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Abstract. The composite stellar populations of galaxies comprise stars of a wide range of metallicities. Subsolar metallicities
become increasingly important, both in the local universe when going from early towards later galaxy types as well as for dwarf
galaxies and for all types of galaxies towards higher redshifts.

We present a new generation of chemically consistent evolutionary synthesis models for galaxies of various spectral types
from E through Sd. The models follow the chemical enrichment of the ISM and take into account the increasing initial metal-
licity of successive stellar generations using recently published metallicity dependent stellar evolutionary isochrones, spectra
and yields.

Our first set of closed-box 1-zone models does not include any spatial resolution or dynamics. For a Salpeter initial mass
function (IMF) the star formation rate (SFR) and its time evolution are shown to successfully parameterise spectral galaxy
types E, ..., Sd. We show how the stellar metallicity distribution in various galaxy types build up with time to yield after
~12 Gyr agreement with stellar metallicity distributions observed in our and other local galaxies.

The models give integrated galaxy spectra over a wide wavelength range (90.9 Am)80hich for ages o012 Gyr are in

good agreement not only with observed broad band colours but also with template spectra for the respective galaxy types.
Using filter functions for Johnson-Cousits B, V, Rc, I¢, as well as for HST broad band filters in the optical and Bessel &
Brett's NIR J, H, K filter system, we calculate the luminosity and colour evolution of model galaxies over a Hubble time.
Including a standard cosmological modely(= 65, Qo = 0.1) and the attenuation by intergalactic hydrogen we present evolu-
tionary and cosmological corrections as well as apparent luminosities in various filters over the redshift rarme Srtorthe

present for our galaxy types and compare to earlier models using sisgéa() metallicity input physics only. We also resent

a first comparison of our cc models to HDF data. A more detailed comparison with Hubble Deep Field (HDF) and other deep
field data and an analysis and interpretation of high redshift galaxies in terms of ages, metallicities, star formation histories and,
galaxy types will be the subject of a forthcoming paper.

Key words. galaxies: evolution — galaxies: stellar content — galaxies: photometry — galaxies: spectra — galaxies: redshifts —
cosmology: observations

1. Introduction interpretation of all the available data, be as comprehensive and
. . . ... realistic as possible, and extend from very early phases at very
The number of high and very high redshift galaxies is Ir]’ﬁgh redshift towards the global properties of nearby galax-

;;‘TZ;'ZS \:vailtphldpl))r/]ct:()er?:’at(rji?/rse. d-;E??‘tuzgsnﬁgzn;rs_lig\?v?\u;roies of various spectral types. Moreover, an ideal galaxy model
. - ould be as simple as possible, involving the smallest possi-
the HST Hubble Deep Fields — North and South (William P P 9 b

number of free parameters. A comprehensive galaxy model

et al. 1996, 1998; Gardner et al. 2000; Ferguson et al. 20(353 . : .
' ’ T I h I f I -

_ and from ground-based deep surveys like the VLT- Fq ould describe the evolution of as many observable quanti

. ¥ids as possible (spectrum, luminosities, colours, emission and
Deep F.'eld (FDF). and others._ Hundreds of these have SpSB’sorption features for the stellar population, the gas content
troscopically confirmed redshifts up to~ 6 (e.g. Hu et al.

1999). Deep surveys are being conducted at all waveleng nd a large number of element abundances for the interstel-
: . I i ISM)). A realisti I luti | shoul
from UV through IR and far into the sub-mm range. These medium (ISM)). A realistic galaxy evolution model should

- . . onsistently take into account both the age and metallicity dis-
brilliant data require mature galaxy evolution models for atﬁ- y 9 y

. . ributions of the stellar populations that naturally result from
equate interpretation. Ideally, these models should cover

: ) ) extended star formation history (SFH).
the observational wavelength baseline to allow for a consistent’ _ "~ . . .
This is what we attempt with our chemically consis-

