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Abstract. A new method is developed for estimating photan the past, as supported by the discovery of a population of
metric redshifts, using realistic template SEDs, extending oveaassive, starforming galaxies at~ 3 (Madau et al. 1996;
four decades in wavelength (i.e. from 0.0 to 1 mm). The Steidel et al. 1996). These objects are likely to be progenitors
template SEDs are constructed for four different spectral typefsthe present day galaxies (Giavalisco et al. 1996; Lowenthal
of galaxies (elliptical, spiral, irregular and starburst), satisfyingt al. 1997) and hence, a statistical study of this population
the following characteristics: a) they are normalised to produftem the epoch of galaxy formation to the present, gives clues
the observed colours of galaxieszat- 0; b) incorporate the towards scenarios of the formation and evolution of galaxies
chemo-photometric spectral evolution of galaxies of differe(fukugita et al. 1996). This can also constrain the star formation
types, in agreement with the observations; c) allow treatmdnistory of galaxies out ta ~ 3. Such studies require redshift

of dust contribution and its evolution with redshift, consistentformation for a population of starforming galaxies at faint
with the spectral evolution models; d) include absorption ahglvels. Recently, the depth of the available surveys is greatly
re-emission of radiation by dust and hence, realistic estimateggfended by the Hubble Space Telescope (HST) observations
the far-infrared radiation; e) include correction for inter-galactiaf the Hubble Deep Fields (HDF). The large spectral coverage
absorption by Lyman continuum and Lyman forest. Using theséthe HDFs provide a unique opportunity to study evolutionary
template SEDs, the photometric redshifts are estimated tomoperties of faint galaxies.

accuracy ofAz = 0.11. Ground-based spectroscopic measurements of the brighter

The simultaneous and self-consistent modelling of both the < 25 mag.) sub-sample of the HDF have been performed
photometric and chemical evolution of galaxies and the effect@ohen et al. 2000; Steidel et al. 1996; Lowenthal et al. 1997;
dust, makes this technique particularly useful for high redshitepf et al. 1996). However, for the fainter galaxies in the HDF,
galaxies. The effects on the estimated photometric redshifts, dedshift measurements are more difficult with spectroscopic fea-
to assumptions in the evolutionary population synthesis modélsies almost impossible to identify. For these objects, the pho-
are investigated and discussed. Also, the degeneracy in the poeetric redshift technique (Loh & Spillar 1986; Connolly et al.
dicted photometric redshifts and spectral types are examing€95) is faster than its spectroscopic counterpart and applicable
using a simulated galaxy catalogue. to much fainter magnitudes. This is due to a larger bin size in

photometry compared to spectroscopy 000 A vs. 1 — 2A),
Key words: galaxies: evolution — galaxies: formation — galaxieading to a shorter exposure time with a trade-off in accuracy
ies: photometry — galaxies: starburst — cosmology: observatiaithe measured redshifts.

Considering the new generation of 8m class telescopes, the
planned instrumentation on the HST and future, high sensitive
radio telescopes, a substantial number of deep surveys at dif-
ferent wavelengths will soon become available. Most of these
Recent multi-waveband galaxy surveys, carried out from UV ggalaxies will be too faint for spectroscopic study and hence,
radio wavelengths, have identified a population of rapidly stife photometric redshift technique is the only practical way for
forming galaxies in the range < z < 3 (Sullivan et al 1999; estimating their redshifts. In a recent assessment of different
Lilly et al. 1996; Cowie et al. 1997, Rowan-Robinson et apbhotometric redshift techniques, using a redshift-limited spec-
1997; Hughes et al. 1998; Mobasher et al. 1999). In particulg6scopic survey, it was shown that photometric redshifts can be
these studies confirm a relatively higher rate of star formatigedicted with an accuracy of 0.1 (0.3) 68% (99%) of the
sources examined (Hogg et al. 1998). Therefore, photometric

* Table 1 is only available in electronic form at the CDS via anony-

mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdswebrﬁ-dSh'ﬁS could provide a powerful tool fatatistical studies

strasbg.fr/Abstract.html of evolutionary properties of galaxies and in particular of faint

* Affiliated to the Astrophysics Division of the European Spacgalaxies for which spectroscopic data are difficult to obtain.
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1. Introduction




