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Abstract In order to test a possible evolutionary scenario of higtempact quiescent galaxies (cQGSs)
that they can survive as local compact cores embedded ihfassive galaxies with different morphology
classes, we explore the star formation histories of localfgact cores according to their spectral analysis.
We build a sample of 182 massive galaxies with compact cags.{. > 10'°-6 M) at0.02 < z < 0.06
from SDSS DR7 spectroscopic catalogue. BTARLIGHT package is used to analyze the median stacked
spectra and derive the stellar ages and metallicities. Gum mesults show that local compact cores have
the average age of abol.1 4 0.6 Gyr, indicating their early formation at > 3, which is consistent with
the formation redshifts of cQGs at< z < 3. Together with previous studies, our result that local caotp
cores have similar formation redshifts as those of hgtQGs, supports that local massive galaxies with
compact cores are possible descendants of cQGs. Morphalsgidy of local galaxies with compact cores
suggests that there would be multiple possible evolutippaths for highz cQGs: most of them> 80%)

will evolve into local massive early-type galaxies accogdio dry minor merger, while some of them
(~ 15%) will build substantial stellar/gas discs according te l&te-time gas accretion and sustaining star
formation, and finally grow up into spiral galaxies.

Key words: galaxies: bulges — galaxies: evolution — galaxies: fororat— galaxies: stellar content —
galaxies: structure

1 INTRODUCTION 2012; van de Sande et al. 2013; Fan et al. 2013a,b; Belli
et al. 2014, 2017; van der Wel et al. 2014; Straatman et al.
In the local universe, early-type galaxies (ETGS) are the015).
most massive objects with predominantly old stellar pop-
ulation, indicating that most of their stars were formed at  The dramatic size difference between local ETGs and
redshiftz > 1.5 (Renzini 2006). Among a lot of obser- high-z QGs provides an important observational constraint
vational scaling relations, ETGs have a remarkably tighbn various models of massive galaxy formation and evo-
luminosity-size/mass-size correlation (Shen et al. 2003lution. The most popular viewpoint is that the compact
Cappellari et al. 2013). However, massive quiescent galaxtigh-- QGs experience a dramatic galaxy size evolution
ies (QGs) at high redshift, which have been considered ashich increases their sizes to catch-up the local mass-
the progenitors of local massive ETGs, have been foundize relation. Several physical mechanisms have been pro-
to deviate from the local mass-size relation, being signifiposed to explain such an evolution, including dry major
cantly more compact, by a factor ®f- 5, than local ETGs merger (Boylan-Kolchin et al. 2006), dry minor merger
endowed with the same stellar mass (Daddi et al. 2005Hopkins et al. 2009; Naab et al. 2009; Oser et al. 2010;
Trujillo et al. 2006; van Dokkum et al. 2008; Ryan et al. Trujillo et al. 2011) and AGN/supernova feedback (Fan
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et al. 2008, 2010; Damjanov et al. 2009). However, nonder density, photometric and dynamic mass-size and mass-
of these mechanisms alone can explain the observed siglensity relations between local massive galaxies with com-
evolution (Hopkins et al. 2010; Trujillo 2013). The predict pact cores and the higheQGs. Their results were consis-
ed size increase by dry major merger is proportional to théent with the highs cQGs becoming cores of not only local
stellar mass increase, resulting in moving galaxies alon§TGs and SO, but also some LTGs. The latter was consis-
the direction paralleling the local mass-size relatioheat tent with cosmological simulations, which showed that ex-
than towards it (Boylan-Kolchin et al. 2006; Nipoti et al. tended star-forming discs can develop around the high-
2009). Puff-up due to the massive expulsion of gas by theQGs (Zolotov et al. 2015; Tacchella et al. 2016).

effect of AGN/supernova feedback predicts a fast size evo-  In this paper, we aim to investigate the connection
lution (Ragone-Figueroa & Granato 2011), making it diffi- between the high-cQGs and the local massive galaxies
cult in explaining the old compact QGs (1 Gyr). Despite  with compact cores. We explore the star formation histo-
the fact that both the cosmological simulations and the obries (SFHs) of compact cores and compare with the high-
servational evidence favor dry minor merger as the mairnQGs. This paper is organized as follows. In Section 2,
driver of size evolution, there are several works sugggstinwe describe the sample selection of local massive galaxies
that it cannot be the only mechanism. For instance, ther@ith and without compact cores and the higleQGs . In

are not enough satellites observed around massive galagection 3, we show our method of stellar population analy-
ies for dry minor mergers (Marmol-Queraltd et al. 2012)sis. We show our main results and discussion in Section 4.
and the size increase is inefficient even assuming a sholt Section 5, we summarize our conclusions. Throughout
merger timescale at > 1 (Newman et al. 2012). this paper we assume a standard, i@DM cosmolo-

