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ABSTRACTUnderstanding the properties and formation histories of individual starsin galaxies remains one of the most important areas in astrophysis. The impatof the Hubble Space Telescope (HST ) has been revolutionary, providing deepobservations of nearby galaxies at high resolution and unpreedented sensitivityover a wavelength range from near-ultraviolet to near-infrared. In this study, Iuse deep HST imaging observations of three nearby star-forming galaxies (M83,NGC 4214, and CGCG 269-049) to onstrut olor-magnitude and olor-olordiagrams of their resolved stellar populations. First, I selet 50 regions in thespiral arm and inter-arm areas of M83, and determine the age distribution of theluminous stellar populations in eah region. I developed an innovative methodof star-by-star orretion for internal extintion to improve stellar age and massestimates. I ompare the extintion-orreted ages of the 50 regions with thosedetermined from several independent methods. The young stars are muh morelikely to be found in onentrated aggregates along spiral arms, while older starsare more dispersed. These results are onsistent with a senario where star forma-tion is assoiated with the spiral arms, and stars form primarily in star lustersbefore dispersing on short timesales to form the �eld population. I address thee�ets of spatial resolution on the measured olors, magnitudes, and age esti-mates. While individual stars an oasionally show measurable di�erenes in theolors and magnitudes, the age estimates for entire regions are only slightly af-feted. The same proedure is applied to nearby starbursting dwarf NGC4214 tostudy the distributions of young and old stellar populations. Lastly, I desribe theanalysis of the HST and Spitzer Space Telescope observations of the extremelymetal-poor dwarf galaxy (XMPG) CGCG 269-049 at a distane of 4.96 Mp. Thisgalaxy is one of the most metal-poor known with 12+log(O/H)=7.43. I �nd leari



evidene for the presene of an old stellar population in CGCG 269-049, ruling outthe possibility that this galaxy is forming its �rst generation of stars, as originallyproposed for XMPGs. This omprehensive study of resolved stellar populations inthree nearby galaxies provides detailed view of the urrent state of star formationand evolution of galaxies.

ii



To my family, who always believes in me.

iii



ACKNOWLEDGEMENTSI annot thank enough to my ollaborators, family, and friends for theirsupport and enouragement. Without them, my dissertation and I would havenot reahed to this point.First I thank my adviser, Rogier Windhorst for his enouragement andthe �nanial support during the past few years. I also thank Bradley Whitmoreand Rupali Chandar for their guidane and omments for my main dissertationprojet on M83 and NGC 4214. I would like to thank Robert O'Connell, Abi Saha,Brue Balik, Max Muthler, and Daniela Calzetti for their insightful omments.I thank Rolf Jansen for the help and support on the CGCG 269-049 projetand also for teahing me how to write a proposal. I would like to thank SethCohen for helping me solve sienti� and tehnial problems, and also for somany delightful disussions. I would like to thank my dissertation ommitteemembers James Rhoads, Evan Sannapieo, and Patrik Young for their supportand helpful omments during the omprehensive exam, and the annual meetings.I would like to express my gratitude to my fellow ASU graduate studentsin Rogier's researh group inluding Drs. Russell Ryan, Amber Straughn, NimishHathi, Kaz Tamura, Robert Morgan, and Matt Mehtley, Mihael Rutkowski,Teresa Ashraft. I am speially grateful to have Dr. Catherine Kaleida as myfriend and ollaborator. I annot even imagine my graduate shool life withouther. In addition to those who mentioned, I want to thank Drs. Cynthia D'Angelo,Emily MLinden, Carola Ellinger, Rosa Diaz Rivas, Adam Mott, and Mike Les-niak, Angel Fuentes, and Brian Gleim.Without friends and professors at Yonsei University, my areer in Astro-physis would have not existed. I thank my Master's thesis adviser Prof. Yong-Ikiv



Byun, Profs. Yong-Cheol Kim and Youngjong Sohn, my friend and sister fromanother mother Prof. Aeree Chung, Drs. Sangmo Sohn, Junhwan Choi, SoohangRey, and Changhee Ree.I would like to express my thanks to Jessie Chang, Jinsung Kim, JisungChoi, Myoung-Sook Kim for spending many nights listening and giving me goodadvises. I also thank the TKPC EM members inluding Pastor Chris Yi, and hiswife Grae Kim for their onstant prayer and support.My dissertation was supported by several di�erent grants though NASA.The part of this dissertation projet is based on Early Release Siene observa-tions (M83 and NGC 4214) made by the WFC3 Siene Oversight Committee. Iam also grateful to Matt Mountain, the Diretor of the Spae Telesope SieneInstitute for awarding Diretor's Disretionary time for this program. Supportfor program GO/DD #11360 and AR #12137 was provided by NASA through agrant from Spae Telesope Siene Institute, whih is operated by the Assoia-tion of Universities for Researh in Astronomy, In., under NASA ontrat NAS5-26555. The work on CGCG 269-049 was supported by NASA under HubbleSpae Telesope grant GO-10843.04-A, AR #11258, and Spitzer Spae Telesopegrant RSA1281759 to the United States Naval Observatory and Arizona StateUniversity. This researh has used the NASA Extragalati Database (NED),whih is operated by the Jet Propulsion Laboratory of the California Institute ofTehnology, under ontrat with NASA. I also thank ASU Graduate ProfessionalStudent Assoiation (GPSA) for the travel grant.Last but not least, I an't thank enough to my family: Mom, Dad, mysister, and brother. Without their prayer, support, patiene, and unonditionallove, I am nothing a whining hild. Thank you God for keeping me on trak.Without you, I get lost. v



TABLE OF CONTENTS PageTABLE OF CONTENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . viLIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ixLIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xCHAPTER1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.1 Stellar Population Studies in Nearby Galaxies . . . . . . . . . . . 11.1.1 Studies of Loal Group Galaxies . . . . . . . . . . . . . . . . 21.1.2 Galaxies Beyond the Loal Group . . . . . . . . . . . . . . . 51.2 Dissertation Goals . . . . . . . . . . . . . . . . . . . . . . . . . . 62 THE RESOLVED STELLAR POPULATIONS IN 50 REGIONS OF M83 102.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102.2 HST WFC3 Observations . . . . . . . . . . . . . . . . . . . . . . 132.2.1 The WFC3/UVIS Data . . . . . . . . . . . . . . . . . . . . . 132.2.2 Photometry and Arti�ial Star Tests . . . . . . . . . . . . . 142.2.3 CMDs and Color�Color Diagrams in M83 . . . . . . . . . . 162.2.4 Extintion Corretions . . . . . . . . . . . . . . . . . . . . . 182.3 Age-dating Populations in M83 . . . . . . . . . . . . . . . . . . . 212.3.1 Age-dating the Resolved Stellar Population Using Color�MagnitudeDiagrams . . . . . . . . . . . . . . . . . . . . . . . . . . . 212.3.3 Comparison between AgeCMDauto and Compat Cluster Ages 242.3.4 Comparison between AgeCMDauto and Age Estimates from In-tegrated Light from the Entire Regions . . . . . . . . . . . 252.4 Comparison between AgeCMDauto and Other Parameters that Cor-relate with Age . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26vi



CHAPTER Page2.4.1 Comparison between AgeCMDauto and Number Ratio of Red-to-blue Stars . . . . . . . . . . . . . . . . . . . . . . . . . 262.4.2 Comparison between AgeCMDauto and Morphologial Category 272.4.3 Comparison between AgeCMDauto and Stellar Surfae Bright-ness Flutuations . . . . . . . . . . . . . . . . . . . . . . . 272.5 Insights into the Star Formation History in M83 Based on SpatialVariations for 50 regions . . . . . . . . . . . . . . . . . . . . . . . 282.6 Using Wolf�Rayet Stars to Chek for Consisteny with Our AgeEstimates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 302.7 E�et of Spatial Resolution . . . . . . . . . . . . . . . . . . . . . 322.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353 MAPPING THE RESOLVED STELLAR POPULATIONS IN METAL-POOR IRREGULAR NGC 4214 . . . . . . . . . . . . . . . . . . . . . 583.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 583.2 WFC3 Observations . . . . . . . . . . . . . . . . . . . . . . . . . 603.2.1 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 603.2.2 Photometry and Arti�ial Star Tests . . . . . . . . . . . . . 613.2.3 Extintion Corretions . . . . . . . . . . . . . . . . . . . . . 633.3 Age-Dating Populations in NGC 4214 . . . . . . . . . . . . . . . . 643.1 CMD Fitting . . . . . . . . . . . . . . . . . . . . . . . . . . . 653.2 Stellar SED Fitting . . . . . . . . . . . . . . . . . . . . . . . . 663.4 Disussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 673.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 684 EXTREMELY METAL-POOR DWARF GALAXY CGCG 269-049 . . 804.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 804.2 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 824.2.1 Spitzer Images and Photometry . . . . . . . . . . . . . . . . 82vii



CHAPTER Page4.2.2 Estimate of Dust Mass . . . . . . . . . . . . . . . . . . . . . 834.2.3 HST/ACS Data . . . . . . . . . . . . . . . . . . . . . . . . 844.2.4 Photometry from HST Images . . . . . . . . . . . . . . . . 864.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 884.3.1 Mass Fration of Old Stars . . . . . . . . . . . . . . . . . . . 884.3.2 Evidene of Past Out�ows? . . . . . . . . . . . . . . . . . . 904.4 Disussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 915 CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1025.1 Summary of Current Work . . . . . . . . . . . . . . . . . . . . . . 1025.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106A ADDITIONAL FIGURES FOR CHAPTER TWO . . . . . . . . . . . 113B SUPPLEMENTARY MATERIAL TO CHAPTER FOUR . . . . . . . 161B.1 Photometri Data Analysis . . . . . . . . . . . . . . . . . . . . . . 162B.2 Constrution of the CMD and the Color-olor Diagram . . . . . . 163B.3 Completeness Level in Eah Filter . . . . . . . . . . . . . . . . . . 164B.4 Distane Calulation Using the RGB Tip Magnitude . . . . . . . 164B.5 Estimate of the Mass Fration for Evolved Stars . . . . . . . . . . 165B.6 Radial Change of Stellar Populations . . . . . . . . . . . . . . . . 167

viii



LIST OF TABLESTable Page2.1 Properties of the 50 Regions in M83 . . . . . . . . . . . . . . . . . . 372.2 Wolf-Rayet Star Candidates in M83 . . . . . . . . . . . . . . . . . . . 403.1 Properties of the 38 Regions in NGC 4214 . . . . . . . . . . . . . . . 784.1 CGCG 269-049 Spitzer Spae Telesope and MIPS Fluxes . . . . . . 94B.1 Mass Fration of Evolved Stars in CGCG 269-049 . . . . . . . . . . . . . 166

ix



LIST OF FIGURESFigure Page2.1 Color omposite of the M83 WFC3 images [Image Credit: Zolt Levay(STSI)℄. The F336W image is shown in blue, the F502N ([O III℄)image in yan, the F555W image in green, and the ombined F814Wand F657N (Hα) image in red. The 50 seleted regions are outlinedin boxes of three di�erent olors based on the values of AgeCMDautodetermined in this paper (see Setion 2.3.1 for details). The regionswith ages in the range 1�10Myr are outlined in blue, ages of 10�20Myrin yellow, and ages greater than 20Myr in red. . . . . . . . . . . . . . 412.2 Image utouts (15.2′′×13.9′′, 340 p×310 p) of Regions 26 and 27 inthe F555W (top) and the olor-omposite images (bottom). Starsirled in red have (V − I) >0.8 mag. The �postage stamp� images onthe left are�pseudo� mathed andidates, while the images on the rightappear to be heavily reddened (see Setion 2.2.2 for details). . . . . . 422.3 Top: the olor�magnitude diagram (CMD) and olor�olor diagram ofall stars in our M83 image orreted for Galati foreground extintionbut not for internal extintion. Padova isohrones of logτ (age/yr) =6.55, 6.85, 7.0, 7.2, 7.5, 7.8, and 8.0 for a metalliity of Z=0.03 (1.5 Z⊙)are overlaid in both panels. The dashed line in yan represents the 50%photometri ompleteness level. The arrow in eah panel indiates thediretion of the reddening vetor with RV = 3.1. Magnitudes are onthe Vega sale. The distane modulus (m − M)0 = 28.32 mag is usedto alulate the absolute magnitude MF814W . Bottom: histograms ofthe distribution of ages and masses, as determined from the CMD (seeSetion 2.3.1 for details). The age quoted in the bottom left panel isthe luminosity-weighted mean age. . . . . . . . . . . . . . . . . . . . 43x



FIGURE Page2.4 Top: the CMD and olor�olor diagram of all stars orreted for theinternal extintion determined for eah individual star. The blue andtwo red dotted lines indiate boundaries for the loations of stars inthe olor�olor diagram unorreted for internal extintion (see Setion2.2.4 for disussion). Two arrows in the olor�olor diagram showreddening vetors: one with the standard reddening vetor (RV = 3.1)and the other with the �atter reddening vetor (RV = 5.7) whihappears to be more appropriate for some of the data in the greentriangle (see Setion 2.2.4 for disussion). The dashed line in magentashows the MI<−5.5 mag uto� used for the AgeCMDauto. Bottom:same as desribed in Figure 2.3. . . . . . . . . . . . . . . . . . . . . . 442.5 CMDs, olor�olor diagrams, and the image ut-outs of Regions 12 and7. Data points before and after the individual extintion orretionare plotted as blak rosses (upper: unorreted) and blue Xs (lower:orreted). The Padova isohrones in these diagrams are the same asthe ones plotted in Figure 2.3. See Setion 2.2.4 for details. . . . . . . 452.6 Same as Figure 2.5 for Regions 29 and 2. . . . . . . . . . . . . . . . . 462.7 Correlation plots between the ages of the stellar populations in the50 regions from CMD isohrone �tting. Left: orrelation between themanual ages determined by HK and BCW. Right: orrelation betweenthe average of manual ages and automati ages (see Setion 2.3.1 fordetails). The best linear �ts are shown in blak with the signi�aneof the orrelation in unit of σ (i.e., slope/unertainty) in the top leftof eah panel. The solid red line is the unity line. . . . . . . . . . . . 47
xi



FIGURE Page2.8 Histograms of the distribution of ages and masses of the individualstars in Regions 12, 7, 29, and 2, as determined by the automatedisohrone �tting tehnique (see Setion 2.3.1). The age indiated atthe top right in eah age histogram is the luminosity-weighted meanage of all stars with MI<−5.5 in eah region. . . . . . . . . . . . . . 482.9 Image utout (18.3′′×16.9′′, 410 p×380 p) of the area near Region 9as an example of a ��eld� region with old red giant stars, and a smallpopulation of isolated young blue stars. See Setion 2.3.1 for detail. 492.10 Top: orrelations between the ages of stars (AgeCMDauto) and lusters(AgeCl). Bottom: orrelation between the ages of stars determined byAgeCMDauto and the integrated light within the region (AgeReg). SeeSetion 2.3.4 for details. The best linear �ts are shown in blak solidline with 5.4σ (top) and 4.6σ (bottom) orrelations. The red line isthe unity line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 502.11 Correlations between the stellar ages (AgeCMDauto) and the numberratio of red-to-blue stars (top), Hα morphology (middle), and pixel-to-pixel �utuations (bottom) for the 50 seleted regions. See Setion2.2.4 for details. The best linear �ts are indiated in solid blak linewith 7.2σ (top), 5.8σ (middle), and 1.1σ (bottom) orrelations. . . . 51

xii



FIGURE Page2.12 Spatial distribution of stars with ages of 1�10, 15�35, and 40�100 Myrdetermined in this study. Eah panel has the same orientation andsale as Figure 1. The top panel is the youngest group of stars, learlyshowing that the stars in these regions are mostly distributed along theative star-forming region (i.e., assoiated with the strong Hαemission)in the spiral arms. The stars in the middle panel tend to be foundslightly downstream of the spiral arms while the older stars are stillfarther out in the inter-arm regions, as expeted. See Setion 2.2.5 fordetails. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 522.13 Distribution of Wolf�Rayet soures in our HST WFC3 M83 images.The olor image at the enter is the UBV IHα omposite and theimage utouts are the Hα(left or top) and F814W (right or bottom)images for regions A�E. The top right panel is an original �nding hart(Had�eld et al. 2005, λ4684 narrowband FORS2 image) for the regionA. Numbers in blue are the IDs of Wolf�Rayet soures identi�ed byHad�eld et al. (2005). . . . . . . . . . . . . . . . . . . . . . . . . . . . 532.14 CMD and olor�olor diagram of Wolf�Rayet soures in M83 markedin Figure 2.13. Three soures (78, 86, 105) irled in both diagramsare identi�ed as lusters in our M83 WFC3 images. A twie solarmetalliity BC09 luster model (Bruzual & Charlot 2009, private om-muniation; see also Bruzual & Charlot 2003) is shown in the rightpanel (dots), and Padova stellar models (Marigo et al.2008) are shownin both panels. No orretion has been made for internal reddening,whih appears to be minimal for all but one objet. The arrow indi-ates the Galati reddening vetor. . . . . . . . . . . . . . . . . . . . 54
xiii



FIGURE Page2.15 HST/ACS images (290′′×290′′, 68 p×68 p) of the ompat star lus-ter NGC2108 in the LMC: a olor omposite of the F435W, F555W,and F814W ACS images (left), the F555W ACS image (middle), andthe degraded F555W ACS image (right) by a fator of 100 (from adistane of ∼50 kp to a distane of ∼5Mp). See Setion 2.2.7 fordetails. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 552.16 Image utouts ofHST/ACS F555W image of NGC2108. The large ir-les in yellow show the 300 pixel aperture (orresponding to a ∼3 pixelaperture at the distane of M83) entered at the loation determinedfrom the degraded image in Figure 15. The loation of the dominantstar (used to determine the �truth� value) is shown in red. See Setion2.2.7 for details. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 562.17 Original CMD of Region 3 in M83 (solid points) with the e�et ofsimulation representing a fator of 100 degradation in spatial resolution(open points). The AgeCMDauto of this region hanges from 21.9Myr(determined from the solid points) to 23.8Myr (from the open points).The di�erene in the age estimates is within ∼ 1 σ error listed in Table1. See Setion 2.2.7 for detail. . . . . . . . . . . . . . . . . . . . . . 573.1 Color omposite of the entral 2.9 kp×2.9 kp of the NGC 4214WFC3images [Image Credit: Zolt Levay (STSI)℄. The ombined F225W andF336W images are in blue, the F547M in green, and the ombinedF814W and F657N (Hα) image in red. The 38 adaptive box-grid isoutlined in yellow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 703.2 Completeness of stellar photometry for WFC3/UVIS images used inthis study. Completeness was determined by inserting arti�ial starswith the magnitude range from 22 to 30 mag in Vega magnitude sys-tem. See Setion 3.2.2 for more details. . . . . . . . . . . . . . . . . 71xiv



FIGURE Page3.3 Top: the olor�magnitude diagram (CMD) and olor�olor diagramof all stars in our NGC 4214 image orreted for Galati foregroundextintion. Padova isohrones of age = 5, 10, 30, 50, 100, 500 Myr, and1, and 5 Gyr for a metalliity of Z=0.006 (0.3 Z⊙) are overlaid in bothpanels. The dashed line in magenta represents the 50% photometriompleteness level. The arrow in eah panel indiates the diretionof the reddening vetor with RV = 3.1. All magnitudes are in Vegamagnitude system. We use the distane modulus (m − M)0 = 27.37mag (Dopita et al. 2010) to alulate the absolute magnitude MF814W .Bottom: the CMD and olor�olor diagram of all stars orreted forthe internal extintion determined for eah individual star. The blueand two red dotted lines indiate boundaries for the loations of stars inthe olor�olor diagram unorreted for internal extintion (see Setion2.2.3 for disussion). . . . . . . . . . . . . . . . . . . . . . . . . . . . 723.4 Histograms of stellar ages and masses determined from the CMD age-dating method (see Setion 3.1 for details). The luminosity-weightedage averaged over all stars is at the top right in the left panel of this�gure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 733.5 CMDs, olor-olor diagrams of Regions 6, 14, 35, and 23. Eah datapoint is extintion orreted by the method desribed in Setion 3.2.3.The Padova isohrones in these diagrams are the same as the onesplotted in Figure 3.3. . . . . . . . . . . . . . . . . . . . . . . . . . . 743.6 Histograms of the distribution of ages and masses of the individualstars in Regions 6, 14, 35, and 23, as determined by the automatedCMD age-dating method (see Setion 3.3.1). The age at the top rightin eah age histogram is the luminosity-weighted mean age of all starsin eah region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75xv



FIGURE Page3.7 AgeCMD distribution of stars in our WFC3 �eld outlined in grey. Agesare determined using the extintion-orreted CMD and the modelisohrones in Figure 3.3. Eah panel has the same orientation andsale as Figure 3.1. The top panels are the youngest (age < 10 Myr)and the seond youngest (10 ≤ age < 35 Myr) groups of stars, learlyshowing that the stars in these regions are mostly distributed along theative star-forming region (i.e., assoiated with the strong Hα emis-sion) in the entral bar of the galaxy. The stars in the bottom leftpanel (35 ≤ age < 100 Myr) tend to show less lustered feature andmore evenly distributed, exept the loosely bound OB assoiations inthe north part of the image. See Setions 3.1 for details. . . . . . . . 763.8 Spatial distribution of stars with ages determined from the SED �ttingmethod. Due to the smaller number of stars with all �ve-band pho-tometry used in the SED �tting, fewer objets (∼3500 total) are shownin eah panel. Note that we use age ranges di�erent from the ones usedin Figure 3.7. The top left panel is the youngest (age < 5 Myr) groupof stars, showing the enhanement of stars distributed in the southernpart of the entral bar and the stars in the star-forming region in thewest side of the image. The top right panel is the stars with ages of5 to 10 Myr, learly showing that stars in the super star luster ofthe enter and in the OB assoiation are not far from their birthplaeassoiated with the strong Hα emission. . . . . . . . . . . . . . . . . 774.1 Optial image of CGCG 269-049 from the Sloan Digital Sky Survey,representing a omposite of images in the SDSS g, r, and i bands. Theintegrated Petrosian g magnitude of the galaxy is 15.75 (Kniazev etal. 2003). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95xvi



