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Semi-empirical library of galaxy spectra
Gaia DPAC: CU8 GAIA-C8-TN-UOA-PAT-003-1

Abstract

This document describes the construction of a semi-enapirbrary of galaxy spec-
tra that will be used in cycle 4 of simulations. The librarynststs of approximately
33600 spectra from SDSS which were compared throggfitting with the second li-
brary of synthetic galaxy spectra (GAIA-C8-TN-UOA-PAT8Q) and found in good
agreement with them. Based on this comparison the obsen#hispectra were ex-
tended to the Gaia wavelength range and known astrophyscameters were as-
signed to them.
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1 Introduction

The performance of the classification and regression dlgos built for Gaia observations
depends a lot on the spectral libraries used to train thenthdrcase of galaxies two libraries
of synthetic spectra (GAIA-C8-TN-UOA-PAT-001-1, Tsalnza et al. 2007, GAIA-C8-TN-
UOA-PAT-002-1, Tsalmantza et al. 2008) have already beedymed with PEGASE.2 code
(Fioc & Rocca-Volmerange 1997). The first library includesiaall number of typical spectra
of 7 Hubble types while the second library was more completgaining a large sample of
spectra of 4 types. In figufé 1 we present the data of thosarids on the color-color diagrams
of SDSS galaxies.
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Figure 1. LEFT: The first library of synthetic galaxy spectfdne SDSS galaxies, the galaxies
produced in the first library and the typical synthetic speeof PEGASE.2 are presented with
black, red and yellow dots respectively. RIGHT: Random nie@déirregular (blue), starburst
(magenta), spirals (light blue) and early type galaxies€g). Black dots are SDSS galaxies
and green the 8 typical synthetic spectra of PEGASE.2.

Even though the synthetic libraries are in very good agregnvéh observational data an em-
pirical library in the procedure of classification and paeamzation is very important. The

advantage of an empirical library is that it provides a seteafl observed spectra, with the
corresponding astrophysical parameters defined from cosgpaof each spectrum with the
synthetic library. A library of observed galaxy spectra tonmed with the already produced
synthetic libraries will improve our results, check theability and completeness of our Ii-

braries and extend our research by using it in new ways sutle gerformance of unsupervised
methods.

For the construction of an empirical library we decided te sigectra from SDSS since it is the
best and the most complete galaxy survey at the moment. Tixgroblem with the spectra of
SDSS is that they cover a smaller wavelength range than theesded by the Gaia simulator.
To solve this problem we decided to extend the ends of theredsenal spectra with synthetic
spectra of our second library. In this way we had also the dppiay to compare our library
with real spectra. We describe the selection of the SDSSrspaed the procedure we followed
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in order to extend them to Gaia wavelengths. Closing thi®ntewe present a comparison
between the types of galaxies provided by SDSS and the tyjased for the observational
spectra through their comparison with the synthetic gatgpgctra of the second library.

2 Thelibrary of observed spectra of galaxies

2.1 The selection of the observed spectra of galaxies

The empirical library is derived from the 5th Data ReleasR%Dof SDSS spectra. This data
release includes observations for 552156 galaxies amorahwbt all of them are suitable for
Gaia purposes. To have a better opinion about those galamdegecide our selection criteria
we built histograms for the 12 main parameters which we abthirom the SDSS catalogues.
The distributions of those parameters are given in fiflirsmm2hdse diagrams we can see that
SDSS observations concern galaxies of various lumingsitrel at different distances. This
implies that many of the galaxies in this sample are extewtgetts and therefore may not be
observed by Gaia.

One of the main problems of the observed spectra is that e@raétrophysical parameters are
known for the galaxies from which they are obtained. In thialogues of SDSS only a rough
classification is given. This classification is based on #yaep of Yip et al. (2004). According
to this paper galaxies in SDSS with eClasB8.1 are considered to be early type galaxies while
galaxies with eClass-0.1 late types. The index eClass is provided by the SDSSogates
and it allows us to have a rough knowledge of the galaxy typedigure[2 we can see the
distribution of this index for the SDSS galaxies.

