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ABSTRACT

W e have derived the uncertainties to be expected In the derivation of galaxy physical properties
(star fom 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) of arti cial galaxies assum Ing di erent star fom ation histories, ages, m etallicities, reddening
valies, and redshifts. The colors derived have been perturbed by adopting di erent ocbserving errors,
and com pared back to the evolutionary synthesism odels grouped in di erent sets. T he com parison has
been perform ed using a com bination ofM onte C arlo sin ulations, a M axin um Likelhood E stin ator and
P rincipal Com ponent Analysis. A fter com paring the input and derived output values we have been
able to com pute the uncertainties and covariant degeneracies betw een the galaxy physical properties as
function of (1) the set of cbservables available, (2) the observing errors, and (3) the galaxy properties
them selves. In this work we have considered di erent sets of cbservables, som e of them including the
standard Johnson/Cousins UBV R¢ I ) and Slan D igital Sky Survey (SD SS) bands in the optical,
the 2 M icron A1l Sky Survey (2M A SS) bands in the near-nfrared, and the G alaxy Evolution E xplrer
(GALEX) bands in the UV, at three di erent redshifts, z= 0.0, 0.7, and 1 4. This study is Intended to
represent a basic tool for the design of future pro cts on galaxy evolution, allow Ing an estin ate of the

optin alband-pass com binations and signalto-noise ratios required for a given scienti c ob fctive.
Subpct headings: galaxies: photom etry { galaxies: evolution { m ethods: num erical { m ethods:

statistical

1. introduction

The catalogs produced by wide- eld and alksky sur-
veys currently under developm ent (€g., GALEX ; M artin
et al: 1997, SD SS; York et al: 2000, 2M A SS; Skrutskie
et al: 1997, DEN IS; Epchtein et al: 1997) in com bination
w ith astronom icaldatabases lke the NA SA /IPAC E xtra-—
galactic D atabase (NED ) are beginning to provide easy
acoess to extensive cross-correlated UV, optical, and near—
Infrared WIR) photom etry for m illions of galaxies. The
com parison ofthis huge am ount of photom etric data w ith
the predictions of state-oftheart galaxy population syn—
thesis m odels provides an opportunity to obtain a m ore
com plete picture ofthe evolution ofgalaxies. O ne obvious
goal is to gain insight into the star form ation history, as
wellas the chem icaland dust content evolution of galaxies
from the high and intem ediate redshift Universe down to
the present.

However, the reliability and precision of the derived
galaxy properties expected to be found from these studies
w ill degpend on m any factors; am ong these are: (1) the
num ber ofbands and w avelength coverage of the available
observations, (2) the m easuring uncertainties, and (3) the
degeneracies between the di erent galaxy properties given
the available photom etric bands. In order to discrim inate
between di erent scenarios of galaxy evolution, the com —
parison of photom etric data and evolutionary synthesis
m odels should also inclide the quanti cation of the un—
certainties and covariances betw een the galaxy properties
derived. In addition, the use of di erent extemal inputs

(evolutionary tracks, stellar atm ospheres lbraries, etc:) in
the evolutionary synthesism odels leads to various discrep—
ancies In the output results which m ay also result in sig-
ni cant uncertainties in the properties derived. W hik, a
detailed study ofthese lattere ects isbeyond the scope of
this paper, a nice approach to this problem m ay be found
in Charlot, W orthey & Bressan (1996; see also Bruzual
2000, Cervino, Luridiana & Castander 2000, Cervino et
al: 2001).

Som e recent studies have incorporated the e ects ofthe
observing errors and ux calbration uncertainties in the
determ ination ofthe properties ofdi erent galaxy sam ples
G ildePazet al: 2000a, G IL0OOa hereafter; Bell& de Jong
2000; Brinchm ann & EIlis 2000). However, this type of
analysis has not yet been perform ed in a system atic way,
covering a large range of galaxy properties and/or star for-
m ation scenarios. A relevant exception is the work ofRo-
nen, A ragon-Salam anca, & Lahav (1999) on the P rincipal
Com ponent Analysis of synthetic galaxy spectra. Sin i-
larly, no signi cant e ort has yet been devoted to deter-
m ining quantitatively the optim al set of observables and
signaltonoise ratio required to obtain reliably derived
galaxy properties. N oteworthy exceptions are the works
of Kodam a, Bell & Bower (1999), Bolzonella, M iralles &
Pello (2000), and W olf, M eisenheim er & Roser (2001) w ith
regard to the galaxy classi cation and redshift determ ina-
tion In broad and m ediim band surveys.

In this paper we explore the uncertainties expected in
the derived properties ofgalaxies obtained from the analy—
sis ofbroad-band photom etry ofnearby, interm ediate, and
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high-redshift ob cts. W e quantify these uncertainties us—
Ing a sam ple ofarti cially generated spectralenergy distri-
butions (converted to broadband colors) w ith known (in—
put) physical properties, studying the dependence of the
properties derived w ith the sets ofbands available, the ob—
serving errors, as well as the galaxy star form ation history
and redshift. T hiswork has Interesting predictive capabil-
ities and is intended to help in the design of future pro gcts
on the study of galaxy evolution. It can be used in the
optin ization of observing program s, helping to select the
best wavelength bands and signalto-noise ratios required
to derive precise galaxy properties. This contrbution is
mainly focused on the study of the integrated properties
ofgalaxies, star clusters and H ii regions, although i isour
intent to generalize the application to spatially resolved
portions of galaxies aswell. A sin ilar approach has been
ollowed by Charlot & Longhetti (2001) for the optim iza—
tion of em ission-line data In galaxy spectra, although no
error analysis was carried out by those authors.

In the Section 2 of this paper we brie y describe the
synthetic galaxy sam ple. The procedure ollowed for de—
tem Ining the uncertainties and degeneracies between the
physicalproperties in this sam ple is describbed In Section 3.
Section 4 inclides a detailed description ofthe results from
this analysis. Them ain conclusions are given In Section 5.
F inally, som e future applications for this work are given
in Section 6.

2. the sample

W e have generated a large num ber of synthetic galaxy
colors param eterized by di erent star form ation histories,
m etallicities, reddening, and redshifts. Because of the un—
bounded num ber of possible com binations we have m ade
som e choices and sim pli cations.

W ith regard to their star form ation history we have con—
sidered galaxies w ith exponential star form ation having
tin escales ( ) between 02Gyr and 6Gyr. A lthough this
scenario is a rough approxin ation to the actual star for-
m ation histories i constitutes the m ost widely acospted
param eterization of the star form ation history in individ-
ualgalaxies (see eg. Brinchm ann & E 1lis 2000).

T hus, the properties to be determm ined are the tim escale
for the galaxy form ation, the age of the galaxy, the stel-
lar m etallicity, and the reddening. A total of 9000 syn-—
thetic galaxies were generated, a third of them at redshift
z= 0.0, another third at z= 0.7, and the rem ainder at red—
shift z=14. These redshift values were chosen to cover
the gpoch where m ost of the evolution of the star form a—
tion activity in the Universe has apparently taken place
Gallego et al: 1995; M adau et al: 1996; Connolly et al:
1997;M adau, D ickinson & Pozzeti1998). Since the m od—
els available only provide discrete values in m etallicity we
chose to assign to each galaxy the nearest m etallicity value
of those given by the corresponding m odel. T he ranges of
physical properties covered by the galaxies In the sam ple
are shown in Tablke 1.

A though a complte study about the e ects of the
m odel uncertainties on the galaxy properties derived is
beyond the scope of this paper, the In pact of the errors
in the broad-band colors due to stellar evolution prescrip—
tion and spectral calbration uncertainties (Charlbt et al:
1996; Yi, Demarque & Oem ler 1997) will be taken into

account in our further analysis. In addition, n order to
Mustrate the e ect of these uncertainties we have consid—
ered two di erent sets of evolutionary synthesis m odels.
T he synthetic galaxies were generated using the predic-
tions for the stellar continuum given by the G ISSEL99
models Bruzual & Charlot, n preparation) whilke the
best- tting set of properties has been derived using both
the G ISSEL99 and the PEGA SE m odels (Version 2.0; see
Fioc & Rocca-Voln erange 1997). A lthough the theoretical
isochrones in both m odels com e m ainly from the Padova
group (Bressan et al: 1993), there are fundam ental di er—
ences In post-m aln-sequence evolutionary stages between
the two set of m odels, Including in the early, them ally
pulsating, and post-AG B phases. N otew orthy, the di er—
ences In these evolutionary stages are responsible for the
m ost serious uncertainties in the stellar population m od—
eling (see Charbt et al: 1996). In Figure 1 we show the
predictions of these two m odels for Sin ple Stellar P opu-—
lation (SSP) and continuous star form ation galaxies w ith
Solarm etallicity. For the sake of com parison we have also
Included the predictions of the Starburst 99 m odels (Lei-
therer et al: 1999) at ages younger than 0.1G yr.