FIGURE Page4.2 Spitzer Spae Telesope IRAC and MIPS images of CGCG 269-049.The galaxy is also deteted in the IRAC 4.5 µm and 5.8 µm bands,with an appearane intermediate between that in the 3.6 µm and 8.0
µm bands. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 964.3 Infrared spetral energy distribution of CGCG 269-049 from the SpitzerIRAC and MIPS �uxes, shown with open irles and solid squares, re-spetively. The solid line is a Bruzual & Charlot (2003) populationsynthesis model for an instantaneous burst evolved to an age of 10Gyr, a Chabrier initial mass funtion, and a metalliity of 0.02 Z⊙.The dashed line is a Draine & Li (2007) thermal dust model for aLarge Magellani Cloud dust omposition and a range in the parame-ter U = 5 � 104, where U represents the intensity of the radiation �eldinident on the dust in units of the ambient radiation �eld in the solarneighborhood. The dotted line is the sum of the two models. . . . . . 974.4 Color omposite of the HST Advaned Camera for Surveys / HighResolution Channel F330W, F550M, and F814W images of CGCG269-049. The feature at the bottom of the image is the �oronagraphi�nger� of the ACS/HRC. . . . . . . . . . . . . . . . . . . . . . . . . . 984.5 Hα image of CGCG 269-049 obtained in the F658N �lter of the Ad-vaned Camera for Surveys / High Resolution Channel. The image isentered on the Central Cluster (see Figures 1 and 4). . . . . . . . . . 99
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FIGURE Page4.6 (a) Color-magnitude diagram of CGCG 269-049 from the photometryof the F550M and F814W images. Magnitudes are on a Vega sale.Padua isohrones for these �lters and for a metalliity of Z = 0.0004are plotted (see text for details). The dashed line represents the 50%ompleteness level. (b) Color-olor diagram for the stars deteted inthe F330W, F550M, and F814W �lters, with the same isohrones asin 6(a). The roughly linear portions of the isohrones on this plotorrespond to the blue horizonal branh loops on 6(a). . . . . . . . . 1004.7 Completeness of stellar photometry as a funtion of magnitude for eahof the three �lters used, as determined by inserting arti�ial stars intothe images (see text for details). The error bars represent the varianebetween di�erent simulations, where stars were inserted at di�erentpositions in the images. . . . . . . . . . . . . . . . . . . . . . . . . . 101B.1 HSTACS/HRC F550M image of CGCG 269-049 with the elliptialannuli used in our analysis overlaid. The elliptiity of the annuli is0.2608. The ross indiates the �ux-weighted enter of the galaxy. . . 169B.2 (a)�(f) CMDs of resolved stars within annuli with the semi-major and-minor axis de�ned at the top right orner of eah panel (also, seeFigure B.1). The isohrones and dashed lines of 50% ompletenesslevel are the same as in Figure 4.6 (a). . . . . . . . . . . . . . . . . . 170B.3 Seletion riteria (grey dotted line) of MS, HB, and RGB+AGB starsbrighter than 25.5 mag (grey dashed line) in CMD. Data points irledin red are stars with (F330W-F550M)< −1.3. . . . . . . . . . . . . . 171B.4 Distribution of di�erent stellar populations seleted based on the rite-ria in Figure B.3 with the ACS/HRC footprint superposed. The olorand the size of eah data point are based on the (F550M-F814W) olorand the F550M magnitude. . . . . . . . . . . . . . . . . . . . . . . . 172xviii



Chapter 1INTRODUCTION1.1 Stellar Population Studies in Nearby GalaxiesStudying stellar populations of galaxies is similar to what arhaeologists do tounderstand human ativity in the past through the reovery and analysis of theultural and environmental data left behind. Observations of stellar populationsin nearby galaxies play a key role in stellar arhaeology, sine they provide thedetailed fossil reords of the star formation history and evolution of eah galaxy.The olor-magnitude diagram (CMD) is the best tool to study and assess thestar formation history of a galaxy, sine stars oupy a very spei� loation inthe luminosity-temperature plane determined by their mass, age and metalliity.This means that the CMDs an be used to onstrain the intrinsi properties ofstellar populations. Over the past �ve deades, stellar evolutionary theory hasbeen applied to understand the CMD of galati globular and open lusters andexplain the distribution of stars in the observed CMDs, in terms of luster age andhemial abundane. On the observational side, signi�ant advanes with Hubble

Space Telescope (HST ) observations led to the development of sophistiatedCMD �tting tehniques to determine these properties of star lusters in galaxiesin the Loal Group (LG) and beyond. The spae-based HST is a diret solutionto the problem that most ground-based telesopes have to fae: the atmospheridistortion of stellar images. The resolving power of HST is di�ration-limitedwith an angular resolution of 0.05 arseonds at ∼6000Å, whih allows us todi�erentiate between two stars less than 0.1 arseond apart on the sky. It is alsoimportant to note that HST allows us to observe ultraviolet and infrared radiationbloked or partially absorbed by the Earth's atmosphere. In this hapter, I willhighlight several stellar population studies of nearby galaxies, primarily foused1



on the resolved stellar population studies onduted with HST data and theunique insights that this telesope an provide to the study of stellar evolutionarymodels. 1.1.1 Studies of Loal Group GalaxiesObservations of Galati stars and star lusters provided detailed information ofthe history of star formation and hemial enrihment in the Milky Way (MW)galaxy and led to our urrent understanding of di�erent omponents (bulge, thindisk, thik disk, and halo populations) of the Galaxy and other similar galaxies.We now know the bulge population is similar to that of a typial elliptial galaxy,whih is old and metal rih with a large metalliity spread. The thin disk popu-lation ontains most of the young stars with high metalliity, while the thik diskhas older stars with intermediate metalliity. Lastly, the halo population onsistsmostly of old and metal poor stars. This urrent understanding of the di�erentstellar populations in our own Galaxy has been fundamental to studies of thestellar ontents of galaxies in the LG.Stellar populations in the Magellani Clouds are well-observed and studied,not just beause they are the nearest extragalati systems, but also beause theyo�er a unique opportunity to study the detailed history of star formation. Severalground-based studies of the Large Magellani Cloud (LMC) show that the starformation history (SFH) of the LMC is unlike the SFH of the MW, suggesting thebulk of the star formation ourred in the past few Gyr (Bertelli et al. 1992, andreferenes therein). The age distribution of star lusters in the LMC is known tobe unusual, having ages of either 0�3 Gyr or >12 Gyr (Da Costa 1991). Usingthe HST/Wide Field Planetary Camera 2 (WFPC2), Gallagher et al. (1996) on-struted a deep CMD of the outer disk in the LMC and found evidene for ativestar-formation throughout the past 0.1�3 Gyr, on�rming previous ground-based2



studies. Geha et al. (1998) analyzed the CMDs and stellar luminosity funtions(LFs) of three di�erent �elds in the LMC using WFPC2 observations. Comparingto previous studies (e.g., Bertelli et al.1992), they showed a signi�ant inrease instar formation over the past 4 Gyr. In ontrast, studies of the stellar populationsin the inner part (bar) of the LMC (Elson, Gilmore, & Santiago 1997) show evi-dene of starbursting ativities that ourred about 2 Gyr ago. This suggests thatthe bar formed more reently than the disk. Combining these results, it is appar-ent that the LMC has undergone di�erent star formation history from that of theMW. One of the reent HST observations of the Magellani Clouds is the WideField Camera 3 (WFC3) Early Release Siene (ERS) program on the 30 Doradusregion. (De Marhi et al. 2011) identi�ed about 1000 pre-main-sequene (PMS)stars and ompared the photometry with theoretial PMS evolutionary traks inthe CMD. They determined that the younger PMS populations (∼4 Myr) prefer-entially oupy the entral �eld of 30 Dor, while older PMS stars (∼30 Myr) aremore uniformly distributed aross the �eld. Their study also reveals the preseneof dust extintion variations aross the entral �eld of 30 Dor.As the most massive galaxy in the LG, and a similar morphologial type toour own MW, M31 is the most well-studied and the most observed extragalatisystem. Due to the similarity of the Hubble types (M31: Sb and MW: Sb), M31represents the best analog for the properties of stellar populations in the MWand the other similar types of galaxies in the LG and beyond. Ever sine Hubble(1929) studied the �rst CMD of an OB assoiation in the outer part of the M31disk, the stars in the outer disk have been observed and resolved into individualstars, while the stars in the entral region are unresolved. Following work hasalso foused on the OB assoiations of the M31 disk sine these stars are thebrightest and easily resolved with the ground-based observations (van den Bergh1964, 1966; Massey et al. 1986; Cananzi 1992). The �rst omplete atalog of open3



lusters in M31 is provided by Hodge (1979). He used the spatial distribution ofthe M31 open lusters to onstrain the spiral struture of M31 and showed thatit is more likely a two-armed struture than a one-armed struture.At the distane of M31 (D = 794 kp; NASA/IPAC Extragalati Database),
HST imaging an reah the horizontal branh (MV = 0.82 mag), whih makespossible to study metalliity distributions of the old resolved populations. Rihet al. (1996) obtained HST deep imaging of one of the M31 globular lusters G1and its adjaent halo �eld. The CMDs of these �elds learly show blue and redhorizontal branh stars. They ompared the CMDs of G1 and halo �eld pop-ulations to the ones of Galati globular luster 47 Tu and onlude that theproperties of the G1 CMD are onsistent with those of an old globular lusterwith the metalliity of 47 Tu, while the outer M31 halo onsists of stars as metalrih as 47 Tu. The most interesting result is that the red horizontal branhstars may be the produt of a �eld population younger than the oldest Galatiglobular lusters. The same group has observed the nulear region of M33 with
HST WFPC2. The giants in this region show very broad dispersion in olor, or-responding to a metalliity range between M15 to at least 47 Tu (Mighell 1995;Mighell et al. 1996).The new HST multi-yle treasury program, alled the �PanhromatiHubble Andromeda Treasury (PHAT)� survey (Dalanton et al. 2012), takes fulladvantage of the new HST observing apability, in addition to the wealth ofprevious work arried out in M31. Dalanton et al. (2012) desribes the detailsof the PHAT survey, and gives a well-summarized history of M31 resolved stellarpopulation studies. To summarize the results of the PHAT survey obtained overthe past two years, the stellar populations of millions of resolved stars in M31within projeted radii from 0 to 20 kp are studied and their CMDs are analyzed.4



The results show the struture of M31's disk derived from the density of red giantbranh stars, and reveal the variations in dust extintion from the enter to theouter disk of M31. The data produts from this survey will be ombined with theexisting ground- and spae-based imaging and spetrosopi data, and will be aninvaluable resoure to the ommunity for years to ome.1.1.2 Galaxies Beyond the Loal GroupEven with HST , the distint age indiators in the CMDs, suh as the main-sequene turn-o� (MSTO), horizontal branh loation, and subgiant branh re-gion, in galaxies beyond the LG, fall below the HST detetion limit and itsangular resolution limit. Observations and studies of the resolved populations inthese galaxies are foused on the giant and supergiant populations to investigatethe harateristi properties of the massive young populations and the upper-end of initial mass funtions (IMFs). Among a large number of HST programsdesigned to study individual stars and parse-sale strutures in nearby galax-ies out to several megaparses, the Advaned Camera for Surveys (ACS) NearbyGalaxy Survey Treasury (ANGST) survey (Dalanton et al. 2009) is one of themost noteworthy programs onduted with the HST . The images obtained inthis program provide uniform multiwavelength observations of resolved stars for avolume-limited sample of 69 galaxies within a distane of 3.5 Mp. The resultingatalogs of resolved stars and star lusters, whih an be used for studies of anientand reent SFHs, provide millions of measurements of resolved stellar populationsusing their CMDs, and the distane of eah sample galaxy was measured fromthe tip magnitude of the red giant branh stars (TRGB; Dalanton et al. 2009;Williams et al. 2009; Weisz et al. 2008).As brie�y disussed above, previous researh on resolved stellar populationshas provided a wealth of data resoures and results. The work presented in this5



dissertation builds on previous investigations by extending the methodology anddata for the spei� sienti� goals, whih are summarized in the next setion anddisussed in more detail at the start of eah hapter.1.2 Dissertation GoalsThe goal of this dissertation is to present a omprehensive study of the resolvedstellar populations in three nearby star-forming galaxies: M83, NGC 4214, andCGCG 269-049. As desribed in the previous setion, studying the resolved pop-ulations in these extragalati systems an be di�ult due to their large distanesand stellar rowding. The high spatial resolution and sensitivity of HST nowprovides us an ability to obtain photometri measurements of individual stars inthese three nearby galaxies. With this preise photometry and unpreedentedspatial resolution from ACS and the reently installed WFC3, I have analyzeddeep CMDs and olor-olor diagrams of M83, NGC 4214, and CGCG 269-049.In Chapter 2, we present a multi-wavelength photometri study of ∼15,000resolved stars in the nearby spiral galaxy M83 (NGC5236, D =4.61Mp) based on
HST WFC3 observations using four �lters: F336W, F438W, F555W, and F814W.We selet 50 regions (an average area size of 260×280 p) in the spiral arm andinter-arm areas of M83, and determine the age distribution of the luminous stellarpopulations in eah region. This is aomplished by orreting for extintiontowards eah individual star by omparing its olors with preditions from stellarisohrones (e.g., Padova; Girardi et al.2002, 2008, 2010). We ompare the resultingluminosity-weighted mean ages of the luminous stars in the 50 regions with thosedetermined from several independent methods, inluding the number ratio of red-to-blue supergiants, morphologial appearane of the regions, surfae brightness�utuations, and the ages of lusters in the regions. We �nd reasonably goodagreement between these methods. We �nd that young stars are muh more likely6



to be found in onentrated aggregates along spiral arms, while older stars aremore dispersed. These results are onsistent with the senario that star formationis physially assoiated with the spiral arms, and stars form primarily in starlusters and then disperse on short timesales to form the �eld population. Theloations of Wolf-Rayet stars are found to orrelate with the positions of manyof the youngest regions, providing additional support for our ability to auratelyestimate ages. We also address the e�ets of spatial resolution on the measuredolors, magnitudes, and age estimates. While individual stars an oasionallyshow measurable di�erenes in the olors and magnitudes, the age estimates forentire regions are only slightly a�eted by over-rowding. This work has beenpublished in The Astrophysical Journal (Kim et al. 2012).In Chapter 3, we present a detailed UV-optial study of the nearby dwarfgalaxy NGC 4214 based on HST WFC3/UVIS observations using �ve �lters:F225W, F336W, F438W, F547M, and F814W. We divide the entral 3 kp×3 kpregion of NGC 4214 into a 38 box adaptive grid, and determine the age and massdistributions of the resolved stars in eah grid-box using their olor-magnitude andolor-olor information. We also estimate the ages and masses of the individualstars from stellar spetral energy distribution (SED) �tting to a set of stellar SEDmodels. These measurements allow us to map the reent star formation historiesof the dwarf galaxy NGC 4214 in detail. By mapping the distribution of stellarages in this galaxy, we have found that the young stars are strongly lustered,while the older stars are more dispersed. This is onsistent with a piture wherestars form in star lusters and subsequently dissipate on short timesales to formthe �eld population.In Chapter 4, we present HST and Spitzer Space Telescope images andphotometry of the star-forming dwarf galaxy CGCG 269-049. This galaxy is7



extremely metal-poor (12 + log(O/H) = 7.43), and ∼5 Mp from the MW. The
HST images were obtained with the ACS High Resolution Channel (HRC) andreveal a large population of red giant and asymptoti giant branh stars, rulingout the possibility that CGCG 269-049 is a young galaxy as had been previouslythought. The spetral energy distribution of the galaxy between ∼3.6 µm � 70 µmis best �tted by emission from predominantly∼10 Gyr old stars, with a omponentof thermal dust emission having a temperature of 72 ± 10 K. Our ACS/HRC Hαimage shows no evidene of a supernova-driven out�ow � whih would removemetals from the galaxy � nor do we �nd observational evidene that suh out�owsourred in the past. Considering CGCG 269-049's large neutral hydrogen tostellar mass ratio (∼1), these results support reent models in whih the metalde�ieny of dwarf galaxies results mainly from ine�ient star formation, ratherthan youth or the esape of supernova ejeta. The large fration of ∼10 Gyrold stars in the galaxy (> 60% by mass) is onsistent with simulations in whihthe star formation rates of isolated dwarf galaxies have signi�antly dereasednear the epoh of reionization by the photoevaporation of baryons from their olddark matter halos. This work has been published in The Astrophysical Journal

Letters (Corbin et al. 2008a), with an Erratum (Corbin et al. 2008b) on thealulation of the Spitzer MIPS �ux. My ontribution to this paper onsistedof the analysis and interpretation of the HST data. I inlude a more detailed,not previously published, desription of this study in Appendix B. The authorsof the paper kindly agreed to give me permission to use the whole paper in thisdissertation.This dissertation is outlined as follows: Chapter 2 desribes the resolvedstellar population study of the 50 seleted regions in M83, with an introdutionof the CMD �tting age-dating and the internal extintion orretion methodsdeveloped in this study. Chapter 3 presents the results of the resolved stellar8



population study of NGC 4214. The same CMD age-dating and the extintionorretion methods used in the M83 study are applied. Chapter 4 shows theresults of the photometri study of the dwarf galaxy CGCG 269-049. Chapter 5summarizes the main results from the studies of M83, NGC 4214, and CGCG 269-049 and disusses plans for future work.
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Chapter 2THE RESOLVED STELLAR POPULATIONS IN 50 REGIONS OF M832.1 OverviewUnderstanding the properties of stars and the history of star formation in galaxiesremains one of the most fundamental subjets in astrophysis. The Hubble SpaeTelesope (HST ) provides an important tool for this endeavor, sine it enablesthe detailed study of stars and star lusters, not only in the Milky Way and itsnearest neighbors, but in galaxies well beyond the Loal Group. The Wide FieldCamera 3 (WFC3) provides a partiularly valuable new panhromati imagingapability, with spetral overage from the near-UV to the near-IR. This apabilityis espeially useful for studying the stellar populations in nearby galaxies whereindividual stars are resolved.A good example of a multi-wavelength survey of nearby galaxies whihemploys resolved stars and star lusters is the ACS Nearby Galaxy Treasury(ANGST) program (Dalanton et al. 2009). This study inludes ∼65 galaxiesout to ∼3.5 Mp, and provides uniform multi-olor (BV I) atalogs of tens ofthousands of individual stars in eah galaxy. Although the ANGST programprovides an exellent survey for a wide range of studies, it does not provide ob-servations in the U band sine the observations were obtained before WFC3 wasinstalled on HST . The U band is partiularly useful for age-dating populations ofyoung stars, whih is the fous of the urrent paper. PHAT (Panhromati Hub-ble Andromeda Treasury) is a related study that does take advantage of the new
U band apability on WFC3. While nowhere as extensive as the Multiple CyleTreasury Program PHAT survey, the urrent study of M83 is omplementary inthe sense that it provides similar observations of the resolved stellar omponentof a nearby spiral galaxy, and uses quite di�erent analysis tehniques, as will be10



disussed in Setions 2.2.2 and 2.2.3. Future observations of M83 (ID:12513, PI:William Blair) will expand the WFC3 dataset available for M83 from 2 to 7 �elds.M83 (NGC5236), also known as the �Southern Pinwheel� galaxy, is aslightly barred spiral galaxy with a starbursting nuleus loated at a distane of
4.61Mp, i.e., (m − M)0 = 28.32 ± 0.13 (Saha et al. 2006). The Hα emission anbe used to pinpoint regions of reently formed massive stars along the spiral arms,while red supergiants an be found throughout the galaxy. The olor�magnitudediagram (CMD) of resolved stars is a powerful diagnosti tool for understandingthe stellar evolution and history of star formation of galaxies in detail. By ompar-ing stellar evolution models to observed CMDs, we are able to determine the agesof the stellar populations in galaxies. However, in ative star-forming regions, thestars are often partially obsured by dust. Applying a single extintion orretionvalue for the whole galaxy often results in overestimates or underestimates of theages of individual stars. If the CMD is the only tool used to determine the ages,the spatial variations of dust extintion in galaxies and their e�ets on the deter-mined ages are not readily apparent. The additional information available fromthe olor�olor diagram an remedy this problem. By using tehniques developedin this hapter, we an onstrain the variations of dust extintion aross M83, andmake orretions for individual stars. We also fous on spatial variations in thestellar properties throughout the galaxy.The HST WFC3 observations of M83 were performed in 2009 August aspart of the WFC3 Siene Oversight Committee Early Release Siene (ERS)program (ID:11360, PI: Robert O'Connell). The entral region (3.2 kp×3.2 kp)of M83 was observed in 2009 August. A seond adjaent �eld to the NNW wasobserved in 2010 Marh and will be inluded in future publiations. Details of theWFC3 ERS data alibration and proessing are given by Chandar et al. (2010).11



In this hapter we present UBV I photometry of resolved stars in M83and the resulting olor�olor and olor�magnitude diagrams. We use (F336W−