Another criterium used in SDSS for the classification of theeyved galaxies is the one given
by Strateva et al. (2001). According to this paper galaxieSDSS having a concentration
index smaller or larger than 2.6 are expected to be late or gge galaxies respectively. From
the distribution of the concentration index C in figlite 2 we,s&s in the case of the eClass, that
the SDSS observations cover a wide range of galaxy typesalFtre galaxies in our sample
we have obtained the informations that are related withythe of the galaxy.

Unfortunately neither classifications presented abovevarng strict, so they can be used only
for a rough classification of our sample. Additionally thdxs® criteria are not in a very good
agreement (figur 3).
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Figure 2: Distributions of the SDSS (DR5) galaxies for theapaeters(a) radius measure
(R90),(b) error in R90,(c) difference between fiber and model magnitudes in r bédjderror
in difference between Fiber and Model magnitudes in r bégd;oncentration index C and)
error in concentration index @g) model magnitude in r bandh) error in model magnitude in
r band,(i) S/N, (j) redshift,(k) error in redshift andl) the index eClass.

Technical Note 5



Semi-empirical library of galaxy spectra
Gaia DPAC: CU8 GAIA-C8-TN-UOA-PAT-003-1

Figure 3: The concentration index C vs the index eClass towthole sample of SDSS galaxies.

Our main concern was to select spectra with small errorsrémesent the whole area of the
galaxies observed. To achieve this, we chose spectra withr 83 and we used three criteria
to make sure that the spectra correspond to a large area géldoey. i) Knowing that the fiber
of SDSS has a diameter of 3 arcsec we demanded the radius tfiR@Mcludes 90 % of the
(petrosian) flux of a galaxy in the r band, which correspormdaltnost the whole area of the
galaxy, to be less than 4 arcsec. In this way almost all the bfja galaxy is observed by the
fiber and included in the spectrum. ii) The radius R50 is caapla with the fiber diameter
only for galaxies with redshift larger than 0.04 (Strausale2002). For galaxies with smaller
distances, small compact areas inside the galaxies arédeoed as independent galaxies and
therefore the SDSS photometry as well as the radius R90 aremesentatives of the whole
galaxy. For that reason we excluded from our sample all gedaxith z<0.04. iii) Additionally
we kept only galaxies with difference between fiber and modgjnitudes in the r band less
than 1 mag.

Having selected only galaxies with dimensions small ena@the spectrum comes from the
whole galaxy, we apply more criteria to exclude observatiwith large errors. More specifi-

cally we kept only galaxies with errors in fiber and model magtes in r band less than 0.01
mag and error in concentration index C less than 0.15. Indiguwve present step by step the
distribution of every parameter after the application @& grevious criteria. The final sample
contains 33670 spectra of galaxies that cover the wholeerafiggdshifts and types of the SDSS
observations. In figuld 5 we can see that the disagreemembethe two classification criteria
(index C and eClass) remains in our final sample.

2.2 Theextension of the observed spectra of galaxies

As we have already mentioned in the introduction the extensi the observed spectra at Gaia
wavelengths was made by using the 28885 synthetic spedina second library produced at a
random grid of parameters. In order to find the synthetictspetthat is in best agreement with
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Figure 4: Distributions for the parametdeg S/N, (b) z, (c) R90,(d) error in R90e) difference
between fiber and model magnitudes in the r bgf)cerror in model andg) fiber magnitudes
in the r band andh) error in the concentration index C for the DR5 galaxies of S[28er the
sequential application of criteria. The red line in eacht pipresents the selection criterium
applied for each parameter.

each observed spectrum we first had to make the two librasiepatible. The main differences
between them are the effects of reddening, noise and redsaifwere included in the SDSS
spectra and were absent at the synthetic ones. The first feciss€ould not be removed from
the spectra and therefore will have an impact in our restdtsnvever in the case of noise we
have selected only spectra with high S/N, so noise issudsyated.

