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ABSTRACT

W e have derived the uncertainties to be expected in the derivation of galaxy physicalproperties

(star form ation history,age,m etallicity, reddening) when com paring broad-band photom etry to the

predictions of evolutionary synthesis m odels. W e have obtained synthetic colors for a large sam ple

(� 9000)ofarti�cialgalaxiesassum ing di�erent star form ation histories,ages,m etallicities,reddening

values,and redshifts. The colors derived have been perturbed by adopting di�erent observing errors,

and com pared back to the evolutionary synthesism odelsgrouped in di�erentsets.Thecom parison has

been perform ed using a com bination ofM onteCarlo sim ulations,a M axim um Likelihood Estim atorand

PrincipalCom ponent Analysis. After com paring the input and derived output values we have been

able to com putethe uncertaintiesand covariantdegeneraciesbetween the galaxy physicalpropertiesas

function of(1)the setofobservablesavailable,(2)the observing errors,and (3)the galaxy properties

them selves. In this work we have considered di�erentsets ofobservables,som e ofthem including the

standard Johnson/Cousins (U B V R C IC ) and Sloan DigitalSky Survey (SDSS) bands in the optical,

the 2 M icron AllSky Survey (2M ASS) bandsin the near-infrared,and the Galaxy Evolution Explorer

(GALEX)bandsin the UV,atthree di�erentredshifts,z= 0.0,0.7,and 1.4. Thisstudy isintended to

representa basic toolforthe design offuture projectson galaxy evolution,allowing an estim ate ofthe

optim alband-passcom binationsand signal-to-noiseratiosrequired fora given scienti�c objective.

Subjectheadings: galaxies:photom etry { galaxies:evolution { m ethods:num erical{ m ethods:

statistical

1. introduction

The catalogs produced by wide-�eld and all-sky sur-

veyscurrently under developm ent(e.g.,G ALEX;M artin

et al:1997,SDSS;York et al:2000,2M ASS;Skrutskie

etal:1997,DENIS;Epchtein etal:1997)in com bination

with astronom icaldatabaseslike the NASA/IPAC Extra-

galactic Database (NED) are beginning to provide easy

accessto extensivecross-correlated UV,optical,and near-

infrared (NIR) photom etry for m illions ofgalaxies. The

com parison ofthishugeam ountofphotom etricdata with

the predictionsofstate-of-the-artgalaxy population syn-

thesis m odels provides an opportunity to obtain a m ore

com pletepictureoftheevolution ofgalaxies.O neobvious

goalis to gain insight into the star form ation history,as

wellasthechem icaland dustcontentevolution ofgalaxies

from thehigh and interm ediateredshiftUniversedown to

the present.

However, the reliability and precision of the derived

galaxy propertiesexpected to befound from thesestudies

willdepend on m any factors; am ong these are: (1) the

num berofbandsand wavelength coverageoftheavailable

observations,(2)them easuring uncertainties,and (3)the

degeneraciesbetween thedi�erentgalaxy propertiesgiven

the availablephotom etricbands.In orderto discrim inate

between di�erent scenariosofgalaxy evolution,the com -

parison of photom etric data and evolutionary synthesis

m odels should also include the quanti�cation ofthe un-

certaintiesand covariancesbetween the galaxy properties

derived. In addition,the use ofdi�erent externalinputs

(evolutionary tracks,stellaratm osphereslibraries,etc:)in

theevolutionary synthesism odelsleadstovariousdiscrep-

anciesin the outputresultswhich m ay also resultin sig-

ni�cantuncertaintiesin the propertiesderived. W hile,a

detailed study oftheselattere�ectsisbeyond thescopeof

thispaper,a niceapproach to thisproblem m ay befound

in Charlot,W orthey & Bressan (1996; see also Bruzual

2000,Cervi~no,Luridiana & Castander 2000,Cervi~no et

al:2001).

Som erecentstudieshaveincorporated thee�ectsofthe

observing errorsand ux calibration uncertainties in the

determ ination ofthepropertiesofdi�erentgalaxysam ples

(G ildePazetal:2000a,G IL00ahereafter;Bell& deJong

2000;Brinchm ann & Ellis 2000). However,this type of

analysishasnotyetbeen perform ed in a system atic way,

coveringalargerangeofgalaxypropertiesand/orstarfor-

m ation scenarios.A relevantexception isthework ofRo-

nen,Arag�on-Salam anca,& Lahav (1999)on thePrincipal

Com ponent Analysis ofsynthetic galaxy spectra. Sim i-

larly,no signi�cante�orthas yet been devoted to deter-

m ining quantitatively the optim alset ofobservables and

signal-to-noise ratio required to obtain reliably derived

galaxy properties. Noteworthy exceptions are the works

ofK odam a,Bell& Bower(1999),Bolzonella,M iralles&

Pell�o(2000),and W olf,M eisenheim er& R�oser(2001)with

regard to thegalaxy classi�cation and redshiftdeterm ina-

tion in broad and m edium -band surveys.

In this paper we explore the uncertainties expected in

thederived propertiesofgalaxiesobtained from theanaly-

sisofbroad-band photom etry ofnearby,interm ediate,and
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high-redshiftobjects.W e quantify these uncertaintiesus-

ingasam pleofarti�ciallygenerated spectralenergydistri-

butions(converted to broadband colors)with known (in-

put) physicalproperties,studying the dependence ofthe

propertiesderived with thesetsofbandsavailable,theob-

serving errors,aswellasthegalaxy starform ation history

and redshift.Thiswork hasinteresting predictivecapabil-

itiesand isintended tohelp in thedesign offutureprojects

on the study ofgalaxy evolution. It can be used in the

optim ization ofobserving program s,helping to selectthe

bestwavelength bandsand signal-to-noiseratiosrequired

to derive precise galaxy properties. This contribution is

m ainly focused on the study ofthe integrated properties

ofgalaxies,starclustersand Hiiregions,although itisour
intent to generalize the application to spatially resolved

portionsofgalaxiesaswell. A sim ilarapproach hasbeen

followed by Charlot& Longhetti(2001)forthe optim iza-

tion ofem ission-line data in galaxy spectra,although no

erroranalysiswascarried outby thoseauthors.

In the Section 2 ofthis paper we briey describe the

synthetic galaxy sam ple. The procedure followed for de-

term ining the uncertaintiesand degeneraciesbetween the

physicalpropertiesin thissam pleisdescribed in Section 3.

Section 4includesadetailed description oftheresultsfrom

thisanalysis.Them ain conclusionsaregiven in Section 5.

Finally,som e future applications for this work are given

in Section 6.

2. the sample

W e have generated a large num ber ofsynthetic galaxy

colorsparam eterized by di�erentstarform ation histories,

m etallicities,reddening,and redshifts.Becauseoftheun-

bounded num berofpossible com binationswe have m ade

som echoicesand sim pli�cations.

W ith regard totheirstarform ation historywehavecon-

sidered galaxies with exponentialstar form ation having

tim escales(�)between 0.2G yrand 6G yr. Although this

scenario is a rough approxim ation to the actualstar for-

m ation histories it constitutes the m ost widely accepted

param eterization ofthe starform ation history in individ-

ualgalaxies(seee.g.Brinchm ann & Ellis2000).

Thus,thepropertiesto bedeterm ined arethetim escale

for the galaxy form ation,the age ofthe galaxy,the stel-

lar m etallicity,and the reddening. A totalof9000 syn-

thetic galaxiesweregenerated,a third ofthem atredshift

z= 0.0,anotherthird atz= 0.7,and the rem ainderatred-

shift z= 1.4. These redshift values were chosen to cover

the epoch where m ostofthe evolution ofthe starform a-

tion activity in the Universe has apparently taken place

(G allego et al:1995;M adau et al:1996;Connolly et al:

1997;M adau,Dickinson & Pozzeti1998).Since the m od-

elsavailableonly providediscretevaluesin m etallicity we

chosetoassign toeach galaxythenearestm etallicity value

ofthosegiven by thecorresponding m odel.Therangesof

physicalpropertiescovered by the galaxiesin the sam ple

areshown in Table1.

Although a com plete study about the e�ects of the

m odel uncertainties on the galaxy properties derived is

beyond the scope ofthis paper,the im pact ofthe errors

in thebroad-band colorsdueto stellarevolution prescrip-

tion and spectralcalibration uncertainties(Charlotetal:

1996;Yi,Dem arque & O em ler 1997) willbe taken into

account in our further analysis. In addition,in order to

illustrate the e�ectofthese uncertaintieswe have consid-

ered two di�erent sets ofevolutionary synthesis m odels.

The synthetic galaxies were generated using the predic-

tions for the stellar continuum given by the G ISSEL99

m odels (Bruzual & Charlot, in preparation) while the

best-�tting setofpropertieshasbeen derived using both

theG ISSEL99 and theP�EG ASE m odels(Version 2.0;see

Fioc& Rocca-Volm erange1997).Although thetheoretical

isochronesin both m odelscom e m ainly from the Padova

group (Bressan etal:1993),there arefundam entaldi�er-

ences in post-m ain-sequence evolutionary stagesbetween

the two set ofm odels,including in the early,therm ally

pulsating,and post-AG B phases. Noteworthy,the di�er-

encesin these evolutionary stagesare responsible forthe

m ostseriousuncertaintiesin the stellarpopulation m od-

eling (see Charlotet al:1996). In Figure 1 we show the

predictions ofthese two m odels for Sim ple Stellar Popu-

lation (SSP)and continuousstarform ation galaxieswith

Solarm etallicity.Forthesakeofcom parison wehavealso

included the predictionsofthe Starburst99 m odels(Lei-

thereretal:1999)atagesyoungerthan 0.1G yr.

