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Abstract. In this study we present a simple model of ellipticabn the general mechanism of galaxy formation and evolution.
galaxies aimed at interpreting the gradients in colours and ndnfortunately, separating age from metallicity effects is a cum-
row band indices observed across these systems. Salient featoeesome affair, otherwise known as thge-metallicity degen-

of the model are the gradients in mass density and star forneeacy(cf. Worthey 1994 and references therein) which makes it
tion and infall of primordial gas aimed at simulating the collapgdifficult to trace back the history of star formation and chemical
of a galaxy into the potential well of dark matter. Adopting @nrichment both in time and space. Despite this intrinsic diffi-
multi-zone model we follow in detail the history of star formaeulty, line strength indices such #s;, Mgs, (Fe), and[MgFe]

tion, gas consumption, and chemical enrichment of the galaaayd broad-band colours and their gradients are customarily used
and also allow for the occurrence of galactic winds accordingtiminfer age and composition and their variations across galaxies.
the classical supernova (and stellar winds) energy deposit. Theparticularly significant in this context, is the different slope
outline of the model, the time scale of gas accretion and rafethe Mg, and(Fe) gradients observed across elliptical galax-
of star formation as a function of the gaIaCtO'CentriC diStan%_ The gradient |Mg2 is often Steeper than the gradient in

in particular, seek to closely mimic the results from Tree-SPhke), which is customarily interpreted as indicating that the ra-
dynamical models. Although some specific ingredients of thig [Mg/Fe] is stronger toward the center. Similar conclusion
model can be questioned from many points of view (of which Wg reached interpreting the systematic increaselgf with the

are well aware), the model has to be considered as a gross fghxy luminosity (mass): the ratio [Mg/Fe] seems to increase
for exploring the consequences of different recipes of gas acGfth the galaxy mass (the so-calledenhancement). This ob-
tion and star formation in which the simple one-zone schemesisryational hint has been taken as one of the most important
abandoned. With the aid of this model we discuss the Obserﬁanstraints to be met by any Chemo_spectro_photometric mode|

tional data on the gradients in metallicity, colours, and narrqyy elliptical galaxies (cf. Matteucci 1994, 1997 for recent re-
band indices across elliptical galaxies. views of the subject).

. . - Owing to the primary importance of this topic, Tantalo et al.
Key_ words: gaIaX|e§: abundances B galgmes: elliptical ar1‘1998) addressed the question to which extent the gradients in
lenticular, cD — galaxies: evolution — galaxies: stellar contentMg2 and (Fe) translate into gradients in chemical abundances
and abundance ratios. To this aim, the above indices were calcu-
lated for a mix of stellar populations with known pattern of abun-
1. Introduction dances as a function of the age and position to check whether a

] . . o higher [Mg/Fe] finds one-to-one correspondence with a stronger
Gradients in broad-band colours and line strength indices hayg, as compared t¢Fe)

been observed in elliptical galaxies (cf. Worthey et al. 1992; The need of a simple tool to follow the chemical history of

Gondis 1993 ae e 1093 Carl et 1955 o gy o me and space spured e mode reened
al. 1995, 1996). Since variations in colours and line stren i this study. The bottom line is to abandon the widely adopted

. . . rne-zone approximation however without embarking in a full
indices are eventually reduced to variations in age and cher&wl— bp g y

cal composition (metallicity), or both, of the underlying stellarynamlcal description which would hampe_r the qu'ck anaIyS|s
populations, the interpretation of the gradients bears very mu(ggth? problem. The_ model allows for the infall (.)f primordial
' gas into the potential well of dark matter (seeking to closely
Send offprint requests t€. Chiosi mimics results from fully hydrodynamical models) and the ex-
* Tables 4 and 6 are only available in electronic form at the cDStence of gradients in mass density and star formation whose
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via httgigt result is to given rise to gradients in age and composition of

cdsweb.u-strasbg.fr/Abstract.htim the underlying stellar populations.
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2. Modeling elliptical galaxies
SR {\\{\ 1 2.1. Sketch of the models and basic notation

~---1 Elliptical galaxies are assumed to be made of baryonic and dark
material both with spherical distributions but different density
profiles. LetM, +(T) and Mp r(T¢) be the total luminous
and dark mass, respectively, existing in the galaxy at the present
time (I is the galaxy age). The two components have differ-
ent effective (half mass) radii, namét}, .(T¢) andRp .(T5)
(thereinafter shortly indicated aB;, . and Rp ), and their
masses are in the ratitdp r(T¢)/Mr,r(Te) = 6. Although

1 6 may vary from galaxy to galaxy, for the purposes of this study
| itis supposed to be constant.

An essential feature of the model is that while dark matter
is assumed to have remained constant in time, the luminous
| material is let fall at a suitable rate (to be defined below) into
_|  the potential well of the former. Owing to this hypothesis, no use
o 3 ‘ | ismade of dark matter but for the calculation of the gravitational
SRS S U U S VRN S WS SIS SIS [ potential and the whole formulation of the problem stands on
0 05 p 1o ?  the mass and density of luminous material which are let grow

R/R, o :
with time from zero to their present day value.
Fig. 1. The density profiles of baryonic and dark material in the proto-

type galaxy of & M, 11 For the baryonic component the asymptotid he asymptotic modeThe model whose radial density profile
density is displayed (see the text for more details) uponintegration over radius and time yields the miessy (T¢)
is referred to as the asymptotic modelplf(R, t) is the radial
density profile of luminous matter at any agend o, (R, t)
is the rate of variation by gas accretion, the following relation
holds

Ta Rp, g
Mpr(Tg) = / dt / 47 R? pr(R,t) dR. (1)
0 0

The plan of the paper is as follows. Sect. 2 sketches tfiyss and space zoninghe asymptotic model is divided into
model and presents the basic notation. Sect. 3 describesdligimber of spherical shells with equal value of the asymptotic
spatial distribution of luminous and dark matter and their gra\jzminous mass, typically 5% of/;, (T¢). Since the density
tational potentials. Sect. 4 presents in some detail the equati99§R7 Te) is changing with radius (decreasing outward), the

governing the chemical evolution together with the law of stghickness and volume of the shells are not the same. They are
formation and the initial mass function we have adopted. Secigicated by

deals with our modelling of the collapse and derives the law for
the gas accretion time scale, and the specific efficiency of stafj/z = Rjp1 — Ry
formation as a function of the galacto-centric distance. Sect. 6 4

.. . . . _ 3 3
presents the empirical mass-radius (effective and total) relatigh (Rj/2) = gW(RjH - R&j)
ships we have derived from fitting observational data. Sect, Zé ‘ ‘ . .
clarifies some details of the mass zoning of the models. secf’ er.eR.Hl and i; are the outer and inner radii of the shells,

. o . o ndj = 0,..J — 1 with Ry = 0 (the center) an®®; = Ry 7,
deals with galactic winds and summarizes our prescription §8F|e total radius). The radi, are not yet defined.

the energy injection by supernova exp!osmns, and stellar winds. Thereinafter we will make use of the following notation and
Sect. 9 presents the general properties of the models andc%x-

amines the internal consistency of the results. Specifically, fange of the radial coordinate:
shows the evolution of the gas content, star formation rate ared Each zone of a model is identified by its mid radius
metallicity, and the spatial gradients in metallicity and relative R,/ = (R;1 + R;) * 0.5 shortly indicated by, /5.

distribution of stars per metallicity bin. Sect. 10 contains the Radial distances are expressed in units of the effective radius

photometric properties of the models (broad band colours and : e . .
. - ; : : of the luminous material in the asymptotic modelyi;g, =
line strength indices), i.e. the color-magnitude relation, the mass R /R :

3/2 L,e-

to blue luminosity ratio, the UV excess, the surface brightness
profiles, the gradients in broad-band colours and indidgs — All masses are expressed in units10f? x M. Finally
and(Fe), and the plan&lz-[MgFe] putting into evidence some  galactic models are labelled by their asymptotic total lumi-
difficulties encountered with the gradients in these quantities. nous mass\{;, r(T¢) in the same units, shortly indicated
Finally, Sect. 11 draws some concluding remarks. by My 112.

- - * -—- Dark%matter

2 ol S S R S { —— | Luminous—matter -

Log(p(r))(in arbitrary units)
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Let us now define for each shell the mean density of tit-follows that the time dependence foy (72, t) is given by
tal luminous materiap; (r;,2,1t), of starsp,(r;2,t), and gas _
P, (7 hat th di _ (e, Te) t
Pgy(rj/2,t), SO that the corresponding masses are pr(rj/2,t) = X |1 — exp(— )| (7)

[1-— emp(—T(Z;?/Q))} 7(rj/2)

AMy(r; =p.(r; AV (r; 3 . o
£(rj2t) = Pr(rjja, t) x AV(ryj2) X Ri . For the asymptotic mass density in each shell we adopt the

AMy(r; 0, t) = By (1520 ) X AV (15 12) X Ri,e geometric mean of the values at inner and outer radii, i.e.
AM(rjja,t) = py(rj2,t) X AV (rjs) x R} . Pr(risTe) = \/pL(Tj“’TG) < pr(r5, Tc). (8)
o To summarize, each shell is characterized by:
By definition }
L — The radius; /5.
Yo AM(ri0, Ta) = M, T 2
=0 £(rj/2:Te) rr(T) ) — The asymptotic masA M (r; /2, Tc), which is a suitable
and fraction of the total asymptotic luminous maks, 7 ;2.
AMy(r; j2,) + AMq(r; 2,t) = AMp (7} /2, 1). (3) — The mass of dark mattekMp(r; 2, 7). Since this mass

is constant with time no other specification is required.
Identical relationships can be defined for the dark matter by

substituting its constant density profile. Since there would be no
direct use of these relations, we just say that the space zoning
of the dark matter distribution is the same as for the luminous The gravitational potential for the luminous component
component, so that the contribution of dark matter to the total ¢1(rj/2,t) varying with time, and the corresponding grav-
gravitational potential in each zone is properly calculated (see itational potential of dark-mattepD(rj/g, Ta), constant

The asymptotic mean densify; (r;/2, T¢) of baryonic
mass (gas and stars).

