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Chapter 1Introdution & OverviewGalaxies are fasinating objets for astronomial studies. One of the most strug-gling questions in this �eld is the question for the formation proesses and evolu-tionary histories of galaxies. Espeially for elliptial galaxies, various senarioushave been developed whih all are under disussion today.In order to deide between di�erent senarious it is neessary to get reliableinformation about both the star formation history (SFH) and the hemial en-rihment history of a galaxy. A variety of very di�erent methods using verydi�erent kinds of data are available for doing this.The method generally regarded as most reliable is the analysis of olourmagnitude diagrams (CMDs), whih an give relatively preise results for theSFH of galaxies. However, details of star formation (SF) reovered get worsefor longer lookbak times; moreover, the hemial enrihment history an onlypoorly be reovered. The most severe problem, however, is that CMD studiesare restrited to loal group galaxies, and, therefore, to a very limited sampleof galaxy types. Moreover, CMDs an only be obtained when rowding is notsevere; therefore, in the majority of ases only for the outskirts of galaxies anCMDs be obtained.For galaxies far away the only information available is the integrated lightemitted by the omposite stellar population of a galaxy, in terms of photometryor spetra. In this thesis I show, however, that both photometri spetral energydistributions (SEDs) and spetra obtained for the integrated light of a galaxyan give only very vague hints about the distribution of SF over the lifetime ofa galaxy. E.g., any details of SF during early stages of galati evolution areompletely smoothed over by a reent burst. Only for a very short timesale of1 to 4 Gyrs some information an be reovered.However, sine star luster formation is an important mode of SF, in parti-ular during violent SF episodes, the age and metalliity distributions of globularluster systems (GCSs) hold unique lues about the formation histories of theirparent galaxies over osmologial timesales. Thus, GCs an be regarded as\frozen witnesses" of galati evolution; a areful analysis an give informationsabout both the unique SFH and hemial enrihment history of a galaxy.Within the framework of this thesis, I have developed new reliable tools forthe analysis of GCSs whih make use of all information available for a given setof star luster observations:



2 Introdution & OverviewFor the analysis of broadband SEDs, an analysis tool for the determinationof ages and metalliities of star lusters is at hand (AnalySED).However, sine hanges in the SEDs of star lusters older than about 3 Gyrget slower and more and more subtle, age-dating and disentangling ages andmetalliities gets more and more diÆult if only photometri SEDs are analysed.Therefore, I have inorporated spetral Lik/IDS indies into the evolution-ary synthesis ode GALEV (whih is used for alulating all models presentedin this thesis), and developed an analysis tool (Lik Analysis Tool) for the in-dependent determination of age and metalliity of individual lusters, inludingmathematially reasonable and reliable 1� on�dene intervals, using the om-plete set of indies available for analysis all at one.However, even when using spetral information, results still su�er from age-metalliity degeneray: Sine metalliities proved to be very reliable using Likindex analysis, 1� unertainties in age an still be very high (up to more than10 Gyrs in worst ases). In order to further redue the degeneraies inherent ineah kind of dataset, I therefore developed a ompletely new method to ombinethe analysis of broadband olours (AnalySED) and Lik indies (Lik-Analysis)and, hene, to utilize all the information available in a mathematially reason-able way (PRODUCT).The thesis is organized as follows:In Chapt. 2, I explore the fundamental question, to what preision SFHsof galaxies an in priniple be determined by analysing integrated olours andspetra, in omparision to CMDs, and present a methodologial appliation to astar �eld in the bar of the LMC. This hapter has been submitted for publiationin A&A.In the following two hapters I introdue new models as well as new advanedmethods for the analysis of GCSs:In Chapt. 3, I present new models for Lik indies whih I have inorporatedinto the GALEV evolutionary synthesis ode, and I present a mathematiallyadvaned and reliable tool for the independent determination of age and metal-liity of individual GCs, supplemented by extensive tests using Lik index datafor both Milky Way and M31 GCs. I also adress the important issue of Lik in-dex sensitivities. This hapter has already been published as Lilly and Fritze-v.Alvensleben, 2006, A&A 457, 467.In Chapt. 4, I present a method for the ombined analysis of broad-bandSEDs and spetral indies, PRODUCT, whih allows to onstrain ages andmetalliities of individual GCs even in ases when poor datasets are availableonly. This hapter will be submitted shortly for publiation in A&A.In Chapt. 5, I present appliations of the models and analysis tools developedin the framework of this thesis to the GCS of the large elliptial galaxy NGC5128, using a dataset onsisting of both broad-band photometry and Lik indiesfor an unpreedentedly large sample of GCs. An extended version of this hapteris in preparation for submission to A&A.



Chapter 2Traing bak the starformation histories ofgalaxies:A methodologial studyomparing integrated lightand CMD studies, andappliations to a �eld in theLMC1
AbstratContext.Integrated light data like olours or absorption line indies are widelyused to get information about the evolutionary history of a galaxy's stellar on-tent, e.g. about the strength of its latest burst, a galaxy's \mean age", or evenabout the overall distribution of star formation (SF) during its lifetime.Aims. Our study aims at understanding to what preision star formation his-tories (SFHs) an in priniple be determined for distant galaxies observable inintegrated light only.Methods. Using our evolutionary synthesis ode, we have performed a set ofsimulations of galaxies with a wide range of di�erent SFHs, but onstant metal-liity. By analysing the resulting olours and spetral indies, we investigate towhih extent di�erent SF senarios an be disriminated on the basis of theirphotometri and spetral properties, respetively. As a test objet, we analyseintegrated-light olours of a �eld in the LMC bar, for whih highly resolved HST1This hapter has been submitted for publiation in A&A as Lilly and Fritze-v. Al-vensleben, 2007



4 Traing bak the star formation histories of galaxiesimages are available as well. To be ompared with the SFH derived from theolour magnitude diagram (CMD) of this �eld (Smeker-Hane et al. 2002),again we performe a set of simulations of galaxies with systematially varyingSFHs and determine in how far the detailed SFH obtained by the CMD approahan be reprodued by results based upon integrated properties.Results. We �nd the robust result that no later than 4 Gyrs after the latestepisode of enhaned star formation all senarios exhibit very similar oloursand indies; in pratie, it is not possible to distinguish di�erent senarios ofstar formation whih have evolved for more than 1, at the utmost 3-4 Gyrs sinethe last star forming event, even when using spetral indies. For how long dif-ferent SF senarios an be disentangled highly depends on the range of oloursavailable and absorption lines onsidered, as well as on the details of the SFHsto be ompared. We show that the integrated olours obtained for the LMC �eld,whih only over a very small wavelength basis, an be reprodued by a verysimple \toy model" onsisting of three di�erent phases of onstant SF only.2.1 Introdution\It is startling to realize that after only � 109 yr galaxies like thesewill resemble ordinary elliptials in both morphology and olors!"Dealing with galaxies \with olors suggesting that a large burst of star formationoured a few times 108 yr ago", the above statement was given almost 30 yearsago by Beatrie Tinsley (1978), the pioneer of evolutionary synthesis modelling.She ontinued that this result \is due to the insensitivity of (...) olors toparameters other than the total age and the star formation rate in the last 109yr."Today, 30 years later and after impressive advanements in both observa-tional and modelling tehniques whih allow to observe as well as to simulateintegrated olours and spetra of galaxies to a degree of preision muh higherthan this was possible at Tinsley's time, the question arises: Is the situation as\startling" as thirty years ago? Can we, using the tools available today, reoverdetails of past star formation (SF) in a galaxy with better auray and forlookbak times muh longer than the 109 yr mentioned by Tinsley?Still, methods aiming at the reonstrution of the star formation history(SFH) of a galaxy are important tools for understanding the evolution of theseobjets. The available methods an be devided into two groups: Methods usingolour magnitude diagrams (CMDs) are widely regarded as the most reliableones. However, they require that the stellar population an be resolved intoindividual stars; therefore, methods of this kind are limited to nearby galaxies,and there only to star �elds without rowding. The seond group of methodsmakes use of integrated-light properties of unresolved galaxies like olours andspetra, whih are far easier to get for a muh wider range of galaxies, even forthose at high redshift. Integrated olours and spetra an be analysed and inter-preted by means of either population synthesis odes or evolutionary synthesisodes like the GALEV ode used in this paper.Muh work has been done in testing these odes with respet to internalerrors, to the inuene of the input physis used, and to the degree of agree-ment/disagreement among eah other (see, e.g.: Charlot et al. 1996; Cervi~no



2.1 Introdution 5et al. 2000 et seqq.; Bruzual 2001; Yi 2002). In addition, di�erenes betweenobserved and model-predited properties of galaxies and star lusters have beeninvestigated in detail (see, e.g.: Vazdekis et al. 2001; Shulz et al. 2002).In this work, we deal with a quite di�erent but related question: Whileignoring the already well explored model-dependent unertainties mentionedabove, we want to answer the fundamental question, to what preision SFHs ofgalaxies an in priniple be determined by using integrated light only, that is,independent of the model but dependent on the physial properties of a galaxy'sstellar population. Beyond the performane of other evolutionary synthesisodes, our GALEV ode in addition o�ers the possibility to study the evolutionof any of the stellar population models (star lusters, galaxies with arbitrarySFH) in terms of CMDS. In fat, the spetral evolution of the integrated lightis alulated on the basis of the evolution of the stellar populations aross theHR diagram, and the photometri evolution is alulated on the basis of thespetral evolution by folding responding funtions for any desired �lter systemand detetor with the model spetra. Hene, GALEV also o�ers the possibilityto ompare various SFHs in terms of CMDs and integrated light.Using our evolutionary synthesis ode GALEV, we have therefore performeda set of simulations of galaxies with a wide range of di�erent SFHs but wellde�ned and uniform input physis. That way, we restrit our investigation toinuenes of the variation of the SFH on the spetro-photometri properties ofa galaxy; other parameters like the initial mass funtion or the metalliity arekept onstant in this study for larity.By onfrontation of the evolution of the olours and spetra resulting fromthe various simulations we then investigate, to whih extent di�erent SF senar-ios an be disriminated at all and as a funtion of lookbak time, and how thisdepends on the details of the assumed SFHs. For larity we restrit our study tosimpli�ed SFHs with onstant star formation rates (SFRs) over various periodsof time, from long intervals of low SFR to starburst periods of high SFR. Be-ause the models are all synthesised using one genuine ode and one genuine setof input physis, we an perform this omparative study in a self-onsistent way.In a seond step, we present our work within a larger ollaborative projetwith the aim to onfront di�erent methods to derive SFHs from integrated lightagainst eah other and against the CMD approah. The motivation for thisollaborative study omes from the fat that while only for a few very nearbysystems SFHs an be derived from CMD analyses, a method well establishedand arefully tested on Galati star lusters, all that is aessible for distantgalaxies is information that an be derived from integrated light { spetra ormulti-band photometry.Test objet for this ongoing projet is one spei� �eld in the bar of the LargeMagellani Cloud (LMC), for whih both an integrated-light spetrum (obtainedwith the ESO 3.6m telesope, LaSilla) and data on its resolved stellar population(obtained with the Hubble Spae Telesope, HST ) are available. That way, theresults of the di�erent groups analysing the spetrum an not only be omparedwith eah other but an also be ompared with the SFH obtained by an analysisof the CMD of the same �eld. A short desription of the projet an be foundin Alloin et al. (2002); an analysis of the CMD for this �eld is presented bySmeker-Hane et al. (2002).



6 Traing bak the star formation histories of galaxiesHere, we present parts of our analysis of the integrated-light spetrum ofthe LMC bar �eld. Applying the results of our preparatory work presented inthe �rst part of this paper, we again performed a set of simulations of galax-ies with systematially varying SFHs, starting with a toy model having onlythree di�erent phases of onstant SFR. The olours and spetra resulting fromthe various simulations are then onfronted against the observations as wellas against eah other to investigate in how far the detailed SFH obtained bythe CMD approah an be retrieved from integrated properties. Like before, wekeep other parameters, like the initial mass funtion or the metalliity, onstant.It should be kept in mind that, due to the harater of the study, it is byno means to be regarded as an attempt to reover the real physial SFH ofthe LMC, nor as a pratial instrution of how to reover the SFH of a givengalaxy, although, as we hope, muh an be learned about how to do this mosteÆiently, e.g. by adressing the question what �lters or spetral lines should beanalysed, and in how far the results an be reliably interpreted.2.2 Models and input physisOur evolutionary synthesis models GALEV desribe the spetrophotometrievolution of the integrated light of large stellar populations like galaxies or starlusters. They are 1-zone models, i.e. the spatial resolution and the dynamialproperties remain unonsidered. As for all evolutionary synthesis models, the(historial) basis of the ode are the equations given by Tinsley (e.g., 1980),whih desribe the global balane of stars and gas in a galaxy, and kind of abook-keeping algorithm that keeps trak of all stars in a model galaxy at varioustimesteps and the evolution of their distribution over the HR diagram.Input physis for the ode inlude the theoretial spetral library from Leje-une et al. (1997, 1998) as well as theoretial isohrones from the Padova grouplike the ones desribed by Bertelli et al. (1994) for 5 di�erent metalliitiesZ=0.0004, 0.004, 0.008, 0.02 and 0.05, but in the version from November 1999that inludes the TP-AGB phase of stellar evolution (as desribed in Shulz etal. 2002). We assume a standard Salpeter (1955) initial mass funtion (IMF)from 0.15 to about 70 M�; the lowest mass stars (M� < 0:6) are taken fromChabrier & Bara�e (1997) (f. Shulz et al. 2002 for details). Sine the reso-lution of Lejeune et al's spetral library does not allow to measure Lik indieson the spetra, we use the polynomial �tting funtions of Worthey et al. (1994)and Worthey & Ottaviani (1997), whih give Lik index strenghts of individualstars as a funtion of their e�etive temperature Te� , surfae gravity g, andmetalliity [Fe/H℄ as the basis for our models for Lik indies. Worthey et al.have alibrated their �tting funtions empirially using Milky Way stars.One an IMF is assumed, the basi free parameters of our models are thestar formation rate (SFR) and the metalliity of the stellar population; for thisspei� study we restrit ourselves to isohrones for half-solar metalliity Z =0.008 and, for simpliity, ignore any suessive enrihment and the presene ofseveral metalliity subpopulations in galaxies, i.e. we do not make use of thehemially onsistent GALEV models presented by Biker et al. (2004). Theode then produes the time evolution (4 Myr ... 16 Gyr) of spetra (90 �A ...160 �m), olours in many �lter systems (from UV to NIR), and 25 Lik/IDS



2.3 Senarios in integrated light 7spetral indies.For an exhaustive desription of GALEV and its input physis see Shulz etal. (2002), Biker et al. (2004), Anders & Fritze-v. Alvensleben (2003), andLilly & Fritze-v. Alvensleben (2006).The GALEV ode is unique among evolutionary synthesis odes in that italso alulates the time evolution of its stellar populations in terms of CMDs ofarbitrary �lter ombinations. CMDs are produed in a very diret way (f. Lilly2003): The number of stars at eah point on the isohrones is determined bythe IMF and the relative weight of the isohrone omputed by GALEV (whihis, in fat, the basis of our desription of the integrated light and its evolution).The stars are spread around their theoretial position on their isohrone, follow-ing a Gaussian distribution, by applying typial observational errors in olourand magnitude, respetively, small for bright stars and larger for fainter stars.Throughout this paper, we assume the typial observational errors obtained byHST observations of a star �eld in the bar of the LMC (f. Set. 2.4.3), asgiven in Smeker-Hane at al. (2002).For any given SFH (and hemial enrihment history) our ode is able toalulate the time evolution of the distribution of stars in the HR diagram andany desired CMD. However, we do not interpolate between isohrones; therefore,we had to inrease the assumed observational errors in magnitude in order toredue the \gaps" between isohrones on the CMD (p. observed with modelerrors as shown in Fig. 2.15).Hene, our model CMDs are not intended to be diretly ompared withobservations but, so far, for priniple investigations only (model-model ompar-isons).2.3 Senarios in integrated lightWe want to explore in how far di�erent SF senarios an in retrospet be dis-riminated against eah other. Therefore, we have performed a set of simulationsof galaxies with a range of di�erent SFHs hosen to be instrutive rather thanneessarily realisti. Other parameters are kept onstant for larity; for all se-narios, we assume a Salpeter (1955) IMF and a �xed metalliity of Z = 0.008.The initial amount of gas is hosen large enough in all ases to ensure that thereis always enough gas available for SF, so that the galaxy annot 'burnout'.For simpliity and lak of better knowledge about realisti burst shapes weassume retangular burst shapes on top of onstant SF (we do not expet thissimpli�ation to substantially a�et on results). Unless stated otherwise, weassume that any two SF senarios we ompare have produed the same amountof stars in total. Therefore, the absolute numerial value of the SFR doesnot matter for the olours or spetral indies of the integrated light. It is therelative distribution of the SFR over the evolutionary time of the galaxy that issigni�ant.The harateristis of all SF senarios ompared in this setion an be foundin Table 2.1. For eah senario, there are two di�erent versions: In Snrs. 0-6,SF goes on after 6.4 Gyrs, in snrs. 0b-6b (the \b-senarios") the SF is trunatedafter 6.4 Gyr. Note that, throughout this paper, age follows galati evolution



8 Traing bak the star formation histories of galaxiesTable 2.1: Charateristis of the SF senarios to be ompared; the enhane-ment of SF always refers to a \basi rate" of 1 M�/yr. Snrs. 0-6: ongoing SFafter 6.4 Gyr (1 M�/yr); snrs. 0b-6b: SF trunated after 6.4 Gyr.senario desription0/0b onstant SF rate (fator 3.4) from t = 0 Gyr through t = 6:4 Gyr1/1b 2 bursts (SF enhaned by a fator of 20) of duration 0.4 Gyr at t = 4Gyr and t = 6 Gyr2/2b enhaned SF (fator 7) from t = 4 Gyr through t = 6:4 Gyr3/3b 2 bursts (SF enhaned by a fator of 20) of duration 0.4 Gyr at t = 0Gyr and t = 6 Gyr4/4b 1 bursts (SF enhaned by a fator of 20) of duration 0.8 Gyr at t = 5:6Gyr6/6b 1 strong burst (SF enhaned by a fator of 40) of duration 0.4 Gyr att = 6 Gyr(not lookbak time); thus, a galaxy age of 6.4 Gyr refers to a galaxy whih hasevolved for 6.4 Gyrs, starting its evolution at 0 Gyr.2.3.1 ColoursFirst, we onfront the photometri evolution of four senarios, eah of themfeaturing one single burst of SF, ranging from a strong burst at 6 Gyr galaxyage (senario 6) through bursts with weaker strengths but longer durations(senarios 4 and 2), to a ase of an extended phase of only slightly enhaned SF(senario 0). In eah ase, the bursts are put on top of a very low but onstant\basi rate" of SF of 1 M�/yr, and all \bursts" �nish at 6.4 Gyr galaxy age.In all these senarios, the \basi rate" of SF goes on after 6.4 Gyrs for theremaining life of the galaxy.We assume a typial photometri auray of about 0.1 mag, at best 0.05mag. This means, if di�erenes in model-predited olours between di�erentsenarios of SF do not exeed 0.1 mag, they will be onsidered as observationallyindistinguishable.Fig. 2.1 (left panels) shows the photometri evolution of our senarios. Toguide the eye, we plot a thik line at 6.4 Gyr. The bottom plots show therespetive SFHs to be ompared. The plots show impressively that already1 Gyr after the latest enhaned SF period all senarios show nearly identialolours. Even though senario 0 di�ers in U{V from the other senarios for atleast 4 Gyrs due to the larger amount of still existing red giant stars originatingfrom the phases of enhaned or 'bursty' SF in the latter, this feature an hardlybe used for the reonstrution of SFHs beause the maximum di�erene of 0.1mag delines rapidly to pratially indistinguishable values of about 0.05 mag.Hene, the \lookbak time", during whih bursts of di�erent strengths anbe disriminated in integrated light is only 1, at the utmost 4 Gyr; after thattime, it is not even possible to disriminate between a strong burst senario ofgalaxy evolution and a very \quiet" evolution like that of senario 0, if no otherlues about a possibly violent history of the galaxy are available but only global