F438W ) versus (F555W−F814W ) olor�olor diagrams to onstrain the variationof dust extintion along the line of sight of eah individual star, and orret
F814W versus (F555W −F814W ) CMDs for the extintion of individual starsto determine their ages. The high sensitivity and the superb resolving power inthe WFC3 F336W band play a key role in allowing us to develop our extintionorretion tehniques, and demonstrate the performane of the newly installedWFC3. This results in improved stellar age estimates, and a better understandingof the reent star formation history of M83. Our investigations are foused on thefollowings.(1) Do we see spatial variations of stellar ages in M83? If so, an we use thesevariations to learn more about the evolution of the galaxy and what triggersstar formation?(2) How well do various age estimates orrelate (i.e., resolved stars, integratedlight, lusters, number ratio of red-to-blue stars, Hα morphology, stellar sur-fae brightness �utuations, presene of Wolf�Rayet stars)?This hapter is organized as follows. In Setion 2.2, we desribe the obser-vations, photometri analysis, and the extintion orretion method. CMDs andolor�olor diagrams of the 50 seleted regions are then used to provide stellarage estimates, as desribed in Setion 2.3. Comparisons with other age estimates(i.e., integrated light and star lusters) are also made. In Setion 2.4, we omparethe stellar ages to a variety of other parameters that orrelate with age, inludingred-to-blue star ratios, Hαmorphology, and surfae brightness �utuations. Se-tion 2.5 inludes a disussion of how these omparisons an be used as diagnostis,with speial attention paid to the question of what spatial variations an tell us12



about the star formation history in M83, and on the question of how star lustersmight dissolve and populate the �eld. In Setion 2.6, we investigate the loationsof soures of Wolf-Rayet stars in our M83 �eld and disuss the orrelation with thepositions of young regions. In Setion 2.7, we desribe how the spatial resolutiona�ets our measured olors and magnitudes, and our age estimates of stars in ourM83 �eld. A summary of our primary results is provided in Setion 2.8.2.2 HST WFC3 Observations2.2.1 The WFC3/UVIS DataThe data were obtained in seven broadband and seven narrowband �lters in theWFC3 UVIS and IR hannels. Details are desribed in Dopita et al. (2010) andChandar et al. (2010). In the urrent study we use four broadband images. The�lters and exposure times are F336W (1890 s), F438W (1880 s), F555W (1203 s),and F814W (1203 s). Although we do not make transformations to the Johnson�Kron�Cousins UBV I system, we will refer to these �lters as U , B, V , and I foronveniene. Three exposures were taken in eah �lter at di�erent dithered po-sitions to remove osmi rays, the intrahip gap, and to partially ompensate forthe undersampled point-spread funtion (PSF) of the WFC3/UVIS hannel. Theraw data were proessed using the MULTIDRIZZLE software (Koekemoer et al.2002) with an e�etive pixel size of 0.0396′′, whih orresponds to 0.885 p pixel−1at the distane of 4.61Mp (Saha et al. 2006). The resulting multidrizzled imagesare ombined, osmi-ray removed, and distortion-orreted. A olor ompositeof the F336W, F555W, F814W (broad bands) and F502N, F657N (narrow bands)images is shown in Figure 2.1. It overs the nulear region of M83, part of itseastern spiral arm, and the inter-arm region. Stars in the ores of ompat starlusters are not resolved at this resolution, but the brighter stars in the outskirtsof the star lusters and in the �eld are generally resolved into individual stars.13



Details of the e�ets of spatial resolution are disussed in Setion 2.7. Sinewe are interested in spatial variations of stellar ages in M83, we seleted 50 re-gions in the spiral arm and inter-arm areas. Boxes outlined in blue (very young� age≤ 10Myr, see Setion 2.3), yellow (young � 10≤ age≤ 20Myr), and red(intermediate-aged � age≥ 20Myr) in Figure 2.1 show the 50 regions seleted fordetailed study in this hapter.2.2.2 Photometry and Arti�ial Star TestsPhotometri analysis of the WFC3 M83 data was performed on the U , B, V , and
I images using the DoPHOT pakage (Shehter et al. 1993) with modi�ationsmade by A. Saha. Additional routines to derive parameters for the kurtosis of theanalyti PSFs used by DoPHOT, and for post-proessing DoPHOT output to ob-tain alibrated aperture-orreted photometry, were performed using ustomized
IDL ode written by Saha. A more detailed desription of these proedures anbe found in Saha et al. (2010). The kurtosis terms were derived by �tting thefuntional form of the DoPHOT analyti PSF to 20 relatively bright and isolatedstars. The remaining shape parameters (σx, σy, and σxy) are dynamially opti-mized within DoPHOT.The di�erene between the shape parameters for an individual objet andthose for a typial star was alulated and used to lassify the objet as a star,a galaxy, or a double-star. The shape parameters were determined separately foreah image. The numbers of objets lassi�ed as stars are approximately 20,000 in
U and B, 17,000 in V , and 15,000 in I band images, respetively. The alulatedfull width at half-maxima (FWHMs) are U =0.096′′(2.42 pixel), B=0.093′′(2.34pixel), V =0.091′′(2.29 pixel), and I =0.113′′(2.85 pixel). All magnitudes are inthe WFC3-UVIS VEGAMAG magnitude system, alulated using Equation (4) inSirianni et al. (2005) and the latest zeropoint magnitudes: U =23.46, B=24.98,14



V =25.81, and I =24.67 mag, provided by STSI at the HST/WFC3 Web site-http://www.stsi.edu/hst/wf3/.A multi-wavelength UBV I atalog was then onstruted by mathing theindividual objets in eah atalog between these �lters. Interestingly, we foundthat the extreme image rowding in these images, ombined with the exellentpanhromati sensitivity and unpreedented spatial resolution provided by thenewly installed WFC3, introdued a new hallenge during this mathing step,with large numbers of �pseudo� mathes ourring if too-large a math radius wasused. We disuss the e�ets of spatial resolution in Setion 2.7.Figure 2.2 demonstrates this problem by showing the F555W and oloromposite image ut-outs near Regions 26 and 27. In the middle panel of Figure2.2, stars irled in red are objets with (V −I) olors that are very red ((V −

I) > 1.2 mag), but have (U−B) values that are fairly blue (−0.4 < (U − B) <

−1.7 mag). These an be seen as the spray of points in the upper right parts ofthe top right panels of Figures 2.3 and 2.4, whih will be disussed below. Asshown by the postage stamp images in Figure 2.2, about half of these are likelyto be blue stars with very high values of reddening (i.e., the bottom panel andthe small postage stamps on the right show that they are in dusty regions), whilethe other half are very lose superpositions of at least one red and one blue star,whih we will all �pseudo� mathes (i.e., the panels on the left show a strong blueand red gradient aross many of the objets).We found that using a very small mathing radius of 0.5 pixels was neededto minimize �pseudo� mathes in our atalog. Earlier attempts using a mathingradius of 3 pixels resulted in ∼10% pseudo mathes. Aurate mathing alsorequires preise geometri distortion orretions in all �lters. However, even whenthese onditions are met, there is a �nite hane that two di�erent stars will fall15



within the same aperture. This is most easily seen by blinking the U- and I-bandimages. While the single stars stay in the same position, the pseudo math starsmove slightly, showing they are two di�erent stars with di�erent olors.The �nal stellar atalog ontains ∼15,000 objets. We found that ourproedure results in only a few perent of pseudo mathes, as will be disussed inSetion 2.4 (i.e., the upper right panel of Figure 2.4).To measure the photometri ompleteness, we performed arti�ial star testswith the same detetion and photometry proedure as applied to the atual stars.We inserted 1000 arti�ial stars with Gaussian PSFs and FWHMs appropriate forthese stars at random positions into all four images. The magnitude of the insertedstars varied from 22 to 28 mag in steps of 0.25 mag. The 50% ompleteness levelsat 5 σ detetion thresholds for a typial region are reahed at reovery magnitudesof approximately 24.3, 25.1, 25.3, and 24.8 mag for the U , B, V , and I images,respetively. These limits an vary by about a magnitude, depending on thebrightness of the bakground in a given region. The exeption is Region 48, whihinludes the nuleus. The ompleteness thresholds are two or more magnitudesbrighter in this region due to the very high bakground. This region has thereforebeen exluded from the rest of the disussion, but is inluded in Table 2.1 forreferene. 2.2.3 CMDs and Color�Color Diagrams in M83The top panels of Figure 2.3 show the I versus (V−I) CMD (left) and the (U−B)versus (V −I) olor�olor diagram (right) of resolved stars extrated from theross-mathed atalog. The CMD shows the presene of young main-sequene(MS) stars, transition or He-burning �blue loop� stars, red giant stars (hydrogenshell-burning and hydrogen+helium shell-burning stars), and a relatively small16



number of low-mass red-giant branh (RGB) stars. This is beause the tip ofthe low-mass RGB stars is at I = 24.7 mag (Karahentsev et al. 2007), whih isroughly the same as our ompleteness threshold. The ages of these stars rangefrom ≈ 1 to ≈ 100 Myr. The Padova isohrones (Marigo et al. 2008) rangingin age from log τ (age/yr) = 6.55 (3.5Myr) to log τ (age/yr) = 8.0 (100 Myr)are inluded in Figure 2.3 for referene. Note that the younger isohrones (e.g.,1Myr) fall nearly on top of the 3.5 Myr isohrone, and hene are not inluded inthe diagram.The arrows in both panels show AV =1 reddening vetors for M83 using the
RV = 3.1 extintion urve of Cardelli et al. (1989). Corretions have been madefor foreground Galati extintion (Shlegel et al. 1998) using AF336W = 0.361,
AF438W = 0.290, AF555W = 0.229, and AF814W = 0.133 mag, respetively.2 InFigure 2.3, we only plot stars with photometri errors less than 0.25 mag inthe �lters used for eah diagram. The numbers of objets plotted in the CMDand the olor�olor diagram are about 12,000 and 8500 stars, respetively. Sineapproximately 30% of the stars are not deteted in one or more of the U , B, or I�lters, due to either reddening or intrinsially red or blue olors, fewer stars areplotted in the olor�olor diagram.We adopt a value of 1.5 times solar metalliity (Z=0.03), the highest metal-liity isohrones available from the Padova database, for M83 based on Bresolin& Kenniutt (2002). A test using solar metalliity (Z=0.019) isohrones showedthat the ages for a typial region would be ≈ 2 Myr older if the lower metalliityis adopted. This agrees with the study by Larsen et al. (2011), who found thatthe simulated CMDs of young massive lusters in M83 with solar and super-solarmetalliity isohrones would not look muh di�erent. Theoretial isohrones al-2NASA/IPAC Extragalati Database (NED): http://ned.ipa.alteh.edu/17



ulated for the WFC3 �lters and Z=0.03 (1.5 Z⊙) from the Padova database3(Marigo et al. 2008) are overlaid on both panels in Figure 2.3. The dashed line inyan shows the 50% ompleteness level in I and (V −I), using the ompletenessthreshold numbers from the arti�ial star test in Setion 2.2.The bottom panels of Figures 2.3 and 2.4 show the histograms of ages andmasses for the same stars plotted in the CMD and olor�olor diagram. The agesand masses of stars were estimated by �nding the losest math between the I and
(V −I) values for eah star, using a �ne mesh of the stellar isohrones plotted inthe CMD and olor�olor diagram in Figures 2.3 and 2.4. More details about thestellar age-dating from the CMDs and the stellar isohrones are given in Setion2.3.1. 2.2.4 Extintion CorretionsSine M83 has an intriate struture of dust lanes assoiated with ative starforming regions in the spiral arms and thin layers of dust in the inter-arm areain Figure 2.1, we annot use a single value of internal extintion and apply it toorret for the extintion of all stars in a given region. In the olor�olor diagramin Figure 2.3, we notie that while the bluest stars math the model isohronesquite well after we orret for Galati foreground extintion, the majority of starsare found redward of the models, implying a typial extintion of AV ≃ 0.5 mag(for the densest part of the data �swarm�). As desribed below, we an determinethe reddening of these stars if we assume that they are intrinsially blue stars thatbelong on the Padova models (i.e., with (V −I) ≃ −0.3 mag). A visual inspetionsupports this interpretation. Stars with observed values of (V − I) ≈ −0.3 magare found in areas with no obvious dust features surrounding them while starswith (V − I) > 0.5 mag are near dust �laments.3CMD version 2.3; http://stev.oapd.inaf.it/gi-bin/md18



Our basi approah to orret the olors (and luminosities) of individualstars for the e�ets of extintion is to baktrak the position along the reddeningvetor for eah data point, until we hit the stellar isohrones in the olor�olordiagram. What makes this method work is the fat that all the isohrones arenearly on top of eah other in the range (U − B) < 0.0 mag. The way we applythis in pratie is to math the observed and predited values of the reddeningfree Q parameter de�ned by:
QUBV I = (U − B) −

E(U − B)

E(V − I)
× (V − I) (2.1)(Mihalas & Binney 1981). Using observed values in the U-, B-, V -, and I-bandimages, we ompute the observed QUBVI values by using the standard slope of

E(U − B)/E(V − I) = 0.58 (Mihalas & Binney 1981; Whitmore et al. 1999),whih orresponds to RV = 3.1. The predited Q values are alulated usingthe 1.5 Z⊙ Padova isohrones. A ompliation is that we annot simply use themathed Q values to determine orreted values of (U − B) and (V − I), sinethey would, by de�nition, fall preisely on the isohrones (i.e., I would be usingirular reasoning). Instead, we solve for the extintion in (U −I), whih is partlyindependent and uses the longest wavelength baseline. We then alulate theextintion values in eah of U-, B-, V -, I-band image and the olor exess valuesin (U − B) and (V − I).The averages of the orreted internal extintion and olor exess valuesby our star-by-star orretion method are AF336W = 0.696, AF438W = 0.559,
AF555W = 0.441, AF814W = 0.256 mag, and E(U − B) = 0.137 and E(V − I) =0.185 mag. This is similar to the average internal extintion (AF555W = 0.425mag)estimated from the luster spetral energy distribution (SED) �tting by Bastianet al. (2011). However, our results di�er from the average extintion (AV =

0.671mag) of 45 lusters in the nuleus (∼20′′in diameter) of M83, determined19



from Hα/Hβ ratios by Harris et al. (2001). This is onsistent with the �nding oflarger extintion in the nulear region by Chandar et al. (2010).In the olor�olor diagram (top right panel) of Figure 2.3, we note thatwhile most of the data points are onsistent with the standard reddening vetor,the stars loated in the green triangle appear to follow a �atter reddening vetor.Whether this is atually due to a di�erent reddening law in M83 (e.g., as hasbeen suggested for heavily extinted regions suh as 4, 12, and 20) or is somesort of artifat (e.g., due to photometri unertainties, unresolved star lusters, orthe �pseudo� mathing problem disussed above) is di�ult to determine from ourpresent dataset. However, for our spei� needs the preise answer to this questionis not ritial. Our approah will be to orret the data points in the triangle bakto a position near the top of the isohrones, as shown by the intersetion of thered dotted line and the isohrones in Figure 2.4. This is equivalent to using arange in RV between 3.1 and 5.7 (the value represented by the red dotted line).The upper panels of Figure 2.4 show the CMD and olor�olor diagramorreted for the internal extintion in M83. The arrows in both panels are thereddening vetors. We do not apply an extintion orretion for stars with (V −

I) ≥ 1.2 mag, or above an extrapolation of the �atter extintion vetor from thebluest possible isohrones (see the red dotted lines in the upper right panel ofFigure 2.4), sine we believe that the olors of many of these soures are inorret(i.e., roughly half are likely to be pseudo mathes, as disussed in Setion 2.2.2and shown in Figure 2.2). We note that only about 4% of the stars fall in thispart of the diagram. These stars are removed from the subsequent analysis. If weinlude these stars, our age estimates typially inrease by about 1Myr.Also, stars below the blue dotted line in Figure 2.4 are not orreted forextintion, sine these are MS turno� stars (i.e., blue loop or transition stars in20



general), and hene, do not have unique UBV I olors for the stars along a givenreddening line, unlike the MS stars with (U − B)<0.0 mag.Based on the extintion orreted CMD in Figure 2.4, we note that (1)the orreted data now show a relatively narrow distribution of points along theleft side of the CMD in agreement with ages of ∼3 Myr and (2) while the datanow align with the model isohrones muh better, there is still a fair amount ofsatter (espeially for I < 24), primarily due to observational unertainties fromthe fainter stars. The bottom panels of Figure 2.4 show the distribution of agesand masses of stars after we apply our extintion orretion tehnique. Basedon the automati method desribed in Setion 2.3.1, we note that the luminosityweighted mean ages determined from the orreted olors and luminosities aresigni�antly younger (∼14 Myr; Figure 2.4) than the mean ages determined fromthe unorreted olors and luminosities (∼27 Myr; Figure 2.3), as we expeted.2.3 Age-dating Populations in M83In this setion we disuss several di�erent methods of age-dating stellar popula-tions in M83, using both individual stars and star lusters, and then interomparethe results. We do not neessarily expet �eld star and luster ages to agree,sine the dissolution of lusters may bias the observed luster population towardyounger ages than the surrounding �eld stars.2.3.1 Age-dating the Resolved Stellar Population Using Color�MagnitudeDiagramsAs shown in Figure 2.1, we seleted 50 regions that over spiral arm and inter-armareas in order to study the reent star formation history of M83. Figures 2.5 and2.6 show utouts of Regions 12, 7, 29, and 2. The olor�magnitude diagrams andolor�olor diagrams of all 50 regions (similar to Figures 2.5 and 2.6) are attahed21



in the Appendix A. These �gures inlude olor-olor diagrams of the stars in theseregions, as well as CMDs that are unorreted (upper) and orreted (lower) forextintion. The four regions (12, 7, 20, 2) highlight the range in age of thedominant stellar population, from very young to intermediate ages, i.e., Region12 with very strong Hα emission superposed on the luster stars; Region 7 witha large bubble of Hα emission surrounding the stars and lusters; Region 29 withno Hα emission, but large numbers of bright red and blue stars; Region 2 with noHα emission and fainter stars.A ursory glane at the CMDs of these four regions (Figures 2.5 and 2.6)show lear di�erenes. The primary di�erenes are, as predited by the isohrones,that younger regions ontain: (1) bluer MS stars, (2) larger numbers of upper MSstars, and (3) larger ratios of blue to red stars. Our regions do not, however,ontain only stars of a single age. Even these four regions, whih were hosento inlude a single dominant stellar population, ontain a mix of young and oldstars. In this hapter, I am primarily interested in the ages of the bright youngstars in these regions, whih dominate CMDs in luminosity-limited samples.In pratie, this fous on the younger population is arried out by imposinga magnitude uto� of MI = −5.5 mag (i.e., I = 22.82 mag whih orrespondsto the age uto� of ∼60Myr in the CMD) for the stars used to estimate ages(i.e., the magenta dashed line in Figure 2.4). This luminosity limit allows us tostay above the ompleteness limit for all but the very reddest stars (see Figure2.3), while also fousing on evolved stars and those on the upper MS, whih aremost sensitive to the age of a stellar population. Our primary goal is to obtainreliable �relative� estimates for the 50 regions (rather than absolute ages), andour magnitude limit is su�iently deep to aomplish this goal.We ompare the extintion orreted olors and magnitudes of stars with22



the Padova stellar isohrones in two ways to estimate the age of the dominantstellar population in eah region. First, two of the authors (H.K. and B.C.W.)independently estimated ages based on a visual omparison of the CMDs andisohrones. We foused on features suh as the olor of the MS stars, the numberof stars in the upper MS, and the number ratio of blue to red stars. The left panelof Figure 2.7 shows that the independent, visually determined age estimates arein good agreement with a 7.9σ (slope/unertainty of the best linear �t) orre-lation and a slope within 1σ of the unity value. The average ages of these twoindependent (manual) estimates are listed in olumn AgeCMDman in Table 2.1.Next, we estimated the ages automatially, �nding the losest math inboth age and mass for eah star by omparing the extintion orreted I mag-nitude and (V −I) olor with a �ne mesh of stellar isohrones generated fromthe Padova models (log τ (age/yr) ranging from 6.05 to 8.35 in steps of 0.05).We then alulate a luminosity-weighted age from the distribution of individualstellar ages in eah region. The result of the automati age estimate is listed inolumn AgeCMDauto in Table 2.1.To assess the unertainties in our age and mass determinations for eahstar, we ran a test for four di�erent ases by adding and subtrating the photo-metri errors in the (V −I) olor and I-band magnitude. This moves eah objeton the CMD to the right (+(V −I)error), left (−(V −I)error), down (+mI error),and up (−mI error). We �nd similar ages of 21.9 Myr (Region 3) and 26.7 Myr(Region 11) for the dominant luminous stellar populations, despite the fat thatour photometry inludes a signi�antly larger area around eah luster. Hene we�nd good agreement between our age estimates and those of Larsen et al. (2011).Eah method has its own strengths and weaknesses. Our approah has the advan-tage of orreting the photometry of individual stars for the e�ets of extintion23



to improve our age estimates, but the disadvantage that this requires imaging inmore than three optial bands with a ruial need for the U-band observation.The Larsen et al. (2011) method does not orret for the e�ets of extintion, butallows for a better determination of the star formation history over a wider agerange (i.e., out to ∼1Gyr).2.3.3 Comparison between AgeCMDauto and Compat Cluster AgesMuh of our reent work has involved age-dating star lusters using the integratedlight (UBV I and Hαemission) from the luster and model SED �tting. To om-pare the age of star lusters in eah region to the age determined from individualstars in eah region, we adopt the ages and luminosities of ompat lusters iden-ti�ed in our previous work (Chandar et al.2010). Details of the luster age-datingmethod an be found in that paper.We note that the regions sampled in this study are large (i.e., several hun-dred p2) and may inlude stars and star lusters spanning a wide range of ages.This requires making the omparison between the ages of �eld stars and star lus-ters with aution. Only the largest star forming omplexes within spiral galaxieshave suh dimensions (e.g., the giant H II region NGC604 in M33; Freedman et al.2001). More typial regions are muh smaller, and hene would not dominate theentire �eld. This will tend to weaken our orrelations, espeially when omparingresolved stellar ages with luster ages.Using the ages of star lusters determined from the SED �tting, we om-pute the luminosity-weighted mean age of eah region, as we did for stars in thesame region. The ages of 50 regions are listed in olumn AgeCl in Table 2.1. Theupper panel of Figure 2.10 shows a omparison between the luminosity-weightedmean age (AgeCl) of the ompat lusters in a given region and our stellar age24