below). with time. Both will be defined below.
The dimension-less formulationFinally, we define the
dimension-less variables 3. The spatial distribution of luminous and dark matter,
B and gravitational binding energies
AMQ(Tj/Qat) pg(rj/27t) . . N 5 .
Gy(rjsa,t) = AML(r; 0, 76) == (9. 76) Density profile of the luminous mattéfhe asymptotic spatial
Lz s PLiTi/2 te distribution of luminous matter is supposed to follow the Young
AM,(r; /2, 1) By(75 /2, 1) (1976) density profile. This is derived from assuming that the

Gs(rj/2,1) = (4) RY*-law holds and the mass to luminosity ratio is constant

T AMi(r;0Ta)  pr(rym T ant

r(rj2 Ta) — prlrje Ta) throughoutthe galaxy (cf. Poveda etal. 1960, Young 1976, Ciotti
wherep,, (r; 2, Te;) isthe mean density of luminous mass withik 991). We remind the reader that the densify 12, ) and
each shell at the present time. the gravitational potentiab, (R, T¢) are expressed by Young
Furthermore for each shell we introduce the gas componeht876) as a function of the effective radius for which a suit-
Gy.i(7/2,t) = Gy(r;/2,t) X X;(r; 2, t) WhereX;(r; 5, t) are able relationship with the total luminous mass is required (see
the abundances by mass of the elemental specgsmmation Pelow).

of X(r; 2, t) over all the species in each shell is equal to unity. 1€ adoption of the Young (1976) density profile imposes
that the resulting model at the a@g has (i) a radially constant

mass to luminosity ratio; (ii) a luminosity profile obeying the

2.2. The infall scheme R4 law.

The density of the luminous component in each shell is let ifyensity profile of the dark matteThe mass distribution and

crease with time according to gravitational potential of the dark-matter are derived from the
5, (1 /2, 1) y density profiles by Bertin et al. (1992) and Saglia et al. (1992)

[W} = Do(rj/2)exp {_ } (5) however adapted to the Young formalism for the sake of internal

dt 7(rj/2) consistency. In brief we start from the density law
wherer(r; ) is the local time scale of gas accretion for which PD,o X R‘}m
a suitable prescription is required. pp(R) = (R%,O T R2)2 (©)

The functionpy(r;/2) is fixed by imposing that at the o
present galactic agé,; the density of luminous material inWhereRp o andpp o are two scale factors of the distribution.
each shell has grown to the value given by the adopted profliée density scale factgrp o is derived from imposing the re-
p.(r,Te) lation Mp r» = §M, r and the definition of\/p by means

of its density law
pL (Tj/27 TG)

7(rj/2)[1 — exp(—

Pro(rjse) =

(TG ))] ©6) Mpr= 47r/ R?p(R)dR = 47TpD70R%,Om(oo) (10)
/2 0
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with The equations governing the time variation of thgr, t)
o0 R2 and henceX,(r, t) are:
m = / 5 sdR (11)
0 R dG;i(r; /0,1
T3D,O (1 + (RD,U) ) % = 7X,L(7']/27t)\11(7’]/2,t)+
This integral is solved numerically. Finally, the density profile .asp,,
of dark-matter is /M U(rj ot — 7ar)Qur,i(t — Tar)p(M)d M+
M 1 1 min
po(R) = m(ZOT) 4T R} 2\ 2’ (12) M
D0 (1 + (RR ) > A/ &(Mp)dMp x
D,0 MBm
The radial dependence of the gravitational potential of darkr0-5
matter is F)®(rj 2, t — o, )Qur,i(t — Tary )dpl+
Hmin
R
M
¢p(R) = -G / ﬁdﬂf (13) Mpu
0 r (1 —A)/ \I/(’I“j/gﬂf—TM)Q]\/[}i(t—T]yj)gb(M)dM—l-
M m
which upon integration becomes N
M?YLCL(L'
— R U(r;/0,t — T (t— M)dM+
¢p(R) = —47Gpp o RD PD <R> 14 S, (rj/2,t = Tar)Qna,i(t — Tar) (M)
D,0
dG;(r;/e,t)
~ (R ; . i\"j/2
wheregp (RD) is given by [dt Lnf (17)
/R/RD"’ m(R/Rp,) IR (15) Where all the symbols have their usual meaning. Specifically
0 Rp ( R )2 WU(r;/2,t) is the normalized rate of star formation for the shell,
O\ Fbo Q1 ,i(t) are the restitution fractions of the elementom stars

This integral is solved numerically and stored as a look-up tatfiEmassM (cf. Talbot & Arnett 1973)¢ (1) is the initila mass
function of R/ Rp.o. function (IMF), whose lower and upper mass limits a1, ;,,

andM,, .. (see below)r,, is the lifetime of a star of mas¥/,

We assumeip o = 5 Rp ., whereR), . is the effective ra- for which the dependence on the initial chemical composition
dius of dark matter. This can be derived from relafioh(10) looks also taken into account using the tabulations by Bertelli et
ing for the radial distance within which half of the dark-matteg). (1994). The various integrals appearing in[ed.(17) represent
mass is contained. Finally, all the models below are calculatgg Separated contributions of Type |l and Type la supernovae
adoptingt = 5 in the ratioMp r(Tg)/Mr,r(Tg) = 0. as introduced by Matteucci & Greggio (1986). In particular, the
second integral stands for all binary systems having the right
properties to become Type la supernovak;,, andMp,, are
the lower and upper mass limit for the total mdgs; of the

The gravitational binding energie3he binding gravitational
energy for the gas in each shell is given by:

Qg (rj/2:t) = Py(rj /2, ) AV (1 12) 01 (1) /2, 1)+ binary systemf(u) is the distribution function of their mass
ratios, andu.,.;, is the minimum value of this, finallj is the
Pg(rj2: ) AV (15 2)pD (152, Tar) (16) fraction of such systems with respect to the total. It is assumed
here that binary stars as a whole obey the same IMF of single
4. The chemical equations stars. We adopB,,, = 3M, By = 12M, andA = 0.02. The

stellar ejecta are from Marigo et al. (1996, 1997), and Portinari
The chemical evolution of elemental species is governed by tey). (1998) to whom we refer for all details.
same set of equations as in Tantalo et al. (1996, TCBF96) and

Portinari et al. (1998) however adapted to the density formal- .
ism and improved as far the ejecta and the contribution from tfie- Star formation rate and IMF

Type la and Type Il supernovae are concerned (cf. Portinarifie stellar birth rate, i.e. the number of stars with magborn

al. 1998). Specifically, we follow in detail the evolution of then, the intervaldt and mass interval), is expressed by
abundance of thirteen chemical elements, (He, '2C, 13C,

1N, 160, 2°Ne, Mg, 288i, #28, 4°Ca, 5°Fe, and the isotopic dN = W(R,t, Z)¢(M) dM dt (18)
neutron-rich elements- obtained byy-capture oit*N, specifi-

cally 80, 22Ne, 2°Mg). Furthermore, the stellar yields in usagavith obvious meaning of the symbols.

here take into account the effects of different initial chemical Neglectingthe possible dependence on the gas composition,
compositions (cf. Portinari et al. 1998). the rate of star formation (SFR¥(r; /2,1, Z), is assumed to
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depend on the gas density according to the Schmidt (1959) law [~~~ 17T T
(see also Larson 1991) B B
dpy(rj/2,t) _ . i Age=0.22 Gyr |
U(rj,t) = % =v(1j/2)Py(75/2:1) (19) 0.75 - 3
where the specific efficiency of star formatie(r; ,) is a suit- i 1
able function to be specified below. = 051 b N
Upon normalization, the star formation rate becomes: z - TS E
O r L \\\\:
U(r;e,t) = v(r;/2,t)[pL(r;)2, TG)}king(rj/%t)k- (20) g 025 - gos ]
All the models we are going to describe are foe 1. 2 I ]
For the IMF¢(M ) we have adopted the Salpeter law: e ]
¢(M) ox M™% (21) E v(R) ~ R E
] ) ] ] -0.25 |- v(R) ~ R™®¥ B
wherex = 2.35. The IMF is normalized by imposing the i i
fraction of mass in the IMF above a certain valli&.. i.e. - .
u o5 bon e ]
U 0 0.2 0.4 0.6 0.8 1
¢ = I P(M)x M xdM 22) Normalized R
M

MLU (M) x M xdM Fig. 2. The radial velocityv(R/Ro) versus radius?/ Ry relationship

. . o __ for aTree-SPH model of the adiabatic collapse of a galaxy with total
A useful choice forM, is the minimum star mass contributingmass (baryonic and dark matter)iof2 My, from Carraro etal. (1997).
to the nucleo-synthetic enrichment of the interstellar mediunhe velocity and radius are normalizecuto and R, as described in
over a time scale comparable to the total lifetime of a galaxite text. The full dots are the results of the numerical calculations. The
This is approximately equal tiVI,. The upper limitisM;; = solid anddotted lines are the best fits of the datgR) « R'*° for the
120M, corresponding to the maximum mass in our data baisger core and:(R) oc R~°*" for the external regions. Thashed
of stellar models. The parametéris fixed by imposing that Iinesellre.the same but for the strict homologous collapse and free-fall
our models match the mean mass to blue luminosity ratio f&fScription
elliptical galaxies (Bender et al. 1992, 1993), this yie{ds- )
0.50. With this normalization the minimum star mass of the— free-fall outsidex(R) o R™2;

IMFis My, ~ 0.18Mo. whereR* is the radius at which the maximum velocity occurs.