518 B. Mobasher & P. Mazzei: A self-consistent photometric redshift technique

The most important step in any study concerning photomet- Photometric redshift technique
ric redshift measurement, is the choice of the template SpecE%Ir a given galaxy, the photometric redshift can be estimated
Energy Distributions (SEDs) for different populations of galax- Y Y Y, P

ies, with which the observed SEDs should be compared. Th pecomparnng Its opserved SED with a set of template. SEDs,
are two general ways for adopting the template SEDs: corresponding to different morphological types and shifted to

different redshifts, accounting for galaxy evolution with look-
a) Empirical templates: in this case one uses the nw®BN back time. The redshift and spectral type associated with the
servedSEDs corresponding to different types of galaxiesemplate SED closest to the observed SED will then be assigned
The problem here is that there are not enough informatigithat galaxy. The comparison is carried out by minimising the
about the observed SEDs for different classes of objects\atfunction
different redshifts (particularly at high redshifts). Therefore,
incorporating the spectral evolution of galaxies of different2 _ i i i\2
types on their template SEDs is difficult and uncertain. - 2 (Fops = 0Fnptare)[7")
b) Synthetic templates: uses model SEDs for different spec- o o
tral types of galaxies, shifted in redshift space, assumigg‘ere the summation, is over the passbands wifff,; and
evolutionary population synthesis models. The main proBtempiate D€ING, respectively, the observed and template fluxes
lem here is to constrain the evolutionary model parametésa given passband, o* the uncertainty in the observed flux
to produce realistic model SEDs (for different types) asanda the normalisation, estimated in two different ways. First,
function of redshift. In particular, the effect of dust at higlit is estimated by forcing the template SED to have the same to-
redshifts (specially in star forming galaxies) is not knowntal energy (calculated by integrating the SED over the observed
wavelength range) as the observed SED. Second, the normal-

To avoid these problems, we introduce a combined approa%%,tion is used as a free parameter in the fit in minimising the

producing realistic model SEDs based on chemo-photometrig The two methods give very close results. The comparison

Evolutionary Population Synthesis (EPS) models, extendi %Itweenthe observed and model SEDs, over the entire range of

from.UV to 1 mm n wavelength. The.te.mplate.SEDs here, a{%%served SEDs, will constrain the three free parameters (i.e. red-
consistently and simultaneously optimised to; a) produce t

. ; sﬁift,s ectral type and normalisation). However, due to changes
observed colours of galaxies at~ 0; b) incorporate chemo- P yP ) g

X X . . . with redshift in the properties of galaxies, we also need to allow
photometric evolution for galaxies of different types, in agree. . .
. o -2 “Tor evolutionary effects on the model SEDs. This introduces

ment with observations; c) allow treatment of dust contribution : : . .
. : . . ) : more free parameters which will be constrained using observed

and its evolution with redshift, consistent with the EPS mod: ; . : :
datlta, as discussed in the following sections.

els; d) include absorption and re-emission of radiation by dus In order to construct the template SEDs needed for photo-

and hence, realistic estimates of the far-infrared radiation;r%tric redshift measurements, we use EPS models, required to

include correction for inter-galactic absorption by Lyman COstimate changes in properties of galaxies with redshift. These

tinuum and Lyman forestThe evolutionary models and hence .
. L odels allow us to develope the template SEDs as a function of
the template SEDs, are constrained by minimising the scatter

. . X redshift for different types of galaxies. In the next section, the
between the photometric and spectroscopic redshifts for a cak . .
o . . ) S models used to derive the template SEDs for different types
ibrating sample of galaxies with known spectroscopic data

The main advantage of this technique over the preVioofgalames,andthelrunderlylng assumptions are discussed. The

. L ) Models are constrained, using obsenesal SEDs for different
works is that it simultaneously and self-consistently allows for . L .
) . .fypes of galaxies and by optimising the estimated photomet-
the treatment of both the photometric and chemical evolutig: ; : X
e . o . Tic redshifts to produce their spectroscopic counterparts for a
of individual galaxies with time. Moreover, since the synthetic_,., . : : :
calibrating sample of HDF galaxies with known spectroscopic

r:rr:]%asteoﬁeESjulc dozﬁ:lst:;?eﬁlngjsg?r:g g\:i r;?szlcjjbs-rgé)ns \;\(/)ag 'Igshifts. Details of the procedure adopted in this study are sum-
gihs, y P ﬁ?arised in the flow chart in Fig. 1.

mate contributions from individual galaxies to the far-infrare
and sub-mm wavelengths. Also, the effect of dust and its evolu- _ . _
tion with redshift is self-consistently accounted for in the tend- The evolutionary population synthesis models

plate SEDs and optimised to produce the observations. Thi%&f‘nthetic SEDs are constructed following a self consistent pro-

crycial in.any photpmetric red§hift techhique if it is to be apsgqyre incorporating stellar emission, internal extinction and
plied on high redshift, star-forming galaxies (Meurer etal. 199/;_amission by dust. These chemo—photometric EPS models,