In addition to a genuine growth of galaxy size, the ob-9Y (Komatsu et al. 2011), witlify = 70 kms™' Mpc™",
served size difference between local ETGs and higgs v = 0.3, and2, = 0.7.
has been explained mainly due to the observational effec-
t, termed progenitor bias (Carollo et al. 2013; Poggiant2 DATA AND SAMPLE SELECTION
et al. 2013; Fagioli et al. 2016). In this viewpoint, the ar-
rival of the newly quenched galaxies, which are typically

larger than early quenched galaxies, will move the aver, orger to select the local galaxy sample with and with-
age sizes of ETGs towards the local mass-size relationy compact cores, we utilize Sloan Digital Sky Survey
However, there is no size difference between young anf’SDSS) Data Release 7 spectroscopic data set (Abazajian
old QGs at ~ 1.5 (Zanellaetal. 2016), which is inconsis- ¢ 51 2009). The definitions @bre andcompact core are
tent with the expectation of progenitor bias. Based on thehe same as in de la Rosa et al. (2016), éareis the bulge
dynamical studies and the reconstruction of star formatio'aomponent in bulge+disc decomposition of galaxies with
histories of > 1 QGs, the progenitor bias can contribute 4, morphologies, whileompact core is a core that fulfil-
about half the increase in average sizes of QGs (Belli et a {he same compactness criterion used for massive com-
2014, 2015). pact galaxies at high redshift. The structural parameters o
All the aforementioned works follow the same as-more than one million galaxiesin SDSS DR7, such as their
sumption that the high-compact QGs (cQGs) will evolve bulge and disc sizes, ellipticity, position and inclinatsmn-
into the local ETGs. An inside-out growth of the higle-  gles, have been derived by performing bulge+disc decom-
QGs has been proposed, i.e., compact cores being formgesition (Simard et al. 2011; Meert et al. 2015), using the
at highz and evolving into the local ETGs by adding the GIM2D software package (Simard et al. 2002). We refer to
extended stellar envelope according to dry minor mergerthe effective radius of the decomposed bulge component as
(Patel et al. 2013; Huang et al. 2013). It is indeed an im43¢ core. Based on the Simard et al. (2011) photometry cat-
portant and likely major channel for size evolution of thealog, Mendel et al. (2014) presented bulge, disc, and total
high-z cQGs, but is not necessarily the only one. Anotheistellar mass estimates of about 660 000 galaxies with spec-
potential evolutionary scenario leading from the high-  troscopic redshifts and successiwriz bulge+disc de-
QGs to the compact cores of local ETGs, lenticular galaxeomposition available, via fitting to broadband spectral en
ies (S0) and even late-type galaxies (LTGs) has been prergy distributions (SEDs). We refer to the estimated bulge
posed in recent years (Dullo & Graham 2013; Grahanstellar mass a8/, core.
2013; Graham et al. 2015). To test this new evolution-  For high-redshift compact quiescent galaxy sample,
ary scenario, de la Rosa et al. (2016) compared the numve utilize the multiwavelength photometry in al-

2.1 Data Description
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Fig.1 The mass-size distributions of local galaxies with comjgacés and the galaxies in the comparison sample. In the |psres!,
the blue symbols present the galaxies in the comparison sample, andethpoints show the local galaxies with compact cores. The
black dashed line marks the compactness criterion of the van Dokkum et al. fp@#finition. In the upper panel, we compare the
stellar mass distributions of the compact sampd [ine) and the comparison sample e line).

2.0
154
cC
=]
el
o
B
'_6 1.0 4
—
T
x — 10g(Mx, core/Me) > 11.2 —— 10g9(M+, core/Me)>11.2
é 11.0 < log(Mx, core/Me)<11.2 11.0 < log(Mx, core/Me)<11.2
051 —— 10.8 = l0g(Mx, core/M©)<11.0 —— 10.8 = log(Mx, core/M>)<11.0
f —— 10.6 = 10g(M+x, core/Me)<10.8 | —— 10.6 = 109(Mx, core/M)<10.8
| | I Lo ' I
001 MWWW NMWMWW
4000 5000 6000 7000 8000 9000 4000 5000 6000 7000 8000 9000
A (A) A (A)

