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ABSTRACT

The high end of the stellar mass function of galaxies is observed to have little evolution sifice . This represents
a stringent constraint for merger-based models, aimed at explaining the evolution of the most massive galaxies in
the concordancACDM cosmology. In this Letter we show that it is possible to remove the tension between the
above observations and model predictions by allowing a fraction of stars to be scattered to the diffuse stellar
component (DSC) of galaxy clusters at each galaxy merger, as recently suggested by the analysislyof
hydrodynamical simulations. To this purpose, we use the MORGANA model of galaxy formation in a minimal
version, in which gas cooling and star formation are switched off afterl . In this way, any predicted evolution
of the galaxy stellar mass function is purely driven by mergers. We show that, even in this extreme case, the
predicted degree of evolution of the high end of the stellar mass function is larger than that suggested by data.
Instead, the assumption that a significant fractieB0%, of stars are scattered in the DSC at each merger event
leads to a significant suppression of the predicted evolution, in better agreement with observational constraints,
while providing a total amount of DSC in clusters, which is consistent with recent observational determinations.

Subject headings: cosmology: theory — galaxies: elliptical and lenticular, cD — galaxies: evolution —
galaxies: formation
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€ formation of cosmic structures, with only résidual Uncer 5404. paper et al. 2005). These exceptionally massive galaxies
tainties on the values of cosmological parameters. However,

; ‘are the giant ellipticals that typically represent the dominant
while consensus on the agreement between model and data i5_ - ies of rich galaxy groups and clusters. Furthermore, gal-

reached for observables that probe the large-scale structure o xy clusters are the most massive DM halos at low redshift

the universe (e.g., Springel et al. 2006), the situation becomes, 1 - e redicted and observed to still be undergoing a phase
far less clear when the formation and evolution of galaxies are

addressed. In this case the underlying astrophysical processeOf significant merger events. The massive ellipticals that reside

at play are so complex and poorly understood that it is very At the centers of two merging clusters are predicted to merge

difficult to disentangle the cosmologically driven building of after one dynamical friction time, which is of order of 1 Gyr.
9 gically 9 This leads to two important consequences, namely, an evolution
structure from the effects of such processes.

. ! : of the stellar mass function, which is constrained by data, and
At variance with the behavior of dark matter (DM) halos, . - o
the building of galaxies shows a “downsizing” (()r “a)ntihier- mergers between big ellipticals. These are not assomateq to
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e.g., Cowie et al. 1996; Bundy et al. 2006). Besides, stars in On the other hand, galaxy clusters are pervaded by a diffuse

more massive objects appear to have formed, on average, earlie?te”ar component (DSC), which only in part can be associated

than those in less massive ones (see, e.g., Treu et al 2005With the extended halo of a dominant cD galaxy. These stars
Thomas et al. 2005). While for the bulk of .gilalaxies this be- are usually not accounted for in the census of the stellar mass