2.3 Senarios in integrated light 9

0 2 4 6 8 10 12 14
age [Gyr]

0

10

20

30

40

S
F

R
  [

M
su

n/
yr

] scenario 4
scenario 6
scenario 2
scenario 0

1.6

2.0

2.4

2.8

3.2

V
−

K
  [

m
ag

]

−0.4

0.0

0.4

0.8

1.2

U
−

V
  [

m
ag

]

ongoing SF

0 2 4 6 8 10 12 14
age [Gyr]

0

10

20

30

40

S
F

R
  [

M
su

n/
yr

] scenario 4b
scenario 6b
scenario 2b
scenario 0b

1.6

2.0

2.4

2.8

3.2

V
−

K
  [

m
ag

]

−0.4

0.0

0.4

0.8

1.2

U
−

V
  [

m
ag

]

0 2 4 6 8 10 12 14
age [Gyr]

0

10

20

30

40

S
F

R
  [

M
su

n/
yr

] scenario 4
scenario 6
scenario 2
scenario 0

0.0

0.4

0.8

1.2

V
−

I  
[m

ag
]

−0.4

0.0

0.4

0.8

B
−

V
  [

m
ag

]

ongoing SF

0 2 4 6 8 10 12 14
age [Gyr]

0

10

20

30

40

S
F

R
  [

M
su

n/
yr

] scenario 4b
scenario 6b
scenario 2b
scenario 0b

0.0

0.4

0.8

1.2

V
−

I  
[m

ag
]

−0.4

0.0

0.4

0.8

B
−

V
  [

m
ag

]

Fig. 2.1: Confrontation of the photometri evolution of senarios 0, 2, 4, 6(left) and 0b, 2b, 4b, 6b (right), respetively, in terms of the olours U{V, V{K(top), and B{V, V{I (bottom), respetively. At 6.4 Gyr, when the latest phase ofenhaned SF ends, a thik line is plotted. The bottom plots show the respetiveSFHs to be ompared.
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Fig. 2.2: (Left:) Photometri evolution in V{K of a 'realisti' starburst (solidline) as ompared to a retangular one (dotted line). (Right:) Respetive SFHs.See text for details.broad-band olours.Sine any two SF senarios we ompare have produed the same amount ofstars in total, the amount of long-living low-mass stars is roughly the same inall senarios after the end of the most reent burst; therefore, the photometridistintion between di�erent SF senarios is mainly determined by luminoushigh-mass stars and their evolution. During a burst, for example, aordingto the IMF many more ool and red low-mass stars are formed than blue high-mass stars. However, due to their extremely high luminosities, and despite theironsiderably smaller number, the massive stars dominate the integrated light,resulting in an abrupt hange of olour in the model galaxy as soon as the burststarts.As the bluest massive stars die out after the end of the burst, olours get red-der very fast. This \reddening" an already be observed during bursts: Whereasthe number of very blue and very massive stars reahes some equilibrium earlyin the burst, the redder low-mass stars aumulate during the burst (as wellas during the whole lifetime of the galaxy) due to their onsiderably longerlifetimes, and therefore begin to overbalane the bluest high-mass stars.These e�ets an be observed in all olours; they are stronger in oloursovering a large spetral range like U{V or V{K than in olours from two losepassbands like B{V and V{I.However, the di�erene between the senarios is not larger in V{K than inV{I; this is explained by intermediate-mass stars (stars with initial masses of2M� � m � 7M�) passing through the TP-AGB (thermally pulsing asymthotigiant branh) phase from an age of 108 yr up to an age of 109 yr. During thisphase, they are loated in the upper right of the HR diagram and aount forapprox. 40-60% of the K-band light (Lan�on 1999). After eah burst a typialbump in V{K aused by TP-AGB stars an easily be identi�ed; a omparisonwith a model that does not inlude the TP-AGB phase an be found in Shulzet al. (2002, Fig. 1).Whether this bump ours in V{K also depends on the shape of the deliningphase of the burst. In Fig. 2.2, we ompare an exponentially delining burst(deay time � = 2:5 � 108 yr; for the burst model implemented here f. Biker etal. 2002) with a retangular shaped one of equal strength (lasting � 210 Myrs,



2.3 Senarios in integrated light 11so that the same number of stars is formed in both ases); both bursts start at agalaxy age of 3 Gyr. Fig. 2.2 shows that in the ase of an exponentially deliningburst, the inuene of the TP-AGB phase is muh weaker than in the 'abruptlydelining' burst model used in the simulations for this paper, resulting in a muhbetter disernability between burst and non-burst senarios during the deliningphase. This an be explained by onsidering that in the exponentially deliningburst phase the photometri inuene of the TP-AGB stars is diluted by redsupergiants still forming during the same period. Due to the extremely shortlifetimes of these very massive red supergiants, they are less important shortlyafter a retangular burst.Hene, in \real" galaxy evolution senarios we expet V{K to be a betterindiator of former SF as V{I. The lookbak time, however, over whih any twoSFHs an be disriminated from eah other, is not longer in V{K than in V{I.Fig. 2.1 (right panels) shows the same senarios in their \B{Versions": Here,the SF is trunated after the latest phase of enhaned SF, i.e. after 6.4 Gyrgalaxy age. In this ase, the di�erenes between the senarios are slightly largerand an be notied for a muh longer time (about 7 Gyrs); however, the olour-di�erene even between non-burst senario 0b and senario 6b (whih exhibitsthe strongest burst) is not larger than 0.1 mag, and after 7 Gyrs all olours arealmost indential (�(U{V) < 0.05 mag).In Fig. 2.3 we onfront the photometri evolution of three senarios, eahof them featuring a burst going on between 6.0 and 6.4 Gyr with a SFR of 20M�/yr on top of galaxy models with di�erent former SFHs: Senarios 1 and 3feature a previous burst with similar harateristis at a galaxy age of 4 Gyr,and at the beginning of galati evolution (0 Gyr galaxy age), respetively. Insenario 4, the two bursts are replaed by one single burst lasting twie as long(i.e., for 800 Myrs), starting at 5.6 Gyr galaxy age. Again, all senarios formthe same amount of stars in total.The olour evolution plots in Fig. 2.3 show that on the basis of broad-bandolours alone, all these senarios are pratially indistinguishable diretly afterthe end of the most reent burst, even in the \b-senarios" where the SF istrunated after 6.4 Gyr.We onlude that after a burst, we are no longer able to detet any detailsin the SFH prior to this event on the basis of broad-band olours; all thesedetails are ompletely smoothed over by the most reent burst. We annot evendisriminate a onstant SFR from another burst or a series of previous oneswith reasonable auray for a lookbak time larger than about 1 Gyr.
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Fig. 2.3: Confrontation of the photometri evolution of senarios 1, 3, 4 (left)and 1b, 3b, 4b (right), respetively, in terms of the olours U{V, V{K (top), andB{V, V{I (bottom), respetively. At 6.4 Gyr, when the latest phase of enhanedSF ends, a thik line is plotted. The bottom plots show the respetive SFHs tobe ompared.
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Fig. 2.4: Confrontation of the evolution of senarios 0, 2, 4, 6 (left) and 0b, 2b,4b, 6b (right), respetively, in terms of the Lik indies H� and Fe5335. At 6.4Gyr, when the latest phase of enhaned SF ends, a thik line is plotted. Thebottom plots show the respetive SFHs to be ompared.2.3.2 Lik indiesIn the last Setion, we have seen that not even bursts with very di�erent SFRsan be disriminated very well for more than 1, at the utmost 4, Gyr of lookbaktime in terms of olours. Now we want to explore whether the situation improvesif Lik spetral indies are onsidered instead of broad-band olours. In this ase,the typial auray of Lik index measurements is assumed to be about 0.2 �A,at best 0.1 �A, i.e. we onsider two SF senarios distinguishable from eah otherin terms of Lik indies as long as they di�er by � 0.2 �A, at least � 0.1 �A.Here, we again onfront the evolution of senarios featuring bursts of di�erentstrength and duration (Fig. 2.4; f. last setion, Fig. 2.1), and of senariosfeaturing bursts going on between 6.0 and 6.4 Gyr with equal strength eah,but di�erent former SFHs (Fig. 2.5; f. last setion, Fig. 2.3), but this time interms of the Lik index H�, whih is known to be partiularly sensitive to age,and of the Lik index Fe5335, whih is known to be more sensitive to metalliitythan to age (f. Worthey 1994; Lilly & Fritze-v. Alvensleben 2006). Sine thesenarios vary only in SFH, but have �xed metalliity, the senarios an bedisriminated muh better in H� than in the metalliity sensitive Fe5335, asexpeted.As in the ase of olours, index strengths are very similar in senarios 1, 3,4, as well as in senarios 1b, 3b, 4b, after the end of the last burst (Fig. 2.5).Only senario 4, in whih the most reent burst has twie the duration (800Myrs) of those in the other senarios, di�ers in H� by more than 0.2 �A from
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Fig. 2.5: Confrontation of the evolution of senarios 1, 3, 4 (left) and 1b, 3b,4b (right), respetively, in terms of the Lik indies H� and Fe5335. At 6.4 Gyr,when the latest phase of enhaned SF ends, a thik line is plotted. The bottomplots show the respetive SFHs to be ompared.
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Fig. 2.6: Top: Absolute di�erenes of all 25 Lik indies (in terms of indexstrength) of the senarios 0 and 3 and of the senarios 4 and 3, respetively, forthe four model ages indiated in the plot. Bottom: SFHs of the senarios; theages 6.3, 6.6, 7.0, 7.7 and 10 Gyr are indiated by dashed lines.



16 Traing bak the star formation histories of galaxiesthe others whithin the �rst 0.5 Gyr after the end of the most reent burst. Thisdi�erene in H� is due to the lifetime of early A-type stars of about 12 to 1 Gyr,whih feature the strongest Balmer lines in their spetra, and whih thereforean aumulate during the long duration of the burst in this senario.Fig. 2.4 shows that the di�erent bursts of senarios 0, 2, 4, 6 an be dis-riminated muh better using indies than using olours. In our simulations,the di�erene between the strong burst senario 6 and the non-burst senario 0reahes almost 2 �A in H� during the �rst half Gyr after the end of the burst.About 0.5 Gyr later, the di�erene has dereased to not more than 0.5 �A, butonly 2 Gyrs after the end of the burst the di�erene gets already too small to bemeasured in praxi. However, if the SF ompletely stops after the burst (the \b-senarios"), the non-burst senario an be disriminated from burst-senariosfor about 6 Gyrs in H�. Only thereafter, this di�erene dereases to less than0.2 �A.So far, we have ompared the di�erent senarios only in terms of H� andFe5335; in Fig. 2.6, we plot the absolute di�erene in terms of index strengthbetween di�erent senarios for all Lik indies. For means of larity, we plot thevalues for four galaxy ages only (6.3 Gyr, wih is still during the most reentburst, 7 Gyr, 8 Gyr, and 10 Gyr), and for two pairs of senarios: With senarios0 and 3 (rosses in Fig. 2.6) we onfront a burst and a non-burst senario, withsenarios 3 and 4 (triangles in Fig. 2.6) we onfront a short burst senario witha long burst senario where both bursts form idential amounts of stars in total.(Note that we do not expet the �rst burst of senario 3 to have any signi�ante�et on index strengths at the ages onsidered here; it only guarantees that allsenarios form equal amounts of stars in total.)>From these plots, the absolute sensitivity of individual Lik indies to agean diretly be read o�, showing for example the large age-sensitivity of Balmerlines (note however, that the age-metalliity degeneray problem is ignored inthis approah, sine we keep the metalliity onstant).By a galaxy age of 10 Gyr, i.e. less than 4 Gyrs after the most reent burst,the senarios beome pratially indistinguishable in all indies, with maximaldi�erenes of only about 0.1 �A. This shows that the results obtained earlier forH� and Fe5335 are valid for all indies.We onlude that, ompared with broad-band olours, Lik indies do notseriously improve the situation: After a burst, again we are not able to detetany details in the SFH prior to this event, and di�erent burst strengths an bedisriminated for a lookbak time larger than 2 Gyrs only if the SF ompletelystops after the latest burst.2.3.3 SpetraTo get an impression of how di�erent senarios of SF are reeted in the resultingspetra, in Figure 2.7 we plot relative di�erene spetra for two pairs of senariosfor �ve evolutionary stages (6.3, 6.6, 7.0, 7.7, and 10 Gyr). In the left panels, asenario with a weak, uniform SFR (senario 0) is onfronted with burst senario3; in the right panels, this burst senario 3 is onfronted with a senario featuringa burst of equal strength but twie the duration (senario 4). Note that in bothsenarios, SF goes on after the end of the latest burst/the phase of enhaned
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Fig. 2.7: Top: Relative di�erenes of the spetra of the senarios 0 and 3 (left)and of the senarios 4 and 3 (right) within the range of the Balmer lines (withmarkings of the Balmer lines H� �H�) for the �ve model ages indiated in theplot. Bottom: SFH of the respetive senarios; the ages 6.3, 6.6, 7.0, 7.7 and 10Gyr are indiated by dashed lines.



18 Traing bak the star formation histories of galaxiesSF. We only plot a small setion of our model spetrum from 2500 to 7500 �A;for better orientation, Balmer lines H� to H� are marked by vertial lines.In terms of their full spetral energy distributions from U through K (notshown here), as for olors and indies, senarios are nearly indistinguishable 4Gyrs after the latest burst. However, in ontrast to broad-band olors and Likindies, a learer distintion between senarios with bursts of di�erent dura-tions than between bursts of di�erent strength an be observed in the spetralontinua, as an learly be seen in Fig. 2.7.As expeted, and as already shown by using Lik indies, di�erenes inBalmer lines are learly visible only during a lookbak time of about 1 Gyr afterthe end of the most reent burst (i.e., they disappear at a galaxy age of 7.7 Gyr);this was already explained by the short lifetimes of stars mainly responsible forthese spetral lines. Other absorption lines easily visible in the plots are theMgII line (at � = 2798.00 �A) and CaII K (at � = 3933.44 �A, between H� andH�). At �xed metalliity, the MgII line is most pronouned in the spetra ofearly F-type stars with a lifetime of approximately 2 Gyrs. The CaII K line, onthe other hand, is strongest in the spetra of late F-type and early G-type stars;these stars have lifetimes of 2-6 Gyrs. These lifetimes explain the relativelyompliated behaviour of the lines in the relative di�erene spetra.For example, at a galaxy age of 6.6 Gyr (300 Myrs after the end of the lastburst), CaII K is less deep in burst senario 3 than in non-burst senario 0(Fig. 2.7, left panels); about 1 Gyr later, at a galaxy age of 7.7 Gyr, the lineis slightly stronger in the burst senario: Shortly after the end of the epohof enhaned SFR more G-type stars have been aumulated in the non-burstsenario 0; stars of this type originating from the early burst of senario 3 arenot alive any more at this time. 1 Gyr later, late F- and early G-type starsoriginating from the most reent burst of senario 3 outweight the respetivestars aumulated in the non-burst senario.The model spetra we use have a resolution too low to analyse spetralfeatures in more detail. However, due to the very di�erent lifetimes of starsof various types whih are responsible for di�erent spetral lines, and due towhat an be seen already in our low-resolution spetra, we expet that high-resolution spetra an reveal muh more preise information about the reentSFH of galaxies than olors or the lassial set of Lik indies. A new set ofspetral indies with narrower passband de�nitions ould provide suh a tool.It requires large telesopes both for the alibrations on stellar spetra and forgalaxy observations. It will, therefore, still be limited to reasonable small dis-tanes.We onlude that { with the possible exeption of high-resolution spe-trosopy not studied here { intermediate-resolution spetrosopy does not allowto signi�antly improve upon the details, nor upon the lookbak times to whihSFHs of galaxies an be retrieved as ompared to multi-band photometry2.3.4 Some remarks on CMDs and integrated lightBefore we turned to study how far bak in time and to what auray more om-plex SFHs an be disriminated on the basis of CMDs, ompared to integratedlight, we have omputed a large grid of single stellar population (SSP) models
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(a) SSPs with age metalliity ombinations (500 Myr, [Fe/H℄ = -0.4) and(600 Myr, [Fe/H℄ = -0.7). Both SSPs an hardly be distinguished in V{Iand V{K, but learly split up in U{V.

(b) SSPs with age metalliity ombinations (12 Gyr, [Fe/H℄ = -0.4) and(7 Gyr, [Fe/H℄ = -0.4). The SSPs an hardly be distinguished in all threeolours, best in V{K at the main sequene turn-o� point.

() SSP with age metalliity ombinations (12 Gyr, [Fe/H℄ = -0.4) and(2.5 Gyr, [Fe/H℄ = +0.4). All SSPs learly split up in all three olours.Fig. 2.8: Comparision of CMDs in U{V, V{I, and V{K for three pairs of SSPmodels with di�erent age metalliity ombinations: Two young SSPs (a), twoold SSPs (b), and an old and an intermediate age SSP ().