3. analysis
31. Gabxy Cobrs

O nce the sam ple was generated w e determ ined the lum
nosity (per Solarm ass) in the di erent bands and the col-
ors for each ndividualgalaxy in the sam ple using the pre—
dictions of the corresponding evolutionary synthesism od—
els. W e adopted for all the m odels the sam e Salpeter M F
with M, =01M andM ,,=100M

The bands considered in this work include the John-—
son/Cousins UBVR¢ Iz ) and Slan D igital Sky Survey
u%%r%1%2° Fukugita et al: 1996) opticalbands, the JH K
near-nfrared bands, and the GALEX nearultraviolt
NUV,1800-3000A ) and farulkraviolktbands FUV ,1350-
1800A ; D ollber et al: 2000). Because of the am all di er—
ences expected between the standard K -band and the K 4
and K ? bands, we decided to include only the standard
K In our realizations. In this sense, although the 2M A SS
survey has been carried out using K s-band im aging data,
wew illrefer hereaffer to the 2M A SS data set when dealing
w ith the standard JH K bands.

The colors obtained for each stellar population were
then reddened (and the apparent m ass-to-light ratios in—
creased) using the corresponding E B V) valies and
adopting the param eterization of the G alactic extinction
law of Cardelli, C layton & M athis (1989) for a totalto—
selective extinction ratio Ry = 3.1. H owever, since this pa—
ram eterization isonly valid down to 1000A , and given that
som e of the bands selected for this work cover regions of
galaxy spectra wellbelow the Lym an lim it (for z= 0.7 and
z=14),weextended the extinction law to the arUV using
the A /Ay ratios given by M athis (1990; see also M artin
& Rouleau 1989). TheA /Ay mean values for each band
(its respective redshifted rest-fram e w avelength) w ere then
com puted convolving the Iters response functions with
the adopted extinction curve.

U sing the num ber of ionizing Lym an photons predicted
by the evolutionary synthesis m odels we also com puted
the contrbution of the nebular continuum and m ost in—
tense gas em ission-lines to all the bands considered. W e
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assum ed that 85% ofthephotonswih < 912A e ectively
lonize the surronding gas, but a 15 per cent fraction would
be observed at the farultraviolet or absorbed by dust Lei
therer et al: 1995; D ove, Shull & Ferrara 2000; G IL00a).
M ost of the 85% of the arUV photons absorbed by
the surronding gas in the Hii region is reprocessed as
nebular continuum and em ission lines in the optical and
N IR . However, a very an all fraction of these photons can
be re-em itted as free-free radiaton in the arUV . In our
case, we assum ed that these secondary arUV photonsare
not absorbed by neutral gas again, but rather being ab—
sorbed by dust or escaping from the galaxy. In order to
determm ine the nebular continuum contrbution to all the
bands we have used the em ission and recom bination coef-
cients given by Ferland (1980) for the nearUV , optical,
and NIR for T.=10°K .For the arUV free-free radiation
we have assum ed a constant gaunt factor gee=1.1 (see

Karzas & Latter 1961) in the range 500-912A for a gas
with T.=10°K .

W ith regard to the gas am ission-lines we have
assum ed the relation between the number of Ly-
man photons and H lum inosity given by Brockle-
hurst (1971) and the theoretical hydrogen Ilineratios
expected for a low density gas ne=10°am °) with
To=10°K & Case B recombination (O sterbrock 1989).
W e considered the contrbution of the most intense
forbidden lnes (P ii] 3726,3729R%, O iii] 4959,5007A,
N ii] 6548,6583RA, [Bii] 6717,6731A ) adopting them ean
line ratios m easured by G allego et al: (1996) for the Uni-
versidad Com plutense de M adrid UCM ) sample of lo—
cal star-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 C alzetti, K Inney & StorchiBergm ann (1996,
see also Calzetti 1997; StorchiB ergm ann, Calzetti & K in—
ney 1994) between the gas and the stellar continuum
reddening associated with the young stellar population:
E @B V)sterar= 044 E B v )gas-

Follow Ing this procedure we obtain all the lnput infor-
m ation conceming the actualproperties, colors, and m ass—
to-light ratios for the galaxies in the sam pl. In the next
section we discuss our recovery of these input properties
starting from the ocbserved galaxy colors, and their corre—
soonding m easuring errors.

32. Sets of Colrs

G rouping the colors deduced for these galaxies in di er—
ent setsand com paring them w ith the evolutionary synthe—
sism odels allow s us to explore system atics and determ ine
the set of observables that result n m lnimum di erences
between the actual (hput) galaxy properties and the de—
rived (output) properties. T his com parison is done using
a combination of M onte Carlo simnulations, a m axin um
likelhood estin ator, and a P rincipalC om ponent A nalysis
algorithm .

The number of di erent combinations of colors that
could be constructed considering a tota]Pof 10 potential
bands from theUV to thenear-nfiared is’ . , 20— =
1013. For this study we have selected only the 10 sets
shown In Tabl 2. The detailed com parison of the results
obtained for all these sets provides enough inform ation
about the relevance of the di erent bands, observing er—

rors, etc:, for a precise detem nation of the galaxy prop—
erties.

3.3. Com parison P rocedure

O nce the colors ofthe galaxy sam ple had been obtained
and grouped in sets we then perturbed the \observed"
m agniudes by applying random observing errors. In or—
der to sin plify the problem we studied three cases, cor—
resoonding to three di erent 1-sigm a errors in the colors,
0.03,0.07, and 0.10m ag, and consider only the case w here
these errors are the sam e in all the colors.

In order to com pute the e ects ofthese cbserving errors
in the galaxy properties to be derived we used a G aussian
distribution oferrors for allbands generated usinga M onte
C arlo sim ulation m ethod. T he colorsderived for each test—
particle were then com pared w ith the evolutionary synthe—
sism odels using a m axin um likelhood estin ator, L. The
expression forthisestin ator (seeeg:Abraham et al:1999)
is

Nl 2

L= p——ap o Ca)f &
., 2 Cnq 2Cq

where C, are the colors derived, ¢, are those predicted

by the evolutionary synthesis m odels and N is the total
num ber of colors availbble within each set. Because the

sam e level of error was assum ed for all the bands, the

m axin ization of this expression is equivalent to com put-
ing the m ninum 2. Therefore, ;n this case, we could

estim ate the con dence levels in the galaxy properties via

the Avnis approxin ation (A vni1976) as has been done

by Bolzonella et al: (2000) instead ofusing num erical sin —
ulations. However, the considerations that lad to this

estin ation procedure apply only asym ptotically, being ap—
plicable when the 2 estin ator covariance m atrix can be

replaced by its linear approxin ation in the vicinity of the

best- tting set of param eters. A though these conditions

could be fiul lled in our case (Perez-Gonzalz et al: 2001,

In preparation), we have decided to use num erical sim ula-
tions in orderto be able to derive the degeneraciesbetw een

the di erent galaxy properties.

T he ranges in the evolutionary synthesism odels param —
etersw here the data-m odel com parison w as perfom ed are
shown In Tabl 1. In order to avoild Introducing a con—
straint bias in the derived properties, the ranges for these
com parison were chosen to be signi cantly wider than
those where the galaxy sam ple was generated.

Once the expression L is m axin iIzed for a signi cant
num ber of M onte C arlb testparticles (we used a total of
200) we obtained the distrlbbution of physical properties
associated w ith the probability distribution of the galaxy
colors. In Figures 2a, b & cwe show the results obtained
for a nearby galaxy w ith a exponential star form ation his—
tory with =45Gyrtin escale, Solarm etallicity, an age of
50Gyr,andE B V) 0of0.08m ag, or observing errors in
the colors0f0.10, 0.07, and 0.03m ag, resgoectively. In this
case the set of colorsused was that ncluding the GALEX,
SD SS, and 2M A SS bands (see Tabl 2).

