxy interactions less 

likely (Gunn & Gott, 1972), yet hierarchical structure formation says clusters grow 

through the accretion of groups as well as isolated field galaxies. Therefore, infalling 

cluster galaxies may still interact with group members before the group is disrupted. 

To look for signs of galaxy-galaxy interactions, we calculate nearest-neighbor 

distances for the galaxies in each of the four clusters. We repeat the same calculation 

for emission line galaxies only and for non-emission line galaxies, where we define 

an emission line galaxy as one with EW(HQ;) > 20 A. The cumulative distributions 

of nearest neighbor distances are plotted in Figure 4.5 for (a) CL 1040—1155, 

(b) CL 1054-1245, (c) CL 1216-1201, and (d) CL J0023+0423B. We show the 

distribution for all galaxies with the solid line. The nearest-neighbor distances for 

star-forming and non star-forming galaxies are shown with the dotted and dashed lines, 

respectively. We use a K-S test to quantify any difference between the distributions of 

nearest-neighbor distances for the two classes of galaxies in each cluster. The probability 

that the emission line and non-emission line nearest-neighbor distances are drawn from 

the same parent distribution is 20% for CL 1040— 1155,4% for CL 1054—1245, 62% for 

CL 1216—1201, and 90% for CL J0023-t-0423B. CL 1054—1245 is the only cluster with 

a mildly significant (2a) difference between the two distributions. The results are similar 

for EW cuts of 10 and 40 A. 

How are results affected by the presence of non-cluster galaxies? At faint 

magnitudes the number counts are dominated by distant background galaxies, so we are 

not measuring projected distances to physically associated galaxies. We need to apply 

a magnitude cut in order to select probable cluster members. In Figure 4.6, we plot 

the combined galaxy number counts from the four clusters with number counts from 
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Figure 4.5 Cumulative distribution of nearest-neighbor distances for (a) CL 1040—1155, 

(b) CL 1054-1245, (c) CL 1216-1201, and (d) CL J0023+0423B. The solid black line 

shows the nearest-neighbor distribution for all galaxies on the field, and the dotted blue 

and dashed red lines show the distribution for emission and non-emission line galaxies 

only. 
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field surveys. The cluster counts are shown with solid squares. The results from the 

Subaru Deep Field are shown with sohd triangles (Maihara et al., 2001). The counts 

from the Hubble Deep Field South and Chandra Deep Field (Saracco et al., 2001) are 

shown with open triangles and open squares, respectively. We measure magnitudes 

within a 2" radius. Figure 4.6 shows that the galaxy number counts for the clusters 

exceed the expected field counts up to a J magnitude of 21.5. The cluster galaxy counts 

suffer incompleteness for J > 21.5, and our galaxy counts will be dominated by field 

galaxies above this magnitude. We therefore restrict our magnitude range to J < 21 and 

recalculate nearest-neighbor distances. As before, CL 1054—1245 is the only cluster 

with marginally different (95% confidence) distributions for nearest neighbor distances 

of emission and non-emission galaxies. 

In conclusion, we find no evidence for galaxy-galaxy interactions boosting star 

formation in cluster galaxies. However, our analysis is limited by contamination from 

foreground and background non-cluster galaxies. In addition, nearest-neighbors in 

three-dimensional space are largely obscured when projected into two dimensions, 

and the galaxy responsible for an interaction could be ~100 kpc away by the time of 

observation. Therefore, we can not make a firm conclusion about the relative importance 

of galaxy-galaxy interactions using imaging data alone. As with CL J0023+0423B, 

HST or ground-based adaptive optics imaging can reveal morphological signatures of 

interactions and can provide a better way to probe the connection between interactions 

and SFRs. 

4.2. Star-Formation and Cluster Mass and Redshift 

In this Section we compare the fractional and integrated star-formation properties with 

cluster mass and redshift. We compare our ^ ~ 0.8 clusters with three 2: ~ 0.2 clusters 
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Figure 4.6 Galaxy number counts versus J-band magnitude within a 2" radius. The 

combined counts from the four cluster fields are shown with solid squares. The results 

from the Subaru Deep Field are shown with solid triangles (Maihara et al., 2001). The 

counts from the Hubble Deep Field South and Chandra Deep Field (Saracco et al., 2001) 

are shown with open triangles and open squares, respectively. 
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from the literature: Abell 2390, AC 114, and A 1689. Balogh & Morris (2000) conduct 

an Ha imaging survey of 1189 galaxies in the CNOC cluster Abell 2390 at 2: ~ 0.23. 

Couch and collaborators are conducting an Ha spectroscopic survey of three additional 

2 ~ 0.3 clusters. Couch et al. (2001) present spectroscopic results for 586 galaxies in the 

cluster AC 114at2: = 0.32, and Balogh et al. (2002) present spectroscopic results for 522 

galaxies in the the second cluster, A 1689 at 2: = 0.18. These three clusters provide the 

best comparison for our sample because SFRs are determined from Ha and the sampling 

is extensive. We need to apply the same selection criteria to each cluster. Defining 

uniform selection criteria is difficult when comparing spectroscopic and imaging studies, 

and comparing results from [Oil] and Ha is even more problematic. Therefore we limit 

our comparison to these three Ha studies. The velocity sampling of the narrow-band 

filters is of order ±3a so most galaxies that we detect in emission are associated with the 

cluster, and we therefore expect field contamination to be small. 

The Butcher-Oemler effect describes the increasing blue fraction of cluster galaxies 

with redshift. The blue fraction is determined photometrically, with "blue" galaxies 

defined relative to the red sequence of each cluster. We investigate a related quantity 

in this Section, namely the fraction of emission-line galaxies. To facilitate comparison 

with the low-redshift Ha studies, we apply four cuts to our data. First, we include 

only galaxies within 0.79 x R200 so that we sample the same relative fraction of each 

cluster. If we assume an isothermal sphere model for the cluster density profile (provides 

relationship between a and cluster mass), we can express i?2oo in terms of the cluster 

velocity dispersion as follows: 

= , Mpc (4.1) 

1 + z 465 km/s 

Second, we apply a minimum SFR cut of 0.5 ^0 sources only), where 

galaxies with SFRs above this limit are considered emission-line. Clearly, the fraction of 
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emission-line galaxies is a strong function of SFR, and a uniform SFR cut is essential 

for making a meaningful comparison between surveys. Third, only galaxies with EW 

greater than 20 A are included as emission line. Finally, the minimum SFR and EW cuts 

imply a completeness limit in terms of broad band magnitude, and we apply the same 

absolute magnitude cut to all samples. The total number of galaxies includes all galaxies 

that make our selection cuts, and we make no correction for contamination of non-cluster 

members. We show the fraction of emission-line galaxies versus redshift in Figure 4.7. 