Send gprint requests toJ. Bicker, tent spectrophotometric, chemical and cosmological evolution-
e-mail: jbicker@uni-sw.gwdg.de ary synthesis model. The chemical evolution aspects of this
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model were presented by Lindner et al. (1999), based 0 z < 4.8 for a cosmological modédy = 65, Qp = 0.1, with
earlier less complete stellar evolutionary tracks, in compar+edshift of 5 assumed for galaxy formation in both cases.
ison with and interpretation of the observed redshift evolu- We compare our chemically consistent models to models
tion of Damped Ly Absorber (DLA) abundances. Here, wausing solar metallicity input physics only and present a first
present the spectral and spectrophotometric aspects of our scomparison with HDF galaxies with spectroscopic redshifts in
fied chemical and spectral evolutionary synthesis code inclugect. 6. Conclusions are given in Sect. 7. A further set of mod-
ing current stellar evolutionary isochrones. els which also includes the influence of dust in a chemically
Spectrophotometric and cosmological evolutionary syecensistent way will be presented a separate paper (sgeM”
thesis models generally applied in current interpretations @fal. 2001a,b for first results). A detailed interpretation of the
high redshift galaxy data are using solar metallicity inpUiDF data with the models presented here will be the subject of
physics only together with specific parametrisations for tlaeforthcoming paper.
star formation (SF) histories of various spectral types (e.qg.
Bruzual & Charlot 1993; Bressan et al. 1994; Guiderdoni %
Rocca—Volmerange 1987, 1988; Fioc & Rocca—\Volmerangé
1997; Poggianti 1997). Broad stellar metallicity distributionSor quite some time, observational evidence has been accu-
extending down to fairly low [F#l] are observed in local mulating for sometimes very broad metallicity distributions of
galaxies of various types. We will show in how far the corstars in normal galaxies. Stars in the Milky Way disk and halo
sideration of a realistic metallicity distribution among the staspan a range of at least 4 orders of magnitude in metallicity
will affect model predictions for high redshift galaxies. -4.2 < [Fe/H] < +0.3. While some years ago, the focus
The first attempts to account for non-solar abundances amals on super-solar metallicities e.g. in (the centres of) mas-
their impact on the photometric evolution of galaxies go badhve ellipticals, bulges, X-ray halos around ellipticals, and the
to Arimoto & Yoshii (1986). Einsel et al. (1995) used mordot intra cluster medium (ICM), by today, it is clear that the
recent and complete stellar evolutionary tracks and colour caterage metallicities in all those cases are subsolar. The sun,
ibrations for initial stellar metallicities 10 to 4x 1072 to de- our reference star, stands out in metallicity among solar neigh-
scribe in a chemically consistent way the photometric evolbeurhood stars. For F, G, K dwarfs the [Rgdistributions ex-
tion of galaxy types E through Sd. Indér et al. (1997) we tend from—0.8to + 0.4 (Rocha-Pinto & Maciel 1998), while
introduced the concept of chemical consistency into the sp&:stars show([O/H]) = -0.31 (Kilian-Montenbruck et al.
trophotometric evolution of galaxies using Kurucz's (1992)994). When averaged overRl, with R, = effective radius,
model atmosphere spectra for a range of stellar metalliciti@se strength gradients in ellipticals indicg#.) ~ (0.5-1) - Z,
and investigated the time evolution of ISM metallicity an@Carollo & Danziger 1994). For stars in the bulge of our
luminosity-weighted mean stellar metallicities in various wavédilky Way (Z.) ~ (0.3-0.7)- Z, (e.g. McWilliam & Rich
length bands. For models that well agree with observed tet®94; Sadler et al. 1996; Ramirez et al. 2000), for the X-ray
plate spectra (Kennicutt 1992) of various types (E, Sb, Sgas halos around elliptical galaxies ASCA observations give
we gave decompositions of the total light emitted at wavé:1 < [Fe/H] < 0.7 (e.g. Loewenstein 1999).
lengths fromU throughK in terms of luminosity contributions ~ Characteristic HIl region abundances (i.e. measured at
from various metallicity subpopulations. This clearly showetlRy), which give an upper limit to the average gas phase abun-
the considerable widths of the metallicity distributions in allance, range fronZ > Z, for Sa spirals down t0<%Z@ for
3 galaxy types as well as the importance of luminosity cofd galaxies (e.g. Oey & Kennicutt 1993; Zaritsky et al. 1994;
tributions from stellar populations with subsolar metallicitiedzerguson et al. 1998; van Zee et al. 1998). Locally, dwarf ir-
Recently \dzquez et al. (2003) presented their evolution syregular galaxies have metallicities in the range (2—-3@%
thesis code SPECTRAL in application to the irregular galaxe.g. Richer & McCall 1995). The first spectra of Lyman break
NGC 1560 that also accounts for the the simultaneous presegakaxies at redshiftz ~ 3—4 have shown that their metallici-
of stars of diferent metallicities. They use stellar evolutionarties, derived from stellar wind features, are considerably sub-
input of the Geneva group and describe the spectral evolutsmlar, sometimes even sub-SMC (Lowenthal et al. 1997; Trager
of NGC 1560 on the basis on chemical evolution models l&f al. 1997; Pettini et al. 2000; Teplitz et al. 2000). Neutral gas
Carigi et al. (1999). in damped Ly absorbers observed o> 4 shows abundances
This paper is organised as follows. In Sects. 2 and 3 wethe range-3 < [Zn/H] < 0 (e.g. Pettini et al. 1997, 1999;
present our chemically consistent galaxy evolution model ahohdner et al. 1999).
the various pieces of input physics forffdrent metallicities
that it uses. Se_ction 4 give_s a comparison of our model colo .SChemicaIIy consistent galaxy evolution models
and spectra with observations of nearby galaxies to show that
— after a Hubble time — our models do reproduce the observem a very principle point of view it is clear that in contrast
properties of typical local galaxy types E ... Sd. In Sect. 5 we single burst stellar populations like star clusters, any galaxy
present the results for our models E, Sb, Sd in terms of speaiti¢h a star formation history extending over one to several Gyr,
at various ages, apparent magnitudes, evolutionary and cosima-much longer than the lifetime of massive stars, will have a
logical corrections (including attenuation) in wavelength bandgellar population that is composite not only in age but also in
UBVRI.JHK and a series of HST broad band filters as a funmetallicity — as confirmed by the observations cited above. This
tion of redshift. Results are presented for the redshift rangewhat we intend to account for in our chemically consistent