havior can be explained as due to the effect of stellar or active E;dgk?sde:?/ir?glguis;?rr:élIsht?airr S:;Tg;i;?g&%ss &‘ir?];;o%?tg]aaﬁed
galactic nucleus (AGN) feedback (see, e.g., Croton et al. 2006; i . i '
Bower et al. 2006), the nearly passive evolution of the most 2?%%0%0%4 Ir:]elccijmf[alelr Ze(t)gé 20,[03' |20?4a, Castro-(lj@u@u et
massive galaxies highlights a possible paradox of present mod—aG' V. er alr 26033'_ N .”) in ra(|: ugozrsnovae and supernovae
els of galaxy formation. More specifically, galaxies with stellar (Gal-Yam et al. ; Neill et al. 2005), asymptotic giant
masses-10i2 M, show a remarkably constant number density P’ anlch ?tars (DEJGrreII etl al. 200|2) 2‘65689 sulrcfjacel photonlwetzrgoc;f
out to redshifz~ 1 (see, e.g., Fontana et al. 2004; Drory et Single clusters (Gonzalez et al. , Feldmeier et al. 2002,
( g y 2004b; Adami et al. 2005; Krick et al. 2006), or by measuring
N . . R - the diffuse light in co-added images of many galaxy clusters
Triest'ga{tt;?fnm di Astronomia, Universiti Trieste, via Tiepolo 11, 134131 704 6t al. 2005). These observations give fractions of total
2 INAF—Osservatorio Astronomico di Trieste, via Tiepolo 11, 1-34131 Tri- !UmmOS'.ty contributed by the D_SC ranging fr(_)m 10% to 40%
este, Italy. _ S _ in massive clusters. The relatively poorer Virgo and Fornax
102'2'\;/*'5;]25?;%:;0'; '?Téftflct’;‘l?/m'co di Torino, Strada Osservatorio 20, |- Clusters have observed fractions of about 10% (Feldmeier et
4 INFN-National Instituté for Nuclear Physics, 1-34127 Trieste, Italy. al. 2003; Durrell et _al' 20(.)3; NEI|_| et al. 2005;. MIhQS et al.
s Max-Planck-Institute for Astronomy, Kuigstuhl 17, D-69117 Heidelberg, ~ 2005), thus suggesting an increasing DSC fraction with cluster
Germany. richness (see also Lin & Mohr 2004). The origin of the DSC
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The ACDM model provides the standard framework to study
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in galaxy clusters has been studied with the aidNelbody
simulations (Napolitano et al. 2003; Murante et al. 2004; Will-
man et al. 2004; Sommer-Larsen et al. 2005; Rudick et al.
2006; Stanghellini et al. 2006), reaching the general conclusion
that a DSC is naturally expected to arise from the hierarchical
assembly of clusters. In particular, Murante et al. (2006) showed
that 60%—-90% of the DSC is generatedzatl , and only a
minor part of it is due to tidal stripping, the rest being con-
tributed by relaxation processes during galaxy mergers.

Clearly, the possibility that a significant amount of stars are
diffused into the DSC during the low-redshift “dry assembly”  © o [~
of the most massive ellipticals has important consequences for .5 ©
the evolution of the high-mass end of the galaxy stellar mass
function. Massive galaxies at the center of clusters contain a
significant fraction of the total stellar mass of the cluster, ranging
from 10% to 30% for poor clusterd, ~ 10** M, ) to 5%—-10% —
for rich ones i, ~ 10" M, ; see, e.g., Lin & Mohr 2004). If o
at each merger these galaxies lost a fair fraction of their stars to L o oo - i
the DSC component, and if this mechanism were responsible /ﬁﬂ’fu' o i
for the buildup of most of the DSC, then this process would L i
limit the mass growth of the central galaxy by mergers since e J T T N T S S S
z~1. 14 142 144 146 14.8 15

In this Letter we show, using the results Nfbody simu- log M (M
lations and the MORGANA galaxy formation model (Monaco h o7
et al. 2006), that the evolution of massive galaxies driven by Fic. 1.—Fraction of stars in diffuse stellar component for model DM halos
mergers is severely constrained by observations, and that thigvith M, > 10" M. The open squares refer to the expectation of MORGANA
tension is removed if a significant fraction of stars is lost to With only tidal stripping {.e = 0), the filled triangles to the cabg..—

. . . 0.3 The solid and dotted lines give the averageck lines) and +1 ¢ (thin

the DSC_ at each merger. Once thI_S effectis taken Into account’lines) location of the points. For comparison, we show the results from simulations
we predict a much slower evolution of the high end of the by Murante et al. (2006) as circles with error bars, which represent the rms scatter
stellar mass function &< 1 , while producing an amount of within different mass intervalsSge the electronic edition of the Journal for a
DSC atz~ 0 that is consistent with current observational limits. color version of this figure]
In this Letter we use a cosmology wify, = 0.3 Q, = 0.7