20 Traing bak the star formation histories of galaxiesTable 2.2: Integrated olours in U{V, V{I, V{K for SSP models with di�erentage metalliity ombinations, arranged in three pairs with equal or very similarolour in V{I.age [Fe/H℄ U{V [mag℄ V{I [mag℄ V{K [mag℄500 Myr -0.4 dex 0.4 0.7 2.5600 Myr -0.7 dex 0.4 0.7 2.312 Gyr -0.4 dex 1.4 1.2 3.17 Gyr -0.4 dex 1.2 1.2 3.112 Gyr -0.4 dex 1.4 1.2 3.12.5 Gyr +0.4 dex 1.5 1.3 3.8with di�erent metalliities in their time evolution and identi�ed a number ofvery di�erent age-metalliity ombinations that { due to the age-metalliity de-generay { have the same or very similar V{I. In Fig. 2.8, we onfront some ofthese pairs in terms of CMDs in various passband ombinations. Colours andage-metalliity ombinations of all models are given in Tab. 2.2.Fig. 2.8 (a) shows a omparison of CMDs in di�erent passband ombinationsfor two SSPs with age metalliity ombinations (500 Myr, [Fe/H℄ = -0.4) and(600 Myr, [Fe/H℄ = -0.7). These ombinations of relatively young lusters arepratially indistinguishable in V{I and V{K, but learly separate in U{V. Interms of integrated olours, on the other hand, these SSPs are indistinguishablein U{V and V{I, but di�er slightly in V{K sine this olour is mainly determinedby luminous giant stars whih di�er slightly in position in the V{K CMD.Fig. 2.8 (b) shows CMDs for two old SSPs with age metalliity ombinations(12 Gyr, [Fe/H℄ = -0.4) and (7 Gyr, [Fe/H℄ = -0.4). In this ase, the CMDs areindistinguishable both in U{V and V{I, but an slightly be distinguished inV{K via the luminosity of the main sequene turn-o� point. Again, in termsof integrated olours the situation is omplementary: Here, both SSPs exhibitsimilar olours in both V{I and V{K, but slightly split up in U{V.In Fig. 2.8 () we show a omparison of CMDs for an intermediate agemetal-rih and an old SSP poorer in metalliity with age metalliity ombina-tions (2.5 Gyr, [Fe/H℄ = +0.4) and (12 Gyr, [Fe/H℄ = -0.4). All model CMDsan learly be distinguished. However, in terms of inegrated olours only inV{K the SSPs learly split up, whereas in both U{V and V{I the SSPs anhardly be distinguished.We onlude that for young stellar populations the U-band is important forage determinations and for intermediate-age and old (> 3 Gyr) populationsthe K-band is important for metalliity determination. We also �nd that CMDsand integrated light olours give omplementary information: In terms of CMDsyoung stellar populations an best be disriminated using U{V, and old popu-lations only if NIR observations are available. In terms of integrated olours,V{K an be partiularly useful to disriminate young populations, and U{V todisriminate older ones (f. Set. 2.3.1, Fig. 2.1). In all ases, however, a longwavelength basis is essential (ideally UV or U-band through NIR).
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Fig. 2.9: Integrated-light spetrum of the LMC bar �eld (dereddened). Left:Original spetrum. Right: Spetrum with lowered resolution to be omparedwith model spetra, and the three �lters used for the analysis.Table 2.3: Colours derived from the integrated-light spetrum of the LMC bar�eld, obtained by folding the spetrum with the respetive �lter funtions.(B{V)HST (V{R)HST (B{R)HST0.44mag 0.53mag 0.97mag2.4 The LMC bar �eld and its spetrumTo ompare, on a pratial example, how far bak in time and to what auraythe SFH an be reonstruted, we ompare a deep HST -based CMD analysis(Smeker-Hane et al. 2002) with an analysis of the integrated spetrum ofexatly the same star �eld in the LMC obtained trailing a slit exatly arossthe region for whih the deep HST CMD was obtained. However, we want toemphasize that we do not try to �nd the real physial SFH of the LMC. Likein the previous setions, our interest is purely methodologial and our aim is toontrast the power and limitations of both approahes.The integrated-light spetrum of the region in the LMC bar (FoV: 2.5'�5')was obtained at the ESO 3.6m telesope on La Silla in Dezember 2000 by E.Pompei and D. Alloin. The 2000 oordinates of the �eld are: � = 05:23:17 andÆ = {69:45:42; for observational details f. Alloin et al. (2002). The originalspetrum has been dereddened using Cardelli et al.'s (1989) extintion law, withE(B-V) = 0.075 mag (orresponding AB = 0.324 and AV = 0.249, respetively)taken from Shlegel et al. (1998).Fig. 2.9 (left) shows the resulting spetrum, Fig. 2.9 (right) the samespetrum but with lowered resolution to be ompared with our model spetra.For better orientation, the Balmer lines H� to H� are marked by vertial linesin the left panel.Unfortunately, the model spetra we use have a resolution too low to su-essfully analyse spetral features; therefore, our analysis mainly depends onbroad band olours obtained from the spetrum, and the shape of the spetralenergy distribution.The usable wavelength range of the spetrum allows for folding with three
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Fig. 2.10: Photometri evolution of a simple 3-phase senario in terms of (B{V)HST , (V{R)HST , and (B{R)HST with the orresponding SFH; the observedLMC bar �eld olours (f. Table 2.3) are marked with blak dots at 15 Gyrgalaxy age.�lters (�lter funtions shown in Fig. 2.9, right panel): HST WFPC2 F439W,F555W, and F675W (in the following referred to as BHST , VHST , RHST );Table 2.3 gives the resulting olours obtained by folding the spetrum with therespetive �lter funtions in the Vegamag system.2.4.1 A simple 3-phase SFHIn the previous setion, we have shown that, using integrated light only, varia-tions in the SFH of a galaxy an be traed for only about 1 Gyr, at the utmost 4Gyrs, of lookbak time, unless the SF is ompletely trunated at some point ofgalati evolution whih is de�nitely not the ase for the LMC. This means, therelative distribution of SF within early epohs (� 4 Gyr ago) of galaxy evolutionis almost irrelevant, and that within the more reent history (4 Gyr � lookbaktime � 1 Gyr) only of weak relevane for the observed olours. Calulatingand analysing a muh larger grid of SF senarios than just the few partiularlyinstrutive examples presented here in all optial and NIR olours has revealedthat three di�erent epohs an bee identi�ed in the SFH of all galaxy modelsfor whih the relative amounts of stars formed in eah of them learly de�nesthe galati olours. These three phases are:1. From the onset of SF until about 4 Gyr ago2. Between 4 Gyr and 1 Gyr ago3. The last (= most reent) 1 GyrI.e., the relative distribution of SF between these 3 phases is important {and not only the SF within the last Gyr. Therefore, it should be possible to
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Fig. 2.11: Model spetrum of the 3-phase senario (f. Fig. 2.10) at a galaxyage of 15 Gyr against the observed LMC spetrum. Both spetra are normalizedat 4810 �A (arbitrary value).analyse any given set of olours (or, as we have also learned at the study, evenLik indies) in terms of the relative ontributions from only 3 di�erent phasesof SF, if the phases are hosen appropriately2:Figures 2.10 and 2.11 show that this simple \3-phase senario" an indeed�t both the observed olours (whih are marked with blak dots at the rightedge of Fig. 2.10, top panel) and the observed spetrum (f. Fig. 2.11) of theLMC bar �eld reasonably well; di�erenes still visible are most likely due to ourdisregarding of any hemial enrihment history and the fat that we assume aonstant SFR within phase 3.Fig. 2.12 illustrates the inuene of the 3 di�erent epohs of SF by show-ing, for the SFH given above, the spetral ontributions of stellar populationsoriginating from eah of these phases to the total spetrum after 15 Gyrs: Theupper panel shows, e.g., that phase 1, though its duration is almost three timeslonger than that of phase 2, ontributes only about half of the light of phase2 to the total spetrum. The lower panel, on the other hand, shows that the�rst 14 Gyrs together have roughly the same inuene on the �nal shape of thespetrum as the most reent 1 Gyr of galaxy evolution.2.4.2 Some experimentationWe now systematially vary the SFH within eah of the 3 phases of our simple3-phase senario to study in how far this a�ets our ability to trak bak SFHdetails as a funtion of lookbak time.In the six senarios shown in Fig. 2.13, the onstant SF within the 3 phasesis, for eah phase, replaed by a burst-like SF at the end and the beginning of2In order to ompare our results with a CMD-based SFH obtained for the same star �eld(p. Se. 2.4.3), we assume a total galaxy age of 15 Gyr.
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2.4 The LMC bar �eld and its spetrum 25� 0.2mag) as the kind of variation applied in Fig. 2.13 (senarios e, f).The experiments skethed above on�rm the expetations from our previouswork (f. Set. 2.3). In phase 1 and 2, hanges of the total mass of starsprodued within the phase have a stronger e�et on olours than hanges in themere distribution of SF within the phase. A similar behaviour for the e�etsof SFR hanges in phases 1-3 is found in the spetral energy distribution (notshown here). We onlude:1. The SFH of a galaxy an be satisfatorily reonstruted in terms of threemain phases only, orresponding to 1 Gyr lokbak time (phase 3), 3-4Gyr lookbak time (phase 2), and more than 4 Gyr lookbak time (phase1).2. The relative amounts of stars formed in eah of the three phases an wellbe determined.3. The distribution of SF within phases 1 and 2 (the earliest two phases)annot be reovered.4. Only within the last � 1 Gyr an some SFH details be reovered.2.4.3 The CMD based SFHThe resolved stellar population of the LMC bar �eld was observed with HSTWFPC2 in 1997 (PI: Smeker-Hane).Smeker-Hane et al. (2002) presented a SFH derived from their analysis ofthe deep CMD obtained from these observations; Fig. 2.15 (left) shows theirCMD together with their published SFH3; note that, before doing any analysisof the data, they onverted their originally observed HST F555W and F814Wmagnitudes to Johnson V and Kron-Cousins I magnitudes. The right panel ofthe same �gure shows a CMD at a galaxy age of 15 Gyr alulated with ourGALEV models, using the SFH from Smeker-Hane et al. (2002). We olour-oded 4 epohs of star formation.Figures 2.16 and 2.17, left panels, show the spetrophotometri evolutionand the model CMD at 15 Gyr galaxy age resulting from Smeker-Hane et al.'sSFH. The middle panels of the same �gures show the same for a senario usinga simpli�ed version of this SFH. \Simpli�ed" means that within eah of the fourepohs of SF (olour oded in Fig. 2.15), the SFR is put to a onstant value,onserving the number of stars produed in this epoh (i.e., without hangingthe relative amounts of SFR between the 4 epohs). Note, however, that thelatter is not the ase when ompared to the 3-phase SFH (right panels in Figs.2.16 and 2.17).In the next setion, both Smeker-Hane et al.'s original and the simpli�ed4-phase senario will be onfronted against eah other and against the simple3-phase senario.3Note that, in this plot, we have inverted their time axis to math the standard used inour paper (evolution of the galaxy from left to right).
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Fig. 2.13: Variations of the 3-phase senario (f. Fig. 2.10): Senarios with systemati variations of the SFH within phase 1 (a, b), phase2 (, d), and phase 3 (e, f); note that the relative distribution of the total amount of SF between the 3 phases remains unhanged.
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Fig. 2.14: Variations of the 3-phase senario (f. Fig. 2.10): Senarios with twie and half the SF, respetively, within phase 1 (g, h),phase 2 (i, j), and phase 3 (k, l); the relative distribution of the total amount of SF between the 3 phases is hanged.
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Fig. 2.15: Left: CMD and SFH as presented by Smeker-Hane et al. (2002).Right: Model CMD at a simulated galaxy age of 15 Gyr, using Smeker-Haneet al.'s SFH. Stellar populations originating from 4 di�erent phases of star for-mation are oded in di�erent olours (f. the eletroni version of this paper).2.4.4 CMDs and integrated light: Comparison and Con-lusionsFigures 2.16 and 2.17 onfront the spetrophotometri evolution and the CMDs,respetively, of three senarios using Smeker-Hane et al.'s (2002) original SFH(left panels), the simpli�ed Smeker-Hane SFH (entral panels), and the \simple3-phase" SFH (right panels).In terms of olours and spetra, the senario using Smeker-Hane et al.'s orig-inal SFH is, at a galaxy age of 15 Gyr, pratially idential to the 3-phase se-nario; both di�er slightly (�(B{R)HST < 0.1mag) from the simpli�ed Smeker-Hane senario.This shows that two senarios with very di�erent SFHs an result in very sim-ilar, observationally indistinguishable integrated-light properties; on the otherhand, senarios with very similar \global" SFH (as e.g. the original and sim-pli�ed Smeker-Hane et al. SFH) an di�er in their �nal olours. The resultsshow not only the ambiguity of SFHs obtained from integrated light but alsoemphasize again the importane of the most reent (i.e., lookbak time � 1 Gyr)



2.5 Summary and Conlusions 29SF for the observed optial olours.In terms of CMDs, the original and simpli�ed Smeker-Hane et al. senariosseem to be very similar; the CMD omputed using the 3-phase senario di�ersfrom both: A areful visual examination of the plots reveals that in the �rst twosenarios, the \gap" in their SF between 3 and 9 Gyr galaxy age transforms intoan area of less density in the orresponding CMDs around the main sequeneturn-o� (f. the blak dots in Fig. 2.15, right panel), as expeted, wheras in aseof the 3-phase senario, whih laks this \gap" in its SFH, the density is higherin the same area of the CMD. If this result an be validated by a solid numerialomparison between the CMDs (beyond the sope of the present paper), thismeans that the global distribution of SF is ruial for the appearane of CMDs.However, note that not even CMDs are free of ambiguity. The ambiguity inthe SFH derived from a CMD inreases with inreasing lookbak time, as was thease for integrated-light-derived SFHs. SFHs like that presented by Smeker-Hane et al. (2002) are most likely not as exat as their ompliated shapesuggests; this was already shown by Lilly (2003) and most reently on�rmedby the \double-blind Cozumel experiment" (f. Holtzman 2005).2.5 Summary and ConlusionsIn this study, we explored to what preision and how far bak in time star forma-tion histories an be determined using integrated olours, lik indies, spetra orCMDs. In our methodologial study we ompared di�erent kinds of simpli�edSFHs, i.e. epohs of onstant low and high SFRs and investigated how muhan be revealed by integrated galaxy data about the SFH before the most reentburst or epoh of important SF. We summarise our results as follows:Optial olours mainly depend on the amount of blue luminous high-massstars that formed within the last 0.5 � 1 Gyr, and their relation to the amountof red low-mass stars formed in earlier epohs of star formation. On the basis ofolours, di�erent SF senarios an at best be disriminated for 1 � 4 Gyr afterthe end of SF, and there is absolutely no way to reveal the SFH prior to a burstor the last major epoh of SF.On the basis of Lik indies, di�erent SF senarios an again be disriminatedfor maximally 1 � 4 Gyr after the end of SF (using H�, e.g.). Age-sensitive likindies allow for longer lookbak times with muh di�erene in index strengthbetween di�erent senarios; 4 Gyrs after the end of the latest burst, however,all senarios are, in pratie, indistinguishable in all indies. Remarkably, thisis the same maximal lookbak time as for broad-band olours.On the basis of low/intermediate resolution spetrosopy, there is again noway to reveal the SFH prior to a burst or the last major epoh of SF, anddi�erent senarios an not be disriminated any more after 1 � 4 Gyr. Highresolution high S/N spetrosopy and narrow band indies will do somewhatbetter with e.g. MgII2798 and CaIIK3933 being visible for � 2 and 2� 6 Gyr,respetively (f. also Bruzual 2007).
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Fig. 2.16: Confrontation of senarios using Smeker-Hane at al.'s (2002) original SFH (left panels), a simpli�ed Smeker-Hane SFH(entral panels), and using a simple 3-phase SFH (right panels); see text.Top: Model spetra of the senarios after 15 Gyr (blak) against observed spetrum (grey). Bottom: Photometri evolution of thesenarios in terms of (B{V)HST , (V{R)HST , and (B{R)HST with the orresponding SFHs; the observed olours (obtained from theobserved spetrum) are marked with blak dots at 15 Gyr.
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Fig. 2.17: Confrontation of senarios using Smeker-Hane et al.'s (2002) original SFH (left panels), a simpli�ed Smeker-Hane SFH(entral panels), and using a simple 3-phase SFH (right panels); see text.Top: Model CMDs at a simulated galaxy age of 15 Gyr. Bottom: Corresponding SFHs.



32 Traing bak the star formation histories of galaxiesThe longer lookbak times in all ases refer to a long wavelength basis andpartiularly ideal SF senarios: E.g., all estimates presented in this paper are at�xed metalliity. In the presene of metalliity di�erenes between two senariosor metalliity evolution between the SF episodes within a given senario, theunertainty inreases and an only partly be overome with the use of a verylong wavelength basis (UV through NIR).Hene, we onlude that SFH details an be reovered with similar aurayfrom broad band olors or SEDs, from Lik indies, and from low/intermediateresolution spetrosopy (f. also Cardiel et al. 2003).The observational study omparing SFHs for an LMC bar �eld derived froma deep HST CMD by Smeker-Hane et al. (2002) and from an integrated-lightESO spetrum (4000 � 8000 �A) yielded the following results:We onstruted a toy model having only three di�erent phases of onstantSFRs: The �rst phase over a period of 11 Gyr, the seond one over the next3 Gyr and the third one over the last 1 Gyr. Comparing model spetra withthe ESO spetrum, we found that only relative amounts of stars formed inthe three phases are relevant for the degree of agreement between model andobserved spetra. How the SFR is distributed within eah phase does not matterat all { whether it is onentrated at the onset or end of a phase or onstantover all of the respetive phase. Only within phase 3, i.e. within the latest 1Gyr of SF the distribution beomes important.The agreement with the observed spetrum that we reahed with an ap-propriate three phase toy model is omparable to the agreement reahed withSmeker-Hane et al.'s more ompliated SFH derived from the CMD.The CMD that we modeled on the basis of Smeker-Hane et al.'s fairly om-plex SFH agrees very well with a simpli�ed 4-phase model derived from thisSFH, but di�ers from our 3-phase toy model. A quantitative assessment of thisomparison still needs to be done.From all of these studies, we �nally onlude: Both from CMDs and inte-grated light (multi-band photometry as well as spetrosopy)1. SFRs during the last Gyr are very preisely reovered,2. SFRs between 1 and 3 Gyr ago are roughly reovered, and3. SFRs longer than 3 to 5 Gyr ago are only vaguely reovered,with \roughly" and \vaguely" meaning that only the relative amounts of starsformed in the three di�erent intervals an be determined, but not the detailsof the distribution of this SF within the respetive interval. Within this frame,integrated light is more sensitive to the latest 1 Gyr of SF, CMDs are moresensitive to intermediate ages.2.6 ReferenesAlloin D., Gallart C., Fleurene E., Pompei E., Raimann D., Fritze-v. Al-vensleben U. and Yi S., 2002, Ap&SS 281, 109Anders P. and Fritze-v. Alvensleben U., 2003, A&A 401, 1063
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Chapter 3Analysing globular lusterobservations I: Models andanalysis tools for Lik/IDSindies1AbstratWe have extended our evolutionary synthesis ode, galev, to inlude Lik/IDSabsorption-line indies for both simple and omposite stellar population models(star lusters and galaxies), using polynomial �tting funtions. We present amathematially advaned Lik index analysis tool (LINO) for the determinationof the ages and metalliities of globular lusters (CGs). An extensive grid ofgalev models for the evolution of star lusters at various metalliities over aHubble time is ompared to observed sets of Lik indies of varying ompletenessand preision. A dediated �2 - minimisation proedure selets the best modelinluding 1� unertainties on age and metalliity. We disuss the age and metal-liity sensitivities of individual indies and show that these sensitivities them-selves depend on age and metalliity; thus, we extend Worthey's (1994) oneptof a \metalliity sensitivity parameter" for an old stellar population at solarmetalliity to younger lusters of di�erent metalliities. We �nd that indies atlow metalliity are generally more age sensitive than at high metalliity. Ouraim is to provide a robust and reliable tool for the interpretation of star-lusterspetra beoming available from 10m lass telesopes in a large variety of galaxies{ metal-rih & metal-poor, starburst, post-burst, and dynamially young. Wetest our analysis tool using observations from various authors for Galati andM31 GCs, for whih reliable age and metalliity determinations are available inthe literature, and disuss to what extent the observational availability of var-ious subsets of Lik indies a�ets the results. For M31 GCs, we disuss theinuene of non-solar abundane ratios on our results. All models are aessiblefrom our website, http://www.astro.physik.uni-goettingen.de/~galev/1This hapter is published as Lilly and Fritze-v. Alvensleben, 2006, A&A 457, 467