We find no correlation between emission-line fraction and redshift. This is not consistent 

with the Butcher-Oemler effect. Ellingson et al. (2001) recover a Butcher-Oemler effect 

in the CNOC clusters only when they probe beyond 0.5xi?2oo- At smaller cluster radii, 

the blue fraction appears independent of redshift for their sample. Perhaps we would 

recover the Butcher-Oemler effect in our data if we could probe to larger radii. 

Another way to quantify the redshift evolution of cluster SFRs is in terms of the 

integrated SFR per cluster mass. In Figure 4.8 we show this quantity as a function of 

redshift for the four 2: ^ 0.8 clusters and the three 2; ~ 0.2 clusters from the literature. 

The mass-normalized SFR of the 2: ~ 0.8 clusters is > 10x higher than the low redshift 

clusters. We plot integrated SFR per cluster mass versus cluster velocity dispersion in 

Figure 4.9 and find that the integrated SFR per cluster mass also correlates with cluster 

mass. A larger sample of 2: ~ 0.8 clusters spanning a larger range in mass is needed to 

break the degeneracy between mass and redshift in the current sample. 

4.3. Comparison with 2; ~ 0.4 Clusters 

The MORPHS collaboration (Dressier et al., 1999; Smail et al., 1997; Poggianti et al., 

1999) combines spectroscopy and ground-based imaging with HST WFPC2 imaging of 

ten 0.35 < 2; < 0.5 clusters in order to study the effects of cluster environment on galaxy 
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Figure 4.7 Fraction of emission line galaxies within 0.79 x i?2oo versus cluster redshift. We 

consider all > 3a detections with SFR >0.5 /i{^o ^W > 20 A as emission-

line galaxies. We find no correlation between emission-line fraction and redshift. 
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Figure 4.8 Integrated cluster SFR per cluster mass versus cluster redshift. Integrated 

SFR per mass increases with cluster redshift, consistent with the Butcher-Oemler effect. 

However, we can not distinguish between a mass or redshift dependence with the current 

cluster sample. 
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Figure 4.9 Integrated cluster SFR per cluster mass versus cluster velocity dispersion. 

Integrated SFR per mass is inversely correlated with cluster velocity dispersion, but we 

can not break degeneracy between mass and redshift with the current cluster sample. 
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evolution. Poggianti et al. (1999) find a significant fraction of post-starburst galaxies. 

The redshift range of our sample is ideally situated to look for the progenitors of this 

post-starburst population. The look-back time at 0.7 < z < 0.85 is 4.4 to 4.9 Gyr, and 

the look-back time at z ~ 0.4 is 3 Gyr. Spectral models of the post-starburst galaxies 

show that the last epoch of star-formation is 1-1.5 Gyr prior to the z ~ 0.4 observations, 

corresponding to the redshift range of our clusters. The Poggianti et al. (1999) results 

predict that we should observe a significant fraction of starburst galaxies (21 ±2%). We 

define a starburst galaxy as one whose current star-formation is equal to its total past 

star-formation. This corresponds to a birthrate of 1 according Kennicutt et al. (1994). 

Kennicutt et al. (1994) show that a birthrate of 1 corresponds to an EW(HQ;)=40 A 

for normal galaxies, so we adopt this as our EW cut for selecting starburst galaxies. 

We limit our sample to galaxies within the same fraction of the virial radius for each 

cluster, specifically 0.79 x i?2oo- The starburst fraction within this region is 26±7% 

(12/47) for CL 1040-1155, 33±6% (31/95) for CL 1054-1245, 15±3% (33/226) for 

CL 1216—1201, and 31±15% (4/13) for CL J0023+0423B. Combining statistics we 

find a starburst fraction of 21±3%. This is the exact fraction of post-starburst galaxies 

(21±3%) found by Poggianti et al. (1999) at 2; ~ 0.4. 

While the agreement between the two epochs is remarkable, we note that Poggianti 

et al. (1999) define starburst galaxies using [Oil], where starbursts have an [Oil] EW 

> 40 A. This is not equivalent to the starburst criteria we define above; the MORPHS 

starburst cut is closer to an Ha EW of 100 A if we assume an average [OII]/Ha EW ratio 

of 0.4. If we apply this higher EW cut to our data, then we find a starburst fraction of 

6±4% for CL 1040-1155, 7±3% for CL 1054-1245, 3±1% for CL 1216-1201, and 

0% (0/13) for CL J0023-t-0423B. The average for the three clusters is 4±1% (17/367), 

which is the same value fraction of starburst galaxies found in the MORPHS clusters 

(5±1%) but much less than the post-starburst fraction. However, we must also consider 
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the lifetime of each phase when comparing populations at different epochs. If the 

post-starburst phase lasts 5 x longer than the starburst phase, then our starburst fraction 

of 4±1% is consistent with the the post-starburst fraction of the MORPHS clusters. In 

addition, the ratio we use to convert [OIL] EW to Ha EW is derived from a sample of 

normal spiral galaxies, and we expect starburst galaxies to have a lower [OII]/HQ; ratio 

due to more dust (Poggianti & Wu, 2000). Regardless of how we define a starburst, the 

results of Section 4.4 indicate that the starburst phenomenon is not unique to the cluster 

environment. This is consistent with the 2: ~ 0.4 results which show a slightly larger 

number of starbursts in the field relative to the clusters. 