These gures illustrate the strong degeneracy betw een
the di erent galaxy properties even for rehtively amall
m easurem ent errors. W e have therefore perform ed a quan-
titative analysis of these degeneracies using a P rincipal
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Component Analysis PCA hereafter) on the space of
galaxy properties by solving the eigenvector equation on
the test-particle correlation m atrix of each galaxy in the
sam ple (see M orrison 1976). T his analysis gives the direc—
tion In the space of galaxy properties along which the 200
solutions obtained for each ndividual galaxy are m ainly
ordented, constituting the best estin ator of the degener—
acy between these properties.

Sum m arizing, this procedure provides us with (1) the
m ean derived properties, (2) the 1-sigm a errors, (3) the
orientation in the space of solutions ofthe P rincipalC om —
ponent (PCA1 hereafter), and (4) the input (ie: actual)
properties of all galaxies in the sam ple.

4. results

O nce these quantities had been derived we com puted
the m ean di erences between the output and nput val-
ues along w ith the mean 1-sigm a spread, at xed inter-
vals in the input properties. The bins used were 0.5G yr,
0.025dex, and 0.025m ag in the form ation tin escale, age,
and reddening, respectively. M ean di erencesand 1-sigm a
values in the stellar m etallicity were com puted for each of
the Input valies considered.

In Figures 3a & b we show the resuls obtained before
and after com puting the m ean di erences and 1-sigm a er—
rors for a subsam ple 0f 500 nearby galaxies w ith errors in
the colors0of0.07m ag and U+ BVR I+ JHK data available.
D ue to the relkvance of the K -band lum inosities In order
to derive stellar m asses in nearby (A ragon-Salam anca et
al: 1993; G IL00a) and interm ediateredshift galaxies (see
B rinchm ann & E 1lis2000 and referencestherein), them ean
di erences between the derived and input K “band m ass—
to-light ratioswere also com puted. M ean uncertainties for
all the sets of observables, redshifts, and observing errors
considered are summ arized In Tabl 3.

In addition, we studied the degeneracies between the
galaxy physical properties analyzing the distribbution of
the unitary PCA1l vector components. 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 0.07mag and the SDSS, SDSS+2M ASS,
and GALEX+SDSS+2M ASS sets. Note that the
PCA1l vector points toward the direction where the
largest fraction of the galaxy properties’ variance oc—
curs. In this sense, a PCA1l vector with compo—
nents Upg tlg @ v)Mog z-z A )= &+ 0.707, 0.707,0,0),
say, Inplies 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 agem etallicity or age-tin escale degenera-—
cies would be present. However, the behavior described
above could also result In a PCA1 vector wih com po—
nents Upg tlg @ v)Mogz-z A )= ( 0.707+0.707,0,0).
T hat, however, would appear in a di erent position at the
frequency histogram shown in Figure 4a. Thus, In order
to reduce this sign am biguiy when interpreting our results
w e forced the upg + com ponent to be positive, changing the
sign ofallthe vector com ponents ifuy,g « Wwasnegative. F i-
nally, in order to quantitatively determm ine the dom inant
degeneracy for each individual galaxy in our sample we

have de ned the angle j;5 like that satisfying

oS 1= SIGN — 24 u2 @)
13 U i j
J

where u; and uj are the iand j com ponents ofthe PCA 1
vector. The angle ;;5 simultaneously provides a m easure
of the angle between the PCA 1 vector and the plane of
physical properties i; j and the sign of the degeneracy be-
tween the iand j properties. Thus, if jcos ;37 1 the de-
generacy between the i and j properties would dom nate
the total degeneracy. M oreover, if cos ;3> 0 an increase
in both the iand j properties would lead to sim ilar obser-
vational properties, while if cos ;< 0 the value of one of
the properties should decrease. In F igure 4b we show the
distribbution of cos j;5 as function of the age for the high—
redshift sam ple assum Ing an error in the colorsof0.07m ag
and the GALEX + SD SS+ 2M A SS set availble.

A long this section we w ill descrbe the resuls obtained
from the analysis of the distrbutions shown in Figures 3
& 4 for the di erent redshifts, observing errors, and band-
pass com binations considered.

41. Nearby galxies
41J]1. Fom ation T im escale

W ith regard to the form ation tim escale in nearby galax—
Jes, Figure 5a indicates that, even for relatively an all ob—
serving errors, its uncertainty is very high (see also Ta—
bl 3) and shows a strong dependence w ith the value of
the form ation tim escale itself. The larger uncertainty in
the form ation tin escale for larger values of this quantity
ismainly due to the an all sensitivity of the opticalN IR
colors of stellar populations with ages t<<  to changes
iIn is form ation tim escale. The use of U band data sig—
ni cantly reduces this uncertainty, probably due to the
high sensitivity of thisband to the presence of recent star
form ation that allow s to rule out instantaneousburst so—
lutions when recent star form ation associated w ith larger

values has e ectively taken place. The use 0ofN IR data,
how ever, does not provide relevant inform ation about the
form ation tin escale of the stellar population. M oreover,
the reduction achieved In the uncertainties of the di er—
ent galaxy properties by using JH K data com pared w ith
those obtained using exclisively K band data isvery an all
(see Tablke 3). Aswewillshow In Sections42 & 43 thisis
not the case or the Intem ediate and high-redshift galax—
ies, where these bands now cover the redshifted optical
soectrum . Finally, in the sam e way that the U -band, the
use 0of UV data provides an additional reduction in the
form ation tim escale. A s it is clearly seen In Figure 2, fora
particular galaxy the form ation tim escale ism ainly degen—
erate w ith the age of the stellar population, in the sense
that, w ithin the ocbserving errors assum ed, an increase in
the form ation tin escale accom panied by an increase in the
age can resul in sin flar UV -opticalN IR colors. D ue to
this age-tin escale degeneracy part of the reduction in the
tin escale uncertainty obtained by the use 0ofUV data can
be explained by the signi cant reduction in the age uncer-
tainty achieved by Including UV data (see below).

412. Age

W ih respect to the age determ ination in nearby galaxies
(z= 0), the Figure 5a also show s that a signi cant reduc—
tion in the age uncertainty is achieved by including N IR
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data. It is In portant to note that the use of addiional
NIR data result In the sam e dom lnant degeneracy that
if only optical data are used (see below ), but the range
ofphysical properties w here this degeneracy takesplace is
signi cantly an aller. Them ost signi cant im provem ent in

the age determm ination, however, isobtained when UV data
are availbble. This ism ainly due to the em ission arising
from post-AGB starsin low-m etallicity populationsand at
ages youngerthan 10G yrand to the \UV -uptum" in high-
m etallicity evolved (£ 10G yr) stellar populations that re—
sult in highly peculiar UV -optical colors. However, the
uncertainty in them odeling ofpost-AG B stars (Charlot et
a:1996) and the low -m ass core helim -buming H orizontal
Branch (HB hereafter) and evolred HB stars that lead to
the \UV -uptum" (¥ iet al: 1997), introduce additionaler-
rors in the UV -optical colors during the data-m odels com —
parison. Charlot el al: (1996) estin ated using two di er—
ent theoretical prescriptions that the uncertainty only in

the post-AGB phase m odeling could result in di erences
of about 1m ag in the UV -optical colors of a severalt yr—
old stellar population. M oreover, although we assum ed
the sam e cbserving errors for all the bands, the aint UV

an ission of evolved stellar populations is expected to re—
sul in very lJarge cbserving errors in the UV -opticalcolors.
T herefore, while the stellar evolution of these stars is not
well understood the age determ ination in old stellar pop—
ulations should not rely on the use 0ofUV data.

A Iong w ith the form ation tin escale, the age of the stel-
larpopulation in nearby galaxies ism ainly degenerate w ith
the dust extinction, in the sense that older stellar popula—
tions with low dust content have sim ilar colors to highly—
extincted, younger stellar populations. A though in the
case of very old stellar populations the age-extinction de—
generacy also com petes w ith the age-m etallicity degener—
acy (see W orthey 1994), the age-extinction degeneracy is
still dom Inant In this range for all the band-pass com bina—
tions and observing errors considered In thiswork. It could
be argued that the strong discretization of the m etallicity
In ourm odels could be responsble for the relatively weak
agem etallicity degeneration derived. However, the fact
that this behavior is cbserved even for the largest observ—
ing errors considered Indicates that i isrealand a natural
consequence of the use of broad-band data. In this sense,
the com bination of broad-band w ith narrow —or m ediim —
band data or spectroscopic lndexes would break the age—
extinction degeneracy, m aking of the age-m etallicity the
dom inant degeneracy (see W orthey 1994).