36 Analysing globular luster observations I3.1 IntrodutionIn order to understand the formation and evolution of galaxies, one of the es-sential issues is to reveal their star formation histories (SFHs). Unfortunately,most galaxies are observable only in integrated light, so that SFH determina-tions using the most reliable CMD approah are only possible for a very limitedsample of nearby galaxies. However, the age and metalliity distributions of starluster and globular luster (GC) systems an provide important lues to theformation and evolutionary history of their parent galaxies. For example, theviolent formation history of elliptial galaxies, as predited from hierarhial ormerger senarios, is, in fat, obtained more diretly from the age and metalliitydistributions of their GC systems than from their integrated spetra, whih arealways dominated by stars originating in the last major star-formation episode.By means of evolutionary synthesis models, for example, we an show that,when using the integrated light of a galaxy's (omposite) stellar ontent alone,it is impossible to date (and atually to identify) even a very strong starburstif this event took plae more than two or three Gyrs ago (Lilly 2003, Lilly &Fritze { von Alvensleben 2005). Therefore, it is an important �rst step towardsunderstanding the formation and evolution of galaxies to onstrain the age andmetalliity distributions of their star luster systems (for reent reviews see,for example, Kissler-Patig 2000 and Zepf 1999, 2002), as well as of their stars(see, e.g., Harris et al. 1999, Harris & Harris 2000, 2002). Star lusters anbe observed one-by-one to fairly high preision in galaxies out to Virgo lusterdistanes, even on bright and variable galaxy bakgrounds, in terms of bothmulti-band imaging and intermediate-resolution spetrosopy. For young starluster systems, we have shown that the age and metalliity distributions anbe obtained from a omparison of multi-band imaging data with a grid of modelSEDs using the SED analysis tool AnalySED (Anders et al. 2004).Our aim is to extend the analysis of star luster age and metalliity distribu-tions in terms of parent galaxy formation histories and senarios to intermediateage and old star luster systems. However, for all olours the evolution slowsdown onsiderably at ages older than about 8 Gyr. Even with several passbandsand a long wavelength basis, the results are extremely unertain for old GCs;olours { even when ombining optial and near infrared { do not allow the age-metalliity degeneray to be ompletely disentangled (f. Anders et al. 2004).Absorption-line indies, on the other hand, are a promising tool for independentand more preise onstraints on ages and metalliities. Therefore, we present agrid of new evolutionary synthesis models for star lusters, inluding Lik/IDSindies, to omplement the broad band olours and spetra of our previous mod-els, and a Lik index analysis tool LINO meant to omplement our SED analysistool. With these two analysis tools, we now possess reasonable proedures forinterpreting both broad-band olour and spetral index observations.In an earlier study, we already inorporated a subset of Lik indies intoour evolutionary synthesis ode galev (Kurth et al. 1999). However, sinethen the input physis for the ode has hanged onsiderably; instead of theolder traks, we are now using up-to-date Padova isohrones, whih inlude thethermally pulsing asymptoti giant branh (TP-AGB) phase of stellar evolution(see Shulz et al. 2002). In this work, we present the integration of the full setof Lik indies into our ode. Now, our galev models onsistently desribe thetime evolution of spetra, broad-band olours, emission lines, and Lik indies



3.2 Models and input physis 37for both globular lusters (treated as single-age single-metalliity, i.e. \simple"stellar populations, SSPs) and galaxies (omposite stellar populations, CSPs),using the same input physis for all models (for an exhaustive desription ofgalev and its possibilities, as well as for reent extensions of the ode and itsinput physis, see Shulz et al. 2002, Anders & Fritze { v. Alvensleben 2003,and Biker et al. 2004).A reent publiation (Protor et al. 2004) also presented an analysis tool forLik indies using an �2-approah. However, they do not provide any on�deneintervals for their best-�tting models. In this respet, our new tool extends theirapproah. A drawbak of our models is that, at the present stage, they do notaount for variations in �-enhanement, as Protor et al. (2004) do. However,our analysis tool LINO is easily appliable to any available set of absortion lineindies.In Set. 3.2, we reall the basi de�nitions of Lik indies and desribe howwe synthesize them in our models; we also address non-solar abundane ratios.Some examples of SSP model indies are presented and briey onfronted withobservations. In Set. 3.3, Worthey's (1994) \metalliity sensitivity parameter"is disussed and extended from old stellar populations to stellar populationsof all ages. Setion 3.4 desribes and tests our new Lik index analysis tool;Galati and M31 globular luster observations are analysed and ompared withresults (taken from the literature) from reliable CMD analysis, and from indexanalyses using models with varying �-enhanements, respetively. Setion 3.5summarises the results and provides an outlook.3.2 Models and input physisIn this setion, we give an overview of our galev models and desribe how wesynthesize Lik indies. We address the impat of non-solar abundane ratios onour results and ompare some examples of SSP model indies with observations.3.2.1 Evolutionary synthesis of Lik indiesLik indies are relatively broad spetral features, and robust to measure. Theyare named after the most prominent absorption line in the respetive index'spassband. However, this does not neessarily mean that a ertain index'sstrength is exlusively, or even dominantly, due to line(s) of this element (see,e.g., Tripio & Bell 1995). Beyond the fat that more than one line an bepresent in the index's passband, strong lines in the pseudo-ontinua an alsoa�et the index strength. Most indies are given in units of their equivalentwidth (EW) measured in �A,EW[�A℄ = Z �2�1 FC(�) � FI(�)FC(�) d� ; (3.1)whereas index strengths of broad moleular lines are given in magnitudes:I[mag℄ = �2:5 log"� 1�1 � �2�Z �2�1 FI(�)FC(�) d�# : (3.2)



38 Analysing globular luster observations IHere, FI(�) is the ux in the index overing the wavelength range between �1and �2, and FC(�) is the ontinuum ux de�ned by two \pseudo-ontinua"anking the entral index passband.There are urrently 25 Lik indies, all within the optial wavelength range:HÆA, HA, HÆF , HF , CN1, CN2, Ca4227, G4300, Fe4383, Ca4455, Fe4531,Fe4668, H�, Fe5015, Mg1, Mg2, Mgb, Fe5270, Fe5335, Fe4506, Fe5709, Fe5782,Na D, TiO1, and TiO2. For a full desription and all index de�nitions, seeTrager et al. (1998) and referenes therein.As the basis for our evolutionary synthesis models, we employ the polynomial�tting funtions of Worthey et al. (1994) and Worthey & Ottaviani (1997),whih give Lik index strengths of individual stars as a funtion of their e�etivetemperature Te� , surfae gravity g, and metalliity [Fe/H℄. Worthey et al. havealibrated their �tting funtions empirially using solar-neighbourhood stars.Model unertainties are alulated as follows (Worthey 2004):�model = �star �RMS�tpN (3.3)with �star the typial rms error per observation for the alibration stars andRMS�t the residual rms of the �tting funtions; both values are given in Wortheyet al. (1994) and Worthey & Ottaviani (1997). Here, N is the number of stars inthe \neighbourhood" of the �tting funtions in the Te� ; g, [Fe/H℄ spae, whihis typially of the order of 25. Note that this approah is only an approximation;the real model error is most likely a strong funtion of Te� ; g, and [Fe/H℄.Other input physis of our models inlude the theoretial spetral libraryfrom Lejeune et al. (1997, 1998), as well as theoretial isohrones from thePadova group for Z=0.0004, 0.004, 0.008, 0.02, and 0.05 (f. Bertelli et al.1994), and for Z=0.0001 (f. Girardi et al. 1996). Reent versions of theseisohrones inlude the TP-AGB phase of stellar evolution (not presented in thereferened papers), whih is important for intermediate age stellar populations(f. Shulz et al. 2002). We assume a standard Salpeter (1955) initial massfuntion (IMF) from 0.15 to about 70 M�; lowest mass stars (M� < 0:6) aretaken from Chabrier and Bara�e (1997) (f. Shulz et al. 2002 for details).Throughout this paper, we identify the metalliity Z with [Fe/H℄ and de�ne[Fe/H℄ := log(Z=Z�).To alulate the time evolution of Lik indies for SSP or galaxy models, wefollow four steps:1. We use the values for Te� ; g; and [Fe/H℄ given (diretly or indiretly) bythe isohrones to ompute the index strength EWstar or Istar for eah staralong the isohrones.2. A spetrum is assigned to eah star on a given isohrone and used toompute its ontinuum ux FC2.3. For eah isohrone, the index strengths are integrated over all stellarmassesm (after transformation of the index strengths into uxes), weighted2In view of the resolution of our spetral library, these values are not very aurate; however,sine FC is merely an additional weighting fator for the integration routine, this does nota�et the �nal results.



3.2 Models and input physis 39by the IMF (using a weighting fator w)EWSSP = (�2 � �1) � �1� Pm(FI � w)Pm(FC � w)� ; (3.4)where FI is a funtion of EWstar and FC :FI = FC � �1� EWstar�2 � �1� : (3.5)The result of these 3 steps is a grid of SSP models for all available isohrones,i.e., a grid onsisting of the 6 metalliities given above and 50 ages between 4Myr and 20 Gyr.4. For eah time step in the omputation of a stellar population model, ourevolutionary synthesis ode galev gives the ontribution of eah isohroneto the total population.To obtain galaxy model indies (or a better age resolution for SSP mod-els), we integrate our grid of SSP models using Eqs. (3.4) and (3.5) again,but with w the isohrone ontribution as a new weighting fator (nowdoing the summation over all isohrones instead of all masses), FC the in-tegrated ontinuum ux level for eah isohrone, and using EWSSP insteadof EWstar.This way, we omputed a large grid of SSP models, onsisting of 6 metalli-ities and 4000 ages from 4 Myr to 16 Gyr in steps of 4 Myr; eah point of themodel grid onsists of all the 25 Lik indies urrently available.3.2.2 Non-solar abundane ratiosAbundane ratios reet the relation between the harateristi time sale ofstar formation and the time sales for the release of, e.g., SNe II produts(Mg and other �-elements), SNe Ia produts (Fe), or nuleosyntheti produtsfrom intermediate-mass stars (N). Galaxies with di�erent SFHs will hene beharaterised by di�erent distributions of stellar abundanes ratios. This meansthat the Galati relation between abundane ratios and metalliity (Edvardssonet al. 1993, Pagel & Tautvai�sien_e 1995) is not neessarily valid for galaxies ofdi�erent types and formation histories. Empirial index alibrations based onGalati stars, like the �tting funtions from Worthey et al. (1994) and Worthey& Ottaviani (1997) applied in this work, are based on the impliit inlusion ofthe Galati relation between abundane ratios and metalliity.A lot of work has been done in past years to study the impat of �-enhanementon stellar population models and their appliations; e.g., based mainly on thework of Tripio & Bell (1995) and Trager et al. (2000a), Thomas et al. (2003,2004) present SSP models of Lik indies with variable abundane ratios that areorreted for the bias mentioned above, providing for the �rst time well-de�ned[�/Fe℄ ratios at all metalliities. The impat of these new models on age andmetalliity estimates of early type galaxies is investigated in detail by Marastonet al. (2003), Thomas & Maraston (2003), Thomas et al. (2004), Trager et al.(2000a,b), among others.



40 Analysing globular luster observations IHowever, sine our purpose is to present onsistently omputed models forspetra, olours, emission lines, and Lik indies for both SSPs and CSPs, a on-sistent attempt to allow our evolutionary synthesis ode galev to aount forarbitrary abundane ratios would have to be based on stellar evolutionary traksor isohrones, detailed nuleosyntheti stellar yields, and model atmospheres forvarious abundane ratios. Sine both onsistent and omplete datasets of thiskind are not yet available (though �rst sets of evolutionary traks for stars withenhaned [�/Fe℄ ratios were presented by Salasnih et al. 2000 and Kim et al.2002), our models at the present stage do not expliitly allow for variations in�-enhanement. This is an important aveat to be kept in mind for the inter-pretation of extragalati GC populations. We think that the extensive studiesof non-solar abundane ratios ited above will allow us to estimate the impatof this aveat on our results.However, in Set. 3.4.3 we show that our method is robust enough to givevery good age and metalliity determinations for GCs even without using �-enhaned models.3.2.3 SSP model indies: Some examplesIn Figs. 3.1 and 3.2, we show the time evolution and metalliity dependeneof the indies H� and Fe5335 in our new SSP models, and ompare them withindex measurements of Galati GCs that are plotted against reliable age andmetalliity estimates, respetively.In partiular, in Fig. 3.1 we ompare SSP models for �ve ages between 1and 16 Gyr with Galati GC observations by Burstein et al. (1984; 17 lusters),Covino et al. (1995; 17 lusters), Trager et al. (1998; 18 lusters), Puzia et al.(2002; 12 lusters), and Beasley et al. (2004; 12 lusters). Note that somelusters were observed repeatedly, so more than one data point in the �gure anrefer to the same luster. The metalliities are taken from Harris (1996, revisionFeb. 2003). In Fig. 3.2 we show the time evolution of the model indies for all sixmetalliities, and ompare them with Galati GC observations (taken from thesame referenes as in Fig. 3.1). The GC age determinations are based on CMD�ts and taken from Salaris & Weiss (2002)3. Over the range of Galati GCages and metalliities (i.e., ages older than about 8 Gyr and metalliities lowerthan solar in most ases), a suÆient agreement is observed between modelsand data in the sense that the data lie within the range of the model grid; wealso heked this for other indies (not plotted).However, the plots also demonstrate how diÆult it would be to interpretthe indies in terms of lassial index-index plots. Atually, Fig. 3.2 seems toshow apparent inonsistenies, so some lusters in Fig. 3.2 have metalliitiesup to [Fe/H℄=+0.4 when ompared with models for the age-sensitive index H�,whereas, when ompared with models for the metalliity-sensitive Fe5335 index,all lusters have metalliities lower than [Fe/H℄=-0.4.3Note that they only over a subsample of the observations shown in Fig.3.1: 11 lustersof the Burstein et al. (1984) sample, 10 of the Covino et al. (1995) sample, 10 of the Trageret al. (1998) sample, only 3 of the Puzia et al. (2002) sample, and 6 lusters of the Beasley etal. (2004) sample.
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Fig. 3.1: Indies H� (left) and Fe5335 (right) versus metalliity for 5 di�erent ages. Also shown are Galati GC observations from variousauthors as indiated in the right-hand panel; GC metalliities are taken from Harris (1996, revision Feb. 2003). A typial measurementerror is about 0.2 �A.



42
AnalysingglobularlusterobservationsI

0 4e+09 8e+09 1.2e+10 1.6e+10
age  [yr]

1

2

3

4

5

6

7

H
β 

 [Å
]

[Fe/H] = −2.3
[Fe/H] = −1.7
[Fe/H] = −0.7
[Fe/H] = −0.4
[Fe/H] = 0  (solar)
[Fe/H] = +0.4

0 4e+09 8e+09 1.2e+10 1.6e+10
age  [yr]

0

1

2

3

4

5

6

F
e5

33
5 

 [Å
]

Burstein et al. 84
Covino et al. 95
Trager et al. 98
Puzia et al. 02
Beasley et al. 04

Fig. 3.2: Indies H� (left) and Fe5335 (right) versus age for 6 di�erent metalliities. Also shown are Galati GC observations fromvarious authors as indiated in the right-hand panel; GC age determinations are taken from Salaris & Weiss (2002).



3.3 Index sensitivities 43We annot deide at this point to what degree these inonsistenies are dueto problems in the models or the alibrations they are based on or due to badlyalibrated observations ; however, our new Lik index analysis tool neverthelessgives surprisingly robust age and, partiularly, metalliity determinations forthe same set of luster observations (f. Set. 3.4.2).3.3 Index sensitivitiesIt is well known that di�erent indies have varying sensitivities to age and/ormetalliity. To quantify this, Worthey (1994) introdued a \metalliity sensitiv-ity parameter" that gives a hint of how sensitive a given index is with respetto hanges in age and metalliity. This parameter is de�ned as the ratio of theperentage hange in Z to the perentage hange in age (so inuenes of pos-sible age-metalliity degeneraies are impliitely inluded), with large numbersindiating greater metalliity sensitivity:S = � �IZ�Z=Z��� �Iage�age=age� : (3.6)Using his SSP models, Worthey (1994) hose a 12 Gyr solar metalliity (Z=0.017)model as the zero point for the sensitivity parameters, the �'s referring to\neighbouring" models, in this ase models with age = 8/17 Gyr (i.e, �age= 4/5 Gyr) and Z = 0.01/0.03 (i.e., �Z = 0.007/0.013)4; the main numera-tor/denominator in Eq. 3.6 is averaged using both �'s before omputing thefration.In Table 3.1, we reprint the metalliity sensitivity parameters given byWorthey (1994) and Worthey & Ottaviani (1997), and ompare them with pa-rameters omputed using our own models. Extending Worthey's approah, weomputed parameters for four di�erent ombinations of zero points, using high(Z = 0.02) and low (Z = 0.0004) metalliities, along with high (12 Gyr) andintermediate (4 Gyr) ages.Worthey's parameters are reprodued relatively well by models with a similarombination of zero points, i.e. for old (12 Gyr) and solar metalliity SSPs.However, S is not totally independent of the �Z and �age hosen, sine it anbe very sensitive to the exat evolution of the model index. This ours mainlyin age-metalliity spae regions where the slope of the index does not evolvevery smoothly. For example, a very high value of S an also mean that, due toa small \bump" in the time evolution of the index, �Iage is near zero; in thisase, S is worthless.The two zero points for both age and metalliity and their \neighbouringmodels" we use for the omputations are given in Table 3.2; for both age zeropoints, we hose two sets of neighbouring models and averaged the �nal param-eters. To hek the reliability of our results, we also omputed parameters forvalues of age and �age not given in the table. If the results for di�erent �age's(or slightly di�erent zero points) di�er strongly, we lassify the parameter as un-ertain (indiated by brakets in Table 3.1). The \ranking" of indies in termsof sensitivity is, with some exeptions, una�eted by hanges in the zero points.4Ideally, S should be relatively independent of the exat values of the �Z and �age hosen,as long as they are not too large.