3. analysis

3.1. Galaxy Colors

O ncethesam plewasgenerated wedeterm ined thelum i-

nosity (perSolarm ass)in thedi�erentbandsand thecol-

orsforeach individualgalaxy in thesam pleusing thepre-

dictionsofthecorresponding evolutionary synthesism od-

els.W eadopted forallthem odelsthesam eSalpeterIM F

with M low = 0.1M � and M up= 100M � .

The bands considered in this work include the John-

son/Cousins (U B V R C IC ) and Sloan DigitalSky Survey

u0g0r0i0z0 (Fukugita et al:1996)opticalbands,the JH K

near-infrared bands, and the G ALEX near-ultraviolet

(NUV,1800-3000�A)and far-ultravioletbands(FUV,1350-

1800�A;Doliber et al:2000). Because ofthe sm alldi�er-

encesexpected between the standard K -band and the K s

and K 0 bands,we decided to include only the standard

K in ourrealizations.In thissense,although the 2M ASS

survey hasbeen carried outusing K s-band im aging data,

wewillreferhereaftertothe2M ASS datasetwhen dealing

with the standard JH K bands.

The colors obtained for each stellar population were

then reddened (and the apparentm ass-to-lightratiosin-

creased) using the corresponding E (B � V ) values and

adopting the param eterization ofthe G alactic extinction

law ofCardelli,Clayton & M athis (1989) for a total-to-

selectiveextinction ratio R V = 3.1.However,sincethispa-

ram eterization isonlyvalid down to1000�A,and given that

som e ofthe bandsselected forthis work coverregionsof

galaxy spectra wellbelow theLym an lim it(forz= 0.7 and

z= 1.4),weextended theextinction law tothefar-UV using

the A �/A V ratiosgiven by M athis(1990;see also M artin

& Rouleau 1989).TheA �/A V m ean valuesforeach band

(itsrespectiveredshifted rest-fram ewavelength)werethen

com puted convolving the �lters response functions with

the adopted extinction curve.

Using thenum berofionizing Lym an photonspredicted

by the evolutionary synthesis m odels we also com puted

the contribution ofthe nebular continuum and m ost in-

tense gas em ission-lines to allthe bands considered. W e
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assum ed that85% ofthephotonswith �< 912�A e�ectively

ionizethesurrondinggas,buta 15percentfraction would

beobserved atthefar-ultravioletorabsorbed bydust(Lei-

thereretal:1995;Dove,Shull& Ferrara 2000;G IL00a).

M ost of the 85% ofthe far-UV photons absorbed by

the surronding gas in the Hii region is reprocessed as

nebular continuum and em ission lines in the opticaland

NIR.However,a very sm allfraction ofthese photonscan

be re-em itted as free-free radiaton in the far-UV.In our

case,weassum ed thatthesesecondaryfar-UV photonsare

not absorbed by neutralgas again,but rather being ab-

sorbed by dust or escaping from the galaxy. In order to

determ ine the nebular continuum contribution to allthe

bandswehaveused the em ission and recom bination coef-

�cientsgiven by Ferland (1980)forthe near-UV,optical,

and NIR forTe= 10
4K .Forthe far-UV free-freeradiation

we have assum ed a constant gaunt factor gff= 1.1 (see

K arzas & Latter 1961) in the range 500-912�A for a gas

with Te= 10
4K .

W ith regard to the gas em ission-lines we have

assum ed the relation between the num ber of Ly-

m an photons and H� lum inosity given by Brockle-

hurst (1971) and the theoretical hydrogen line-ratios

expected for a low density gas (ne= 10
2cm � 3) with

Te= 10
4K in Case B recom bination (O sterbrock 1989).

W e considered the contribution of the m ost intense

forbidden lines ([O ii]��3726,3729�A,[O iii]��4959,5007�A,
[Nii]��6548,6583�A,[Sii]��6717,6731�A)adoptingthem ean
line ratiosm easured by G allego etal:(1996)forthe Uni-

versidad Com plutense de M adrid (UCM ) sam ple of lo-

calstar-form ing galaxies (Zam orano et al:1994, 1996).

Both the nebular continuum and the em ission-line lum i-

nosities were corrected for extinction assum ing the rela-

tion given by Calzetti,K inney & Storchi-Bergm ann (1996,

seealso Calzetti1997;Storchi-Bergm ann,Calzetti& K in-

ney 1994) between the gas and the stellar continuum

reddening associated with the young stellar population:

E (B � V )stellar= 0.44� E (B � V )gas.

Following this procedure we obtain allthe input infor-

m ation concerningtheactualproperties,colors,and m ass-

to-lightratiosforthe galaxiesin the sam ple. In the next

section we discuss our recovery ofthese input properties

starting from the observed galaxy colors,and theircorre-

sponding m easuring errors.

3.2. SetsofColors

G rouping thecolorsdeduced forthesegalaxiesin di�er-

entsetsand com paringthem with theevolutionarysynthe-

sism odelsallowsusto exploresystem aticsand determ ine

the setofobservablesthatresultin m inim um di�erences

between the actual(input)galaxy propertiesand the de-

rived (output)properties. Thiscom parison isdone using

a com bination ofM onte Carlo sim ulations,a m axim um

likelihood estim ator,and a PrincipalCom ponentAnalysis

algorithm .

The num ber of di�erent com binations of colors that

could be constructed considering a totalof10 potential

bandsfrom theUV tothenear-infraredis
P 10

r= 2
10!

r!(10� r)!
=

1013. For this study we have selected only the 10 sets

shown in Table 2.The detailed com parison ofthe results

obtained for allthese sets provides enough inform ation

about the relevance ofthe di�erent bands,observing er-

rors,etc:,fora precise determ ination ofthe galaxy prop-

erties.

3.3. Com parison Procedure

O ncethecolorsofthegalaxy sam plehad been obtained

and grouped in sets we then perturbed the \observed"

m agnitudes by applying random observing errors. In or-

der to sim plify the problem we studied three cases,cor-

responding to three di�erent1-sigm a errorsin the colors,

0.03,0.07,and 0.10m ag,and consideronly thecasewhere

theseerrorsarethe sam ein allthe colors.

In orderto com putethee�ectsoftheseobserving errors

in thegalaxy propertiesto bederived weused a G aussian

distribution oferrorsforallbandsgeneratedusingaM onte

Carlosim ulation m ethod.Thecolorsderived foreach test-

particlewerethen com pared with theevolutionarysynthe-

sism odelsusing a m axim um likelihood estim ator,L.The

expression forthisestim ator(seee.g:Abraham etal:1999)

is

L =

NY

n= 1

1
p
2��C n

exp

�

�
(cn � Cn)

2

2�C n
2

�

(1)

where Cn are the colors derived,cn are those predicted

by the evolutionary synthesis m odels and N is the total

num ber ofcolors available within each set. Because the

sam e levelof error was assum ed for allthe bands, the

m axim ization ofthis expression is equivalent to com put-

ing the m inim um �2. Therefore,in this case,we could

estim atethecon�dencelevelsin thegalaxy propertiesvia

the Avni’s approxim ation (Avni1976) as has been done

by Bolzonella etal:(2000)instead ofusing num ericalsim -

ulations. However,the considerations that lead to this

estim ation procedureapply only asym ptotically,being ap-

plicable when the �2 estim atorcovariance m atrix can be

replaced by itslinearapproxim ation in the vicinity ofthe

best-�tting setofparam eters. Although these conditions

could be ful�lled in ourcase (Perez-G onz�alez etal:2001,

in preparation),wehavedecided to usenum ericalsim ula-

tionsin ordertobeabletoderivethedegeneraciesbetween

the di�erentgalaxy properties.

Therangesin theevolutionary synthesism odelsparam -

eterswherethedata-m odelcom parison wasperform ed are

shown in Table 1. In order to avoid introducing a con-

straintbiasin thederived properties,therangesforthese

com parison were chosen to be signi�cantly wider than

thosewherethe galaxy sam plewasgenerated.

O nce the expression L is m axim ized for a signi�cant

num berofM onte Carlo test-particles(we used a totalof

200) we obtained the distribution ofphysicalproperties

associated with the probability distribution ofthe galaxy

colors.In Figures2a,b & c we show the resultsobtained

fora nearby galaxy with a exponentialstarform ation his-

tory with �= 4.5G yrtim escale,Solarm etallicity,an ageof

5.0G yr,and E (B � V )of0.08m ag,forobservingerrorsin

thecolorsof0.10,0.07,and 0.03m ag,respectively.In this

casethesetofcolorsused wasthatincluding theG ALEX,

SDSS,and 2M ASS bands(seeTable 2).