Metallicity observations in galaxies



J. Bicker et al.: Spectrophotometric evolution with redshift. I1. 39

galaxy evolution models. The basic concept of our evolutiomclude the thermal pulsing AGB phase as described in Schulz
ary synthesis model for galaxies has been described in degdibl. (2002). The stellar lifetimes for the various metallici-
by Fritze—v. Alvensleben & Gerhard (1994), the extended veies are fully taken into account in our description of the ISM
sion allowing for achemically consistent £cc) modelling is enrichment.
described by Einsel et al. (1995) for the photometric evolu- The only stellar library covering the whole range of stel-
tion and in detail by Mller et al. (1997), Mller et al. (1999), |ar metallicities, spectral types, and luminosity classes is the
Fritze-v. Alvensleben et al. (1999) for the spectral and spérary of model atmospheres by Lejeune et al. (1997, 1998),
trophotometric evolution and by Lindner et al. (1999) for thgased on the original library of Kurucz (1992). Its wide wave-
chemical evolution. length range from 0.09 to 160 000 nm extending far into the UV
In the following we briefly outline the principle of the newallows us to calculate cosmological corrections even in the
concept of chemical consistency which we consider an impét-band out to very high redshift ~ 5. For stars hotter than
tant step towards a more realistic galaxy modelling. In contr&$1 000 K, the highestfiective temperature of Lejeune et al.’s
to single burst single metallicity stellar populations like stdiorary, we use black body spectra. To follow in detail the chem-
clusters (Schulz et al. 2002) our chemically consistent galai@! evolution of the ISM, Lindner et al. (1999) included stellar
evolution model, solving a modified set of Tinsley's equationdelds from Woosley & Weaver (1995) and van den Hoek &
with metallicity dependent stellar yields, follows the metal erf>roenewegen (1997) for various metallicities. For the models
richment of the ISM and accounts for the increasing initid this paper we are not interested in the detailed chemical evo-
metallicity of successive stellar generations, both with respdiétion. We only use the time evolution of the global metallic-
to the evolution of ISM abundances (Lindner et al. 1999) arify Z to know when to switch from one isochrone to the next
to the spectral evolution as presented here. The evolution(gfmore metal rich).
each star is followed in the HR diagram from birth to its fi- With this new set of metallicity dependentinput physics our
nal phases according to stellar evolutionary tracks appropriodels are now chemically consistent both with respect to the
ate for its initial metallicity so that at each timestep the dispectrophotometric and to the chemical evolution.
tribution of all stars over the HRD is known. The evolution The various spectral galaxy types of the Hubble Sequence
of the HRD population is followed with various sets of stellagf normal galaxies are described by their respective appropriate
isochrones from the Padova group for fivéfelient metallic- galaxy-averaged star formation histories. For spheroidal galax-
ities fromZ = 4 x 10 to 5 x 10°2. Stellar subpopulations ies (E) models use Star FormationRate SFR~ et with an
formed with initial metallicities in between two of the 5 dise-folding timet, = 1 Gyr. Following Kennicutt (1998) we as-
crete metallicities of the Padova isochrones are describeddayne for the spirals a SFR linearly proportional to the gas-to-
two components from the two adjacent metallicities. The rabtal mass ratio with characteristic timescales for the transfor-
ative contributions of these two components are weighted mation of gas into stars ranging fram= 4 Gyr for Sa through
the inverse of the logarithmic fierences between the metalt, > 15 Gyr for Sd spectral types.
licity of the subpopulation and the metallicities of the adjacent \\e yse a standard Salpeter IMF from lower to upper
isochrones. At any timestep the HRD population is used to Sfass limitsm = 0.08 M, to m, ~ 70M,, as given by the
thesise an integrated galaxy spectrum from a library of stellgbchrones. The IMF is normalised to a fraction of visible mass
spectra. This library comprises stellar model atmosphere spgeFvM = 0.5 to match the mass-to-light (M) ratios for to-
tra from UV to the IR for all spectral types and luminosityjay's (~12 Gyr old) galaxies.
classes for 5 metallicities (Lejeune et al. 1997, 1998). The total 5 g.gi0 (1986) or a Kroupa (1993) IMF would produce a

galaxy spectrum is obtained by summing the isochrone Spggz e nymber of massive stars than the Salpeter IMF. Lindner
tra, weighted by the star formation rate at birth of the stars @@ 5 ' (1999) have shown that the metallicity evolution of spi-

the respective isochrone for each metallicity and, finally, by CR3ls is too slow for a Scalo IMF as compared to observations.
adding the spectra of the various single metallicity subpopulgs compared to the Salpeter IMF that we use, these other IMFs,
tions. Combining the spectrophotometric time evolution Wit\W/hithout adjustment of the SFRs, would produce a larger frac-

a cosmological model and some assumed redshift of galgi of 10w metallicity stars and, hence, lead to slightly bluer
formation we calculate the evolutionary and cosmological cQJalaxy colours

rections as well as the evolution of apparent magnitudes from
optical to NIR for various galaxy types taking into account the
attenuation of the emitted galaxy light by intervening HI (cf3.2. Filters and calibrations

Sect. 3.4). ) ]
We calculate the apparent magnitudag evolutionary and

cosmological — corrections for thd BV— Johnson &Rclc
3.1. Input physics Cousins filter system which is taken from Lamla (1982), for

the JHK filters given by Bessel & Brett (1988), and for all
In an attempt to keep the number of free parameters as snbatlad band HST WFPC2 filters. Magnitudes in all filters are
as possible, our models are calculated as closed boxes withcialibrated in the VEGAMAG system. On the basis of the time
stantaneous and perfect mixing of the gas. We use isochroaeslution of the model spectra we provide the evolution in other
from stellar evolutionary tracks provided by Bertelli et alfilter systems, easily calculated by directly folding the filter and
(1994) (Padova group) in the version from November 1999 thdetector response curves with the model spectra.
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3.3. Cosmological model 3.4. Attenuation

In order to compare our models with data of high redshiftor very distant galaxies the cumulativieet of neutral hydro-
galaxies, we transform the spectrophotometric time evolutigen stochastically distributed along our lines of sight, mostly
into a redshift evolution with a set of cosmological parameteifs the form of Ly clouds, significantly attenuates the emit-

(Ho, Qo, %), wherez is the redshift of galaxy formation. ted light at wavelengths shorter than rest-frame by 1216 A.
The age of a galaxy at redshift 0 is given by From his analysis of a large number of lines of sight to distant
and very distant quasars, Madau (1995) derived a statistically
to := tgal(Z = 0) = trupbieZ = 0) — trubple(Z). averaged attenuation correction of the formatt) which we

include into the cosmological corrections of our models. The
After tga(z = 0) models are normalised to the observed aveddect of attenuation becomes visible th at zz 2, in B at
age absolute luminositied?, of the respective galaxy types inZ< 2.5, inVatzz 3.5, etc.
Virgo (cf. Sandage et al. 1985a,b). To obtain the observable ap-
parent magnitudes, from the absolute magnituddm given 3.5. Discussion of models
by our models, we calculate the evolutionagy)(and cosmo-
logical correctionsK;) and the bolometric distance modulu§ur models describe the global spectrophotometric evolution