Fig.2 SDSS median stacked spectra for the samples of local magalsgies with compact coregeft panel) and the comparison
sample (ight panel). The bottom of these two panels show the residual speatfaédl as the differences between the median stacked
spectra and th8 TARLIGHT best-fit spectra, see also Fig. 3). Tdray shaded regions are the masked spectral regions. The median
stacked spectra of four different mass bins@ler-coded.

| five CANDELS/3D-HST fields (Grogin et al. 2011; SED of each galaxy with a linear combination of seven
Koekemoer et al. 2011; Brammer et al. 2012; Momchevademplates via th&AZY code (Brammer et al. 2009). The
et al. 2016). We use the Skelton et al. (2014) cataloguestellar masses are derived by fitting the SEDs using the
which includes photometric redshifts, rest-frame colorsFAST code (Kriek et al. 2009) based on the Bruzual &
and stellar population parameters derived by fitting theCharlot (2003) stellar population synthesis (SPS) models
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with the Chabrier (2003) initial mass function (IMF) and Figure 1, we plot the mass-size distributions of local galax
solar metallicity. The effective radii of those galaxies ar ies with compact cores and the galaxies in the comparison
taken from the work of van der Wel et al. (2014), which aresample. The black dashed line shows the compactness cri-
measured wittGALFIT package (Peng et al. 2002, 2010). terion of the van Dokkum et al. (2015) definition. In the
For our sample, we use the effective radii measured witlhupper panel, we compare the stellar mass distributions of

the HST/WFC3 Hg16ow images. these two samples.
2.2 Sample Selection 2.2.2 Massive compact quiescent galaxiesat 1 < z < 3
2.2.1 Local galaxieswith and without compact cores As we propose to test the possible evolutionary connection

between the local massive galaxies with compact cores and

Beginning with Mendel et al. (2014) catalogue, we selecEhe high= cQGs, we need to construct the massive cQG

the local galaxy sample with compact cores following sev-Sample afl < =~ < 3. We follow the similar selection cri-

eral steps. The basic idea is similar to that in de la Ros?erion presented in Fang et al. (2015) and Lu et al. (2019)
etal. (2016). We summarize our selection steps as follow§'O select the high-cQGs. Firstly, we select massive quies-

1. Galaxies with uncertain structural decomposition, deSent galaxies with log\L../ M) > 10.6 atl < z < 3 by

cluded. 2007; Williams et al. 2010):

2. Those galaxies showing anomalous bulge+disc de- V_J<1l5
composition, tagged as Type 4 in the Mendel et al. UV > 1.3” @)
(2014) catalog, are also excluded. U—V>08x(V—J)+07.

3. Disc inclination angle is set t@ 60 degrees, in order
to minimize internal disc extinction on the bulge light. Secondly, we select those massive quiescent galaxies uti-
4. Bulge ellipticity ecore is selected to be: 0.6, in order  lizing the compactness criterion of the van Dokkum et al.
to avoid strong bars. (2015) definition. Finally, we obtain a sample with 483

5. Those galaxies with their effective radii of galaxiesmassive cQGs at < z < 3.
larger than 80 percent of the point spread function
(PSF) are selected, in order to exclude the poorly re3 STELLAR POPULATION ANALYSIS

solved gaI?XIGS' i Using the full-spectrum fitting codSTARLIGHT (Cid
6. Theredshiftrangeis set@02 < z < 0.06, where the . . .
] Fernandes et al. 2005Wwhich provides a fit to both galaxy
3" aperture of the SDSS spectroscopic fibre coversthe . .
: ) i continuum and spectral features, we fit the SDSS spectra of
physical size~ 0.6 — 1.8 kpc, roughly corresponding .
) . ) our local galaxy sample with compact cores and the com-
to the effective radii of massive cQGsat- 2. . . . . .
parison sample to derive their stellar population properti

Finally, we select massive galaxies with compactThe bases oSTARLIGHT are single stellar population
cores. We adopt the compactness criterion of the vafSSP) templates with a grid of ages and metallicities. To
Dokkum et al. (2015) definition: useSTARLIGHT, we create a spectral library containing

45 SSPs from BCO03 (Bruzual & Charlot 2003) theoreti-
log (M., core/Ma) > 10.6, cal models, with 15 different ages ranging from 1 Myr to

log(Re core/kpc) < log(Mi core/Me) — 10.7. 13 Gyr and 3 different metallicitieg = 0.004, 0.02, 0.05.