44 Analysing globular luster observations ITable 3.1: Metalliity sensitivity parameters for di�erent zero points. Lownumbers indiate high age sensitivity. Values given in brakets are not reliable(see text). Worthey GALEV 12 Gyr GALEV 4 GyrZ = 0.02 0.0004 0.02 0.0004CN1 1.9 1.5 1.1 1.1 0.1CN2 2.1 1.5 0.2 1.2 0.1Ca4227 1.5 1.1 (0.4) 1.0 0.1G4300 1.0 1.0 0.2 0.8 0.1Fe4383 1.9 1.9 0.3 1.3 0.2Ca4455 2.0 1.7 0.7 1.5 0.3Fe4531 1.9 1.7 0.6 1.4 0.2Fe4668 4.9 (3.5) (0.9) 2.4 0.9H� 0.6 0.6 0.1 0.5 0.1Fe5015 4.0 (2.3) (1.3) 2.1 0.4Mg1 1.8 1.7 (2.2) 1.4 2.0Mg2 1.8 1.5 (1.8) 1.2 0.5Mgb 1.7 1.4 (0.7) 1.0 0.3Fe5270 2.3 2.0 (0.7) 1.6 0.3Fe5335 2.8 2.7 (1.3) 2.0 0.4Fe5406 2.5 (2.6) (2.3) 1.8 0.6Fe5709 6.5 (8.5) (1.7) 2.6 (1.2)Fe5782 5.1 (5.9) (1.4) 2.5 (1.0)Na D 2.1 1.9 (1.2) 1.9 0.6TiO1 1.5 0.9 0.7 (1.4) (5.5)TiO2 2.5 1.3 0.9 (1.6) (8.6)HÆA 1.1 1.0 0.3 0.8 0.1HA 1.0 1.0 0.2 0.8 0.1HÆF 0.9 0.9 0.1 0.7 0.1HF 0.8 0.8 0.2 0.7 0.1Contrary to our expetations, however, at solar metalliity the age-sensitivityof Lik indies is only slightly higher for an intermediate age model omparedto the 12 Gyr model; for low-metalliity SSPs, the e�et is more pronouned.Most important, we �nd that for models at low metalliity, indies are generallymuh more age-sensitive than for models at high metalliity, espeially for age-sensitive indies like G4300 or Balmer line indies. This means that the indiesof old, low metalliity GCs an be more sensitive to age than indies of GCs withhigh metalliity and intermediate age. This is of speial interest for any analysisof GC systems involving intermediate age GCs (e.g., in merger remnants), sineseondary GC populations with intermediate ages are generally expeted to havehigher metalliities than \normal" old and metal-poor populations.Given the limited auray of any index measurement in pratie, the useful-ness of an index to determine age or metalliity depends not only on the relativehange in index strength for hanging Z or age as it is given by S but also onthe absolute hange in index strength.Therefore, in Fig. 3.3 we show the absolute di�erenes of index strengths for



3.3 Index sensitivities 45Table 3.2: \Neighbouring models" in terms of metalliity for Z=0.02 andZ=0.0004 (top) and in terms of age for the zero points 12 Gyr and 4 Gyr (bot-tom) used to ompute the metalliity sensitivities given in Table 3.1. Braketsgive the orresponding �Z and �age.Z=0.02 Z=0.00040.008(0.012) 0.05(0.03) 0.0001(0.0003) 0.004(0.0036)12 Gyr 4 Gyr11.0(1.0) 13.2(1.2) 3.2(0.8) 5.0(1.0)10.5(1.5) 13.8(1.8) 2.5(1.5) 6.3(2.3)old (12 Gyr) and young (2 Gyr) SSPs for hanging metalliity and for metal-rih([Fe/H℄=0) and metal-poor ([Fe/H℄=-1.7) SSPs for hanging age, respetively.Generally, the absolute di�erenes between 8 and 4 Gyr old SSPs are largerthan the di�erenes between 8 and 12 Gyr old SSPs at �xed metalliity, asexpeted (Fig. 3.3, lower panels). However, this e�et is muh stronger at lowthan at high metalliity, whih on�rms what we get from the S parameter.The absolute di�erenes between models with di�erent metalliity (top panelsin Fig. 3.3) are slighty larger for old than for young SSPs. Interestingly, theplots show that indies known to be sensitive to age an also be highly variablefor di�ering metalliities; espeially the broad Balmer indies HÆA and HAhange a lot with metalliity. Most important, however, the plot shows that, inpratie, moderately metal-sensitive indies like Mgb an be muh more usefulfor metalliity determinations than indies like Fe5709 or Fe5782, though thelatter are, aording to the S parameter, muh more metal-sensitive.In order to determine ages and metalliities of GCs, indies should be hosennot only aording to known sensitivities as given by S, but also aording theahievable measurement auray and, if possible, aording to the expetedage and metalliity range of the soures.
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3.4 The Lik index analysis tool 473.4 The Lik index analysis toolSine in the original models (f. Set. 3.2.1), the steps in metalliity are large,in a �rst step we linearly interpolate in [Fe/H℄ between the 6 metalliities beforewe analyse any data with our new tool. This is done in steps of [Fe/H℄ = 0.1dex, so the �nal input grid for the analysis algorithm onsists of sets of all 25Lik indies eah for 28 metalliities (�2:3 � [Fe/H℄ � +0:4) and 4000 ages (4Myr � age � 16 Gyr). Although this approah is only an approximation, theresults shown in Set. 3.4.2 prove it to be suÆiently aurate.3.4.1 The �2 - approahThe algorithm is based on the SED analysis tool presented by Anders et al.(2004). The reader is referred to this paper for additional information aboutthe algorithm, as well as for extensive tests using broad-band olours instead ofindies.All observed luster indies at one { or an arbitrary subsample of them {are ompared with the models by assigning a probability p(n) to eah modelgrid point (i.e., to eah set of 25 indies de�ned by 1 age and 1 metalliity)p(n) / (��2) ; (3.7)where �2 = 25Xi=1 (Iobs � Imodel)2�2obs + �2model (3.8)with Iobs and Imodel the observed and the model indies, respetively, and �obsand �model the respetive unertainties. Indies measured in magnitudes aretransformed into �Angstr�om before alulation. After normalization (P p(n) =1), the grid point with the highest probability is assumed to be the best model,i.e. it gives the \best age" and the \best metalliity" for the observed luster.The unertainties of the best model in terms of �1� on�dene intervals areomputed by rearranging the model grid points by order of dereasing probabil-ities, and summing up their probabilities untilP p(n) = 0:68 is reahed; the 1�unertainties in age and metalliity are omputed from the age and metalliitydi�erenes, respetively, of the n(p0:68)- and the n(pmax)-model. Note that thedetermination does not take into aount the possible existene of several so-lution \islands" for one luster; thus the on�dene intervals are in fat upperlimits.3.4.2 Examples and tests I: Galati GCsWe have tested our Lik index analysis tool using a large set of Galati GCsfor whih index measurements (taken from Burstein et al. 1984, Covino et al.1995, Trager et al. 19985, and Beasley et al. 2004), as well as age and metalli-ity determinations from CMD analyses (taken from Salaris & Weiss 2002) are5In this dataset, HÆA, HA, HÆF , and HF are taken from Kuntshner et al. (2002) whoreanalysed the Trager et al. spetra; in the following, 'Trager et al. (1998)' always is meantto inlude this additional data.



48 Analysing globular luster observations ITable 3.3: Observations by Burstein et al. (1984, B84), Covinio et al. (1995,C95), Trager et al. (1998, T98; HÆ, H are taken from Kuntshner et al. 2002,see text), Beasley et al. (2004, B04) used to perform the tests of Set. 3.4.2.`*': index observed, `o': only a subsample of lusters is observed in this index.B84 C95 T98 B04CN1 * o * oCN2 * oCa4227 * oG4300 * o * oFe4383 o oCa4455 * oFe4531 * oFe4668 * *H� * * * *Fe5015 * *Mg1 * * * *Mg2 * * * *Mgb * * * *Fe5270 * * * *Fe5335 * * * *Fe5406 * *Fe5709 * *Fe5782 o *Na D * o * *TiO1 * * *TiO2 o oHÆA * oHA o oHÆF * oHF * oavailable.Figure 3.4 ompares ages and metalliities from both methods. Here, we usethe omplete set of measured indies available (f. Table 3.3) as input for ouranalysis tool; for omparison, Fig. 3.5 shows our results using two subsets ofindies: the age-sensitive indies Ca4227, G4300, H�, and TiO1 in the left panel,and metal-sensitive indies Mg1, NaD, [MgFe℄, plus the age-sensitive index H�in the right panel6. In all plots, only results with on�dene intervals of �(age)� 5 Gyr are plotted7.6[MgFe℄ is a ombination of metal-sensitive indies that is known to be widely una�etedby non-solar abundane ratios (see, e.g., Thomas et al. 2003). It is de�ned as [MgFe℄ :=p<Fe>�Mgb, with <Fe> := (Fe5270 + Fe5335) =2.7In most ases, very large 1� unertainties are due to the presene of two \solution islands"(e.g., solution 1: low or intermediate age, solution 2: high age), whih are both within their1� ranges. Sine we do not want to use any a priori information about the lusters, we annotdeide between the two solutions and therefore rather omit them ompletely.
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Fig. 3.4: Galati GC observations: Metalliities (left) and ages (right) determined using our Lik index analysis tool (x-axis, using allmeasured indies available) vs. metalliities and ages determined by CMD analyses (y-axis, taken from Salaris & Weiss 2002). Note thatonly results with model unertainties of �(age) � 5 Gyr are plotted.
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Fig. 3.5: Same as Fig. 3.4, but using metalliity-sensitive indies Mg1, NaD, [MgFe℄, plus age-sensitive index H� as input only (left),and using age-sensitive indies Ca4227, G4300, H�, and TiO1 as input only (right).



3.4 The Lik index analysis tool 51Table 3.4: Mean ages and standard deviations of luster ages determined usingthe Lik index analysis tool and CMD analysis (Salaris & Weiss 2002), respe-tively, as shown in Figs. 3.4 and 3.5. Note that the values are omputed withoutluster NGC 6121. all indies age-sensitive indies<age> � <age> �Lik{Analysis 13.49 1.80 13.58 1.22CMD{Analysis 11.54 1.08 11.57 1.04The agreement between [Fe/H℄ obtained from our Lik index analysis tooland the orresponding values from CMD analyses is very good, with �[Fe/H℄� 0.3 dex when using all available indies, and �[Fe/H℄ � 0.2 dex when usingmainly metal-sensitive indies. With one exeption, the age determinations arerelatively homogeneous, though the mean age obtained from index analyses isabout 2 Gyrs too high ompared to the results from CMD analyses. Table 3.4gives the mean ages and standard deviations of lusters determined using theLik index analysis tool and from CMD analyses, respetively. It shows that,using all available indies, not only the mean ages but also the age spreads aretoo high; most likely, this is due to varying horizontal branh (HB) morphologies(see below). However, if only age-sensitive indies are used, the age spread is ofthe same magnitude than that obtained by CMD analyses.As an example, Fig. 3.6 (top) shows the \best-�tting" model for the GalatiGC M3 (NGC 5272), together with the index measurements of Trager et al.(1998) used for the analysis. The best model has an age of 12:88(�1:99+1:75) Gyr anda metalliity of [Fe/H℄ = �1:7(�0) dex; ompared with an age of 12.1(�0:7) Gyrand [Fe/H℄ = �1:66 dex given by CMD analysis, this is a very good solution.We also give the �1� on�dene intervals of our best model in terms of indexvalues for SSPs with age 12:89 � 1:99 = 10:90 Gyr and 12:89 + 1:74 = 14:63Gyr, respetively, and metalliity [Fe/H℄ = �1:7.As seen in Figs. 3.4 and 3.5, most Galati GCs are reovered very wellin their metalliities by our Lik index analysis tool, in partiular when theanalysis is onentrated on the set of metal-sensitive indies Mg1, NaD, [MgFe℄,plus age-sensitive index H�. The origin of the � 2 Gyr systemati di�erenebetween index-determined and CMD-based ages, as well as of the wider agespread we �nd is, most likely, due to the HB morphologies of the lusters. ThePadova isohrones we use for the analyses have very red HBs over most of theparameter spae; they have blue HBs only for metalliities [Fe/H℄ � �1:7 andages higher than about 12 Gyr. Therefore, the age of an observed luster withblue HB an possibly be underestimated by several Gyrs. Protor et al. (2004),who use a similar tehnique to the one applied here, also �nd ages too highompared to values from CMD analyses; depending on the applied SSP models,they �nd mean ages of 13.1(�2:3), 12.2(�3:3), and 12.7(�1:9) Gyr, respetively(f. Table 3.4). We plan to analyse the inuene of HB morphology on Likindex-based age determinations in a separate paper.Interestingly, and despite the fat that the Lik index measurements usedhere have very di�erent ages and qualities, the results are of omparable qualityfor eah data set. E.g., the indies taken from Trager et al. (1998) are mea-
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3.4 The Lik index analysis tool 53index analysis tool gives an age of only � 5 Gyr (with a 1� unertainty of lessthan 1 Gyr) using both all and only age-sensitive indies, while CMD analysisgives more than twie the age. Sine the luster does not have a very blue HB(Harris 1996 gives an HB ratio of nearly zero), we do not have a reasonableexplanation for this. However, anomalies have been found for this luster, andsome properties are still being disussed in the literature (see, e.g., Riher et al.2004 and referenes therein). Figure 3.6 (bottom) shows models for this \misde-termined" luster: Together with the index measurements taken from Beasleyet al. (2004), we show the index values for our best model (i.e., indies for aSSP with age = 4:59(�0:31+0:80) Gyr and [Fe/H℄ = �1:2(�0:1+0:0) dex), as well as fora model SSP using the Salaris & Weiss (2002) solution (age = 11:9(�1:1) Gyrand [Fe/H℄ = �1:3 dex). The indies that di�er most between the two models(and for whih measurements are available) are G4300, Fe4383, and the Balmerline indies H� and H; remarkably, the Balmer lines seem to be ompletelyresponsible for the misdetermination.3.4.3 Examples and tests II: M31 GCs and non-solar abun-dane ratiosSine for Andromeda galaxy (M31) GCs it is, unfortunately, not possible toobtain high-quality olour magnitude diagrams, reliable determinations of ageand metalliity that ould be used as \default values" for omparisions arenot available. Therefore, for M31 GCs we an only ompare our Lik index-based determinations with results taken from the literature, whih are based onspetral indies themselves.For our analyses, we use the Lik index measurements of M31 GCs presentedby Beasley et al. (2004); while not presenting their own age or metalliity deter-minations for individual lusters, they distinguish four lasses for their sampleof luster andidates: Young, intermediate age, and \normal" old GCs. Addi-tionally, some soures are suspeted to be foreground galaxies. Beasley et al.have measured all available Lik indies with the exeption of TiO2.In Fig. 3.7, we ompare our metalliity determinations using the Lik indexanalysis tool with results presented by Barmby et al. (2000) (top left panel) andPuzia et al. (2005) (top right panel). While Barmby et al. use alibrations givenby Brodie & Huhra (1990) for their spetrosopi metalliity determinations,using their own measurements of absorption line indies, Puzia et al. (2005) usean �2 approah using Lik index models from Thomas et al. (2003, 2004), whihaount for non-solar abundane ratios. Puzia et al. use the same database as wedo (i.e., the Lik index measurements published by Beasley et al. 2004). Insteadof [Fe/H℄, they give total metalliities [Z/H℄; however, aording to Thomas etal. (2003), [Fe/H℄ in the ZW84 sale is in exellent agreement with [Z/H℄. Hene,our results, given in [Fe/H℄, are perfetly omparable to the Puzia et al. resultsand are appropriate for testing for the inuene of non-solar abundane ratios inour results. For both the Barmby et al. (2000) and Puzia et al. (2005) metalliitydeterminations, we �nd good agreement with our results. Only for lusters thatare lassi�ed as young (i.e., age � 1-2 Gyr) do we �nd relatively large di�erenesin [Fe/H℄; however, this reets our expetations, sine the models are alibratedusing mainly intermediate-age or old Galati stars.
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Fig. 3.7: M31 GCs: Metalliities and ages for the Beasley et al. (2004) GCsample, determined using our Lik index analysis tool (x-axis, using all measuredindies available) vs. metalliity determinations taken from Barmby et al. (2000)(top panel) and Puzia et al. (2005) (middle panel), and vs. age determinationstaken from Puzia et al. (2005) (bottom panel). The lassi�ation as \youngluster" and \suspeted dwarf galaxy" is taken from Beasley et al. (2004).
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Fig. 3.8: M31 GCs: Absolute di�erenes between parameters derived using our Lik index analysis tool and results from Puzia et al.(2005), against [�/Fe℄ taken from Puzia et al. (2005). Left: ([Z/H℄Puzia � [Fe/H℄our models); Right: (agePuzia � ageour models). Thelassi�ation as \intermediate-age luster" and \suspeted dwarf galaxy" is taken from Beasley et al. (2004).



