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ABSTRACT

Aims. The scope of this paper is two-fold: i) to test and improve pravious models of an outside-in formation for the majority
of ellipticals in the context of the SN-driven wind scenattily means of a careful study of gas inflgaustflows; ii) to explain the
observed slopes, either positive or negative, in the rapi@dient of the mean stellawfFe], and their apparent lack of any correlation
with all the other observables.

Methods. In order to pursue these goals we present a new class of hythodcal simulations for the formation of single elliptica
galaxies in which we implement detailed prescriptions fier themical evolution of H, He, O and Fe.

Results. We find that all the models which predict chemical proper{®sch as the central mass-weighted abundance ratios, the
colours as well as the<[ Fe/H >] gradient) within the observed ranges for a typical eltiptj also exhibit a variety of gradients in
the [< a/Fe >] ratio, in agreement with the observations (namely pasjtiwll or negative). All these models undergo an outside-in
formation, in the sense that star formation stops earlifréroutermost than in the innermost regions, owing to thetofsa galactic
wind. We find that the predicted variety of the gradients i h a/Fe >] ratio can be explained by physical processes, generally
not taken into account in simple chemical evolution modsigh as radial flows coupled withfiirent initial conditions for the
galactic proto-cloud. The typicak[Z/H >] gradients predicted by our models have a slope of -0.3 degggade variation in radius,
consistent with the mean values of several observationapkss. However, we also find a quite extreme model in whichgtdpe is
-0.5 dex per decade, thus explaining some recent data oiegtach ellipticals.

Conclusions. We can safely conclude that the history of star formatiorursdmental for the creation of abundance gradients in
ellipticals but that radial flows with éierent velocity in conjunction with the duration anfiigiency of star formation in dierent
galactic regions are responsible for the gradients in4he/[Fe >] ratios.

Key words. Keywords should be given

1. Introduction (~ 10*M,) and becomes flatter in more massive ellipticals. On
the other hand, Gonzalez & Gorgas (1996) found that the gradi
In this paper we exploit the radial variations in the cherhicgnt correlates better with the central valueMbg, than with any
properties of the Composite Stellar Populations (CSPsjtith other global parameter. Kobayashi & Arimoto (1999) anadyse
ing elliptical galaxies in order to gain new insights inte thech- @ compilation of data in the literature, finding that the rheta
anism of galaxy formation. Theoretical investigationswshim licity gradients do not correlate with any physical propest
fact, that these properties strongly vary as a functiontbteithe the galaxies, including central indices and velocity disfe,
duration or the intensity of the star formation (SF), as welbf as well as mass and B magnitude. Finally, in a very recentrpape
the infall history at each radius. A useful tool to underdtsie  Ogando et al. (2005) claimed that the relation originallyrfd
complex issue of galaxy formation is represented by theystuly Carollo et al. (1993) for low mass ellipticals, might be ex
of the radial gradients in either the mean abundance ratios otended to very massive spheroids (see also Forbes et al).2005
the mean metallicity in the stars. There is general conseosu From a theoretical point of view, instead, dissipative @pdle
the fact that the observed increase of line-strength isdsceh models (Larson 1974, Carlberg, 1984) predicted quite sjezp
as theMg, and the< Fe > (e.g. Carollo et al., 1993; Davies etdients which correlate with galactic mass. Mergers, on thero
al., 1993; Trager et al., 2000a) and the reddening of theucslo hand, are expected to dilute the gradients (Kobayashi,)2004
(e.g. Peletier et al. 1990) toward the centre of ellipticdbgies, the framework of chemical evolution models, Martinelli &t a
should be interpreted as an increase of the mean metaltitity(1998) suggested that gradients can arise as a consequence o
the underlying stellar populations. In particular, thestaince of more prolonged SF, and thus stronger chemical enrichment, i
possible trends of the gradient slopes with the galactismas the inner zones. In the galactic core, in fact, the potentél is
only could favour a specific galaxy formation scenario, Bsba deeper and the supernovae (SN) driven wind develops ldter re
it might tell us about the degree of uniformity of this proges ative to the most external regions (see also Carollo et &3)19
Davies et al. (1993) did not find any correlation linking the-g Similar conclusions were found by Pipino & Matteucci (2004,
dients to the mass or thdg, of the galaxies, whereas CarolloPM04), with a more sophisticated model which takes also into
et al. (1993) claimed a bimodal trend with mass, in which theccont the initial infall of gas plus a galactic wind triggdrby
Mg, gradient grows with mass below a certain galactic maSi activity. PM04 model predicts a logarithmic slope forices
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such asMg, which is very close to typical observed gradientsyvhereas our model results will be discussed in Section 3g4 an
and, on the average, seems to be independent from the mags; @fe summarise our main conclusions in Section 6.
the galaxies.

Gradients in abundance ratios such as the¢] ratio are in 2 The model
principle very important, since we could use them as an clock .
for the duration of the SF process in that region (see Matieu€.1. Hydrodynamics

& Greggio 1986, Matteucci 1994). However, we will show thafy,. o 44hted a one-dimensional hydrodynamical model which
the estimate of theelative duration of the star formation pro- follows the time evolution of the density of mags, (momentum

cess between two fiierent galactic regions with similar mean(m) and internal energye] of a galaxy, under the assumption of

[a/Fe] ratios in their stars { a/Fe >], hereafter), is also af- s ; :
: i ; pherical symmetry. In order to solve the equation of hygrod
fected by either thacal SF dficiency or by (diferential) metal- namics with source term we made use of the code presented in

enhanced gas flows. This is one of the main novelties of our Wotti et al. (1991), which is an improved version of the Bedo

proach with respect to our previous work. A prediction mage %D’Ercole (1986) Eulerian, second-order, upwind intet
i , - , upwind integrat
the PM04 best model was that the galaxy should form outsi ‘heme (see their Appendix), to which we refer the readea for

Irg(\j/\{lljtg qrr:) IggigazﬁIInathhe;[ncé{‘l'jleo?]ogis“e?vﬁigrglnv(\:/t(l)cr)li]sﬂ{régf thorough description of both the set of equations and ttodir-s
: , only tions. Here we report the gas-dynamical equations:

the gradients in theq «/Fe >] ratios from the indices such
asMg, and< Fe > (Melhert et al. 2003, Annibali et al. 2006, gp
Sanchez-Blazquez et al. 2007). These papers show thaofhe sl 5 + V- (pu) = ap. =¥, )
in the [« «/Fe >] gradient can be either negative or positive,
with a mean value close to zero, and that it does not correlaite

with galactic properties. In other words, they suggestthate 5 + V- (du) = dp. — Yo' lp, @)
is not a preferred mechanism for the formation of singlexgala
ies, such as either an outside-in or an inside-out mechamismdm +V - (M) = pg - (y — I)Ve — WU, 3)

work. A drawback of these studies is that their samples dae re gt

tively small and the variations in the indices had been ofteat- 5 1

uated either well inside onefective radius or by neglecting the 9¢ ) (e o L2

galactic core, thus rendering the compilations of the dapst ot FV-ew)=-(-1eV-u-L +ap*(60 * 2u ) ¥elp.(4)
homogeneous. On the other hand, a few recently observed sin- ) ) N

gle galaxies (NGC4697, Mendez et al., 2005; NGC821, Proctbie parametely = 5/3 is the ratio of the specific heatg,

et al., 2005, even though in the latter the authors use an etid U are the gravitational acceleration and the fluid veloc-
pirical conversion in order to obtain [Be]), seem to support ity, respectively. The source terms on the r.h.s. of eqoatio
PMO04's predictions, as shown by Pipino, Matteucci & Chiayppi (1)—(4) describe the injection of total mass and energy & th
(2006, PMCO6). PMCO6 also stressed the fact the elliptizsds 9as due to the mass return and energy input from the stars.
made of composite stellar populations (CSPs) with propertia(t) = @.(t) + @sni(t) + asnia(t) is the sum of the specific mass
changing with radius; therefore, it cannot be taken for tgan return rates from low-mass stars and SNe of both Type Il and
that the abundance pattern used to build theoretical SSRoandf. respectivelye is the injection energy per unit mass due to
infer abundance ratios from the line indices really reflbetac- SN explosions (see Sec. 2.%).is the astration term due to SF.