Q, = 0.04 H, = 70kms™ Mpc™*, ands, = 0.9 ; none of the  jmplement the generation of the DSC as follows: (1) tidal strip-

0.4

0.3

results depends sensitively on any of these parameters. ping of stars is applied to satellite galaXiesmd (2) when the
satellite merges with the central galaxy, a fractign,.,  of its
2. BUILDING OF THE DIFFUSE STELLAR COMPONENT stars are scattered to the DSC. Prescription (2) is at variance

) . with Monaco et al. (2006), where scattering is allowed only in

Murante et al. (2004, 2006) analyzed hydrodynamical sim- major mergers. Such a recipe, inspired by the results of Murante
ulations of galaxy clusters, performed with the GADGET-2 ¢ ). (2006), is deliberately simplified, and we use it here to
code (Springel 2005), which include the processes of star for- proyide a qualitative picture of the effect of including the pro-
mation and supernova feedback. They found that the DSC rep-qyction of the DSC into our model.
resents a significant fraction of the stellar population in clusters, |, Figure 1 we compare the fraction of DG,  , as afunction
approximately ranging from 10% to 40%, with an increasing of cluster mass, found in the simulations analyzed by Murante
trend with cluster mass (see Figlye points), thus in keeping et al. (2004) and predicted by MORGANA for bofh, ., =
with observational results. Murante et al. (2006) also shows g and 0.3. MORGANA predictions have been computed for 37
that the bulk of the DSC is not due to tidal stripping of non- clusters, with masM,, > 10" M, , identified in a 150 Mpc box
central galaxies, which accounts for no more than 5%-10% of \yhere the DM clustering is sampled with S1garticles. This
the total stellar component, but to relaxation processes takingcomparison shows that using a fixed valud.of,..  produces a
place during the dry mergers leading to the buildup of the mjjger dependence 6. on the cluster mass, thus confirming
central dominant galaxy. As a result, up+80% of the stellar  that our approach of introducing the effect of the DSC generation
mass of the merging galaxies becomes unbound to the resultings gyersimplified. Still, predictions from the semianalytical model
central galaxy. In terms of the mass of each merging satellite, 3ng from the hydrodynamical simulations share several common
this translates to 10%-50% of its mass that is scattered to th&eatures. For instance, tidal stripping is confirmed to bring only
DSC, erendlng on the mass ratio of the merging galaxies. 100 of the total stellar mass to the DSC, With, .o~ 0.3

In this Letter we resort to the novel MORGANA model of  required to better account for simulation results. Quite interest-
galaxy formation to quantify the effect of including the gen- ingly, we also verified that70% of the DSC is generated at
eration of a DSC at each merger on the evolution of the stellar , <"1 by both MORGANA and simulations. On the basis of
mass function. This code has been shown to be able to reprothese results, we conclude that the MORGANA model can be
duce the buildup of the massive galaxies (Fontana et al. 2006)yse( to test the effect of the DSC generation on the evolution
and the population of AGNs (Fontanot et al. 2006). For the of the high end of the galaxy stellar mass function.
purpose of the present analysis, MORGANA has been modified
bY switching Of,f gas cooling anq star formationzt1 . In ¢ At the time of first periastron of the satellite orbit in the host DM halo,
this way, we minimize the evolution of the stellar mass func- aji the stars that lie beyond the tidal radius (according to the unperturbed
tion, which is then driven only by mergers. Furthermore, we profile of the galaxy) are moved to the DSC.
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3. RESULTS AND DISCUSSION U L L L L L L L B L
T 3
=0.0 7 f =0.3 7