56 Analysing globular luster observations IIn the bottom panel of Fig. 3.7, we ompare our results with ages determinedby Puzia et al. (2005). Again, the results are in surprisingly good agreement, ifsoures suspeted of being foreground dwarf galaxies are not onsidered. For theset of intermediate-age lusters identi�ed by Beasley et al. (2004), our resultsreet this lassi�ation perfetly.Compared with the lassi�ation of Beasley et al. (2004), the largest disagree-ments in both age and metalliity our for young lusters and for suspeteddwarf galaxies; it is no surprise that models omputed to �t GCs are not ap-propriate to galaxies (and, therefore, di�erent methods lead to di�erent results).Sine Puzia et al. (2005) also determine �-enhanements for the GC sample,we an hek for possible systemati o�sets of our determinations ompared totheirs due to non-solar abundane ratios.In Fig. 3.8, absolute di�erenes between metalliities (left panel) and ages(right panel) derived using our models and from Puzia et al. (2005) are plottedagainst [�/Fe℄. Relatively surprising is that no general trend for the di�erenesin both age and metalliity determinations with �-enhanement an be observed,if the large error bars of the [�/Fe℄ determinations are taken into aount.Hene, the slight o�set between metalliities determined by Puzia et al. and byus (f. Fig. 3.7, top right panel) for [Fe/H℄ larger than � �1:2 dex seems notto be due to the use of solar-saled against �-enhaned models.3.5 Summary and outlookTo ope with the observational progress that makes star luster & globular lus-ter spetra aessible in a wide variety of external galaxies, we have omputeda large grid of evolutionary synthesis models for simple stellar populations, in-luding 25 Lik/IDS indies using the empirial alibrations of Worthey et al.(1994) and Worthey & Ottaviani (1997). Comparison of the SSP models withGalati GC observations shows good agreement between models and data.We �nd that the well-known and widely used age-sensitive indies HÆA andHA also show a strong metalliity dependene. The \metalliity sensitivityparameter" S introdued by Worthey (1994) for old stellar populations withsolar metalliity is reprodued well by our models. Our models allow us toextend this onept to younger ages and non-solar metalliities. We �nd thesensitivity of di�erent indies with respet to age and metalliity to dependon age and metalliity; e.g., all indies are generally more age sensitive at lowthan at high metalliity. Another important issue is the absolute di�erene inindex strength for varying age or metalliity: Due to the limited auray ofany index measurement, these absolute di�erenes in pratie an be of greaterimportane than the sensitivity given by S.We present a new advaned tool for interpreting absorption-line indies, theLik index analysis tool LINO. Following an �2 - approah, this tool determinesage and metalliity, inluding their respetive �1� unertainties, using all, orany subset of, measured indies. Testing our tool against index measurementsfrom various authors for Galati GCs, whih have reliable age and metalliitydeterminations from CMD analyses in the literature, shows very good agree-ment: Metalliities of GCs are reovered to � 0.2 dex using 6 appropriateindies alone (Mg1, Mgb, Fe5270, Fe5335, NaD, H�). Age determinations from
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Chapter 4Analysing globular lusterobservations II: Combiningbroad-band SED and Likindex analysis14.1 IntrodutionAn independent determination of ages and metalliities of globular lusters(GCs) is essential for studies of globular luster systems (GCSs) and in at-tempts to derive lues to the formation history of their parent galaxy from itsGCs. However, even when analysing Lik indies age-metalliity degenerayremains a severe problem.In this hapter, I present a new method for the determination of ages andmetalliities of individual star lusters by ombining the information inherent inbroad-band olour and Lik index measurements, and I address the question ofwhih kind of data is neessary, or most useful, to onstrain ages and metalliitiesto best auray.Using the well established spetral energy distribution analysis tool Anal-ySED, it is possible to obtain ages, metalliities, and masses of individual GCsby omparing multi-band photometri observations with an extensive grid ofSSP model SEDs. This is done in a statistially advaned way, on the basis ofa �2-approah. However, sine for all olours the evolution slows down onsid-erably at ages older than about 8 Gyr, even with several passbands and a longwavelength basis the results beome more and more unertain for older lusters.Therefore, I inorporated empirial alibrations for Lik indies into the modelsand developed a Lik indies analysis tool that works in the same way as theSED analysis tool. However, even when using spetral information, results stillsu�er from age-metalliity degeneraies: While metalliities from the Lik in-dex analysis proved to be very reliable, 1 sigma unertainties in ages an still bevery high (up to � 10 Gyr). In order to further redue the degeneraies inher-ent in eah kind of integrated light data (broad-band SEDs and Lik indies),1After minor hanges, this hapter will be submitted shortly to be published in A&A.



60 Analysing globular luster observations III have developed a new method (PRODUCT) to ombine the analysis of bothmethods (AnalySED and Lik-Analysis) and, hene, to exploit all the availableinformation simultaneously in a mathematially reasonable way.4.2 ModelsGALEV evolutionary synthesis models desribe the spetrophotometri evo-lution of the integrated light of large stellar populations like star lusters orgalaxies from the onset of star formation (SF) over a Hubble time.Input physis inlude the theoretial spetral library from Lejeune et al.(1997, 1998) as well as theoretial isohrones from the Padova group for Z=0.0004,0.004, 0.008, 0.02 and 0.05 (f. Bertelli et al. 1994), and, so far only implementedfor our models of Lik indies, for Z=0.0001 (f. Girardi et al. 1996); reent ver-sions of these isohrones inlude the TP-AGB phase of stellar evolution whihis important for intermediate age stellar populations (f. Shulz et al. 2002).We assume a standard Salpeter (1955) initial mass funtion (IMF) from 0.15to about 70 M�; lowest mass stars (M� < 0:6) are taken from Chabrier andBara�e (1997) (f. Shulz et al. 2002 for details). Lik indies are omputedemploying the empirial polynomial �tting funtions of Worthey et al. (1994)and Worthey & Ottaviani (1997), whih give Lik index strengths of individualstars as a funtion of their e�etive temperature Te� , surfae gravity g, andmetalliity [Fe/H℄.For desriptions of all aspets of GALEV and its input physis see Shulzet al. (2002), Anders & Fritze-v. Alvensleben (2003), Biker et al. (2004), andLilly & Fritze-v. Alvensleben (2006). Throughout this paper, we desribe themetalliity Z by [Fe/H℄ and de�ne [Fe/H℄ := log(Z=Z�).For the purpose of this paper, we have omputed a large grid of SingleStellar Population (SSP) models onsisting of 22 metalliities (-1.7�[Fe/H℄�0.4,in steps of 0.1 dex) and 4000 ages from 4 Myr to 16 Gyr in steps of 4 Myr; theadditional metalliities are omputed by linear interpolation in [Fe/H℄ betweenthe 5 metalliities given above. Eah point of the model grid then onsists of 25Lik indies as well as of broad-band Spetral Energy Distributions in a varietyof �lter systems, ranging from UV to the NIR.4.3 Analysis toolsIn this setion, after giving an overview of our well-established tools for analysingbroad-band olours (AnalySED, Anders et al. 2004a,b) and spetral indies (LikAnalysis Tool, Lilly & Fritze-v. Alvensleben 2006), we present our method toombine the analysis of di�erent data sets like SEDs in di�erent photometrisystems or SEDs and Lik indies (PRODUCT ), and we disuss the reliabilityof our new method.4.3.1 AnalySED and Lik Analysis ToolAll our analysis tools are based on a mathematially reliable �2 tehnique: Ob-servational data, like olours or spetral indies, are ompared with a large grid



4.3 Analysis tools 61of SSP models in order to onstrain ranges of allowed parameter ombinations(here: age and metalliity) for individual star lusters.For this purpose, a probability is assigned to eah point of the model grid:p(n) / (��2) ; (4.1)where �2 =X (mobs �mmodel)2�2obs + �2model (4.2)with mobs and mmodel being the observed and the model magnitudes, or indies,respetively, and �obs and �model being the respetive unertainties.Subsequently, the model with the highest probability is hosen as the "best-�t model". �1� on�dene intervals are determined by summing up modelswith dereasing probabilities until 68 per ent total probability are reahed.Anders et al. (2004) used this method for the purpose of analysing broad-band olours of star lusters. His analysis tool AnalySED ompares lusterSEDs with a large grid of SSP models in order to independently determineages, metalliities, (internal) extintions and masses of individual lusters. Heobtained good results for young (age < 1 Gyr) lusters; however, results turnedout to be severely unertain for old globular lusters (GCs).Therefore, Lilly & Fritze-v. Alvensleben (2006) extended the ode to de-sribe and analyse Lik indies. With these new models and the respetiveLik-index tool we are now able to independently determine ages and metal-liities of individual lusters to muh higher preision than was possible byanalysing broad-band SEDs: As ompared to CMD analyses, we got very au-rate metalliities over the full range of ages (f. Lilly & Fritze-v. Alvensleben2006, Fig. 4). However, espeially in view of aurate age determinations,age-metalliity degeneray still remains a severe problem.4.3.2 PRODUCTOur �2-tehnique deals with the absolute numerial di�erenes between modeland observed data, weighted only by both observational and model unertain-ties. Therefore, sine broad-band olours and Lik indies are very di�erenttypes of data (measured in di�erent units and reahing di�erent ranges of nu-merial values), it is no possible to just put all available data (i.e. broad-bandSEDs and Lik indies, or even SEDs in two di�erent �lter systems, e.g. abroad-band and an intermediate or narrow-band system) in one model grid andproeed as usual.To be able to exploit all the information available for a given set of star lus-ters, we �rst analyse eah data set separately, using the appropriate analysistool (AnalySED or the Lik Analysis Tool). During these proesses two inde-pendent probabilities are assigned to eah model grid point, resulting in twoprobability spaes (one for eah dataset). These probabilities (i.e., the ompleteprobability spaes) an be multiplied. After renormalization of the resultingprobability spae, we an determine the best solution again following the sametehnique as desribed above.Following this method, it is possible to analyse \simultaneously" any om-pilation of independent and possibly omplementary datasets. However, it is



62 Analysing globular luster observations IIimportant to realize that the �nal result of an analysis using two (or more)di�erent datasets is mainly determined by the dataset whih gives the best-onstrained solution, i.e. for whih the probability spae is haraterized by arelatively well de�ned \peak", at least in ontrast to what is obtained for theother dataset. In the majority of ases, this \better" dataset is the one withthe Lik indies.Therefore, PRODUCT is most useful in ases where sets of inhomogeneous,inomplete, or poorly observed (i.e., large errorbars) data are available (whihin any ase must be statistially independent), e.g. two di�erent sets of broad-band olours, or Lik indies whih were determined from low S/N spetra notoriginally intended to be be used for Lik index measurements. We will showthat, in this ases, using PRODUCT these data an still suessfully be usedfor independent age and metalliity determinations.4.4 Examples and testsIn this setion, we demonstrate the performane of our new method by analysingstar luster samples for the LMC and for NGC 5128. These have, to someextent, broad-band photometri, Lik index measurements, and CMD-basedindependent age and metalliity determinations.4.4.1 LMCWe have analysed a ompilation of star lusters in the LMC, of intermediateage and old, for whih both UBVJHKs photometry and a set of Lik indiesare available. In most ases, CMD-based age determinations as well as reliablemetalliity determinations are available in the literature.Lik indies are taken from Beasley et al. (2002), SEDs from Bia et al.(1996) for UBV and from Pessev et al. (2006) for JHKs. Pessev et al. giveobservations for a variety of aperture diameters; to get a dataset as onsistentas possible, we hose the observations with the same apperture diameters asused by Bia et al. (1996) for eah luster. The SEDs are dereddened followingthe extintion law given by Cardelli et al. (1989), using a value of RV = 3.41appropriate for the LMC, as given by Gordon et al. (2003). We have used ex-tintions AV for individual lusters as listed in Pessev et al. (2006) whih inludenot only Galati foreground reddening but also internal reddening in the LMC.To give an overview over the properties of the luster system, in Fig. 4.5we show the age-metalliity relation of our LMC luster sample by plottingage vs. metalliity for literature based values (blak dots; for referenes f.Tabs. 4.1 through 4.4) as well as using our results for the ombined analysisof UBVJHK photometry and the 5 indies H�, Mgb, Mg2, Fe5270, and Fe5335using PRODUCT.Taking into aount that our parameter spae is restrited to metalliities[Fe/H℄ � �1:7 dex, and ages � 16 Gyr, the literature based relation is repro-dued reasonably well. However, one misdetermination is learly visible in theplot (marked by a irle in the left panels of this as well as the other plots shownin this setion). For this luster, identi�ed as NGC 1916, we determine an ageof 6:36+2:05�1:37 Gyr whih is muh younger than the age given in the literature
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Fig. 4.1: Ages (left) and metalliities (right) for 11 LMC star lusters analysedusing broad-band photometry UBVJHKs for AnalySED (top), the 5 Lik indiesH�, Mgb, Mg2, Fe5270, Fe5335 for the Lik analysis (middle), and PRODUCTusing both sets of data (bottom), plotted against ages and metalliities givenin the literature (y-axes). Note that the age given in the literature for lusterNGC 1916 (blue irle) is very unsure (see text).
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Fig. 4.2: Same as Fig. 4.1, but using UBV only for AnalySED.
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Fig. 4.3: Same as Fig. 4.1, but using Lik indies H� & [MgFe℄ only for theLik analysis.
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Fig. 4.4: Same as Fig. 4.1, but using UBV only for AnalySED, and H� &[MgFe℄ only for the Lik analysis.
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Fig. 4.5: Age-metalliity relation of our LMC luster sample. Blak dots giveliterature values, green rosses our best results obtained by analysing UBVJHKphotometry together with the 5 Lik indies H�, Mgb, Mg2, Fe5270, and Fe5335using PRODUCT. Cluster NGC 1916 is marked by a irle around the dot andthe ross, respetively.



68 Analysing globular luster observations II(15:85+3:65�2:97 Gyr). However, this age is not based on a reliable CMD analysisbut by a visual examination of the CMD of this luster whih su�ers from \se-rious di�erential reddening" (f. Makey & Gilmore 2003). By deiding that,visually, the CMD does not di�er too muh from the CMDs of old lusters otherthan NGC 1916, the authors averaged the ages of these lusters to arrive at theabove age estimate of 15:85 Gyr for NGC 1916.To give the reader a feeling about whih kind of observational data is mostuseful or neessary, respetively, to break the age-metalliity degeneray inher-ent in all kind of integrated light data (espeially for old star lusters) andto onstrain age and metalliity with maximal auray but at the same timeas eÆient as possible (i.e., using not more observations/measurements as ne-essary), we have analysed not only the 5 indies and the full set of oloursUBVJHK but also a variety of ombinations of rih (i.e., many olours/indies)and poor (i.e., few olours/indies) datasets:1. The 5 Lik indies H�, Mgb, Mg2, Fe5270, and Fe5335.2. H� and [MgFe℄2 only.3. UBVJHKs photometry.4. UBV photometry only.All sets and the reasonable ombinations (i.e., eah rih/poor set of olourswith the rih/poor sets of Lik indies) have been analysed using the appropriateanalysis tool (AnalySED, Lik Analysis Tool, and, for the ombined analysis ofSEDs and indies, PRODUCT).Our results in terms of best ages and metalliities, inluding their respetive�1� on�dene intervals, are plotted in Figs. 4.1 through 4.4 against the re-spetive literature values; the exat numerial values of all our results togetherwith ages and metalliities taken from the literature and the orresponding ref-erenes are given in Tabs. 4.1 through 4.4.Analysing the rih olour set (UBVJHK), the results show a relative highdegeneray, exhibiting large error bars in both age and metalliity for most lus-ters despite the long baseline from U to K(Fig. 4.1, top panels). Interestingly,old lusters exhibit large error bars in ages but relatively small error bars inmetalliities; intermediate age lusters behave vie versa (remember that, inthe LMC, old lusters are metal-poor, young lusters metal-rih).Analysing the set of 5 indies H�, Mgb, Mg2, Fe5270, and Fe5335, ages arerelatively well onstrained for intermediate age lusters, but old lusters stillhave high unertainties in their ages (Fig. 4.1, middle panels). In terms ofmetalliities, however, the results are very good for the full range in ages andmetalliities.If the analysis of these two datasets is ombined using PRODUCT, the agedeterminations for old lusters whih were highly unertain using photome-try and indies alone, respetively, are very muh improved (Fig. 4.1, bottom2[MgFe℄ is a ombination of metal-sensitive indies that is known to be widely una�etedby non-solar abundane ratios (see, e.g., Thomas et al. 2003). It is de�ned as [MgFe℄ :=p<Fe>�Mgb, with <Fe> := (Fe5270 + Fe5335) =2.



4.4 Examples and tests 69panels). In terms of metalliity, however, the results were already very wellonstrained from the index analysis alone, so that the addition of photometryimproves the results only marginally.In Fig. 4.2, age and metalliity determinations are plotted against valuestaken from the literature for analyses of the poor SED set UBV (top panels), therih set of 5 Lik indies as desribed above (middle panels), and the ombinedanalysis using PRODUCT (bottom panels).Two points are of partiular interest: First, if only UBV are analysed, interms of age and in terms of metalliity the results are severely unertain, forold lusters and for lusters of intermediate age. In fat, the age metalliitydegeneray inherent in data whih over a wavelength baseline fromU throughV only is so severe that the on�dene intervals of our best solutions over thefull parameter spae. Seond, as a onsequene, the results obtained from Likanalysis remain pratially unhanged if both kinds of data are analysed simul-taneously (f. middle and bottom panels).In Fig. 4.3, we ompare our results for the analysis of the rih photometridata set (UBVJHK) and the poor spetral data set (using H� and [MgFe℄ only).In this ase, the results from the separate analyses of the data sets are bothomparable in their degrees of degeneraies, and the analysis of the two indiesresults in only slightly better onstraints in both ages and metalliities than theanalysis of the photometri data alone (top and middle panels).In this ase of a ombination of a rih data set with a long wavelength base-line for the SEDs with a poor one with only two Lik indies, however, a om-bined analysis of both kinds of data using PRODUCT is most useful, resultingin age and metalliity determinations whih are almost omparable in their pre-ision with those of the ombined analysis of the two rih data set presented inFig. 4.1.If the poor index data set is ombined with the poor photometri one (Fig.4.4), the results from the analysis of the two indies alone an slightly be im-proved in terms of metalliity determinations if analysed in ombination withthe rih spetral data set. However, in terms of ages best solutions and on�-dene intervals annot be improved this way.We onlude that the ombined analysis of di�erent data sets using PROD-UCT is most useful if the onstraints given by eah single data set alone (Likindies or olours) are of omparable auray. Sine the age metalliity de-generay is muh more severe in olours than in indies, this means that ageand metalliity determinations obtained by analysing Lik indies an substan-tially be improved only if a set of olours overing a wavelength basis as longas possible is available. On the other hand, if photometry of suÆient qualityis available, the inlusion of only very few Lik indies into the analysis anseverely improve the results.4.4.2 NGC 5128As a further example, we show results from our analysis of the globular lustersystem of the nearest large elliptial galaxy, NGC 5128. Sine muh evidene
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(a) Best model (AnalySED):age = 5:55+10:45�4:32 Gyr, [Fe/H℄ = �1:7+0:7�0:0

(b) Best model (Lik-Analysis):age = 3:91+12:09�1:84 Gyr, [Fe/H℄ = �1:2+0:3�0:3

() Best model (PRODUCT):age = 4:69+3:12�2:75 Gyr, [Fe/H℄ = �1:4+0:4�0:2Fig. 4.6: Best models for NGC 5128 globular luster p� g-006 using threedi�erent methods of analysis (data: Peng et al. 2004). The plots show thenormalized probability spae resulting from an analysis of the broad-band mag-nitudes UBVRI (a), the Lik indies H�, Mgb, Mg2, Fe5270, Fe5335 (b), and ofa ombination of both methods using PRODUCT ().
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Fig. 4.7: Left: Histogram of di�erenes between age determinations usingAnalySED and Lik Analysis, respetively, and using PRODUCT for 135 GCsin NGC 5128. Right: Same as left, but for metalliities.