tual chemical composition of the stars (see also Serra &efradinally, L = nenpA(T, Z) is the cooling rate per unit volume,
2006). where for the cooling lawA(T, Z), we adopt the Sutherland &

Dopita (1993) curves. This treatment allows us to implengent
elf-consistent dependence of the cooling curve on thelligeta
/(Z) in the present code. We do not allow the gas tempeegatur
drop below 16 K. This assumption does noffact the con-
usions. _
o' represents the mass density of th¢h element, and' the
specific mass return rate for the same element, §jth o' = a.
The aim of this paper is, therefore, manyfold: Basically, eq. (2) represents a subsystem of four equatvbith
i) to test the PMO04 prediction of an outside-in formationtfioee follow the hydrodynamical evolution of fourdierent ejected el-
majority of ellipticals in the context of the SN-driven wisde- ements (namely H, He, O and Fe). We divide the grid in 550

Finally, a limitation of the chemical evolution models isth
gas flows cannot be treated with the same detail of a hydro
namical model. This mayfgect not only the infall history or the ]
development of the galactic wind, but also hampers an emima
of the role of possible internal flows on the build-up of tha-gr
dients.

nario by means of a careful study of gas inflgagflows; zones 10 pc wide in the innermost regions, and then slightly i
i) to improve the PM04 formulation by means of a detaile@dtre creasing with a size ratio between adjiacent zones equal® 1
ment of gas dynamics; This choice allows us to properly sample the galaxies withou

iii) to show how the observed variety of slopes in tkeq/Fe >]  wasting computational resources on the fraction of the kitad
gradients in stars might be related to thé&efient initial condi- box at distances comparable to the galactic tidal radius $&e.
tions and reconciled within a quasi-monolithic formatiares 2.3 for its value). At the same time, however, the size of thre s
nario. ulated box is roughly a factor of 10 larger than the stelldalti

In this sense we complete and supersede the work of Kobayasitiius. This is necessary to avoid that possible perturbsit
(2004), who, with SPH models, studied only the metallicityg-g the boundary fiect the galaxy and because we want to have a
dients and found that nearly half of ellipticals have a puomo:  surrounding medium which acts as a gas reservoir for the lmode
lithic origin, while the other half had undergone mergers-duin which we start from an initial flat gas density distributi(see

ing their life. In order to do that, we couple a simplified chemSec. 2 for the model definition. We adopted a reflecting bound-
ical evolution scheme with a hydrodynamical code (Bedogary condition in the center of the grid and allowed for an awifl

& D’Ercole, 1986; Ciotti et al. 1991) presented in Section Z;ondition in the outermost point.
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At every point of the mesh we allow the SF to occur with thboth the predicted [Fel]-mass and [ZH]-mass relationships in
following rate: the stars can be tested against the observed Colour-Mdgnitu
Relations (hereafter CMRs;e.g. Bower et al. 1992) and Mass-
—p (5) Metallicity relation (hereafter MMR; e.g. Carollo et al. 93).
maxtcooh 1) In order to clarify this point, we recall that the O is the ntajo

whereteoo andt; are thelocal cooling and free-fall timescales,cont”bumr to the total metallicity, therefore its abunda is a
respectively, whereas r is a suitabléSF parametewhich con- good tracer of the metal abundance Z. However, we stress that
tains all the uncertainties on the timescales of the SF et W€ @lways refer to Z as the sum of the O and Fe mass abun-
cannot be taken into account in the present modelling and #&nces. On the other hand, the Fe abundance is probably the
value is givera priori. In particular, we stress that the adopteFFOSt. commonly use_d probe of f[he metal content in stars,-there
parametrization of the SF process might appear simpliatic, ore it enables a quick comparison between our model predic-

though it is a rather standard assumption in many galaxydernfions and the existing literature. We are aware that in tfet pa
tion simulation where the sub-grid physics cannot be pigpe iterature the majority of the works used Mg as a proxy ford¢he

modelled. A more detailed representation should at least df/€Ments, asit can be easily observed in absorption in theabp

criminate between a cold molecular gas phase which is dgtud]2nds gi\;]ing rise to tr:‘e well knﬁm‘ﬁz andMgbfLir(]:k indicg_s.
feeding the SF process, and the hot surrounding medium wherE® wort hnotlcmg, lowever, that 1 ﬁ sltate-o 1 e-a;]rPS o
the ejecta from SN are deposited. On the other handeq. 5 dBE¥i€s (Thomas et al. 2003, Hyun-Chul Lee & Worthey, 2006),

not imply that the SF is occurring in the hot gas phase: in, fa@€ computed as functions of ttwal «-enhancement and of the
we assume that a suitable fraction proportional to the rgotal metallicity. Moreover latest observational resiiitehlert
density in the gridpoint forms stars once it had cooled d@wn et al. 2003, Annibali et al. 2006 and Sanchez-Blazquez et al.

- : " 2007), have been translated into theoretical ones by mefans o
v gives the speed of the SF process, whereaditia¢ effi- ' ] . . .
ciency namely the fraction of gas which has eventually turnetaese SSPs; there_fore the above authqrs provuje us withl radi
into stars, is an output of the model. gradients in §/Fe], mstea_ld of [Mg:(?]. This is why in this paper
We assume that the stars do not move from the gridpoint focus on the theoretical evolution of theelements, and the

which they have been formed. We are aware that this can b as by fgr 'ghe most important._ In any case, we will also presen
limitation of the model, but we prefer this solution than rinay our predictions in the form of indices and show that we obtain

the stars in order to match some pre-defined luminosity prof€@sonable values in agreement with observations. In Vet

(as done in, e.g., Friaca & Terlevich 1998), because thimmi%/i" compare our results to recent observational data whilre
artificially affect the resulting metallicity gradients. Moreover2€€n transformed into abundance ratios by means of SSPs com-

we expect that the stars will spend most of their time close Ry/t€d by assuming a glob@lenhancement. Finally, on the basis
their apocentre. In order to ensure that we match the obgerfd NUcleosynthesis calculations, we expect O and Mg to evolv
mass-to-light ratio for the given potential well, we stop &F in N lockstep. This means that the f2}=[Mg/Fe}+const equa-

a given grid-point only if the mass density of low-mass staes tion should hold (in the gas) during galactic evolution (seg
ated at that radius exceeds a given threshold profile. Thetedo Fig. 1 of EMO4)' thﬁreflc()jre the ErEd'Ct.?d slo%e of th.'ﬂ;H gra-
profile is a King distribution, with core radius of 370 pc and Q'em In the stars should not change If we adopt either O orMg
central stellar mass density 0b610-2'g cn3. Integrating over &S @ Proxy for thers. There might be only anfiset in the zero

the whole galactic volume, the above mentioned limitindifgro point of, at most, 0.1-0.2 dex which is within both the obskve
yields a total stellar mass ef 3 x 10''M,. In the next Section scatter and the uncertainties of ttedibration used to transform
we will show that this assumption does not flaw our simulatédC indices into abundance ratios. .
galaxies, because the occurrence of a galactic wind, wratte h ~ 1he nucleosynthetic products enter the mass conservation
the SF process, coincides with or occurs even earlier than §fluations via several source terms, according to theilastel
time at which such a threshold profile is attained. origin. A Salpeter (1955) initial mass function (IMF) coast

At the beginning the gas is subject only to the Dark Mattdp time in the range 4 — 50M is assumed, since PM04 and
(DM) halo gravity and to its own self-gravity; once the SF be2MC06 showed that the majority of the photochemical proper-
gins, the gravitational potential due to the stellar conguaris  t€S of an elliptical galaxy can be reproduced with this cledor
self-consistently evaluated. the IMF. We adopted the yields from lwamoto et al. (1999, and

The DM potential has been evaluated by assuming a distgferences therein) for both SNIa and SNII. The SNla ratefor
bution inversely proportional to the square of the radiusrate SSP formed at a given radius is calcula_lted assuming theesingl
distances (see Silich & Tenorio-Tagle 1998). We classifyhead@generate scenario and the Matteucci & Recchi (2001) Delay
model according to the size of the DM halo (see next Sectiodjme Distribution (DTD). The convolution of this DTD with

The adopted core radii for the DM distribution, instead, rare OVer the galactic volume, gives the total SNla rate, acog th
ported in Table 1. the following equation (see Greggio 2005).