(AgeCMDauto) estimates based on the CMDs of all the resolved stars in the region(as disussed in Setion 2.3.1). The orrelation between these two ages is fair(5.4σ orrelation). We note that while the midpoints for the two methods aresimilar, the slope is steeper, as disussed in more details in the next setion.2.3.4 Comparison between AgeCMDauto and Age Estimates from Integrated Lightfrom the Entire RegionsWe obtain an independent estimate of the age of eah region by measuring theolors of the entire region, and perform a simple SED �t, in the same way as wedid for star lusters (i.e., Chandar et al. 2010). The lower panel of Figure 2.10shows a omparison between our age estimates for the resolved stellar populationsusing CMDs (AgeCMDauto) and from the integrated light (AgeReg) in eah region.While there is a fair orrelation (4.6σ) between the CMD and integratedphotometri age estimates, there is also a fair amount of satter and an apparentgap in the region ages in the range 6.8 < log (age/yr) < 7.2. This gap is similarto the well known artifat for luster age estimates whih is due to the looping ofpredited luster olors in this age range (see Chandar et al. 2010). We also notethat the slope of the relation is steeper than the unity vetor, with integratedlight ages ranging to muh lower ages than the CMD ages. This is similar to theomparison with AgeCl, as disussed above. This is probably aused by a variety ofe�ets inluding: (1) the integrated age estimates take into aount Hα emission(whih is very sensitive to massive young stars) while the CMD estimates do not;(2) the 1 Myr isohrones are essentially on top of the 3 Myr isohrones, makingit rare that the minimum age ever gets seleted by the software that does themathing with the isohrones; and (3) the adoption of an MV = � 5.5 mag uto�removes all stars with ages ≥100 Myr from the AgeCMDauto estimates, while thelight from older stars is still inluded in the integrated light used for the AgeReg25



estimate (hene, the AgeCMDauto estimate an never be ≥50 Myr, while the AgeRegan be older).This di�erene in slope in Figure 2.10 highlights the fat that eah age-dating method has its own idiosynrasies. By omparing a number of di�erentmethods, we begin to understand these artifats better, and learn how large thetrue systemati unertainties an be.2.4 Comparison between AgeCMDauto and Other Parameters that Correlatewith AgeWe are now ready to ompare our age estimates for the resolved stellar omponentsin 50 regions to other observables that orrelate with age. These inlude: (1)number ratio of red-to-blue stars (e.g., Larsen et al. 2011), (2) morphologialategories (Whitmore et al. 2011a), and (3) stellar surfae brightness �utuations(Whitmore et al. 2011a).2.4.1 Comparison between AgeCMDauto and Number Ratio of Red-to-blue StarsOne property that is expeted to orrelate with age is the number ratio of red-to-blue stars. At very young age, all stars are blue. As the population ages,the number of red giant stars (H-shell burning and H+He-shell burning stars)inreases. This e�et an be seen by noting that nearly all of the stars in Region12 (Figure 2.5) are blue, while there are large numbers of red stars in Regions 29and 2 (Figure 2.6).The number ratio of red-to-blue stars (olumn red-to-blue ratio in Table2.1) is alulated by using a riteria that (V − I) be redder than 0.8 mag for redstars. The top panel of Figure 2.11 shows a fairly good orrelation (7.2σ) betweenAgeCMDauto and the red-to-blue ratio. 26



2.4.2 Comparison between AgeCMDauto and Morphologial CategoryThe middle panel of Figure 2.11 shows the orrelation between our automatiCMD age estimates and the morphologial lassi�ation for a given region, asde�ned in Whitmore (2011b). Brie�y, regions with Hα emission superposed ontop of the stellar omponent are type 3 (emerging star lusters), regions withsmall Hαbubbles are ategory 4a (very young), regions with large Hαbubbles areategory 4b (young) , and regions with no Hαbubbles are ategory 5 (intermediateage). Based on this riteria, the regions displayed in Figures 2.5 and 2.6 arelassi�ed as ategories 4a (Region 12), 4b (Region 7), 5a (Region 29), and 5a/5b(Region 2), respetively. Eah region was lassi�ed independently by two authors(H.K. and B.C.W.). The mean of the two determinations is used in what follows,and is listed in olumn �Hα Morphology� of Table 2.1.The middle panel of Figure 2.11 shows that stellar CMD age estimates(AgeCMDauto) and morphologial ategories (Hα morphology) show a fair orrela-tion (5.8σ), but not as good as the strong orrelations (9σ for log τ < 7 and 5σfor log τ > 7) found with ages for ompat lusters in Whitmore et al. (2011a).This is probably due to the fat that most of the regions are not dominated by asingle age stellar population, making the morphologial lassi�ation for an entireregion problemati (i.e., there is strong Hα emission in part of the region but nonein other parts).2.4.3 Comparison between AgeCMDauto and Stellar Surfae BrightnessFlutuationsIn Whitmore et al.(2011a), we developed a method to age-date star lusters basedon an observed relation between pixel-to-pixel �ux variations (RMS) within star27



lusters and their ages. This method relies on the fat that the young lusters withbright stars have higher pixel-to-pixel �ux variations, while the old lusters withsmoother appearane have small variations. This is beause the brightest stars ina 100 Myr population have MI ≈ −3 mag, whih is below our 50% photometriompleteness limit (MI = −3.6mag) and well below our magnitude uto� of
MI = −5.5mag used in our stellar age-dating method desribed in Setion 2.3.1.The bottom panel of Figure 2.11 shows the orrelation between the resolvedstellar ages (AgeCMDauto) and the surfae brightness �utuations (pixel-to-pixelRMS) measured in the 50 seleted regions. We �nd little or no orrelation (1.1σ)with a relatively large amount of satter, espeially for the younger lusters. Partof this satter may be aused by the two-valued nature of the e�et as disussed inWhitmore et al. (2011a), with a maximum value of the surfae brightness �utua-tions around 10 Myr, and lower values for both smaller and larger ages. Anotherreason for the satter is the fat that many of the regions have mixed populations,rather than single age populations.2.5 Insights into the Star Formation History in M83 Based on SpatialVariations for 50 regionsWe �rst examine how the ages for the 50 regions are distributed in Figure 2.1.The boxes in this �gure are olor-oded as follows: blue (very young with agesless than about 10 Myr), yellow (young with ages between about 10 and 20 Myr),and red (intermediate aged with ages greater than about 20 Myr). As expeted,we �nd that the very young regions are primarily assoiated with the spiral arms,the young regions tend to be �downstream� from the spiral struture (i.e., on thelokwise side away from the dust lanes), while the intermediate aged regions arefound on both sides of the spiral arms in the inter-arm regions.28



A similar, more detailed analysis is being done by Chandar and Chien usingthe luster ages in M51 (R. Chandar & L. Chien 2012, in preparation) and M83(R. Chandar & L. Chien 2012, in preparation). They ompare the age gradientsthey �nd with models developed by Dobbs & Pringle (2010), assuming a varietyof di�erent triggering mehanisms (i.e., spiral arms, bars, stohastiity, and tidaldisturbanes).We an perform a similar experiment here, sine we have age estimatesfor eah individual star. The three panels in Figure 2.12 show the distribution ofstars with ages in the ranges 1�10, 15�35, and 40�100 Myr, respetively. The toppanel is the youngest group of stars, learly showing that the stars in these regionsare mostly distributed along the ative star-forming region (i.e., assoiated withstrong Hαemission) in the spiral arms. The stars in the middle panel tend to befound slightly downstream of the spiral arms, while the older stars are still fartherout in the inter-arm regions, as expeted.These diagrams an also be used to examine whether there is evidenethat most of the young stars form in lusters and lustered regions and thendissolve into the �eld. Pellerin et al. (2007) made a similar set of diagrams for thegalaxy NGC1313, whih supported this interpretation. We �nd that the youngstar samples show strong lustering, while the older star samples are progressivelymore uniform. Hene, these distribution maps of stars in the di�erent age groupsupport the idea that the stars form in lusters in spiral arms, and then most of thelusters dissolve, populating the �eld with stars (Lada & Lada2003). R. Chandaret al. (2012, in preparation) will examine this subjet more quantitatively in thefuture.
29



2.6 Using Wolf�Rayet Stars to Chek for Consisteny with Our Age EstimatesIn this setion, we ompared the ages resulting from a variety of age-dating meth-ods for di�erent star-forming regions in M83. Here, we extend our analysis byonsidering previously identi�ed Wolf�Rayet (WR) stars in M83, whih are ∼1�4 Myr old (Crowther 2007), as another independent age estimate.Had�eld et al. (2005) identi�ed 283 WR soures in M83 from narrowbandimaging entered on the He II λ4686 emission line, plus spetrosopi follow-up.Seventeen of these WR soures fall in our WFC3 �eld of view. Figure 2.13 showstheir loations in the HST image, and Table 2 lists the oordinates of thesesoures, as well as the region in whih they are loated.The lower resolution of the ground-based Had�eld et al.(2005) study makesit di�ult (in many ases) to uniquely identify the WR soures in the HST image,although we an easily determine whether suh a soure is loated within one ofour 50 regions. Figure 2.13 shows a olor image of M83 (enter panel) with �veregions, labeled A through E, that ontain all 17 WR soures. Here, the Hα andF814W images are shown in red, F555W in green, and F336W in blue. Blak andwhite images are the image utouts in the F814W and the Hα �lters of regionsA�E, as outlined in green in the entral panel. The original �nding hart of theregion A taken from Had�eld et al.(2005) is shown in the top right panel in Figure2.13. In the Hα image, the stellar ontinuum has been subtrated from the Hαimage, leaving just the ionized gas.We mathed the oordinates of the WR soures and the HST images,by assuming that the WR soure 99 is perfetly entered on a relatively isolated,ompat Hα knot. We also ompared the loations of the 17 mathed WR souresin the M83HST images with the �nding harts from Had�eld et al.(2005) to verify30



our soure mathing. The exellent spatial resolution of the HST image alsomakes it possible to hek whether any of the WR soures are atually ompatstar lusters. While the majority do appear to be individual stars, or a dominantstar with a little �fuzz� whih is likely a faint ompanion star, there are at leastthree ases where the ounterpart appears to be a bright ompat luster (i.e.,74, 86, 105: irled objets in Figure 2.14). These three objets are brighter than
MV = −9 mag with the onentration index (CI) larger than 2.3, onsistent withthe luster CI used in Chandar et al. (2010). There are several more ases wherethe ounterpart is in a looser assoiation of stars (e.g., 78, 102, 103).All the WR soures, exept the soures in utout E and 108 in utout D,are loated in the spiral arms. This is expeted, sine these are the sites of mostreent star formation. Nine of the 17 are in regions of strong Hα emission, sevenmore are in regions of faint Hα emission, and only one soure (107 in utout D)appears to have no Hα assoiated with it.Our primary question is whether the WR soures tend to be found inregions that we estimated to have young ages. In Table 2 we math the WRsoures with the region where they are found in and �nd that their ages range from1.1 Myr (Region 35) to 50.1 Myr (Region 41). This shows that suh a orrelationdoes exist, with 6/8 (75%) of WR soures in regions having AgeReg<4.6 Myr.Similarly, Had�eld et al.(2005) found that �ve of their WR soures are inluded ina ompat star luster atalog developed by Larsen (2004), and three of these �velusters (193, 179, 179) have estimated ages in the range 1.5 � 6 Myr, onsistentwith ages expeted for WR stars.Figure 2.14 shows the CMD and olor�olor diagram of the measured olorsfrom our HST observations of the objet that best mathes the WR soures fromHad�eld et al. (2005). We �nd that most of these soures are in the top left of the31



two-olor diagram. We onlude that there is a strong tendeny for WR souresto be assoiated with the youngest regions of star formation. The good orrelationprovides general support for the auray of our CMD age estimates.2.7 E�et of Spatial ResolutionSpatial resolution a�ets virtually all studies of individual stars in nearby galaxies.As is typial, in this hapter we have assumed that the point soures identi�edin Setion 2.2 are individual stars, although we also disovered a small frationof pairs of nearly aligned stars, one red and one blue, that an be identi�ed fromtheir anomalous olors (e.g., �pseudo-math� Figures 2 and 4). Here, we addressmore generally how spatial resolution a�ets the measured olors and magnitudes,and hene the derived ages, of stars in our M83 regions.We begin by answering a simple question: �What would the Orion Nebulalook like at the distane of M83? Would we be able to distinguish the four entralstars that make up the Trapezium or would they appear as a single star?� Theseparation between the four stars in the Trapezium (10′′at D≈ 0.5 kp) wouldbe roughly 0.001′′at the distane of M83, approximately a fator of 40 smallerthan a single pixel in our image, and hene these would appear as one point-likesoure. However, we note that the vast majority of the remaining bright stars inthe Orion nebula are muh more widely separated, and would not su�er from thisproblem. We also note that our seletion riteria are designed to avoid inludingstars in the rowded entral regions of star lusters and assoiations, whih alsominimizes the problem.We perform a more quantitative analysis by degrading HST/ACS imagesof the ompat star luster NGC2108 in the Large Magellani Cloud (LMC)(ID:10595; PI: Goudfrooij, see Goudfrooij et al. 2011), whih is at a distane of32



∼ 50 kp, by a fator of 100 (i.e., equivalent with the distane of ≈ 5Mp), asroughly appropriate for M83. The degraded images, reated from a ombination ofrebinning and Gaussian smoothing to approximately mimi the PSF of AdvanedCamera for Surveys (ACS), are then run through our normal objet-�nding soft-ware desribed in Setion 2.2. The numbers of objets found in the degradedNGC2108 images are ∼20 in the F555W and F814W ACS images. Figure 2.15shows the F555W ACS image of NGC2108, along with the degraded images and aolor image (i.e., a olor omposite of F435W, F555W, and F814W ACS images).Additionally, we then perform aperture photometry on the deteted sourepositions in the non-degraded ACS images using a radius 300 pixels to ollet lightfrom all stars that would fall within our aperture if NGC2108 was loated at adistane of 5Mp (i.e., M83). Objets along the edge and within 1000 pixels ofthe enter of the luster in NGC2108 are disarded, as would be the ase forthe orresponding photometry in M83. Figure 2.16 shows the extent of the 300pixel aperture for several soures in yellow, as well as the nearest dominant starin red. The magnitude of the dominant stars (using a 3 pixel aperture and theappropriate aperture orretion) is onsidered the �truth� measurement while themagnitude in the orresponding 300 pixel aperture is the value that would bedetermined at the distane of M83. We alulate the magnitude and olor o�sets,i.e., ∆I and ∆(V−I) mag of the dominant stars, by taking the di�erene betweenthe 3 pixel and 300 pixel aperture magnitudes.One ompliation is that our default sky subtration method would removethe vast majority of faint and moderate brightness stars in the bakground annulusin the NGC2108 image, but these stars would not be deteted individually atthe distane of M83 and hene would be inluded in the sky measurement. Wetherefore adjusted the �lipping� parameters in the sky subtration algorithm to33



remove only the bright stars in NGC2108, thereby mimiking the ase for M83to the highest degree possible.In Figure 2.17 we show the original CMD for Region 3 in M83 (solid points),ompared with a version where the magnitudes and olors have been `perturbed'by an amount ∆I and ∆(V −I) determined by mathing to the losest valuesof (V − I) from the NGC2108 data experiment (open points). As expeted,orretions for the degraded spatial resolution in M83 tend to make the orretedmagnitudes slightly fainter and redder, as an be seen in Figure 2.17. The meandi�erene in V is −0.24 ± 0.30mag with a range from +0.20 to −0.65mag. In I,the mean di�erene is −0.40 ± 0.39mag with a range from +0.07 to −1.18mag.We note that the largest di�erene is seen for objet 10, as shown in Figure 2.16,where several relatively bright red stars in the 300 pixel aperture ause the largestorretion (i.e., −1.18mag in I and redward by 0.63mag in (V −I)). Objet 40,dominated by a single very bright star, shows the opposite extreme, with a hangeof −0.02mag in V and −0.01mag in I. We also note that objet 31 does not makeit into our sample sine the two bright stars are far enough apart that it is learfrom the degraded image in Figure 2.15 that this is not a single star. This objetgets removed in the DoPHOT photometry as desribed in Setion 2.2, and heneis not used in the experiment desribed above.We then rerun our age-dating software on the orreted CMD in Figure2.17. We �nd a mean age of 23.8Myr ompared to the original value of 21.9Myr.Hene, while a spei� �star� may be a�eted by a sizeable amount, the overalle�ets of degraded spatial resolution are relatively minor for our study.To summarize, we have performed a numerial experiment using observa-tions of an intermediate-age star luster in the LMC (NGC 2108) for our �truth�image. Using a fator of 100 in spatial degradation, roughly appropriate for our34



measurements in M83, we �nd that the typial orretions to our photometry areon the order of a few tenths of a magnitude, although muh larger values arepossible in spei� ases. We onlude that while spatial resolution an result inmeasurable di�erenes in the luminosities and olors of bright stars at the distaneof M83, it does not strongly a�et the age estimates for the 50 regions studied inthis hapter. 2.8 SummaryColor�magnitude diagrams and olor�olor diagrams of resolved stars from themulti-band HST/WFC3 ERS observations of M83 have been used to measurethe ages of stellar populations in 50 regions of this well-known fae-on spiralgalaxy. The diagrams show the presene of multiple stellar features, inludingreently formed MS, He-burning blue-loop stars, and shell-burning red giant stars.Comparisons between our stellar age estimates and a wide variety of other ageestimators allow us to investigate a number of interesting topis. The primarynew results from this study are as follows.(1) An innovative new tehnique using a ombination of CMD and olor�olor diagrams has been developed in order to orret for the extintion towardeah individual star and to age-date the stellar population. The mean extintionvalues for the 50 regions studied in this galaxy are 0.696 (AF336W ), 0.559 (AF438W ),0.441 (AF555W ), 0.256 (AF814W ) mag, respetively.(2) The various age estimators (stellar, integrated light, lusters withinthe region) show fair orrelations (i.e., between 4.6σ and 5.4σ). This is expeted,sine many of the regions have a mixture of di�erent-aged populations withinthem, and eah tehnique uses light from a di�erent subset of the stars (e.g., thestellar age estimates use only bright stars, while integrated light inludes all the35



light). A omparison with previous age estimates by Larsen et al. (2011) shows agood agreement (see Setion 2.3.2 for details).(3) Comparisons between the stellar ages and other parameters that areknown to orrelate with age show a range from very good orrelations (e.g., withred-to-blue ratios: i.e., 7.2σ) and fair orrelations (e.g., Hα morphology with 5.8σ)to little or no orrelation (e.g., pixel-pixel RMS from Whitmore et al.2011a). Thisis expeted for reasons similar to the ones disussed above.(4) The regions with ages younger than 10 Myr are generally loated alongthe ative star-forming regions in the spiral arm. The intermediate age starstend to be found �downstream� (i.e., on the opposite side from the dust lane)of the spiral arms, as expeted based on density wave models. A more detailedomparison with models with various other triggering mehanisms (e.g., bars,density waves, tidal disturbane, and stohastiity; see Dobbs & Pringle 2010) isin proess by Chandar and Chien for M51 and M83 (R. Chandar & L. Chien 2012,in preparation).(5) The loations of Wolf�Rayet soures from Had�eld et al. (2005) are inbroad agreement with the age estimates disussed in the urrent study. The muhbetter spatial resolution from HST shows that many of the Wolf�Rayet �stars�from ground-based observations are atually young star lusters.(6) E�ets of spatial resolution on the measured olors, magnitudes, andthe derived ages of stars in our M83 images are desribed in Setion 2.7. Based ona numerial experiment using a star luster NGC2108 in the LMC, we found thatwhile individual stars an oasionally show measurable di�erenes in the olorsand magnitudes, the age estimates for entire regions are only slightly a�eted.
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Table 2.1: Properties of the 50 Regions in M83Reg. R.A.(J200) De.(J2000) Reg. Size Ageman Ageauto ∆Agea AgeRegb AgeCl Pixel-to-Pixel Red-to-blue Hα Ad