Cimatti etal. 1998). _ . . providing the SEDs extending over four decades in wavelength
The new photometric redshift technique is outlined in th@e_ from 0.05:m to 1 mm) (Mazzei et al. 1992, hereafter

next section. In Sect. 3, the EPS models are briefly discuss'@g(Dgz)’ allow us to investigate the local properties and the

Sect. 4 presents the calibration sample. This is followed by the, ,tion with galactic age of the SEDs of different galaxy
optimised template SEDs in Sect.5. The uncertainties in %
e

i=1

. ; ; Bes. In particular, we use realistic EPS models for disc galax-
photometric _redshlfts and spectr_al types are explored in Sect -(MXD92), early—type galaxies (Mazzei et al. 1994, hereafter
The conclusions are presented in Sect. 7. MDX94; Mazzei & De Zotti 1996) and the far-infrared lumi-

nous starburst population (Mazzei et al. 1995).
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suming a dust—to—gas ratio proportional to the gas metallicity

\lodel SEDs (E, Sp, Sb, Irr) Optimized o fit local and the dust re-radiation froman up to 1 mm. We assume
[IMF, 0, fg, 10, Zyas: % form] (’Zl:bc(r‘(;d,?El]ODf aleo), that gas and stars have the same distribution. In particular, for
' ' spiral, starburst and irregular galaxies we follow the same ap-
proach as described in MXD92 (i.e. an exponential function of
the galacto-centric radius- see their Eq. (11)) whereas for el-
————,— E:fii;j:e“?{lifkff;m ‘, lipticals we follow MDX94 (i.e a density profile given by the
1)}£)11111i1:11i7$1i12(1)1ge7‘mp:1ametelS tgor g"ix‘i‘n 11’1’0(101 pahn;:zf[;s Klng (1966) mOdel)' Results are not strongly dependent on the
between zppor and Zgpee (IMF, Zfopm etc) adopted geometry. The evolution of the optical depthfol-

lows directly from that of the gas metallicit,, s and f, since
T(t) o Zgqs(t)*® fy (asaconsequence of the assumption of a gas-
to-dust ratio being proportional to the gas metallicity; MXD92,
G = () (a2 /2‘ MDX94). This results in very different histories for the effec-
- tive optical depths (WhertBr;r/Lpo; = 1—exp(—7ey5)) inthe
\ early phases of the evolution of ellipticals in the model, which
is based on the adopted IMF parameters.

fy = 771ya,s/7ny(1l

B(t) = Vo f, ()" M, l/"’7| Final Template SEDs - ]
i e e for E, Sp, Sb, Irr The IMF and the SFR are the main parameters, controling
T(1) x Zpe f,(1) rms=0.11 the e-folding star formation time scale, the chemical evolution

and, as a direct consequence, the optical depth of the system.
Thus, the far-infrared data, where available, are expected to
constrain the galaxy metallicity. Therefore, by comparing the
local observed SEDs of different galaxy types with models, we
Fig. 1. Flow chart summarizing the photometric redshift technique.constrain both), and the IMF. The observed SEDs for nearby
spiral and elliptical galaxies with known metallicities and far-IR

In order to match the photometric properties of the galax}RAS) observations are used to constrain the IMF parameters
types, expected to dominate deep surveys, we consider 4 8if-that these models successfully reproduce the local chemo-—
ferent templates, consisting of; elliptical, spiral, irregular anghotometric properties of both these types over four decades in
starburst. Details of the SED models for these types and tha@velength. However, the parameter which is most sensitive to
evolution with cosmic time are given in the above referencdbe local properties (i.e. the gas content and optical colours) of
In this section, an overview of the main parameters (to be opgialaxies along the Hubble sequence, is the initial star formation
mised using observed SEDs) will be presented. rate iy (Sandage 1986), which will be constrained for different

The EPS models, used to generate synthetic SEDs for djfpes of galaxies, using the observed SEDs (Sect. 5.1).
ferent types of galaxies, have been linked to their chemical evo-
lution so that the increased metallicity of successive stellar ge “The calibration sample
erations is taken into account. We adopt a parametrization for P
the time evolution of the star-formation rate as To further constrain the evolutionary parameters in these mod-