Wy = ESF

min(t,7,)
2.2. Chemical Evolution MNa(t) = ky f A(t - 7)¥(t — 7)DT D(r)dr (6)

We follow the chemical evolution of only four elements, ndyne
H, He, O and Fe. This set of elements is good enough to ch
acterize our simulated elliptical galaxyfrom the chemmadlu-

tion point of view. In fact, as shown by the time-delay mod
(Matteucci & Greggio, 1986, see also PMCO6), tagHe] ra-
tio is a powerful estimator of the duration of the SF. Moragpve

AhereA(t—7) is the fraction of binary systems which give rise to
ype la SNe. Here we will assume it constant (see Matteucci et
I. 2006 for a more detailed discussion). The tiris the delay
ime defined in the ranger( 7) so that:

1 Note also thal? — 0 if teo — oo, namely if the gas is cooling on [~ _
a very long timescale. DTD(r)dr =1 @)

7i
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wherer; is the minimum delay time for the occurrence of Type Then, we derive { O/Fe >] = log(< O/Fe >) —

la SNe, in other words the time at which the first SNe la stddg(O/Fe), taking the logarithm after the average evaluation
occurring. We assume, for this new formulation of the SNta ra(see Gibson, 1996). Similar equations hold ferfe/H >] and
thatz; is the lifetime of a 8/, while for 7y, which is the maxi- the global metallicity £ Z/H >].

mum delay time, we assume the lifetime of.8M,. The DTD Another way to estimate the average composition of a CSP
gives the likelihood that at a given time a binary system @il which is closer to the actual observational value is to use th
plode as a SNla. Finallk, is the number of stars per unit mass$/-luminosity weighted abundances (which will be denoted as

in a stellar generation and contains the IMF. < O/Fe>y). Following Arimoto & Yoshii (1987), we have:
According to the adopted model progenitor and nucleosyn-

thetic yields, each SNIa explosion releafgs= esy10°t erg of < O/Fe>y= Z Nk, (O/Fe)Lv k/ Z MiciLv ks (10)

energy and BM,, of mass (out of which AM,, of O and 07M, kl kl

of Fe, respectively). For the sake of simplicity, we assuha t
the progenitor of every SNII is a typicalverage(in the range

10-50M,) massive star of 18M, which pollutes the ISMwith 1, 1,555 avera ;
: ! X . ged [fF§ and [Z/H] are slightly larger than the
~ 17Mo of ejecta during the explosion (out of whictBMo of \,ingsity averaged ones, except for large galaxies (ssilYo
0 a’?d 008Mo of Fe, respectively). We re_call that smgl_e low-g Arimoto, 1987, Matteucci et al., 1998). However there migh
and intermediate-mass stars do not contribute to the ptisaiuC ¢ irerences between the two methods at large radii, as far as

of either Fe or O. We neglect the fact that they may lock so e/H] and [Z/H] are concerned. In fact, the preliminary anal-
heavy elements present in the gas out of which they formetl, iyi5 ot p\MC06 showed that both distributions may be broad

restore them on very long timescales; therefore single bova- 7 4 asymmetric and their mean values can provide a poor es-

intermediate-mass stars are only responsible for thei@eetH 10 of the metallicity in complex systems with a chemical
and He. Such a simplified scheme has been also tested with QU tion history quite extended in time. On the other hand,

chemical evolution code (PM04, their model I1b); it leads&b b\ 1co6 found the [MgFe] distribution to be much more sym-
ative changes smaller than the 10% in the predicted abuada%tric and narrow than the [B] distribution. Therefore, we

ratios with respect to the ones predicted with the full Sotubf expect that § O/Fe >] ~ [< O/Fe >y] at any radius and

the chemical evolution equations. rggnce, we present mass-weighted values which are more repre

__ These quantities, as well as the evolution of single low and(ative of the physical processes acting inside the gaidter
intermediate mass stars, had been evaluated by adoptiatgthe PMCO6, we will present our results in terms ef Fe/H >y] and

lar lifetimes given by Padovani & Matteucci (1993). The $oIaI< Z/H >y], because the luminosity-weighted mean is much

abundances are taken from Asplund et al. (2005). closer to the actual observations and miglfitatifrom the aver-
We recall that in order to study the mean properties of t|’3fge on the mass, unless otherwise stated.
stellar component in ellipticals, we need average quastit- Finally, in order to convert the predicted abundances for a
lated to the mean abundance pattern of the stars, whichinn tesp into indices (especially in the case of short burst of B)
can allow a comparison with the observed integrated spefdra ypically assumed that a SSP witiveanmetallicity is represen-
this scope, we recall that, at a given radius, both real an#Bnoative of the whole galaxy. In other words, we use the predict
galaxies are made of a Composite Stellar Population (CSBjyndance ratios in stars for our CSPs to derive the liremght
namely a mixture of several SSPsffdring in age and chemi- jnqices for our model galaxies by selecting a SSP with theesam
cal composition according to the galactic chemical enriehtn \,51es for k O/Fe >], [< Fe/H >y] and [« Z/H >y] from

history, weighted with the SF rate. On the other hand, thelinghe compilation of Thomas, Maraston & Bender (2003, TMB03
strength indices are usually tabulated only for SSPs aditin® pgeafter).

of their age, metallicity and (possiblyyenhancement.
In particular we make use of the mass-weighted mean stel-

lar metallicity as defined by Pagel & Patchett (1975, see alge3- Model description

Matteucci 1994):

whereny, is the number of stars binned in the interval cen-
tered around (ZFe) with V-band luminosity lyx. Generally

The present work is aimed at understanding the origin ofdhe r
1 (S dial gradients in the stars by means of models which have pho-
<7 >= — f Z(S)ds, (8) tochemical properties as well as radii comparable withetwfs

St Jo typical massive ellipticals. Moreover, we would like to wnd

. _ stand what causes the [«/Fe >] gradient slope to span the
whereS; is the total mass of stars ever born contributing to t nge of values- —0.2 — +0.2 dex per decade in radius. In or-

light at the present time and Z is the metal abundance (by)magg, 1o do that, we will essentially vary the initial conditoby

in the gas out of which an amout of st@8gormed. In practice, g4opting reasonable hypotheses for the gas propertiessi fir
we make use of the stellar mass distribution as a functioninf Z .| ssification of our set of models can be done accordinggio th

order to derive the mean metallicity in stars. initial conditions (DM halo mass and available reservoiga$):
One can further adapt €g. 8 in order to calculate the mean

O/Fe ratio in stars. In this case, however, we make use of the Model M: a 22 - 10?M, DM halo and~ 2 - 10'*M,, of gas
stellar mass distribution as a function off@. Therefore we ob- — Model L: a 57 - 10*?M, DM halo and~ 6.4 - 10**M,, of gas

tain:

These quantitites have been choosen in order to ensure a final
ratio between the mass of baryons in stars and the mass of the
DM halo around 0.1. Models by Matteucci (1992) and PM04
require such a ratio for ellipticals in order to develop aagét
where now Q/Fe)(S) in the abundance ratio characterising thevind. A more refined treatment of the link between baryons and
gas out of which a mas#S of stars formed. This procedure will DM is beyond the scope of this work, and a more robust study
be repeated at each grid-point unless specified otherwise.  of the gradient creation in a cosmological motivated frammbw