Poggianti et al. (1999) also find a significant fraction (11±2%) of galaxies which 

show strong Balmer absorption plus [Oil] emission. They interpret these as dusty 

starbursts and assign the spectral classification e(a). By comparing [Oil] and Ha EWs 

for the spectroscopically confirmed members of the EDisCS clusters, we find 14 out of 

51 or 27±8% of star-forming galaxies with significant Ha EWs and no detectable [Oil] 

emission. These would not be classified as e(a) galaxies because no [Oil] emission is 

detected. They would more likely be classified as k a/a -H k, and the exact classification 

will be determined from optical EDisCS spectra. Nevertheless, we confirm that the 

fraction of dusty starbursts is higher than implied by the fraction of e(a) galaxies, as 

suggested by Poggianti et al. (1999). Dressier et al. (1999) find 13 A: -|- a galaxies (3% 

of cluster population) with very red colors, and these are the likely counterparts to our 

Ha/no [Oil] galaxies. The fractions are difficult to compare due to different selection 

criteria. 
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4.4. Comparison with Field Star-Formation Rates 

The SFRs of coeval field galaxies provide an essential reference point for placing the 

SFRs of cluster galaxies in perspective. Low-redshift surveys (SDSS, 2dF) show that 

star formation is suppressed in low density environments as well as in clusters, so 

comparison with field SFRs does not provide a clean distinction for separating the effects 

of cluster environment on star-formation. Nevertheless, the mechanism(s) and timescale 

responsible for the low-redshift results are unknown, so coeval field SFRs still provide an 

interesting comparison. 

Two surveys provide star-formation rates of field galaxies in the same redshift 

range as our clusters. Glazebrook et al. (1999) use J-band near-infrared spectroscopy to 

measure Ha fluxes of thirteen galaxies drawn from the Canada-France Redshift Survey 

(CFRS). They select galaxies whose redshifted Ha emission falls between OH lines. 

Galaxies are observed through a 1" slit, so Glazebrook et al. (1999) apply an aperture 

correction of 1.7. Tresse et al. (2002) measure the Ha flux for 33 CFRS field galaxies 

with redshifts between 0.5 and 1.1. They select galaxies with [Oil] EW >10 A, which 

includes 78% of 2: > 0.5 galaxies in the CFRS sample. They use a 2" slit width and 

conclude that no aperture correction is required. Both studies have high enough spectral 

resolution to resolve Ha and [Nil], so their line fluxes are for Ha only. 

We combine the two samples and limit the redshift range to 0.65 < 2: < 0.95, which 

corresponds to a At ~ ±1 Gyr relative to our cluster redshifts. The combined sample 

includes 22 field galaxies between 0.7 < z < 0.93, with an average redshift of 0.816. We 

calculate the SFR for each galaxy using the published line fluxes and the SFR conversion 

described in Section 3.2.1, and we show the distribution of SFRs in Figure 4.10. The 

minimum uncertainties associated with the Tresse et al. (2002) and Glazebrook et al. 

(1999) SFRs are ~1 M© yr~^ Therefore, we apply a SFR of > 2 M© yr~^ to 
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Figure 4.10 SFR for 22 field galaxies from combined sample of Tresse et al. (2002) and 

Glazebrook et al. (1999). We set minimum SFR of 2 M© yr~^ 
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the field sample to minimize incompleteness. We apply the same selection to our cluster 

samples, and we use bootstrap resampling to estimate the errors on the median SFR 

for the clusters and field. We show the results in Figure 4.11. The median field SFR is 

shown with the solid line, and the ilcr bootstrap errors are shown with dotted lines. The 

median SFRs for the clusters as a function of redshift are shown with solid squares. The 

error bars represent the ±la limits calculated with bootstrap resampling. The uncertainty 

in the median field SFR is large given a sample of only 12 galaxies, and we are not 

confident that the field surveys are complete above 2 M© yr~^ If we apply a SFR 

cut at 3 hiQQ M© yr~\ the samples get uncomfortably small, but the cluster galaxies still 

have lower SFRs than the field galaxies. The results indicate that cluster galaxies have 

lower star-formation rates than coeval field galaxies, but a larger sample of coeval field 

galaxies is needed to strengthen this result. 

4.5. Comparison with Field Star-Formation Densities 

We try another approach to test if SFRs are suppressed in the cluster environment. 

Several studies of field SFRs allow us to estimate the volume-averaged star-formation 

rate, or SFR density, at or near the cluster redshifts. We first note that in order to compare 

our SFRs with field Hct luminosity functions, we briefly change cosmologies to QQ = 1 

and QA = 0. We return to our regular cosmology at the end of this Section. 

We calculate the SFR density of field galaxies using several Ho; surveys of field 

galaxies. We integrate the Ha luminosity functions to get the Ha luminosity density, 

where the integral of the Ha luminosity function in terms of the Schechter parameters 

is (l)*L*T{2 + a). We can then convert this to a SFR density, PSFR^ using the Kennicutt 

conversion of 1 M© yr~^ = 7.9 x 10"''^ ergs The calculated values of PSFR are 

listed in the Table 4.1. 
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Figure 4.11 Median cluster SFRs for all galaxies with SFRs > 2 M© yr~^ versus 

redshift. Solid line shows median field SFR with same selection applied. Errorbars show 

±lcr errors measured with bootstrap resampling. 
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Table 4.1 Field and Cluster Volume-Averaged SFRs 

-2^ PsFR Reference 

(hioo M© yr"^ Mpc"^) 

0.02 0.0183±0.0018 Gallego et al. (1995) 

<0.3 0.0434±0.0043 Tresse & Maddox (1998) 

0.24 0.0454±0.0045 Fujita et al. (2003) 

0.24 0.0849±0.0195 Pascual et al. (2001) 

0.73 0.197±0.020 Tresse et al. (2002) 

1.3 0.259±0.200 Yan et al. (1999) 

0.704 12.1±0.4 CL 1040-1155, This work. 

0.748 14.8±0.8 CL 1054-1245, This work. 

0.794 32.2d=1.0 CL 1216-1201, This work. 

