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ABSTRACT

We study the radial dependence in stellar populations of @8by early-type galaxies with central stellar
velocity dispersions.> 150 km s. We measure stellar population properties in compositetsmeand use
ratios of these composites to highlight the largest spectranges as a function of radius. Based on stellar
population modeling, the typical star aRzis old (~ 10 Gyr), relatively metal poor ([Fe/H] -0.5), anda-
enhanced ([Mg/Fe} 0.3). The stars were made rapidlyzat 1.5-2 in shallow potential wells. Declining radial
gradients in [C/Fe], which follow [Fe/H], also arise fronpid star formation timescales due to declining carbon
yields from low-metallicity massive stars. In contrast/[fd] remains high at large radius. Stars at large radius
have different abundance ratio patterns from stars ice¢hter of any present-day galaxy, but are similar to Milky
Way thick disk stars. Our observations are thus consistéhtaapicture in which the stellar outskirts are built up
through minor mergers with disky galaxies whose star foionds truncated earlyz(~ 1.5-2).

1. INTRODUCTION In principle, the stellar outskirts carry important infor-
mation about the late-time assembly history of elliptical
galaxies. In practice, observations of the stellar popu-
lations in elliptical galaxy outskirts are challengingnas
their surface brightnesses drop steeply with radius. De-
spite more than thirty years of effort, most observations of
stellar population gradients do not extend much beyond the
half-light radius |(Spinrad & Taylor 1971; Faber et al. 1977;
Gorgas et all 1990; Fisher et al. 1995; Kobayashi & Arirnoto
1999; |Ogando et all_2005; Brough et al. 2007; Baeslet al.
2007; [Annibali et al.| 2007; _Sanchez-Blazquez etlal. _2007;
Rawle et all. 2008; Kuntschner et lal. 2010; Coccato et al.[2010
2011). While integral-field spectrographs have brought a
golden age in the study of spatially resolved galaxy proper-
ties (Emsellem et al. 2004; Sarzi et al. 2006; Cappellar.et a
2006, 2012), there are still few observations that exteydhe

the half-light radius in integrated light (Carollo et al. 9B
Carollo & Danzigerl 1994; Mehlertetal. 2003; Kelson et al.
2006; Weijmans et al. 2009; Spolaor et al. 2010; Pu et al.[2010
Pu & Hamn 2011). To our knowledge, there are fewer than thirty
integrated-light observations in total (using differenstru-
ments and techniques) that reach bey&adn massive ellip-
tical galaxies in the literature. There are also a handfstod-

ies that reach into elliptical galaxy halos using resolvietliar
population studies (e.d., Kalirai etlal. 2006; Harris et1#199;
Rejkuba et al. 2005%; Harris etlal. 2007; Crnofegt al. 2013).
‘We thus present the largest and most homogeneous spectro-

Galaxies exhibit strong correlations between their mass an
their metallicity. It is thought that mass-metallicity cela-
tions arise from star-formation—driven winds preferditiee-
moving metals from low-mass galaxies (e.g., Larson 1974;
Dekel & Wo0!2008; Tremonti et al. 2004). In the case of el-
liptical galaxies, the mass-metallicity relation is mastied
most strongly in the Migo, relation (Dressler et al. 1987;
Bender et al. 1993). If indeed elliptical galaxies grow tigh
merging, as expected in a hierarchical universe, then lyaive
we have an accounting problem — how to make massive metal-
rich galaxies through the addition of smaller metal-poaditaun
(Faber et al. 2007; Naab & Ostriker 2009).