St
< O/Fe>= i (O/Fe)(S)dsS, 9
St Jo
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will be the topic of a forthcoming paper. The exact initialsgaln particular, we choosBe+:. as the radius which containg2l
mass depends on the initial conditions and it is clear that gaf the stellar mass of the galaxy and, therefore, it is diyect
can be accreted by the external environment. In partictdar, comparable with the observedtective radius, whered®:qre.
each model we considered the following cases for the irgal is the radius encompassingl0 of the galactic stellar mass. In
distribution: most cases, this radius will correspond~00.05 — 0.2Re++.,
which is the typical size of the aperture used in many observa
a: isothermal density profile. In this case, the gas is asdume tional works to measure the abundances in the innermost part
start from an isothermal configuration of equilibrium withi of ellipticals. We did not fixReore« = 0.1Reft. @ priori, in or-
the galactic (i.e. considering both DM and gas) potentider to have a more meaningful quantity, which may carry in-
well. The actual initial temperature is lower than the \iriaformation on the actual simulated stellar profile. Finag did
temperature, in order to induce the gas to collapse. Thags the following notation for the metallicity gradientssitars
initial conditions might not be justified by the current Colthg e = ([< O/Fe >]core — [< O/Fe€ >]ef1)/109(Reores/Reft.);
DM paradigm for the formation of structures. However, wa similar expression applies for both the Fe/H >\] and the
consider them very useful because they give the closest §p-Z/H >] ratios.
proximation of the typical initial conditions adopted byeth  The slope is calculated by a linear regression between the
chemical evolution models to which we will compare our réore and the half-mass radius, unless otherwise statedrlgle
sults. The reader can visualise this model as an extreme Cgggiations from linearity canféect the actual slope at interme-
in which we let all the gas be accreted before the SF startgjiate radii. Before discussing in detail the galactic fotiora
b: constant density profile. In this case the gas has anlinitgechanism of our models, we must check whether they resem-
value for the mass density which is constant with radius e typical ellipticals for a given mass. First of all, we kéw en-
the whole computational box (c.f.sec 2.1). The DM and, ayre that the MMR is satisfied. The majority of our model galax
terwards, the gas and stellar gravity will then create e COes exhibits a central mean values ef Fe/H >y] within the
ditions for a radial inflow to happen. This case might be mogg e inferred from integrated spectra, namely from -0.8.8
realistic than the former one, in the sense that the DM potefsy (Kobayashi & Arimoto 1999). On average, the more mas-
tial will “perturb” the gas which is uniformely distributeat  sjye galaxies have a higher metal content than the lower mass
the beginning of the simulation. At variance with the prevignes However, the small range in the final stellar massesks w
ous model, in this case we let the SF process start at the S3B§he limited number of cases presented here prevent us from
time at which the gas accretion starts. considering our models as a complete subsample of typieal el

ipticals drawn according to some galactic mass functioereH

. . . li
. Tablg 1 summarises the main properties of each_ model tU\% simply check whether our models fullfill the constraires s
will be discussed in this paper, namely the core radius fdin bo[he MMR and the CMR for a galaxy of 101M,,
the DM and the gas profile, the SF parameigt, the initial : _ . '
temperature and the SNieiencyes y respectively. For instance, we applied the Jimenez et al. (1998) photomet-

Concerning the class of models labelledve mainly vary ric code to both cases Mal and La (inside théieetive radius),

the gas temperature and the parameter of star formation.one®fd found the results in good agreement with the classic Bowe
g P P tal. (1992) CMRs. In fact, by assuming an age of 12.3 Gyr

not vary the gas mass (via the core gas density and radius) A
cause we need that precise amount of gas in order to enstrre tH§ch in a standard Lambda CDM cosmology means a forma-
P J redshift of 5), we havély = —20 mag, U-\=1.35 mag,

i) enough stars can be created: ii) at the same time theretis i

too much gas left (we recall that present-day ellipticaks lza- {‘/%(:2.94 mag and J-K0.97 mag for model Ma1l, whereas for
sically without gas). Also, the assumed profile guarantaes hf3ci§eml_aa Vzvii(?r\]e?g(lmale Tna_ZLI:ts crgggt;eué\ri%/\./ﬁggtr:g?%in\(i-lar
most of the gas is already within the findfective radius of the ™~>: g ’ g.

galaxy in a way which mimick the assumptions made in PMOVESUIt_S apply to all the _other cases, b_e(_:ause their staraf@m
and PMCO6. histories as well as their mean metallicity are roughly thae.

For the class of models labelledinstead, the initial gas den- !t 1S known, in fact, that broad-band colours can hardly dise

sity (as reported in Table 1 under the column pertaipigggas inate the details of a SF episode if this burst occurred lawy a

) can be a crucial parameter, as well as the gas temperatire fne past

esr. Here the values fgor,t = 0) = peoregas IS chosen in or-  The models show an average §/Fe >] =0.2- 0.3 as re-

der to have the initial gas content in the whole grid not high@uested by the observations (Worthey et al. 1992, Thomds et a

than the typical baryon fraction in high density environt@e. 2002, Nelan et al. 2005). In general, the predicted aburelanc

1/5-1/10 as in galaxy cluster, e.g. McCarthy et al. 2007). In ea¢htios are consistent with the reported.1 dex-wide observa-

case, the gas temperature ranges frof1%R (cold-warm gas) tional scatter of the above mentioned articles, with theepkion

to 107 K (virialised haloes). We limit both the DM and the stel-0f a few cases which will be discussed in the following sewio

lar profile to their tidal radii, chosen to be 66 kpc (both it On the other hand, several models (not presented here)

in case M as well as 200 kpc and 100 kpc, respectively, in cag@atching the chemical properties fail in fitting other olyser

L. These values are consistent with the radii of the X-rapésl tional constraints. As an example, here we report model Mb5,

surrounding ellipticals of the same mass. whose stellar core radius is by far too large to be taken into a
count in the remainder of the paper.

Model MaSN, instead, shows how a strong feedback from
SN can suppress the SF process too early, as testified by the
The main results of our models are presented in Table 2, whaigh predictedr-enhancement in the galactic core. Also in this
the final (i.e. after SF stops) values for the stellar core efrd case the galaxy is too flluse. It can be shown thagy in the
fective radii, the time for the onset of the galactic wind et range 0.1-0.2 does not lead to strong variations in the tsesul
central region tg,), the abundance ratios in the galactic centdtherefore, we adopisy= 0.1, in line with the calculations by
and the gradients in{ O/Fe >] and [< Fe/H >y/], are reported. Thornton et al. (1998).

3. Results: a general overview
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Table 1.Input parameters

Model | Reorepm Reoregas  Peoregas e T €SN
(kpc) (kpc) (10%gcnt?) (K)
Mal 15 0.4 0.6 1 1® 0.1
Ma2 15 0.4 0.6 10 % 01
Ma3 15 0.4 0.6 2 1% 01
MaSN | 1.5 0.4 0.6 1 1® 1.0
Mb1 15 - 0.06 1 16 0.1
Mb2 15 - 0.2 1 16 01
Mb3 15 - 0.06 10 16 041
Mb4 15 - 0.6 1 16 041
Mb5 15 0.4 0.6 2 16 01
La 45 1.0 0.6 10 10 0.1
Lb 45 - 0.6 10 16 01

In all the other cases, the dimension of the model galaxi#snks to the sole energy input from SMI& The wind is su-
(i.e. their dfective radii) are consistent with the values reporteggersonic for, at least, the first Gyr aftggy,which is the time
for bright ellipticals (e.g. Graham et al. 1996). of the onset of the galactic wind and depends on the model as-
We stress that here we are not interested in a further figgmptions. At roughly 1.2 Gyr, the amount of gas left inside
tuning of the input parameters in order to reproducetyipe- the galaxy is below 2% of the stellar mass. This gas is really
cal average ellipticabs in PMO04. Our aim is, instead, to underhot (around 1 keV) and still flowing outside. Therefore, as an
stand whether it is possible to explain the observed vaoéty ticipated also by our chemical evolution studies (Pipinalet
[< O/Fe >] gradient slopesnceall the above constraints have2002, PMO04, Pipino et al. 2005), a model with Salpeter IMF and
been satisfied. In order to do this we first examine the forma-value foresy = 0.1 can mantain a strong galactic wind for
tion of the stellar component of a typical elliptical galaftjpen several Gyr, thus contributing to the ejection of the cherinat-
we derive further constraints by comparing both the predictements into the surrounding medium.