72 Analysing globular luster observations IIexists that NGC 5128 has experiened one or more major merging events rela-tively reently, this galaxy is a very interesting objet and, due to its proximity,suitable for very detailed investigations (for a omplete review, see, e.g., Israel1998).For our analysis of the globular luster system (GCS) of this giant ellipti-al, we took UBVRI photometry from Peng et al. (2004) and Lik indies H�,Mgb, Mg2, Fe5270, and Fe5335 from Peng (2005) for a very large sample of135 lusters. The olours are dereddened following the extintion law given byCardelli et al. (1989), using reddening values E(B-V) for eah luster derivedfrom Shlegel et al.(1998) as listed in Peng et al. (2004).Sine the spetral observations were originally intended to measure radialveloities only, the Lik indies measured on these spetra are of relatively poorquality, with typial errors between 0.5 and 1.0 �A. Thus, ages and metalliitiesdetermined from these data only are, espeially in terms of ages, highly uner-tain. On the other hand, due to the lak of NIR observations, results are highlyunertain as well as degenerate in terms of age and metalliity when analysingthe UBVRI photometri data alone.However, sine Lik indies, analysed with the Lik Analysis Tool, give veryreliable metalliity determinations even in ases where the ages are, in termsof 1� on�dene intervals, very poorly onstrained (f. Set. 4.4.1 and Lilly& Fritze-v. Alvensleben 2006), a ombined analysis of both data sets usingPRODUCT an suessfully break the age-metalliity degeneray.As an example, in Fig. 4.6 we show our results for luster p� g-006 in termsof the resulting probability spaes for analyses of optial SEDs only (a), the 5Lik indies only (b), and a ombined analysis of both sets ().Both AnalySED and Lik analysis give omparable best ages between 4 and6 Gyr, but the on�dene intervals are extremely large, reahing more than 10Gyr in both ases. As an be seen in this Fig., in ase of SEDs this behaviour isdue to a general degeneray inherent in these optial olours whih gives a verybroad distribution of relatively high probabilities from young to old. In ase ofindies the very large on�dene interval is due to a small but suÆiently wellpronouned \seond solution island" at high age.However, if the photometri and spetral data are analysed simultaneouslyusing PRODUCT he \intermediate age solution island" is muh stronger, thoughthe \high age solution" is still visible. Hene, the analysis with PRODUCT se-lets an intermediate age solution.We will report in detail on our results on the GCS of NGC 5128 and theirimpliations for the evolutionary history of this interesting galaxy a forthomingpaper. Within the sope of the paper, we here restrit ourselves on the desrip-tion of the e�et of PRODUCT on the results from the individual analyses ofthe photometri and spetral data sets, respetively, as shown above on the ex-ample of a single GC.For this purpose, in Fig. 4.7 we show the di�erenes between age (left panel)and metalliity (right panel) determinations, respetively, using AnalySED andPRODUCT (blak histograms), and using Lik Analysis and PRODUCT (greenshaded histograms) for the omplete sample of 138 lusters:
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Fig. 4.8: Metalliities of star lusters in NGC 5128, determined by PRODUCT,vs U-V. Di�erent symbols are used for two age bins. Also shown are GALEVmodel SSPs for 5 di�erent ages and a olour metalliity relation taken fromBarmby et al. (2000).For example, �age > 0 in the left panel of Fig. 4.7 means that, in ase ofthe green shaded histogram, ages determined by PRODUCT are smaller thanages determined by Lik analysis alone. In this ase, ages determined by Likanalysis are \orreted" downwards by the inlusion of the photometri datain the analysis proess. Negative values of �age mean that ages from Likindex analysis alone are orreted upwards by PRODUCT with inlusion ofbroad band SEDs. Comparison of the open and shaded histograms shows thatGC ages tend to beome lower when all information is inluded than Lik-onlydetermined ages and higher than SED-determined ages.As we already showed in Lilly & Fritze-v. Alvensleben (2006) in our om-parison of Lik-based metalliities with independent CMD metalliities of MilkyWay GCS, results from Lik index analysis are very aurate in terms of metal-liity. The right panel of Fig. 4.7 shows that the inlusion of broad-band SEDsinto the analysis proess further improves these results in some ases.4.5 Intermediate-age GC populations and olour-metalliity-relationsQuite ommon in the literature is the use of empirial olor-metalliity-relations(CMRs) as given e.g. by Barmby et al. (2000) for the determination of GCmetalliities from observed olors. All these relations available in the literaturehave been obtained for Galati or M31 GCs, both of whih are inherently oldGCs.Shulz et al. (2002) already showed, using GALEV evolutionary synthe-sis models, that there is good agreement between model and empirial olor-metalliity relations for old ages and the metalliity range overed by MilkyWay and M31 GCs. They also pointed out that for metalliities above those of



74 Analysing globular luster observations IIMilky Way and M31 GCs, i.e. at [Fe/H℄ > -0.5, the relation steepens onsider-ably so that metalliities derived from olors by extrapolation of the empirialrelations to redder olors get severely overestimated. They also showed thatthe olor-metalliity relation is signi�antly age dependent (see also Kurth etal. 1999), with appreiable deviations already visible between ages of & 12 Gyrand � 9 Gyr.Despite of this fat, CMRs are very often applied to the analysis of GCSsfor whih it is not a priori lear that all lusters are indeed homogeneously old.Part of the problem is, of ourse, that very often data are not available whihwould give hints to younger ages of some of the lusters; as we showed in thispaper, the age metalliity degeneray is very hard to break if only broad-bandolours are available, espeially if the wavelength basis does not extend fromU through K. However, even in ases where age di�erenes are known, or ex-peted, empirial CMRs are used. In ase of the merger remnant NGC 5128,for example, CMRs were used e.q. by Rejkuba (2001) and Harris et al. (2004)to derive GC metalliities.In Fig. 4.8, we plot our metalliity determinations vs. U-V for our sampleof GC in NGC 5128 obtained by a ombined analysis of our spetral and pho-tometri data sets as presented in Set. 4.4.2. Using our age determinations,we have oded our data points for two di�erent age bins, lusters older than 9Gyr (red irles), and lusters younger than 9 Gyr (mostly of intermediate age;blak rosses). In the same plot, we added GALEV models for di�erent ages aswell as the CMR given by Barmby et al. (2000).The plot shows a very good agreement between our 16 Gyr model, Barmbyet al.'s CMR, and the metalliities determined for the set of old lusters. Thelusters found to be of intermediate age by our analysis lie very well withinthe range of our models for theses ages, on�rming the onsisteny of our agedeterminations. However, as an easily be read o� the plot, metalliity determi-nations using a CMR alibrated on old lusters lead to seriously wrong results.For all GCs younger than 9 Gyr metalliities obtained via the empirial olor-metalliity relation ould be signi�antly underestimated - the more the youngerthe GC is.We onlude that, if there is any doubt whether a given GCS onsists oftwo or more subpopulations that might di�er in age, CMRs an lead to seriousmetalliity misdeterminations and should not be used. A full SED or Lik orombined analysis is required in this ases to disentangle ages and metalliities.4.6 Summary/ConlusionsI have developed a new method for the determination of ages and metalliitiesof individual star lusters by ombining the information inherent in broad-bandolour and Lik index measurements (PRODUCT). BasisI have tested my new method using photometry and Lik indies for starlusters in the LMC, and in the elliptial galaxy NGC 5128, and �nd that ageand metalliity determinations obtained by analysing Lik indies an substan-tially be improved if a set of olours overing a wavelength basis as long aspossible, at best from U through K, is available, even if only very few spetral
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Table 4.1: Ages and metalliities for 11 LMC star lusters analysed using broad-band photometry UBVJHKs for AnalySED, the 5 Likindies H�, Mgb, Mg2, Fe5270, Fe5335 for the Lik analysis, and PRODUCT using both sets of data.AnalySED (UBVJHKs) Lik-Analysis (5 indies) PRODUCT LiteratureAge (Gyr) [Fe/H℄ Age (Gyr) [Fe/H℄ Age (Gyr) [Fe/H℄ Age (Gyr) [Fe/H℄ SouresaNGC1718 0:32+0:31�0:06 0:4+0:0�0:1 2:75+1:80�0:73 �1:1+0:1�0:1 2:00+1:34�0:22 �0:9+0:1�0:2 1:78+1:80�0:90 �0:42 1 / 8NGC1751 0:12+0:03�0:02 0:0+0:2�0:3 1:14+0:42�0:20 �0:3+0:2�0:2 0:84+0:11�0:10 �0:1+0:1�0:1 1:40+2:10�0:90 �0:18 � 0:20 2 / 9NGC1786 10:50+5:50�6:89 �1:6+0:2�0:1 15:14+0:86�3:74 �1:6+0:0�0:0 15:26+0:74�3:89 �1:6+0:0�0:0 15:10+3:10�3:10 �1:87 � 0:20 2 / 7NGC1806 0:86+6:94�0:15 0:4+0:0�1:2 2:32+0:58�0:44 �0:7+0:1�0:1 2:44+0:68�0:53 �0:7+0:1�0:1 0:50+0:13�0:10 �0:71 � 0:24 3 / 3NGC1846 0:77+4:92�0:17 0:4+0:0�1:1 1:90+0:32�0:60 �0:7+0:1�0:1 1:66+0:48�0:11 �0:6+0:0�0:1 2:20+1:30�0:80 �0:70 � 0:20 2 / 9NGC1856 0:12+0:00�0:02 �1:7+1:4�0:0 0:60+0:08�0:07 �0:2+0:1�0:1 0:50+0:04�0:00 �0:3+0:1�0:0 0:12+0:12�0:06 �0:52 1 / 8NGC1898 3:27+2:77�2:27 �1:7+0:6�0:0 16:00+0:00�9:51 �1:3+0:2�0:0 16:00+0:00�4:06 �1:4+0:1�0:0 14:00+2:30�2:30 �1:37 � 0:20 2 / 6NGC1916 14:70+1:30�12:39 �1:6+0:3�0:1 6:17+9:83�1:58 �1:6+0:1�0:1 6:36+2:05�1:37 �1:6+0:1�0:0 15:85+3:65�2:97 �2:08 � 0:20 2 / 1NGC1978 1:05+4:95�0:55 �1:0+1:0�0:7 1:91+0:45�0:34 �0:4+0:1�0:1 1:46+0:58�0:10 �0:4+0:0�0:1 2:50+2:50�1:25 �0:424 � 0:20 2 / 8NGC1987 0:48+0:37�0:19 0:4+0:0�0:4 1:64+0:33�0:25 �0:6+0:1�0:1 1:59+0:20�0:51 �0:6+0:3�0:0 1:82+2:20�1:00 �0:50 � 0:20 5 / 9NGC2019 5:01+10:99�3:03 �1:7+0:1�0:0 6:89+9:11�1:10 �1:4+0:0�0:1 15:91+0:09�9:48 �1:6+0:1�0:0 17:80+3:20�3:20 �1:81 � 0:20 2 / 6a Soures for literature values (metalliity/age): 1 Makey & Gilmore (2003); 2 Olszewski et al. (1991); 3 Dirsh et al. (2000); 4 Rabin(1982); 5 Elson & Fall (1988); 6 Mould & Aaronson (1982). 7 Geisler et al. (1997); 8 Olsen et al. (1998).
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Table 4.2: Same as Fig. 4.1, but using UBV only for AnalySED.AnalySED (UBV) Lik-Analysis (5 indies) PRODUCT LiteratureAge (Gyr) [Fe/H℄ Age (Gyr) [Fe/H℄ Age (Gyr) [Fe/H℄ Age (Gyr) [Fe/H℄ SouresaNGC1718 1:72+14:28�1:23 �1:0+1:4�0:7 2:75+1:80�0:73 �1:1+0:1�0:1 2:75+1:76�0:75 �1:1+0:1�0:1 1:78+1:80�0:90 �0:42 1 / 8NGC1751 0:10+0:04�0:00 �1:7+2:1�0:0 1:14+0:42�0:20 �0:3+0:2�0:2 0:91+0:18�0:10 �0:1+0:1�0:2 1:40+2:10�0:90 �0:18 � 0:20 2 / 9NGC1786 1:15+14:85�0:77 �1:7+2:1�0:0 15:14+0:86�3:74 �1:6+0:0�0:0 15:50+0:50�4:72 �1:6+0:0�0:0 15:10+3:10�3:10 �1:87 � 0:20 2 / 7NGC1806 0:90+15:10�0:26 0:3+0:1�1:8 2:32+0:58�0:44 �0:7+0:1�0:1 2:32+0:58�0:44 �0:7+0:1�0:1 0:50+0:13�0:10 �0:71 � 0:24 3 / 3NGC1846 1:24+14:76�0:66 �0:4+0:8�1:2 1:90+0:32�0:60 �0:7+0:1�0:1 1:90+0:31�0:60 �0:7+0:1�0:1 2:20+1:30�0:80 �0:70 � 0:20 2 / 9NGC1856 0:45+0:54�0:24 �0:6+1:0�1:1 0:60+0:08�0:07 �0:2+0:1�0:1 0:59+0:06�0:07 �0:2+0:1�0:1 0:12+0:12�0:06 �0:52 1 / 8NGC1898 5:01+10:99�3:97 �1:7+0:8�0:0 16:00+0:00�9:51 �1:3+0:2�0:0 16:00+0:00�10:39 �1:3+0:2�0:0 14:00+2:30�2:30 �1:37 � 0:20 2 / 6NGC1916 5:45+10:55�4:26 �1:5+0:7�0:2 6:17+9:83�1:58 �1:6+0:1�0:1 6:17+9:83�1:55 �1:6+0:1�0:1 15:85+3:65�2:97 �2:08 � 0:20 2 / 1NGC1978 2:60+13:40�2:20 �1:7+2:1�0:0 1:91+0:45�0:34 �0:4+0:1�0:1 1:91+0:32�0:36 �0:4+0:1�0:1 2:50+2:50�1:25 �0:424 � 0:20 2 / 8NGC1987 0:55+15:45�0:24 0:2+0:2�1:9 1:64+0:33�0:25 �0:6+0:1�0:1 1:62+0:30�0:45 �0:6+0:2�0:1 1:82+2:20�1:00 �0:50 � 0:20 5 / 9NGC2019 6:01+9:99�5:29 �1:7+1:8�0:0 6:89+9:11�1:10 �1:4+0:0�0:1 6:81+9:19�1:10 �1:4+0:0�0:1 17:80+3:20�3:20 �1:81 � 0:20 2 / 6a Soures for literature values (metalliity/age): 1 Makey & Gilmore (2003); 2 Olszewski et al. (1991); 3 Dirsh et al. (2000); 4 Rabin(1982); 5 Elson & Fall (1988); 6 Mould & Aaronson (1982). 7 Geisler et al. (1997); 8 Olsen et al. (1998).
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Table 4.3: Same as Fig. 4.1, but using Lik indies H� & [MgFe℄ only for the Lik analysis.AnalySED (UBVJHKs) Lik-Analysis (H�, [MgFe℄) PRODUCT LiteratureAge (Gyr) [Fe/H℄ Age (Gyr) [Fe/H℄ Age (Gyr) [Fe/H℄ Age (Gyr) [Fe/H℄ SouresaNGC1718 0:32+0:31�0:06 0:4+0:0�0:1 3:01+2:04�2:91 �1:2+0:4�0:1 2:26+1:04�0:52 �1:0+0:2�0:2 1:78+1:80�0:90 �0:42 1 / 8NGC1751 0:12+0:03�0:02 0:0+0:2�0:3 1:13+0:51�1:03 �0:3+0:2�1:4 0:11+0:83�0:00 �0:8+0:8�0:1 1:40+2:10�0:90 �0:18 � 0:20 2 / 9NGC1786 10:50+5:50�6:89 �1:6+0:2�0:1 13:80+1:38�3:42 �1:6+0:0�0:0 13:18+1:65�2:56 �1:6+0:0�0:0 15:10+3:10�3:10 �1:87 � 0:20 2 / 7NGC1806 0:86+6:94�0:15 0:4+0:0�1:2 0:11+3:23�0:01 �0:8+0:1�0:4 2:38+0:85�0:49 �0:7+0:1�0:2 0:50+0:13�0:10 �0:71 � 0:24 3 / 3NGC1846 0:77+4:92�0:17 0:4+0:0�1:1 1:88+0:38�1:78 �0:7+0:1�1:0 1:70+0:45�0:16 �0:6+0:0�0:1 2:20+1:30�0:80 �0:70 � 0:20 2 / 9NGC1856 0:12+0:00�0:02 �1:7+1:4�0:0 0:54+0:05�0:12 0:0+0:2�0:1 0:50+0:02�0:00 �0:4+0:1�0:0 0:12+0:12�0:06 �0:52 1 / 8NGC1898 3:27+2:77�2:27 �1:7+0:6�0:0 9:14+6:86�3:38 �1:1+0:1�0:1 15:88+0:12�6:81 �1:4+0:0�0:1 14:00+2:30�2:30 �1:37 � 0:20 2 / 6NGC1916 14:70+1:30�12:39 �1:6+0:3�0:1 6:10+9:90�0:96 �1:6+0:0�0:1 6:31+2:78�1:68 �1:6+0:1�0:1 15:85+3:65�2:97 �2:08 � 0:20 2 / 1NGC1978 1:05+4:95�0:55 �1:0+1:0�0:7 0:10+2:53�0:00 �0:8+0:4�0:3 1:26+0:15�0:03 �0:4+0:0�0:1 2:50+2:50�1:25 �0:424 � 0:20 2 / 8NGC1987 0:48+0:37�0:19 0:4+0:0�0:4 0:10+1:80�0:00 �1:6+1:1�0:1 1:53+0:33�0:38 �0:7+0:2�0:1 1:82+2:20�1:00 �0:50 � 0:20 5 / 9NGC2019 5:01+10:99�3:03 �1:7+0:1�0:0 8:26+7:74�2:52 �1:5+0:1�0:1 15:88+0:12�8:93 �1:6+0:0�0:1 17:80+3:20�3:20 �1:81 � 0:20 2 / 6a Soures for literature values (metalliity/age): 1 Makey & Gilmore (2003); 2 Olszewski et al. (1991); 3 Dirsh et al. (2000); 4 Rabin(1982); 5 Elson & Fall (1988); 6 Mould & Aaronson (1982). 7 Geisler et al. (1997); 8 Olsen et al. (1998).
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Table 4.4: Same as Fig. 4.1, but using UBV only for AnalySED, and H� & [MgFe℄ only for the Lik analysis.AnalySED (UBV) Lik-Analysis (H�, [MgFe℄) PRODUCT LiteratureAge (Gyr) [Fe/H℄ Age (Gyr) [Fe/H℄ Age (Gyr) [Fe/H℄ Age (Gyr) [Fe/H℄ SouresaNGC1718 1:72+14:28�1:23 �1:0+1:4�0:7 3:01+2:04�2:91 �1:2+0:4�0:1 2:98+2:02�0:91 �1:2+0:2�0:1 1:78+1:80�0:90 �0:42 1 / 8NGC1751 0:10+0:04�0:00 �1:7+2:1�0:0 1:13+0:51�1:03 �0:3+0:2�1:4 0:10+0:01�0:00 �1:7+0:3�0:0 1:40+2:10�0:90 �0:18 � 0:20 2 / 9NGC1786 1:15+14:85�0:77 �1:7+2:1�0:0 13:80+1:38�3:42 �1:6+0:0�0:0 12:59+2:65�3:04 �1:6+0:0�0:1 15:10+3:10�3:10 �1:87 � 0:20 2 / 7NGC1806 0:90+15:10�0:26 0:3+0:1�1:8 0:11+3:23�0:01 �0:8+0:1�0:4 2:44+0:85�0:46 �0:8+0:1�0:2 0:50+0:13�0:10 �0:71 � 0:24 3 / 3NGC1846 1:24+14:76�0:66 �0:4+0:8�1:2 1:88+0:38�1:78 �0:7+0:1�1:0 1:88+0:39�0:64 �0:7+0:1�0:1 2:20+1:30�0:80 �0:70 � 0:20 2 / 9NGC1856 0:45+0:54�0:24 �0:6+1:0�1:1 0:54+0:05�0:12 0:0+0:2�0:1 0:53+0:06�0:12 0:0+0:2�0:1 0:12+0:12�0:06 �0:52 1 / 8NGC1898 5:01+10:99�3:97 �1:7+0:8�0:0 9:14+6:86�3:38 �1:1+0:1�0:1 10:00+6:00�5:03 �1:2+0:2�0:1 14:00+2:30�2:30 �1:37 � 0:20 2 / 6NGC1916 5:45+10:55�4:26 �1:5+0:7�0:2 6:10+9:90�0:96 �1:6+0:0�0:1 6:10+9:90�0:98 �1:6+0:0�0:1 15:85+3:65�2:97 �2:08 � 0:20 2 / 1NGC1978 2:60+13:40�2:20 �1:7+2:1�0:0 0:10+2:53�0:00 �0:8+0:4�0:3 2:00+0:46�0:44 �0:5+0:1�0:1 2:50+2:50�1:25 �0:424 � 0:20 2 / 8NGC1987 0:55+15:45�0:24 0:2+0:2�1:9 0:10+1:80�0:00 �1:6+1:1�0:1 1:22+0:66�0:08 �0:6+0:1�0:2 1:82+2:20�1:00 �0:50 � 0:20 5 / 9NGC2019 6:01+9:99�5:29 �1:7+1:8�0:0 8:26+7:74�2:52 �1:5+0:1�0:1 8:09+7:91�2:31 �1:5+0:1�0:1 17:80+3:20�3:20 �1:81 � 0:20 2 / 6a Soures for literature values (metalliity/age): 1 Makey & Gilmore (2003); 2 Olszewski et al. (1991); 3 Dirsh et al. (2000); 4 Rabin(1982); 5 Elson & Fall (1988); 6 Mould & Aaronson (1982). 7 Geisler et al. (1997); 8 Olsen et al. (1998).