The situation is more nuanced since (a) mass-metallicity
relations evolve with cosmic time, meaning that all galax-
ies had lower metallicities in the past (e.g., Erb etal. 2006
Mannucci et al.. 2010) and (b) galaxies have known radial
stellar population gradients. In general, the vg, rela-
tion is measured in the high surface-brightness galaxy cen-
ter, where the metallicity is highest. A full census of the
metallicity and abundance ratio content of elliptical gala
ies requires spatially resolved observations. The recint d
covery of dramatic (factor of 2-4) size growth in elliptical
galaxies fromz =~ 2 to the present (e.g., Daddi ef al. 2005;
Truijillo et alll2006] van Dokkum et &l. 2008; van der Wel et al.
2008 Cimatti et al. 2008; Damjanov etlal. 2009; Williamslet a
2010;| Cassata etial. 2010) is now supported by an increas : :
ing number of dynamical studies (Cappellarietal. 2009; scopic ??‘mp'e to dqte_ofobservat|03|§Re._ .
van de Sande etal. 2011). It seems that much of the late-time Specifically, _building on  the preliminary study of

o ; ; . Greene et al[ (2012, Paper I, hereafter), we use integtel-fie
rowth of elliptical galaxies has occurred in their outertpa . . . .
?e.g., Naab e?a\. 2809; van Dokkum et/al. 2010). If ellidﬁica observations taken with the Mitchell Spectrograph at McDon

galaxies are formed in two phases, with an early rapid gas-ri ald Observatory. We measure robust stellar population gra-

phase making the central compact galaxy observed at high reddlents out to 2.B. in massive local elliptical galaxies. With

shift, and a late-time accretion phase building up the queets a .107/ X 10.7 " field-of-view, th_e Mitchell spectrograph is
(e.g. Oser et al. 2010; Hilz etlal. 2012, 2013), we might hope uniquely suited to explore massive galaxy halos. Our sample

to see the imprint of these two phases in the stellar populati comprises 33 galaxies, eight of which were already presente
gradients. in Paper .
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We present the sample 182, the observations and data restruct a trace for each fiber, which takes into account cureat
duction in §B, our analysis i 84, and the radial variations i in the spatial direction, following Kelson (2003) to avoider-
stellar populations in[85. We discuss our findings in the con- polation and thus correlated errors. A wavelength soluison

text of the hierarchical assembly of massive galaxie§lrag, derived for each fiber based on arcs taken both at the start and
summarize in[g7. end of the night using a fourth-order polynomial. The typica
residual variations about this best-fit fourth-order paolyral
2. SAMPLE are between 0.05 and 0.1 A depending on the night. The flat

field is constructed from twilight flats, with the solar speot

We select our sample of massive early-type galaxies from modeled and removed. The flat field is stablet®.1 pixel

igi . York etlal. 2 . ; . . .
the Sloan Digital Sky Survey (SDSS; York et al. 2000). The for typical thermal variations in the instrument of lessrtta

spectral resolution of the Mitchell Spectrograph dgst ~ i =
150 km s* at 4700 A; we select galaxies with dispersion mea- 9€9rées Celsius. When the temperature variation exceeded 5
over a night, the reductions are split, with the nearesbcatiion

surements from the SDSS that are greater than this value. In—frame in temperature being used. The flat field is then apolied
dividual fibers are 4 in diameter, and so we aim for galax- to all of the spcience framegs and.corrects variations in Iﬁgg i
ies with effective radii at least twice as large. Galaxiethwi 4

distances of 40-95 Mpc are large enough to be WeII-resolveddiVid.ual pixel resppnse,_in the r_elative fiber-to-fiber adion,
but small enough to fit into one pointing. We use a color and in the cross-dispersion profile shape for every fiber.

selection ofu—-r > 2.2 (Strateva et al. 2001), which prefer- The sky is modeled using off-galaxy sky frames observed

entially selects early-type galaxies, and then remove ¢he f with a sky-okbjectaobject-sky _pattern,bywth ten minute &?}'ﬂ@ K
edge-on disk galaxies by hand. There is no clean way to re-IMes on sky and twenty minute object exposures. € SKy