These �gures illustrate the strong degeneracy between

the di�erent galaxy properties even for relatively sm all

m easurem enterrors.W ehavethereforeperform ed aquan-

titative analysis of these degeneracies using a Principal
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Com ponent Analysis (PCA hereafter) on the space of

galaxy properties by solving the eigenvectorequation on

the test-particle correlation m atrix ofeach galaxy in the

sam ple(seeM orrison 1976).Thisanalysisgivesthedirec-

tion in thespaceofgalaxy propertiesalong which the200

solutions obtained for each individualgalaxy are m ainly

oriented,constituting the best estim ator ofthe degener-

acy between theseproperties.

Sum m arizing,this procedure provides us with (1) the

m ean derived properties,(2) the 1-sigm a errors,(3) the

orientation in thespaceofsolutionsofthePrincipalCom -

ponent (PCA1 hereafter),and (4) the input (i.e:actual)

propertiesofallgalaxiesin the sam ple.

4. results

O nce these quantities had been derived we com puted

the m ean di�erences between the output and input val-

ues along with the m ean 1-sigm a spread,at �xed inter-

valsin the inputproperties. The binsused were 0.5G yr,

0.025dex,and 0.025m ag in the form ation tim escale,age,

and reddening,respectively.M ean di�erencesand 1-sigm a

valuesin thestellarm etallicity werecom puted foreach of

the inputvaluesconsidered.

In Figures3a & b we show the resultsobtained before

and aftercom puting them ean di�erencesand 1-sigm a er-

rorsfora subsam ple of500 nearby galaxieswith errorsin

thecolorsof0.07m ag and U+ BVRI+ JHK data available.

Due to the relevance ofthe K -band lum inositiesin order

to derive stellar m asses in nearby (Arag�on-Salam anca et

al:1993;G IL00a)and interm ediate-redshiftgalaxies(see

Brinchm ann& Ellis2000and referencestherein),them ean

di�erences between the derived and input K -band m ass-

to-lightratioswerealsocom puted.M ean uncertaintiesfor

allthe setsofobservables,redshifts,and observing errors

considered aresum m arized in Table 3.

In addition, we studied the degeneracies between the

galaxy physicalproperties analyzing the distribution of

the unitary PCA1 vector com ponents. In Figure 4a

we show the frequency histogram s obtained for the

sam ple of high-redshift galaxies assum ing an error in

the colors of 0.07m ag and the SDSS, SDSS+ 2M ASS,

and G ALEX+ SDSS+ 2M ASS sets. Note that the

PCA1 vector points toward the direction where the

largest fraction of the galaxy properties’ variance oc-

curs. In this sense, a PCA1 vector with com po-

nents(ulog t,uE (B � V ),ulog Z=Z �
,u�)= (+ 0.707,� 0.707,0,0),

say, im plies the existence of a degeneracy between

age and reddening in the sense that younger, ob-

scured stellar populations have colors that are indis-

tinguishable from older but less extincted ones. In

this case, no age-m etallicity or age-tim escale degenera-

cies would be present. However,the behavior described

above could also result in a PCA1 vector with com po-

nents(ulog t,uE (B � V ),ulog Z=Z �
,u�)= (� 0.707,+ 0.707,0,0).

That,however,would appearin a di�erentposition atthe

frequency histogram shown in Figure 4a. Thus,in order

toreducethissign am biguitywhen interpretingourresults

weforced theulog tcom ponenttobepositive,changingthe

sign ofallthevectorcom ponentsifulog t wasnegative.Fi-

nally,in order to quantitatively determ ine the dom inant

degeneracy for each individualgalaxy in our sam ple we

havede�ned the angle�i;j likethatsatisfying

cos�i;j = SIG N

�
ui

uj

� q

u2i + u2j (2)

whereui and uj aretheiand j com ponentsofthe PCA1

vector. The angle �i;j sim ultaneously providesa m easure

ofthe angle between the PCA1 vector and the plane of

physicalpropertiesi;j and thesign ofthe degeneracy be-

tween the iand j properties.Thus,ifjcos�i;jj’ 1 the de-

generacy between the iand j propertieswould dom inate

the totaldegeneracy. M oreover,ifcos�i;j> 0 an increase

in both theiand jpropertieswould lead to sim ilarobser-

vationalproperties,while ifcos�i;j< 0 the value ofone of

the propertiesshould decrease.In Figure4b we show the

distribution ofcos�i;j asfunction ofthe ageforthe high-

redshiftsam pleassum ingan errorin thecolorsof0.07m ag

and the G ALEX+ SDSS+ 2M ASS setavailable.

Along thissection we willdescribe the resultsobtained

from the analysisofthe distributionsshown in Figures3

& 4 forthedi�erentredshifts,observing errors,and band-

passcom binationsconsidered.

4.1. Nearby galaxies

4.1.1. Form ation Tim escale

W ith regard totheform ation tim escalein nearby galax-

ies,Figure 5a indicatesthat,even forrelatively sm allob-

serving errors,its uncertainty is very high (see also Ta-

ble 3) and shows a strong dependence with the value of

the form ation tim escale itself. The larger uncertainty in

the form ation tim escale for largervaluesofthis quantity

is m ainly due to the sm allsensitivity ofthe optical-NIR

colors ofstellar populations with ages t< < � to changes

in its form ation tim escale. The use ofU -band data sig-

ni�cantly reduces this uncertainty, probably due to the

high sensitivity ofthisband to thepresenceofrecentstar

form ation thatallowsto rule outinstantaneous-burstso-

lutionswhen recentstarform ation associated with larger

� valueshase�ectively taken place.TheuseofNIR data,

however,doesnotproviderelevantinform ation aboutthe

form ation tim escale ofthe stellar population. M oreover,

the reduction achieved in the uncertainties ofthe di�er-

entgalaxy propertiesby using JH K data com pared with

thoseobtained usingexclusivelyK -band dataisverysm all

(seeTable3).Aswewillshow in Sections4.2 & 4.3 thisis

notthe case forthe interm ediateand high-redshiftgalax-

ies,where these bands now cover the redshifted optical

spectrum . Finally,in the sam e way thatthe U -band,the

use ofUV data provides an additionalreduction in the

form ation tim escale.Asitisclearly seen in Figure2,fora

particulargalaxy theform ation tim escaleism ainly degen-

erate with the age ofthe stellar population,in the sense

that,within the observing errorsassum ed,an increase in

theform ation tim escaleaccom panied by an increasein the

age can result in sim ilar UV-optical-NIR colors. Due to

thisage-tim escaledegeneracy partofthereduction in the

tim escaleuncertainty obtained by theuseofUV data can

beexplained by thesigni�cantreduction in theageuncer-

tainty achieved by including UV data (seebelow).

4.1.2. Age

W ith respecttotheagedeterm inationin nearbygalaxies

(z= 0),the Figure 5a also showsthata signi�cantreduc-

tion in the age uncertainty is achieved by including NIR
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data. It is im portant to note that the use ofadditional

NIR data result in the sam e dom inant degeneracy that

ifonly opticaldata are used (see below),but the range

ofphysicalpropertieswherethisdegeneracy takesplaceis

signi�cantly sm aller.Them ostsigni�cantim provem entin

theagedeterm ination,however,isobtained when UV data

are available. This is m ainly due to the em ission arising

from post-AG B starsin low-m etallicity populationsand at

agesyoungerthan 10G yrand tothe\UV-upturn"in high-

m etallicity evolved (t> 10G yr)stellarpopulationsthatre-

sult in highly peculiar UV-opticalcolors. However,the

uncertainty in them odelingofpost-AG B stars(Charlotet

a:1996)and thelow-m asscorehelium -burning Horizontal

Branch (HB hereafter)and evolved HB starsthatlead to

the\UV-upturn" (Yietal:1997),introduceadditionaler-

rorsin theUV-opticalcolorsduring thedata-m odelscom -

parison. Charlotelal:(1996)estim ated using two di�er-

ent theoreticalprescriptions thatthe uncertainty only in

the post-AG B phase m odeling could result in di�erences

ofabout1m ag in the UV-opticalcolorsofa several-G yr-

old stellar population. M oreover,although we assum ed

the sam e observing errorsforallthe bands,the faintUV

em ission ofevolved stellar populations is expected to re-

sultin verylargeobservingerrorsin theUV-opticalcolors.

Therefore,while the stellarevolution ofthese starsisnot

wellunderstood the age determ ination in old stellarpop-

ulationsshould notrely on the useofUV data.

Along with theform ation tim escale,theageofthestel-

larpopulation in nearbygalaxiesism ainlydegeneratewith

thedustextinction,in thesensethatolderstellarpopula-

tionswith low dustcontenthave sim ilarcolorsto highly-

extincted,younger stellar populations. Although in the

case ofvery old stellarpopulationsthe age-extinction de-

generacy also com petes with the age-m etallicity degener-

acy (see W orthey 1994),the age-extinction degeneracy is

stilldom inantin thisrangeforalltheband-passcom bina-

tionsand observingerrorsconsidered in thiswork.Itcould

be argued thatthestrong discretization ofthem etallicity

in ourm odelscould be responsiblefortherelatively weak

age-m etallicity degeneration derived. However,the fact

thatthisbehaviorisobserved even forthe largestobserv-

ing errorsconsidered indicatesthatitisrealand a natural

consequence ofthe use ofbroad-band data.In thissense,

the com bination ofbroad-band with narrow-orm edium -

band data orspectroscopic indexeswould break the age-

extinction degeneracy,m aking ofthe age-m etallicity the

dom inantdegeneracy (seeW orthey 1994).