BDM(Ho, Qo): of field galaxies. In particular, our E model represents the clas-
sical model for a normal elliptical galaxy with average lumi-
mi(2) = Mu(z= 0, to) + BDM(2) + e1(2) + ki(2). nosity and metallicity. A hierarchical or major merger origin

of ellipticals is not investigated here. The closed-boxes we as-

The cosmological ok—correctiork, in any wavelength band  sume for our spiral models clearly are a poor approximation
describes thefeect of the expanding universe, which redshiftgnly motivated by our intend to keep this first models as simple

a galaxy spectrum of local ageto some redshift. as possible an the number of free parameters to a minimum.
For a hierarchically accreting spiral the total SFH of its ensem-
K:(2) 1= Ma(z to) — M4 (0, to). ble of subclumps on reasonable time averages should fiet di

mutch from what our simplified models assume in order to get

k, can also be calculated from observed galaxy spectra.thg correct colours and spectrat@tThe same had been to be
this case, the maximum redshift to which this is possible d&ue for the chemical evolution of an ensemble of subclumps
pends on how far into the UV the observed spectrum extends.compared to our simplified closed-box models by Lindner
Our model galaxy spectra at= 0 extend from 90 A through et al. (1991). The colour evolution hence is not significant af-
160um and, hence, allow for cosmological corrections in optfected by our simplification and, as far back as the mass of a
cal bands up ta > 10. realistic accreting galaxy is of ordef30% of its mass today

The diference in absolute luminosities between two galaf1€ diferences in apparent luminosities can be estimated to be
ies at the same redshift but withfiirent ages is described bysmaller than dferences between fiierent galaxy types. In a

the evolutionary correction previous paper we have shown that our models well describe
the stellar metallicity as observed by means of absorption in-
(2 = Ma(z tga(2)) — Ma(z to). dices (Mller et al. 1997) and the chemical evolution of nearby

and high redshift spiral galaxies (Lindner et al. 1999).

Evolutionary corrections, of course, cannot be given without !N this paper we restrict ourselves to models without dust.
an evolutionary synthesis model. It will be shown in Sect. 5 fdihe €fect of dust absorption is analysed iroMT et al. (2001)

which galaxy types at which redshifts evolutionary correctiod§th our old track based models. A set of models including dust
become important_ will be presented by Miler et al. (In prep.).

It is important to stress that both the evolutionary and the
cosmological corrections do not only depend on the cosmolagg-Comparison with nearby galaxies
ical parameters but also on the SFH, i.e. on the spectral type,o
the galaxy. 4.1. Colours

In this paper we present cosmological and evolutionary c@tar formation histories for our model galaxies are chosen
rections and apparent magnitudes for cosmological paramersh that after a Hubble time or, more precisely, after the evo-
(Ho, Qp) = (65, 0.1) and the formation of galaxies at redshiftution time of a galaxy from its formation at redshit to
Z = 5. This cosmology gives a galaxy age of about 12 Gyr ahe present ar = 0 as given by the cosmological model, the
ter a Hubble time and, hence, makes sure that the agreeneeiturs of our model galaxies agree with those observed for
with colours and spectra of nearby galaxieg at 0 is given. nearby galaxies of the respective type by Buta et al. (1995), e.g.
Any combination ofHy and Qg which gives a local galaxy (B- V) = 0.92, 0.61, and 050 for E, Sb and Sd spectral types,
agetga S 10 Gyr can be excluded because the very red colouespectively. As a consequence, however\ourK colours are
of ellipticals can only be reached afted2 Gyr and globular then bluer by up to 0.3 mag for Es and by up to 0.7 mag for
cluster ages also are of order 12 to 15 Gyr. In particular, higdte-type spirals as compared to the observations of Aaronson
values ofHy > 80, even in combination with low values {0, (1978). This is partly due to the fact that our models describe
yield galaxy ages less than 10 Gyr. the integrated colour of the entire stellar population, while the



J. Bicker et al.: Spectrophotometric evolution with redshift.

observations refer to the inner parts of the galaxies. Taking
into account typical observed gradientsMn- K (cf. Fioc &
Rocca-Volmerange 1999) brings odr- K colours into better
agreement with observations, but there still remainsfiedi
ence of about 0.5 mag for late-type spirals. As we will show in
Moller et al. (in prep.), the inclusion of reasonable amounts of
dust will bring models into very good agreement with observa-
tions over the entire wavelength range from UV throlgh

4.2. Spectra

In Fig. 1 we compare our model spectra with templates from
Kennicutt's (1992) atlas for various spectral types. Note the
very good agreement between our models E, Sa, Sb, Sc with
ages of about 12 Gyr with the observed spectra of NGC 4889
(E4), NGC 3471 (Sa), NGC 1832 (SBb), and NGC 6643 (Sc).
The spectrum of NGC 4449 (Sd) is best modelled by our Sd
galaxy with an age of about 4 Gyr in agreement with results
found by Bruzual et al. (1993).

We like to point out that the spectralfiirences among
galaxies of the same type in Kennicutt's library are larger than
the ditferences between the template galaxies and our models.

Note that we have not included the gaseous emission-lines
or continuum-lines in our models yet. In a next step, gaseous
lines and continuum emission will be included in our cc mod-
els of actively star forming galaxies on the basis of metallicity
dependent Lyman continuous fluxes and line ratios as already
shown for single burst single metallicity models by Anders
et al. (2003).

The complete set of galaxy model spectra for the various
spectral types and ages between 4 Myr to 15 Gyr are given in
machine readable tables and can also be found on our home-
pagehttp://www.uni-sw.gwdg.de/~galev. In Fig. 2 we
show the time evolution of model spectra, on the example of an
Samodelat 1, 3, 6, and 12 Gyr.