On the other hand redshift must be corrected before makimgamparison between the ob-
served and the synthetic spectra. An example of this caoreathich was made by keeping the
energy constant in each spectral bin while relabeling theeleagth axis is given in figuid 6.

The next step was to rebin the SDSS spectra in order to rethegerésolution to the one of
PEGASE spectra. An example of this correction which was nigdeonsidering that the flux
is constant in each spectral bin is given in figure 6.
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Figure 5. The concentration index C vs the index eClass fenthole sample of the 30670
SDSS galaxies of our final sample.

Finally we normalized the fluxes by dividing the whole spewotrby the mean flux (or luminos-
ity) between the wavelengths 5490 and 5210

Having done all the above we were ready to perfortditting between the two libraries of
galaxy spectra. Every one of the 33670 observed spectraamagared with the whole sample
of the 28885 spectra of our library. The comparison was mgdedsking the areas where the
strongest emission lines occur and the edges of the spétfigure[ we present the areas that
were masked during the comparison and the results of theeedd-difference between each
SDSS spectrum and the synthetic spectrum with which theg veemd in best agreement.

From the distribution of the differences between the twealites we see that in many cases the
value of the square difference is quite high. To test if teislile to systematic errors during
y2-fitting we have plotted the mean square difference for @lgpectra of SDSS with the best
fitted synthetic spectrum at each wavelength (figure 8). Higore[8 it is obvious that the
differences are larger at the wavelengths where emissies kvhich were not excluded from
our comparison occur.

This implies that even in the cases that the value of theréifiee is large this might be due to
strong emission lines that are included in the observediispand missing from the synthetic
ones. In figur€ld we present six examples of the comparisdrinatite whole range of values
of difference.

From those figures we can see that even in the cases with @iftgrences the fitting of the
continuum is very good. This is not true for cases with sqd#ference greater than 15 where
the fitting mainly near the 4008 discontinuity is poor due to problems either in the synthet
or the observational spectra. However as it is obvious frguré[T the large majority of our
sample was fitted with square differences less than 15 anefftiie the agreement between the
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Figure 6: LEFT: Example of an SDSS galaxy spectra (51691284) before (black) and
after (red) the correction of redshift. RIGHT: Example oé ttame spectra before (black) and
after (red) the correction of the resolution.

observed and synthetic spectra is very good. We should &sp i mind that the spectral
areas that are going to be extended with synthetic edgesmaleand Gaia will have very small
efficiency at that wavelengths. For that reason the extansioche observed spectra does not
need to be very accurate.

The good performance of thé-fitting allowed us to proceed with the extension of the obser
spectra. The extension took place at the original spect&D&S, i.e. as they were before the
correction of redshift, change of the resolution and normaéibn. To do so we had to apply the
observed redshift to every synthetic spectra that founeé st dgreement with each observational
one. After this step we also had to multiply the normalizeddhiof the synthetic spectra with
the flux used to normalize the observed one.

The last step before the connection was to change the resohit PEGASE spectra at the
points were the connection would occur (i.e. 3792.2#68nd 9236.34193\). To succeed in
this we linearly interpolated the fluxes of synthetic speeett the wavelength range between
3000 and 11006 with a step of 104 at the synthetic edges and a step that was equal to the
step in the real spectra at the middle. Between those tws areadded two points so that the
pass from the parts with low to the ones with high resolutmbé smoother. In figudfeLO we
see an example of a synthetic spectrum after the applicatittre above procedure.

From figurd 1D we see once again that the agreement betwesgatland the synthetic spectra
is very good (see upper left figurk 9 for comparison).

The last step was to extend the real spectra with the syotbagies and change the units of flux
and wavelength to the ones needed by the Gaia simuldtdiy¢ /nm andnm respectively).
The header of each spectrum of this library provides theesbf all the parameters obtained
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Figure 8: The mean square difference for all the spectra 8S@ith the best fitted synthetic
spectrum for every wavelength.

by the SDSS catalogues for each spectrum as well as the omasted by PEGASE.2 code for
the synthetic spectrum used to extend it. Those parametelistd in table 1.