abundance and line-strength indices gradients with obtiens. The fact that the galactic wind occurs before externallytha
Finally, we study in great detail the role of several factiors internally is simply due to the fact that the work to extradue t
shaping the{ O/Fe >] gradients. gas from the outskirts is smaller than the work to extract the

gas from the center of the galaxy. Therefore, since the galac
o ) . . wind occurs firstin the outer regions the star formation s&@s
3.1. The outside-in formation of a typical elliptical first in these regions, for lack of gas. In the following we Iwil
refer tothe outside-in scenarias to the fact that the SFR halts
before outside than inside due to the progressive occugrehc
In this section we focus on the formation mechanism of a sithe galactic wind from outside to inside.
gle galaxy: the time evolution of its abundance gradientshei
the subject of Sec. 4.1 . A clear example of a massive eIIiptj-
cal is given by model La (massive elliptical with the gas in in™"
tial equilibrium at 16 K andesr=10), whose chemo-dynamicalin Fig.[3 we show the temporal evolution of the elemental abun
evolution is shown in Fig]D[3-6. We will refer to this parti dances in the gas for the entire galactic volume. As expettted
ular model as a reference case for characterizing the hyerogirompt release of O by SNII makes the/fQ in the gas to rise
namical behaviour of our models, as well as to derive genet@ry quickly, whereas the Fe enrichment is delayed. As dtresu
hints on both the development of the metallicity gradiems a the [OQ/Fe] ratio spans nearly two orders of magnitude, reaching
the SF process. We will also compare the results of models i typical value set by the SNla yields after 500 Myr. We can
with those of models Lb, being the mairfidirence between the derive much more information from Fids. 4, where the metalli
two models in the initial gas distribution. Figl. 1 shows thel-s ity distribution of stars as a function oFg/H] and [O/F€] are
lar and the gas density profiles (upper panels) as well asabe ghown. In these figures we plot the distribution of stars feaim
velocity and the temperature profiles (lower panels) fiedint out of gas with a given chemical pattern (i.e. a givEe[H] and
times (see captions and labels). It can be clearly seen thaj@/Fe]) as contours in theQ/Fe]-[ Fe/H] plane. In particular,
times earlier than 300 Myr the gas is still accumulating ia ththe contours connect regions of the plane with the same mass
central regions where the density increases by severatofle fraction of stars. Since we consider the stars born ffedént
magnitude, with a uniform speed across the galaxy. The tempgoints of the grid, which may have undergonfietient chemical
ature drops due to cooling, and the SF can proceed at a very higolution histories, it is useful to focus on twdidirent regions:
rate ¢~ 10¢3Moyr~?). In the first 100 Myr the outermost regionsone limited toRore. (Upper panel) and the other extending to
are built-up, whereas the galaxy is still forming starsdesits R.;. (lower panel). It is reassuring that in both panels the over-
effective radius. For comparison, the thick solid line in ther stall trend of the P/F €] versus Fe/H] in the stars agrees with the
density panel shows the adopted threshold (King profile). Vieeoretical plot of [@Fe] versus [F&4H] in the gas expected from
show the evolution predicted by model Lb (similar to La, buhe time-delay model (Matteucci & Greggio 1986). For compar
with an initial accretion of gas) in Figl 2. We notice, thagsgite ison, we plot the output of PM04's best model with roughly the
the diferent initial conditions, the evolution of all the physigal same stellar mass as a dot-dashed line ir(fig. 4. Both the early
interesting quantities follows the results obtained fodeld-a.  and final stages of the evolution coincide. An obviougsdence
After 400 Myr, the gas speed becomes positive (i.e. outfloug that thekneein the [(JFe] vs [F¢H] relation predicted by our
ing gas) at large radii, and at a 500 Myr almost the entirexyalamodel is much more evident than the one of PM04. The reason
is experiencing a galactic wind. This model proves that asimias must be ascribed to the fact that here we adopt a fix&e €atio
galaxy can undergo a galactic wind, which develops outgide-in the ejecta of SNII, whereas the stellar yields show theteh

3.1.1. The gas-dynamical evolution

1.2. Chemical abundances: from the gas to the stars
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Table 2. Model results

Model M. Reorex Reff. tgwcore [< O/Fe >*.core] [< Fe/H >*,core] AojFe AFe/H
(10°Mo)  (kpc)  (kpc)  (Myr)

Mal 6.0 0.3 12 1100 0.29 0.13 0.02 -0.13
Ma2 25. 0.4 7.7 800 0.22 0.35 -0.21 -0.16
Ma3 25. 0.4 8.3 800 0.35 0.57 -0.17 -0.03
MaSN | 2.0 6.6 31 200 0.55 -0.51 -0.14 +0.27

Mb1 6.0 0.4 17 700 0.14 0.22 0.09 -0.31
Mb2 3.0 0.2 8.7 300 0.33 -0.02 0. -0.18
Mb3 21 0.4 8.8 440 0.17 0.37 -0.08 -0.29
Mb4 26 0.4 5.4 200 0.42 -0.40 -0.08 -0.20
Mb5 25. 14.8 33.6 1400 0.36 0.17 -0.14 -1.40
La 26 3.4 29 400 0.14 0.70 0.19 -0.50
Lb 29 2 21 400 0.12 0.57 0.32 -0.50

Values predicted after the SF has finished.

is a small dependence on the progenitor mass (which is talegreement with the observed central values<offe/H >y]
into account in detailed chemical evolution models as th®@®M(Carollo et al. 1993, Mehlert et al. 2003, Sanchez-Blazagtez
one). Moreover, as we will show in Sec. 5.1, most of the meta 2006) than model La.

locked-up in the stars of the galactic core were producesideit

the core. In practice, we anticipate that the inner regiafies

a metal-rich initial infall (i.e. inflowing gas has a high&g/H] 4. The formation of the abundance gradients
abundance with respect to the gas already present and peace
in the inner regions), therefore the number of stars fornted
[Fe/H] < -1 is very small compared to number of stars created

at very high metallicities. This fast increase of the/Heratio  |n this section we discuss the issue of radial gradientsdrstél-
in the gas also makes theeeof the upper panel of Fi§l 4 more|ar abundance ratios. We concentrate on abeial gradients,
evident than the one in the lower pariel. namely on the ones whose properties can be measured by an

The above results have two implications: first, the fact thabserver. A snapshot of model La after 100 Myr, reveals gra-
our implementation of the chemical elements in the hydrodgients already in place with slopés),re = 0.08 (Fig.[T) and
namical code does not produce spurious chemiffacts and Aoy = —0.35 (luminosity-weighted, upper panel of FIg. 6).
it has been done in the proper way. Second, and perhaps mafter the SF has been completed, we ha@re = 0.19 and
important, it shows that a chemical evolution model gives agg,y = —0.5, respectively. Both values are consistent with the
curate predictions on the behaviour of the mean values, eysiedictions by PM04. In the same time intenRypre. aNdRef ¢
though it does not include the treatment of gas radial flovis adecrease by a factor of 3 and 1.5, respectively. The changes i
it has a coarser spatial resolution. As expected from the ptRese quantities are more evident if we look at other models s
liminary analysis of PMCO06, the innermost zone (Fig. 4, ums Mal, where the fin@®.ore. andRe+1. are smaller by a factor
per panel) exhibits less scatter. At larger radii, the itistion of 5 and 2 than thénitial ones, respectively. In this case, how-
broadens and the asymmetry in the contours increases. diis gver, the slope in theq O/Fe >] changes more smoothly from
be more clearly seen in the classical G-dwarf-like diagrdm @.024 to 0.02, whereas the steepening in the Fe gradiemh (fr
Fig.[3, where the number of stars per Hgbin only is shown. 0.48 to -0.13) is more dramatic.
We can explain the smooth early rise in the/Hedistribution In conclusion, both models Mal and La experience an
in the inner part (solid line) as thefect of the initially infalling  outside-in formation process, which creates the abundgrace
gas, whereas the sharp truncation at high metallicitigsaiditst ~ dients, within the observed range, although witfiedient slopes.
direct evidence of a sudden and strong wind which stopped thgthis stage we can say that the galactic winds certainly pla
star formation. The suggested outside-in formation prces role in the gradients build-up. The temporal evolution & ¢na-
flects in a more asymmetric shape of the G-dwarf diagram d@ients for model La can be visualized in Fig. 6, where the mass
larger radii (dashed line), where the galactic wind occarfi& weighted values for the Fe/H >] are also displayed in the
(i.e. closer to the peak of the star formation rate), withpees bottom panel. As expected from the analysis of PMC06, mass-
to the galactic centre. The broadening of the curves, idstea weighted values might fiier from luminosity-weighted quanti-
flects the fact that the outer zone (extendindrter.) encloses ties with increasing galactocentric radii, owing to the aiow
several shells with dierent SF as well as gas dynamical histostrong metallicity dependence of the light in the opticaidis In
ries. this particular case, we predict either a quite flat gradiehen