0.845 19.2±0.6 CL J0023+0423B, This work. 
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To calculate the SFR densities for our clusters, we first calculate the proper volume 

imaged through each narrow-band filter by combining equations 3.93, 3.94, and 3.96 in 

Peacock (1999). The result gives 

r.3 4 

= H H ,  + .)> nvi + ^^ 

where d f l  is the solid angle of the image in steradians, d z  is the redshift width of the 

filter (equal to the filter bandwidth), and Q, is the density of the universe which we 

take to be 1. Again, we note that this is the correct relation for FIO = 1 and OA = 0 

cosmology, which we have adopted to compare with field luminosity functions. We list 

the volume-averaged SFRs for the four clusters in Table 4.1 and show them with solid 

square in Figure 4.12. 

We know that clusters form in overdense regions, and if they are virialized, then 

their density is 200 x the average field density. We therefore scale the field SFR densities 

by 200, and we plot these values in Figure 4.12 with open triangles. The field SFR 

density increases by an order of magnitude between z ~ 0 and z ^ 1, and Tresse et al. 

(2002) model this trend with PSFR OC (1 -1- ^ The solid line in Figure 4.12 shows this 

relation, and we have normalized the curve by eye. The SFR density of CL 1216—1201 

is consistent with the scaled field values, but CL 1040—1155, CL 1054—1245, and 

CL J0023-I-0423B SFR densities lie systematically below the field. Deviations from the 

scaled field SFR densities could arise for several reasons, such as if the cluster is not 

yet virialized. Also, we have not accounted for the different cluster masses. The scatter 

among the clusters is intriguing and leads us to a more sophisticated calculation of cluster 

growth and field galaxy infall, which we describe in Section 4.6. 
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Figure 4.12 SFR density versus redshift for 4 clusters (circles) and scaled field values 

(open triangles). Solid line shows PSFR OC (1 + found by Tresse et al. (2002) which 

we have normalize by eye. 
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4.6. Modeling Cluster Infall 

In this Section we explore infall as the main mechanism behind the Butcher-Oemler 

effect. In hierarchical clustering models, clusters form in regions of high overdensity and 

grow through the accretion of field galaxies and groups. Kauffmann (1995) describes 

the Butcher-Oemler effect as a natural consequence of hierarchical clustering where the 

increasing blue fraction of cluster galaxies with increasing redshift is explained by two 

factors: (1) the increasing infall rate of clusters with increasing redshift, and (2) the 

higher star-formation rate of accreted galaxies at higher redshift. 

To compare our star-formation measurements with predictions from hierarchical 

clustering, we model infall using the extended Press-Schechter approach (Press & 

Schechter, 1974; Lacey & Cole, 1993). The Press-Schechter formaHsm provides an 

analytic prescription to calculate the distribution of virialized masses in hierarchical 

structure formation assuming spherical gravitational collapse. We calculate the 

distribution of halo masses 1 Gyr prior to observations that subsequently merge to form 

the observed cluster. Following the approach of Kauffmann (1995), we consider that 

accreted mass located in galaxies through group-sized halos (M = 10^^ — lO^^M©) can 

form stars for ~1 Gyr after merging with the cluster. We assume that galaxies contained 

in halos more massive than lO^^M© have already had star-formation suppressed. We 

choose 1 Gyr as the relevant timescale for infalling galaxies to pass through cluster 

center and have star formation quenched by dense inter-cluster medium; this is the time 

required for a v = 1000 km/s galaxy to travel 1 Mpc, presumably from the outskirts 

of the cluster to the center. The details of the Press-Schechter calculation are given in 

Appendix A, and we present some general results first followed by specific predictions 

for each cluster. 

We show the dependence of accreted mass on cluster mass for ^ = 0.8 clusters in 
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Figure 4.13 (Left) Fraction of cluster mass for 2; = 0.8 cluster located in halos of 

10^^ — 10^^ M0 at 2; = 1.16, corresponding to 1 Gyr prior to observations. (Right) Star-

Forming Mass versus cluster mass for 2: = 0.8 cluster, where we assume 10^^ — 10^^ M© 

halos that merged within the last Gyr are still forming stars. 

Figure 4.13. In the left panel of Figure 4.13 we show the fraction of a z = 0.8 cluster's 

mass that is located in halos of 10^^ — lO^^M© at 2; = 1.16, where 2: = 1.16 corresponds 

to 1 Gyr before the cluster is observed at z = 0.8. In the right panel, we convert fractional 

mass to units of M©, and call this the star-forming mass because we are assuming the 

galaxies contained in the lower mass halos have not interacted with the dense intercluster 

medium. Although the fraction of star-forming mass decreases with cluster mass for a 

given redshift, we expect the integrated star-formation to increase with cluster mass. In 

Figure 4.14 we show the evolution of star-forming mass and redshift, keeping the cluster 

mass constant at 5 x 10^^ M©. The fraction of accreted mass increases with redshift, 

consistent with the Butcher-Oemler effect. 

To compare the Press-Schechter predictions with our imaging results, we must first 

calculate the mass of each cluster. We calculate mass from velocity dispersion using an 
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Figure 4.14 Relative star-forming mass accreted during last Gigayear as a function of 

redshift for a 5 x 10^^ M© cluster. Implies increasing fraction of blue, star-forming 

galaxies with increasing redshift consistent with the Butcher-Oemler effect. 
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isothermal sphere model where 

^CT^T 
M(< r) - —. (4.3) 

We use i?2oo for r ,  and find that 

M(< r) = 6.0 X 10V^(1 + /iroo Mq .  (4.4) 

We calculate a as \/3 times the line-of-sight velocity distribution. 

We correct the accreted mass by the ratio of the cluster volume seen in our image 

relative to the total volume occupied by the infalling galaxies. We scale the volumes for 

each cluster using i?2oo. where 

0.74 , Mci nI , _2 
(4-5) 

We model the mass distribution of the star-forming galaxies in three ways. In the first we 

assume that the star-forming galaxies are uniformly distributed over a sphere of radius 

of 2 X -^200- In the second, we assume that the star-formating galaxies again lie within 

2 X i?200 and follow the density distribution of the cluster dark matter halo, with p oc 

In the third model, we assume that the star-forming galaxies are located in a shell. We 

define the outer radius as 0.6 x the turn-around radius at the time of observation, where 

the scale factor of 0.6 relates the time-averaged radial position of an infalling galaxy to 

the tum-around radius (Bertschinger, 1985). The inner edge of the shell is defined as 

0.6 X the tum-around radius 1 Gyr prior to observation. The fractional volumes observed 

in each image are calculated with a Monte Carlo routine. 