4.1 3. Dust Extinction

T he dust extinction isderived w ith a very high accuracy
E B V)=0.04-020m ag) even for large ocbserving errors
and relatively low num ber of ocbservables (see Tabl 3).
In the case of the nearby galaxies, the uncertainty In the
dust extinction does not depend on the valie of the dust
extinction itself and ism ainly degenerate w ith the age of
the stellar population (see above) w ith som e contribution
from the extinction-m etallicity degeneracy. In com bina-—
tion with BV R I optical data either the use of UV, U,
or NIR data provide a signi cant reduction in the dust—
extinction uncertainty. In order to better derive the dust
extinction the use of a w ider w avelength baseline in wave—
length (eg:usihg UV IJK ) ism ore e ective than fully cov—

ering the opticalrange UBVRI).Thisism ainly due to the
reduction in the m etallicity uncertainty by the use ofN IR
data (see below ) that leads, via the extinction-m etallicity
degeneracy, to a reduction in the dustextinction uncer-
tainty. Again, the use of JH K data Instead of only K —
band data do not lead to a signi cant reduction in the
dust-extinction uncertainties.

414. M etallicity

W ih regard to the metallicity of the stellar popula-—
tion the uncertainties derived are strongly dependent on
the band-pass com bination available and the value of the
m etallicity itself. Tn particular, the uncertainties derived
are an 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 optical and NIR em ission of SSP galaxy
are the m ain-sequence and RGB stars. However, for a
m ore constant star fomm ation, a signi cant contribution
from coreH elium -buming stars is expected (see Charlot
& Bruzual 1991). In order to determm ine the source of
the m etallicity dependence of these uncertainties we have
produced the sam e diagram s shown in Figure 5a but re-
stricted to form ation tin escales shorter than 50M yr. The
analysis of this diagram show s no dependence of the un-—
certainties w ith m etallicity, which im plies that the source
of the dependence was the distinct photom etric evolution
ofhigh-m etallicity core Helium buming stars M ow laviet
al: 1998). It is worth noting, however, that at very high
m etallicities the uncertainties in the m odeling of the stel-
lar populations are them selves very large because of the
lack of very m etal rich stars ofany age in the Solar neigh-
borhood that could be used as spectral calbrators (see
Charlot et al: 1996).

The m ost signi cant reduction in the m ean m etallicity
uncertainty is achieved when NIR data are used in com -
bination w ih optical data (see Figure 5a). A though the
uncertainties in the m odel predictions for the them ally
pulsating AGB (TP-AGB hereafter) and the upper RGB
can result in di erencesin the (V= K ) color predicted by
di erent models of 0.10-0.15mag (Charlbt et al: 1996),
the in provem ent in the m etallicity determ ination by the
use of NIR data is still relevant. In this sense, n Ta—-
bl 3 we show that the m ean m etallicity uncertainty for
the U+ BVRI set is 0.32dex assum Ing an observing error
0f0.03m ag, while the uncertainty ortheU+ BVR I+ K set
assum ing an observing error of 0.10m ag is only 0 26dex.

415. Stellar M ass

A sinput fortheK -band m ass-to-light ratio ofthe stellar
populationswe have adopted M ¢ ; =3.33 W orthey 1994).
Tt should be noticed that along w ith the errors in the stel-
larm ass-to-light ratios derived here the m isunderstanding
ofthe actualM F introduce an additional, system atic un—
certainty, which, in fact, constitutes the m ost in portant
source of error in the detem ination of the galaxy stellar
mass Bell & de Jong 2001). In addition, the poor con-—
straints on the theoretical isochrones of upperRG B stars
and AGB stars can resul In a 20 per cent uncertainty in
the K “band m assto-light ratio (Charbt et al: 1996). In
Figures 6a & 6b we show the uncertainties expected in
the K “band m assto-light ratio from di erent sets of ob—
servables that include K -band data. T hese uncertainties



6 Gilde Paz & M adore

show a strong dependence w ith the galaxy age and fom a—
tion tim escale In the sense that lJarger uncertainties are ex—
pected at lowervalues ofthe form ation tin escale and older
ages. F igure 5a show sthat the value ofthe age uncertainty
(in log t scale) is alm ost independent of the age itself. Tn
addition, F igure 1 indicates that the rate of change in the
K band m assto-light ratio (w ith log t) ishigherwhen the
stellarpopulation becom esolder, specially forvery low val-
ues of the fom ation tim escale. T herefore, for a constant
uncertainty in log t, an increase In the uncertainty of the
m ass-to-light ratio at very old ages is expected.

Figure 6a also show s that the m assto-light ratio deter-
m nation is biased toward lower values. T his bias, which
is particularly in portant at old ages, is probably due to
the upper 1im it 0of15G yr In age in posed during the data—
m odels com parison (see Tabl 1), although other contrib—
utors can not be ruled out (see Sections422 & 432).As
it is clearly seen In F igure 6b, the use 0ofUV data allow sto
reduce both the uncertainty and bias in the m ass-to-light
determ ination. T his reduction is directly related w ith the
reduction In the age uncertainty described above. How—
ever, asw e already com m ented, the use ofUV data for the
study of stellar populations w ith ages older than several
G yrcan lad to w rong conclusionsbecause ofthe uncertain
m odeling of the postA G B phase and the \UV -uptum™".

T he behavior describbed above for the tim escale, age,
dust extinction, m etallicity, and stellar m ass is identical
for any observing errorbut w ith Jargerm ean uncertainties
for larger observing errors. The reader is referred to the
Tabl 3 for the dependence of the m ean uncertainties in
the di erent galaxy properties derived w ith the observing
errors.

4 2. Interm ediate-redshift galaxies
421. Fom ation T in escake

In Figure 7 we show the uncertainties derived for the
properties of interm ediateredshift galaxies (z=0.7). W ih
regard to the form ation tin escale the uncertainties are
very large (2-3G yr), even largerthan forthe nearby galaxy
sam ple. Aswe comm ented in Section 4.1, the opticalN IR
colors are quite insensitive to changes in the form ation
tin escale wih t<< . Therefore, sihoe we are assum ing
that these galaxies are statistically younger than the those
observed in ourLocalUniverse (see Tabl 1) and the range
in form ation tim escale is ocbviously the sam e, the uncer—
tainty in the form ation tim escale is necessarily higher. For
the sam e reason the uncertainty at very low tim escale val-
ues ismuch lower than at high tim escale values.

T he upper panel of F igure 7a also suggests a signi cant
bias In the tim escale determ nation tow ard lower values of
thisproperty. T hisbias isalso the consequence ofthe an all
changes in the opticalN IR colors of these galaxies w ith
the tin escale when the age is younger than the tin escale
value. In this case, the higher rate of change in the colors
tow ard low er form ation tin escales system atically leads to
lower values In order to reproduce the probability distri-
bution associated w ith the ocbserving errors. It is worth
noting that, because of the reduction of this bias, the use
of a Jarger number of bands m ay result in som e cases in
a higher tim escale uncertainty (see Table 3 for the resuls
on the U+ BVRI*+K and U+BVRI+ JHK sets). Like in
the nearby galaxies case, the dom inant degeneracy involv—

ing the form ation tim escale is the age-tin escale degener—
acy, In the sense that older galaxies w ith high form ation
tin escales have sin ilar colors that younger galaxies w ith
a m ore Instantaneous star form ation. T his is true for any
band-pass com bination considered. W ith regard to the op—
tin alset of observables, Table 3 dem onstrates that for the
sam e num ber of bands the use of w ider wavelength base—
lines resuls in lower uncertainties. In particular, the use
of the UV IJK set reduces the tin escale, age, and m etal-
licity uncertainties inherent to the UBVR I set providing
also a much lower dustextinction uncertainty than the
BVR I+ K set. On the other hand, the SD SS+ 2M A SS and
GALEX+ SD SS+2M A SS sets result in very sim ilar uncer—
tainties (see Table 3), which in plies that the optical and
N IR bands provide m ost of the Inform ation available in
the UV and in the blue part ofthe optical spectrum about
the galaxy age, star fom ation history, and m etallicity.