4.3. Metallicities

Our code follows the evolution of both the average ISM metal-
licity and the luminosity-weighted metallicities of the stel-
lar population as seen in ftekrent bands. For a galaxy age
of 12 Gyr, the average ISM metallicity i&sm) = Z, for

E galaxies{Zisw) = 1.5- Z; for Sa,(Zsu) = 0.8 Z; for Sb,
(Zism) = 0.5- Z; for Sc, andZisy) = 0.25- Z, for Sd spirals,
respectively. These values are in good agreement with obser-
vations of the characteristie(neasured at1 Rs) Hll region
abundances in the respective spiral types (e.g. Oey & Kennicutt
1993; Zaritsky et al. 1994, Phillips & Edmunds 1996; Ferguson
et al. 1998; van Zee et al. 1998). (See also Sect. 2.)

Depending on the SFH of the galaxy, the average stellar
metallicity may difer by various degrees from the ISM metal-
licity and may also be dlierent in diferent wavelength regions
where stars of various masses, ages, and hence metallicities
dominate the light (cf. Mller et al. 1996).

In Fig. 3 we show the relative luminosity contribution
to U, V, andK bands from stars of our 5 flierent metallic- ¢
ity subpopulations for 12 Gyr old E and Sb models. For eac
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Fig. 1. Comparison of our model spectra (solid) at an dgg ~
2 Gyr (E, Sa, Sb, Sc) afld,, ~ 4 Gyr (Sd) with Kennicutt's template
Rectra (dotted).
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Fig. 2. Time evolution of Sa model spectra for ages 1, 3, 6 and 12 Glyig. 4. Relative luminosity contributions td, V, K bands from stellar
(bottom to top). Fluxes are in units of ergchs* A-, wavelength subpopulations of various metallicity for a 6 Gyr old Sb model.
inA.

0.4

i v — Sb model e.g., the metallicity distribution does not extend be-
035y ) _ A 1 yond ~Z,, and the diferences between the relative contribu-
03 f I 1 tions of a subpopulation of given metallicity tofiéirent bands

are smaller than in the E-model. For Sd models, the stel-
lar metallicity distribution is sharply peaked &t< % Z, with
|1 1 small diferences only between theffidirent wavelength bands
015 1 and also to the ISM metallicity. This is readily understood as a
i 5 consequence of the long star formation timescale in Sd galaxies

(cf. Moller et al. 1997 for details).

Similar to Fig. 3b, Fig. 4 shows the relative luminosity con-
tribution of stellar subpopulations of ffiérent metallicities to

0.25 -

02

Contribution

01

0.05 -

0.0004 0.004 0.008 0.02

i Metliy 2 | | the light in U, V, andK emitted by an Sb galaxy, now at a

' u— younger age of 6 Gyr only. By that age — corresponding to a
04T } Ko ] redshiftz ~ 0.5 in our cosmology —, no stars of solar metallic-
035 | _ 1 ity were present in this type of galaxy.

03} I 3 1 While Figs. 3 and 4 give the luminosity contributions of dif-
025 | | ferent metallicity subpopulations at ages of 12 and 6 Gyr, the

time evolution of the luminosity contributions of stellar sub-
sl populations of dierent metallicities to th¥-band is shown in
' Fig. 5 for E and Sb galaxy models.
oIl It is seen that the broad stellar metallicity distribution of
005 the E model is already established at very young ages despite
ol ek e Py " e the present-day small stellar age distribution. Note in particular
Metallcity Z that despite its SFR declining rapidly on the short timescale of
t. = 1 Gyr, our E model — due to its realistic stellar metallicity
istribution — will differ significantly in its spectrophotometric
evolution from that of any single metallicity single burst model
often used in the literature for the interpretation of E galaxy
observations (see also Vazdekis et al. 1996, 1997).
wavelength band, the sum of the contributions from thedi Over more than the last 50% of its lifetime, tfieband light
ent metallicities adds up to 100%. Note the broad stellar metaf-the elliptical model is coming from stellar subpopulations of
licity distribution of the E model extending frof= 4x 10* 4 different metallicitiesZ = 0.0004-0.02) at roughly compa-
to Z = 0.05 in good agreement with observed stellar metallicable rates. Th&/-light of the Sb-model is seen to have been
ity distributions in resolved nearby ellipticals and bulges (cflominated by stars with half-solar metallicity during the sec-
McWilliam & Rich 1994). ond half of its lifetime. Only very recently, i.e. at age$0 Gyr,
The distribution difers from band to band. E.g., stars witlsolar metallicity stars gained importance while at early stages
low metallicity, e.gZ = 0.0004, contribute about 3 times more<6 Gyr only stars witlZ < 1/4 Z, where present.
light to theU- than to theK-band, while these relative contri-  Figure 5 very clearly shows that at earlier evolutionary
butions are reversed for stars of higher metallicity. times, as observed in galaxies at high redshift, stars of lower
For models with dferent SFHs the stellar metallicity dis-and lower metallicities become dominant in the spectra of
tributions are, of course, quiteftrent. For stars in our globalall spiral galaxies, though not for the E-model. And this is,

0.2

Contribution

Fig. 3. Relative luminosity contributions td, V, K bands from stellar
subpopulations of various metallicity for 12 Gyr old E (top) and S
(bottom) model.
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Fig. 5. Time evolution of the luminosity contribution to théband of
the diferent metallicity subpopulations to the total luminosity for the 0.005 -
E (top) and Sb (bottom) models.
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of course, not only true in th¥-band shown here, but over

all wavelengths. 0.002 |-

Metallicity seen in Passband

Figure 6 shows the time evolution of the luminosity- 0.001 1
weighted mean stellar metallicities, as defined inllgr et al.
(1998), in diferent passbands for E, Sb, and Sd models. These T e e e e 5 s
luminosity weighted mean stellar metallicities in certain pass- Time [Gyr

bands are what metallicity dependent absorption features in I‘—he 6. Time evolution of the luminosity-weighted stellar metallicities

. . |
respective wavelength range of the integrated galaxy spegfl .V, andK (restframe) for dferent spectral types E, Sb, Sd (top
are expected to measure. As already indicated in Fig. 3 fortﬁrﬂ)ottom).