We adopt the definition of circularized effective radius asWe adopt Chabrier (2003) IMF and Galactic extinction law

Re = Re . X +/b/a, whereR, , is the semi-major effective (Cardelli et al. _1989) withf?y, - 3.1 ) )
. ’ . . . . . In order to increase the signal-to-noise (S/N) of the in-
radius and/« is the axial ratio of the galaxy. By imposing

these seven selection criteria, the final sample includ2s 129,“t spectra, we work .on the median stacked spectra de-
. rived for four mass binsi0.6 < log(Mi core/Mg) <
objects. : ©

We also build a comparison sample of galaxies with—10'8’ 10.8 < log(Micore/M) < 110, 110 <

out compact cores. For each galaxy with compact core, Wlé)g(M*=Corc/M®) < 11.2 andlog(M. coro/Mo) > 11.2.

select five comparison galaxies which fulfill the first six We obtain the median stacked spectra following the same

selection criteria presented before and have similar s’[erpethOOI presented in the work of Citro et al. (2016). Here

lar massesAlogM, < 0.2 dex). In the lower panel of L https://ww. starlight.ufsc.br
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Fig.3 Results of STARLIGHT fitting on the stacked spectra of local massive galaxies wgtihpact cores. We plot the results in
one row for each mass bin with increasing mass from top tmbotteft: the STARLIGHT best-fit spectraréd line), the stacked
spectra iflack line) and the residual spectrgréen line). Middle: the distribution of mass-weighted agé8ght: the distribution of
mass-weighted metallicities.

we summarize the main steps. Firstly, we shift each indi4 RESULTS AND DISCUSSION
vidual spectrum to rest-frame. Then we normalize each
spectrum at rest-frame 5008, where no strong ab- 4.1 Agesand Metallicities

sorption features are presented. Thirdly, we compute the _ o
median flux by interpolating the common wavelengthsBY USINg STARLIGHT fitting on the stacked spectra, we

Wavelength regions of some strong emission lines havderive the mass-weighted ages and metallicities of both
been masked out (see gray shaded regions in Fig. 2). wige local massive galaxy sample with compact cores and

define the median stacked flux error as MADW, where ~ the comparison sample (see Fig. 4). The derived mass-
MAD?2 is the median absolute deviation aNds the num-  Weighted ages of local massive galaxies with compact

ber of objects at each wavelength. cores vary from~ 11.6 to ~ 12.4 Gyr, which are con-
sistent with previous works at similar redshifts (Thomas
et al. 2010; Conroy et al. 2014; Citro et al. 2016). Our re-
sults suggest that these compact cores have been formed
2 MAD= 1.48 x median(|X; — median(X;)|), the details canbe &t% > 2- There is a weak evolutionary trend, with mass-
found in Hoaglin et al. (1983). weighted ages increasing systematically with stellar mass
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Fig.5 Mass-size distributions of local compact coresi(points) and cQGs al < z < 3 selected from CANDLES/3D-HST fields
(color-coded contours). For cQGs atl < z < 3, we refer to thgj-axis R. as the effective radius of the entire galaxy. For local carhpa
cores (ed points), we refer to they-axis R. as the effective radius of the bulge compon&at.ore.

es. This trend is in agreement with the downsizing scenaribetween local massive galaxy sample with compact cores
o of galaxy evolution (Cowie et al. 1996; Pérez-Gonzéalezand the comparison sample. This suggests that the massive
et al. 2008; Fontanot et al. 2009). We also find that metaleores of local galaxies are formed early, regardless of thei
licities correlate with stellar masses, well known as masseompactness.

metallicity relation (Tremonti et al. 2004). The relation

gets flattened at the high mass end as shown in the pré-2 Local Galaxieswith Compact Coresasthe

vious works (Tremonti et al. 2004; Gallazzi et al. 2005). Possible Descendants of High-z cQGs

Compared to local massive galaxies with compact cores

those galaxies without compact cores show the age varyin ?Ie mTun mo.tlvat|oln o_f th's_ F;]aper Is to test the pc;135|b|l|ty
from ~ 11.5 to ~ 12.2 Gyr and the metallicity from 0.023 oflocal massive galaxies with compact cores as the poten-

to 0.028. Considering the large uncertainties, we suggeé'faI descendants of massive compact galaxiésat: < 3.