422. Age

W ith respect to age ofthe interm ediateredshift galaxies
the uncertainties derived are signi cantly an aller than in
the nearby-galaxies case. T his ism ainly due to the higher
rate of change In the rest-fram e optical colors w ithin the
age range assum ed for these galaxies com pared w ith that
assum ed forthe nearby galaxies (see Tabk 1l and Figurel).
In addition, the fact that the K band now corresponds to
the rest—fram e J-band am ission im plies that the e ect of
the uncertainties in the m odel predictions associated w ith
the upper RGB and AGB evolutionary stages is less in —
portant (see Section 442). On the other hand, the use
0f U -band data for determ ining ages older than 1Gyr at
these redshifts is strongly lim ited by the uncertainty in
the m odeling of the rest-frame UV am ission from post-
AGB stars (Charlt et al: 1996; see Section 4.1). How—
ever, the m ost signi cant decrease in the age uncertainty
is achieved when N IR data are used, specially if data in
all the bands (JH K ) are availabl. This is probably due
to the fact that the JH K set provides lnform ation simul-
taneously about the presence of AGB stars (via the rest—
fram e z° and J bands) and m ain-sequence stars (via the
rest-fram e R -band).

Figure 5a also show s the existence of a signi cant bias
toward younger ages for the BVRI and UBVRI sets. In
this case the presence ofthisbias isdue (1) to the existence
of a form ation tim escale bias and a strong age-tin escale
degeneracy and (2) to the fact that the optical colorsofthe
stellar populations change m ore slow Iy as the population
becom es older. In the latter case, in order to reproduce
the distrbution of optical colors associated w ith the ob—
serving errors, the best— tting solution should be found at
younger ages, w here the intrinsic digoersion of the m odel
colors is larger. A swe show below abiash age also results
In a bias In the galaxy K -band m assto-light ratio. The
use of wider wavelength baselines allow s to signi cantly
reduce thisbias. In particular, the use ofthe UV IJK lads
to a less severe bias and lower age uncertainties than the
U+BVRIand the U+BVRI+K sets. W ithin the age un—
certainty interval the degeneracy ism ainly dom inated by
the age—tin escale degeneracy w ith som e contrbution from
the age-extinction degeneracy in those band-pass com bi-
nations that do not include UV or U -band data.

42 3. Dust Extinction
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The dust extinction In the sampl of intermm ediate—
redshift galaxies is derived w ith high accuracy, specially
when U-band data are availbble (see Figure 7a). In
this case, the uncertainties expected in E B V) are in
any case an aller than 0.10m ag for observing uncertain—
ties ashigh as C ,=0.10m ag. The signi cant reduction
achieved, if we com pare these results w ith those derived
for the nearby galaxies, is due to the very high sensitiv—
ity ofthe redshifted UV em ission to the presence of an 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 w ith the value of the ex—
tinction itself, w ith larger uncertainties at larger values of
the extinction (see Figure 7a). The analysisofthe PCA 1
com ponents also indicates that at dustextinction values
higherthan E B8 V )> 0.5m ag the age-extinction degen—
eracy becom es very in portant. T his In plies that in highly
extincted interm ediateredshift galaxiesa am all increase in
the am ount of dust can lad to the sam e optical colors
(specially if U band data are not used) that a com parable
decrease in the age of the stellar population would pro—
duce.

424. M etallicity

W ih regard to the m etallicity uncertainty, Figure 7a
show s that the uncertainty decreasesw ith the value ofthe
m etallicity itself. T he reduction is particularly im portant
when NIR data are available. The use of the three JH K
N IR bands reduces this uncertainty over the whole range
ofm etallicities. In this sense, the use ofthe UV IJK set re—
sults in Jowerm etallicity uncertainties than the U+ BVRI
and the U+ BVRI+ K sets (see Table 3). It is In portant
to keep n m Ind that the JH K lers now cover the rest—
frame R, zO, and J bands. In the age range considered
the m ain contribution to the rest-fram e optical em ission
com es from main-sequence stars. On the other hand,
the rest-frame NIR em ission, along with m ain-sequence
stars, shows an in portant contribution from AGB and
core-H elum -buming stars (see Charlot & Bruzual 1991).
The roke played by AGB stars ism ore relevant if the for-
m ation is Instantaneous, whilke the coreH eluim -buming
stars m ay dom Inate the total NIR em ission for a more
constant star form ation scenario. T herefore, the behavior
described above is probably due to the distinct evolution
of high-m etallicity AGB stars (see W illson 2000 and ref-
erences therein) and coreH elium -buming stars M ow lavi
et al: 1998) com pared w ith the relatively wellde ned se—
quence in theirevolutionary properties established for sub-
solarm etallicities. W ithin the error intervals derived, the
m etallicity ism ainly degenerate w ith the age, specially in
those sets including U -band data. T his is probably due to
the reduction In the age-extinction degeneracy thanks to
the Inform ation provided by the U -band data about the
rest-frame UV .

425. Stellar M ass

T he com parison between F igures 6b and 7b show s that
the m ean uncertainties In the K band m ass-to-light ratio
(or stellarm ass) of intermm ediateredshift galaxiesarem uch
lower than those derived for the nearby sam ple. First, i
is In portant to note that in these gures we represent
absolute errors. For a Solarabundant 12G yrold nearby

galaxy form ed instantaneously the K -band m ass-to-light
ratio is 13M /Lg,; , while for a 5Gyrold galaxy at
z=0.Ji 04M /Lg,; .Therefore,the relative uncertain—
ties, assum Ing the average absolite uncertainties given in
Tablk 3 for C ,=0.07m ag, would be about 30 and 20 per
cent, respectively for the nearby and intermm ediate-redshift
galaxies. A though this still in plies a signi cant im prove—
m ent In the K -band m assto-light ratio determm mnation, i
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 actual M F (see Bell & de
Jong 2001). Finally, the J-band lum inosity is also m ore
sensitive to an all di erences between the assum ed expo—
nentialstar form ation and the galaxy actualstar form ation
history than the rest—fram e K band data.

A swepointed out in Section 4 2 2 the bias in the agede-
termm nation tow ard low er age values also leads to a strong
bias In the K -band m assto-light ratio of interm ediate-
redshift galaxies due to the system ic decrease In the rest-
fram e J-band lum inosity per Solar m ass w ith the age of
stellar population when the age isolder than 1Gyr.

4 3. H igh-redshift galaxies
431. Fom ation T im escale

W ith regard to the form ation tin escale, F igure 8a show s
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 natural consequence of the di -
culty of deriving/predicting the long—termm star form ation
history ofa galaxy when i is still very young. T his is also
evidenced by the fact that the m ean tin escale uncertainty
Increases system atically w ith redshift for the sam e cbserv—
iIng errors and band-pass com binations. In Tablk 3 we also
show that in many cases BVRIvs:U+BVRI; SDSS vs:
SD SS+ 2M A SS) them ean tin escale uncertainties Increase
when a larger num ber of observing bands is used, wih a
progressive reduction In thisbias. A s in the interm ediate—
redshift case the dom inant degeneracy involving the galaxy
form ation tim escale occursw ith the age ofthe stellar pop—
ulation.

432. Age

The large form ation tim escale uncertainty described
above and the existence ofa strong age-tin escale degener—
acy, specially at agesolderthan 100M yr, lead to very large
age uncertainties, even larger than those derived for the
Intermm ediateredsh ift galaxies. T he age-tin escale degener-
acy at ages younger than 100M yr is signi cantly sm aller
because at these young ages a change in the form ation
tim escale, which ranges between 200M yr6Gyr (see Ta—
bl 1), does not a ect to the UV -optical N IR oolors of
the stellar population. In other words, the degeneracy in
tin escale w thin this age range is com plete and no corre—
lation between the age uncertainty and any other uncer—
tainty is expected. In this case the m ain degeneracies are
the age-extinction and the age-m etallicity ones.

M oreover, the age-tin escale degeneracy in com bination
w ith the bias in formm ation tim escale described above are
also resgponsible Por the strong bias in age ocbserved in F ig-
ure 8a at ages older than 50M yr. The fact that the
UV IJK set provides a better age and tin escale determ i
nation than the U+ BVRIand U+BVR I+ K sets dem on—



8 Gilde Paz & M adore

strates the im portance of obtaining JH K data in order
to derive the properties of high-redshift galaxies. This is
due to the fact that the JH K  Iers now cover the rest-
frameV, R, and z° optical bands, where the changes due
to galaxy evolution are m ore noteworthy and the infor-
m ation content about the galaxy properties is larger. In
particular, the JH K lers would provide inform ation si-
m ultaneously about the presence of m ain-sequence stars
(via the rest-fram e V and R bands), coreH elim -buming
stars (ia the restframe V, R, and z° bands), and AGB

stars (via the rest—fram e z%band; t> 05G yr).