In practice, the adoptedk[Fe/H >] and [< O/Fe >] are the mass-weighted values are taken into account. This happe
either the mass or the luminosity weighted values, takem frdoecause also at large radii there is a significant numberrgf ve
the distributions similar to the one of figl 5 (but in lineaak) metal-rich stars, even though the peak of the stellar nigitgll
according to ed.]9 arld L0 . They can be compared with SSRstribution (see Fid.]5) occurs at a lower [Agwith respect to
equivalent values inferred from the observed spectra thkam the core. There are many concurrinffeets which generate this
the integrated light (see next Section). These quantiéiésis apparent dichotomy between peak values and averagesofirst
that, models La and Lb exhibit a quite high Fe/H >y] in the all, we remind the reader that the stellar metallicity disttions
stars of the galactic core, although model Lb is in slight§tér are generally asymmetric, thus the mathematical averagse do
not coincide with the distributionsode(i.e. the peak value, see

2 The physical mechanisms which produce such a metal-entian®MCO6). Secondly, the integral in €d. 9 is performed by tgkin

internal gas flows, as well as their role in changing thgF ratio in  into account a linear sampling of star mass ifHFins (instead
the gas, will be discussed in great detail in Sec. 5. of [Fe/H]). In other terms, £ Fe/H >] is always higher than

%l. The temporal evolution of the gradients in the reference
case
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Fig. 1.Upper panelsthe stellar mass- (top) and gas density (boFig. 2. Temporal evolution of density, velocity and temperature
tom) profiles predicted by model La atfidirent times: 10 Myr profiles for model Lb. The meaning of the curves is the same of
(solid), 50 Myr (dotted), 100 Myr and 200 Myr(dashed), 40Fig.[1

Myr (dotted-dashed). The model predictions at 1 Gyr coiacid

with the ones at 400 Myr. The thick solid line without time la-

bels represents a King profile (see textpwer panelsthe gas

velocity (top) and temperature (bottom) profiles predicbsd

model La at diferent times: 10 Myr (solid), 100 Myr (dotted),

200 Myr (thick-dashed), 400 Myr and 500 Myr (thin-dashed), 1 _ _ ) . . .
Gyr (dotted-dashed). effective radius. With this example we want to give a warning:

if an observer measures the abundance at Bgth.. andRe++..
and then tries to infer a metallicity gradient by a linearresgy

< [Fe/H] > (see Gibson 1997). Therefore we stress that takir ? (5.6' a str?grk:t line Ofl SbloﬁgF?/H)’ gf]e dffsrence betw?]en
the observed (i.e. luminosity-weighted) gradients atrtfexie : d'm mgskz;ml the actual behaviour ef Fe/H >] versus the
values, it might not necessarily reflect the actual galaxynte radius can be farge.
tion process. Moreover all these subtleliences in the choice By means of these models we have shown that a 10% SN ef-
of a SSP-equivalent value (eithet [Fe/H >] or < [Fe/H] > ficiency, as adopted in purely chemical models (PM04, PMCO06,
or simply [Fe/H]eay might lead to diferent final value for our Martinelli et al. 1998), is supported also by hydrodynarhica
gradients. models. In passing, we note that models with 100% SN e

In order to guide the eye, in the upper panel of figure 6 th@ency (e.g. MaSN) undergo the galactic wind too early irirthe
solid lines represent a linear regression fit of the meaniflogs  evolution, thus implying ithat their chemical propertie®s at
ity weighted) abundances, at each time, at the core and at ¥agiance with observations.
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We find a radially decreasing luminosity-weighted Fe abucda

in all our models:Age/ spans the range -0.5 — -0.2 dex per
decade in radius, with a mean value of -0.25, in good agreemen
with the analysis of Kobayashi & Arimoto (1999). Once trans-
formed into observables by means of 12 Gyr old TMB03 SSPs,
the predicted gradient slopes ad®g/l0g(Reore+/Refis) ~
—-0.06 mag per decade in radius, again in agreement with the -1.5 ————-"1 20— L |
typical mean values measured for ellipticals by several au- - [FeO/H] !
thors and confirming the PM04 best model predictions. We

notice that for models such as Mb3 and Ma2, we obtain

dMgy/10g(Reore./Rert) ~ —0.1 mag per decade in radius, posgig_ 4. Contours: bidimensional metallicity distribution of star
sibly matching a few objects in the sample of Ogando et s fynctions of [F&] and [O/Fe] for the core (upper panel) and
(2005, see also Baes et al. 2007). This conclusion is sttengle efective radius regions (lower panel) of model La. Dots:
ened by the fact that also tfetal metalliticy gradients, are 3momly generated stars in order to emphasize the peas in t
similar among all the models, their slopes typically betflx gjstributions. Dashed line: [Be] vs. [FgH] in the gas of model
Z/H >y])/10g(Reore-/Rett.) ~ —-0.2 — -0.3 dex per decade | 3 (mass-weighted values on the gridpoints of each regiot).

in radius, in agreement with the average value of the Annibglzshed line: [@Fe] vs. [FgH] in the gas, as predicted by the best

et al. (2006) sample, with the remarkable exception of modglyge| of PM04 for a galaxy with similar stellar mass.
Ma2 (an average elliptical with the gas initially in equiifilbm

at 10 K - as well asesp=10) whose slope ofl([< Z/H >y
1) /109(Reore/Ret1+)=-0.42 dex per decade in radius is close to ) )
the largest gradients observed in the galaxies in the saaiple#-3. Gradients in O/Fe

Ogando et al. (2005). Recent papers as Mehlert et al. (2003), Annibali et al. (2006
The build-up of such gradients can be explained to the ncemd Sanchez-Blazquez et al. (2007) have shown a complex ob-

negligible role of the galactic wind, which occurs later et servational situation relative to abundance gradientseaally

central regions, thus allowing a larger chemical enrichtétih  the gradients of theofFe] ratio. A successful galactic model

respect to the galactic outskirts. The predicted gradiepes should be able to reproduce the/fre] radial stellar gradient,

are independent from the choice of the intial setup giveniby @ither if flat or negative, while keeping fixed all the otheoper-

ther casea or b. We are conscious, however, that we relaxed thies (including the & Fe/H >y] gradient). This is nearly impos-

PMO04 hypothesis of not-interacting shells; thereforehmtest sible with standard chemical evolution codes, unless bggusi

of the paper we will also highlight the role of the metal flowgxtreme assumptions which may worsen the fit of all the other

toward the center. observables.
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Stellar Metallicity Distribution

A
A ,
N
£ ,
Y,
L L lum-weigh.
1.5 | |
[Fe/H) w00, 3 4 5
log(r/pc)
Fig. 5. The final Stellar Metallicity Distribution as a function of |l — 77—
[Fe/H] for model La. The values have been arbitrarily rescaled. L. ‘ | ,
The two peaks represent thetfdrent chemical enrichment suf- L 500 Myr ;‘1 e |

fered at diferent radii (see text). The solid line refers to the
galactic core radius, whereas the dashed line is the piealict
for a shell 5 kpc wide, centered Bt .

The hydro-code presented in this paper helps us in tacklizg
this issue. From the entries in Table 2, in fact, we noticeathe 5
the objects which present reasonable values for their awmi’
properties, including thed Fe/H >y] gradient, show a variety
of gradients in thed/Fe] ratio, either positive or negative, and 0 N
one model shows no gradient at all (Mb2, namely an average L .
elliptical with the gas initially difuse and cold - 10K - as well L il
ases |:=10).

A comparison between some of our models and data drawn
from Annibali et al. (2006) paper (namely a subsample of only
massive ellipticals with homogeneously measured grasliemt ~ —0-5 ———— B —
to 0.5Re ) is made in fig[B. Also the data for NGC 4697 are re- log(r/pc)
ported. The models predict a relationship between the anoel
ratios and the radius which is not linear. This further caogtes Fig. 6. Time evolution of radial metallicity gradients in stars
the comparison with observations and will be the subjectfofa predicted by model LaJpper panel the luminosity weighted
ture paper. As an example we only notice that the Annibali.et & Fe/H >y] in stars versus radius atftérent times (dotted-
(2006) sample is limited te Rey1./2; therefore, it is not surpris- dashed: 100 Myr; dotted: 200 Myr; dashed: 500 Myr). The stars
ing that their mean slopes are smaller than expected if dws tamark the luminosity-weighted values at both the core afete
into account the whole regidRore. < R < Reft.. However the tive radius. The solid lines represents the gradients riefeby
agreement with our model is very good, when considering tlesimple linear regression fit of the values at both the code an
same galactic regions, see fig. 8 effective radius at each timeéower panel The mass-weighted

As expected from this comparison, the predicted values for Fe/H >.]in stars versus radius atftérent times (as above).
Aojre SPan a range from -0.2 t00.3, which is similar to the ob- The scale is the same of the upper panel. We remark tferdi
served one (e.g. Mehlert et al. 2003), whith an average gnadiences between mass- and luminosity weighted quantitiesg |
slope of -0.002 dex per decade in radius. radii.