How does the above simple scheme compare with the results
5. Modelling the collapse of numerical calculations? To this aim, in Hig. 2 we plot the best
rﬁt_of the data from the numerical model for the two branches of
dial dependence of the time scale of gas accretiog) and t e veIouty curve and compare them with the above relatlo_n-
7 ships. In this particular example, the slope along the ascending

specific efficiency of star formatian(r,»). branch R/ R, < 0.4)is 1.5+ 2instead of 1, whereas that along

The dynamical models of galaxy formation and evolutiophe descending branclk( Ry > 0.4) is ~0.87 instead of ~0.5
with the Tree-SPH technique (cf. Carraro et al. 1997 and refer- A close inspection of tﬁe nu.mericaI.Tree-SPH mode.ls. re-

ences there'?‘) hlnt_the solutionto th|.s pro.blem. In brief, IOOkIn\geals that neither the slopes of the velocity branches nor the
at the paradigmatic case of the adiabatic collapse of a galax

(dark plus baryonic material) d)12M,,, initial mean density tAdlius of the peak velocity are constant in time. Therefore we

of 1.6 x 10-2° g cm?, free-fall time scale of 0.25 Gyr, and ageW|II consider all of them as free parameters and cast the problem

of 0.22 Gyr, we notice that the radial velocityR) as a function ina general fash|onhsuneld to our aims.

of the radial distance starts from zero at the center, increases Letus express the velocit(R)as

to a maximum at a certain distance, and then decreases agéa) = ¢; x R® for R< R*

moving further out. The situation is shown in Fig. 2, where the 5 «

velocity is unitsv* = /[GM/RZ]), the distance is units of V) =c2 x R for R> R

the initial radiusR, = 100 kpc, and the maximum occurs a{wherec,, c,, « andg are suitable constants), and the time scale

To proceed further, we need to supply our models with the

R/Ry ~ 0.4 (for this particular model). of accretion as
This reminds the core collapse in a massive star (cf. Bethe R
1990), which obeys the following scheme 7(R) x W
v

- homologqus collapseinallregionsinternalto acertain value pany preliminary models calculated with the above recipe,
of the radius *): v(R) o R; of which no detail is given here for the sake of brevity, indicate
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0.8 m T =

6000

0.6 —

4000 —

= 04+

2000 —

0.8 -

Log(R/R,)

Fig. 4. The specific efficiency of star formatian(r) as a function of
the galacto-centric distance for the models with different asymptotic
massM 12 as indicated. See the text for more details

Fig. 3. The accretion time scat€(r) as a function of the galacto-centric
distance for the models with different asymptotic mags r,1» as
indicated

cloud lets whose radius is as large as the Jeans scale. If these

clouds collapse nearly isothermal without suffering from mutual

follows from the core collapse analogy. The determination SP”ISIOHS, they will proceed through subsequeqt fragmentation
rocesses till opaque small subunits (stars) will eventually be

the constants; andc, is not required as long as we seek fo 0l h h ; q he free-fall ti
scaling relationships. Therefore the time scale of gas accret gHMed. nsuc a(_:aset € star_s are forme ont € Iree-la time
ale. In contrast, if mutual collisions occur, they will be super-

can be written as proportional to some arbitrary time scale, matre- 1N . | £ hiahl led and d
ulated by a correction term arising from the scaling law for {RPNIC giving origin to layers of highly cooled and compresse

radial velocity. For the time scale base-line we can take the frdpaterial; the Jeans scale will then fall below the thickness of

fall time scalet, referred to the whole system. Passing to oﬂipe compressed layer and fragmentation occurs on the free-fall
notation for radial distances we get time scale of the high density layers; and finally the whole star

forming process is driven by the collision time scale. On the

r* ) basis of these considerations, we take the ratio
if 70 <r* (23)
Tj/2

thata = 2 andg = 0.5 are good choices. The value = 2
is indeed taken from the Tree-SPH models whergas 0.5

T(rjj2) =ty %
1

if 7j0 > 1" 24) V trr > teor

) ] as a measure of the net efficiency of star formation.

For the free-fall time scaley; we make use of the relation by | et ys express(r) as the product of a suitable yet arbitrary

Arimoto & Yoshii (1987) specific efficiency* referred to the whole galaxy times a di-

B 0.325 mensionless quantity () describing as the above ratio varies
tyr = 00697 x My, Gyr. @9 \ith the galacto-centric distance. An obvious expression for

Finally, we take* = 1 for the sake of simplicity. Other choicesF(T) 'S the_ ratio KZB.) ttself norma_l_lzed to its central valug._
. .2 . . According to Arimoto & Yoshii (1987) the mean collision
are obviously possible. They would not change the main qua}h- )
: ; ime scale referred to the whole galaxy can be written as
tative results of this study.

In order to derive t_he specific efﬁci_ency of star formatioglcol = 0.0072 x Mg'},u Gyr (27)
v(r;j/2) we utilize the simple scale relations developed by Ari- . . . ' .
moto & Yoshii (1987) however adapted to the density formal- With the aid of this and the relation for the free-fall time
ism. Atthe typical galactic densities(?2-10-2*gcm3)and scale above we can calculate
considering hydrogen as the dominant coolant (Silk 1977) the
critical Jeans length is much smaller than the galactic radiys, — b ) (28)
therefore the galaxy gas can be considered as made of many trs X teol B

(26)
ri/2
m(ryp2) = tyg x (ZL2)
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Table 1. The radial dependence ofr;,2) andv(r;,2) in galactic models of different asymptotic luminous mass as indicated. The collapse
time scales (r;,2) are in Gyr. The galactic baryonic masses are in uniteddt Mo .

Region 3ML’T,12 1ML,T,12 0.5ML,T,12 O.IML’T,:[Q 0,05ML,T,12 0.005ML7T’12
j Tit1/2 T v T v T v T v T v T v
0 rip 0.74 7.1] 0.52 9.0] 0.42 10.4| 0.25 14.7| 0.20 17.0| 0.09 27.7
1 7y 0.29 50.0| 0.20 60.6| 0.16 68.3| 0.10 90.6| 0.08 102.4| 0.04 154.1
2 715 0.18 111.6| 0.13 132.8| 0.10 148.3| 0.06 191.9| 0.05 214.6| 0.03 312.3
3 772 0.13 198.6| 0.09 233.3| 0.07 258.5| 0.04 328.7| 0.03 364.9| 0.03 518.5
4 1y 0.10 325.5| 0.07 378.3| 0.06 416.3| 0.03 521.4| 0.03 575.2| 0.03 800.7
5 T2 0.14 501.4| 0.10 577.3| 0.08 631.6| 0.05 780.8| 0.04 856.5| 0.03 1171.1
6 rizne 0.20 753.8| 0.14 860.3| 0.11 936.1| 0.07 1142.8| 0.05 1247.1| 0.03 1676.6
7  Ti5/2 0.27 1116.0/ 0.19 1262.8| 0.15 1366.9| 0.09 1648.8| 0.07 1790.2| 0.03 2367.9
8 172 0.35 1632.9| 0.24 1832.5| 0.20 1973.4| 0.12 2352.9] 0.09 2542.1| 0.04 3309.8
9 1 0.46 2383.7| 0.32 2653.1| 0.25 2842.6| 0.15 3350.2| 0.12 3602.2| 0.06 4616.9
10 7212 0.59 3493.2| 0.41 3855.9| 0.33 4110.1| 0.20 4787.8| 0.16 5122.6| 0.07 6462.5

Extending by analogy the above definition of free-fall an@iable 2. Effective and total radii (in kpc) assigned to model galaxies

collision time scales to each individual region, we get of different Mz, 7 12.
3 5 v
F(?”) — (Tl/Q> X |:pq(7“1/2,1—‘6’>:| (29) ML,T,12 RL,T RL,e
Tj/2 Py(5/2:Tc)

with obvious meaning of the symbols. 3 60.78 31.60
In principle, the exponent could be derived from the mass 0; 3;3%% 1171%33;
dependence af s andt.;, i.e.y ~ 0.2. However, a preliminary : : :

. S . 0.1 1551 4.75
analysis of the problem has indicated tfgt) must vary with 1174 323
the radial distance more strongly than this simple expectation. 5005 466  0.90
The following relation fory has been found to give acceptable
results as far as gradients in star formation, metallicity, colours;,

etc.. are concerned

6. The mass-radius relationships

— 0.02
7 =0.98 x (Mr,12) (30) To proceed further we need to adopt suitable relationships be-

tween theR; . and M, r, so that once the the total baryonic

mass is assigned, the effective radius is derived, and all the other

guantities are properly re-scaled.

1 05 For the purposes of this study and limited to the case of
} x Hy = 50 km sec™*Mpc~!, we derive from the data of Carollo

et al. (1993), Goudfrooij et al. (1994) the following relation

3y —= T ol
(W) % [W} Gyr~! (31) Rp.=17.13 x ME;5T5}2 (32)
Tj/2 pg(rj/27TG)

Finally, the total expression for(r) is

v(r) = [

tff X Leol gal

whereR, . is in kpc.

Table 1 contains the valuesofr;,») andv(r;») asafunc- For the same objects and using the diameters from the RC3
tion of the galacto-centric distance for all the galactic modetatalogue we also derived the relation between total radius and
under consideration, whereas Figs. 3 and 4 show the sameniiiss of the luminous material
graphical form. As expected, in a galaxy the specific efficiency
of star formation increases going outward. Likewise, at givaR,, = 39.10 x MY-492, (33)
relative distance from the galactic center, passing from a low to o
a high mass galaxy. in the same units as above.
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on B present-day CMR could be the result gdlactic windspow-

Ry 1 ered by supernova explosions thus initiating a long series of
_|  chemo-spectro-photometric models of elliptical galaxies stand-
ing on this idea (Saito 1979a,b; Matteucci & Tornat987;
~ R, (Saito) Arimoto & Yoshii 1987; Angeletti & Giannone 1990; Mihara &
| Tahara 1994; Matteucci 1994; Bressan et al. 1994; Tantalo et al.
1 1996; Gibson 1994, 1996, 1997; Gibson & Matteucci 1997, and
references therein). In brief, gas is let escape from the galaxy
and star formation is supposed to halt when the total thermal
R 1 energy of the gas equates its gravitational binding energy.
f The same scheme is adopted here, however with minor mod-
ifications due to the overall properties of the models and the
present formalism.