B n els, in particularn and z¢,,..,, a calibration sample of HDF

V() = vofg (t) Mo/yr, (@) galaxies with available sjp;ectroscopic redshifts is compiled. The
wheref, is the fractional mass of gas which takes part in the stealibration sample contains galaxies bright enough to allow
formation (f, = mgyqs/mgar) andiy is the initial star-formation spectroscopic redshift measurements, consisting of both objects
rate (i.e. SFR at = zjopm; Where zy,.., is the formation with UBVIdetections and the UV ‘drop outs’ (i.e. high redshift
redshift). We assume that initiall, = 1 with m,, = 10'! objects). The advantage of using the HDF galaxies as the cal-
Mo. ibration sample here is two-fold: (a) HDF galaxies cover the

The synthetic spectra for the stellar generations with diffespectral range required for photometric redshift measurement,
ent metallicities which contribute to the galaxy SED are estiontaining galaxies in the range < z < 3.5; (b) they are
mated at any given time, using the recent set of isochrones ceelected using a uniform criteria, for both nearby and distant
structed by Bertelli et al. (1994). These incorporate the resufjalaxies, making this an unbiased calibration sample.
of new stellar evolutionary calculations, based on six metallicity The calibrating galaxies are individually inspected and for
values: 0.0004,0.001,0.004,0.008,0.02 and 0.05. The isochroga@axies with close neighbours, a smaller aperture is adopted
have a fine coverage of masses and ages and include almogbadivoid contamination of their light by nearby objects. For the
the evolutionary phases from the main sequence to the stapgcts with no UV detection (i.e. UV ‘drop outs’), a U-band
of planetary nebulae ejection or carbon ignition, as appropriatagnitude of 28.01 mag. was assumed for the photometric red-
for a given initial mass. This allows us to link the photomeshift measurement. Although thisis likely to introduce a bias due
ric and chemical evolution in galaxies. Further, at any givdn a colour-magnitude relation (i.e. fainter galaxies are bluer),
time and wavelength, the models incorporate both the average do not expect it to be significant. This is examined by ex-
correction due to internal extinction by the enriched ISM, aploring the rang@8.0 < U < 30.0 for each of the galaxies in
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the UV- drop out sample and estimating their respective phcharacterized by intense star formation activity, making them
tometric redshift. Using models with the same parameters, wewerful far-infrared sources (Fig. 2.2a) (see MDX94 for more
find, on average, only a small sensitivity of the estimated phdetails).
tometric redshifts{ 30) to changes in the UV magnitudes in ) ) ) )
the above range. b) Spl_rals.The models which produce synthetic SEDs f(_)r spiral
The calibrating sample, consisting of 73 galaxies, is listed @faxies have: = 2 andv,y = 10 Mc/yr. They are consistent
Table 1 together with their UBVI photometry and spectroscopiith an e-folding star formation time scale of 10 Gyrs, corre-
redshifts. The reliability of the spectroscopic redshifts and t§@°nding to a formation redshift of 2 (i.e. an age of 10-11 Gyrs).
photometric accuracy of individual galaxies are discussed JHiS gives alocal value ok r;r/Lpor = 0.3, very similar to
the footnote to this table. The calibration sample in Tabletgatof ourown Galaxy. This model re-produces the local SED of
was selected to be in the HDF area, to allow accurate UBWGC 3627 out to the far-infrared wavelengths (Fig. 2.1c). Spi-
photometry and to have unambigious spectroscopic redshifid.galaxies are slowly evolving with timé ¢/ Lo < 0.1
Moreover, objects with non-stellar sources of energy (i.e. graRgyondz = 1), resulting a smooth evolution for their SED
itationally lensed candidates; Zepf et al. 1996) are not includdfi9- 2.2¢)- (see MXD92 for more details).

The magnitudes are in the AB system and are measu.red.o CStarbursts. The template SEDs for the starburst population
an aperture of 3 arcsec diameter (unless stated otherwise in

e .
are produced taking = —1, 9 = 2 Mg/yr and a forma-
footnotes to Table 1). : . .
hift of 5. Th I ful
The EPS models for different types of galaxies are theref tign redshift of 5 's template does not produce powerfu

. o -infrared emission at any redshift and hence, its local SED
further constrained by minimizing theens scatter between the y

. . . . Fig. 2.1b) is different from that of local luminous far-infrared
photometric redshifts, predicted by our models, and their sp Carbursts (ie. M82 and Arp 220). The SFR in this model is a

EIEESCOS:C ]Sou|r1 é(laargart, clj“'slm]? t?ﬁcahb;&t\tlon sa:cmplle n TabLegléadual process with a smooth time scale, leading to formation
us, the fina models for diterent types ot galaxies, wl very blue, metal poor systemszat- 0 (Fig. 2.1b) and a blue,