Remarkably, this occurs in spite of the fact that the galaxy
formation process always proceeds outside-in.

No correlations betweefig,re and other galactic properties
are found, as expected from observations. We only notice tha For instance, in the case of model Ma2, we predigice =
the galaxies showing the steepest (both positive and megati-0.21, but it has basically the same final stellar mass of both
[< O/Fe >] gradient slopes, have also a quite strong radial derodels La and Lb, being only more compact, and it shows aver-
crease in the4 Fe/H >y/] ratio, although a quantitative confir-age abundance ratios in stars matching the typical meaew~alu
mation needs a sample statistically richer than ours. Aetaxr observed for massive ellipticals. On the other hand, modst M
tion in this sense seems to emerge by the Annibali et al. (ROG&s Mal, the only dierence is that the gas idflise at the begin-
data (Annibali, private communication). ning) has a gradient &fp/re = —0.08 and model Mb1 predicts
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be mainly linked to the gradient slope. We stress that thatees
we present here and their interpretation is valid for théi@aar
initial conditions that we explored. Therefore, the insait-up
of the simulations is a sficient condition for such a variety of
gradient to be created.

5.1. Radial gas flows

In order to understand theftirences - both observed and pre-
dicted - in the §/Fe] gradients among ellipticals, we first study
the gas composition in a sphere of radiRig.. at each time-
step. In this way we can have insights on the role of the gas
flows in the determination ok O/Fe >cqre+]-

Almost all the models predict that, after the first 100 Myr, a
substantial fraction (i.e. 80-90%) of the metals presetiiégas
inside Reore« has an external (i.Rcorex < R < Rygal«) Origin.
This means that a non-negligible contribution to the gnaidie
is due to the gas flows, as shown by the negative velocity field
for t < tgw in Figs.[1 andR, and this is also expected in dissipa-
tive models such as the Larson (1974) and the Carlberg (1984)
ones. This fect cannot be seen in standard chemical evolution

Fig. 7. Time evolution of radial ¢ O/Fe >] gradient in stars models with non-interacting shells, where, at a fixed mdss, t
predicted by model La at flerent times (only mass-weightedpredictedAr/n is always smaller than in the models presented

values) Solid: 100 Myr; dotted: 200 Myr; dashed: 500 Myr.

0.6

-0.2

Log (R/R.)

in this paper (e.g. see Table 5 of PM04).

In order to quantify the fects of the convolution of the SF
with the gas flows, we make a step further and usgleq. 9 in order
to define, for a given chemical element, the mass-weightéal ra
R between the mass of this element produced in the galactc cor
and locked-up in stars to the amount produced in a more ettern
region (and subsequently locked-up in stars inhabitingtre).

In particular, for O we define the quantiBs as:

1
Sf,core

where, at variance with egl 9, we now consider the distrilputi
of stars as function of the rati®f,;/O) and extract its average.
In this caseDg is the mass of O produced in the external (i.e.
outside~ 3 x Ryore:) part of the galaxies, sunk in the galactic
centre because of the radial inflows and eventually lockeahu
stars inhabiting the cof@ On the other hand, O is thectual
mass of oxygen out of which stars form inside a sphere of gadiu
R = Reore- A high dficiency of the radial flows in transferring O
from the external regions of the galaxy will correspond tghhi
values of the rati®Ro. On the other handRo = 0 means that
all the stars formed in the core incorporated only the O pro-
duced by the previous generations which populated the core.

Ro

Sf.cn)re
fo (Cou/O)(S) dS, (11)

Fig. 8.[< O/Fe >] gradients predicted by several models com#/e also evaluate the same ratio in the case of the Fe, namely
pared to a subsample of Annibali et al. (2006)’s data (fulksg@s Rre. Both theRo and theRg. time evolutions for four selected
connected by dotted lines) and the data for NGC4697 (stars).models are shown in Table 3. These quantities give an egtimat

of the contribution of the metal rich radial flows to the build
up of the gradients. The last row of Table 3 shows the quantity

Aojre = 0.11. We stress again that all these models halt the $& O/Fe >, ¢orenotiux, Namely the expected central value of the

atR > Rqt+. earlier than in the core.

5. Possible explanations for the observed variety of
[< O/Fe >] radial gradient slopes

We have analysed the possible causes for the variety of the Rhe
dicted gradients in the abundance ratios: metal-enharackal r
flows and variable timescale of SF with radius. Here we dis
tangle their diferent roles by studying thdfects of the gas flows
in determining the central values (i.e. the [O/Fe >coe:),

[< O/Fe >.,] in the hypothetical case in which the metals pro-
duced outside- 3 x Reore« do not flow into the core (to be com-
pared to the entries of Table 2, 6th column).

Remarkably the 8 of the models have basically<|
O/Fe >, corenofiud =0.3.
In model Mal, the mild positivé\g,/e is not enhanced by
metal rich gas produced in the ouskirts and flowing toward
the center becaus®-. andRo evolve in lockstep because they

en-

3 We only subtract from the metal budget, a posteriori, thésments
not produced in situ and followed in their evolution by meaha suit-

whereas the variation of the SF timescale along the radills wéble tracer
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Table 3. Contribution to the core abundances by metals produced i mxternal

regions
t(Gyr) Ro Rre
Mal Mb4 Mb3 Lb Mal Mb4 Mb3 Lb

0.05 0.49 0.66 0.82 0.23 0.49 0.66 0.82 0.21
0.07 070 075 084 045 069 074 084 042
0.10 081 082 08 058 080 082 086 0.56
0.15 086 079 078 067/ 0.85 082 083 0.67
0.20 0.88 0.76 0.72 0.64/ 0.87 0.82 0.80 0.73
0.30 0.89 0.76 0.64 0.57| 0.89 0.81 0.74 0.72
final 089 076 064 057 089 081 074 0.72
[< O/F€>.coemid | 027 051 033  0.30

are dominated by the external production of metals in theesaing the value for ¢ O/Fe >, cor] predicted by other models,
way (see Table 3). such as Mb3 (dotted line).

In other cases, such as the model Mb3 (average elliptical
with the gas initially difuse and hot - 19K - as well ases r=10),
instead, we havRre > Ro. This model, in fact, starts from a uni-
form gas distribution, then most of the gas out of which tlaesst Let us examine now theffect of varying the SF timescale. The
form, must have first sunk into the centre. As a consequelnee, &nalysis of the mass-weighted abundance ratio in the irorer z
star formation rate peaks later with respect to model Mal. @not enough to explain the gradients. In fact we have studie
the other hand, the outermost regions halt their star faomat only the build-up of the zero-point value, taken as the dant
process, and thus the O production, quite soon; therefasef M < O/Fe >, corel. Even in the simplistic assumption in which
of the stars in the central regions preferentially lock teevhich the gradient can be well represented by a straight line wd nee
is coming from the SNIa exploding in the outskirst, ratherth another quantity in order to fix the slope steepness. We chose
O. This explains the slightly low centrat[O/Fe >], despite the to study the radial variation df,o andt; ¢, because another im-
high SF parametefe{r = 10); in fact, Ag/re is ~ 0.18 at 100 portant diference with respect to PM04 and PMCO06 is that here