V

NStar NCl(hh:mm:se) (◦:':�) (p×p) (Myr) (Myr) (Myr) (Myr) (Myr) RMS Ratio Morphology (Mag)1 13:36:59.78 −29:52:30.19 310×310 18.0 17.8 1.8 47.9 38.8 0.0582 0.493 5.35 0.288 206 32 13:37:01.11 −29:52:21.60 350×290 27.5 31.5 2.2 17.4 51.3 0.0539 0.792 5.35 0.214 231 23 13:37:02.40 −29:52:10.72 310×310 22.5 21.9 1.7 28.7 28.7 0.0679 0.817 5.00 0.161 311 54 13:37:02.48 −29:52:48.35 250×260 8.5 6.9 0.5 � 2.2 0.0442 0.171 4.00 0.858 67 45 13:37:03.35 −29:52:42.20 240×290 12.5 12.2 1.0 6.6 24.8 0.0566 0.267 5.00 0.677 174 26 13:37:04.18 −29:51:56.32 280×210 17.0 22.6 1.1 24.0 30.9 0.0585 0.400 5.25 0.289 132 17 13:37:04.07 −29:52:09.72 250×250 6.5 11.3 1.2 4.2 16.9 0.0891 0.306 4.50 0.305 261 98 13:37:04.58 −29:52:22.24 250×260 9.0 9.9 0.5 3.5 20.3 0.0718 0.200 4.35 0.369 198 79 13:37:05.22 −29:52:41.88 420×280 27.5 22.3 2.9 114.8 � 0.0349 0.442 5.50 0.542 121 010 13:37:05.15 −29:51:43.48 210×170 13.5 10.2 2.6 � 10.7 0.0638 0.156 4.60 0.726 74 311 13:37:05.72 −29:51:57.44 240×250 25.0 26.7 1.0 52.5 12.6 0.0639 0.911 5.00 0.186 174 212 13:37:05.80 −29:52:18.88 250×200 6.5 6.5 0.3 2.4 4.2 0.0684 0.136 4.10 0.758 133 413 13:37:06.42 −29:52:27.48 340×180 19.0 26.5 1.8 81.2 � 0.0383 0.632 5.50 0.378 79 014 13:37:07.31 −29:52:15.96 440×310 15.5 17.9 0.9 91.2 31.6 0.0562 0.364 5.25 0.475 323 515 13:37:07.53 −29:51:40.04 200×180 20.0 10.8 0.5 52.5 � 0.0686 0.135 5.00 0.322 93 016 13:37:08.32 −29:51:42.44 240×300 25.0 15.4 0.6 3.2 2.9 0.0534 0.200 4.10 0.408 108 217 13:37:08.31 −29:52:03.56 230×230 20.5 12.9 2.0 32.4 16.9 0.0752 0.377 5.25 0.439 180 418 13:37:09.21 −29:51:56.48 230×190 16.5 11.9 0.3 52.5 24.2 0.0928 0.446 4.95 0.204 176 619 13:37:08.91 −29:52:17.48 430×180 7.0 8.9 0.5 4.4 4.7 0.0900 0.262 4.65 0.392 288 520 13:37:08.62 −29:52:27.07 180×180 10.0 8.3 0.4 0.8 4.3 0.0682 0.188 4.00 0.862 97 221 13:37:09.55 −29:52:26.87 320×230 15.5 14.7 0.5 72.4 40.4 0.0939 0.297 5.00 0.303 326 722 13:37:10.49 −29:52:24.87 220×320 13.0 9.7 0.6 3.8 21.4 0.0848 0.165 4.60 0.801 248 10
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23 13:37:11.07 −29:52:30.76 110×110 12.5 12.0 0.8 4.6 � 0.0979 0.080 4.95 0.510 49 024 13:37:09.01 −29:52:37.80 190×250 8.0 5.5 0.5 � 3.4 0.0690 0.079 4.00 0.826 108 325 13:37:08.42 −29:52:50.52 180×190 11.5 5.7 1.0 3.2 3.6 0.0497 0.000 3.60 0.627 35 126 13:37:11.38 −29:52:48.67 180×260 7.5 14.6 1.1 4.6 23.3 0.0991 0.463 4.50 0.342 224 727 13:37:10.73 −29:52:52.56 190×160 8.0 6.6 0.4 4.4 15.3 0.1032 0.157 4.50 0.577 117 628 13:37:10.09 −29:52:53.76 160×330 12.0 10.1 0.6 � 5.2 0.0612 0.214 4.25 1.017 126 129 13:37:11.31 −29:53:14.47 180×200 27.5 26.0 1.1 102.3 52.5 0.0659 0.625 5.00 0.243 153 130 13:37:10.48 −29:53:14.32 240×310 19.0 22.3 0.8 � 55.1 0.0632 0.583 5.35 0.317 253 231 13:37:09.57 −29:53:16.20 270×510 17.0 14.8 1.2 4.4 12.7 0.0632 0.404 4.50 0.487 401 432 13:37:08.02 −29:53:22.28 240×380 22.5 26.7 3.3 57.5 44.7 0.0432 0.618 5.00 0.306 148 333 13:37:11.87 −29:53:41.79 370×270 25.0 18.8 0.9 4.4 72.4 0.0690 0.812 5.10 0.217 375 234 13:37:10.65 −29:53:40.31 300×330 21.5 14.4 0.3 4.4 25.2 0.0750 0.418 4.65 0.393 425 635 13:37:09.54 −29:53:34.48 260×230 10.5 10.1 0.3 1.1 49.3 0.0576 0.377 4.10 0.782 147 236 13:37:07.68 −29:53:43.08 390×490 25.0 30.8 4.4 114.8 51.3 0.0450 0.947 5.10 0.286 309 237 13:37:08.93 −29:53:51.84 310×510 25.0 28.5 2.2 26.3 64.1 0.0443 1.865 5.35 0.242 287 438 13:37:09.80 −29:53:50.39 180×210 10.5 11.8 1.0 2.1 2.0 0.0727 0.610 4.10 0.520 127 139 13:37:10.29 −29:54:04.48 260×410 17.0 20.4 1.0 24.0 14.9 0.0825 0.733 5.00 0.174 440 640 13:37:09.39 −29:54:07.59 220×180 10.0 9.9 0.6 3.3 4.4 0.0681 0.429 4.50 0.472 124 141 13:37:08.60 −29:54:11.04 200×300 15.5 10.4 0.6 50.1 17.4 0.0752 0.453 4.80 0.449 183 142 13:37:04.41 −29:54:14.20 230×370 19.0 20.4 1.5 36.3 � 0.0690 0.825 5.00 0.232 196 043 13:37:02.92 −29:54:13.92 250×270 25.0 9.8 0.3 114.8 4.0 0.0516 0.485 5.20 0.300 97 144 13:37:02.87 −29:54:00.80 440×260 14.5 16.4 1.0 72.4 5.7 0.0571 0.469 4.95 0.245 224 545 13:37:01.77 −29:53:49.24 190×440 6.0 6.7 0.5 5.8 4.6 0.0512 0.179 4.75 0.899 130 646 13:37:01.04 −29:53:42.56 220×290 11.5 10.4 0.5 � 4.0 0.0404 0.600 4.10 0.846 82 147 13:37:02.99 −29:53:34.17 250×310 11.0 12.4 1.2 72.4 33.1 0.0455 0.333 5.00 0.427 120 2

38



48e 13:37:01.86 −29:53:20.83 270×290 � 6.2 0.5 � 5.0 0.0419 0.242 5.00 0.406 38 8349 13:37:00.79 −29:53:19.27 330×220 10.0 9.2 0.2 102.3 12.6 0.0333 0.433 5.25 0.507 55 1050 13:37:01.24 −29:53:09.23 220×220 6.0 8.0 0.5 5.8 27.0 0.0469 0.296 4.35 0.652 72 12
a∆AgeCMDauto is the mean value of the unertainties in our age determination. See Setion 2.3.1 for details.
bAgeReg is the region age determined by measuring the olors of the entire regions, and �tting SED. See Setion 2.3.4 for details.
cThe luminosity-weighted mean age of lusters in eah region. Age of eah luster is determined by SED �tting. See Setion 2.3.3 for details.
d Average value of the extintions (AV ) measured from the resolved stars in eah region.
eRegion 48 is the nuleus of M83. It is not inluded in the analysis sine the bright bakground results in a ompleteness limit that is more than 2 mag brighterthan other regions.39



Table 2.2: Wolf-Rayet Star Candidates in M83R.A. De. ID Reg No. AgeReg X Y Hα(hh:mm:se) (◦:':�) (Myr) (Pixel) (Pixel) Feature13:37:00.41 −29:52:54.1 72 � � 3874 606 Faint13:37:01.18 −29:52:53.9 73 � � 3618 609 Faint13:37:01.42 −29:51:25.8 74 4 � 3512 2821 Strong13:37:03.06 −29:50:49.5 78 7 4.2 2982 3698 Faint13:37:04.65 −29:52:47.5 82 � � 2710 772 Strong13:37:04.65 −29:50:58.4 86 12 2.4 2477 3505 Strong13:37:07.35 −29:49:39.2 95 20 0.8 1513 3306 Strong13:37:07.54 −29:52:53.6 96 41 50.1 1552 620 Strong13:37:07.96 −29:52:07.9 99 � � 1418 1762 Faint13:37:08.25 −29:51:13.6 100 24 � 1311 3116 Faint13:37:08.40 −29:52:54.9 102 � � 1266 588 Strong13:37:08.53 −29:52:12.0 103 35 1.1 1224 1659 Strong13:37:08.70 −29:52:28.9 105 38 2.1 1173 1239 Strong13:37:08.91 −29:52:05.7 106 31 4.4 1101 1818 Faint13:37:09.02 −29:52:45.2 107 39 24.0 1067 825 No13:37:09.80 −29:52:36.2 108 � � 820 1049 Strong13:37:10.42 −29:51:28.0 109 26 4.6 610 2756 Faint
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Figure 2.1: Color omposite of the M83 WFC3 images [Image Credit: Zolt Levay(STSI)℄. The F336W image is shown in blue, the F502N ([O III℄) image in yan,the F555W image in green, and the ombined F814W and F657N (Hα) imagein red. The 50 seleted regions are outlined in boxes of three di�erent olorsbased on the values of AgeCMDauto determined in this paper (see Setion 2.3.1 fordetails). The regions with ages in the range 1�10Myr are outlined in blue, agesof 10�20Myr in yellow, and ages greater than 20Myr in red.
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Figure 2.2: Image utouts (15.2′′×13.9′′, 340 p×310 p) of Regions 26 and 27 inthe F555W (top) and the olor-omposite images (bottom). Stars irled in redhave (V − I) >0.8 mag. The �postage stamp� images on the left are�pseudo�mathed andidates, while the images on the right appear to be heavily reddened(see Setion 2.2.2 for details).
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Figure 2.3: Top: the olor�magnitude diagram (CMD) and olor�olor diagramof all stars in our M83 image orreted for Galati foreground extintion but notfor internal extintion. Padova isohrones of logτ (age/yr) = 6.55, 6.85, 7.0, 7.2,7.5, 7.8, and 8.0 for a metalliity of Z=0.03 (1.5 Z⊙) are overlaid in both panels.The dashed line in yan represents the 50% photometri ompleteness level. Thearrow in eah panel indiates the diretion of the reddening vetor with RV = 3.1.Magnitudes are on the Vega sale. The distane modulus (m−M)0 = 28.32 magis used to alulate the absolute magnitude MF814W . Bottom: histograms of thedistribution of ages and masses, as determined from the CMD (see Setion 2.3.1for details). The age quoted in the bottom left panel is the luminosity-weightedmean age. 43



Figure 2.4: Top: the CMD and olor�olor diagram of all stars orreted forthe internal extintion determined for eah individual star. The blue and twored dotted lines indiate boundaries for the loations of stars in the olor�olordiagram unorreted for internal extintion (see Setion 2.2.4 for disussion). Twoarrows in the olor�olor diagram show reddening vetors: one with the standardreddening vetor (RV = 3.1) and the other with the �atter reddening vetor(RV = 5.7) whih appears to be more appropriate for some of the data in thegreen triangle (see Setion 2.2.4 for disussion). The dashed line in magenta showsthe MI<−5.5 mag uto� used for the AgeCMDauto. Bottom: same as desribed inFigure 2.3. 44



Figure 2.5: CMDs, olor�olor diagrams, and the image ut-outs of Regions 12 and7. Data points before and after the individual extintion orretion are plotted asblak rosses (upper: unorreted) and blue Xs (lower: orreted). The Padovaisohrones in these diagrams are the same as the ones plotted in Figure 2.3. SeeSetion 2.2.4 for details. 45



Figure 2.6: Same as Figure 2.5 for Regions 29 and 2.46



Figure 2.7: Correlation plots between the ages of the stellar populations in the50 regions from CMD isohrone �tting. Left: orrelation between the manualages determined by HK and BCW. Right: orrelation between the average ofmanual ages and automati ages (see Setion 2.3.1 for details). The best linear�ts are shown in blak with the signi�ane of the orrelation in unit of σ (i.e.,slope/unertainty) in the top left of eah panel. The solid red line is the unityline.
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Figure 2.8: Histograms of the distribution of ages and masses of the individualstars in Regions 12, 7, 29, and 2, as determined by the automated isohrone�tting tehnique (see Setion 2.3.1). The age indiated at the top right in eahage histogram is the luminosity-weighted mean age of all stars with MI<−5.5 ineah region. 48



Figure 2.9: Image utout (18.3′′×16.9′′, 410 p×380 p) of the area near Region 9as an example of a ��eld� region with old red giant stars, and a small populationof isolated young blue stars. See Setion 2.3.1 for detail.
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Figure 2.10: Top: orrelations between the ages of stars (AgeCMDauto) and lusters(AgeCl). Bottom: orrelation between the ages of stars determined by AgeCMDautoand the integrated light within the region (AgeReg). See Setion 2.3.4 for details.The best linear �ts are shown in blak solid line with 5.4σ (top) and 4.6σ (bottom)orrelations. The red line is the unity line.50



Figure 2.11: Correlations between the stellar ages (AgeCMDauto) and the numberratio of red-to-blue stars (top), Hα morphology (middle), and pixel-to-pixel �u-tuations (bottom) for the 50 seleted regions. See Setion 2.2.4 for details. Thebest linear �ts are indiated in solid blak line with 7.2σ (top), 5.8σ (middle), and1.1σ (bottom) orrelations. 51



Figure 2.12: Spatial distribution of stars with ages of 1�10, 15�35, and 40�100Myr determined in this study. Eah panel has the same orientation and sale asFigure 1. The top panel is the youngest group of stars, learly showing that thestars in these regions are mostly distributed along the ative star-forming region(i.e., assoiated with the strong Hαemission) in the spiral arms. The stars in themiddle panel tend to be found slightly downstream of the spiral arms while theolder stars are still farther out in the inter-arm regions, as expeted. See Setion2.2.5 for details. 52



Figure 2.13: Distribution of Wolf�Rayet soures in our HST WFC3 M83 images.The olor image at the enter is the UBV IHα omposite and the image utouts arethe Hα(left or top) and F814W (right or bottom) images for regions A�E. The topright panel is an original �nding hart (Had�eld et al. 2005, λ4684 narrowbandFORS2 image) for the region A. Numbers in blue are the IDs of Wolf�Rayetsoures identi�ed by Had�eld et al. (2005).
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Figure 2.14: CMD and olor�olor diagram of Wolf�Rayet soures in M83 markedin Figure 2.13. Three soures (78, 86, 105) irled in both diagrams are identi-�ed as lusters in our M83 WFC3 images. A twie solar metalliity BC09 lustermodel (Bruzual & Charlot 2009, private ommuniation; see also Bruzual & Char-lot 2003) is shown in the right panel (dots), and Padova stellar models (Marigoet al. 2008) are shown in both panels. No orretion has been made for inter-nal reddening, whih appears to be minimal for all but one objet. The arrowindiates the Galati reddening vetor.
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Figure 2.15: HST/ACS images (290′′×290′′, 68 p×68 p) of the ompat starluster NGC2108 in the LMC: a olor omposite of the F435W, F555W, andF814W ACS images (left), the F555W ACS image (middle), and the degradedF555W ACS image (right) by a fator of 100 (from a distane of ∼50 kp to adistane of ∼5Mp). See Setion 2.2.7 for details.
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Figure 2.16: Image utouts of HST/ACS F555W image of NGC2108. The largeirles in yellow show the 300 pixel aperture (orresponding to a ∼3 pixel apertureat the distane of M83) entered at the loation determined from the degradedimage in Figure 15. The loation of the dominant star (used to determine the�truth� value) is shown in red. See Setion 2.2.7 for details.56



Figure 2.17: Original CMD of Region 3 in M83 (solid points) with the e�et ofsimulation representing a fator of 100 degradation in spatial resolution (openpoints). The AgeCMDauto of this region hanges from 21.9Myr (determined fromthe solid points) to 23.8Myr (from the open points). The di�erene in the ageestimates is within ∼ 1 σ error listed in Table 1. See Setion 2.2.7 for detail.
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Chapter 3MAPPING THE RESOLVED STELLAR POPULATIONS IN METAL-POORIRREGULAR NGC 42143.1 OverviewA starburst is one of the intense star-forming phenomena lasted over a shortperiod of time. Dwarf galaxies have limited supplies of gas to sustain this vigorousativities over their lifetime. Therefore, most dwarf galaxies and dwarf irregularsare dominant populations among the starbursting galaxies. Understanding thistype of star formation history (SFH) is more omplex than the SFH of the galaxieswith a ontinuous star-forming ativity. NGC 4214 is the best example in theategory of nearby starbursting dwarf galaxies. It is well-studied and lassi�ed astype IAB(s)m (de Vauouleurs et al. 1991) and SBmIII (Sandage & Bedke 1985)with a mass of ∼1.5×109M⊙ (Karahentsev et al. 2004). NGC 4214 is known tobe moderately metal-de�ient with a hint of an abundane gradient measured as12+log(O/H)= 8.15−8.28 by Kobulniky & Skillman(1996). Notably, this galaxyhas several highly photoionized omplexes near its enter with intense star-formingativity.There have been multiple HST observations on NGC 4214 with the WideField Planetary Camera 2 (WFPC2) and the Advaned Camera for Survey (ACS)overing the near-UV to near-IR to probe these reently formed young popula-tions along with the old stellar populations (MaKenty et al.2000; Maíz-Apellánizet al. 2002; Drozdovsky et al. 2002; Úbeda et al. 2007a,b; Williams et al. 2011).Despite being at a relatively lose distane (Dopita et al. 2010, D=2.98 Mp),stellar rowding aused by the underlying sheet of old populations in this galaxymakes the photometri analysis hallenging. The reent installation of the WideField Camera 3 (WFC3) provides a high sensitivity with a panhromati imaging58



apability and a superb angular resolution, whih are ritial for studying theresolved stellar populations in nearby galaxies.Here we present the HST/WFC3 observations of NGC 4214 performed aspart of the WFC3 Early Release Siene (ERS) program (ID:11360). The multi-wavelength photometry of resolved stars in F225W, F336W, F438W, F547M, andF814W are used to study the spatial distribution of stars with di�erent ages.All magnitudes are measured in the Vega magnitude system. In our previouswork on nearby spiral galaxy M83 (Kim et al. 2012), we demonstrate the varia-tion of dust extintion in the entral �eld of the galaxy and orret the internaldust extintion for the individual stars. By using a ombined information fromthe extintion-orreted olor�magnitude and olor�olor diagrams, we determineages and masses of the individual stars. We estimate their ages and masses by thestellar spetral energy distribution (SED) �tting method newly developed in thisstudy. The ages from these two di�erent measurements are used to understandthe reent star formation history of NGC 4214. The sienti� questions addressedin this study are listed as follows: (1) Is eah of ative star-forming regions orre-lated with the bar at the enter or any other struture of NGC 4214? (2) How anwe relate the evolution of the galaxy and the history of reent star formation withthe spatial variation map of stellar ages? (3) Do age estimates from the CMDand SED �tting orrelate with number ratios of re-to-blue stars, as they do in theresults of M83 study by Kim et al. (2012)?This hapter is organized as follows. In Setion 3.2, we desribe the
HST/WFC3 observation, photometri analysis, and the orretions made for theforeground and internal extintions. Setion 3.3 desribes the CMD and SED�tting methods to estimate the ages and masses of individual stars. In Setion3.4, we disuss what we learn from the spatial distribution maps of stellar ages59



and how to interpret them to tell the star formation history of NGC 4214. Themain results are summarized in Setion 3.5.3.2 WFC3 Observations3.2.1 DataThe HST/WFC3 data observations of NGC 4214 were performed in 2009 De-ember as part of the WFC3 Siene Oversight Committee (SOC) Early ReleaseSiene (ERS) program (ID:11360, PI: Robert O'Connell). The data were ob-tained in seven broadband and seven narrowband �lters in the WFC3 UVIS andIR hannels. Details of the observations are desribed in Dopita et al. (2010) andJ. Andrews et al. (2012, in preparation). In this paper we use �ve broadbandobservations inluding F225W (1665s), F336W (1683s), F438W (1530s), F547M(1050s), and F814W (1339s). Although we do not make transformations to thestandard UBVI system, we will refer to these �lters as NUV , U , B, V , and I,respetively. The raw data were proessed through the MULTIDRIZZLE software(Fruhter et al. 2009; Fruhter & Hook 2002) with a �nal pixel sale of 0.0396′′,whih orresponds to 0.568 p pixel−1 at a distane of 2.98 Mp (Dopita et al.2010). Eah multidrizzled image is ombined, osmi-ray removed, and distortion-orreted. At this resolution stars in the ompat star lusters are not resolvedbut stars in the �eld and the outskirts of the star lusters are generally resolvedinto individual stars in this image.Figure 3.1 is a olor omposite of the F225W, F336W, F547M, F814W(broadband), and F657N (narrowband; Hα+[NII℄) images. It shows the entralregion (2.9 kp×2.9 kp) of NGC 4214 observed for this program. The brightstar luster in Region 18 is onsidered as the enter of the galaxy in the litera-ture (Hunter & Gallagher 1986; MaKenty et al. 2000). Our WFC3 images showdetailed feature of resolved stellar populations in NGC 4214. Most of luminous60



blue and red stars are onentrated in the two main star formation omplexes(Drozdovsky et al. 2002); one near the enter of the Hα avity (super star lusterNGC 4214-I-a (MaKenty et al. 2000)), and the other one looking like a letter�J� (the southeast omplex). Due to high rowding, the photometry in these tworegions was hallenging (desribed in Setion 2.2). The yellow boxes overlaid inFigure 3.1 are an adaptive grid used for detailed study of resolved stellar pop-ulation in this hapter. We divided the image into individual regions, using anadaptive grid. The sizes and shapes of eah box grid are determined based ondi�erent feature, suh as the strong Hα emission (Regions 6, 13, 14, 20), the OBassoiation (2,3, 29, 35), and other feature.3.2.2 Photometry and Arti�ial Star TestsWe performed Point Spread Funtion (PSF) photometry on the WFC3 NUV ,
U , B, V , and I images using the DoPHOT photometry pakage (Shehter et al.1993) with modi�ations made by A. Saha. Details of our photometri analysisare desribed in Kim et al. (2012) for the ase study of nearby spiral galaxy M83.We use the same proedure to measure the photometry of stars in NGC 4214.All magnitudes are alulated using the photometri onversion from ounts perseond to the VEGAMAG system with the WFC3 UVIS zero-point magnitudes:NUV=22.40, U=23.46, B=24.98, V=25.81, and I=24.67 mag, provided by STSI.The measured FWHMs of stars in our WFC3 UVIS images are 0.080′′(2.02 pixel)in NUV, 0.081′′(2.05 pixel) in U-, 0.083′′(2.11 pixel) in B-, 0.085′′(2.14 pixel) inV-,and 0.088′′(2.23 pixel) in I-bands.To measure the photometri ompleteness, we inserted arti�ial stars andmeasured our ability to detet them as a funtion of magnitude. We applied thesame detetion and photometry proedure as applied to the atual stars. Foreah run of the test 1000 arti�ial stars were inserted with Gaussian PSFs and61