Chapter 5Appliations to the globularluster system of NGC512815.1 IntrodutionThe nearest large elliptial galaxy NGC 5128 is the only elliptial in a relativelysmall group of galaxies, M83. For this exeptionally interesting objet, whihalso hosts a strong radio soure (\Centaurus A"), muh evidene exists that thegalaxy has experiened one or more major merging events relatively reently(i.e., within the last few Gyrs), reeted, e.g., in a lot of �ne struture likeloops, shells, ripples and tails. Along with the radio soure, a prominent disk-like dust lane, seen on optial images around the inner part of the galaxy, ismuh disussed in the literature. Due to its proximity of only about 3.5 Mp,reeted in a distane modulus (m{M) of only about 28 mag, NGC 5128 is anobjet suitable for very detailed investigations of nearly all aspets aessiblethrough observations (for a omplete review, see, e.g., Israel 1998).The violent evolutionary history of NGC 5128 is expeted to have left traesin the properties of its globular luster system (GCS), whih presumably onsistsof at least two or maybe more luster subpopulations haraterized by di�erentages and metalliities, originating partly from newly formed and/or apturedlusters during reent interations. Previous investigations of the GCS of NGC5128, e.g. by Peng et al. (2004b), Harris et al. (2004), Rejkuba (2001) havefound a bimodal optial olour distribution for the GCS of NGC 5128.For NGC 5128 as well as for essentially all the more than 100 bimodal GCSsfound so far in elliptial and S0 galaxies (e.g., see Gebhard & Kissler-Patig 1999,Kundu & Whitmore 2001a, b) the olour of the blue peak seems to be fairlyuniversal and blue peak GCs are believed to be old and metal-poor. The olourof the red peak varies from galaxy to galaxy as does its height relative to thatof the blue one. Ages and metalliities of the red peak GCs in E/S0s are stillunder debate.1An extended version of this hapter is in preparation for submission to be published inA&A.
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Fig. 5.1: Positions of all lusters for whih UBVRI photometry is available,overplotted on a DSS image of NGC 5128 (left panel; taken from Peng et al.2004). The right panel reprodues this �gure, but also show the position of thesubsample of lusters for whih spetral indides are available as well.In this hapter, I apply the analysis tools that I have developed in the frame-work of this thesis to the GCS of this objet.5.2 Cluster sample and data analysisFor my analysis of the luster system of this objet, I used UBVRI photometryobtained with the CTIO Mosai amera at the Blano 4 m telesope from Penget al. (2004a), available for a large sample of 215 lusters, and Lik indiesH�, Mgb, Mg2, Fe5270, and Fe5335 from Peng (2005) for a subsample of 135lusters, measured on spetra obtained with AAO 2dF and CTIO Hydra.The spetral observations were originally intended to measure radial veloi-ties only (f. Peng et al. 2004a). Therefore, the Lik indies measured on thesespetra are of relatively poor quality, with typial errors between 0.5 and 1.0 �Afor all obtained indies.In Fig. 5.1 I show the positions of all lusters for whih UBVRI photometryis available, overplotted on a Digital Sky Survey image of NGC 5128 taken fromPeng et al. (2004a) (left panel). The right panel reprodues this �gure, but alsoshows the positions of the subsample of lusters for whih spetral indies areavailable as well (in J2000; x-axis indiates R.A., y-axis De.). The enter ofthe galaxy is marked by a blue plus-sign.As an be seen in the left panel, no luster have been observed within thedust belt near the enter of NGC 5128; therefore, it is not expeted that internalreddening is a very serious problem for the observed lusters.
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Fig. 5.2: Histograms of dereddened olours U{V (left panel), B{V (middlepanel), and V{I (right panel) for the omplete sample of lusters (blak his-togram), and for the subsample of lusters with spetral observations (greenshaded area).The olours are dereddened following the extintion law given by Cardelli etal. (1989), using reddening values E(B-V) for eah luster derived from Shlegelet al.(1998) as listed in Peng et al. (2004a).In Fig. 5.2, I show the olour distribution of the dereddened lusters in U{V, B{V, and V{I for the omplete sample of lusters with UBVRI photometry(blak histogram) along with the subsample of lusters for whih both photom-etry and spetral information in terms of Lik indies are available.All olours show a very well onstrained bimodality in their distributions.However, this does not neessarily mean that the GCS onsists of only two welldistinguished luster subpopulations, e.g. an old metal-poor plus a youngermetal-rih subpopulation, as it is often assumed for early types galaxies through-out the literature. Instead, as shown by Fritze-v. Alvensleben (2004), it is verywell possible that several subpopulations \hide" in one olour peak. TakingLik indies into onsideration in addition to broad-band optial olours shouldallow to test for this.Due to the quality of the Lik index measurements, ages and metalliitiesobtained from these data are fairly unertain, espeially in terms of age. Dueto the lak of NIR observations, results are fairly unertain as well both interms of ages and metalliities when analysing the UBVRI photometri data.However, as has been shown in hapter 4 of this thesis, a ombined analysis ofboth datasets an signi�antly improve the results.Following the method introdued there, I have simultaneously analysed thewhole dataset of both photometri data and spetral indies with the analysistool PRODUCT developed in hapter 4. The results I get from this ombinedanalysis are of aeptable quality, as shown by their 1� on�dene levels, for themajority of GCs. For non-negligible subset of lusters, however, age determina-tions still have on�dene intervals of up to 10 Gyr or even more, unaeptablefor interpretation.For the purpose of this hapter, I have therefore restrited my interpretationto lusters for whih the PRODUCT analysis gives �1� on�dene intervals ofless than 6 Gyr in age, and less than 0.7 dex in [Fe/H℄. This redues the sampleto 80 lusters for whih independently determined ages and metalliities arereliable.
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Fig. 5.3: Metalliity (left) and age (right) distribution of the NGC 5128 lustersample.Beause the results are not as preise as one might has hoped, even for thisredued sample one should be autious about results for individual lusters.The size of this sample with 80 lusters, however, is suÆiant to reliably disussthe properties of the GCS as a whole, in partiular with respet to possiblesubsamples within the red or blue olour peaks.5.3 Results and disussionIn this setion, I present and disuss my results, and give some remarks aboutpossible impliations for the evolutionary history of NGC 5128.5.3.1 Age and metalliity distributionsFig. 5.3 show histograms of my results in term of metalliities (left panel) andages (right panel). Bimodality in the distribution of both ages and metalliitiesis learly seen, the metalliities being onsistent with spetrosopy-based metal-liity determinations by Held et al. (2002), whih found a bimodal distributionwith mean metalliities [Fe/H℄ = �1:2 and [Fe/H℄ = �0:3, respetively. The agedistribution, on the other hand, is haraterized by an unexpeted high numberof intermediate age lusters with ages between 1 and 3 Gyr.However, some remarks about the metalliity distribution have to be made,onerning the peaks in both the lowest and the highest metalliity bin.For the lowest bin, this is presumably an artefat due to the restrited param-eter spae of our analysis: The lowest metalliity inluded in the model grid is[Fe/H℄ = �1:7; therefore, lusters with lower metalliities are expeted to au-mulate at the \low-metalliity edge". The high-metalliity peak is more diÆultto explain. Sine signi�ant numbers of lusters with metalliities higher than[Fe/H℄ = 0.4 are not expeted, this result presumably still su�ers from someage-metalliity degeneray. Sine for all these lusters in the highest metalliitybin my analysis gives intermediate ages, it annot be ruled out that a frationof these lusters are, instead of being intermediate age and metal-rih, in fatolder and less metal rih.
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Fig. 5.4: Age vs metalliity for the NGC 5128 luster sample. Three di�erentsubpopulations are emphasized by boxes.In Fig. 5.4, age vs metalliity is plotted for all lusters. In this �gure, I willdistinguish between three populations:1. A population of metal-rih lusters with young to intermediate ages(metalliities �0:4 � [Fe/H℄ � +0:4 and ages < 7 Gyr)2. A population of old lusters with a broad distribution of metalliities(metalliities [Fe/H℄ � �0:3 and ages � 10 Gyr)3. A population of metal poor, intermediate age lusters(metalliities [Fe/H℄ � �0:9 and ages < 7 Gyr)While populations (1) and (2) are well known in the literature (e.g., Penget al. 2004b), the third population of metal poor and intermediate age lustershas never been desribed in the literature.If this result an be reprodued by independent analyses of datasets morerih or of higher quality, respetively, e.g. by NIR and/or high quality spetralobservations for a luster sample as large as the sample analysed here, hopefullybeing available in the future, numerous impliations for the merger history ofNGC 5128 are to be expeted.E.g. ould this metal-poor, intermediate age population of GCs have formedin a starburst during the aretion of a gas-rih low luminosity, and hene lowmetalliity ompanion at some time < 7 Gyr ago. A orrespondingly youngerounterpart to the Magellani Clouds ould have been a suitable andidate.
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Fig. 5.5: Positions of all luster for the three populations de�ned in the text (blak triangles): Population 1 (left panel, population 2(middle panel), and population 3 (right panel). To be ompared with Fig. 5.1, the omplete sample of lusters analysed is plotted as well(green stars).



5.4 Summary 875.3.2 Correlations with galati positionTo hek if the subpopulations we distinguish orrelate with peuliar spaialdistributions, we show in Fig. 5.5 the positions of all three populations.The sample of metal-rih lusters with young to intermediate ages (popula-tion 1) are entrally onentrated with only three outlyers in the upper part.Compared with that, the sample of old lusters exhibiting a broad distributionof metalliities (population 2) are spread over the whole galaxy, less onen-trated towards the galati enter, in agreement with results obtained by Harriset al. (2004) and in analogy to what is found in general for the blue and redGC populations in elliptial and S0 galaxies.Surprisingly, the peuliar population 3, onsisting of metal poor, intermedi-ate age lusters, have only very few lusters lose to the enter. However, itsdistribution seems to be very muh restrited to the entral part of NGC 5128,similar to population 1. No lusters from this population 3 are found in outerparts of the galaxy.5.4 SummaryI have analysed an unpreedented large sample of both UBVRI broad-bandSEDs and spetral indies for the GCS of the large elliptial galaxy NGC 5128.Despite the relatively poor quality of the data (wavelength basis too small forindependent onstrains of ages and, hene, metalliities using the photometridataset; Lik indies determined on low S/N spetra) whih do not allow toonstrain ages and metalliities with reasonable preision by analysing eahdataset alone, a ombined analysis using the analysis tool PRODUCT developedwithin the framework of this thesis allows independent determinations of agesand metalliities for a large fration of the analysed sample with unpreedentedpreision.I found bimodal metalliity and age distributions, with lowest/highest metal-liity bins, however, probably being artefats.In addition to the luster populations well known in the literature (old GCsfrom low to high metalliities, and young metal-rih GCs), I found a populationof intermediate age, metal-poor GCs in NGC 5128 whih has not been desribedin the literature before.The origin of this population, whih seems to be orrelated with the galatihalo, ould be a starburst during the aretion of a low metalliity ompanionat some time < 7 Gyr ago.5.5 ReferenesCardelli J.A., Clayton G.C., and Mathis J.S., 1989, ApJ 345, 245Fritze-v. Alvensleben U., 2004, A&A 414, 515Gebhardt K., Kissler-Patig M., 1999, AJ 118, 1526Harris G.L.H., Harris W.E., and Geisler D., 2004, AJ 128, 723Held E.V., Federii L., Caiari C., and Testa V., 2002, IAUS 207, 269



88 Appliations to the globular luster system of NGC 5128Israel F.P., 1998, A&A Rev. 8, 237Kundu A., Whitmore B.C., 2001a, AJ 121, 2950Kundu A., Whitmore B.C., 2001b, AJ 122, 1251Peng E.W., Ford H.C., and Freeman K.C., 2004a, ApJS 150, 367Peng E.W., Ford H.C., and Freeman K.C., 2004b, ApJ 602, 705Peng E.W., 2005, private omuniationRejkuba M., 2001, A&A 369, 812Shlegel D.J., Finkbeiner D.P., and Davis M., 1998, ApJ 500, 525



Chapter 6SummaryThis thesis deals with a question fundamental for the exploration of galaxies {with the question about the evolutionary histories of galaxies and how they anbest be reovered.In the �rst hapter, results are presented from a study fousing on the ques-tion to what preision and how far bak in time star formation histories anbe determined using integrated olours, Lik indies, or spetra, ompared toCMDs. In this methodologial study I ompared di�erent kinds of simpli�edSFHs, i.e. epohs of onstant low and high SFRs and investigated how muhan be revealed by integrated light data about the SFH of a galaxy.As a main result, I onlude that SFH details an be reovered with sim-ilar auray from broad-band olours or SEDs, from Lik indies, and fromlow/intermediate resolution spetrosopy, with lookbak times to distinguishbetween di�erent senarious of SF not longer than 1 to 4 Gyr.In the same hapter, I presented a methodologial appliation to a star �eldin the bar of the LMC for whih both an integrated-light spetrum and a CMD isavailable. Agreement with the observed spetrum ould be reahed with a verysimple three phase toy model. The agreement is omparable to the agreementreahed with a muh more ompliated SFH derived from the CMD.From these studies, I onlude that both from CMDs and integrated light(multi-band photometry as well as spetrosopy), SFRs during the last Gyr arevery preisely reovered, SFRs between 1 and 3 Gyr ago are roughly reovered,and SFRs longer than 3 to 5 Gyr ago are only vaguely reovered. However,integrated light is more sensitive to the latest 1 Gyr of SF, CMDs are moresensitive to intermediate ages.In the following two hapters I presented models inorporated into the evolu-tionary synthesis ode GALEV and a set of new tools for the analysis of globularluster systems in galaxies:To ope with the observational progress that makes star luster and globularluster spetra aessible in a wide variety of external galaxies, I have omputeda large grid of evolutionary synthesis models for simple stellar populations,inluding 25 Lik/IDS indies using the empirial alibrations of Worthey et



90 Summaryal. (1994) and Worthey & Ottaviani (1997). Comparison of the models withGalati GC observations shows good agreement between models and data.I �nd that the well-known and widely used age-sensitive indies HÆA andHA also show a strong metalliity dependene.I present a new advaned tool for interpreting absorption-line indies, theLik index analysis tool. Following an �2 { approah, this tool determines ageand metalliity, inluding their respetive �1� unertainties, using all, or anysubset of, measured indies. Testing the tool against index measurements fromvarious authors for Galati GCs, whih have reliable age and metalliity deter-minations from CMD analyses in the literature, yields very good agreement.Index measurements for M31 lusters are analysed and ompared to resultsfrom the literature, and a good agreement between my results and age andmetalliity determinations from the literature is found. I show that the draw-bak of not having non-solar abundane ratio models does not seriously a�etthe results.I have developed a new method for the ombined analysis of broad-bandSEDs and spetral indies, PRODUCT, whih suessfully allow to onstrainages and metalliities of individual GCs even in ases when poor datasets areavailable only.I have tested my new method using photometry and Lik indies for starlusters in the LMC, and in the elliptial galaxy NGC 5128, and �nd that ageand metalliity determinations obtained by analysing Lik indies an substan-tially be improved if a set of olours overing a wavelength basis as long aspossible, at best from U through K, is available, even if only very few spetralindies are available.I further point at the important fat that olour-metalliity relations widelyused in the literature for determining star lusters metalliities are valid onlyfor old GCs, and an by no means be applied to GCSs whih ontain subpopu-lations of intermediate age lusters.In the last hapter, I have presented appliations of the models and analysistools developed within the framework of this thesis to the GCS of the largeelliptial galaxy NGC 5128, using a dataset onsisting of both broad-band pho-tometry and Lik indies for an unpreedentedly large sample of GCs.Despite the relatively poor quality of these data (wavelength basis of thephotometri dataset too small for independent onstraints on ages and, hene,metalliities; Lik indies determined on low S/N spetra), whih do not allowto onstrain ages and metalliities with reasonable preision by analysing eahdataset alone, a ombined analysis using the analysis tool PRODUCT allowsindependent determinations of ages and metalliities for a large fration of theanalysed sample with unpreedented preision.In addition to the luster populations well known in the literature (old GCsfrom low to high metalliities, and young metal-rih GCs), I found a populationof intermediate age, metal-poor GCs in NGC 5128 whih has not been desribedin the literature before.



91The origin of this population, whih seems to be orrelated with the galatihalo, ould be a starburst during the aretion of a low-metalliity ompanionat some time < 7 Gyr ago.
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