. . . .. _In Figure 5, we plot the mass-size distributions of local
that there is no obvious difference of ages and metallgitie
compact cores and cQGslak z < 3. For local compact
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Fig.6 The normalized radii of local compact cores with differeges €olor-coded points) and highs cQGs ¢olor-coded contours)
as a function of redshift. The normalized radius has beemefask. /AM®, whereM = M. /5 x 10'° M. The slopex is fixed
to 1.0. Theblack, cyan, purple andgreen points mark the derived star formation histories of local compaxes when they are just
formed, 1-Gyr-old, 2-Gyr-old and 3-Gyr-old, respectively

cores, we use stellar masses and effective radii of compaptirple and green points represent stellar ages of 1 Gyr,

cores, while we use those of the entire galaxies for cQG2 Gyr and 3 Gyr after the formation of local compact cores.

atl < z < 3. At the given stellar masses, local compactThe normalized radii of local compact cores with stellar

cores show the similar sizes to those of highQGs. In  ages ofl ~ 3 Gyr matches well with the observed values

particular, mass-size relations of local compact cores andf cQGs atl < z < 3, which indicates that local compact

high-z cQGs show the similar slope ~ 1.0 (de la Rosa cores are possible descendants of higtQGs.

et al. 2016), where the definition of follows R, ~ M.

We notice that the value af ~ 1.0 is the observation- 4.3 Morphology

al result for highz cQGs, while it is driven by the choice

of our compactness criterion of van Dokkum et al. (2015)If local massive galaxies with compact cores are possi-

For local massive ETGs, the slopeis different, varying  ble descendants of high-cQGs, a relevant question is

from~ 0.5to ~ 0.8 (Shen et al. 2003; Oh et al. 2017).  what kind of morphological types will those galaxies have?
In Figure 6, we plot the normalized radii of local Following the same method as presented in de la Rosa et al.

compact cores with different ages and higleQGs as a (2016), we classify local massive galaxies with compact

function of redshift. The normalized radius has been de€Ores into four morphology classes: Elliptical (Ell), leat
fined asR. /AM® (e.g., van der Wel et al. 2014), where ular (S0), Sab and Scd. According to the automated mor-
M = M,/5 x 101°M, anda = 1.0. With the derived phological classification based on support vector machines

mass-weighted ages, the formation redshifts of local comProvided by Huertas-Company et al. (2011), the probabil-
pact cores (see black symbols in Fig. 6) have been sud of each galaxy morphology type has been given. With

gested to be & < » < 6. Considering the derived stel- a simple linear model, these probabilities can be converted
lar ages of cQGs at < z < 2 ranging from~1 to into the T-type classification scheme (Meert et al. 2015).

3 Gyr (Damjanov et al. 2009; Belli et al. 2015), the for- By using the definition of the galaxy morphology classes

mation redshifts of high- cQGs will be in the range of in terms of T-type (Meert et al. 2015), each local galaxy

2 < z < 6, which is widely consistent with those of lo- with compact core can be flagged with one of four mor-

cal compact cores. Assuming that local compact cores wilPhology classes.

evolve passively and have no size evolution after their for-  In Table 1, we present the morphology classification

mation, their normalized radii will keep constant. Cyan,result of local massive galaxies with compact cores. Over
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Table 1 Morphology Classes of Local Massive Galaxies with Assuming that compact cores will evolve passively and

Compact Cores have no size evolution after their formation, they will have
Class Definition Fraction similar stellar agesl(— 3 Gyr) and compact sizes as those
Elliptical T-type< —3 39.6% of observed cQGs at < z < 3. Combined with the
SO —3<T-ype< 05  42.3¢ results presented in de la Rosa et al. (2016), who found
Sab 0.5<T-type< 4 15.4% -
Scd Ttype 4 2.7% that local compact cores have similar structure and abun-

dance to those of highcQGs, our study supports the evo-
80% of them host in elliptical and lenticular galaxies. lutionary scenario that high-cQGs survive as compact
However, there is still a non-negligible fraction (15%)  cores and embedded in the center of local massive galax-
of compact cores hosting in the early-type spiral galaxieges. Morphological study of local galaxies with compact
(Sab). Only a few £ 3%) of them host in the late-type cores suggests that there would be multiple possible evo-
spiral galaxies (Scd). If the scenario that the higbQGs  lutionary paths for high: cQGs: most of high- cQGs will
survive as compact cores in the local universe is correcgvolve into local massive ETGs by dry minor merger, while
t, there would be multiple possible evolutionary paths forsome of them build a substantial stellar/gas disc according
high-z cQGs. By building an extended wing according toto the late-time gas accretion and sustaining star formatio
dry minor merger (Hopkins et al. 2009; Naab et al. 2009:and finally grow up to spiral galaxies.
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