The Press-Schechter calculation gives the total mass accreted in 10^^ — lO^^M© 

hales. This mass includes both dark and baryonic matter, and we need to convert this 

accreted mass to an integrated star-formation rate for each cluster so that we can compare 

with observations. Perez-Gonzalez et al. (2003b) measure the average SFR per stellar 
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mass for the Universidad Complutense de Madrid (UCM) Survey galaxy sample. We 

convert their results to our cosmology and recalculate their star-formation rates using 

the Kennicutt star-formation law. The average Ha star-formation rate per stellar mass 

is then 1.1 x 10~^° We can estimate the conversion from dark matter (DM) 

mass to stellar mass in two steps. First, we use the WMAP results for the value of the 

current matter density, = 0.3. Second, results from local studies of the near-infrared 

luminosity function imply a stellar mass density of ^starsh ~ 0.0015 (Cole et al., 2001; 

Perez-Gonzalez et al., 2003a). These results give a stellar mass to dark-matter ratio of 

~200. Thus, the conversion from dark matter mass to SFR is 5.5 x 10"^^ yr~^-

So far we have ignored the evolution of field star-formation rates with redshift. Dare 

we introduce more assumptions? We do dare, and we use the chi-by-eye fit to SFR density 

versus lookback time of Hippelein et al. (2003), where SFR oc exp(tiookback/l-82). This 

relation is consistent with the PSFR OC (1 -1- trend found by Tresse et al. (2002), 

but we use the Hippelein et al. (2003) relation because it is calculated in our preferred 

r2o = 0.3 — QA = 0.7 cosmology. 

The results are listed in Table 4.2 for the four 2; ~ 0.8 clusters presented in this 

thesis and the three 2; ~ 0.2 clusters from the literature (Balogh & Morris, 2000; Couch 

et al., 2001; Balogh et al., 2002). Columns (1), (2), and (3) Ust the cluster name, redshift, 

and velocity dispersion. A mass estimate derived from the velocity dispersion is listed 

in column (4). The fraction of cluster mass accreted 1 Gyr prior to observation is given 

in column (5). The fractional volumes observed for uniform, dark matter, and shell 

galaxy distributions are given in columns (6), (7), and (8). In column (9) we list the 

integrated SFR corresponding to the shell galaxy distribution (lowest estimate) scaled 

by the expected increase in field SFRS from the Hippelein et al. relation. The observed 

integrated SFRs are listed in column (12) for comparison. 
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Figure 4.15 (a) Observed (solid squares) and predicted (open circles) values of integrated 

star-formation rate versus cluster mass, (b) Ratio of observed to predicted integrated 

star-formation rates versus cluster mass, (c) Observed (solid squares) and predicted 

(open circles) values of integrated star-formation rate versus cluster redshift. (d) Ratio 

of observed to predicted integrated star-formation rates versus cluster redshift. 
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We plot the predicted and observed values of the integrated SFR as a function of 

cluster mass and redshift in Figures 4.15(a) and 4.15(c). The observed and predicted 

values agree reasonably well for four clusters but differ by more than a factor of 

two for the remaining three clusters. Figure 4.15(b) shows the ratio of observed to 

Press-Schechter integrated SFR versus cluster mass. The discrepancy between observed 

and predicted values tends to increase with increasing cluster mass. This may indicate 

problem with the Press-Schechter calculation or with the conversion from dark matter 

to SFR. If the accreted halos with higher mass have a lower star-formation efficiencies, 

then this would explain trend of residuals with cluster mass. The largest deviations from 

Press-Schechter predictions are for low-redshift spectroscopic samples. Are these two 

surveys missing significant amounts of star-formation? The sampling is extensive (~500 

galaxies) within the 8.7 x 8.7' field, but we may be seeing effects of limited aperture. 

The ratio of observed-to-predicted SFRs shows no correlation with redshift, as seen in 

Figure 4.15(d). 

Once again, a larger sample of clusters at similar redshifts will provide a cleaner 

comparison with infall our model. We will work to build such a sample of z ~ 0.8 

clusters, and the low-redshift survey by Sakai, Moss, & Kennicutt will provide much 

needed comparison. Better mass estimates for all clusters will further constrain 

Press-Schechter predictions. We expect tighter constraints on the EDisCS velocity 

dispersions once VLT spectroscopy is complete. In addition, weak lensing maps will 

provide additional constraints. The greatest limitation of the Press-Schechter calculation 

is insufficient knowledge of coeval field SFRs. Hopefully more extensive field studies 

will provide better sampling at these redshifts. 
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4.7. Summary 

In this Chapter we combine the data presented in the last two Chapters in order to (1) 

investigate the possible physical mechanisms that affect the star-formation properties of 

cluster galaxies and (2) compare with results from previous cluster studies. We find the 

following results: 

• We combine our data for four 2: ~ 0.8 clusters in order to look for trends in 

the spatial distribution of star-forming galaxies. We find that the fraction of 

emission-line galaxies increases with increasing projected cluster radii, consistent 

with the Balogh et al. (1997) results for the CNOC clusters. We find that 

star-formation rates are higher near the cluster center due to the anomalously high 

SFRs associated with the BCG of CL 1216—1201. 

• We combine our four clusters with three additional 5; ~ 0.2 clusters to investigate 

the connection between star-formation and cluster mass and redshift. We 

sample each cluster over the same fractional volume and find that the integrated 

star-formation rate per cluster mass increases with redshift in agreement with the 

Butcher-Oemler effect. We also find that the integrated star-formation rate per 

cluster mass decreases with increasing cluster mass. However, the low-redshift 

clusters have higher masses, so we can not distinguish between mass and redshift 

evolution with our current sample. 

• We compare our cluster SFRs with a limited sample of coeval field galaxies and 

find that cluster galaxies have lower SFRs than their field counterparts. However, 

we suspect that the current field samples are biased toward high SFRs. We 

need a larger sample of coeval field galaxies in order to make a more conclusive 

comparison. We also compare SFRs densities with Ho; luminosity functions 
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derived from field surveys. The results again indicate that cluster SFR densities are 

lower than expected from the field values, but field SFRs are not well constrained. 