age of 12 Gyr there is a significantfidirence in the luminos-

ity weighted mean stellar metallicity in various bands in the

E-model and this is seen in Fig. 6 to have persisted for all

ages>7 Gyr. TheK-band shows the highest stellar metallic-

ity of (Zx) ~ 0.014, more than 50% higher than that seeh. Evolutionary and cosmological corrections

in V: (Zy) ~ 0.008. In the rest-framé& the time evolution

of the seen stellar metallicity is strongest. While it hat rapidill evolutionary and cosmological corrections published so

reached a maximum @Zx )max ~ Zo at an age around 3 Gyr it far were calculated with models using solar metallicity input

tremendously decreases to a pre¢&pp ~ 1/3 Z, since then. physics only (e.g. Bruzual & Charlot 1993; Poggianti 1997;

The light emitted in rest-frame U at a time around 3 Gyr, corré&ioc et al. 1997). Also still widely in use are tkecorrections

sponding to a redshift< 1.5 is shifted to observer-frame I, soffom Coleman et al. (1980) extracted from observed tem-

we expect to see much higher metallicities in higgfipticals  plate spectra, although no evolutionary corrections are avail-

than in local ones. able in this case. The wavelength range of Colman et al. ob-
Due to the longer timescales of SF the metallicit§fet servation (1400-10000 A) limits the redshift range for their

ences between fierent passbands get much smaller towardzcorrectionst@s 1inU and toz < 2 in theR-band.

later galaxy spectral types, as seen in Fig. 6, and their time To cope with observations of very high redshift galaxies up
evolution gets much slower and monotonic. Note the scale dif-z ~ 5, models are needed that include the far UV as well as
ferences among E, Sb, and Sd models. evolutionary corrections.
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5.1. Comparison with solar metallicity models

In the following we will focus on the diierences as a function

of redshift between our chemically consistent models (cc mod-
els) and models using solar metallicity input physics only
(Z, models). To isolate thefkects of the chemically consistent i
treatment from those due toftirences in the codes of various
authors angbr the particular sources of input physics chosen
(Padova vs. Geneva stellar evolutionary tracks, observed stellar
spectra vs. model atmosphere libraries, etc.) weZgamodels ‘ e ‘
with our code and the same solar metallicity input physics as in 0 1 2 3 4 5
our cc models. The comparison between cc Zgdnodels is 2 il
done for cosmological parameteky( Q) = (65, 0.1). Note

that the attenuation is not included in this comparison because
it dominates the the+k-corrections at high redshifts and would
mash the metallicity fect.

In order to obtain agreement, after a Hubble time, with ob-
served colours of the respective galaxy types (and, hence, with
our cc model colours) the SFHs have to be slightlffedent
in the models that do not contain the — on average — bluer
and more luminous contributions of low metallicity stars. The ‘ ‘ ‘ ‘
Z, — E model hence is to be described by an exponentially 0 1 2 4 5
decreasing SFR with an e-folding time f~ 2 Gyr as com- ‘ ‘
pared ta, ~ 1 Gyr for the cc E model. Th&,-Sb model needs
t. ~ 9 Gyr as compared th ~ 7 Gyr for the cc Sb model. And
t. > 15 Gyr for theZ, and the cc Sd model.

Figures 7 and 8 show a comparisoneefandk-corrections
in various bands as a function of redshift for the cc Zgdod-
els. The most obvious fierence between cc azg models is
seen for the E model at short wavelengths. While for redshifts
z < 1.2, the cc é+ K) corrections inJ andB are positive, mak-
ing the apparent magnitudes of ellipticals fainter, those of the

E+K

Z, model get increasingly negative fram= 0 throughz ~ 2.5 0 : 2 o 3 s 5
in U and toz ~ 3 in B, respectively (cf. Fig. 7), making ellipti-
cals apparently brighter Fig. 7. Comparison of theg(+ k) corrections in cc and, models for

_ , E (top), Sb (middl d Sd (bott laxiestin B and K band
The maximum dierence for the E models is as much amgog)o) _ Eg‘; Oi;.an (battom) galaxiestin B an an

~3 mag inU and~2 mag in theB-band atz~ 1. Hence, cc

models with a SFR decreasing exponentially with an e-folding

time of 1 Gyr predict a smaller number of ellipticals to be ex3,,4el predictions. At 2 2 we expect more late-type spirals as
pected atz < 2.5 in magnitude limited samples. At redsmftstompared to th&, models

22.5 the situation is reversed and the cc models appear more
luminous. But our simple classic E model may not applic%-or
ble at this redshift range. At longer wavelengths, & gdiffer-
ences are very small by redshifl. and increase te1.5 mag theU-. B-, andK-bands.

byz=4. Let us first look at thee-correction. In theZ, model B-

Forz< 2 the diferences inJ andB between our Sb and pande-corrections become increasingly negative from 0 to
Sd cc and the respecti&, models are small. At the maxi-; .. 2 and remain constant aroues ~ —1.5 mag all through
mum the cc model has €0.1 mag higher correction. At red-z < 4. |n the cc modets decreases faster & ~ —3 atz~ 5.
shifts higher than 2 the fierences of the models increases angjithout the strong compensatingect of thek-correction the
theZ, models have higher corrections than the cc models. Tg%ngw negativess-correction would make the cc Sb model
difference grow up to 1-1.5 mag in theand B band at high appear much brighter atz 1.5 than thez, model. Atz 2 1.5
redshift. For theK-band theZ, models have always an highetpe galaxies in our cosmology have ages5 Gyr and stars of
e-+k-correction than the cc models with a maximurfieience |ow metallicitiesz ~ 0.0004-0.004 dominate the light irB.
of 0.4-0.5mag at ~ 2. The integrated spectrum still shows a high fluxgiso shortly

Hence, on the basis of our cc models we expect a sligh#fter the major SF epoch. The behaviour of¢hecorrection is
smaller number of late-type spirals by redshifts 2 to show very similar toes. In K the evolutionary corrections am <
up in magnitude limited surveys (U and B) as comparefo —0.5 throughz ~ 4 for both, the cc and,, Sh-models.