We_define as templates (see below), have logak(0) SEDs dust-free (rir/Lror < 0.05) system at > 1 (Fig. 2.2b).
which match the local, .observed, SE.DS of the gorreqund| His mimics a scenario involving frequent but short bursts of
galaxy types and evolutionary properties constrained, using &r formation, which use a small fraction of gas in these sys-

calibration sample here. tems (strong bursts of star formation rapidly exhaust the gas,
leading to ellitpical like systems). The starburst templates here
5. The template SEDs represent the average evolutionary behaviour expected for this

5.1. EPS model parameters population of galaxies.

A large number of EPS models with different input param&l) I'regulars. The Irregular template has been produced with
ters (IMF, o, n andz so,.,) are developed, each accounting fothe same recipe as the starburst but with a formation redshift
both the local properties and evolutionary behaviour of the® 2sorm = 1 (ie. an age of 0.8-0.9 Gyr). The local SED of
types of galaxies considered here. For a given spectral type, fifg iregular galaxy NGC 4449 (Kennicutt 1992) is compared
model parameters are normalised at 0 by fitting them to the I Fig. 2.1d_W|th our local templates for both irregular and star-
local observed SED of their respective type. The evolutionafy/rSt galaxies. These templates are also comparee-aL.975
behaviour of the EPS models is then constrained by estimatifdg- 2-2d), showing a significant difference beyone 1.

the photometric redshifts to our calibrating sample in Table 1, 1hemodel SEDsat= 0forthe fourgalaxy types discussed
considering template SEDs with different parameters (i.e. IMEPOVE, agree well with the local observed SEDs, as shown in
andz o,,») and allowing for Lyman continuum and Lyman for_Flgs._Z_.la-Z.l_d. The effects of Lyman break an_d Lyman for_est
est absorption for > 2 galaxies. The template SEDs corre@Pacities are mc!uded to the template SEDs, using the relations
sponding to the evolutionary parameters which give the closést}) vs. z for different wavelengths, given in Madau (1995).
agreement between the photometric and spectroscopic redsHift§Se relations were fitted to parametric forms, which were then
are then adopted (see below). The sensitivity of the final res#g€d to estimate the respective correction (due to absorption by
(i.e. photometric redshifts) to the input parameters in the EB%er galactic medium) to the SEDs at any given redshift. The
models is studied in the next section while, details of the fOrrection due to Lyman break and Lyman forest absorption
nal templates for individual types, which best satisfy the abo{/@19€s fromA(Myy) = 0.25 mag. at: = 2to A(Myy) ~ 1
requirements, are summarised below: mag. atz = 2.5.

a) Ellipticals. The synthetic SEDs, representing elliptical gala
ies, are constructed takimg= 0.5 andy, = 100 Mg /yr. This
gives are-folding star formation time scale of 1 Gyr and reproln this section we study the dependence of the results (i.e.
duces the observed local SEDs for the ellipticals (Fig. 2.1a).the photometric redshifts) to the model parameters which most
formation redshift of 5 is estimated, corresponding to an agesifongly affect the final template SEDs and hence, the predicted
13 Gyrs. These models predict a noticeable extinction by dyrtotometric redshifts. These parameters consist of the shape
(Ap < 4.6 mag) in the first stages of their evolution which aref the IMF and its lower mass limit, the total number of tem-

5.2, Sensitivity of the template SEDs on the model parameters
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Fig. 2.1a—c.The synthetic Spectral En-

ergy Distributions (SEDs) are predicted

and constrained to fit the observed data

at z ~ 0, as explained in the text

: =1 (left panel). Details of each panel and

| _|  the source of the observational data for

1 z=0 - each type is given belowFig. 2.2a-c.
1c 2=1.75 The local synthetic SEDs for differ-

N ent types of galaxies from Figs. 2.1a-

\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\ C(SO|id|ineS)arecomparedwiththeir

-1 05 0 05 1 15 2-1 05 O 05 1 15 2 counterparts atz ~ 1.75 (dashed
log (A pm) log (A pum) lines).

a) Elliptical galaxies: open squares (Burstein et al. 1988); filled triangles (Schild & Oke 1971); filled circles (Oke & Sandage 1968); asterix
(Kennicutt 1992); the filled circles at FIR wavelengths correspond to the average local FIR SED for these galaxies (Mazzei & DeZotti
1994b).