The thermal energy of the gas is sum of three contributions,
7 namelytype | and Il supernovae and stellar winds from massive
-{ stars:

Radius(Kpc)

Ein(rjj2,t) =

0 05 1 bs e 2h 385 A4S By (r0,t)sNT + Ein(ri2,t)snir + Ew(rje,t)hw (34)
Mass (10 M)

Fig. 5. The mass-radius relationships derived from the observatioﬁghere:

data by Carollo et al. (1993): thepen circlesare the total radius,

whereadilled squaresare the effective radius. Thiotted anddashed En(rjj2t)sn =

lines show the relationshipe/;, (Rr) and M, (R.). Finally, thelong-

Sg;hpeatljrlilggndlsplays the relation by Saito (1979a,b) for purposes 07 esn(t — t/)RSNI(Tj/Q, t’)AML(Tj/g, Te)dt! (35)
0

. , ) Ein(rjj2,t)snir =
The relations above are displayed in fig. 5 and compared with

the mass radius relation by Saito (1979a,b). Finally, Table 2 listg? , , ,
R . and Ry r as assigned to each model galaxy. f; esn(t = t)Rsnrr(rj2, ) AML(rj 2, Ta)dt (36)
and

7. Mass zoning of the models

The mass zoning of our models is chosen in such a way that (17/2, )w =

within each shell about 5% of the luminous mass r 12 is ‘

contained. From the tabulations of Young (1976) we derive th¢ ¢y, (¢ — t’)RW(rj/Q, t’)AML(rj/z, Tg)dt (37)
corresponding fractionary radiug/R;, ., and from the mass- /o

radius relationships above we fix the effective radis., and i obvious meaning of the symbols. As the production rates
the real inner and outer radii of each shell. The results are g|v$

n
h . . ) sn1(rj/2,t), Rsnrr(rj 2,t) and Ry (r;/2,t) are the same
in Table 3, whereby the meaning of the various symbols is Sefi5 j, the set of equations governing the chemical evolution,

explgnatory. ) ) which are expressed as a function of the dimensionless vari-
Since the observational data for the gradients do not exteémeng,i(rj/% 1), the normalization factaA M (r; ») in the

beyond~ 2R, . (see Carollo & Danziger 1994a,b), our modg jations above is required to calculate the energy in physical

els are limited to the first eleven regions of the galaxy, i.e. Ifhits

fractionary radii /R, . = 1.6 or equivalently the inner sphere " r,q timey/is either the SN explosion time or the time of ejec-
containing 55% of the total luminous mak;, r,1>. Care must yjon of the stellar winds as appropriate. The functieps (¢)

be paid when ccomparing integrated observanongl quantitigg,q ew (t) are cooling laws governing the energy content of
such as magnitudes and colours (see below), with model éﬁ'pernova remnants and stellar winds, respectively.

SUlts. Finally, shell by shell, star formation and chemical enrich-
ment are halted, and the remaining gas content is supposed to

8. Galactic winds be expelled out of the galaxy (winds) when the condition

Baum (1959) firstdiscovered that elliptical galaxies obeyame@gh(rj/z’t) > Qy(rj/a,t) (38)

color-magnitude relation (CMR): colours get redder at increas-
ing luminosity. Long ago Larson (1974) postulated that thie verified.
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Table 3. Percentage of luminous mass contained in the sphere of fractionary rédiis ., and actual radiug’ (in kpc) for model galaxies
with different M, 1 12 as indicated.

My 112 3 1 05 001 0.05 0.005
%WMr ra2 | ] o R R R R R R
5 0 0.1106 3.49 1.89 1.29 0.53 0.36 0.10
10 1 0.2005 6.33 3.43 2.33 0.95 0.65 0.18
15 2 0.2954 9.33 5.06 0.69 1.40 0.95 0.26
20 3 0.3983 12.58 6.82 4.64 1.89 1.29 0.36
25 4 0.5127 16.20 8.78 5.97 2.44 1.66 0.46
30 5 0.6405 20.24 11.05 7.46 3.04 2.07 0.57
35 6 0.7833 24.75 13.42 9.12 3.72 2.53 0.70
40 7 0.9464 29.90 16.21 11.02 4.50 3.06 0.85
45 8 1.1330 35.80 1941 13.19 5.38 3.66 1.01
50 9 1.3490 42.62 2311 15.71 6.41 4.36 1.21
55 10 1.6020 50.62 27.45 18.65 7.61 5.17 1.43
60 11  1.9030 60.13 32.60 22.16 9.04 6.14 1.70
65 12 2.2690 71.69 38.87 26.42 10.78 7.33 2.03
70 13  2.7240 86.07 46.67 31.72 1294 8.79 2.44
75 14 3.3060 104.45 56.64 38.49 15.70 10.67 2.96
80 15 4.0870 129.13 70.02 47.59 19.41 13.19 3.66
85 16 49580 156.65 8494 57.73 2355 16.01 4.44
8.1. Supernovae and wind rates The evolution of a SNR can be characterized by three dy-

Although the production rates have already been used to detn amical phases: (i) free expansion (until the mass of the swept up

the set of equations governing the evolution of@hg (- 2, 1), iN2rstellar material reaches that of the SN ejecta); (ii) adiabatic

thev are also re-written here for the sake of clarit expansion until the radiative cooling time of newly shocked gas
y Y- equals the expansion time of the remnant; (iii) formation of a
Rsn1(rj/a,t) = cold'dense shell (behind the front) which begins whgn some
sections of the shocked gas have radiate most of their thermal
Mpnm 05 energy, begin further compressed by the pressure of the remain-
A /M ¢(MB)/ S (g2t = tar)dudMp  (39)  ger of the shocked material.)
o Homin In the earliest phase the evolution of the supernova rem-
" nant is governed by the Sedov-Taylor solution for a self-similar
Ronir(ryant) = (1—A) S(MYT(r; /o, t — tar)dM adiabatic shock (Ostriker & McKee 1988)
6 E 1/5
Mo Ry(t) =1.15 ( "t > t2/5 (42)
+ / S(M)U(r o, t — tar)dM (40) Py(t)
10 whereR,(t) is the radius of the outer edge of the SNR shock
and finally front, E, is the initial blast energy in units df0>° ergs (or
M equivalentlyEy = 10 x ¢y, wheregq is the same energy in
Rw (12, t) :/ G(M)U(r;/9,t — tar)dM (41) units of 10°" erg), andp, () is the gas mass density of the
30 environment.
The meaning of all the symbols is the same as above. Radiative cooling of the shocked material leads to the for-

mation of a thin, dense shell at tingy

. —5/14
8.2. Evolution of supernova remnants Ly = 3.61 x 108 /14 =4/ (Z) - (43)
In this section we briefly summarize the prescription we have Zo

adopted for the cooling law of supernova remnants and the fimdleren is the hydrogen number densigjs the metallicity of
energy deposit. The formulation strictly follows Gibson (1994he interstellar medium, aritl,= 0.016. The blast wave deceler-
1996 and references therein). ates until the radiative energy lost in the shell's material starts to
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dominate. At this point, the shell enters the so-called “pressure-
driven snowplow” (PDS) phase at the timtyg, ~ 0.37t;.

The evolution of the thermal energy in the hot, dilute interior
of the supernova remnants can be taken equal to

esn(tsy) = 0.717 Ey erg (44)

1 -

whentsy < tpq4s i.€. during the adiabatic phase. Note tha@
tsn =t —t'is the time elapsed since the supernova explosiofi. 0| Gibson (1994)

During the early PDS-phase, when, < toy < 117t the 2 sl
thermal energy evolution is given by 2 '
=1
14/5 Hooop e 7=0.001
0.86 tgn &
esn(tsy) =029 Ey |1— () + I 72002
tsf 1+ v _
10 —1/5 4 —1/9 T T
Rs tsn L N
0.43 Eo +1 +1 erg(45) Cox (1972) \\
Rsf tsf L \
and the radius changes according to I N
72 L L L L L L L L L
2 4 6 8 10
4 tSN 1 3/10 Log [Cooling time (yr)]
Rs(tSN) = des (?)t — 3) pc (46)
pds Fig. 6. The cooling law of supernova remnants as a function of the gas

whereR,,, is the radius at the beginning of the PDS-stage Metallicity as indicated

Rpgs = 14. €2/ " 03" (Zi)*lﬁ pe (47) 8.3. Thermal content of the winds

©
The thermal content in the winds ejected by massive stars is
Btimated in the following way. A typical massive star (say inthe

’Al’Bnge 201, to 12QM ) in the course of evolution ejects about

The interior continues to lose energy by pushing the sh
through the interstellar medium and by radiative cooling.

UMe tmerge half of its mass in the form of a wind with terminal velocity of
. -
B 5/49 10/49 , Z \15/49 about 2000 krnsec ™" (see Chiosi & Maeder 1986) and therefore
tmerge = 211155 € ng ( ®> / yr (48) injects into the interstellar medium an energy of about
the remnants merge with the interstellar medium and lose their 1 /M AN 9
i i it ewo =15 | &5 - 4 erg (51)
identity as separate entities. 2\ 2 Z.