FWHMs appropriate for these stars at random positions into all �ve images. Themagnitude of the inserted stars varied from 22 to 30 mag in steps of 0.25 mag.Figure 3.2 show the 50% ompleteness levels at 5 σ detetion thresholds for the�ve broadband images of NGC 4214. The limiting magnitudes are 25.2, 26.2,27.4, 26.7, and 25.8 mag for the NUV , U , B, V , and I images, respetively.In order to make a multiwavelength master atalog of all objets, wemathed the individual objets in eah of the NUV -, U-, B-, and V -band atalogswith the I-band atalog, whih ontains the largest number of objets. We used amathing radius of 0.5 pixel to avoid false mathes of two or more lose stars dueto rowding of the �eld. This is also beause our WFC3 images have the exel-lent panhromati sensitivity and spatial resolution on top of the extreme imagerowding. Details of the e�et of the image rowding are desribed in Kim et al.(2012). The �nal NUV +UBV I stellar atalog ontains ∼46,000 objets. Notethat the stars in the ompat star lusters are not inluded in our photometriatalog but the �eld stars and the stars loated outskirts of those lusters are.In Figure 3.3, the top panels are the I versus (V −I) CMD (left) and the
(U−B) versus (V −I) olor-olor diagram (right) of stars in the master atalogovering all regions. We use these diagrams to determine the ages and masses ofstars using the stellar model isohrones. In this paper we use Padova isohrones(Marigo et al. 2008; Girardi et al. 2010, 2008; Bertelli et al. 1994) generated fromthe Padova database1. Sine NGC 4214 is known as a moderately metal-de�ientgalaxy, with a metalliity of 12+log(O/H)=8.15�8.28 (Kobulniky & Skillman1996), whih is about Z = 0.34Z⊙ = 0.006, the Padova isohrones used in thiswork are with the metalliity of Z = 0.006, ranging in age from 1 Myr to 12.6 Gyr.The isohrones plotted in Figure 3.3 are in the age range of 5 Myr to 5 Gyr. We1CMD version 2.3; http://stev.oapd.inaf.it/gi-bin/md62



adopt the distane of 2.98±0.13 Mp (Dopita et al. 2010) estimated from thePlanetary Nebulae Luminosity Funtion (PNLF) tehnique and the tip of theRGB method (Maíz-Apellániz et al. 2002; Dalanton et al. 2009), in order toalulate the absolute magnitude plotted on the right axis of the CMD. It showsthe typial harateristis of the CMDs of other dwarf galaxies, with a preseneof both old and young populations inluding the high onentration of stars in 0.8
< (V −I)< 2.5 mag, alled �red tangle� (Drozdovsky et al. 2002). The diagramis populated with RGB, AGB, and He-burning blue-loop stars. The CMD alsoshows the young blue population with (V −I)< 0.3 mag.3.2.3 Extintion CorretionsIn the previous study on the nearby spiral galaxy M83, we found that in ativestar-forming regions in the galaxy, stars are partially obsured by dust and or-reting only for a uniform foreground extintion does often result in overestimatesor underestimates of ages and masses of individual stars. Although Galati fore-ground extintion for NGC 4214 is negligibly small AV = 0.06 mag (Shlegelet al.1998), internal extintion for the entral part of NGC 4214 is very unertainwith large disrepanies in the values from E(B − V ) = 0.09 mag (Sargent &Filippenko 1991) up to E(B − V ) = 0.28 mag (Mass-Hesse & Kunth 1999). Inthe olor-olor diagram in the top right panel of Figure 3.3, we notie that themajority of stars in the range of -0.5<(V −I)<0.3 and -1.8<(U−B)<1.0 maththe model isohrones quite well, while the rest of stars are found redward of themodels. In our previous work (Kim et al. 2012), we have used the reddening-freeQ parameter and developed the star-by-star orretion tehnique for the internalextintion in M83. We apply the same orretion method to alulate and orretthe internal extintion of individual stars in NGC 4214 to get better estimates ofstellar ages and masses. 63



In the bottom two panels of Figure 3.3, eah data point of the CMD andolor-olor diagram is orreted for the internal extintion in NGC 4214. Thearrows in both panels are the reddening vetors of RV = 3.1. We do not applyour orretion method for stars redder than 1.2 in (V −I) olor, or above the reddotted line shown in the bottom right panel of Figure 3.3, sine some of these redstars ould have been mismathed due to the rowding, and for the stars abovethe dotted line we do not have a valid Q value to math with (see the detaileddisussion in Kim et al. (2012)). Note that the majority of AGB and RGB starsin the �red tangle� in the CMD are not inluded in the olor�olor diagrams, sinethey are intrinsially faint in U and we would not be able to orret for the internalreddening for these stars. Fortunately, the younger regions that have the mostdust generally have few of these red giant stars. By the time the stars are evolvedto the AGB stage, those regions have had time to lear out most of the dust. Theextintion orreted olor�olor diagram shows a relatively narrow distribution ofdata points along the blue side of the isohrones in the (U−B) range of -0.8 to0.2 mag. The internal extintions and olor exesses averaged over all stars are
AF225W = 0.698, AF336W = 0.660, AF438W = 0.530, AF547M = 0.402, AF814W =0.243, and 0.130 and 0.160 mag in (U − B) and (V − I) olors, respetively.3.3 Age-Dating Populations in NGC 4214In this setion we desribe two di�erent methods of age-dating stellar populationsin NGC 4214. For both of these methods, we use the same photometri atalog(see Setion 2) of individual stars in the �eld and the outskirts of the star lusters,where stars are resolved. In Figure 3.1, we divide our WFC3 NGC 4214 into a 38box-grid, sine we are interested in spatial variations of stellar population alongwith the ages and masses of individual stars.64



3.1 CMD FittingWe estimated the ages and masses of individual stars in our atalog by the CMD�tting age-dating method desribed in Kim et al. (2012). The basi idea of thismethod is �nding the losest math in both age and mass for eah star by om-paring the extintion orreted I magnitude and (V −I) olor with the stellarisohrones. Figure 3.4 show the distribution of ages and masses of all stars. Weestimate the age averaged over all stars with the I-band magnitude bright than-5.5 mag to alulate a luminosity-weight mean age, shown at the top right of theleft panel in this �gure. One we get the mathed age and mass for eah star,we also alulate the luminosity-weighted average of stars in eah grid box shownin Figure 3.1. Again, we only used the stars brighter than MI=-5.5 mag to ouralulation to avoid stars older than ∼500 Myr and get the age estimate weightedmore on the younger populations in eah region. This is the same magnitude utused in the M83 study (Kim et al. 2012). The result of the average ages of the 38grid boxes is desribed in Table 3.1. These luminosity-weighted ages are more ap-propriate for omparing with other ages or age-orrelated parameters suh as agesof star lusters or stellar groupings, and Hα morphology, whih will be disussedin the future paper by C. Kaleida et al. (2012 in preparation).Figure 3.5 shows the CMDs and olor�olor diagrams of Regions 6, 14, 35,and 23. The data points in eah plot are all extintion orreted. The isohronesand the reddening vetors are the same as in Figure 3.3. A ursory glane at theseplots show the several di�erenes. The younger regions (Regions 6 and 14) ontainmore of blue main sequene stars and also larger numbers of upper MS stars. Inomparison the CMDs of Regions 35 and 23 show stronger enhanement in theold populations (�red tangle� in (Drozdovsky et al.2002)). Eah region appears to65



ontain multiple populations, strongly ontaminated by the underlying sheet ofold populations. This makes our luminosity-weighted ages skew to the older agesthan we expeted from a omparison to the ages we determined for the 50 seletedregions in M83 (Kim et al. 2012). As shown in the left panels of age histogramsin Figure 3.6, the age sequene of these four regions is not as expeted. Region 6with the �J� feature shows strong Hα emmision in Figure 3.1 and it is expetedto be the youngest region among the four regions. The average age determinedfor Region 6 is 19.2 Myr, while the age of Region 14 (entral super star lusteromplex) is 17.4 Myr. We think this reverse age sequene between Region 6 and14 is aused by the underlying old populations inluded in the alulation. Region6 ontains more �eld stars, while Region 14 is mostly made up of the young bluegiant stars loated in the big Hα avity.In the olumn 6 of Table 3.1 we also listed the number ratio of red-to-bluegiants using the stars above the magnitude ut of MI = −5.5 mag. Regions 28and 38 have no blue stars above the magnitude ut. The luminosity-weighted agesand the red-to-blue star fration show a positive orrelation, as we �nd the sameresult from the M83 study. 3.2 Stellar SED FittingHere we present a new method of age determination by the stellar Spetral EnergyDistribution (SED) �tting to a set of stellar SED models. The model SEDs thatare used for the Padova isohrones are distributed along with the isohrones usedin our CMD age-dating in the previous setion. The broad-band photometry is �tto the model SED where the only free parameter is the normalization. The best�t SED is hosen by the one that minimized the χ2 statisti for eah star. The
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χ2 is de�ned by:
χ2 =

∑

i

(

Di − Mi

σi

)2 (3.1)where Di is data �ux in ith band, Mi is model �ux, and σi is photometri error.Note that we do not �t the integrated �ux of multiple stars or star luster madeof a single stellar population, but �t the individual stellar �ux to the model SED.The �rst step of the stellar SED �tting method is to onvert the magnitude tothe �ux for stars with the �ve-band (NUV and UBV I) photometry. About 3500stars with NUV +UBV I photometry are used to our alulation. The Padovamodel isohrones in NUV and UBV I �lters with the age range from 1 Myr to10 Gyr are also onverted to the �ux unit. We then perform a χ2 �t between theobservations and the model SEDs and selet the model with the minimum χ2 asthe best-�t age, mass, and other properties (e.g., temperature, gravitation). TheSED �t of eah star will be inluded in the eletroni version of this paper. InSetion 4, we show the age and mass distributions from our SED �tting method.3.4 DisussionWe investigate the age distribution of individual stars determined by the CMDand SED �tting methods in order to get insights into the star formation historyof NGC 4214. As desribed in Setion 1, NGC 4214 is lassi�ed as type SBmIIIby Sandage & Bedke (1985), and also widely known as a nearby dwarf irregularIAB(s)m (de Vauouleurs et al. 1991). The H I distribution obtained from theOwens Valley Radio Observatory's millimeter array (OVRO) observations showsa large sale of di�erent struture inluding H I holes and shells, and a hint of abar and multiple spiral strutures in NGC 4214 (Walter et al. 2001). Althoughour WFC3 images only overing the entral 3 kp by 3 kp area of the galaxymake the diret omparison hard, we an still �nd the assoiated strutures in ourWFC3 �eld. The �J� region and two super star lusters at the enter of Figure 3.167



are loated in the two lumpy zones with high density of H I gas, whih may bethe major soure produing sporadi generations of young stars in these regions.These stars are younger than the stellar bakground.In Dobbs & Pringle (2010) they developed the models of spatial distribu-tions of star lusters with di�erent ages in spiral and barred galaxies. Aording totheir study, younger stars are primarily assoiated with the spiral arms or barredstruture, with the older stars (> 100 Myr) downstream in the interarm regions.As expeted we �nd that the young stars in our WFC3 �eld of NGC 4214 showthe similar distributions. Figures 3.7 and 3.8 are the distributions of resolved starswith ages determined by the CMD and stellar SED �tting methods in the Setion3. Note that the age ranges in the four panels in these two �gures are slightlydi�erent due to the fat that the SED �tting is more sensitive to the NUV and
U-band �uxes from the youngest populations. Both �gures learly show that theyoungest group (<10 Myr) of stars are mostly distributed along the entral barstruture and also assoiated with the regions (two super star lusters and the �J�region) with the strong Hα emission. The stars in the intermediate ages tend tobe more spread out to the �eld, while the oldest group of stars (underlying sheetof old populations) are found aross the entire �eld. These diagrams also supportfor the senario that the stars form in lusters in spiral arms or barred strutures,and then they dissolved to the �eld.3.5 SummaryWe analyze the multi-band HST/WFC3 ERS observations of NGC 4214 to de-termine the ages of resolved stellar populations. We have used the CMD andolor�olor diagram along with the stellar model isohrones and developed thenew age-dating method by the individual stellar SED �tting. NGC 4214 is adwarf irregular galaxy learly showing the presene of multiple stellar population68



features, inluding reently formed main-sequene stars, two distint branhes ofHe-burning blue-loop giants, and a large population of shell-burning red-giantstars. The results of this study is summarized as follows:(1) The star-by-star extintion orretion methods developed in the pre-vious study (Kim et al. 2012) are applied to NGC 4214, showing the signi�antamount of internal extintions in UBV I photometri system. The mean extin-tion values of this galaxy are AF336W = 0.660, AF438W = 0.530, AF547M = 0.402,
AF814W = 0.243 mag, respetively.(2) We develop a new age-dating tehnique using the individual stellarSED �tting in order to estimate the ages and masses of stars with the �ve-bandphotometry. This method is relatively more sensitive to the luminous stars in
NUV , and uses all �ve bands at one.(3) The WFC3 �eld of NGC 4214 is divided into the 38 adaptive grid boxesin order to ompare our stellar ages from the CMD and SED �tting to other ageindiators. In this paper we show the positive orrelation between stellar ages andthe number ratio of red-to-blue stars.(4) The age distributions determined from both CMD and SED age-datingmethods show that the youngest group of stars is generally loated along theative star-forming regions in the entral bar area, This supports for the modeldistributions of star lusters in spiral and barred galaxies by Dobbs & Pringle(2010).
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Figure 3.1: Color omposite of the entral 2.9 kp×2.9 kp of the NGC 4214WFC3 images [Image Credit: Zolt Levay (STSI)℄. The ombined F225W andF336W images are in blue, the F547M in green, and the ombined F814W andF657N (Hα) image in red. The 38 adaptive box-grid is outlined in yellow.
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Figure 3.2: Completeness of stellar photometry for WFC3/UVIS images used inthis study. Completeness was determined by inserting arti�ial stars with themagnitude range from 22 to 30 mag in Vega magnitude system. See Setion 3.2.2for more details.
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Figure 3.3: Top: the olor�magnitude diagram (CMD) and olor�olor diagramof all stars in our NGC 4214 image orreted for Galati foreground extintion.Padova isohrones of age = 5, 10, 30, 50, 100, 500 Myr, and 1, and 5 Gyr fora metalliity of Z=0.006 (0.3 Z⊙) are overlaid in both panels. The dashed linein magenta represents the 50% photometri ompleteness level. The arrow ineah panel indiates the diretion of the reddening vetor with RV = 3.1. Allmagnitudes are in Vega magnitude system. We use the distane modulus (m −

M)0 = 27.37mag (Dopita et al.2010) to alulate the absolute magnitudeMF814W .Bottom: the CMD and olor�olor diagram of all stars orreted for the internalextintion determined for eah individual star. The blue and two red dottedlines indiate boundaries for the loations of stars in the olor�olor diagramunorreted for internal extintion (see Setion 2.2.3 for disussion).72



Figure 3.4: Histograms of stellar ages and masses determined from the CMD age-dating method (see Setion 3.1 for details). The luminosity-weighted age averagedover all stars is at the top right in the left panel of this �gure.
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Figure 3.5: CMDs, olor-olor diagrams of Regions 6, 14, 35, and 23. Eah datapoint is extintion orreted by the method desribed in Setion 3.2.3. The Padovaisohrones in these diagrams are the same as the ones plotted in Figure 3.3.74



Figure 3.6: Histograms of the distribution of ages and masses of the individualstars in Regions 6, 14, 35, and 23, as determined by the automated CMD age-dating method (see Setion 3.3.1). The age at the top right in eah age histogramis the luminosity-weighted mean age of all stars in eah region.75



Figure 3.7: AgeCMD distribution of stars in our WFC3 �eld outlined in grey. Agesare determined using the extintion-orreted CMD and the model isohrones inFigure 3.3. Eah panel has the same orientation and sale as Figure 3.1. The toppanels are the youngest (age < 10 Myr) and the seond youngest (10 ≤ age < 35Myr) groups of stars, learly showing that the stars in these regions are mostlydistributed along the ative star-forming region (i.e., assoiated with the strongHα emission) in the entral bar of the galaxy. The stars in the bottom leftpanel (35 ≤ age < 100 Myr) tend to show less lustered feature and more evenlydistributed, exept the loosely bound OB assoiations in the north part of theimage. See Setions 3.1 for details.
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Figure 3.8: Spatial distribution of stars with ages determined from the SED �ttingmethod. Due to the smaller number of stars with all �ve-band photometry usedin the SED �tting, fewer objets (∼3500 total) are shown in eah panel. Notethat we use age ranges di�erent from the ones used in Figure 3.7. The top leftpanel is the youngest (age < 5 Myr) group of stars, showing the enhanementof stars distributed in the southern part of the entral bar and the stars in thestar-forming region in the west side of the image. The top right panel is the starswith ages of 5 to 10 Myr, learly showing that stars in the super star luster ofthe enter and in the OB assoiation are not far from their birthplae assoiatedwith the strong Hα emission.
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Table 3.1: Properties of the 38 Regions in NGC 4214Region R.A.(J200) Del.(J2000) Region Size AgeCMD Red-to-blue Na

Star
AV(hh:mm:se) (◦:':�) (p×p) (Myr) (Mag)1 12:15:45.832 +36:18:48.95 568×454 65.1 6.00 14 0.0002 12:15:42.556 +36:18:40.05 568×426 44.7 3.00 84 0.0843 12:15:39.280 +36:18:37.08 568×511 23.0 1.43 56 0.0824 12:15:35.512 +36:18:29.16 738×454 37.5 1.56 23 0.0365 12:15:41.901 +36:19:09.75 227×426 25.1 1.36 78 0.1576 12:15:40.590 +36:19:09.75 227×426 19.2 1.75 132 0.1297 12:15:38.788 +36:19:09.75 398×426 28.6 1.79 67 0.0728 12:15:36.822 +36:19:04.80 284×568 32.3 2.60 18 0.0359 12:15:34.201 +36:19:04.80 625×568 56.0 3.18 46 0.02110 12:15:45.833 +36:19:24.59 568×568 61.4 3.00 16 0.01411 12:15:43.375 +36:19:19.64 284×710 50.7 4.00 25 0.05212 12:15:41.737 +36:19:34.50 284×284 19.8 2.86 27 0.15713 12:15:40.345 +36:19:34.50 199×284 12.5 1.26 113 0.20314 12:15:39.198 +36:19:34.50 199×284 17.4 1.51 168 0.18615 12:15:36.822 +36:19:34.50 284×284 100.0 5.00 18 0.00016 12:15:34.856 +36:19:34.50 398×284 31.8 1.20 22 0.09217 12:15:39.771 +36:19:54.30 398×284 23.2 1.74 63 0.15718 12:15:38.133 +36:19:44.40 170×568 21.7 2.42 89 0.15819 12:15:36.822 +36:19:54.30 284×284 57.3 4.67 34 0.02820 12:15:34.856 +36:19:54.30 398×284 10.8 0.64 36 0.22421 12:15:32.562 +36:19:44.39 398×568 59.2 2.75 15 0.16622 12:15:44.523 +36:20:04.19 568×568 50.1 9.00 20 0.03123 12:15:41.901 +36:20:04.19 341×568 60.2 7.00 24 0.01624 12:15:40.099 +36:20:14.10 284×284 52.7 7.00 8 0.00025 12:15:38.460 +36:20:14.10 284×284 33.9 2.38 27 0.06926 12:15:36.822 +36:20:14.10 284×284 38.3 3.00 32 0.11727 12:15:35.183 +36:20:14.10 284×284 33.4 2.25 26 0.04328 12:15:33.544 +36:20:14.10 284×284 171.7 � 6 0.00029 12:15:38.460 +36:20:33.90 284×284 17.5 1.18 37 0.13930 12:15:36.822 +36:20:33.90 284×284 40.4 2.44 31 0.21631 12:15:35.183 +36:20:33.90 284×284 59.2 2.00 15 0.14832 12:15:33.544 +36:20:33.90 284×284 10.3 0.33 4 0.13333 12:15:43.868 +36:20:43.80 454×568 50.8 1.40 12 0.00034 12:15:40.919 +36:20:43.80 568×568 23.0 1.86 40 0.13035 12:15:37.641 +36:20:59.64 568×454 57.0 3.56 73 0.02636 12:15:34.363 +36:20:55.67 568×341 61.6 2.00 15 0.08737 12:15:31.578 +36:20:33.89 398×852 43.9 5.00 6 0.05178



38 12:15:41.902 +36:21:15.48 909×341 77.1 � 9 0.000
a Total number of stars used in the luminosity-weighted average age alulation.
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Chapter 4EXTREMELY METAL-POOR DWARF GALAXY CGCG 269-0494.1 OverviewA small fration of starforming dwarf galaxies in the loal universe had oxygento hydrogen abundane ratios of 12 + log(O/H) < 7.65 in their emission-line gas,with an implied metalliity below ∼10% of the solar value (e.g., Kniazev et al.2003; Izotov et al. 2006; Pustilnik & Martin 2007; Izotov & Thuan 2007). It isreasonable to hypothesize that suh extremely metal-poor galaxies (XMPGs) areyoung objets, forming their �rst generation of stars, and onsiderable e�ort hasreently been devoted to testing this hypothesis by studying the stellar populationsof XMPGs inluding the prototype objet, I Zw 18.While most XMPGs have been found to ontain evolved stars (e.g., Aloisiet al. 2005; Corbin et al. 2006; see also the reviews by Kunth & Östlin 2000and Kunth & Östlin 2007), the results for I Zw 18 itself have been ontroversial,with some studies based on deep Hubble Spae Telesope imaging reporting nostars older than ∼1 Gyr (Izotov & Thuan 2004; Östlin & Mouhine 2005), whilesubsequent analyses of the Izotov & Thuan (2004) data and more reent HSTobservations indiate the presene of red giant stars in the galaxy (Momany et al.2005; Aloisi et al. 2007). Both possibilities for the nature of XMPGs (evolved ornon-evolved) have important impliations for models of galaxy formation, whihmotivates the detailed study of more members of this lass. In partiular, theresolution of individual stars by HST imaging is the best way to establish thepresene or absene of an evolved population.At shorter infrared wavelengths (< 10 µm), Spitzer Spae Telesope pho-tometry also helps onstrain the age of their stellar populations, and at longer80



infrared wavelengths Spitzer photometry is important for assessing the dust on-tent of the galaxies, whih both a�ets their optial photometry and arries im-pliations for their star formation histories.With these motivations we have obtained deep HST and Spitzer images ofthe galaxy CGCG 269-049, identi�ed as an XMPG by Kniazev et al. (2003), whomeasure a value of 12 + log(O/H) = 7.43 ± 0.06 from its Sloan Digital Sky Sur-vey spetrum. CGCG 269-049 is an isolated low-surfae brightness dwarf galaxywith g = 15.75 and z = 0.00052 (Kniazev et al. 2003), plaing it at a distane ofonly 4.7 ± 0.4 Mp after orretion to the frame of the Cosmi Mirowave Bak-ground (assuming H0 = 73 km s−1 Mpc−1, ΩM = 0.27, ΩΛ = 0.73; Spergel et al.2007). This distane presents an exellent opportunity to study CGCG 269-049in detail. Most importantly, it allows the resolution of its stars with the HSTAdvaned Camera for Surveys High Resolution Channel. The galaxy also has amajor axis diameter of approximately 30′′, allowing it to be resolved by the SpitzerInfrared Array Camera (IRAC) and Multiband Imaging Photometer (MIPS). Aolor omposite image of CGCG 269-049 from the Sloan Digital Sky Survey isshown in Figure 4.1; a population of evolved stars is not obviously present. H Iobservations of CGCG 269-049 reveal a semi-ordered veloity �eld and a symmet-ri H I envelope extending ≈ 2.3 Holmberg radii beyond the galaxy's optial disk(Begum et al. 2005). These authors also measure a dynamial mass for the galaxyof only 1.2 × 108 M⊙. The symmetry of the H I envelope argues against the pos-sibility that the galaxy's urrent star formation has been triggered by interationwith a neighbor, although it is only approximately 14.5 kp from the dwarf galaxyUGC 7298, and is a member of the Canes Venatii I galaxy loud (see Begum etal. 2005). Most of the star formation in the galaxy is also onentrated in a starluster near the galaxy's nominal enter (Figure 4.1), hereafter referred to as theCentral Cluster. 81