b) Starburst galaxies: this corresponds to the observed SEDs of NGC5996 (MK691). The observed data are taken from: filled circles (Kennicutt
1992); asterix in the shorter wavelength region (IUE data from Kinney et al. 1993); asterix in the near-IR region (Balzano 1983); FIR data
(IRAS Catalugue Version 2 (Fullmer, L. and Lonsdale, C. 1989)); the IUE data are measurexy'6verl0” aperture and are shifted
vertically by a factor of 1.6 to normalise to the optical SED; near-IR data, measuretilo$€raperture has been shifted by a factor of 4.5.

c) Spiral galaxies: this corresponds to the NGC3627 galaxy. The observed data are from Kennicutt (1992) and Rice et al. (1988).

log F,

plates (i.e. spectral types) and the formation redshift for eastich gives the smallesms estimate in Table 2 (i.e. model
galaxy type. New template SEDs are generated correspondigs then adopted. The photometric redshifts estimated for the
to EPS models for elliptical, spiral, starburst and irregular galagalibration sample, using the adopted template SEDs (model 4
ies, using the parameters listed in Table 2, with the rest of timeTable 2), are listed in Table 1 and compared with their spec-
parameters taken to be the same as discussed in Sect. 5.1trBeopic counterparts in Fig. 3. Tmms scatter of 0.11 here is
each set of the new templates, the photometric redshifts aretaken as the uncertainty in the photometric redshift estimates
timated for galaxies in the calibrating sample (Table 1) with the the ranged < z < 3.5. The uncertainties in correcting for
rmsscatter in the quantityz,no. — zspec)/(1 + zspec) (i€. be-  intergalactic absorption at > 2 indirectly affect the optimi-
tween the photometric and spectroscopic redshifts) calculagadion of the EPS model parameters in this section. To explore
and listed in Table 2. The templates corresponding to the motlas, we constrained the calibration sampidyto galaxies with
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2 [T T T T Table 2. Sensitivity of therms scatter between the photometric and

: spectroscopic redshifts on the EPS model parameters (i.e. template
1N 2=0.975 | SEDs)

r \ b Model IMF my Number of Zform rms
Templates E Sp Sb Irr

Salpeter 0.01 4 5 5 5 1 0.18
" 0.01 3 5 5 5 - 0.26
" 0.01 3 5 2 5 - 0.24
" 0.01 4 5 2 5 1 0.11

Salpeter 0.10 4 5 5 5 1 0.27
” 0.10 3 5 5 5 - 038
” 0.10 3 5 2 5 - 037
” 0.10 4 5 2 5 1 022

Scalo 0.10 4 5 5 5 1 0.28
" 0.10 3 5 5 - 052
0.10 3 5 2 5 - 045
0.10 4 5 5 1 0.25

Irr
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is indeed, a real effect. A similar study, using a different set of
EPS models and the optimised parameters in Table 2, would be
extremely valuable.

The galaxies in the calibration sample in Table 1 also have
near-IR data (Fedndez-Soto et al. 1999). The above procedure
was repeated, using the combined optical and near-IR magni-
tudes (UBVIJK) for the calibrating sample. This did not change
the optimized EPS model parameters in Sect.5.1 and Table 2.
As an independent test of the template SEDs here, we include
the near-IR magnitudes to the observed SEDs of the calibrating
R R R R R A, sample in Table 1 and estimate their photometric redshifts, using
1 05 0 05 1 15 2 the template SEDs predicted in Sect. 5.1 (model 4 in Table 2).

log (A um) Compared to their spectroscopic counterpartspasscatter of

. 0.13is found, in agreement with 0.11 from Fig. 3.
Fig. 2.1d. The local observed SED of IRR galaxy NGC 4449 (Ken- The amount of dust and its evolution with redshift is an

nicutt 1992), filled circles, is compared with the synthethic SED of .. . . .
our Irr template at = 0 (continuous line) and that for the starburs{mportant characteristic of the EPS models in this study. This,

galaxies (dashed lineig. 2.2d. The SED for irregulars (solid line) is &t @ny time, is computed self—consistently, accounting for both

compared with that for the starbursts (dashed line), both=a0.975.  the SFR and the IMF parameters. By extending the IMF to low
m; values fn; = 0.01 My), the gas depletion rate becomes

faster, reducing the dust enrichment rate. This leads to higher

z < 2 (which are much less affected by the IGM absorptiorgptical depth in the early evolutionary phase of our elliptical
and estimated the EPS model parameters so that to minimisaedels (templates)-(see also Mazzei & DeZotti 1996 for more
thermsscatter in Fig. 3. No change is found in the EPS modédetails). The UV extinction 4;;) corresponding to different
paremeters. Also, we explored the sensitivity of thes scat- IMF and m; values is estimated for both elliptical and spiral
ter in Fig. 3 to the number of template SEDs used (ie. includingmplates at different redshifts and are listed in Table 3. By
templates for different sub-classes of spirals), taking the numlokianging the shape of the IMF and its lower mass limit, the UV
of SEDs as a free parameter. This did not reduce the optimentinction for ellipticals at ~ 2 changesintherange 1 — 4
rmsscatter, derived using the four templates. mag. Considering the optimised model in Table 2 (model 4),