• We model cluster infall using the extended Press-Schechter approach. The 

Press-Schechter results show reasonable agreement with the measured integrated 

SFR for four out of seven clusters but differ by more than a factor of two for the 

remaining three clusters. A larger sample of clusters at similar redshifts will allow 

a cleaner comparison with our infall model. We will work to build such a sample 

of 2: ~ 0.8 clusters. The greatest limitation of the Press-Schechter calculation is 

insufficient knowledge of SFRs of coeval field galaxies. 



Table 4.2 Infall Estimates for Last Gigayear 

Cluster ^ o Mduster : 10^^) Vobs/Vtotai S SFR« E SFR^ft/ 

(km/sec) (10" Mo) (M/Mf-iuster) DM^ S'' S'' 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

CL 1040-1155 0.704 453± 41 1.3±0.4 0.092 0.73 0.81 0.53 39± 10 80±4 

CL 1054-1245 0.748 865± 196 8.7±5.9 0.082 0.44 0.57 0.39 190±129 114±9 

CL 1216-1201 0.794 1033± 46 14.3±1.9 0.085 0.36 0.49 0.33 302± 40 231±10 

CL J0023+0423B 0.8453 400± 41 0.80±0.2 0.13 0.79 0.85 0.64 54± 16 63±3 

Abell 2390 0.228 1023± 200 24.5±14.4 0.030 0.75 0.83 0.51 58± 34 68±10 

AC 114^ 0.32 1390± 200 42±18.1 0.038 0.44 0.57 0.36 126± 54 13±1 

Abell 1689^ 0.183 1273± 200 65±30.6 0.027 0.21 0.30 0.21 48± 22 10±1 

Units of h^QQ M0 yr~^. 

'' U = uniform distribution of galaxies. DM = isothermal distribution of galaxies. S = Shell distribution. 

Velocity dispersions are calculated from Lx using best-fit Lx — cr relation of Mahdavi & Geller (2001). 
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5.1. Conclusions 

Observations of local and distant galaxy clusters imply that star formation is truncated in 

cluster environments. In this thesis, we take the first step toward building a star-formation 

limited sample of z ~ 0.8 cluster galaxies with the goal of understanding the physical 

processes that affect star formation within the cluster environment. We present Ha 

narrow-band imaging results for CL J0023+0423B at z = 0.845 and three 2: ~ 0.8 

EDisCS clusters. We reach 2>a SFR Hmits of < 0.3 demonstrating that 

near-infrared, narrow-band imaging centered on the observed wavelength of Ha is a 

powerful technique for sampling the entire Ha luminosity function even at relatively high 

redshifts where Ha emission moves into the near-infrared. For the first time we assemble 

a star-formation limited sample of galaxies in high-redshift clusters. In combination with 

multi-band photometry and spectroscopy. Ha imaging allows us to probe the connection 

between cluster environment and SFR of member galaxies. We need a larger sample of 

clusters with SFRs determined from the same technique to make a cleaner comparison 

with infall models and to look for trends between star formation and cluster mass and 

redshift. Of course. Ha imaging is the way to go because (1) we create a star-formation 

limited sample, and (2) imaging affords high completeness within surveyed area. 

We now describe the major results from this thesis. We combine our data for four 

2: ~ 0.8 clusters in order to look for trends in the spatial distribution of star-forming 

galaxies. We find that the fraction of emission-line galaxies increases with increasing 

projected cluster radii, consistent with the Balogh et al. (1997) results for the CNOC 

clusters. 

We combine our four clusters with three additional ~ 0.2 clusters to investigate 

the connection between star-formation and cluster mass and redshift. We sample each 

cluster over the same fractional volume and to the same minimum SFR, crucial steps 
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for providing a meaningful comparison among surveys. We find that the fraction of 

emission-line galaxies increases with redshift in agreement with the Butcher-Oemler 

effect. We also find that the fraction of emission-line galaxies decreases with increasing 

cluster mass. However, our low-redshift clusters have higher masses, so we can not 

distinguish between mass and redshift evolution with our current sample. We find that 

the integrated SFRs do not correlate with cluster mass or redshift. This is expected if 

integrated SFRs are dominated by newly accreted field galaxies. 

We compare our cluster SFRs with a limited sample of coeval field galaxies and find 

that cluster galaxies have lower SFRs than their field counterparts. However, we suspect 

that the current field samples are biased toward high SFRs. We need a larger sample of 

coeval field galaxies in order to make a more conclusive comparison. We also compare 

SFR densities with Ha luminosity functions derived from field surveys. The results again 

indicate that cluster SFR densities are lower than expected from the field values, but field 

SFRs are not well constrained. 

We model cluster infall using the extended Press-Schecter approach where we 

assume that the integrated star formation is dominated by galaxies that have been accreted 

during the last Gigayear. Implicit is the assumption that star formation ceases within the 

first Gigayear after infall. The Press-Schecter results show reasonable agreement for 

three out of seven clusters but differ by more than a factor of two for the remaining four 

clusters. A larger sample of clusters at similar redshifts will allow a cleaner comparison 

with our infall model, and we will continue to build such a sample of z ^ 0.8 clusters. A 

major limitation of the Press-Schecter calculation is insufficient knowledge of SFRs of 

coeval field galaxies. We can not distinguish between a sharp or gradual truncation of 

star formation with the current sample. 

We find evidence for a significant population of heavily obscured star-forming 
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galaxies. We compare our Ha EWs with [Oil] EWs from EDisCS spectroscopic survey 

and find 27% of the population with Ha emission and no [Oil] emission. Evidence for 

significant dust motivates mid-infrared observations of clusters using SIRTF to detect 

heavily obscured star-formation as discussed below. 