The thermal energy during the time intervall7¢,; <
tsn < tmerge iS given by the second term of Hq.l45. The evoluvheretheterniZ/Z. )75 takes into account that both mass loss

tion after thet,,...,. time is described again by the second terfites and terminal velocities depend on metallicity (Kudritzki
of Eq.[48, but the radiug, is given by et al. 1987, Theis et al. 1992), ands the efficiency parameter

of kinetic energy thermalization. The reference metallicity is

Z Q/C
Rs = Rmerge =3.7 des 53/98 ng/49 (7))/38 pc (49) Zx = 0.02. . . o
o} The evolution of adiabatic interstellar bubbles as a result

Finally, whentgy > tco0 in Which of stellar winds interacting with the surrounding medium, in-
cluding radiative losses, confines the efficiency parameter in the
teoot = 203ty (£)79/14 yr (50) range0.2 <n < 0.4 (Weaver etal. 1977; Koo & McKee 1992;
Zo Gibson 1994). We have assumge- 0.3.

the thermal energy is given by the second term of[Eg. 45 but By analogy with the formalism used to calculat_e the re_sidual

With R, = Rpperge- the_rmal energy of supernova remnants as a function of time, we
The time dependence of the cooling law for interstellar mylrite

diawith different metallicities is shown in F{g. 6 and is compared _ :

with the classical one by Cox (1972). Itis soon evident that thﬁlg/(tw) - wo if 0<tw <t

more elaborated scheme for the cooling of supernova remnagits

supplies more energy to the interstellar medium than the old tw

one. The adoption of the Cox (1972) cooling law by Bressaw (tw) = ewo(tf)_w2 if tw >tew (52)

et al. (1994) and TCBF96 may also explain why they had to e«

invoke other sources of energy to power galactic winds (see thierety,, = t—t' is the time elapsed since the birth of a massive

remark below). star,t.,, is the cooling time scale. When stellar winds were first
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introduced by Bressan et al. (1994) in the calculation of the totatits of 10°° ergs. Finally, column (17) is the mid shell frac-
thermal budget, the following parameters were adopged:1  tionary radius-; /5.

andt.,, = 15 x 106 yr. This latter in particular was conceived as
the typical lifetime of a newly born group of massive stars (eith@r1
in clusters or associations) able to lose mass at a significant rateé
(indeedt.,, = 15 x 10° yr is the typical lifetime of al0M, The scheme we have elaborated in the previous sections is self-
object). Bressan’s et al. (1994) approach did not pass Gibsonhtained in absence of galactic winds, because in such case at
(1994) scrutiny who correctly pointed out that only a fractiothe galaxy agé€; all shells have reached their asymptotic mass
of the kinetic energy goes thermalized £ 0.3) and thatt., and the effective radiug;, . (the basic scale factor associating
should be set equal to a star’s lifetime and therefore should véing asymptotic density of the Young profile to each radius) is
with the star mass. Of course the adoption of that particular sensistent with\{;, (7).

of parameters by Bressan et al. (1994) and later by TCBF96 led At the stage of galactic wind we suppose that all the gas
to early galactic winds as compared to the significaiiélier contained in the shell, the one still in the infall process and
winds found by Gibson (1994). In a subsequent paper along the one expelled by supernova explosions and stellar winds are
same vein, Gibson (1996) suggested that part of the reason wfgcted into the intergalactic medium and never re-used to form
Bressan et al. (1994) looked for additional sources of enersfars. This implies that at the stage of galactic wind the real mass
(the stellar winds) in addition to supernovee in order to avoif each shell (the fraction of gas turned into long-lived stars up to
saturation in the metallicity and failure in matching the CMRhis stage), is smaller than the corresponding asymptotic mass
resided in a mismatch of the stellar yields of metals in thexMp(r;/2, Tc). Indeed in each shell the luminous mass has
chemical code. Since our goal is not to argue against Gibsogtewn up to the valu\ My (r; 2, t4. ), Wheret,,, is the local
criticism, nor to embark in &is-a-viscomparison of the codes,value of the age at the onset of the galactic wind. Therefore

in the mean time the chemical code has been fully revised angd |

up-graded with respect to the old one, and the arguments given-o AML(7;j/2,tgw) < ML r(Tc) (53)

by Gibson (1994, 1996) are convincing, we definitely follow Recalling that lculati fer to the i t part
his favourite prescriptiony = 0.3 andt., shorter than mean ecalling that our calcu'ations refer o the innermost par

lifetime of the most massive stars contributing to stellar Wint thelg?Iaxlyz/ééhe ﬁnelgobntamwllg 530/b0 of the mags r (1c)),
energies. In the models belaw, = 10° yr, see Fig. 2 in Gibson e relation|(58) should be replaced by

(1994) Z}O:OAML(Tj/Q,tgw) < 0.55 x ML7T(Tg) (54)

Internal consistency of the models

Looking at the case of thel3;, 12 galaxy, the sphere
we have been following in detail has total asymptotic mass of
The main properties of each model at the stage of galactic wing5 x 102, each shell containing abo0t15 x 102 M,
are summarized in Table 4 (not given here but available from tfef. Column (5) of Table 4). In contrast, the total mass reached
A&A electronic data-base) as a function of the radial distana® the same sphere at the onset of the galactic wind amounts
from the center. Column (1) is the asymptotic mags 112, only t00.66 x 10'2M, i.e. some 40% of the expected mass.
column (2) is the efficiency of star formatiorir; 5 ); column Even more important, while the innermost shells were able to
(3) is the IMF parametef; column (4) is the time scale of massconvert in stars about 0.8 of their asymptotic mass, this is not
accretionr(r;2) in Gyr. Column (5) shows the value reached bthe case of the outermost shells in which only about 2% of
M, . atthe onset of galactic wind. Thisis the real luminous matise potential mass has been turned into stars, all the rest be-
of the galaxy built up by the infall process, all the remaining gaisg dispersed by a very early wind. Considering that owing to
(both already accreted and still on the way) being swept awdne very low densities in regions above our last shell (approx-
by galactic winds. Columns (6) through (8) are the age in Gyriatately 1.5R;, .) the galactic winds would occur even earlier
which the galactic wind occurs, and the corresponding dimethan in the last computed shell, this means that starting with
sionless mass of g&¥r, t) and living starsS(r, t), respectively. 3M|, 112 of gas eligible to star formation only 22% of it has
According to their definition, in order to obtain the real mass imeen actually turned into long-lived stars visible today. The sit-
gas and stars (in solar units) one has to multiply them by the noation gets slightly better at decreasihfy, r-(7¢) because of
malization mass of each shell, iAMf(r;/2, Tc). Likewise, the much shorter mean infall time scale (cf. Tables 5 and 1).
to get fromG(r, t) andS(r, t) the corresponding densities, the  Furthermore, if we look at the radial profile@f (v /2, tyw)
multiplicative factor isp;,(r;,2, Te). Columns (9) and (10) are and compare it witfp (r; /2, Tc), the former is steeper than the
the maximum and mean metallicity,(r; 2, t) and(Z(rj/2,t)) latter, over the shells externAl, . in particular. However, if we
reached by each shell at the onset of the galactic wind. Colufimit the comparison to the shells inside; . (uptoj = 8
(11) contains the rate of star formatidn(r;,, ) in units of in our notation), the difference is remarkably smaller. This im-
Mglyr. Columns (12) through (16) are the gravitational bindlies that the region insidBy, . does not depart too much from
ing energy of the gaQ, (r; 2, t), the total thermal energy of thisthe basic hypothesis. Finally, the effective radiis . used to
E,4(r;j/2,t), and the separated contributions by Type I, Type iiterpolate in the Young (1976) density profile and to assign
supernovae, and stellar winds, respectively. All energy arezn(r; ., T¢) referred to the asymptotic masé;, (7). Since

9. General properties of the models
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Table 5.Fractionary masses of gas and stars components in uriits &1, for the models presented in this work.

ML,T(TG) RL,e(TG) ML(1~5RL,e7TG) ML,T(1-5RL,Eytgw) ML(RL,Eyth)) RL,e(tgw)

3 31.6 1.65000 0.65700 0.65600 13.55

1 17.1 0.55000 0.21800 0.21500 7.33

0.5 11.7 0.27500 0.10900 0.10700 4.98
0.1 4.7 0.05500 0.02200 0.02100 2.04
0.05 3.2 0.02750 0.01090 0.01070 1.38
0.005 0.9 0.00275 0.00102 0.00097 0.37

the actual present-day mass of the galaxy is smaller than this, w&*° [ ) oot Core | ]
expectthe actual effective radius to be smaller than the orlgmauy 02t °
adopted value. With the aid of relatidn{32) above, thé3r 12
galaxy hasky, . ~ 31.9 Kpc, whereas the 0.6, 12 daugh-
ter should haveR;, . ~ 13.7 kpc (a factor 2.3 smaller). This
means that the ratio of the mean density (indide.) of the par- ‘
ent to daughter galaxy is about 0.5. Itis as if we calculated otr’* |
models under-estimating their real density by a factor of abaot 0
two. Considering that even within the effective radius passing
from the center to the periphery the density of luminous mass® >
drops by orders of magnitude, cf. Young (1976), and all other 01
uncertainties affecting our models, we can perhaps tolerate the
above discrepancy. The results we are going to present perh@ps
constitute the best justification of these models, which do nét
dare to replace more sophisticated, physically grounded fornﬁg
lations in literature, but simply aim at providing a simple tool t&"

. . . . Q.025
investigate the chemo-spectro-photometric properties and their w0
spatial gradients of spherical systems roughly simulating ellip-

! . | | | ! |
tical galaxies. 0 1 2 3 4 5

Table 5 summarizes the data relative to the above discus- Age (Gyr)

sion for all the model galaxies under examination. It lists t
asymptotic total mas&[g (Ts) (column 1), the correspond- IFg 7a and b.The gas fractiorG(r,t) (top panel) and metallicity
LT\ G Z(r,t) (bottom pane) as a function of the age ifiyr for the central

ing effective radiug?y, e(TG) (column 2), the asymptotic MaSScore of the galaxy models with different asymptotic mass 1,12 as
M (1.5Ry, ., T) within 1.5R;, . (the studied model, column jngicated

3), the actual masa/;, 7 (t4.) of the galaxy withinl.5Ry, . at
the aget,,, (column 4), the actual mas¥l;, r(Ry e, tqy) Of

the galaxy withinR ., . at the age,,, (column 5), and the real reached in coincidence of the galactic wind. As expected the

0.15

0.1

ensity Fractio

b)

05

L
Sos

) Lo b b by 1

effective radiusRy, . (., (column 6). maximum metallicity increases with the galaxy mass, because
in this type of model galactic winds occur later at increasing
9.2. Gas content, metallicity, SFR, and N(2) galaxy mass (cf. the entries of Table 4 and Fid. 10 below).