Figure 8 presents the decomposition of the+K)-
rections shown in Fig. 7 into the evolutionary and cosmo-
logical correction®,(2) andk,(2) for the cc andZ, Sb model
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Fig. 9. K-correction — including the attenuation — for the Sh-model.

Table 1. Evolutionary and cosmological corrections for
(Ho, Qg) = (65, 0.1). The complete version of the table is given
on our homepage.

Sb model
0.0 0.00 0.00 0.00 0.00 | ... 0.00 0.00
0.1|-0.17 0.18 | -0.16 0.26 | ... -0.05 -0.22
o FE— . " . 0.2 |-0.33 026 |-0.29 052 | .. 0.62 -0.42
Redshift z 0.3 | -0.48 0.34|-0.41 0.71] .. 0.52 -0.61
Fig. 8. Comparison of cc and, models for Sb in theéJ-, B-, and

K-band. Decomposition into evolutionary (top) and cosmological
(bottom) corrections.

solar metallicity models. Note that her models do not include
_ o _ the attenuation by intergalactic HI and — due to a shorter wave-
For thek-corrections, the situation is quasi reversed. Tilength coverage — do not allow for cosmological corrections
z~ 0.5 thekg-correction for the cc Sb model increase&#o~ in U for z> 2 and inB for z> 2.5. So we compare with our
1 and then it slightly falls t&g ~ 0.4 atz~ 3. Beyondz= 3, non attenuated cc models at this point. We also calculate the
kg increases rapidly to 3.7 at~ 5. For theZ, modelkg fol-  e.correction for the cosmology given by Poggianti (1997) for
lows a trend similar to that of the cc model but with &@fset of s comparisonHy = 50, Qo = 0.5). Figures 10 and 11 show
~-0.3. Theky-corrections show a redshift evolution similar tqpe comparison between our E and Sc cc models with the re-

that Oka. HOWeVer, thé(u is smaller tharkB at lower redshifts Spective models form Pogg|ant| (P) in tbe andB-band. Note

Z~ 2.6-3.5 the ky-correction increases from 0 te3 as the

Lyman-break gets redshifted into theband. Beyond = 3.5 ] ) ]

the Lyman-break is shifted out of tHé passband and henceB- Redshift evolution of apparent magnitudes

the curve flattens. The flierence between the cc and the The redshift evolution of apparent magnitudes in
model is again anfiset of~—0.3. TheK-bandk-correctionfor y B v, R, Ic, J, H, K and HST filters is given on our
the cc model is always negative. It drops dowik¢o~ —0.9 at  pomepage.

redshiftz ~ 1.3 and rises téw ~ O atz= 5. Until z= 1 the dif- In Fig. 12, we show the redshift evolution of apparent mag-
ference between cc ad models is small£0.1). At redshifts pitydes for the E, Sa, and Sd model in in HE®50-band
21.5 the cc model has arteet inkk of ~0.3-0.4. (~JohnsorB) and (M50— m606)~ (B — V) colours and com-

The k-corrections and the + k-corrections shown before pare to the photometric redshift catalogue for the HDF galaxies
do not include the #ect of attenuation to highlight theffer-  (Sawicki et al. 1997). For each model the evolution is plotted
ences between the cc and the models. Figure 9 shows thewith (thick lines) and without (thin lines) attenuation.
k-corrections for the Sb model including the attenuation (cf. Before we present a very first and preliminary comparison
Fig. 8). Itis seen that the attenuation is the domingiecébe- of cc models with LBG data we recall that 1st our models refer
yondz=3inU andz=4inB. to integrated properties of galaxies and 2nd our model galaxy
types — being described by SFHs or SF timescales — refer to a
spectral and not to a morphological classification of galaxies.
The question how far back in time the locally observed 1-to-
We compare both our model andk-corrections to those of 1 correspondence between spectral and morphological galaxy
Poggianti (1997). She calculated tkeand k correction for types remains valid is another open question.

5.2. Comparison with earlier work
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Fig. 10. Comparison between our cc models and the solar modelsggfy 11, Same like Fig. 10, but now in thé-band.
Poggianti (1997) (P). The top panel shows Kieorrections and the
bottom panel the-corrections for E and Sc modelslin Note that we
compare none-attenuated models in Poggianti's cosmoldgyYy) = redshiftsz > 2 the E model gets as blue as the spirals. This is
(50, 0.5). partly due to the strong light contributions from low metallicity
stars and partly due to the youth of its stellar population (age
~1.6 Gyr atz ~ 2). In the redshift range.25< z< 0.75 the E
The E model becomes apparently fainter at redshitisodel is very red450— m606)~ 1.7. The colour dierence
0 < z< 1(m450~ 24 mag), it then starts getting brighter agaipetween the Sa and Sd models is sm&l,3. The models fol-
as it approaches its active star formation phasez At3 the |ow the data well, but there are a lot of very blue objects which
attenuation comes into play and makes the model get faingghnot be explained by our models of undisturbed galaxy
rapidly. Byz = 5 the diference between the attenuated and thgolution.
non-attenuated models increases id mag. At redshiftsz 2 3 the models with attenuation fit the data
The Sa and Sd models become fainter at redshiftsutch better than models without attenuation. While st1
0 <z< 1, withm450~ 24 mag for Sa andd50~ 27 mag for a large number of faint and blue galaxies are seen in the HDF,
Sd atz ~ 1. Thenceforward both spiral models get moderatebfuer and fainter than our late-type spiral models, the bulk of
fainter until the attenuation comes into playzat 3. galaxies at I z < 3 are well compatible wit our normal spiral
In comparison to the HDF data from Sawicki et alprogenitor models.
(1997), the Sa model follows the bright limit familiar well. A detailed modelling and interpretation of thesgman
The Sd model gets fainter than the observational limit &reakGalaxies [BGSs) is beyond the scope of the present pa-
m450< 29 mag beyona = 2 while the classical initial col- per. It will be the subject of a forthcoming paper including a
lapse E model is too bright &= 2 to be comparable with much larger number of LBGs both with spectroscopic and pho-
the data. The lack of luminous galaxies at redshifts lowtrmetric redshifts (see Miér et al. 2001b for first and prelim-
than 0.5 is the selectiorffect explicitly intended by the choiceinary results). This investigation will use the full multi-colour
of the HDF. The lack of galaxies as luminous as our classicalformation available for HDF and other deep field galaxies.
model, however is real and not due to any selection or bias. But
on the basis of the luminosity we can not determine the role ?f
attenuation. To do this observationg 4.5 are needed. '
More information is provided by the colours of galaxiesOur evolutionary synthesis model is now chemically con-
For the M50- mB06) colour evolution it is seen that forsistent with respect to both the spectrophotometric and the