In summary, we find a significant population of starburst galaxies in our 2: ~ 0.8 

clusters but find no evidence that this level of star formation is unique to the cluster 

environment. Our simple infall model in which SFRs decline on a Gigayear timescale 

reproduces observed SFRs reasonably well for four of seven clusters. This implies that 

infall with slow cessation of star formation is a viable explanation for the Butcher-Oemler 

effect, consistent with the CNOC results and the modeling of Balogh et al. (2000) and 

Kodama & Bower (2001). We are not able to distinguish between a sharp or gradual 

decrease in the SFRs of accreted galaxies with the current sample. With a larger 

sample of clusters at similar redshifts and better constraints on the dark matter to SFR 

conversion, we may be able to constrain the timescale over which star formation declines. 

Comparison with more sophisticated models like Balogh et al. (2000) may also provide 

insight into the relative importance of the quenching mechanisms discussed in Chapter 1. 

5.2. Future Work 

Much of our current analysis is limited by (1) the small sample of clusters and (2) 

insufficient knowledge of field SFRs at z ^ 0.8. We will continue our narrow-band Ha 

imaging campaign and will increase our sample to7 — 102:^0.8 clusters during the 

next three years. The cluster sample is listed in Table 5.1, and we will most likely add 

three additional clusters already studied by Postman and collaborators. Our observing 

strategy can be improved in several ways. First, the image quality of our long exposure, 

narrow-band images will be greatly improved with guiding. We are currently working 
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to integrate PISCES with the f/9 Top Box which will provide guiding and improved 

collimation. Second, the atmospheric water feature near 1.1 /^m makes calibration 

of narrow-band filters difficult. We will augment our sample with higher redshift 

clusters whose observed Ha emission lies between 1.14 and 1.3 //m. This wavelength 

range offers better atmospheric transmission and more reliable photometry. Finally, 

the time-variability of atmospheric transmission across the J-band window prevents a 

uniform photometric solution for an entire night. To minimize photometric uncertainties 

in future observations, we will measure the narrow-to-J filter ratios of standard stars at 

similar airmass and close in time to the cluster observations. 

A study of z ~ 0.8 field galaxies requires a wider-field near-infrared camera to 

keep observing time from becoming prohibitive. A survey area of ~1 square degree 

using a 1% filter will yield 1000-5000 2: ~ 0.8 galaxies with SFRs > 1 MQ yr"^ 

(D. Dale, private communication). To detect 1 /ij^o sources at the 3a level 

across a 1 square degree field will require five hours of observations per pointing and 64 

pointings with PISCES at the Bok 90" telescope under ideal conditions. PISCES on the 

MMT requires 2 hours per pointing and 400 pointings to reach the same depth and areal 

coverage. An updated version of PISCES with a 2048^ array would make the observing 

more manageable, but we currently do not have the instrumentation to tackle such a 

study. 

5.2.1. Near-IR Spectroscopy with ARIES 

We will propose to observe a subsample of star-forming galaxies with the ARizona 

Imager and Echelle Spectrograph (ARIES). We can cross-check our narrow-band EW 

measurements with near-IR spectroscopy. The diffraction-limited images will allow us 

to resolve the spatial distribution of star formation. Of particular interest are nuclear 

versus disk star formation as well as asymmetric star formation. This information can 
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Table 5.1 Future Galaxy Cluster Sample 

Name z Lx 

(10^^ ergs/s) 

Add. Phot. Ref. 

CL J0023-I-0423B 0.8453 B, V, J, K 1 

RXJ0152.7-1357 0.833 13.0 2 

MS 1054.4-0321 0.8231 34.3 B,V,r,i,J, 3,4 

H,K,WFPC2 

CL 1040-1155 0.704 V,R,I,J,K';ACS 7,8 

CL 1054-1146 0.697 V,R,I,J,K';ACS 7,8 

CL 1054-1245 0.748 V,R,I,J,K';ACS 7,8 

CL 1216-1201 0.794 V,R,I,J,K';ACS 7,8 

References. — (1) Postman et al. 1998; (2)Ebeling et al. 2000; (3) van Dokkum et al. 2000; 

(4) Stanford et al. 2002; (4) Gonzalez et al. 2001; (5) White 2003 

help reveal the effects of harassment (nuclear star formation) and ram-pressure induced 

bursts (asymmetric star formation). 

5.2.2. Obscured Star-Formation with SIRTF 

SIRTF will provide unprecedented sensitivity for probing star-formation at high redshift, 

and with SIRTF we can look for obscured star-formation in our 2 ~ 0.8 cluster sample. 

Results from this thesis indicate the presence of significant dust in a large fraction of 

star-forming cluster galaxies (27% of EDisCS spectroscopic sample). Therefore, infrared 

observations are needed to provide a complete census of the obscured star-forming 

population. 
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Observations of several high-redshift clusters are already ensured through the GTO 

program (Kelly & Rieke, 2003). We will propose for additional time to observed the 

EDisCS clusters so that the z ~ 0.8 SIRTF sample will cover a large range of cluster 

masses. We will combine the SFRs measured using near-infrared, narrow-band imaging 

centered on the observed wavelength of Ha with IR photometry in the MIPS 24, 70 and 

160//m bands to sample the entire population of star-forming galaxies. The large sample 

of clusters at similar redshifts is needed to reveal cluster-to-cluster variations and build 

a more reflective picture of cluster star-formation properties. The SIRTF observations 

planned by the GTO program (Kelly & Rieke, 2003) will be sensitive to galaxies with 

SFRs > lOOM O yr~^, such as Arp 220 (see Figure 5.1). Thus, the MIPS photometry 

will detect actively star-forming galaxies and will reveal the presence of any heavily 

obscured galaxies. The Ha images have > 5x better spacial resolution, and we have 

demonstrated in this thesis that the Ha measurements are a factor of >200 more sensitive 

in terms of SFRs. We will also use the Ha images to assist in source identification in the 

24, 70, and 160/xm images. The combination of Ha and IR observations will provide the 

first comprehensive measure of SFRs in 2: ~ 0.8 clusters and will provide an important 

reference for similar studies of low and higher-redshift clusters (Sakai et al., 2001; Kelly 

& Rieke, 2003). 

The SIRTF GTO clusters will be observed in all three MIPS photometric bands. 