As mentioned in § 1, the population of massive galaxies with
M, ~ 10" M, shows a modest but significant degree of evo- |
lution sincez ~ 1 . Using the GOODS-MUSIC sample, Fontana
et al. (2006) found this evolution to amount to a factor of 2.5 .~
in mass density, a degree of evolution that has been shown to
be consistent with the predictions of MORGANA. On the other
hand, very massive galaxies with, ~ 10'*M,  show a much
lower degree of evolution. We use here as a convenient quan-
tification of this evolution the logarithmic increase ®f_,,
the stellar mass at which the stellar mass function reaches the
level #(log M) = 10*°* Mpc3, fromz = 1 to 0. A detailed
discussion on how to measure this quantity from data is beyond
the scope of this Letter. Using data from Yamada et al. (2005),
Drory et al. (2005), Bundy et al. (2006), Cimatti et al. (2006),
Fontana et al. (2006), and Brown et al. (2006), we infer that
the evolution ofM_,, betweem = 1 and 0 cannot be larger
than 0.2 dex. This modest evolution clearly requires that mas-
sive galaxies must have had a small net gain in stellar mass 4
during the last 7 Gyr. I

To giest the consi)s/,tency of this constraint with the expected 11 11.5 12 125 11 11.5 12 12.5
evolution of massive galaxies, we use the MORGANA model Log M (M@ hzd
as follows. We follow the evolution of the galaxy population FiG. 2.—Evolution of the stellar mass function fram= 1  to 0. In all panels
.umll z = 1, assuming the standard choice of parameter% l“.lsedobservational data points are from GOODS-MUSIC (Fontana et al. 2%06) a,nd
in both Monaco et al. (2006) and Fontana et al. (2006) ‘With refer to the stellar mass function in the redshift range 0.8-1.3; the solid line
focaner = 0. We then finetune AGN feedbdtto reproduce almost  gives the best fit proposed by the same authom=atl . The shaded region
exactly the analytic fit of the = 1 stellar mass function pro- highlights the allowed evolution of the high end of the stellar mass function
posed by Fontana et al. (2006) Figure 2 shows the predictecp) 7 fec T shed Jne gues e mocel este il conmuied o
mass funCt_'On at = 1 C(aShed line), compared to the GOODS’_ atthe sasr;?grredshift, while the solid line gives the predictian-at0 , computed
MUSIC estimate in the redshift range 0.8—1.3; the shaded reglon,switching off all astrophysical processes (cooling, star formation, and feedback)
bound by the analytic fit of the observed stellar mass function and setting. ..., to the value specified in the panel. The thin dotted horizontal
atz = 1 and the same curve shifted in mass by 0.2 dex, high_line marks the |ev¢'310""5 Mpé that_is us_gd to quantify the evolution of the
lights the allowed range of the high endzat& 0 . The model stellar mfafhs_ f:cj_nctlon.$e the electronic edition of the Journal for a color
is known to overestimate at= 1  the number density of smaller version of this figure]
objects M, < 10'* M, ; Fontana et al. 2006), and this is no-

ticeable in the figure. As already mentioned in & 2, we then ,ngerestimates the fraction of DSC produced in simulations
compute the evolution of the galaxy populationzat1l by for the most massive clusters (see Fig. 1). The other three panels
switching off all the astrophysical processes, including cooling, of Figure 2 show the evolution of the stellar mass function for
star formation, feedback, galactic winds and superwinds, so that, 5 es off = 0.3, 0.5, and 0.8. Values between 0.3 and
galaxies can grow only by mergers. The solid Ilng in the upper g 5 are sufficient to suppreaslogM_,.  to below 0.2 dex and
left panel of Figure 2 shows the results of this model for 4¢{he same time reproduce the observed fraction of DSC. The

fscaner = 0: we obtainAlogM_,s = 0.3, i.e, the mass of the 5iher extreme value df,,,., = 0.8 instead tends to overpro-
most massive galaxies grows by more than a factor of 2, in line 4 ,ce the DSC.