In this way we managed to construct an empirical library dBBSDSS spectra which will

be a very useful tool both for the classification and regogssif Gaia observations. Even
though we do not have knowledge of the astrophysical paemeff the observed galaxies
they are known for the synthetic spectra produced by PEGAfElserefore they can be used
for parametrization purposes. However we should not fafwggtin the comparison of the two
types of spectra we did not take under consideration theseoniines and therefore this library
cannot be used for the extraction of parameters that areedeta them (e. g. SNI and SNII

rate). On the other hand regression methods can be usediddibtiary for the parameters

related with the continuum within some errors.
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2.3 Thetypeof galaxiesin the empirical library of galaxy spectra

In the header of each observed spectrum of the empiricariibwe provide three numbers
indicating the type of the galaxy: the eClass, the C=R90/@®th from the SDSS catalogue)
and the T type given by our classification in the PEGASE Iypw@rsynthetic spectra. In this
paragraph we are going to compare the results of the SDSSfwdason with the ones extracted
by they2-fitting with the second library of synthetic spectra. In figlll we show the results
of the comparison.

In these plots we see that our classification based on theddboary of synthetic spectra gives
quite good results. For the large majority of the galaxiessified by SDSS as early types (at
least for 90% of them), our classification gives the sameltte$he few galaxies classified as
spirals are not in disagreement with SDSS classificatiocesin those catalogues Sa galaxies
are considered as early types while in our library as spirals

The results are alittle poorer in the case of late type gataxere a little more than 2237 of them
(21.56% of our sample) have been classified by our methodrstgpes. This was expected

since in our classification we have excluded the emissi@s hhich are very important features
for this kind of galaxies.

These results show that the synthetic spectra of our libdascribe quite well the different

types of galaxies that exist. On the other hand as we havadgirghown in figur&l3 the two

criteria used for the classification by SDSS are not vergtsand the diagrams in figukelll are
rough estimates of the real types. However a combinatiol di@three classification criteria

described here can give us enough safety at the knowleddee dfpes in order to check the
performance of our classification algorithms.
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Figure 9: UPPER LEFT: SDSS spectrum 53062-1445-172 (blac#)the synthetic spectrum
(red) with the smallest?-difference equal to 0.33. UPPER RIGHT: The same for thetspec
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Table 1: Parameters given for each observational galaxgtrgjme in the empirical library.

Parameter Units
Index number

morphological type (early type:1, spiral:2, irregulas@rburst:4)

type of star formation rate (proportional Mgas:1, prop. Blgath stop:2, exp:3)

pl of the star formation rate Myr or —
p2 of the star formation rate Myr/M
time since the star formation rate stopped Myr
infall timescale Myr
age Myr
normalized mass of the galaxy Mg
normalized mass in stars Mg
normalized mass in white dwarfs Mg
normalized mass in neutron stars and black holes o M
normalized mass in substellar objects Mg
normalized mass in the gas Mg

metallicity of the interstellar medium (mass fraction)

mean metallicity of stars averaged on the mass

the mean metallicity of stars averaged on the bolometrigriosity

normalized bolometric luminosity erg/s
the optical depth in the V-band (5500 A) from side to side

ratio of the luminosity emitted by the dust to the bolomeluiminosity

normalized star formation rate Mo /Myr
normalized number of Lyman continuum photons emitted 1/s
normalized SNII rate 1/Myr
normalized SNla rate 1/Myr
mean age of the stars averaged on the mass Myr
mean age of stars averaged on the bolometric luminosity Myr
objID

specobjlD

ra deg
dec deg
fiberMag-r mag
fiberMagErr-r mag
modelMag-r mag
modelMagErr-r mag
petroR90-r arcsec
petroROOEfT-r arcsec
petroR50-r arcsec
petroR50Err-r arcsec
z

ZErr

sn-1

mjd

plate

fiberlD

eClass

difference iny2-fitting
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