4.1.3. DustExtinction

Thedustextinction isderived with averyhigh accuracy

(E (B � V )= 0.04-0.20m ag)even forlargeobserving errors

and relatively low num ber ofobservables (see Table 3).

In the case ofthe nearby galaxies,the uncertainty in the

dustextinction doesnotdepend on the value ofthe dust

extinction itselfand ism ainly degenerate with the age of

the stellarpopulation (see above)with som e contribution

from the extinction-m etallicity degeneracy. In com bina-

tion with B V RI opticaldata either the use of UV,U ,

or NIR data provide a signi�cant reduction in the dust-

extinction uncertainty. In orderto betterderive the dust

extinction theuseofa widerwavelength baselinein wave-

length (e.g:using UVIJK )ism oree�ectivethan fully cov-

eringtheopticalrange(UBVRI).Thisism ainly duetothe

reduction in them etallicity uncertainty by theuseofNIR

data (see below)thatleads,via the extinction-m etallicity

degeneracy,to a reduction in the dust-extinction uncer-

tainty. Again,the use ofJH K data instead ofonly K -

band data do not lead to a signi�cant reduction in the

dust-extinction uncertainties.

4.1.4. M etallicity

W ith regard to the m etallicity of the stellar popula-

tion the uncertainties derived are strongly dependent on

the band-passcom bination available and the value ofthe

m etallicity itself. In particular,the uncertaintiesderived

are sm aller as the m etallicity becom es higher (see Fig-

ure 5a). W ithin the age range considered,the m ain con-

tributors to the opticaland NIR em ission ofSSP galaxy

are the m ain-sequence and RG B stars. However,for a

m ore constant star form ation,a signi�cant contribution

from core-Helium -burning stars is expected (see Charlot

& Bruzual1991). In order to determ ine the source of

the m etallicity dependence ofthese uncertaintieswe have

produced the sam e diagram sshown in Figure 5a but re-

stricted to form ation tim escalesshorterthan 50M yr.The

analysisofthis diagram shows no dependence ofthe un-

certaintieswith m etallicity,which im pliesthatthe source

ofthe dependence wasthe distinctphotom etric evolution

ofhigh-m etallicity coreHelium burning stars(M owlaviet

al:1998). It is worth noting,however,that atvery high

m etallicitiesthe uncertaintiesin the m odeling ofthe stel-

lar populations are them selves very large because ofthe

lack ofvery m etalrich starsofany agein theSolarneigh-

borhood that could be used as spectralcalibrators (see

Charlotetal:1996).

The m ostsigni�cantreduction in the m ean m etallicity

uncertainty is achieved when NIR data are used in com -

bination with opticaldata (see Figure 5a). Although the

uncertainties in the m odelpredictions for the therm ally

pulsating AG B (TP-AG B hereafter)and the upper RG B

can resultin di�erencesin the(V � K )colorpredicted by

di�erent m odels of� 0.10-0.15m ag (Charlotet al:1996),

the im provem entin the m etallicity determ ination by the

use of NIR data is stillrelevant. In this sense, in Ta-

ble 3 we show that the m ean m etallicity uncertainty for

the U+ BVRIsetis0.32dex assum ing an observing error

of0.03m ag,whiletheuncertainty fortheU+ BVRI+ K set

assum ing an observing errorof0.10m ag isonly 0.26dex.

4.1.5. Stellar M ass

AsinputfortheK -band m ass-to-lightratioofthestellar

populationswehaveadopted M K ;� = 3.33(W orthey 1994).

Itshould benoticed thatalong with theerrorsin thestel-

larm ass-to-lightratiosderived herethem isunderstanding

oftheactualIM F introducean additional,system aticun-

certainty,which,in fact,constitutes the m ost im portant

source oferrorin the determ ination ofthe galaxy stellar

m ass (Bell& de Jong 2001). In addition,the poor con-

straintson the theoreticalisochronesofupper-RG B stars

and AG B starscan resultin a 20 percentuncertainty in

the K -band m ass-to-lightratio (Charlotet al:1996). In

Figures 6a & 6b we show the uncertainties expected in

the K -band m ass-to-lightratio from di�erent sets ofob-

servablesthatinclude K -band data. These uncertainties
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show a strong dependencewith thegalaxy ageand form a-

tion tim escalein thesensethatlargeruncertaintiesareex-

pected atlowervaluesoftheform ation tim escaleand older

ages.Figure5ashowsthatthevalueoftheageuncertainty

(in log tscale)isalm ostindependentofthe age itself. In

addition,Figure1 indicatesthattherateofchangein the

K -band m ass-to-lightratio (with log t)ishigherwhen the

stellarpopulation becom esolder,speciallyforverylow val-

uesofthe form ation tim escale. Therefore,fora constant

uncertainty in log t,an increase in the uncertainty ofthe

m ass-to-lightratio atvery old agesisexpected.

Figure6a also showsthatthe m ass-to-lightratio deter-

m ination isbiased toward lowervalues. Thisbias,which

is particularly im portant at old ages,is probably due to

theupperlim itof15G yrin ageim posed during thedata-

m odelscom parison (see Table 1),although othercontrib-

utorscan notberuled out(seeSections4.2.2 & 4.3.2).As

itisclearly seen in Figure6b,theuseofUV dataallowsto

reduce both the uncertainty and biasin the m ass-to-light

determ ination.Thisreduction isdirectly related with the

reduction in the age uncertainty described above. How-

ever,aswealready com m ented,theuseofUV dataforthe

study ofstellar populations with ages older than several

G yrcan leadtowrongconclusionsbecauseoftheuncertain

m odeling ofthe post-AG B phaseand the \UV-upturn".

The behavior described above for the tim escale, age,

dust extinction,m etallicity,and stellar m ass is identical

forany observingerrorbutwith largerm ean uncertainties

for largerobserving errors. The readeris referred to the

Table 3 for the dependence ofthe m ean uncertainties in

the di�erentgalaxy propertiesderived with the observing

errors.

4.2. Interm ediate-redshiftgalaxies

4.2.1. Form ation Tim escale

In Figure 7 we show the uncertainties derived for the

propertiesofinterm ediate-redshiftgalaxies(z= 0.7).W ith

regard to the form ation tim escale the uncertainties are

verylarge(2-3G yr),even largerthan forthenearbygalaxy

sam ple.Aswecom m ented in Section 4.1,theoptical-NIR

colors are quite insensitive to changes in the form ation

tim escale with t< < �. Therefore,since we are assum ing

thatthesegalaxiesarestatistically youngerthan thethose

observed in ourLocalUniverse(seeTable1)and therange

in form ation tim escale is obviously the sam e,the uncer-

tainty in theform ation tim escaleisnecessarily higher.For

thesam ereason theuncertainty atvery low tim escaleval-

uesism uch lowerthan athigh tim escale values.

TheupperpanelofFigure7a also suggestsa signi�cant

biasin thetim escaledeterm ination toward lowervaluesof

thisproperty.Thisbiasisalsotheconsequenceofthesm all

changes in the optical-NIR colors ofthese galaxies with

the tim escale when the age isyoungerthan the tim escale

value.In thiscase,thehigherrateofchangein the colors

toward lowerform ation tim escalessystem atically leadsto

lowervalues in orderto reproduce the probability distri-

bution associated with the observing errors. It is worth

noting that,because ofthe reduction ofthisbias,the use

ofa largernum ber ofbands m ay result in som e cases in

a highertim escaleuncertainty (seeTable3 forthe results

on the U+ BVRI+ K and U+ BVRI+ JHK sets). Like in

thenearby galaxiescase,thedom inantdegeneracy involv-

ing the form ation tim escale isthe age-tim escale degener-

acy,in the sense thatolder galaxieswith high form ation

tim escaleshave sim ilarcolorsthatyoungergalaxieswith

a m ore instantaneousstarform ation.Thisistrue forany

band-passcom bination considered.W ith regard totheop-

tim alsetofobservables,Table3 dem onstratesthatforthe

sam e num berofbandsthe use ofwiderwavelength base-

linesresultsin loweruncertainties. In particular,the use

ofthe UVIJK set reduces the tim escale,age,and m etal-

licity uncertainties inherent to the UBVRI set providing

also a m uch lower dust-extinction uncertainty than the

BVRI+ K set.O n theotherhand,theSDSS+ 2M ASS and

G ALEX+ SDSS+ 2M ASS setsresultin very sim ilaruncer-

tainties(see Table 3),which im pliesthatthe opticaland

NIR bands provide m ost ofthe inform ation available in

theUV and in thebluepartoftheopticalspectrum about

the galaxy age,starform ation history,and m etallicity.

4.2.2. Age

W ith respecttoageoftheinterm ediate-redshiftgalaxies

the uncertaintiesderived are signi�cantly sm allerthan in

thenearby-galaxiescase.Thisism ainly dueto thehigher

rate ofchange in the rest-fram e opticalcolorswithin the

age range assum ed forthese galaxiescom pared with that

assum ed forthenearbygalaxies(seeTable1and Figure1).