with the results by_De Luci_a etal. (2006) and De L_ucia& Blaizot  From these results we conclude that the observed modest
(2006), but at variance with respect to observational results.  gyo|ytion of the high-mass tail of the stellar mass function can
This result highlights the presence of a potential paradox in e reconciled with model predictions by allowing a significant
cosmological models of galaxy formation: even under the as- fraction of the stellar mass to be scattered away from the gal-
sumption that mergers only drive the evolution of the galaxy 5yjes and disperse into the DM halo. This is also shown in
population az< 1, model predictions still provide too strong gigyre 3, where the results of the models are reported in the
an evolution of the high end of the stellar mass function. This (fso A log M_, )-plane as lower limits to the values that would
conclusion is robust against possible uncertainties in the dy-paoptained with a full treatment of baryon physics. The shaded
namical friction timescales, which determine the difference be- 563 shows the region currently allowed by data. As a word of
tween the timing of DM halo merging and galaxy merging. caytion, we remind that a direct comparison between the the-
We verified that, since these timescales are much smaller than,eical and observational estimates of the DSC fraction is quite
the Hubble time, an uncertainty in their estimate does not sig- gglicate. Theoretical estimates are affected by numerical effects
nificantly influence the final results. and by uncertainties in the modeling of complex baryon physics
As already discussed in § 2, the model wifh..,= 0 also 4t give rise to galaxies, while observational estimates depend
on a number of hypothesis linking the observables (e.g., num-
’ This is done in order to have all models starting from the same configu- ber of intracluster planetary nebulae, ratio of fluxes from the
g‘)t:?:cf‘gzu: 1. @;J’;SMSRrT?U'Tt?'ﬁZO"I/g;;tESOD?C is created ak1 ,we  DSC and from galaxies) to the volume-averaded .
8 The fing-staning is pe);forme%ybygsetting the, parameter to 2 in place Despite all these uncertainties, we r.egard our resul; asa rOb.USt
of 1 and assuming the “forced quenching” procedure; see Monaco et al. (2006)0N€. The details of the galaxy formation models are immaterial
for details. in this test as long as the model gives a plausible population of
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parameter space. It shows the relation between the production of DSC and

the evolution of the stellar mass function at the fixed number density of

10** Mpc 3. The shaded area gives the rough observational constraints reporte

in this Letter A logM_, ;< 0.2 andd.1< f 5-.< 0.4 ); the points refer to the model
with the four values of,.... (reported beside the relative points) given in Fig. 2.
We consider these points to be lower limits (see te$e fhe electronic edition

of the Journal for a color version of this figure]
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massive galaxies @~1 and describes correctly the merging
of galaxies driven by the hierarchical assembly of DM halos. In
our calculation the evolution ta = 0 can only be underesti-
mated, since it is performed by forcing a complete quenching
of cooling and star formation. This is clearly seen in Figure 2,
where the population of galaxies wiM, ~ 10'* M, is under-
estimated az = 0 . As a consequence, the evolution predicted
by mergers is an underestimate as well, as it does not include
the stars formed since= 1 . In this case the known excess of
small galaxies predicted at= 1 (Fontana et al. 2006) gives a
modest bias, which is in the opposite direction with respect of
the more important bias obtained by quenching any evolution
of the stellar component. Therefore, it does not hamper our con-
clusions by any means.

In conclusion, we have shown that the modest evolution of
the high-mass end of the stellar mass function may highlight a
problem for current models of galaxy formation in th€DM
framework. On the other hand, the presence of a significant DSC
in galaxy clusters and the mild evolution of the high end of the
galaxy stellar mass function may both point toward a scenario
in which a significant fraction of the stellar mass of galaxies
becomes unbound at each merging event, thereby suppressing
the merger-driven evolution. Solving this problem requires that
a significant fraction>20%, of the total stellar budget in rich
galaxy clusters must be in the form of a diffuse component.

Joeeper searches of intracluster light are necessary to either con-

firm or dispute this prediction. Future instruments, like the Large
Binocular Camera at LBT alWST, will provide a quantum leap
in the census of the diffuse stars in the near future.

We thank Alvio Renzini, Stefano Cristiani, Andrea Cimatti,
and Gabriella De Lucia for useful discussions. This work has
been partially supported by the PD-51 INFN grant.
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