4 3.3. Dust Extinction

B ecause of the extensive coverage ofthe UV range ofthe
soectrum , the study ofhigh-redsh ift galaxiesusing optical-
N IR colors keads to very an all dustextinction uncertain—
ties. In this sense, the dust-extinction uncertainties given
in Tabl 3 at this redshift assum ing an observing error of
010mag are n the rangeE B V )=0.030.07mag. The
dust extinction w thin the Intervalofuncertainty ism ainly
degenerate w ith the age of the stellar population.

434. M etallicity

Figure 8 show s that the m etallicity uncertainty for the
high-redshift sam ple does not show the strong m etallic—
ity dependence found in nearby and interm ediateredshift
sam ples. Only when JH K N IR data are available the un—
certainties at very high m etallicities becom e signi cantly
an aller than those derived for the low m etallicity galaxies.
Aswe commented in Section 424 for the ntermm ediate—
redshift case, this is probably due to the distinct signa—
ture of high-m etallicity coreH elum -buming stars (eg: in
the num ber ratio of bluetored supergiants; M ow lavi et
al: 1998) w ithin the age range considered. In the case of
a SSP galaxy, these stars dom fnate the rest—fram e VR z°
(JH K at z=14) en ission for ages younger than 04G yr,
while the em ission at shorter wavelengths com es m ainly
from m ain-sequence stars (see Charlot & Bruzual 1991).
Tt is in portant to note that the coreH elum -buming stars
m ay dom inate the em ission in the R and z° bands up to
ages of 5G yr for lJarger form ation tin escales. W ithin the
uncertainty intervals obtained, the metallicity is mainly
degenerate w ith the age of the stellar population.

435. Stellar M ass

The K band m assto-light ratio uncertainties derived
here are very am all com pared w ith those obtained from
the nearby and interm ediateredshift sam ples, w th valies
rangingbetween 001 and 0.06M /Lg, .IfweadoptaK -
band m assto-light of027M /Lg; ,which correspondsto
the value expected fora 3G yrold galaxy w ith Solarm etal-
licity, the relative uncertainty would range between 5%
and 20% , depending of the band-pass com bination avail-
abl. Figure 8b show s that there is also a strong depen-
dence ofthe m assto-light ratio uncertainty w ith the value
of the m ass-to-light ratio itself. Th particular, a clearm in-
Inmum in its uncertainty is observed at ages older than
8M yr, which is probably associated w ith the evolution of
them assive starso them ain sequence tow ard the red su—
pergiant phase. D uring thispart ofthe evolution a sudden
change I the rest-fram e z° lum inosity and optical colors
ofa SSP is produced, which could explain why the uncer-
tainty is particularly sm allaround this age value.

44. E ectsoftheM odelUncertainties

In this section we analyze the results obtained when the
opticalN IR colors of a sam ple of galaxies generated using
the G ISSEL99 m odels are com pared w ith the predictions
ofthe PEGA SE evolutionary synthesis m odels. W e have
restricted this com parison to the nearby sam ple and the
range of properties speci ed In Tablk 1. The results ofthis
com parison are shown in Figure 9.

441. Fom ation T im escale

Figure 9a show s that the sam e bias toward lower values
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 (see Sections 421 & 43.1). Themain reason for the
existence of this bias is the an all change In the optical-
N IR oolors of the stellar population with the tin escale
when the age t< < . Therefore, in order to com pensate
both the observing errors and the di erences in the color
predictions between the G ISSEL99 and PEG A SE m odels,
the best- tting solution has to be found at lower values
of the tim escale w here the Intrinsic dispersion of the col-
ors is larger. T he existence of this strong bias also leads
to very sm alltim escale uncertainties com pared w ith those
obtained using the G ISSEL99 m odels. W ithin the uncer—
tainty intervals derived, the dom inant degeneracy involv—
Ing the galaxy form ation tin escale is the age-tim escale de—
generacy.

442. Age

W ih regard to the age detem ination, the uncertain-
ties derived are very sin ilar for the BVRI and U+ BVRI
sets. However, or those band-pass com binations inclid—
Ing NIR data the ages derived are strongly biased toward
younger ages. T he reason for thisbias, which also leadsto
signi cantly sm aller age uncertainties, is the o set In the
J H)and #H K ) colors between the G ISSEL99 and
the PEGA SE m odelpredictions (see Figure 1) due to the
di erences in the m odelling of the upper RGB and AGB
phases. In particular, F igure 1b show s that the PEG A SE
modelsare 0.07magredderin J H ) and 0.04mag
redderin # K ) than the G ISSEL99 m odels w thin the
age range 4-12Gyr. Therefore, In order to com pensate
for this di erence In color, the best- tting solution usu-
ally leads to younger ages, which wihin this age range
In ply bluer colors. Because the di erences in the colors
between the twom odelsonly occur In the N IR, the optical
colors predicted by the PEG A SE m odels at these younger
ages should be bluer than those of the sampl. There-
fore, in order to com pensate for this e ect, the age bias
described above has to be accom panied by strong biases in
dust extinction and/orm etallicity that would lead to red-
der optical colors. W ihin the error intervals derived the
total degeneracy is dom inated by the agetin escale and
age—extinction degeneracies.

44 3. Dust Extinction

Aswe comm ented above (see also Figure 9a) there isa
strong bias in dust extinction estim ates tow ard higher ex—
tinction values when N IR data are used. T his bias, along
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w ith the m etallicity bias described in Section 444, re—
suls in a globalreddening of the opticalcolorsbut a sm all
change in the N IR colors ofthe galaxies In the sam ple. On
the other hand, at very high extinction values the uncer-
taintiesare also biased by theupperlmtrimnE B V) in-—
posed during the data-m odels com parison procedure (see
Tabl 1). The mean uncertainties derived, both In age,
dust extinction, and m etallicity are very sin ilar to those
obtained by using the G ISSEL 99 m odels.

444. M etallicity

T he distrbution ofthe uncertainty in m etallicity shown
In Figure 9a indicates that a strong bias toward higher
m etallicity values is present when N IR data are available.
Aswe commented In Section 4.4 2, this bias is probably
related w ith the age bias and the di erences In the NIR
colors predicted by the two sets ofm odels. A s in the case
0of G ISELL 99 m odels, the com parison w ith the PEG A SE
m odels leads to a clear dependence ofthe uncertainty w ith
the m etallicity value iself, wih sn aller uncertainties at
very high m etallicities (see Section 4.1 4).

445. Stellar M ass

The results shown In Figure 9 with regard to the K —
band m assto-light ratiosm ainly re ect the biases in the
galaxy property determm ination, w ith the stellarm assesde—
rived system atically an aller than the input values. This
is due (1) to the bias toward younger ages described In
Section 442 and (2) to the higherK -band lum inosity per
unim assofthe PEG A SE m odels com pared w ith the G IS—
SEL99 models (see Figure 1b). Because of the stronger
bias In age, the m ean uncertaintines in the K oand m ass-
to-light ratio are am aller than those obtained using the
G ISSEL99 models (see Section 4.1.5). Finally, Figure %
show s that the m assto-light ratio uncertainty becom es
higher at older ages and lower tin escale values. T his be-
havior, which is also present in the case ofthe G ISSEL99
m odels (see Section 4.1.5), is due to the progressive in-—
crease In the rate of change of the K “band m assto-light
ratio with log t (see Figure 1) accom panied by a sm allde—
pendence of the age uncertainty (in log t scale) w ith the
value of the age itself.

5. conclusions

In this study we have analyzed the dependence ofthe un—
certainties and degeneracies In the galaxy properties upon
di erent param eters: (1) the com bination of bands avail-
able, (2) the observing errors, and (3) the galaxy proper—
ties them selves (ncluding redshift).

Herewe sum m arize ourm ain results and point out som e
directions for the optin ization of galaxy evolution studies
using broad-band photom etry data. W e describe sepa—
rately the nearby, Interm ediate, and high-redshift cases.