In addition,thefactthattheK -band now correspondsto

the rest-fram e J-band em ission im plies thatthe e�ect of

theuncertaintiesin them odelpredictionsassociated with

the upper RG B and AG B evolutionary stagesis less im -

portant (see Section 4.4.2). O n the other hand,the use

ofU -band data fordeterm ining agesolderthan 1G yrat

these redshifts is strongly lim ited by the uncertainty in

the m odeling of the rest-fram e UV em ission from post-

AG B stars (Charlot et al:1996;see Section 4.1). How-

ever,the m ostsigni�cantdecrease in the age uncertainty

is achieved when NIR data are used,specially ifdata in

allthe bands(JH K )are available. Thisisprobably due

to the factthatthe JH K setprovidesinform ation sim ul-

taneously aboutthe presence ofAG B stars(via the rest-

fram e z0 and J bands) and m ain-sequence stars (via the

rest-fram eR-band).

Figure 5a also showsthe existence ofa signi�cantbias

toward younger ages for the BVRI and UBVRI sets. In

thiscasethepresenceofthisbiasisdue(1)totheexistence

ofa form ation tim escale bias and a strong age-tim escale

degeneracyand (2)tothefactthattheopticalcolorsofthe

stellarpopulationschange m ore slowly asthe population

becom es older. In the latter case,in order to reproduce

the distribution ofopticalcolors associated with the ob-

serving errors,thebest-�tting solution should befound at

youngerages,where the intrinsic dispersion ofthe m odel

colorsislarger.Asweshow below abiasin agealsoresults

in a bias in the galaxy K -band m ass-to-lightratio. The

use ofwider wavelength baselines allows to signi�cantly

reducethisbias.In particular,theuseoftheUVIJK leads

to a lesssevere biasand lowerage uncertaintiesthan the

U+ BVRIand the U+ BVRI+ K sets. W ithin the age un-

certainty intervalthe degeneracy ism ainly dom inated by

theage-tim escaledegeneracy with som econtribution from

the age-extinction degeneracy in those band-pass com bi-

nationsthatdo notinclude UV orU -band data.

4.2.3. DustExtinction



Broad-band photom etry forgalaxy evolution studies 7

The dust extinction in the sam ple of interm ediate-

redshift galaxies is derived with high accuracy,specially

when U -band data are available (see Figure 7a). In

this case,the uncertainties expected in E (B � V ) are in

any case sm aller than 0.10m ag for observing uncertain-

tiesashigh as�C n= 0.10m ag. The signi�cantreduction

achieved,ifwe com pare these results with those derived

for the nearby galaxies,is due to the very high sensitiv-

ity oftheredshifted UV em ission to the presenceofsm all

am ounts of dust. In those band-pass com binations not

including U -band data we notice a clear dependence of

the dust-extinction uncertainty with the value ofthe ex-

tinction itself,with largeruncertaintiesatlargervaluesof

the extinction (see Figure 7a).The analysisofthe PCA1

com ponents also indicates that at dust-extinction values

higherthan E (B � V )> 0.5m ag the age-extinction degen-

eracy becom esvery im portant.Thisim pliesthatin highly

extincted interm ediate-redshiftgalaxiesasm allincreasein

the am ount ofdust can lead to the sam e opticalcolors

(specially ifU -band data arenotused)thata com parable

decrease in the age ofthe stellar population would pro-

duce.

4.2.4. M etallicity

W ith regard to the m etallicity uncertainty,Figure 7a

showsthattheuncertainty decreaseswith thevalueofthe

m etallicity itself.The reduction isparticularly im portant

when NIR data are available.The use ofthe three JH K

NIR bandsreducesthisuncertainty overthe whole range

ofm etallicities.In thissense,theuseoftheUVIJK setre-

sultsin lowerm etallicity uncertaintiesthan the U+ BVRI

and the U+ BVRI+ K sets (see Table 3). It is im portant

to keep in m ind thatthe JH K �ltersnow coverthe rest-

fram e R,z0,and J bands. In the age range considered

the m ain contribution to the rest-fram e opticalem ission

com es from m ain-sequence stars. O n the other hand,

the rest-fram e NIR em ission, along with m ain-sequence

stars, shows an im portant contribution from AG B and

core-Helium -burning stars(see Charlot& Bruzual1991).

The role played by AG B starsism ore relevantifthe for-

m ation is instantaneous, while the core-Helium -burning

stars m ay dom inate the totalNIR em ission for a m ore

constantstarform ation scenario.Therefore,the behavior

described above isprobably due to the distinctevolution

ofhigh-m etallicity AG B stars (see W illson 2000 and ref-

erencestherein)and core-Helium -burning stars(M owlavi

etal:1998)com pared with the relatively well-de�ned se-

quencein theirevolutionarypropertiesestablished forsub-

solarm etallicities.W ithin the errorintervalsderived,the

m etallicity ism ainly degeneratewith theage,specially in

thosesetsincluding U -band data.Thisisprobably dueto

the reduction in the age-extinction degeneracy thanksto

the inform ation provided by the U -band data about the

rest-fram eUV.

4.2.5. Stellar M ass

The com parison between Figures6b and 7b showsthat

the m ean uncertaintiesin the K -band m ass-to-lightratio

(orstellarm ass)ofinterm ediate-redshiftgalaxiesarem uch

lowerthan those derived forthe nearby sam ple. First,it

is im portant to note that in these �gures we represent

absolute errors. For a Solar-abundant12G yr-old nearby

galaxy form ed instantaneously the K -band m ass-to-light

ratio is � 1.3M � /LK ;� , while for a 5G yr-old galaxy at

z= 0.7is� 0.4M � /LK ;� .Therefore,therelativeuncertain-

ties,assum ing the averageabsolute uncertaintiesgiven in

Table3 for�C n= 0.07m ag,would beabout30 and 20 per

cent,respectively forthenearby and interm ediate-redshift

galaxies.Although thisstillim pliesa signi�cantim prove-

m entin the K -band m ass-to-lightratio determ ination,it

is also noticeable that the K �lter now traces the rest-

fram e J-band lum inosity,which is m ore a�ected by the

m isunderstanding about the actualIM F (see Bell& de

Jong 2001). Finally,the J-band lum inosity is also m ore

sensitive to sm alldi�erences between the assum ed expo-

nentialstarform ationand thegalaxyactualstarform ation

history than the rest-fram eK -band data.

Aswepointed outin Section 4.2.2thebiasin theagede-

term ination toward loweragevaluesalso leadsto a strong

bias in the K -band m ass-to-light ratio of interm ediate-

redshiftgalaxiesdue to the system ic decreasein the rest-

fram e J-band lum inosity per Solar m ass with the age of

stellarpopulation when the ageisolderthan � 1G yr.

4.3. High-redshiftgalaxies

4.3.1. Form ation Tim escale

W ith regardtotheform ation tim escale,Figure8ashows

that the bias toward lower tim escale values observed at

interm ediate redshift is even m ore pronounced at high-

redshift. This bias is a naturalconsequence ofthe di�-

culty ofderiving/predicting the long-term starform ation

history ofa galaxy when itisstillvery young.Thisisalso

evidenced by thefactthatthem ean tim escaleuncertainty

increasessystem atically with redshiftforthesam eobserv-

ing errorsand band-passcom binations.In Table3 wealso

show that in m any cases (BVRI vs:U+ BVRI;SDSS vs:

SDSS+ 2M ASS)them ean tim escaleuncertaintiesincrease

when a largernum berofobserving bandsisused,with a

progressivereduction in thisbias.Asin theinterm ediate-

redshiftcasethedom inantdegeneracyinvolvingthegalaxy

form ation tim escaleoccurswith theageofthestellarpop-

ulation.

4.3.2. Age

The large form ation tim escale uncertainty described

aboveand theexistenceofa strongage-tim escaledegener-

acy,speciallyatagesolderthan 100M yr,lead toverylarge

age uncertainties,even larger than those derived for the

interm ediate-redshiftgalaxies.Theage-tim escaledegener-

acy atagesyoungerthan 100M yrissigni�cantly sm aller

because at these young ages a change in the form ation

tim escale,which ranges between 200M yr-6G yr (see Ta-

ble 1), does not a�ect to the UV-optical-NIR colors of

the stellarpopulation. In otherwords,the degeneracy in

tim escale within thisage range iscom plete and no corre-

lation between the age uncertainty and any other uncer-

tainty isexpected.In thiscase the m ain degeneraciesare

the age-extinction and the age-m etallicity ones.

M oreover,the age-tim escaledegeneracy in com bination

with the biasin form ation tim escale described above are

also responsibleforthestrong biasin ageobserved in Fig-

ure 8a at ages older than � 50M yr. The fact that the

UVIJK set provides a better age and tim escale determ i-

nation than the U+ BVRIand U+ BVRI+ K sets dem on-
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strates the im portance ofobtaining JH K data in order

to derive the propertiesofhigh-redshiftgalaxies. Thisis

due to the factthatthe JH K �ltersnow coverthe rest-

fram e V ,R,and z0 opticalbands,where the changesdue

to galaxy evolution are m ore noteworthy and the infor-

m ation contentabout the galaxy propertiesis larger. In

particular,the JH K �lterswould provideinform ation si-

m ultaneously about the presence ofm ain-sequence stars

(via therest-fram eV and R bands),core-Helium -burning

stars (via the rest-fram e V ,R,and z0 bands),and AG B

stars(via the rest-fram ez0-band;t> 0.5G yr).