Conclusions
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distribution in various galaxy types build up with time to yield
after~12 Gyr agreement with stellar metallicity distributions
observed in our and other local galaxies. We also presented the
time evolution of the luminosity-weighted mean stellar metal-
licities of different galaxy types in various bands. It is these
luminosity-weighted metallicities that are expected to be mea-
sured by metal-sensitive absorption features observed in the in-
tegrated light in the respective passbands.

For the spectral galaxy types E, Sa to Sd, we give the spec-
tral energy distributions over a wide wavelength range (9.09—
R — 160000) nm in their time evolution from ages of 1 Gyr up to

Sa Galay —— 15 Gyr.

§d Galaxy -~

35 |

w
S

m450 [Mag]

N
a

dof
20 i/ /

0 1 2 3 4 5 Any desired set of filter response functions can directly be

Redshift z

used to calculate from these spectra the time and redshift evolu-
tion of galaxy luminosities, colours, evolutionary and cosmo-
N logical corrections and apparent magnitudes (for any desired
cosmological model).

In comparison with models using solar metallicity input
. physics only, we discuss thefects of the inclusion of sub-
solar metallicity stellar subpopulations. In chemically consis-
tent models E galaxies appear significantly fainter to redshifts
1 z~ 2.5 as compared to solar metallicity models. A smaller
number of ellipticals is thus expected to contribute to magni-
tude limited samples.

(m450 - m606) [Mag]
=

HDF Data Sawicki et al. 97
E Galaxy att. ====---
Sa Galaxy att.

o5t . sdalayat -- Chemically consistent spiral models, on the other hand, ap-
o — pear brighter az 2 2 than they would if only solar metallicity
-1 - : : : . .
0 1 2 3 4 5 input physics were used. Hence, we expect a larger number of

Redshift z

intermediate and late-type spirals framz 2 to show up in
Fig. 12.Redshift evolution oB-band luminosity (450) and from the magnitude limited surveys.
B-V colour (m450-m606) compared to the HDF galaxies photometric

redshift catalogue of Sawicki et al. (1997). Vertical bars show the 1 We pre_sent a large grid of evolutlonary and cosmologl-
luminosity and colour ranges of local galaxies. cal corrections as well as apparent magnitudes and colours

in various filter systems (Johnson, HST, ...) from UV to NIR

including the &ect of attenuation by intergalactic HI for
chemical evolution. This gives the possibility for a detailegalaxy types E and Sa to Sd using cosmological parame-
study of the age and metallicity distributions in the compositers Ho, Qo) = (65, 0.1) with a redshift of galaxy formation
stellar populations of galaxies. In the framework of simplifiedssumed to bg = 5.
closed-box models where theflérent spectral types of galax-  \jodels and results our chemically consistent chemical evo-
ies E, Sa, Sb, Sc, and Sd are described by their respective|gion models in terms of a large number of individual ele-
propriate star formation histories we analyse how the pre;eq%nt abundances in the ISM of various spiral types were pre-
observed average stellar abundances and abundance distgBHted in Lindner et al. (1999) and used for the interpretation
tions have evolved in time. of Damped Lyr Absorbers.

While — V.V'th .somewhat. dierent star .formatlon hlls.tones A very first and preliminary comparison with the redshift
— models using input physics for one single metallicity (e%

. . volution of HDF galaxies with photometric redshifts from
solar) only can also be brought into agreement with locally o 9 b

. . awicki et al. (1997) indicates that their luminosities, colours
served galaxy colours and spectra, the evolution with redstg d SFRs are well compatible with those of our normal spiral
is significantly diferent.

i ; . odels over the redshift interval from~ 0.5 all throughe > 4.
Before analysing galaxy data out to high redshifts we magze SOV shittinterv ughz >

sure that our chemically consistent models correctly describe 2 détailed and extensive comparison of our chemically
the integrated properties of galaxy types E, Sa—Sd in theirspEEDS'Ste”t model results with the full set of observed colours
trophotometric appearance from the UV through the NIR, thé} ? Igmlnog;rles of high redshlf; gar:aX|e§ (e.g. Lyman Break
average ISM abundances, the metallicity of their stellar pop&laxies) will be presented In a forthcoming paper. -
lations, their gas content, present-day star formation rates and!n the framework of chemically consistent models it is also
the chemical abundances of various elements. possible to include thefkects of dust in a Iargely consistent

This large number of observables allows to tightly corway, tying the amount of dust to the evolving gas content and
strain the 0n|y free parameter of our closed-box 1-zone mdaetallicity. Stellar track based chemically consistent models
els: the time evolution of their star formation rate or theWith dust will be presented in a companion paper byligt*
star formation history. We show how the stellar metallicitgt al. (in prep., see Bller et al. 2001a,c for first results).
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