N earby galaxies: In order to detemm ine the star for-
m ation history, age, and dust extinction ofnearby galaxies
w ith relatively an alluncertainties the use ofU band data
is fundam ental. T he availability of K -band data also al-
Jow s a reduction in the uncertainty in the age and m etal-
licity of the stellar population, but the use of additional
J and H -band data is largely redundant. T he use of the
K band data is unfortunately lim ited by the existence of

large uncertainties In the m odeling of the K band lum i-
nosities and N IR colors of stellar populations. The m ost
signi cant reduction in the age and K -band m ass-to-light
ratio uncertainty isachieved when UV data are used. The
poortreatm ent ofthe post-A G B and \extrem e" HB phases
by the existing evolutionary synthesis m odels introduce,
how ever, an additional uncertainty during the data-m odel
com parison, which is particularly in portant in the case of
very old stellar populations. For the sam e num ber of ob—
serving bands, the availability of w ider wavelength base—
Iines results In lower uncertainties. Both the form ation
tim escale and K -band m ass-to-light ratio uncertaintiesare
larger w hen the corresponding values for these properties
are larger. O n the other hand, the m etallicity uncertainty
decreases w ith the value of the m etallicity itself due to
the distinct photom etric evolution of high-m etallicity core
Heluim buming stars.

A com plete description of the physical reasons behind
these conclusions and of the degeneracies responsible for
the uncertainties describbed above are given in Section 4.1
(see also Section 4 4).

Interm ediate-redshift galaxies: The star form ation
history of interm ediateredshift galaxies can be derived
w ith worse precision than In nearby galaxiesbecause their
stellar populations are younger. The age uncertainty is
an aller than in the nearby-galaxies case and shows a
strong biastow ard youngerages. A signi cant reduction of
this bias and of the m ean uncertainties is achieved when
NIR data are used, especially if all three J, H , and K —
band data are availabl. T he dustextinction uncertainty
is larger for larger values of the dust extinction itself. T he
use 0ofU -band data providesan in portant reduction ofthis
dependence and of the m ean dust-extinction uncertainty.
IfU band data are available the use ofaddiionalUV data
do not provide m uch m ore inform ation about the galaxy
properties. Theuse 0ofN IR data (J, H , and K band data)
signi cantly reduces the uncertainty in the m etallicity of
the galaxy. T he absolute and relative uncertainties n the
galaxy K band m ass-to-light ratio are an aller than those
derived for nearby galaxies. H owever, the fact that the K

Ter now ocovers the rest-fram e J-band leads to a larger
uncertainty associated w ith the IM F and w ith the param —
eterization of the galaxy star form ation history and, con—
sequently, to a larger stellarm ass uncertainty. Fora m ore
detailed description see Section 4 2.

H igh-redshift galaxies: A s expected, the bias and
m ean uncertainty in the detem nation of the tim escale
for the galaxy fom ation are even larger In this case that
in the nearby or intemm ediateredshift galaxies. The age
of the stellar population is derived with a large uncer-
tainty, only reduced when JH K data are availabl. The
dust-extinction in these galaxies can be derived to a very
high accuracy even when only optical data are available.
Theuse of JH K data is uindam ental in order to In prove
both the age and m etallicity determ inations. A com plete
description of the uncertainties and degeneracies betw een
these properties is given in Section 4 3.

Som e of the conclusions drawn above can also be found
through the literature expressed in a qualitativeway. H ow —
ever, this work constitutes the rst system atic and quan-—
titative study on the optin ization ofbroad-band photom —
etry for studies on the evolution of galaxies. Tt is in por-
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tant to note that the application ofthese resuls to future
galaxy surveys can help to reduce the uncertainty in the
derivation ofthe galaxy physical properties, som etin es by
weakening a particular degeneracy but m ost ofthe tin e by
decreasing the intervals over w hich this degeneracy takes
place. In Tabl 3 we have summ arized the m ean uncer—
tainties in the galaxy stellar population properties derived
in this paper considering di erent redshifts, sets of observ—
ables, and cbserving errors.

O ur resuls are directly applicable to spectrophotom et—
ric surveys like the SD SS and surveys looking for em ission—
line galaxies at xed redshifts M artin, Lotz & Ferguson
2000; M oorwood, van der W erf, Cuby & O liva 2000; Iwa—
muro et al: 2000; Pascualet al: 2001; Zam orano et al:;, in
preparation). However, in the case of the blindredshift
surveys a com parison between our results and those from
previous studies on the optim ization of the photom etric—
redshifts technique K odam a et al: 1999; Bolzonella et al:
2000; M obasher & M azzei 2000; W olf et al: 2001) is still
needed.

6. future applications

T he results sum m arized above dem onstrate that the de-
sign of galaxy evolution studies based only on qualitative,
Intuiive ideasm ay lead (in som e cases avoidably) to large
uncertainties.

Because of this we Intend to apply this work to the de—
sign of future pro fcts on galaxy evolution estin ating opti-
m alsets of observables and required signalto-noise ratios.
A Yhough in thiswork we have only considered broad-band

Yers, this procedure is easily generalizable to com bina—
tions ofbroad, m edium , and narrow band lers from the
farUV to the near-nfrared. In addition, the com bined
use of the procedure here described w ith state-oftheart
radiative transfer and dust m odels (P opescu et al: 2000)
will allow us to extend this range up to sub-m illin eter
wavelengths.

Beyond the results shown In this paper, we can also de—
rive, upon request, the uncertainties and degeneracies in
the galaxy properties for a given combination of IXers,
observing errors, and galaxy redshift.

W e would lke to thank the referee for the useful com -
m ents and suggestions that have signi cantly in proved
the quality of this paper. W e are also very gratefiil to
A : G : Bruzual for providing the G ISSEL 99 evolutionary
synthesism odels, P G :Perez Gonzalz, N :Cardieland O :
Pevunova for stin ulating conversations, and C : Sanchez
Contreras for carefilly reading the m anuscript and m ak—
Ing som e useful rem arks. A : G : de P : acknow ledges the
nancial support from NA SA through a Long Termm Space
A strophysicsgrant to B:F:M .
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Fig. 2.|

a nearby galaxy w ith a form ation tim escale 0£4.5G yr, an age of 5G yr, a dust extinction E B
panels: D istribution of solutions in the age-m etallicity space for the sam e galaxy m odel. Bottom panels: T he sam e for the age-extinction
space. O bserving errors are 0.10, 0.07, and 0.03m ag, respectively for the a, b, and ¢ gures. T he input properties of the galaxy are m arked
w ith a star sym bol. T his com parison was perform ed for the GALEX + SD SS+ 2M A SS color set. T he size of each point is proportional to the
value of the m axin um likelihood estim ator, L, for the corresponding M onte C arlo sim ulation. D egeneracies between the galaxy properties

Gilde Paz & M adore

are evidenced by correlations in the distribution of points.
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a, b & c) Top panels: D istribution of solutions associated w ith the 200 M onte C arlo sim ulations in the tim escale-age space for
V)= 0.08m ag, and Solarm etallicity. M idd¥

e ] N
- - @ o B © . © | i
L @ ooa>- .oub>- s ;
L ® -0 — © + [ X D © -
e @@ O E e« @ E
F e 0 O B [ A r 1
AR & St &
- °® 4 < - gy - ~ <+ -
@ = @ne =
-de [ 21 J
- [ XL ] - o - [ ) a —
o @
L f. i - .0 L i
)

| P DRI IR 1 P o | Loy o by w0 1y P o | R 1 " L
85 9 95 10 105 85 9 95 10 10 85 9 . 10.5

log (yr) log t (yr) log t (yr)

T T T T T T T T Tl
B ] wl o [ ]
- L . e -0 el 1
I 1 > | ]
- o@okasee {Not s 7 ) Nof .
I 1% o | ]
- B 2 2 - B
- o oo@n@e E 0 w @ Ooo el E
L _ ok P _
L i | [ i
-I. P | R 1 .I- | 1 | 1 P Y -I... 1 .-
85 9 95 10 105 85 9 95 10 10. 85 9 . 5

log t (yr) log t (yr) log t (yr)

T L L L | T T T T Tl
SN IS :
i @ooe le -am = | ]
I 13 3t ]