4.3.3. DustExtinction

BecauseoftheextensivecoverageoftheUV rangeofthe

spectrum ,thestudyofhigh-redshiftgalaxiesusingoptical-

NIR colorsleadsto very sm alldust-extinction uncertain-

ties.In thissense,the dust-extinction uncertaintiesgiven

in Table 3 atthisredshiftassum ing an observing errorof

0.10m ag are in the range E (B � V )= 0.03-0.07m ag. The

dustextinction within theintervalofuncertaintyism ainly

degeneratewith the ageofthe stellarpopulation.

4.3.4. M etallicity

Figure 8 showsthatthe m etallicity uncertainty forthe

high-redshift sam ple does not show the strong m etallic-

ity dependence found in nearby and interm ediate-redshift

sam ples.O nly when JH K NIR data areavailabletheun-

certainties atvery high m etallicities becom e signi�cantly

sm allerthan thosederived forthelow m etallicity galaxies.

As we com m ented in Section 4.2.4 for the interm ediate-

redshift case,this is probably due to the distinct signa-

ture ofhigh-m etallicity core-Helium -burning stars(eg:in

the num ber ratio ofblue-to-red supergiants;M owlaviet

al:1998)within the age range considered. In the case of

a SSP galaxy,these stars dom inate the rest-fram e V Rz0

(JH K atz= 1.4)em ission foragesyoungerthan 0.4G yr,

while the em ission at shorter wavelengths com es m ainly

from m ain-sequence stars (see Charlot & Bruzual1991).

Itisim portantto notethatthecore-Helium -burningstars

m ay dom inate the em ission in the R and z0 bands up to

agesof5G yrforlargerform ation tim escales. W ithin the

uncertainty intervals obtained,the m etallicity is m ainly

degeneratewith the ageofthe stellarpopulation.

4.3.5. Stellar M ass

The K -band m ass-to-light ratio uncertainties derived

here are very sm allcom pared with those obtained from

thenearby and interm ediate-redshiftsam ples,with values

rangingbetween 0.01and 0.06M � /LK ;� .IfweadoptaK -

band m ass-to-lightof0.27M � /LK ;� ,which correspondsto

thevalueexpected fora3G yr-old galaxywith Solarm etal-

licity, the relative uncertainty would range between 5%

and 20% ,depending ofthe band-passcom bination avail-

able. Figure 8b showsthat there is also a strong depen-

denceofthem ass-to-lightratio uncertainty with thevalue

ofthem ass-to-lightratio itself.In particular,a clearm in-

im um in its uncertainty is observed at ages older than

8M yr,which isprobably associated with the evolution of

them assivestarso� them ain sequencetoward thered su-

pergiantphase.Duringthispartoftheevolution asudden

change in the rest-fram e z0 lum inosity and opticalcolors

ofa SSP isproduced,which could explain why theuncer-

tainty isparticularly sm allaround thisagevalue.

4.4. E�ectsofthe M odelUncertainties

In thissection weanalyzetheresultsobtained when the

optical-NIR colorsofa sam pleofgalaxiesgenerated using

the G ISSEL99 m odelsare com pared with the predictions

ofthe P�EG ASE evolutionary synthesism odels. W e have

restricted this com parison to the nearby sam ple and the

rangeofpropertiesspeci�ed in Table1.Theresultsofthis

com parison areshown in Figure9.

4.4.1. Form ation Tim escale

Figure9a showsthatthesam ebiastoward lowervalues

of the form ation tim escale that we noted for the inter-

m ediate and high-redshift sam ples is also present in this

case(seeSections4.2.1 & 4.3.1).Them ain reason forthe

existence ofthis bias is the sm allchange in the optical-

NIR colors of the stellar population with the tim escale

when the age t< < �. Therefore,in order to com pensate

both the observing errorsand the di�erencesin the color

predictionsbetween theG ISSEL99 and P�EG ASE m odels,

the best-�tting solution has to be found at lower values

ofthe tim escale where the intrinsic dispersion ofthe col-

orsislarger. The existence ofthis strong biasalso leads

to very sm alltim escaleuncertaintiescom pared with those

obtained using the G ISSEL99 m odels. W ithin the uncer-

tainty intervalsderived,the dom inantdegeneracy involv-

ingthegalaxy form ation tim escaleistheage-tim escalede-

generacy.

4.4.2. Age

W ith regard to the age determ ination,the uncertain-

ties derived are very sim ilar for the BVRIand U+ BVRI

sets. However,for those band-pass com binations includ-

ing NIR data the agesderived are strongly biased toward

youngerages.Thereason forthisbias,which alsoleadsto

signi�cantly sm allerage uncertainties,isthe o�setin the

(J � H )and (H � K )colorsbetween the G ISSEL99 and

the P�EG ASE m odelpredictions(see Figure1)due to the

di�erencesin the m odelling ofthe upper RG B and AG B

phases.In particular,Figure 1b showsthatthe P�EG ASE

m odels are � 0.07m ag redder in (J � H ) and � 0.04m ag

redderin (H � K )than the G ISSEL99 m odelswithin the

age range 4-12G yr. Therefore, in order to com pensate

for this di�erence in color,the best-�tting solution usu-

ally leads to younger ages,which within this age range

im ply bluer colors. Because the di�erences in the colors

between thetwom odelsonly occurin theNIR,theoptical

colorspredicted by theP�EG ASE m odelsattheseyounger

ages should be bluer than those ofthe sam ple. There-

fore,in order to com pensate for this e�ect,the age bias

described abovehasto beaccom panied by strongbiasesin

dustextinction and/orm etallicity thatwould lead to red-

deropticalcolors. W ithin the errorintervalsderived the

totaldegeneracy is dom inated by the age-tim escale and

age-extinction degeneracies.

4.4.3. DustExtinction

Aswe com m ented above (see also Figure 9a)there isa

strong biasin dustextinction estim atestoward higherex-

tinction valueswhen NIR data are used.Thisbias,along
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with the m etallicity bias described in Section 4.4.4, re-

sultsin aglobalreddeningoftheopticalcolorsbutasm all

changein theNIR colorsofthegalaxiesin thesam ple.O n

the otherhand,atvery high extinction valuesthe uncer-

taintiesarealsobiased by theupperlim itin E (B � V )im -

posed during the data-m odelscom parison procedure (see

Table 1). The m ean uncertainties derived,both in age,

dust extinction,and m etallicity are very sim ilar to those

obtained by using the G ISSEL99 m odels.

4.4.4. M etallicity

Thedistribution oftheuncertainty in m etallicity shown

in Figure 9a indicates that a strong bias toward higher

m etallicity valuesispresentwhen NIR data areavailable.

As we com m ented in Section 4.4.2,this bias is probably

related with the age bias and the di�erences in the NIR

colorspredicted by the two setsofm odels.Asin the case

ofG ISELL 99 m odels,thecom parison with the P�EG ASE

m odelsleadstoacleardependenceoftheuncertainty with

the m etallicity value itself,with sm aller uncertainties at

very high m etallicities(see Section 4.1.4).

4.4.5. Stellar M ass

The results shown in Figure 9b with regard to the K -

band m ass-to-lightratiosm ainly reectthe biasesin the

galaxy property determ ination,with thestellarm assesde-

rived system atically sm aller than the input values. This

is due (1) to the bias toward younger ages described in

Section 4.4.2 and (2)to thehigherK -band lum inosity per

unitm assoftheP�EG ASE m odelscom pared with theG IS-

SEL99 m odels (see Figure 1b). Because ofthe stronger

biasin age,them ean uncertaintinesin theK -band m ass-

to-light ratio are sm aller than those obtained using the

G ISSEL99 m odels(see Section 4.1.5). Finally,Figure 9b

shows that the m ass-to-light ratio uncertainty becom es

higheratolderagesand lowertim escale values. Thisbe-

havior,which isalso presentin the case ofthe G ISSEL99

m odels (see Section 4.1.5),is due to the progressive in-

crease in the rate ofchange ofthe K -band m ass-to-light

ratio with log t(seeFigure1)accom panied by a sm allde-

pendence ofthe age uncertainty (in log tscale)with the

value ofthe ageitself.

5. conclusions

In thisstudywehaveanalyzedthedependenceoftheun-

certaintiesand degeneraciesin thegalaxy propertiesupon

di�erentparam eters:(1)the com bination ofbandsavail-

able,(2)the observing errors,and (3)the galaxy proper-

tiesthem selves(including redshift).

Herewesum m arizeourm ain resultsand pointoutsom e

directionsfortheoptim ization ofgalaxy evolution studies

using broad-band photom etry data. W e describe sepa-

rately the nearby,interm ediate,and high-redshiftcases.