In the following setions we present our Spitzer and HST observationsof CGCG 269-049, inluding a stellar olor-magnitude diagram from the HSTphotometry that learly shows the presene of asymptoti giant branh and redgiant branh stars in the galaxy, with ages up to ∼10 Gyr. We onlude with adisussion of these results in the ontext of reent models of the origin of the globalgalaxy mass / metalliity relation and dwarf galaxy formation. In the followingalulations we assume a distane of 4.9 ± 0.2 Mp to the galaxy, measured fromthe magnitude of the tip of the RGB we detet in its olor-magnitude diagram(Setion 4.2.4). 4.2 Observations4.2.1 Spitzer Images and PhotometryCGCG 269-049 was observed by the Spitzer IRAC and MIPS instruments on UT12/24/2005 and 12/6/2005, respetively. The total integration times were 3701s(IRAC) and 6322s (MIPS). The galaxy was deteted in all four IRAC bands(3.6 µm, 4.5 µm, 5.8 µm, and 8.0 µm) and in the MIPS 24 µm and 70 µm bands,but not the 160 µm band. Figure 4.1 shows the images of these galaxies in fourof these bands. The images reveal a progressive derease in the stellar �ux of thegalaxy in the regions away from the Central Cluster with inreasing wavelength,and a gradual inrease in the emission from the Central Cluster, whih beomesstrongest at 24 µm and 70 µm (ompare to Figure 4.1). This likely representsthe deline of the stellar ontinuum emission beyond ∼10 µm and the inrease ofthermal dust emission and possibly Polyaromati Hydroarbon (PAH) emissionfrom the Central Cluster. Similar spatial orrelation between emission above
∼10 µm and star-forming regions deteted at optial wavelengths is seen in Spitzerimages of other nearby galaxies (e.g., Jakson et al. 2006; Barmby et al. 2006;Cannon et al. 2006; Hinz et al. 2006). No signi�ant emission beyond the Central82



Cluster is deteted in the MIPS bands, whih is likely due to the lak of hot starsin the region (Setion 4.2.3).Photometry was performed on these images with the IRAF �polyphot�task, using omparable polygonal apertures for all images to inlude the �ux fromthe entire galaxy. The measured �uxes are given in Table 4.1. Figure 4.3 presentsthe resulting spetral energy distribution (SED). The SED is well-�tted by theombination of a Bruzual & Charlot (2003) stellar population synthesis model atthe shorter wavelengths, and a Draine & Li (2007) thermal dust emission spetrumat longer wavelengths, inluding a signi�ant ontribution to the �ux at 8.0 µmfrom PAH emission. The Bruzual & Charlot (2003) model that best �ts theIRAC �uxes is an instantaneous burst with a Chabrier initial mass funtion, ametalliity of 0.02 Z⊙, no internal extintion, and an age of 10 Gyr. We note,however, that the same model with an age of 1 Gyr also �ts the data to withinthe estimated errors, so ages in the range of ∼1 � 10 Gyr are also possible, inaddition to the newly-formed stars. This nonetheless provides the �rst evideneof evolved stars within the galaxy. The Draine & Li (2007) model that best �tsthe data has a dust omposition based on that of the Large Magellani Cloud,and a range of the parameter U = 5 � 104 , where U represents the intensity ofthe radiation �eld inident on the dust in units of the ambient radiation �eld inthe solar neighborhood. The implied dust temperature from the �tted urve is 72
± 10 K. 4.2.2 Estimate of Dust MassWe estimate the total mass of dust from the �tted dust emission spetrum usingequation (31) of Draine & Li (2007) and assuming a value of the ratio of thetotal dust mass to the total mass in H I. We spei�ally use the mean value ofthis ratio, 2 × 10−4, from the sample of 16 Blue Compat Dwarf Galaxies studied83



by Hirashita, Tajiri, & Kamaya (2002), whih gives Mdust ≈ 3 × 103M⊙. Suh avalue is roughly onsistent with the amount of dust expeted to be produed bythe Central Cluster over its lifetime. Spei�ally, models of the dust prodution ofprimordial galaxies by Morgan & Edmunds (2003) predit the formation of suhdust masses within ∼ 107yr of the onset of star formation (see their Figure 8),whih is omparable to the age of the entral luster implied by the presene of itsOB stars. Morgan & Edmunds (2003) assume a star formation rate of 1 M⊙ yr−1,whih we an ompare with an estimate of the urrent SFR of CGCG 269-049from its 8.0 µm luminosity using the alibration of Wu et al. (2005). We �nd fromthis alibration a SFR of ≈ 0.2 M⊙ yr−1, suggesting a higher SFR for the lusterin the reent past, but note also the large unertainty in this alibration (see Wuet al. 2005 and Calzetti et al. 2007). The galaxy's SDSS spetrum was obtainedfrom a 3′′diameter �ber entered on the Central Cluster, and so a value of theSFR estimated from the H line of this spetrum would be an underestimate.As another hek of the dust ontent of CGCG 269049, we measure theBalmer derement in its Sloan Digital Sky Survey spetrum. This spetrumwas taken through a 3′′aperture entered on the Central Cluster. We measure
fλ(Hα)/fλ(Hβ) = 2.93± 0.05, with an assoiated E(B − V ) value of 0.056 mag,orresponding to AV ≈ 0.2 mag under the assumption of a Large MagellaniCloud extintion urve (Gordon et al. 2003). We use this value and assoiated
AI and E(V − I) values to orret our HST photometry for internal reddening,noting that the extintion in the areas away from the Central Cluster may di�er.4.2.3 HST/ACS DataCGCG 269-049 was imaged by the HST Advaned Camera for Surveys / HighResolution Channel (ACS/HRC) on UT 11/2/2006 under GO program 10843.The �lters and exposure times were F330W (2000s), F550M (6320s), F814W84



(2120s), and F658N (2192s). The broadband �lters were seleted to over a widewavelength range and also to avoid strong emission lines inluding [O III℄ λλ4959, 5007, while the F658N �lter inludes Hα and the underlying stellar ontin-uum. The exposure times were hosen to detet individual red giants stars at thedistane to the galaxy estimated from its redshift (Setion 4.1). The raw datawere proessed with the standard ACS On-The-Fly-Realibration Pipeline usingthe multidrizzling proess. A orretion for Galati foreground extintion wasapplied to the image �ux levels using the values of Shlegel et al. (1998).A olor omposite of the F330W, F550M, and F814W images is shown inFigure 4.4. Individual stars of varying olors are learly resolved. The CentralCluster is revealed to be more of a loose assoiation dominated by the emissionfrom ∼20 OB stars. A faint bakground galaxy appears to be present approxi-mately 6′′SE of the Central Cluster. This region was exluded from the stellarphotometry, as was the area around the �oronagraphi �nger� of the amera seennear the bottom of the �gure, and the edges of the images.A portion of the F658N image is shown in Figure 4.5. The Hα emission isonentrated around the Central Cluster, with what may be a single O9 star atthe luster enter appearing to dominate the ionization. With the exeption ofits southwestern portion (possibly beause of dust extintion), the emission is re-markably irular, indiative of a lassial Strömgren sphere. This ontrasts withthe more �lamentary appearane of ionized gas in �superwinds� from starburstgalaxies (see the review by Veilleux, Ceil, & Bland-Hawthorn 2005). Althoughwe lak data on the gas kinematis, the morphology and small size of the ionizedvolume do not indiate that a signi�ant amount of gas is being driven from theCentral Cluster. We additionally �nd no lear evidene of supernova remnantsbeyond the Central Cluster in this image.85



4.2.4 Photometry from HST ImagesPoint-Spread Funtion (PSF) photometry was performed using the DAOPHOTpakage (IRAF version 2.12.2). A master atalog of the point soures in eah im-age was reated through a three-step proess with progressively fainter detetingthresholds of 15, 10, and 5 sigma, where sigma is the standard deviation measuredfrom the histogram of the sky bakground pixels. Detetion thresholds below 5sigma were not used in this study beause the stars in CGCG 269-049 are rowdedand fainter thresholds did not reliably detet additional stars. In the seond andthe third steps, we used the residual images produed from the previous step aftersubtration of the previously found brighter stars.The PSFs used are a ombination of an analytial base-funtion and anempirial image that desribes the di�erene between a omposite stellar imageand the best-�t base-funtion. Sine the sampling of the PSF di�ers in F330W,F550M, and F814W, to minimize the residuals, we used di�erent base-funtions:Gaussian for F330W and F550M and Mo�at15 for F814W. The residual imagesshow that most of the point soures had been leanly subtrated out from theoriginal images. After the third and �nal step, only a few stars that were a�etedby bad pixels or residuals from osmi ray hits remain. This proess also revealeda omponent of unresolved stars underlying the resolved soures. All magnitudeswere plaed on a Vega sale, using equation (4) of Sirianni et al. (2005) andupdated zero-points from the ACS website1; they are 22.907, 24.392 and 24.861 forthe F330W, F550M, and F814W images, respetively. These zero points assumean aperture of 5.5′′, and our magnitudes were orreted aordingly, using theresults of Sirianni et al. (2005).1http://www.stsi.edu/hst/as/analysis/zeropoints86



Figure 4.6a presents a olor-magnitude diagram (CMD) from the ross-mathed lists of magnitudes in the F550M and F814W �lters. We only plotmagnitudes with formal 1σ errors less than 0.2 mag. The CMD indiates thepresene of a red giant branh, along with asymptoti giant branh stars andarbon stars. The stars near the 50% ompleteness limit shown on the plot aremost likely to be dust-reddened post-AGB or arbon stars. These stars werevisually veri�ed to be genuine detetions, and are distributed roughly uniformlyover the portion of the galaxy imaged.We estimate a distane to the galaxy from the apparent F814W magnitudeof the tip of the red giant branh (TRGB), 24.5 ± 0.1, and the assumption of M(I)= −4.05 for the TRGB of metal-poor systems (Da Costa & Armandro� 1990).Transforming the F814W magnitude to I (equation 12 and Table 23 of Sirianniet al. 2005) yields a distane of 4.9 ± 0.2 Mp, in agreement with the value esti-mated from CGCG 269-049's redshift (Setion 4.1). We overplot the theoretialisohrones alulated for ACS/HRC and these �lters from the Padova database(http://pleiadi.pd.astro.it/iso_photsy.02/iso_as_hr/index.html; see also Gi-rardi et al. 2002), assuming a distane of 4.9 ± 0.2 Mp and a metalliity of Z =0.0004 . Good agreement is seen between the individual isohrones and the vari-ous branhes of the CMD. Notably, the reddest RGB stars in the galaxy appear tobe ∼10 Gyr old. This CMD is similar to that obtained by Aloisi et al. (2005) forthe XMPG SBS 1415+437 using ACS/WFC and the F606W and F814W �lters.Figure 4.6b plots the F330W � F550M and F550M � F814W olors for therelatively small number of stars deteted in the F330W �lter. This omparisonprovides a hek on the auray of the isohrone �tting to the CMD by inludingthe F330W magnitudes. Spei�ally, the blue horizontal branh loops in theisohrones seen in Figure 4.6a produe a nearly linear feature in this olor spae87



that �ts the data very well. If systemati errors were present in our photometry orin the isohrone �tting they would likely be evident on one or both of Figures 4.6aand 4.6b, but the orrespondene of the data and isohrones indiates otherwise.To assess the ompleteness of the PSF-�tting, we inserted 100 arti�ialstars at random positions into the atual images for all three �lters. For eah �l-ter, we repeated this task 32 times, using di�erent PSF funtions suh as Gaussian,Mo�at15, Mo�at25, and the �Auto� funtion de�ned in the IRAF task `daopars'.The magnitude of the inserted stars was varied from 21 to 29 in steps of 0.25mag. Therefore, total number of trials was 544 times for eah �lter. The reoveryof arti�ial stars was performed with the same three-step proess with whih wemeasured the atual stars. The results are shown in Figure 4.7, where it an beseen that the 50% (90%) ompleteness levels are reahed at magnitudes of ap-proximately 25.3, 27.2, 26.7 (24.8, 26.6, 26.0) for the F330W, F550M, and F814W�lters, respetively. The F330W image was not deep enough to reover stars tothe faint limits reahed in the F550M and F814W images. Of the three �lters,F550M e�etively is the deepest image with a ompleteness limit approahing 27mag. The F814W photometry reahes 0.5 mag brighter. Before applying uts onthe formal photometri errors, we detet 1550 stars in F330W, 5993 in F550M,and 4164 in F814W. After requiring the error less than 0.2 mag, 309, 3128, and4339 stars remain in F330W, F550M, and F814W, respetively.4.3 Results4.3.1 Mass Fration of Old StarsIt is of interest to estimate the fration of stellar mass represented by the stars inCGCG 269-049 older than ∼1 Gyr as an indiator of its star formation history.Corbin et al. (2006) �nd that the ∼10 Gyr old populations in nearby �ultra-ompat� blue dwarf galaxies, inluding two that qualify as XMPGs, omprise88



∼90% of their stellar mass, with their light being dominated by the early-typestars formed in their starbursts. These estimates were however based on a de-omposition of the objets' optial spetra into its onstituent stellar populations,obtained through apertures ontaining nearly all of their emission. Suh a spe-trum is not available for CGCG 269-049, so we must rely on the HST stellarphotometry to make this estimate, with orretions for ompleteness in depthand spatial overage, and the assumption of a stellar initial mass funtion.We begin by noting that stars at the main-sequene turno� in a ∼10 Gyrpopulation will have a mass ∼1 M⊙. Their ombined post main-sequene stageslast ∼500 Myr, most of whih is spent on the RGB. Hene the masses of the ∼10Gyr stars we detet should be in the range ∼1 � 1.02 M⊙. Stars on the main-sequene turno� in a ∼1 Gyr population, by ontrast, have masses ∼2.5 M⊙ andlinger less than ∼50 Myr on the RGB, making it probable that the RGB stars wedetet have ages loser to 10 Gyr. We ount 1432 stars on the red branh of ourCMD (having F550M � F814W > 0.4 mag and F814W < 27.0 mag). Corretingfor inompleteness at 26 < F814W < 27 mag and for RGB stars with 27 < F814W
< 31.3 mag (the magnitude of the main-sequene turn-o�), and also for the RGBstars outside the area overed by our images, we estimate the total number ofRGB stars to be approximately 12,890. Diret integration of the Miller & Salo(1979) and Salo (1986) initial mass funtions implies that the total zero agemain-sequene mass of the ∼10 Gyr old population is 200 � 300 times larger thanthe total mass of stars in the ∼1 � 1.02 M⊙ range. With our estimated numberof RGB stars, this yields a total mass of 2.6 � 3.9 × 106 M⊙, where the rangerepresents the di�erene between the Salo (1986) and Miller & Salo (1979) initialmass funtions, both with lower and upper mass limits of 0.1 and 125 M⊙. Moredetails on mass fration alulation are desribed in Appendix B.5.89



We similarly estimate the masses of stars younger than ∼1 Gyr by ountingthe number of stars on the blue branh of the CMD (having F550M � F814W <0.4 mag and F814W < 27); we �nd 1104. Their distribution in the CMD andolor-olor diagram suggests that they belong to populations with ages of 250 Myrand younger. For orresponding main-sequene turno� masses between 4.0 and20 M⊙ we estimate a total zero-age main sequene mass of 0.34 � 2.6 × 106 M⊙.Changing the upper mass limit to 100 M⊙ dereases this mass by less than 10%.The total mass in stars of CGCG 269-049 is thus ∼3 � 6.5 × 106 M⊙, of whih
∼60% � 90% is ontained in stars older than 1 Gyr. This is onsistent with the�ndings of Corbin et al. (2006) and with Aloisi et al. (2005) for SBS 1415+437.4.3.2 Evidene of Past Out�ows?One likely ontribution to galaxy metal de�ieny is the esape of supernova ejetainto the intergalati medium (see e.g., Davé, Finlator, & Oppenheimer 2006;Calura et al. 2007 and referenes therein). This in part motivated obtaining anHα image of CGCG 269-049 in addition to broad-band images. While the Hαimage (Figure 4.4) does not indiate a urrent out�ow, suh out�ows may haveourred in the past, during more vigorous episodes of star formation. Evidene ofsuh an out�ow from the blue ompat dwarf galaxy IC 691 has been reported byKeeney et al. (2006), who �nd a metal-line absorption system in the spetrum of abakground QSO with a projeted distane of 33 kp from this galaxy. Motivatedby this result, we searhed the NASA Extragalati Database for QSOs nearCGCG 269-049 that ould be used as probes of past out�ows. We �nd one objet,SDSS J121507.48+522055.7 (z = 1.21) loated approximately 6 ′from CGCG 269-049 (a projeted separation of 8.6 kp) and at a position angle of approximately230◦, whih is roughly aligned with its minor axis. However, we �nd no evidenefor absorption lines (e.g., Ca II H & K) in the Sloan Digital Sky Survey optial90



spetrum of this QSO that ould arise from a past out�ow from CGCG 269-049.Thus, either suh an out�ow did not our, or ourred in a diretion other thanalong the sight-line to the QSO, or else its olumn density is presently too low toprodue measurable absorption in the QSO's spetrum.4.4 DisussionThe lear presene of asymptoti giant branh and red giant branh stars in CGCG269-049 revealed by these data rules out the possibility that it is a newly-formedgalaxy. In addition to the studies disussed in Setion 4.1, these results arguestrongly against this possibility for XMPGs in general. While the mean stellarages among star-forming dwarf galaxies will be skewed to lower values than theirquiesent ounterparts, studies of extremely metal-poor dwarf galaxies in the Lo-al Group without ative star formation have shown them to onsist mainly ofevolved stars (see, e.g., Shulte-Ladbek et al. 2002; Momany et al. 2005; Walsh,Jerjen, & Willman 2007). Among star-forming XMPGs suh as CGCG 269-049,it appears that their urrent starbursts dominate their light and reate a �bluefaçade� over stellar populations that are predominantly ∼10 Gyr old (e.g., om-pare Figure 4.1 and Figure 4.4; see also Corbin et al. 2006).For more distant XMPGs whose stars annot be resolved by HST , e.g.,SBS 0335-052W (see Izotov, Thuan, & Guseva 2005), the best way to test for thepresene of evolved stars is by the deomposition of their spetra into onstituentstellar populations, using odes suh as STARLIGHT (see Asari et al. 2007 andreferenes therein). We note that in ontrast to SBS 0335-052 (see Houk et al.2004), the mid-infrared SED of CGCG 269-049 (Figure 4.3) shows evidene forsigni�ant PAH emission. This agrees with evidene that the strength of PAH fea-tures among star-forming dwarf galaxies depends more strongly on star-formationrate than metalliity (Rosenberg et al. 2004; Jakson et al. 2006), noting that SBS91