Fig.[Baand b shows the maximurf,{,., top panel) and

The fractionary gas conte#(r, t) and metallicityZ(r,t) for mean ¢ ..., bottom panel) metallicity as a function of the ra-
the central core of the models (up the fractionary radjus) are  dial distance from the center (normalized to the effective radius
shown as function of time in panels (a) and (b), respectively, of each galaxy) for all the models as in Figs. 3 &id 4. The mean
Fig. 7. In all the models, the fractionary gas density(r; o, t) gradient in the maximum metallicitylZ,,, ... /dlog(r), within
starts small, increases up to a maximum and then decreasé®,, . ranges from —0.064 to —0.042 going from massive to
exponentially to zero as a result of the combined effect of gawarf galaxies, whereas the mean gradient in mean metallic-
accretion by infall and gas consumption by star formation, bity, dZ,,.../dlog(r), over the same radial distance and galaxy
owing to the different value afin the core from model to model, mass interval goes from —0.021 to —0.019.
the peak occurs later at increasing galaxy messr (7c). The top panel of Fig_9a and b shows the rate of star forma-

As far as the metallicity is concerned, this increases maien (in units ofM/yr) as a function of time (in Gyr) for the
slowly at increasing galaxy mass up to the maximum valwentral core of the models, up to the onset of galactic winds. As
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Fig. 8a and b.The gradients in maximum (top panel) and mean metdrig- 9a and b.Panela the star formation rate as a function of time for
licity (bottom panel) for the model galaxies with differehty, r.1» as the central core of the galaxy models with different asymptotic mass
indicated o M, 1,12 asindicated. Panblthe gravitational binding enerdy, (r, t)

and thermal content of the ga&, (r, t), for the same models as above.

Energies are in units dfo®® ergs
expected, the rate of star formation starts very small, grows to
a maximum, and then declines exponentially with time, closely
mimicking the gas content. The gas liberated by evolving stars - .
(supernova explosions, stellar winds, and PN) in subsequent
epochs is not shown here as all this gas is supposed to be rapidly
heated up to the escape velocity. "

The bottom panel of Fig. 9a andl b displays the comparison , |
between the thermal and the binding energy of the Bady, t)
andQ,(r,t), respectively, as a function of time for the nuclear
regions. All the energies are in unitsidf° erg. The intersection . f
betweer),(r,t) and Ey;, (7, t) corresponds to the onset of the,
galactic wind for the innermost region. Similar diagrams can be
drawn for all the remaining shells. They are not displayed for 2 |-
the sake of brevity.

In this type of model galactic winds occur earlier passing
from the center to external regions, or at given relative distance |
from the center, going from massive to low mass galaxies. This |
is shown in Fig[”ID which displays the age of the galactic wind
t4w @s a function of the galacto-centric distance. The stratifica-
tion in metallicity, and relative percentage of stars in different Lo ! — !
metallicity bins resulting from the above trendtjj, bears very Loa(R/R.)
much on inferring chemical abundances from local or integrated
photometric properties of elliptical galaxies. This topic will b&ig. 10. The age at which galactic winds occur in regions of increasing
addressed below in some detail. distance from the galactic centre. The models are the same as ifilFigs. 3

The chemical structure of the models is best understo34-
looking at the fractionary cumulative mass distribution of living
stars,Eg Sz/S, whereS is the mass fraction in stars, asg The fractionary, cumulative mass distribution as a function
is the mass fraction of stars with metallicity upZgand at the of Z is shown in Figl11a and b limited to the central corgf{,
so-calledpartition function N (Z), i.e. the relative number of left panel) and the first shelt{ ,, right panel) for all the models
living stars per metallicity bin. Within a galaxy (or region of it)at the present agd¢ = 15 Gyr). The vertical line corresponds
both distributions vary as a function of the age. to the solar metallicity. In the core and the first shell of the

6
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Fig. 11a and b.The cumulative fractionary mass of living stars as &ig. 12a and b.Relative number of living stars per metallicity bin in
function of the metallicity for the galaxy models with mass 3, 0.5, 0.08)e central core panel and first shell paneb for the models with 3,
and 0.005M 1. r,12. Panelsaandb corresponds to the central core and.5 0.05 and 0.008/1, 12 (the same models as in FIg. TTa and b)
first shell respectively

et al. 1996); (vi) the gradient in (B-R) colour measured by Car-

most massive galaxy, about 10% of the stars have metallicitjyo & Danziger (1994a,b) in a sample of elliptical galaxies;
lower than solar. In contrast, the central region of the lowe@tii) the gradients in line strength indicéd g and (Fe) mea-
mass galaxy has about 25% of its stellar content with metallickyred by Carollo & Danziger (1994a,b). (viii) and finally, the
lower than solar. This percentage increases to about 36% in dfaga of Gonales (1993) for theéis and[M gFe] line strength
first shell. In all galaxies the percentage of stars with metallicitydices. In this section, we present the comparison of model re-
lower than solar increases as we move further out. sults with the observational data in relation to the above list of
The partition functionV (Z) for our model galaxies at the observationatonstraints
age of 15 Gyr is shown in Fig. 12aand b limited to the central To this aim we need to calculate the integrated colours and
core (left panel) and first shell (right panel). We learn from thithe strength indices together with their gradients for the stellar
diagram that the mean metallicity of the stars in the core gosx in the model galaxies. The technique in usage here is based
from Z ~ 0.03 to Z ~ 0.04; the peak value tends to slightlyon the concept of single stellar populations (SSP) as elemental
shift toward higher metallicities at increasing galaxy mass; asdeds to derive the integrated stellar energy distribution (ISED)
there are wings toward both low and high metallicities. The dief a galaxy, from which magnitudes, broad-band colours, and
tribution tends to be more concentrated in the first shell, wheige strength indices immediately follow. The SSP’s adopted in
we notice a more abundant population of low metallicity stathis paper are those calculated by TCBF96, see also Bressan et
and a sharper cut-off at the high metallicity edge caused by #ie (1994, 1996), to whom the reader should refer for technical
action of galactic winds. Likewise for the remaining shells naletails. First we have calculated the integrated ISED, magni-
displayed here. tudes, colours etc. for each zone of our models, and then we
have derived the total magnitudes, colours etc. for the whole
. . galaxy.
10. Photometric properties Table 6 (not given here but available in A&A electronic data-
As already mentioned, the guide-line for the layout of the modehse) lists the integrated magnitudes and broad-band colours of
and the choice of the various parameters was to impose thatvary zone of the model galaxies at three different ages (15, 10,
number of properties of elliptical galaxies could be simultanand 5 Gyr). Columns (1) through (5) display: the asymptotic
ously matched. Specifically: (i) the slope of color-magnitudmass of the model (in units a0'*My,), v(r;/2), 7(r;/2) (in
relation (CMR) (Bower et al. 1992a,b); (ii) the mean value dbyr), the asymptotic mass of each zone (in unitd@*M,,)
the broad-band colours; (iii) the UV excess as measured by trel the age in Gyr, respectively. Columns (6) and (7) give the
colour (1550-V) (Burstein et al. 1988); (iv) the mass to blue lintegrated absolute bolometrid,,;) and visual magnitudes
minosity ratio( M/ L 5) o as afunction of the B luminosity (Ben- (My/) of each zone, respectively. Columns (8) through (15) are
der et al. 1992, 1993); (v) thB'/* luminosity profile (Fasano the integrated colours (U-B), (B-V), (V=R), (V-1), (V=J), (V-



R. Tantalo et al.: Spectro-photometric evolution of elliptical galaxies. IlI 837

H), (V=K), and (1550-V). Finally, Column (16) gives the frac- 36

tionary radiir; /5. i ° 7

Table 7 shows the same quantities but integrated fromthe  ———— 15 Gyr ]
center upthé.5R;, . radius. These are the quantitiesto be used | ]
to compare theory with observations. sal 10 Gyr ]

10.1. Color-magnitude relation L

The CMR for the models in Tables 6 and 7 is compared withthe |
data by Bower et al. (1992a,b) for the Virgo and Coma eIIipticéI 3.2 -
galaxies. Since the observational data refer to the whole galax- |
ies, the theoretical results of Table 7 must by suitably corrected
to take into account the contribution from all the other regions
not considered here. To this aim we proceed as follows: the in-
tegrated magnitudes (Table 7) refer to the sphetefok Ry, . 3
in which 55% of the total mass is contained; the models suppos-
edly obey theR'/* law (see also the discussion below); withthe |
aid of items (i) and (ii) we calculate the fraction of light coming
from the regions from.5 x Ry, . to co. To afirst approximation ogl 1 L L L |
the total magnitudes are simply given by -16 -18 -20 -2 -4

Maxt = Max,a.5xre) = 0-3342 (55) " Eig. 13. The CMR for models with mass of 3, 1, 0.5, 0.1, 0.05, and

whereA )\ indicates the pass-band and all the other symbols &805M12 and different ages as indicated. The data for the galaxies

self-explanatory. in Virgo (open circley and Come fflled circleg are by Bower et al.
The comparison between theory and observations is shoWR222-b). Thetaris the galaxy M32.

in Fig.[13. for three values of the age as indicated. The Virgo and

Coma galaxies are displayed with different symbols: open and

filled circles, respectively. The absolute magnitudes V are cald{€ fraction of IMF mass stored above salf). In this study
lated assuming the distance modulus to Virggref— M), = We have adopted the Salpeter law ane: 0.5. With this as-