N earby galaxies: In orderto determ ine the starfor-

m ation history,age,and dustextinction ofnearby galaxies

with relatively sm alluncertaintiestheuseofU -band data

is fundam ental. The availability ofK -band data also al-

lowsa reduction in the uncertainty in the age and m etal-

licity ofthe stellar population,but the use ofadditional

J and H -band data islargely redundant. The use ofthe

K -band data isunfortunately lim ited by the existence of

large uncertainties in the m odeling ofthe K -band lum i-

nositiesand NIR colorsofstellarpopulations. The m ost

signi�cantreduction in the ageand K -band m ass-to-light

ratio uncertainty isachieved when UV data areused.The

poortreatm entofthepost-AG B and \extrem e"HB phases

by the existing evolutionary synthesis m odels introduce,

however,an additionaluncertainty during thedata-m odel

com parison,which isparticularly im portantin thecaseof

very old stellarpopulations. Forthe sam e num berofob-

serving bands,the availability ofwider wavelength base-

lines results in lower uncertainties. Both the form ation

tim escaleand K -band m ass-to-lightratiouncertaintiesare

largerwhen the corresponding valuesforthese properties

arelarger.O n theotherhand,them etallicity uncertainty

decreases with the value ofthe m etallicity itselfdue to

thedistinctphotom etricevolution ofhigh-m etallicity core

Helium burning stars.

A com plete description ofthe physicalreasons behind

these conclusions and ofthe degeneracies responsible for

the uncertaintiesdescribed abovearegiven in Section 4.1

(seealso Section 4.4).

Interm ediate-redshift galaxies: The starform ation

history of interm ediate-redshift galaxies can be derived

with worseprecision than in nearby galaxiesbecausetheir

stellar populations are younger. The age uncertainty is

sm aller than in the nearby-galaxies case and shows a

strongbiastowardyoungerages.A signi�cantreduction of

this biasand ofthe m ean uncertaintiesis achieved when

NIR data are used,especially ifallthree J,H ,and K -

band data are available. The dust-extinction uncertainty

islargerforlargervaluesofthedustextinction itself.The

useofU -band dataprovidesan im portantreduction ofthis

dependence and ofthe m ean dust-extinction uncertainty.

IfU -band dataareavailabletheuseofadditionalUV data

do notprovide m uch m ore inform ation aboutthe galaxy

properties.TheuseofNIR data (J,H ,and K -band data)

signi�cantly reducesthe uncertainty in the m etallicity of

the galaxy.The absoluteand relativeuncertaintiesin the

galaxy K -band m ass-to-lightratio are sm allerthan those

derived fornearby galaxies.However,thefactthattheK

�lter now covers the rest-fram e J-band leads to a larger

uncertainty associated with theIM F and with theparam -

eterization ofthe galaxy starform ation history and,con-

sequently,to a largerstellarm assuncertainty.Fora m ore

detailed description see Section 4.2.

H igh-redshift galaxies: As expected, the bias and

m ean uncertainty in the determ ination of the tim escale

forthe galaxy form ation are even largerin thiscase that

in the nearby or interm ediate-redshift galaxies. The age

of the stellar population is derived with a large uncer-

tainty,only reduced when JH K data are available. The

dust-extinction in these galaxiescan be derived to a very

high accuracy even when only opticaldata are available.

TheuseofJH K data isfundam entalin orderto im prove

both the age and m etallicity determ inations. A com plete

description ofthe uncertaintiesand degeneraciesbetween

thesepropertiesisgiven in Section 4.3.

Som eoftheconclusionsdrawn abovecan also befound

throughtheliteratureexpressedin aqualitativeway.How-

ever,thiswork constitutesthe �rstsystem atic and quan-

titativestudy on theoptim ization ofbroad-band photom -

etry forstudieson the evolution ofgalaxies. Itisim por-
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tantto notethattheapplication oftheseresultsto future

galaxy surveyscan help to reduce the uncertainty in the

derivation ofthegalaxy physicalproperties,som etim esby

weakeningaparticulardegeneracybutm ostofthetim eby

decreasing the intervalsoverwhich this degeneracy takes

place. In Table 3 we have sum m arized the m ean uncer-

taintiesin thegalaxy stellarpopulation propertiesderived

in thispaperconsideringdi�erentredshifts,setsofobserv-

ables,and observing errors.

O urresultsaredirectly applicable to spectrophotom et-

ricsurveysliketheSDSS and surveyslookingforem ission-

line galaxiesat �xed redshifts (M artin,Lotz & Ferguson

2000;M oorwood,van derW erf,Cuby & O liva 2000;Iwa-

m uro etal:2000;Pascualetal:2001;Zam orano etal:,in

preparation). However,in the case ofthe blind-redshift

surveysa com parison between ourresultsand those from

previous studies on the optim ization ofthe photom etric-

redshiftstechnique (K odam a etal:1999;Bolzonella etal:

2000;M obasher& M azzei2000;W olfet al:2001)is still

needed.

6. future applications

Theresultssum m arized abovedem onstratethatthede-

sign ofgalaxy evolution studiesbased only on qualitative,

intuitiveideasm ay lead (in som ecasesavoidably)to large

uncertainties.

Becauseofthiswe intend to apply thiswork to the de-

sign offutureprojectson galaxyevolution estim atingopti-

m alsetsofobservablesand required signal-to-noiseratios.

Although in thisworkwehaveonlyconsidered broad-band

�lters,this procedure is easily generalizable to com bina-

tionsofbroad,m edium ,and narrow-band �ltersfrom the

far-UV to the near-infrared. In addition,the com bined

use ofthe procedure here described with state-of-the-art

radiative transfer and dust m odels (Popescu et al:2000)

willallow us to extend this range up to sub-m illim eter

wavelengths.

Beyond theresultsshown in thispaper,wecan also de-

rive,upon request,the uncertainties and degeneraciesin

the galaxy properties for a given com bination of�lters,

observing errors,and galaxy redshift.
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Fig. 2.| a,b & c) Top panels: D istribution ofsolutions associated with the 200 M onte Carlo sim ulations in the tim escale-age space for

a nearby galaxy with a form ation tim escale of4.5G yr,an age of5G yr,a dustextinction E (B � V )= 0.08m ag,and Solarm etallicity.M iddle

panels: D istribution ofsolutions in the age-m etallicity space for the sam e galaxy m odel. Bottom panels: The sam e for the age-extinction

space. O bserving errorsare 0.10,0.07,and 0.03m ag,respectively for the a,b,and c �gures. The input properties ofthe galaxy are m arked

with a star sym bol. Thiscom parison was perform ed forthe G A LEX + SD SS+ 2M A SS color set. The size ofeach pointis proportionalto the

value ofthe m axim um likelihood estim ator,L,for the corresponding M onte Carlo sim ulation. D egeneracies between the galaxy properties

are evidenced by correlationsin the distribution ofpoints.
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Fig. 3.| U ncertainties in the derived properties as function ofthe properties them selves for a subsam ple of500 nearby galaxies and the

U + BV R I+ JH K set ofobservables. In Panela the m ean di�erences between the derived and the input properties com puted in intervals of

0.5G yr in form ation tim escale,0.025m ag in color excess,and 0.05dex in age are represented by a light-grey line. M ean � 1� values for the

derived properties are delim ited by two dark-grey lines. The region de�ned by the m ean� 1� lines is also represented in Panelb. G rey

shaded areas representthe regionsnot covered by ourcom parison procedure.

 a)  b)

Table 1

R ange in galaxy properties from w hich synthetic galaxy colors of the sample w ere generated and range in the
model parameters for the data-models comparison.

Sam ple M odels

E (B � V )stellar 0.00-1.00m ag 0.00-1.05m ag

� 0.2-6G yr 0.01-10G yr

Age (z= 0) 4-12G yr 1-15G yr

(z= 0.7) 1-5G yr 0.5-8G yr

(z= 1.4) 3M yr-3G yr 1M yr-6G yr

M etallicity (Z) 0.2,0.4,1.0,2.5,5� Z� 0.2,0.4,1.0,2.5,5� Z�
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Fig. 4.| a) Frequency histogram s for the com ponents ofthe PCA 1 vectors for the sam ple ofhigh-redshift galaxies with �C n = 0.07m ag

forthree di�erentsetsofobservables(SD SS,SD SS+ 2M A SS,and G A LEX + SD SS+ 2M A SS).This�gure suggeststhatthe age-m etallicity and

age-extinction degeneracies are com parable for the SD SS set,while the age-extinction and the age-tim escale degeneracies are com peting in

the case ofthe SD SS+ 2M A SS and G A LEX + SD SS+ 2M A SS sets. b) Cosine ofthe angle between the PCA 1 vector and the age-tim escale

(top),age-extinction (m iddle),and age-m etallicity (bottom ) planes,as m easure ofthe degeneracy between the stellar populations properties

(see Section 4),asfuncion ofthe age forhigh-redshiftgalaxieswith an uncertainty �C n = 0.07m ag and the G A LEX + SD SS+ 2M A SS set.The

sign ofthe cosine indicates ifthe degeneracy isin the sense thatan increase in both propertiescan lead to the sam e observationalproperties