We propose matching 24 and 70yLtm observations for the four lower-mass EDisCS 

clusters. Papovich & Bell (2002) show that the combination of 24 and 70//m fluxes can 

constrain the total IR luminosity to within 20-40% for 0.4 < 2; < 1.4 galaxies. The 

additional constraints on model SEDs from existing optical and near-IR photometry will 

improve this uncertainty. Therefore, given the large overhead associated with 160//m 

observations, we propose only 24 and IQjim observations of the four new clusters. The 

predicted sensitivities are shown in Figure 5.1. By redshifting local SEDs (Devriendt 
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et al., 1999) to  z  = 0.8, we estimate that the SIRTF observations will detect galaxies with 

SFRs > lOOMoyr"^ and will determine how much obscured star-formation is missed in 

the Ha surveys. These data will provide crucial information needed to understand the 

entire range of star-forming galaxies. 

Figure 5.1 Local galaxy SEDs (Devriendt et al., 1999) redshifted to ~ 0.8 shown with 

predicted MIPS sensitivities at 24, 70 and 160/im. MIPS observations will be sensitive to SFRs 

> 100 M© yr"^ 
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APPENDIX A 

NARROW-BAND FILTER PROPERTIES 

We have purchased narrow-band (1-2%) filters from Barr Associates. The 1% filter 

is a standard near-infrared filter and the 2% filters were custom made for the EDisCS 

clusters. The filter characteristics are listed in Table A.l, and the traces are plotted in 

Figure A.l. 



Table A. 1 Filter Characteristics 

Name Type S\ Tpeak T^tmos 4a Cluster 

(fxm) (urn) (%) (%) (narrow//) 

J-continuum stock 1.209 

Filters custom 1.117 

Filter 6 custom 1.145 

Filter 4 custom 1.180 

0.012 70 99 0.840 

0.021 73 85 0.704 

0.021 71 88 0.748 

0.021 65 99 0.794 

0.0488 CL J0023+0423B 

RXJ0152.7-1357 

0.0723 CL 1040-1155 

0.0718 CL 1054-1245 

0.0726 CL 1216-1201 

" Atmospheric transmission integrated over filter window. 

'' Redshift where observed wavelength of Ho: equals Ac-

Ratio of narrow to J-band filter throughput, where throughput is convolution of atmospheric and filter transmissions. 
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(a) CL J0023+0423B 
100 rr 

w 40 

1.19 1.2 1.21 1.22 

(c) CL 1054-1245 

m 60 

w 40 
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100 
(b) CL 1040-1155 

1.1 1.11 1.12 1.13 1.14 

(d) CL 1216-1201 
100 I 

1.16 1.17 1.18 1.19 1.2 

Wavelength (/um) 

Figure A.l Traces of narrow-band filters used for (a) CL J0023+0423B, (b) 

CL 1040-1155, (c) CL 1054-1245, and (d) CL 1216-1201. Solid and dotted lines 

show transmission at 77 K and room temperature, respectively. 
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APPENDIX B 

GORY DETAILS OF EXTENDED PRESS-SCHECTER CALCULATION 

We assume ACDM with a present-day matter density of Oq = 0.3 and a present-day 

vacuum energy density of JIA = 0.7. We keep hwo = 1-

B. 1. Normalization of Power Spectrum 

We use spherical tophat window function (eqn A7 Eisenstein & Hu, 1998) to normalize 

power spectrum, such that 

dk 

' 0  

°°  dk  k^  ^^^^^^3{kRcos{kr)  -  sin{kR))^2 /-R 

k  27r2^  kr^  ^ ^  ^  
' 0  

. ' ( i?)  = V  -  s^n(kR))  
^ ^  k "  Hn kr^  '  

We use the FORTRAN code provided by Eisenstein & Hu (1998) to calculate the transfer 

function, T'^{k), and normalize the power spectrum such that as = 0.9. This gives 

Sh = 3.15 X 10-^ 
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B.2. Calculating Si 

S(M) as defined by Equation 2.5 in Lacey & Cole (1993) is 

S { M ) = a \ M )  = <  \ 5 { M , x ) \ ^  >  

S{k) = ̂  < 141' > w'M 

(B.4) 

(B.5) 
k 

We use a sharp k-space filter to calculate S, where k^ax is related to halo mass by 

M = GTV'^(Lacey & Cole, 1993). The present density is taken from Peacock (Eqn 

3.30), po = 2.78 X 10^^ Ooh^ M© Mpc~^. We integrate from kmin — 0.0001 to kmax^ 

Again, we use the code provided by Eisenstein & Hu (1998) to calculate the "no wiggles" 

transfer function. The "no wiggles" transfer function ignores the acoustic oscillations 

that occur on scales > 30h~^ Mpc, and our results are not affected by this approximation. 

We use n = 1 for the power-law index of the power spectrum. 

B.3. Calculating coi 

We use oo{to) = 5o = 1.69. To calculate 5{t) we scale by the growth factor (Carroll et al., 

1992), where 

D l { z )  =  (l+^)-i^^^[f)„(^)4/r_Q^(^) + (i+^^(^)/2)(i+f]^(^)/70)]-i. (B.7) 

Qm(^) and QA(Z) are the matter and vacuum energy densities measured by an observed 

at redshift z. 

'•max 

k 

(B.8) 

(B.9) 



217 

So, the overdensity at redshift 2: is then 

u(z) = S{,) = (B.IO) 

B.4. Cluster Mass Distribution at Earlier Times 

The cluster mass gives S2, and the cluster redshift gives U2. We find the redshift 

corresponding to 1 Gyr before observation, zi, using the lookback time formula (Hogg, 

2000). 
dz' 

lo (1 + 

We then can calculate ui. 

r -— =  ( B . i i )  
-no Jo 

Equation 2.15 of Lacey & Cole (1993), 

fs,{Sl,uJi\S2,LU2)dS= (B.12) 

{oJl — UJ2) J (Wl — JC- /'TD 1Q\ 
ea;p[--7- ^\dSi, (B.13) 

(27r)V2(5i _ 52)3/2 2 { S i-S 2) 

relates the cluster S2 and 002 to the mass distribution of halos corresponding to time 

cji that end up in a halo of mass corresponding to S2 at time U2. We integrate from 10^^ 

to lO^^M© to get the fraction of cluster mass in 10^^ to lO^^M© halos at time ui. 
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