31.54 (Branch & Tammann 1992) and applying to the ComgtimPption, atany given age the models predidy L 5 ) ratios
galaxies the shiff(m — M), = 3.58 (Bower et al. 1992a,b). that are nearly (_:onstant at_lncreasmg Iu_mmosny (mass) of the
The agreement s remarkably good both as far as the absoRf&Xy and at fixed galactic mass they increase by a factor of
colours and the slope of the CMR are concerned. According@But 3 as the age goes from 5 to 15 Gyr.
Bower et al. (1992a,b) the thickness of the Virgo-Coma CMR On the observational side, tti¢/ L 5 ratios (in solar units)
in the (U-V) versus\/y- plane implies that elliptical galaxies inPy Bender et al. (1992, 1993) and Terlevich & Boyle (1993)
these clusters are old with little age dispersionay 15 Gyr. — scaled to the Hubble constahb = 50 km sec™! Mpe™! —
Although this conclusion is compatible with the data in Fig. 13ange from 1 to 18.
our isochrones in the (V-K) versudy, plane spanasmallrange  The comparison with the observational data is presented in
in colour passing from 5 to 15 Gyr, so that confirmation of ahnig-[14 for different values of the age as indicated.
old age from this side is not possible. Therefore, while the mean values of the mass to blue lu-
minosity ratios agree with the data, this type of model is still
unable to explain the systematic increase of the mass to blue
luminosity ratio with the galaxy luminosity for coeval, old ob-
To calculate thg M /L) ratios for the model galaxies thejects as suggested by the CMR. Possible ways out are: (i) either
following procedure is adopted: first using the data of Tablégint galaxies are younger than the bright ones in contrast with
4 and 5 we derive the total present-day value of the galacite CMR hint or (i) other causes must exist. In relation to this,
massup to the last calculated shelbecond we utilize the in- Chiosi et al. (1998) have investigated the possibility that the
tegrated magnitudes of Tabld@evaluate the blue luminosity IMF (cut-off mass and slope) vary from galaxy to galaxy in a
The results are presented in Table 8 which lists the age in Gyistematic fashion: the IMF is more top-heavy (higher cut-off
(Column 1), the asymptotic mad$;, 712 (Column 2), the cur- mass and shallower slope) in the massive elliptical galaxies than
rent mass of the galaxy in units @6'2M, (Column 3), the inthe low mass ones (lower cut-off mass and steeper slope). In-
blue magnitudé//z (Column 4), the blue luminosit} s in so- deed Chiosi et al. (1998) models explain the inclination of the
lar units (Column 5), and finally, the mass to blue luminositynass to light ratio versus luminosity (otherwise known as the
ratio(M/Lg)e (Column 6). As long known, on the theoreticalnclination of the Fundamental Plane).
side the mass to blue luminosity ratid//Lg) is very sensi- Before concluding this section we have to check the radial
tive to the IMF, i.e. for a Salpeter-like case to the slope anddependence of th@\//L ) predicted by the models. To this

10.2. Mass to blue luminosity ratio
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Table 7.Integrated magnitude and colours form the center ug th&;, .-sphere of the model galaxies

Mrp 12 Age My My (U-B) (B-V) (W-R) (v-I) (V-J) (V-H) (V-K) (1550-V) 7,2

o & 6 (4) ®) (6) @) (8) 9 @10 @1 (12) (13)

3.0 15 -23536 -22.700 0557 0991 059 1201 239 3.117 3.323 3.135 1.48
3.0 10 -23.925 -23.071 0502 0.962 0.582 1.180 2432 3.161 3.379 4.762 1.48
3.0 5. -24.697 -23.798 0.300 0.845 0.538 1.112 2.440 3.176 3.412 1.283 1.48

1.0 15 -22.316 -21.512 0515 0.972 0588 1.186 2.348 3.064 3.264 3.279 1.48
1.0 10 -22.697 -21.878 0.461 0.946 0575 1166 2379 3.103 3.314 4.237 1.48
1.0 5. -23357 -22536 0.368 0.882 0.545 1.118 2.384 3.115 3.338 5.652 1.48

0.5 15 -21.563 -20.786 0.484 0.957 0581 1174 2309 3.021 3.217 3.404 1.48
0.5 10 -21.940 -21.147 0.434 0936 0570 1.155 2340 3.060 3.267 4.257 1.48
0.5 5 -22581 -21.790 0.348 0.873 0.540 1.107 2.340 3.067 3.284 5.506 1.48

0.1 15 -19.802 -19.101 0.389 0.906 0.560 1.134 2.192 2.888 3.070 3.490 1.48
0.1 10 -20.170 -19.455 0.350 0.898 0.552 1.121 2223 2928 3.121 4.561 1.48
0.1 5 -20.784 -20.076 0.281 0.834 0.523 1.072 2212 2923 3.125 5.078 1.48

0.05 15 -19.059 -18.392 0.350 0.885 0.551 1.116 2141 2.828 3.006 3.512 1.48
0.05 10 -19.425 -18.742 0.315 0.881 0544 1106 2173 2.869 3.057 4.769 1.48
0.05 5 -20.034 -19.358 0.254 0.818 0.515 1.058 2.160 2.862 3.058 4916 1.48

0.005 15 -16.404 -15.813 0.266 0.829 0.527 1.070 2.016 2.679 2.843 3.456 1.48
0.005 10 -16.762 -16.159 0.236 0.837 0.524 1.066 2.047 2.719 2.891 5.151 1.48
0.005 5 -17.359 -16.766 0.189 0.774 0.495 1.017 2.023 2701 2.881 4.544 1.48

aim we calculate the cumulativé/ /L) (r;/2) moving from theoretical data is required (see the case of the CMR above).
the center up to the last computed zone. The results are pgiaving done that, we derive the (1550-V) colours of our model
sented in Table 9 limited to a few selected radii and the 3 agdlaxies and compare it to the observational data. This is shown
0.1 My, r 12 galaxies. The selected radii/, correspond to the in the (1550-V) versud/y plane of Fig[Ib for three different
central core0.6R;, ., R . and2R, .. It is soon evident that values of the age (15, 10, and 5 Gyr) as indicated.

the (M/Lg)(r;/2) ratio is nearly constant (within about 10%)

passing from the center to the external regiditgs implies that .

the first condition imposed by the choice of the Young (197]6(3'4' Surface brightness

density profile for the luminous material, i.e. radially constar®ne of the key assumptions of our models was the adoption

mass to luminosity ratio, is almost fully verified. of the Young (1976) density profile for the luminous material
and the implicit use of the condition that the models should
10.3. The UV excess asymptotically reproduce thB'/* law. Do the models match

this constraint?
All studied eIIipticaI galaxies have detectable UV flux short- To answer the above question, we need to calculate the
ward of abouR000A (Burstein et al. 1988) with large variationsurface brightness of our models as a function of the age.
from galaxy to galaxy. The intensity of the UV emission is mearhe method is as follows. Let for each shélk,(j/2) and
sured by the colour (1550-V). Our galaxy models are comparggh , (5/2) indicate the total flux emitted in the pass-baha

in the plane (1550-V) versud/y to the sample of galaxies byand the corresponding magnitude, respectively,
Burstein et al. (1988), see also Bender et al. (1992, 1993).

The 1550 fluxes by Burstein et al. (1988) are derived fromM(]/Q) = 1070-4Max(i/2) (56)
IUE data, which refer to the region of a galaxy withid"
aperture. Assigning to the galaxies of Burstein et al. (198&here the flux (j/2) is erg/s/cm? /str/A. The flux per unit
the distances calculated by Davies et al. (1987), the IUE apg#tume of each shell is
ture roughly corresponds to a radius-of1.234 Kpc (Hy =
50 km/sec/Mpc ). In contrast, thé” magnitudes refer to the _ E\(j/2)

whole galaxy and therefore a different kind of correction to thefa» (7/2) = AV (57)
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Table 8. The mass to blue-luminosity ratio (in solar units) as function F ‘ ‘ /‘ 1
of the age for the model galaxies with different mass. | ° e |
. /'O
0 . ° e 1
Age Mpri2 Mpr(tgw) Ms Lg (M/Lg)o 1 . %/'{:éo e .
L -/_/-//‘70/040 0 M, ;s
o ’ h
15 3 0.660  -21.71 7.509e10  8.793 P00 I 1
10 3 -22.11 1.085ell  6.083 20 = L C. :
5 3 -22.95 2.362ell  2.796 S | e S L |
\Q/O % . e} o
3 05 7 e -
15 1 0.218 -20.54 2.559e10 8.540 s st T -
10 1 -20.93 3.671el0 5.952 r /,/'/ 1
5 1 -21.65 7.138el10 3.061 v B 1
15 Gyrs
15 05 0.109  -19.83 1.329e10  8.225 | ° |
10 05 -20.21 1.890e10  5.786 I . oo 10 Gyrs 1
5 0.5 -20.92 3.621el0 3.020 0+ : —
——————— 5 Gyrs
15 0.1 0.022  -18.19 2.951e9  7.463 ] ‘ ‘ ! ! ! ! ! ]
10 01 1856 4.119¢9  5.347 B
5 01 -19.24  7.741e9  2.845 ?
Fig. 14.The logarithm of the mass to B-luminosity rafié/ L z versus
15 0.05 0.011 -17.51 1.566e9 7.034 the absolute blue magnitudé s for the model galaxies at three differ-
10 0.05 -17.86  2.170e9 5.077 entages, i.e. 15, 10 and 5 Gyr. The mass used to calcufdfes and
5 0.05 -18.54  4.055e9 2.717 Mg refers to the present-day mass in form of living stars. The ratio

M/Lg is expressed in solar units. Tdashed linds the relation by
Terlevich & Boyle (1993) forHy = 50 km sec™! Mpc~!. T he data
Table 9. The cumulative mass to blue-luminosity ratigy(M/Lg)e &€ from_ Bender et al. (_19_9211993)1 ia::pen dotsgia_nt glliptical’s;
at the age of 15 Gyr and as a function of the galacto-centric distantdl dots intermediate elliptical’sstars bright dwarf elliptical's;open
Mz (r;/2) in the mass in units of0'> x Mg, contained in the sphere Squarescompact elliptical’sppen trianglesbulges

of radiusr;,,. The magnitudes and colours are the integrated values

within the same sphere. The radji,, correspond to the central Core,and drawn on the above plane and any radial direction from the

0-6RL.c, R NA2RLc. same center on the same plane. The afighies in the interval
0 < 0 < «. Elementary geometrical considerations set for the
Mpra2 rjp2 My (B-V) Mg Mp(rj) M/Ls coordinate the range of variatiof < [ < ,/R? — 1"]2, where

R is the external radius of the last shell. With the aid of this the

3 006 -21.07 100 -20.07 0123 7448 g,y emerging from the-th shell corrected for the contribution
0.58 -22.60 1.00 -21.64 0.632 8.976 from all overlaying layers is

1.04 -22-69 099 -21.70 0.656 8.856
1.48 -2270 0.99 -21.70 0.660 8.803

s
Funali/2) =2 [ do
0. 006 -17.31 101 -1630 0.004  8.466 0
058 -18.96 093 -18.03 0021  8.141 —
104 -19.08 0901 -1817 0022 7511 X/Vr“’t K