-~ i
i .-*.' IR=ZECEN .*‘. Ho [ ]
I °@ ‘> 2 00«0® ] I I I ]
L AC,=0.10™ 1 L AC,=0.07™ L AC,=0.03™ 1
- © @00 @00 4 o @0 .o o L , o ]
- GALEX+SDSS+2MASS 5 s GALEXI+SDSS-|0-2MASSI . - GALEX+SDSS+2MASS 5
85 9 95 10 105 85 9 95 10 105 85 9 . 10.5
log t (yr) log t (yr) log t (yr)



Fig. 3.|

B road-band photom etry for galaxy evolution studies

13

U ncertainties in the derived properties as function of the properties them selves for a subsam ple of 500 nearby galaxies and the

U+BVR I+ JHK set of observables. In Panel a 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
derived properties are delim ited by two dark-grey lines. The region de ned by themean 1

shaded areas represent the regions not covered by our com parison procedure.
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model parameters for the data-models comparison.
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Fig. 4 | a) Frequency histogram s for the com ponents of the PCA 1 vectors for the sam ple of high-redshift galaxieswith C ,=0.07m ag
for three di erent sets of observables (SD SS, SD SS+ 2M A SS, and GALEX + SD SS+ 2M A SS).This gure suggests that the 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 of the SD SS+ 2M A SS and GALEX + SD SS+ 2M A SS sets. b) Cosine of the angle between the PCA 1 vector and the age-tim escale
(top), age-extinction (m iddle), and agem etallicity (obottom ) planes, as m easure of the degeneracy between the stellar populations properties
(see Section 4), as funcion of the age for high-redshift galaxies w ith an uncertainty C ,=0.07m ag and the GALEX + SD SS+ 2M A SS set. The
sign of the cosine indicates if the degeneracy is in the sense that an increase in both properties can lead to the sam e observational properties
(positive) or the value for one m agnitude has to be decreased w hile the other is increased (negative). From this gure is clear the dependence
of the dom inant degeneracy w ith the age of the stellar population, going from the age-m etallicity and age-extinction degeneracies at ages
below 10M yr, to only the age-extinction at ages between 10M yr and 300M yr, and the age-tim escale at ages between 300M yr and 3G yr (see
Section 4.32).
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Table 2

Definition of the different combinations of filters analyzed

Bands # ofbands A lias
B;V;Rc ;1c 4 BVRI
U;B;V;Re;Ic 5 U+BVRI
U;B;V;Rc ;1 ;K 6 U+BVRI+K
U;B;V;R¢ ;1 ;J;H ;K 8 U+BVRI+ JHK
B;V;R¢c ;1 ;J;H ;K 7 BVRI+ JHK
B;V;Rc ;1 ;K 5 BVRI+K
U;V;1.;J;K 5 UV UK
uo;go;ro;io;zO 5 SD SS
uO;gO;rO;iO;ZO;J;H ;K 8 SD SS+ 2M A SS
FUV NUV u%g%r%i%2%0;H ;K 10 GALEX+ SD SS+2M A SS




Fig. 5.

SD SS+2M A SS, and GALEX + SD SS+ 2M A SS sets (panelb) assum ing observing errors of 0.03m ag.
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U ncertainties in the derived properties of nearby galaxies forthe BVRI, U+ BVRI and U+ BVRI+ K sets (panela) and the SD SS,
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Fig. 6.| U ncertainties in the derived K -band m ass-to-light ratios for the BVRI+ K, U+BVRI+ K, and U+ BVRI+ JHK sets (panela) and
the BVRI+ K, SDSS+2M ASS, and GALEX + SD SS+ 2M A SS sets (panelb) assum ing observing errors of 0.03m ag.
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a) Uncertainties in the derived properties of interm ediate-redshift galaxies forthe BVRI, U+ BVR I, and UBVR I+ K setsassum ing
observing errors of 0.03m ag. b) K -band m ass-to-light ratio uncertainties forthe BVR+ K ,U+BVRI+ K ,and U+ BVR I+ JHK sets assum ing
observing errors of 0.10m ag.
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Fig. 8.| a) Uncertainties in the derived properties of high-redshift galaxies for the BVRI, U+ BVRI, and UBVRI+ K sets assum ing
observing errors of 0.03m ag. b) K -band m ass-to-light ratio uncertainties forthe BVR+ K ,U+BVRI+ K ,and U+ BVR I+ JHK sets assum ing
observing errors of 0.10m ag.
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Fig. 9.| M ean tim escale, age, dust extinction, m etallicity (panela), and K “band m ass-to-light ratio (panelb) uncertainties derived using

the PEG A SE evolutionary synthesis m odels. In panela we show the results for the BVRI, U+BVRI, and UBVR I+ K sets, and in panelb
those orthe BVRI+ K ,U+BVR I+ K, and U+ BVR I+ JHK sets. In both cases observing errors of 0.03m ag have been adopted.
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Table 3

M ean 1 uncertainties in the derived properties

Set P roperty Uni z=0 z=0.7 z=14
Cn (mag) 0.03 007 010 003 007 010 003 0.07 010
BVRI EB V) mag 0l6 017 0417 011 018 020 002 0.04 006
Gyr 250 287 3.07 289 310 332 291 333 342
Iog t dex 036 037 038 023 031 035 045 0.71 0384
lIog Z dex 033 033 033 044 046 045 037 045 048
™ /L)x M /Lg; 032 041 047 006 008 009 003 005 006
U+BVRI EB V) m ag 014 018 019 002 004 007 002 0.04 006
Gyr 227 269 300 310 310 311 311 334 333
Iog t dex 034 037 038 023 030 034 045 0.68 081
lIog Z dex 032 041 045 038 051 054 029 037 038
™ /L)x M /Lg; 032 041 047 005 008 009 003 005 006
U+BVR+K EB V) m ag 0.09 014 0417 002 004 005 002 004 005
Gyr 219 275 303 229 295 319 279 300 308
Iog t dex 028 035 038 013 021 024 020 028 033
Iog Z dex 011 020 026 015 022 026 017 029 034
™ /L)x M /Lg; 026 033 035 003 006 006 001 002 003
U+BVR I+ JHK EB V) m ag 0.08 014 0417 002 003 005 002 003 0.04
Gyr 212 270 296 235 307 335 319 344 344
Iog t dex 026 036 039 009 017 022 012 023 029
lIog Z dex 009 020 026 010 017 022 006 017 023
™ /L)x M /Lg; 024 035 037 002 004 005 001 001 0.02
BVR I+ JHK EB V) m ag 010 017 0418 004 020 013 002 0.03 005
Gyr 253 297 314 238 308 330 322 347 345
Iog t dex 032 038 040 012 022 028 013 024 029
log Z dex 013 023 028 011 020 025 007 0419 025
™ /L)x M /Lx; 029 037 039 003 005 006 001 002 002
BVRI+K EB V) m ag 012 017 0418 008 014 016 002 0.04 005
Gyr 267 315 335 232 288 306 272 292 303
Iog t dex 034 037 038 016 025 030 022 030 034
lIog Z dex 015 023 028 020 029 031 026 039 044
™ /L)x M /Lg; 030 034 036 005 008 009 002 003 003
UV 1K EB V) m ag 010 016 019 002 004 007 002 003 005
Gyr 233 287 314 254 321 349 314 341 342
Iog t dex 030 036 038 011 0418 023 016 027 033
lIog Z dex 013 024 029 011 0418 023 008 019 024
™ /L)x M /Lg; 029 036 038 002 004 005 001 0.02 002
SD SS EB V) m ag 010 014 047 002 006 009 003 005 007
Gyr 228 273 293 293 311 323 294 305 297
Iog t dex 031 039 041 018 026 031 039 0.61 0.4
lIog Z dex 021 031 035 040 044 045 025 032 037
™ /L)x M /Lg; 030 038 040 004 006 008 002 004 005
SD SS+ 2M A SS EB V) m ag 0.07 014 016 002 004 0.05 002 003 004
Gyr 206 265 289 236 307 334 320 341 339
Iog t dex 025 036 039 009 016 021 012 021 026
log Z dex 0.08 019 025 010 0416 021 008 017 023
™M /L)x M /Lg; 024 035 037 002 004 005 001 001 002
GALEX+SDSS+ E® V) m ag 0.04 009 012 001 002 0.02 001 002 003
+2M A SS Gyr 151 226 260 201 293 326 292 3,63 367
Iog t dex 010 019 024 008 013 017 009 016 021
log Z dex 005 016 022 011 0416 020 003 0.08 014
™ /L)x M /Lg 010 023 028 002 003 0.04 001 001 0.1