Considering the results in Table 2, it seems that one settbé extinction in spirals is significantly larger than in ellipticals
models (Salpeter IMF within; = 0.01My), give a consider- at z ~ 0 while, at higher redshiftsz( ~ 1.5), ellipticals are
ably better fit to observations. This was extensively tested bigscured more than the spirals. Using our optimised model in
exploring the parameter space, consisting of the IMF shape @wtt. 5.1, the template SEDs:at- 1.5 are compared in Fig. 2.2
its mass limits, total number of templates and formation redsth their counterparts at ~ 0. These show a significant dust
shifts. It was found that this is not due to sampling a particulaontribution to the elliptical SEDs at~ 1.5, as indicated from
region of the parameter space or the number of templates, #melpeak at the far-IR wavelengths.
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Fig. 3. Comparison between the spectroscopic redshifts with the piteg. 4. Histogram oflog(zoutput / zinput ) for the simulated HDF cata-
tometric values estimated here for 73 HDF galaxies from Table Ibgue. The continous line is the result for the photometric errds (

The spectroscopic redshifts are taken from Cohen et al (1996); Si®iB, AV, AI) corresponding to (0.15,0.10,0.05,0.05) and the dotted
del et al (1996); Lowenthal et al (1997); Dickinson (1998). The UVine corresponds to (0.25,0.15,0.10,0.10). Both the histograms peak
drop-out objects for which a U-band limiting magnitude of 28.0&round zero, implying that the redshifts in the simulated catalogue can
is used to estimate the photometric redshifts, are also included. Heeproduced to withit\z = 0.11.

crosses are HDF3646+1408 and HDF3659+1222 galaxies which have

uncertain published spectroscopic redshiftszof= 0.13 and 0.47 Table 3.Changes in UV extinction4;) with redshift, corresponding

respectively. The lines have a slope of unity. The photometric ret%'EPS models for Elliptical and Spiral galaxies
shifts are based on model 4 in Table 2. The rms scatter is estimated in

(2phot — 2spec)/ (1 + zspec) @and corresponds to 0.11 with the dashed

lines corresponding té-3c error. Salpeter IMF Salpeter IMF Scalo IMF
my = 0.01 M@ my = 0.1 M@ my = 0.1 M@
redshift Ay(E) Au(Sp) Au(E) Au(Sp) Au(E) Au(Sp)
6. Uncertainties in the photometric redshifts 0 .02 0.78 .02 2.18 .02 2.45
and spectral types 0.5 44 0.35 .34 1.22 .29 1.44
A potential source of uncertainty in estimating the photometric .67 0.15 6 0.57 43 0.70
. L . . 2.32 0.04 1.48 0.16 .83 0.20
redshifts and spectral types of galaxies is the possibility t ?
. . . . . 4.23 — 2.23 - 1.17 -
the models might be degenerate (i.e. different synthetic SE 479 - 928 105

corresponding to different redshifts and galaxy types producifg

the same result). Furthermore, the photometric errors in the ob-

served SEDs are likely to affect the final estimate of both the

photometric redshifts and the spectral types of their respectl¥®8 mag and an apparent magnitude distribution similar to the

galaxy. Also, due to the relative similarity of the model SEDgbserved HDF survey.

for starburst and irregular galaxies (Fig. 2), the accuracy with The photometric redshift code is used to predict the redshifts

which the spectral types for these systems are predicted, neleds:,,...) and spectral types of individual galaxies in the sim-

to be established. ulated catalogue and to compare them with their input values.
Toinvestigate the above problems, a Monte Carlo simulatidwo set of simulations are carried out, assuming different obser-

is performed. A simulated catalogue is generated to resemtadgional errors (i.eo in the Gaussian noise distribution). The

the observed HDF survey, with UBVI magnitudes, known rediifference between the input (simulated) and the output (pre-

shifts (input) and spectral types. The galaxies are randomtifcted) redshifts is presented in the histogram in Fig. 4, with the

selected to have SEDs similar to the synthetic SEDs for the farectral types compared in Table 4.

types of galaxies (elliptical, spiral, starburst and irregular) con- Thelog(zoutput/ zinput) distribution (Fig. 4), includingall

sidered in Sect. 5.1, shifted in redshift space. Random Gaussta four types of galaxies, shows a distinct peak at zero, in-

noise, resembling photometric errors, are then added to the sificating that the redshifts for the simulated galaxies are well

ulated SEDs. The simulated catalogue has a magnitude limirefproduced withim\z ~ 0.11. The objects, located at the tails
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Table 4. Results from the simulation of spectral types. Fraction of the galaxies of different types, correctly classified between the input and
output simulated catalogues are listed.