Fivg —15) X (Fieq 4 15)Qp (Ddl 59
1.48 -19.10 0.91 -18.19 0.022 7.462 0 (j+1 j) (J+1 J) FA() ( )

with obvious meaning o2z, (1).
where AV, is the volume inkpc® of the j-th shell and Known the total flux emerging from each shell (since this
Qr., (j/2)isin erg/s/cmz/str/,&/kpc?’. flux has been derived from absolute magnitudes it corresponds
Projecting the spherical shells onto a plane perpendiculat®? source located at the distance @fc), we derive the appar-

the line of sight and passing through the center, we can deffifé magnitude and finally the surface brightness. To this aim,
the elemental volume we fix an arbitrary distancé and scale the flu¥},, »(j) of the

ratio
X (rjp1 +1;) x df x dl (®8) 1 (10pe)?
(d)?

gv = i+ = 1j)

2 -
wherer; ; andr; are the outer and inner radius of each shellft,7T
dl is the elemental length along the line of sight, &hid the thus obtaining the flux emitted per unit solid angle by a source
angle between a given reference line passing through the cefdeated at the distancé
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Fig. 15. The (1550-V) versud/y- relation: the full dots are the dataFig. 16. The theoretical surface brightness profile for a model with
by Burstein et al. (1988), the lines show the theoretical predictions 8z, 7,12 at different ages as indicated. The dot-dashed line igtfé

the values of the age: 15did line), 10 dotted ling, and 5 ashed law. Note how the models match tii¢"/* law when star formation
line) Gyr throughout the galaxy is completed

Finally, the surface brightness is given by strong departures from thB'/* law over the period of time
' Fioor 2(7)(10pe)? 1 in which the front of star formation activity recedes from the
pa(d) = —2.51og (HA((;Q)LT) E) (60) periphery toward the center.

where. is the apparent projected surface of the galaxy uptothe 5 - radients in broad-band colours and line strength
j-th shell as it would appear at the distadc&iven the external indices

radiusr;,; of the shell, the corresponding angular surface up
to that position is In this section we compare theoretical models and observational

' data in relation to the gradients in broad-band colours and line
7(O(arcsec))* and © = 206264.8 7L strength indices across individual galaxies. The discussion is
d limited to (B-R) and (1550-V), anti 3, Mg, and(Fe). To this

As expected the surface brightngss;j) does not depend aim we prefer to adopt a unique albeit small set of data, i.e. the
on the arbitrary distancéintroduced to calculate the apparentive galaxies studied by Carollo & Danziger (1994a), for the
flux. sake of internal homogeneity. The basic data for the galaxies

The surface brightness obtained from the above procediltejuestion are summarized in Table 10. Finally, we examine
is shown in Fig_T6 as a function 6f/ R, )'/* for the case of the the distribution of the galaxies in tH&s versus [MgFe] plane
3My, 12 galaxy at the age of 15 Gyr. For the purpose of conand compare them with the predictions of theoretical models.
parison, we also plot the referen&/* law in arbitrary units The analysis is limited to the galaxies of the Gales (1993)
(heavy solid line) Despite the crudeness of our modelling theample.
structure and evolution of elliptical galaxies, this fundamental
condition is venﬂgd , 10.5.1. Gradients in broad-band colours

In the same diagram we also plot the surface brightness at
other ages, i.e. 0.005 Gyr (very early stage), 0.2 Gyr, and 1 Gjio. compare theoretical and observational colours we consider
Since the mass-luminosity ratio is no longer constant in time atwab galaxies of different luminosity and mass in turn, namely the
in space at these early epochs, larger departures froit'tfe high luminosity galaxy NGC 6407 shown in Fig.17a anhd b and
law are expected and noticed. Remarkably at increasing galéhxg somewhat fainter object NGC 2434 shown in[Eig_18a&nd b.
age the luminosity profile gets closer and closer to Blé* The colours are plotted as a function of the galacto-centric
law simply reflecting the fact that a constant mass to luminositystance in units of effective radius. In Figs._17aahd b and
ratio across the galaxy is gradually built up. Therefore we exp8@&a and b, panels (a) show the data and the theoretical results for
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Table 10.Basic data for the Carollo & Danziger (1994a) galaxies. The various quantities are: V the recession velotity effective radius in
arcsecp the central velocity dispersiod the distance in0* kpc; R. the effective radius in kpc; M the estimated mas$ii? M ; mz and
Mg the apparent and absolute B-magnitudes, respectiigly;Lq the blue luminosity in solar unit$\/ /L z) the blue mass to luminosity
ratio.

Name V Reff" (o) D Reff M mp Mp LB/L@ (M/LB)@
km/s km/s 10*kpc  kpc  10'2Mg
NGC439 5679 45 — 11.36 24.78 — 12.38 -22.89 2.24(11) —

NGC2434 1388 24 205 2.77 3.23 0.084 1250 -19.72 1.20(10) 7.00
NGC3706 3046 27 281 6.09 7.97 0.39 11.87 -22.05 1.63(11) 3.78
NGC6407 4625 33 — 9.25 14.80 — 12.88 -21.95 9.38(10) —

NGC7192 2761 28 185 5.52 7.50 0.16 12.21 -21.50 6.20(10) 2.56

models of the same age (15 Gyr) and different mass, whereaour across the model galaxies is by means of SSP’s with dif-
panels (b) show the same but for models of given mass dedent metallicity, cf. for instance Fig. 5in TCBF96. Our models
different age. have the following basic features: (i) the metallicity (both mean
In order to choose the model galaxy best matching the addiad maximum) increases toward the center; (ii) the relatively
servational data we have made use of thé/ L) ratio and early galactic winds but for the very central region (cf. the en-
selected the models whoé&//L ), is comparable to the ob- tries of Table 4 or Fig._10) secure that at the present age most
servational one. We find that NGC 6407 and NGC 2434 walf the galaxy is made by old stars with little age difference as
correspond to the 3 and O, 12 models, respectively. It is we move inside (the oldest stars are in the outermost regions),
worth recalling that the two models have different propertiegthereas the central region may contain stars over a much wider
specifically star formation in the core stops at5.12 and 1.45 Gyge range. However, even in this case the bulk population is rel-
and the mean metallicity i&,,.., = 0.036 and 0.031 in the 3 atively old because of the time dependence of the star formation
and 0.1V, 1,12 models respectively. rate. Therefore, for the whole galaxy but the center, to afirst ap-
In the case of NGC 6407, it seems that the observation@ibximation we can assume that all stars are nearly coeval but
gradient is compatible with that of the old age model (15 Gyryet more and more metal-rich going toward the center. In such
In the case of NGC 2434 the situation is less clear. First, therease the effect of an increasing metallicity is that the colour
seems to be a systematic offset along the x-axis perhaps ca{$680-V) gets larger and larger. In the central core we have the
by an uncertainty in the distance. We estimate that a 5% shokembined effect of a higher metallicity and the presence of a
distance would yield a better agreement. Second, the slopeyofinger stellar component. If the metallicityZs < 0.05, the
the colour gradient in the central regions is first flatter and theresence of younger ages would increase (1550-V) even fur-
steeperthanindicated by old ages curves. Perhaps, the hint atises(cf. Fig. 5 in TCBF96). However, this trend is destroyed by
for a mean age of the stellar content in the regioh5 < the presence of even small traces of high metallicity stars (say
log R/r. < 1younger by several Gyr than in the outer regions/ > 0.05). In such a case, AGB-mangand H-HB stars older
Recurrent or much prolonged episodes of star formation activityan about 5.6 Gyr (with the SSP’s in usage) that are powerful,
in the central regions would lead to bluer colours. The vetgng-lived sources of UV radiation reverse the trend in (1550-
central core require a slightly different explanation, becau¥g colour, which gets “blue” again. A detailed discussion of
if younger ages are invoked, they should be accompaniedthis effect can be found in Bressan et al. (1994) and TCBF96 to
significant metal enrichment in order to get a red colour ovethom the reader should refer. Observational data on gradients
there, which indeed is as red as that of the old age case. TmgL550-V) are not yet available to our knowledge.
other galaxies of the sample show similar problems. This more
complex history of star formation cannot be described by the
present models, because they follow the classical SN-drivé®.5.3. Gradients in line strength indices
wind scheme according to which star formation is monolithic
and of shorter duration at decreasing galaxy mass. Adopting the method described in Bressan et al. (1996), we
have calculated the temporal and spatial evolution of the line
strength indices in our model galaxies. The definition of the line
strength indices strictly follows Worthey (1992) and Worthey et
Another interesting gradient to look at is the one in the (1558t (1994). In particular we made use of their fitting functions, in
V) colour, whose theoretical expectation is shown in Eig. 1@hich there is no dependence on the possible enhancement in
The easiest way to understand the behaviour of the (1550-&/¢ments with respect to iron expresseddafFg] with the usual

10.5.2. Gradients in (1550-V)
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Fig. 17a and b.The gradient in the (B-R) colour across the galaxfig. 18a and b.The gradient in the (B—R) colour across the galaxy
NGC 6407 (full dots). The data are from Carollo & Danziger (1994aNGC 2434 (full dots). The data are from Carollo & Danziger (1994a).
Panela shows the colour gradient for models of the same age (Panela shows the colour gradient for models of the same age (15 Gyr)
Gyr) and differentM 1, 1,12 as indicated. Pandl displays the colour and differentM, 1 12 asindicated. Panbldisplays the colour gradient
gradient for the model with B1 1,12 and different ages: 156lid for the model with 0.1/, 7,12 and different ages: 156lid ling), 10
line), 10 dotted ling, and 5 ashed ling Gyr (dotted ling, and 5 flashed ling Gyr

meaning of the notation. Complete tabulations of the indices ainecontrast is suspected to exist in elliptical galaxies from the
available from the authors upon request. analysis of the line strength indick&, and(Fe) and their gra-

We compare here the gradientshfe, and(Fe) observed dients, see for instance the recent reviews by Matteucci (1994,
in the galaxies NGC 6407 (Fig._20a and b) and NGC 243497) and the above discussion, to somehow cope with this
(Fig.[2Ta;andlb), with those predicted by the same models ugearginal discrepancy in plotting the theoretical results we have
in the analysis of the (B-R) colours. In both diagrams,