Myr, ~ 0 at 240 Myr and becomes negative soon after. y = ﬁ # const

As anticipated above, due to the very fast star formatiog rat  We find thatv(core) ~ 2—3x v(Ret1) in a model such as Lb,
(with respect to the gas inflow rate) in model Lb we have thghich closely follows the PM04 best model. On the other hand,
lowestRre andRo, therefore the gradient could reflect the reahodels with either a zero or a negativg re havev(core) ~ 5—
outside-in formation in a manner which resembles the multiQ x v(R.) for most of their evolution, thus favouring a higher
zone chemical evolution models with non-interacting shell[O/Fe] ratio in the stars belonging to the inner regions. Otastr t
Nevertheless, also in this case, we h&g > Ro, which is the cases, not presented here, show us that if we run models with
outcome of a dferential inflow, as explained above for modegven higher values for the star formation parameter ¢se.>
Mb3. 20,) the strong feedback by SNe halts the gas flows; therefore

In summary, radial flows may lower the core value ofhe supply of baryons for the SF in the galactic center igsfiyo
[< O/Fe >], (that we consider as the zero point of the graeduced and the outcome is a toffase galaxy. A similar result
dient in [o/Fe)) relative to the case with no radial flows. Thean be obtained by increasiegy, as shown by model MaSN.
reason for that is that-depleted material flows from the outer-  The radial variation of means that thefect of the outside-
most into the innermost regions. Therefore, the varietyraf g in formation could be balanced by the interplay between lo-
dients (in particular positive, null or negative) dependstioe cal differences in the SF timescale andfeliential gas flows.
efficiency of thea-depleted gas to flow from the outside to th&herefore the combinedtect of gas flows plus a strong varia-
inside during the time of active star formation. In other d&r tion in the star formation timescale along the radius, malee t
it depends on the velocity of the inflowing gas. Clearly a dairg hypothetical outside-in modgradient change slope (line la-
or smaller parameter of SF can have a strong influence on thelled asfake inside-out modeh Fig[d), thus matching the av-
process. In order to help the visualization of such a compilex erage trend predicted by model Mb3 (dotted).
cess, we show Fig.9 where the solid line at the top represents In general Ao re Seems to fluctuate around a null value and
hypotheticalpure outside-in modelith non-interacting shells to be a result of the interplay of many hydrodynamical fagtor
and < O/Fe >, corenoflu] =0.3. The gradient slope is chosen tavhich render it more sensitive to the initial conditions bét
be 0.15 dex per decade in radius. In this case th®[Fe >] gas rather than an indicator of the chemical enrichmentgsmic
gradient is set by the occurrence of the galactic wind, whig¢bossible connections between the above mentioned trenids an
happens earlier in the outermost regions. By no means sucth@other galactic properties will be investigated in afefpaper
model is real. It just helps in visualising the simplest smém- and will help in sheding more light on this subject.
which is quite a common assumption in the literature invadvi In the end we notice that the gradients infe/H >y] and
multi-zone chemical evolution modelling - and theéfeiences [< Z/H >\] may be dfected by the particular formation history
introduced by taking into account radial flows and the lo@al-v of one model only in their zero point, whereas their slopes ar
ation in theinput star formation timescale. None of the modelghaped by the strong role of the gas flows (both the final values
run correspond to this ideal case, therefore we cannot campef R, and Ro are always larger than the 50%) and by the fact
it with any of our predicted curves. that the SF proceeds always outside-in.

In order to take into account the role of the gas flows we Another important point is that the f(erences among the
then correct the predicted gradient (solid line in the mégidl values ofAg/ee in the models presented in this paper are typi-
thus obtaining something similar to the predictions by ni®@decally around a factor of 2 (if they are not presented in logary
La (dashed line) and Lb. This mechanism helps also in explathmic units), values which are probably comparable to al th

5.2. The role of the star formation timescale at different radii
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Fig.9. A sketch of the relative contribution of the gas flows

strenght and the star formation parametdp the creation of —

the final gradient for two particular cases: model La's pre-
dicted gradient (positive slopggshed lingg model Mb3’s pre-
dicted gradient (negative slopdptted ling. Pure outside-in
model: hypothetical model with an outside-in formations [
O/Fe >, corenoflud =0.3 (no gas flows) and constant with ra-
dius; fake inside-out modehypothetical model with a strong
variation of the star formation timescale with radius. The a
scissa is expressed in units of theetive radius.

uncertainties involved in the measurements of the grasliast
well as uncertainties related to the transformation frodides
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dM@./109(Reore/Rett+) ~ —0.06 mag per decade in radius,
again in agreement with the typical mean values measured
for ellipticals and confirming the PM04 best model predic-
tions. We also find that some models predict a steeper gra-
dient, and this seems to be in agreement with the observed
gradients of a few massive objects in the Ogando et al. (2005)
sample.

The build-up of the gradients is very fast and we predict neg-
ligible evolution after the first 0.5 - 1 Gyr.

suggested by PMCO06.

We also find theactual(i.e. mass-averaged) metallicity gra-
dients can be flatter than the luminosity-weighted ones (i.e
the observed ones).

The main novelty of this work is that we address the issue of
the observed scatter in the radial gradient of the mean stel-
lar [a/Fe] ratio and its apparent lack of any correlation with
all the other observables. By analysing typical massive el-
lipticals, we find that all the models which predict chemical
properties, including thed{ Fe/H >y] and the global metal-
licity gradients, within the observed ranges, show a variet
of gradients in thed/Fe] ratio, either positive, negative or
null.

We explain this finding with the fact that the suggested
outside-in mechanism for the formation of the ellipticals i
not the only process responsible for the formation of abun-
dance gradients. In particular, other processes shouldrbe ¢
sidered such as the interplay between lociedénces in the

SF timescale and gas flows. In particular, our models suggest
the gradient in thed/Fe] ratio to be be related to the inter-
play between the velocity of the-enhanced radial flows,
moving from the outer to the inner galactic regions, and the
intensity and therefore duration of the SF formation preces
at any radius. In other words, if the flow velocity is fast rel-
ative to the star formation, the stars still forming at inner
radii have time to form out af-enhanced gas coming from

to abundances of such (see PMCO06). This fact calls for newer, the outermost regions, thus flattening and even reversing th
larger as well as homogeneous samples of gradients observedsign of the f/Fe] gradient.

in ellipticals and extended to ondtective radius. Only then, —

in fact, it will be possible to discriminate among the partar
models presented in this work.

In particular, we have shown that we do not need the merger
events invoked in order to have a shallowd/Fe >] gradi-
ent.

— Moreover, the predicted age gradients are very small, being

6. Conclusions

typically a few Myrs per decade in radius, in agreement with
Sanchez-Blazquez et al. (2007). This means that the estimat

In this paper we have studied the formation and evolution of Of therelative duration of the SF process between two dif-

ellipticals by means of hydrodynamical models in which we im
plement detailed prescriptions for the chemical evolutbi,
He, O and Fe, thus presenting a quite detailed treatmenttbf bo
the chemical and the gas-dynamical evolution of elliptizdhx-

ies. Within this framework we are able to relax the assunmptio —

of non-interacting shells which hampers many chemicalievol
tion codes in the modelling of the gas flows, thus allowingaus t
perform a detailed study of the build-up of the metallicitadj-
ents in stars. We suggest an outside-in formation for theritgj
of ellipticals in the context of the SN-driven wind scenatlus

ferent galactic regions by measuring tkeQ/Fe >] is not

a robust method. In other cases in which, instead, the age
gradients are stronger we expect a much more evident radial
variations in the £ O/Fe >], as those outlined in PMCO6.
According to our fiducial cases, up to the 90% of the metals
locked in stars in the galactic center could have been synthe
sized at larger radii.

We stress that the new class of models presented here make

confirming previous results of chemical evolution modelst, bseveral and new predictions on both the shape anftagevolu-
we also show the necessity of taking into account in detail géon of the metallicity gradients which are left unconsted by

inflows/outflows.
Here we summarise our main results.

the lack of observations. What makes galaxies start fronsigua
monolithic conditions is still to be understood. The questdn

explanation of such behaviours will be a challenging fieldesf
— We find Age/n in the range -0.5 — -0.2 dex per decade in rasearch if future observational campaigns will confirm theept
dius andAzn ~ -0.3 dex per decade in radius, in agreemempbsitiveAg,re found in, e.g., NGC 4697 (see fig. 8), thus, further
with the observations (e.g. Kobayashi & Arimoto, 1999). validate a particular type of models. These observabldswil
— These gradients in the abundances, once transfornikd testbench for our suggested galaxy formation scenabe t
into predictions of the line-strenght indices, lead ttested by future observations.
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