0335-052 has six �super� star lusters and an inferred star formation rate twiethat of what we estimate for CGCG 269-049 (see Thuan, Izotov, & Lipovetsky1997; Setion 4.2.2).Brooks et al. (2007) have reently modeled the galaxy mass / metalliityrelation (see Tremonti et al. 2004; Lee et al. 2006) using smoothed partilehydrodynamis and N-body simulations of galaxy formation inluding supernovafeedbak and assoiated metal enrihment. Their simulations extend down tometalliities as low as that measured for CGCG 269-049. They �nd that ine�ientstar formation among low-mass galaxies, rather than galaxy age or metal loss fromsupernova ejeta, is the main ause of the relation (but see Davé et al. 2006 andCalura et al. 2007 for arguments regarding the importane of supernova ejeta).The results for CGCG 269-049 support this model, beause in addition to anold population of stars we �nd no strong evidene for urrent or past out�ows,and the galaxy also has a high ratio of H I mass to stellar mass (∼1; Begum etal. 2005), indiative of an ine�ient onversion of gas to stars. The Brooks etal. (2007) model of ine�ient star formation is also supported by the �nding ofKannappan (2004) that galaxy stellar mass and the ratio of H I mass to stellarmass are inversely orrelated over several deades in both quantities. Spei�ally,this orrelation would lead to low O/H gas abundane ratios in dwarf galaxiesbeause of their higher relative H I ontent. Using the mass values from Begumet al. (2005), CGCG 269-049 falls roughly on the Kannappan (2004) orrelation,as well as the galaxy mass / metalliity orrelation of Tremonti et al. (2004) asalibrated by Brooks et al. (2007).While the present data do not o�er a simple piture of CGCG 269-049'sstar-formation history, the dominane of old stars in it supports models of theformation of isolated dwarf galaxies in whih the photo-evaporation of baryons92



from their dark matter halos at the epoh of reionization strongly lowers theirstar formation rates, leading to galaxies at the present epoh omprised mainly of
∼10 Gyr old stars with some residual star formation (Hoeft et al. 2006; Wyithe& Loeb 2006).
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Table 4.1: CGCG 269-049 Spitzer Spae Telesope andMIPS FluxesWavelength(µm) Detetor fν(mJy)3.6 IRAC 1.14 ± 0.054.5 IRAC 0.76 ± 0.055.8 IRAC 0.50 ± 0.058.0 IRAC 0.41 ± 0.0524 MIPS 0.33 ± 0.0370 MIPS 2.03 ± 0.03
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Figure 4.1: Optial image of CGCG 269-049 from the Sloan Digital Sky Survey,representing a omposite of images in the SDSS g, r, and i bands. The integratedPetrosian g magnitude of the galaxy is 15.75 (Kniazev et al. 2003).
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Figure 4.2: Spitzer Spae Telesope IRAC and MIPS images of CGCG 269-049.The galaxy is also deteted in the IRAC 4.5 µm and 5.8 µm bands, with anappearane intermediate between that in the 3.6 µm and 8.0 µm bands.
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Figure 4.3: Infrared spetral energy distribution of CGCG 269-049 from theSpitzer IRAC and MIPS �uxes, shown with open irles and solid squares, re-spetively. The solid line is a Bruzual & Charlot (2003) population synthesismodel for an instantaneous burst evolved to an age of 10 Gyr, a Chabrier initialmass funtion, and a metalliity of 0.02 Z⊙. The dashed line is a Draine & Li(2007) thermal dust model for a Large Magellani Cloud dust omposition anda range in the parameter U = 5 � 104, where U represents the intensity of theradiation �eld inident on the dust in units of the ambient radiation �eld in thesolar neighborhood. The dotted line is the sum of the two models.
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Figure 4.4: Color omposite of the HST Advaned Camera for Surveys / HighResolution Channel F330W, F550M, and F814W images of CGCG 269-049. Thefeature at the bottom of the image is the �oronagraphi �nger� of the ACS/HRC.
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Figure 4.5: Hα image of CGCG 269-049 obtained in the F658N �lter of theAdvaned Camera for Surveys / High Resolution Channel. The image is enteredon the Central Cluster (see Figures 1 and 4).
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Figure 4.6: (a) Color-magnitude diagram of CGCG 269-049 from the photometryof the F550M and F814W images. Magnitudes are on a Vega sale. Paduaisohrones for these �lters and for a metalliity of Z = 0.0004 are plotted (see textfor details). The dashed line represents the 50% ompleteness level. (b) Color-olor diagram for the stars deteted in the F330W, F550M, and F814W �lters,with the same isohrones as in 6(a). The roughly linear portions of the isohroneson this plot orrespond to the blue horizonal branh loops on 6(a).
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Figure 4.7: Completeness of stellar photometry as a funtion of magnitude for eahof the three �lters used, as determined by inserting arti�ial stars into the images(see text for details). The error bars represent the variane between di�erentsimulations, where stars were inserted at di�erent positions in the images.
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Chapter 5CONCLUSION5.1 Summary of Current WorkI have analyzed CMDs and olor-olor diagrams of resolved stars in three nearbystar-forming galaxies: M83, NGC 4214, and CGCG 269-049. The data usedin this projet are all based on multi-band HST ACS and WFC3 observationsranging from ∼2100Å (F225W) to 8800Å (F814W) in wavelength. The CMDs ofthese three galaxies show the presene of multiple stellar features, inluding main-sequene stars, He-burning blue-loop stars, and shell-burning red and blue giantstars. These multi-population features make the study of stellar populations innearby galaxies more hallenging but interesting. By omparing our observationsto stellar model isohrones we are able to estimate ages, masses, and other physialproperties of stars. I have listed the primary new results from this study in thefollowing.From the study of nearby star-bursting galaxy M83,(1) we have developed an innovative new tehnique to orret the internalextintion for the individual stars and estimate their ages and masses, using aombination of CMD and olor�olor diagrams.(2) The various age indiators (stellar, integrated light, lusters within theregion) are ompared and shown fair orrelations between them. A omparisonwith previous age estimates by Larsen et al. (2011) also shows a good agreement.(3) We have ompared the stellar ages to other parameters that are knownto orrelate with the age. Those orrelations show a range from very good (e.g.,with red-to-blue star ratios) and fair (e.g., Hα morphology) to little or no orre-lation (e.g., pixel-to-pixel surfae brightness �utuation).102



(4) The distribution map of stars with ages younger than 10 Myr showsthat young stars are generally loated along the ative star-forming regions in thespiral arm and also more lustered. The intermediate age stars tend to be found�downstream� (i.e., on the opposite side from the dust lane) of the spiral arms.(5) We also used the loations of Wolf�Rayet soures to test the orrelationwith the stellar ages and found a broad agreement between them.(6) The unpreedented spatial resolution of the HST observations allowsus to arry out this projet and hene it is important to test the e�ets of spatialresolution on the measure olors, magnitudes, and the derived ages of individualstars in M83. Based on a numerial experiment using a star luster image ofNGC2108 in the LMC, we found that while individual stars an show measurabledi�erenes in the olors and magnitudes, the age estimate for eah region is onlyslightly a�eted.From the study of nearby irregular galaxy NGC4214,(1) The star-by-star extintion orretion methods developed in the pre-vious study (Kim et al. 2012) are applied to NGC 4214, showing the signi�antamount of internal extintions in UBV I photometri system. The mean extin-tion values of this galaxy are AF336W = 0.660, AF438W = 0.530, AF547M = 0.402,
AF814W = 0.243 mag, respetively.(2) We develop a new age-dating tehnique using the individual stellarSED �tting in order to estimate the ages and masses of stars with the �ve-bandphotometry. This method is relatively more sensitive to the luminous stars in
NUV . (3) The WFC3 �eld of NGC 4214 is divided into the 38 adaptive grid boxesin order to ompare our stellar ages from the CMD and SED �tting to other age103



indiators. In this paper we show the positive orrelation between stellar ages andthe number ratio of red-to-blue stars.(4) The age distributions determined from both CMD and SED age-datingmethods show that the youngest group of stars is generally loated along the ativestar-forming regions in the entral bar area. This supports the model distributionsof star lusters in spiral and barred galaxies by Dobbs & Pringle (2010).From the study of the extremely metal-poor dwarf galaxy CGCG269-049,(1) the presene of AGB and RGB stars in CGCG 269-049 revealed by our
HST ACS data rules out the possibility that this galaxy is a newly-formed galaxyand other XMPGs are in general.(2) While the mean stellar ages of star-forming dwarf galaxies are possiblyskewed to lower values than the quiesent dwarfs, reent studies of XMPGs in theLoal Group have shown to onsist mainly of evolved stars.(3) The mid-infrared SED of CGCG 269-049 shows strong evidene ofsigni�ant PAH emission. This agrees with that the strength of PAH features inthe star-forming dwarf galaxies depends more on star-formation rate than theirmetalliity.(4) The results for CGCG 269-049 support the model of ine�ient starformation among low-mass galaxies by its high ratio of HI mass to stellar mass.To onlude, deep HST observations of the resolved stellar populationsin three nearby galaxies M83, NGC 4214, and CGCG 269-049 allow us to on-strut the CMD and olor-olor diagram and determine ages, masses, and otherproperties of individual stars. We are able to reonstrut the history of star forma-tion, and evolution and disruption of star lusters in these galaxies from variousindependent age-dating methods. 104



5.2 Future WorkThe yle 19 HST program (ID:12513, PI: Blair) with the WFC3 will add �vemore �elds in M83 to the existing ERS data with observations in �ve broadband(F336W, F438W, F547M, F814W, F160W) and four narrowband (F502N, F657N,F673N, F164N) �lters. These additional data will allow us to expand our analysison the resolved stellar populations to the entire �eld in M83 and provide themost detailed multiwavelength study of individual stars in the starforming spiralgalaxy. I will apply the age-dating method developed in this study to the futureobservations and ompare the stellar populations in the ative star-forming regionsin the entral �eld to those in the outer disk of the galaxy. Bastian et al. (2011)searhed for the evidene of environmentally dependent luster disruption senariousing two �elds (inner and outer regions) of M83 and laimed that a large frationof stars lusters in the outer �eld are older by tens of Myr than in the inner �eld.I will diretly ompare the properties of resolved �eld populations to their resultsfrom the study of stars lusters. The omparison between these two studies withthe additional observations will provide a more omplete piture of how lustersform and then dissolve into the �eld in M83.In addition to the future study with the new WFC3 datasets, I will inves-tigate the variation of the initial mass funtions (IMFs) in the 50 seleted regionsof M83. I have measured the mass of individual stars in M83 in this study andshowed the mass distribution of eah region in the right olumn of Figure 2.8 andthe bottom right �gures in the Appendix. The mass histogram of eah regionshows di�erent distribution from the mass histogram of all stars in the bottomright panel of Figure 2.4. These results an be useful to study the stellar IMF inthe di�erent environment and ompare to the universal IMF.105
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Appendix AADDITIONAL FIGURES FOR CHAPTER TWO
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Here we present the CMDs, olor-olor diagrams, and the histograms ofthe age and mass distribution of the rest of 50 seleted Regions not inluded inChapter 2. Data points before and after the individual extintion orretion areplotted as blak rosses (top: unorreted) and blue Xs (middle: orreted). ThePadova model isohrones in eah diagram are the same as the ones plotted inFigure 2.3.
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Appendix BSUPPLEMENTARY MATERIAL TO CHAPTER FOUR
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B.1 Photometri Data AnalysisCGCG 269-049 was observed using the HST/ACS HRC instrument in the F330W(�u�), F550M (�v�), and F814W (�I�) �lters. Raw data was proessed via thestandard ACS OTFR pipeline. Total exposure times were 2,000 se in F330W,6,320 se in F550M, and 2,120 se in F814W.PSF photometry was performed using the IRAF/DAOPHOT pakage (ver-sion 2.12.2 Jan 2004). A master atalog of the point soures in eah image wasreated through a three-step proess with progressively fainter deteting thresh-olds of 15, 10, and 5 σ, where σ is the standard deviation measured from thehistogram of the sky bakground pixels. Detetion thresholds below 5 σ were notused in this study beause the stars in CGCG 269-049 are rowded and fainterthresholds did not reliably detet additional stars. In the seond and the thirdsteps, we used the residual images produed from the previous step after subtra-tion of the previously found brighter stars.The PSFs used are a ombination of an analytial base-funtion and anempirial image that desribes the di�erene between a omposite stellar imageand the best-�t base-funtion. Sine the sampling of the PSF di�ers in F330W,F550M, and F814W, we used di�erent base-funtions: Gaussian for F330W andF550M and Mo�at15 for F814W. These hoies minimized the residuals. Theresidual images show that most of the point soures had been leanly subtratedout from the original images. After the third and �nal step, only a few stars thatwere a�eted by bad pixels or residuals from osmi ray hits remain. Also, somelight of an unresolved stellar population appears to be underlying resolved stars.
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B.2 Constrution of the CMD and the Color-olor DiagramWe produed a CMD and olor-olor diagram using the ross-mathed atalogsof F330W, F550M and F814W stellar photometry. We omitted all point souresdeteted near the edges of images and in the region around the oronagraphi�nger. The magnitude and olor are in the Vega magnitude system alulatedusing equation (4) in Sirianni et al. (2005), whih isACSMAG(P) = -2.5 log (total ount rate in eletron per seond) + Zpt(P).The magnitude in the bandpass P (F330W, F550M or F814W in this study)is determined by the hoie of the updated zero point magnitude (Zpt(P)) for thehigh-resolution amera given from the HST/ACS website 1. In three �lters weused, they are 22.907, 24.392 and 24.861 respetively. We only plot measurementswith formal 1 σ errors less than 0.2 mag in F330W and F814W and less than0.30 mag in F330W-F550M and F550M-F814W. We overlay theoretial isohronesin the HST/ACS HRC Vega magnitude system downloaded from the Padovadatabase , where we adopted the distane of 4.96 Mp for CGCG 269-049.The zeropoints in Sirianni et al. (2005) assume an aperture of 5.5′′, andhene we must apply aperture orretions that orrespond to the �ux lost outsideour muh smaller aperture used to �t our PSF-photometry. The aperture withinwhih we �t the PSFs was 4 pixels in radius, whih orresponds to ∼0.1′′. Thisaperture aptures most of the stellar light. The orretions from 0.1′′ to 5.5′′ madefor eah �lter were 0.28 in F330W, 0.23 in F550M, and 0.43 in F814W in the sensethat the orretions made the magnitude of eah star brighter.1http://www.stsi.edu/hst/as/analysis/zeropoints
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B.3 Completeness Level in Eah FilterTo assess the ompleteness of the PSF-�tting, we inserted 100 arti�ial stars at atime at random positions into the atual images. For eah �lter, we repeated thistask 32 times with di�erent PSF funtions suh as Gaussian, Mo�at15, Mo�at25,and Auto de�ned in the IRAF task `daopars'. The magnitude of the insertedPSFs was inreased from 21 mag to 29 mag with the steps of 0.25 mag.The reovery of arti�ial stars was performed with the same three-stepproess with whih we measured the atual stars. The detetions of the arti�ialstars dropped around the magnitudes fainter than 24.5, 27.0, and 26.5 for F330W,F550M, and F814W, respetively. The F330W image was not deep enough toreover stars to the faint limits reahed in the F550M and F814W images. TheF550M image e�etively is the deepest with a ompleteness limit approahing27 mag. The F814W photometry reahes ∼0.5 mag brighter. Before applyinguts on the formal photometri errors, we detet 1550 stars in F330W, 5993 inF550M, and 4164 in F814W. After requiring the error less than 0.2 mag, 309,3128, and 4339 stars remain in F330W, F550M, and F814W, respetively. Weplot mathed photometry for 195 stars with F330W, F550M, and F814W, and for2622 stars with both reliable F550M and F814W photometry.B.4 Distane Calulation Using the RGB Tip MagnitudeWe did not onvert the F550M and F814W magnitudes to V and I magnitudesfor all stars. However, to alulate the distane from the TRGB, we used theonverted F814W magnitude (24.5 mag) of TRGB to I magnitude (24.4 mag)using Equation (12) and Table 23 in Sirianni et al. (2005), whih is:
TMAG = SMAG + c0 + c1 × TCOL + c2 × TCOL2,164



where SMAG = 24.5, c0 = 24.837±0.016, c1 = 0.060±0.253, c2 = −0.099±0.963,and TCOL = 1.15.
m(I) − M(I) = 5log(d)− 5,where d = 10(m−M+5)/5 = 4.98 Mpc with M(I) = −4.05 from Da Costa & Ar-mandro� (1990).B.5 Estimate of the Mass Fration for Evolved StarsWe estimated the mass fration of evolved stars using the initial mass funtions(IMFs) of Salo et al.(1986) and Miller & Salo(1979) and the main-sequene (MS)lifetime based on the MS M-L relation. IMF parameters of Salo et al. (1986) andMiller & Salo (1979) laws for the IMF, parameterized as: ξ(M) = ξ0 × M−(1+x),where M1 and M2 are the lower and upper mass uto�s (in units of solar mass),and x is the parameter of the power law. The mass fration in eah mass rangean be obtained from the integration of the given funtion above and normalizedto 1 over the whole mass range (see Table B.1).To alulate the mass ut for 1 Gyr and 10 Gyr old stars, we used the MSlifetime : tMS =∼ 1010 × M/M⊙

−2.5 yrs. The estimated MS turn-o� masses are2.51 M⊙ for 1 Gyr old stars and 1 M⊙ for 10 Gyr old stars. Sine the time starsspend in evolved stages (RGB, Horizontal Branh, AGB) after leaving the MSdepends strongly on their MS masses, this portion of the CMD is dominated bylower mass, older stars, with little ontamination by massive stars that reentlyleft the MS of a muh younger stellar population. While 2.5 M⊙, 1 Gyr old starslinger for no more than 10 Myr on the RGB, HB, and AGB, the more numerous(for any realisti IMF) stars with masses between ∼1.00 M⊙ and ∼1.02 M⊙ thatlinger for ∼500 Myr will onstitute the majority of the evolved stars that we see inour CMD. We ount 1372 stars with 0.4 < F550M-F814W < 1.5 mag and F814W165



< 27 mag whih implies that the total mass in these evolved stars is ∼1390 M⊙.The F814W magnitude of a 10 Gyr MS turn-o� is 31.3 mag whih means thatwe deteted approximately 1/3 of the evolved stars in the region overed by ourACS/HRC observations. We estimated the total population aross this galaxyto be at least 3 times larger, whih together with our omputed mass fration of0.0032�0.0049 implies a total 10 Gyr ZAMS mass > 2.52�3.87×106 M⊙.Table B.1: Mass Fration of Evolved Stars in CGCG 269-049IMF M1 M2 x FrationSalo86 0.10 0.18 -2.60 0.1652Salo86 0.18 0.42 0.01 0.4629Salo86 0.42 0.62 1.75 0.1536Salo86 0.62 1.18 1.08 0.1615Salo86 1.18 3.50 2.50 0.0513Salo86 3.50 125. 1.63 0.0055MillerSalo79 0.10 1.00 0.25 0.7828MillerSalo79 1.00 2.00 1.00 0.1257MillerSalo79 2.00 10.0 1.30 0.0848MillerSalo79 10.0 125. 2.30 0.0067IMF M1 M2 Age (Gyr) FrationSalo86 0.10 2.51 1 0.9898Salo86 0.10 1.00 10 0.8845Salo86 1.00 1.02 10 0.0032MillerSalo79 0.10 2.51 1 0.9332MillerSalo79 0.10 1.00 10 0.7828MillerSalo79 1.00 1.02 10 0.0049166



B.6 Radial Change of Stellar PopulationsWe found the radial hange of stellar populations in CGCG 269-049. Color-magnitude diagrams of resolved stars at progressively larger radial distane fromthe enter show that the stellar ontent of CGCG 269-049 systematially varieswith radius. We use the HST/ACS F550M and F814W images and onstrut(F550M-F814W) versus F814W CMDs of resolved stars within elliptial annuli.Figure B.1 shows the HST ACS/HRC F550M image of CGCG 269-049 with theelliptial annuli used in this analysis. The semi-major (semi-minor) axis of annuli(a)�(e) are 120 (90), 180 (130), 240 (180), 300 (220), 360 (270) parses, respe-tively. The annulus (f) overs the rest of the image outside of the annulus (e). Theross at the enter of Figure B.1 indiate the �ux-weighted enter of the galaxy.Six panels in Figure B.2 are the olor-magnitude diagrams of resolved starswithin the elliptial annuli shown in Figure B.1. The stellar model isohronesfrom Padova group with the ages from 10 Myr to 10 Gyr are overlaid. Thegrey dashed line is the 50% photometri ompleteness level desribed in SetionB.3. The fration of young (∼10 Myr) and luminous (F814W<25.5 mag) main-sequene stars dereases with radius from 10% to 4%, while the fration of the old(>∼1 Gyr) populations stays relatively onstant (∼35%). The most reent starformation in CGCG 269-049 is onentrated in a star luster (�Central Cluster�)near, but o�set from the �ux-weighted galati enter (see the ross in FigureB.1). In the panel (d) of Figure B.2, the horizontal branh (HB) stars well-�ttedwith the 250 Myr isohrone are learly separated from the sub-giant branh orHB stars of intermediate ages (∼250�500 Myr).To study star-formation history of CGCG 269-049, we investigate thespatial distribution of three major populations. We seleted the MS, HB, and167



RGB populations with the AGB stars based on the (F550M-F814W) olor andF814W magnitude. Figure B.3 shows the olor uts used in the seletion ri-teria: (F550M-F814W)< −0.3 (MS), −0.3 <(F550M-F814W)< 1.0 (HB), and(F550M-F814W)> 1.0 (RGB+AGB) in grey dotted line. The magnitude ut isF814W< 25.5 mag in grey dashed line shown in Figure B.3. The data pointsirled in red are stars with (F330W-F550M) olor bluer than -1.3 and the ma-jority of them are well-�tted with the young isohrones (∼10�50 Myr). Using theseletion riteria desribed in Figure B.3, we mapped the distribution of resolvedstellar populations in CGCG 269-049. Figure B.4 is the maps of three seletedpopulations (MS, HB, RGB+AGB). In Figure B.4 the MS stars are densely pop-ulated in the Central Cluster, whih is so prominent in the ground-based images(see Figure 4.1). The HSTACS/HRC Hα image shows strong emission assoiatedthe OB stars in the Central Cluster (see Figure 4.5). The middle panel of FigureB.4 shows enhanement (∼70%) of the HB population in the lower right half ofthe distribution map, but they are not strongly lustered ompared to the map ofMS stars. The RGB and AGB stars are evenly distributed over the entire regionof the galaxy, as expeted from the previous studies with M83 and NGC 4214 inChapters 2 and 3.To onlude this setion, the CMDs of stellar populations within the annulide�ned by their galatoentri distane show a de�it of blue luminous stars inthe outer regions, while RGB and AGB stars an be found throughout. The mostluminous blue stars are on�ned within the inner region within the annulus (a),whih ontains the Central Cluster of CGCG 269-049.
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Figure B.1: HSTACS/HRC F550M image of CGCG 269-049 with the elliptialannuli used in our analysis overlaid. The elliptiity of the annuli is 0.2608. Theross indiates the �ux-weighted enter of the galaxy.
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Figure B.2: (a)�(f) CMDs of resolved stars within annuli with the semi-majorand -minor axis de�ned at the top right orner of eah panel (also, see FigureB.1). The isohrones and dashed lines of 50% ompleteness level are the same asin Figure 4.6 (a).
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Figure B.3: Seletion riteria (grey dotted line) of MS, HB, and RGB+AGB starsbrighter than 25.5 mag (grey dashed line) in CMD. Data points irled in red arestars with (F330W-F550M)< −1.3.
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Figure B.4: Distribution of di�erent stellar populations seleted based on theriteria in Figure B.3 with the ACS/HRC footprint superposed. The olor andthe size of eah data point are based on the (F550M-F814W) olor and the F550Mmagnitude. 172