Photometric Errors Percentdge
AU) A(B) A(V) A(I) E Sp Sb Irr

simulation1 0.15 0.10 0.05 0.05 100% 79% 71% 85%
simulation2 0.25 0.15 0.10 0.10 100% 66% 49% 62%

! Ratio of the number of galaxies of a given spectral type in the output catalogue which are correctly classified, to the total number of galaxies
of the same spectral type in the input catalogue.

of the distribution in Fig. 4, are all galaxies classified as spiedshifts to galaxies can be estimated withriaas accuracy of
rals, irregulars or starbursts for which, the degeneracy of theid 1. Including near-IR data (UVRIJK), gives a similarsscat-
SEDs appears to be more serious (see below). When increas@min the photometric redshifts from this method. The sensitivity
the photometric errors in the simulated SEDs, the agreemenfthe results to different EPS model parameters are explored
between the simulated (input) and predicted (output) redshiéisd the degeneracy of the photometric redshifts and spectral
decreases but the distribution still peaks around zero (dotted lippes for galaxies are examined using a simulated catalogue.
in Fig. 4).

The spectral types of the simulated galaxies are Compaﬁgferences
with the predicted types in Table 4. This gives the ratio of galax-
ies of a given spectral type, which are correctly classified in tBalzano V.A., 1983, ApJ 268, 602
simulation (i.e. galaxies for which their spectral type in the inpBertelli G., Bressan A., Chiosi C., Fagotto F., Nasi E., 1994 A&AS
catalogue were successfully re-produced), to the total number 106, 275
of galaxies of the same type in the input catalogue. In both sinfHrstein D., Bertola F., Buson L.M., Faber S.M., Laurer T.R., 1988,
lations, we re-produce the spectral typesdivthe ellipticals in ApJ 328, 440
the input catalogue with no mis-identifications. However, due f"en J-G.. Hogg D.W., Blandford R., etal., 2000, ApJ 538, 29
the relative similarity of the UV-to-optical part of the syntheticc_onno_IIy A, Csab_al g Szalay AS., et al., 1995, AJ 110, 2655
SEDs for the spirals, irregulars and starburst galaxies (Fig. matti A., Andreani P., Rottgering H., Tilanus R., 1998, Nat 392, 895

. dwie L.L., Hu E.M., Songaila A., Egami E., 1997, ApJ 481, L9
we can recove_r re.SpeCtl.Vem%’ 85% and71% of the spectral Dickinson M., 1998, In: Livio M., Fall S.M., Madau P. (eds.) The
types of galaxies in the input catalogue.

- - ; . Hubble Deep Field. Cambridge University Press, Cambridge, p.
The conclusion from the simulation here is that the pho- 519

tometric redshifts are, on average, well produced (within thrandez-Soto A., Lanzetta K.M., Yahil A., 1999, ApJ 513, 34
expected accuracy) and are not affected by the degeneracyjRugita M., Hogan C.J., Peebles P.J.E., 1996, Nat 381, 489
the template SEDs. Furthermore, the spectroscopic type clgsvalisco M., Steidel C.C., Macchetto F.D., 1996, ApJ 470, 189
sification for ellipticals is reliable with 100% re-produced (i.eHogg D., et al., 1998, AJ 115, 1418
no mis-identifications) from the input catalogue while, for thelughes D., et al., 1998, Nat 394, 241
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b d col f galaxi 0 b)i te th azzei P., Curir A., Bonoli C., 1995, AJ 110, 559
observed colours of galaxiesat= 0; b) incorporate the Spec- .., p e zotti G., Xu C., 1994, Apd 422, 81 (MDX94)

tral evolution for galaxies of different types; c) allow a selfy;,,.ei p xu C. De Zotti G. 1992 A&A 256. 45 (MXD92)
consistent treatment of the dust contribution and its evolutiQfburer G R. Heckman T.M.. Lehnert M.D... Leitherer C.. Lowenthal
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