(positive)orthe value forone m agnitude hasto be decreased while the otherisincreased (negative). From this�gure isclearthe dependence

ofthe dom inant degeneracy with the age ofthe stellar population,going from the age-m etallicity and age-extinction degeneracies at ages

below 10M yr,to only the age-extinction atagesbetween 10M yrand 300M yr,and the age-tim escale atagesbetween 300M yrand 3G yr(see

Section 4.3.2).

 a)  b)
GALEX+SDSS+2MASS

z=1.4

Table 2

D efinition of the different combinations of filters analyzed

Bands # ofbands Alias

B ;V;R C ;IC 4 BVRI

U;B ;V;R C ;IC 5 U+ BVRI

U;B ;V;R C ;IC ;K 6 U+ BVRI+ K

U;B ;V;R C ;IC ;J;H ;K 8 U+ BVRI+ JHK

B ;V;R C ;IC ;J;H ;K 7 BVRI+ JHK

B ;V;R C ;IC ;K 5 BVRI+ K

U;V;IC ;J;K 5 UVIJK

u0;g0;r0;i0;z0 5 SDSS

u0;g0;r0;i0;z0;J;H ;K 8 SDSS+ 2M ASS

FUV,NUV,u0;g0;r0;i0;z0;J;H ;K 10 G ALEX+ SDSS+ 2M ASS
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Fig. 5.| U ncertaintiesin the derived propertiesofnearby galaxiesforthe BV R I,U + BV R I,and U + BV R I+ K sets(panela)and the SD SS,

SD SS+ 2M A SS,and G A LEX + SD SS+ 2M A SS sets (panelb)assum ing observing errorsof0.03m ag.

 a)  b)
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Fig. 6.| U ncertainties in the derived K -band m ass-to-lightratiosforthe BV R I+ K ,U + BV R I+ K ,and U + BV R I+ JH K sets (panela)and

the BV R I+ K ,SD SS+ 2M A SS,and G A LEX + SD SS+ 2M A SS sets (panelb)assum ing observing errorsof0.03m ag.

 a)  b)
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Fig. 7.| a) U ncertaintiesin the derived propertiesofinterm ediate-redshiftgalaxiesforthe BV R I,U + BV R I,and U BV R I+ K setsassum ing

observing errorsof0.03m ag.b) K -band m ass-to-lightratio uncertainties forthe BV R I+ K ,U + BV R I+ K ,and U + BV R I+ JH K setsassum ing

observing errorsof0.10m ag.

 a)  b)
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Fig. 8.| a) U ncertainties in the derived properties of high-redshift galaxies for the BV R I, U + BV R I, and U BV R I+ K sets assum ing

observing errorsof0.03m ag.b) K -band m ass-to-lightratio uncertainties forthe BV R I+ K ,U + BV R I+ K ,and U + BV R I+ JH K setsassum ing

observing errorsof0.10m ag.

 a)  b)
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Fig. 9.| M ean tim escale,age,dustextinction,m etallicity (panela),and K -band m ass-to-lightratio (panelb)uncertainties derived using

the P �EG A SE evolutionary synthesis m odels. In panela we show the results for the BV R I,U + BV R I,and U BV R I+ K sets,and in panelb

those forthe BV R I+ K ,U + BV R I+ K ,and U + BV R I+ JH K sets.In both cases observing errorsof0.03m ag have been adopted.

 a)  b)
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Table 3

M ean 1� uncertainties in the derived properties

Set Property Unit z= 0 z= 0.7 z= 1.4

� C n (m ag)= 0.03 0.07 0.10 0.03 0.07 0.10 0.03 0.07 0.10

BVRI E (B � V ) m ag 0.16 0.17 0.17 0.11 0.18 0.20 0.02 0.04 0.06

� G yr 2.50 2.87 3.07 2.89 3.10 3.32 2.91 3.33 3.42

log t dex 0.36 0.37 0.38 0.23 0.31 0.35 0.45 0.71 0.84

log Z dex 0.33 0.33 0.33 0.44 0.46 0.45 0.37 0.45 0.48

(M /L)K M � /LK ;� 0.32 0.41 0.47 0.06 0.08 0.09 0.03 0.05 0.06

U+ BVRI E (B � V ) m ag 0.14 0.18 0.19 0.02 0.04 0.07 0.02 0.04 0.06

� G yr 2.27 2.69 3.00 3.10 3.10 3.11 3.11 3.34 3.33

log t dex 0.34 0.37 0.38 0.23 0.30 0.34 0.45 0.68 0.81

log Z dex 0.32 0.41 0.45 0.38 0.51 0.54 0.29 0.37 0.38

(M /L)K M � /LK ;� 0.32 0.41 0.47 0.05 0.08 0.09 0.03 0.05 0.06

U+ BVRI+ K E (B � V ) m ag 0.09 0.14 0.17 0.02 0.04 0.05 0.02 0.04 0.05

� G yr 2.19 2.75 3.03 2.29 2.95 3.19 2.79 3.00 3.08

log t dex 0.28 0.35 0.38 0.13 0.21 0.24 0.20 0.28 0.33

log Z dex 0.11 0.20 0.26 0.15 0.22 0.26 0.17 0.29 0.34

(M /L)K M � /LK ;� 0.26 0.33 0.35 0.03 0.06 0.06 0.01 0.02 0.03

U+ BVRI+ JHK E (B � V ) m ag 0.08 0.14 0.17 0.02 0.03 0.05 0.02 0.03 0.04

� G yr 2.12 2.70 2.96 2.35 3.07 3.35 3.19 3.44 3.44

log t dex 0.26 0.36 0.39 0.09 0.17 0.22 0.12 0.23 0.29

log Z dex 0.09 0.20 0.26 0.10 0.17 0.22 0.06 0.17 0.23

(M /L)K M � /LK ;� 0.24 0.35 0.37 0.02 0.04 0.05 0.01 0.01 0.02

BVRI+ JHK E (B � V ) m ag 0.10 0.17 0.18 0.04 0.10 0.13 0.02 0.03 0.05

� G yr 2.53 2.97 3.14 2.38 3.08 3.30 3.22 3.47 3.45

log t dex 0.32 0.38 0.40 0.12 0.22 0.28 0.13 0.24 0.29

log Z dex 0.13 0.23 0.28 0.11 0.20 0.25 0.07 0.19 0.25

(M /L)K M � /LK ;� 0.29 0.37 0.39 0.03 0.05 0.06 0.01 0.02 0.02

BVRI+ K E (B � V ) m ag 0.12 0.17 0.18 0.08 0.14 0.16 0.02 0.04 0.05

� G yr 2.67 3.15 3.35 2.32 2.88 3.06 2.72 2.92 3.03

log t dex 0.34 0.37 0.38 0.16 0.25 0.30 0.22 0.30 0.34

log Z dex 0.15 0.23 0.28 0.20 0.29 0.31 0.26 0.39 0.44

(M /L)K M � /LK ;� 0.30 0.34 0.36 0.05 0.08 0.09 0.02 0.03 0.03

UVIJK E (B � V ) m ag 0.10 0.16 0.19 0.02 0.04 0.07 0.02 0.03 0.05

� G yr 2.33 2.87 3.14 2.54 3.21 3.49 3.14 3.41 3.42

log t dex 0.30 0.36 0.38 0.11 0.18 0.23 0.16 0.27 0.33

log Z dex 0.13 0.24 0.29 0.11 0.18 0.23 0.08 0.19 0.24

(M /L)K M � /LK ;� 0.29 0.36 0.38 0.02 0.04 0.05 0.01 0.02 0.02

SD SS E (B � V ) m ag 0.10 0.14 0.17 0.02 0.06 0.09 0.03 0.05 0.07

� G yr 2.28 2.73 2.93 2.93 3.11 3.23 2.94 3.05 2.97

log t dex 0.31 0.39 0.41 0.18 0.26 0.31 0.39 0.61 0.74

log Z dex 0.21 0.31 0.35 0.40 0.44 0.45 0.25 0.32 0.37

(M /L)K M � /LK ;� 0.30 0.38 0.40 0.04 0.06 0.08 0.02 0.04 0.05

SD SS+ 2M ASS E (B � V ) m ag 0.07 0.14 0.16 0.02 0.04 0.05 0.02 0.03 0.04

� G yr 2.06 2.65 2.89 2.36 3.07 3.34 3.20 3.41 3.39

log t dex 0.25 0.36 0.39 0.09 0.16 0.21 0.12 0.21 0.26

log Z dex 0.08 0.19 0.25 0.10 0.16 0.21 0.08 0.17 0.23

(M /L)K M � /LK ;� 0.24 0.35 0.37 0.02 0.04 0.05 0.01 0.01 0.02

G ALEX+ SD SS+ E (B � V ) m ag 0.04 0.09 0.12 0.01 0.02 0.02 0.01 0.02 0.03

+ 2M ASS � G yr 1.51 2.26 2.60 2.01 2.93 3.26 2.92 3.63 3.67

log t dex 0.10 0.19 0.24 0.08 0.13 0.17 0.09 0.16 0.21

log Z dex 0.05 0.16 0.22 0.11 0.16 0.20 0.03 0.08 0.14

(M /L)K M � /LK ;� 0.10 0.23 0.28 0.02 0.03 0.04 0.01 0.01 0.01