. nods are processed in the same manner as the science frames
move SOs; we keep them in the sample and eventually hope P

to use kinematic information to cleanly identify them. For described above. In general, each sky nod is weighted gquall

now, we note the photometrically classified SO galaxies from f’;llthough in unstable conditions (clouds, for instance) xyeee

the RC3|(de Vaucouleurs et/al. 1991) in Tdble 1, where we list iment with different weighting schemes to achieve an opkima
the full gélaxy sample. Finally, we use the gI’Ol’Jp catalogs of sky subtraction. Since the galaxies are fainter than theirsky
Yang et al. [(2007) Zhu et &l (éClO) and Wetzel étlal. (2012) their outskirts, sky subtraction is a limiting factor for. ug/e

to gét a giobal esfimate of thé gala>2y environmen't. Vi/é‘_show quantify our uncertainties due to sky subtractionfin §4. Fii

9 . . nally, cosmic rays are identified and masked.
the full distribution ofc., half-light radius, and group member- .
ship for each galaxycirn the sar%ple in Figlfe 19 P We use software developed for the VENGA project

(Blanc et all 2009, 2013) for flux calibration and final prazes
3. OBSERVATIONS AND DATA REDUCTION ing. We observe flux calibration stars each night using a six-
The new observations of 25 galaxies presented in this IOa_point dither pattern and derive a relative flux calibratiorthie
per were observed over three runs in January 17-20 2012, May';tandard way. Then we use tools developed by M. Song, et al.
20-24 2012, and October 15-18 2012. We include here also(In Preparation) to derive an absolute flux calibrationtretsto
the eight galaxies presented in Greene & al. (2012), fotah to e SDSS imaging. Synthetic photometry is used to scale the
sample of 33 galaxies. The observations were made with theSPECtra to match the SDgSband image of each field. Finally,

George and Cynthia Mitchell Spectrograph (the MitchellSpe all fib_ers are interpolated onto the same wavelength scale an
trograph, formerly VIRUS-R; Hill et al. 2008) on the 2.7m Har combined.

lan J. Smith telescope at McDonald Observatory. The Mitchel h Since rlnost r(])fdour gglaxies ?a;l/e ﬁDSS l.StE’eC.tra' t\)/ve can test
Spectrograph is an integral-field spectrograph compos2def the wavelength dependence of the flux calibration by compar-

fibers covering a 107%<107” field of view with a one-third fill- 19 the shape of the spectrumiin the central fiber of the Mitche
ing factor. Each of the 246 fibers subtend4and they are  SPectrograph with the SDSS spectrum. We f{78% agree-

assembled in an array similar to Densepak (Barden/ et al)1998 Mentin nearly all cases, with no more tharl0% differences
The Mitchell Spectrograph has performed a very successful &t Worst.
search for Lyv emitters [((Adams et al. 2011; Finkelstein et al. . .
2011; Blanc et al. 2011) and has become a highly productive 3.1. Effective radii
tool to study spatially resolved kinematics and stellar -pop In Paper | we adopted the SDSS model radius (the de
ulations in nearby galaxies (Blanc et al. 2009; Yoachim etal Vaucouleurs fit) as the effective radiuRs). While there
2010; Murphy et al. 2011; Adams et al. 2012). is considerable evidence that the shape of the light profile
We use the low-resolution (R: 850) blue setting of the  changes systematically with galaxy mass (e.g.. Caonetal.
Mitchell Spectrograph. Our wavelength range spans 3550-1993; Kormendy et al. 2009), fitting the galaxies with a fixed
5850 A with an average spectral resolution of 5 A FWHM. Sérsic index of four has the benefit that we are less sensi-
This resolution delivers a dispersion of 1.1 A pixel* and tive to both sky subtraction errors_(Mandelbaum et al. 2005;
corresponds tar, ~ 150 km s! at 4300 A, our bluest Lick Ber_nardi et al. 2(_)07) _and to the detailed shape of the light pr
index. Each galaxy was observed for a totakoR hours on file in the very fa|n_t wings (e.g... Lackner & Gunn 2012). In the
source with one-third of the time spent at each of three dithe effort to have“a unnform analysis, we have therefore adoiied
positions to fill the field of view. Initial data reduction isa  €ftective radii published by the SDSS. The galaxy NGC 6482
complished using the custom code Vacclne (Adams|&t al] 2011;'S notin the SDSS, and we have adopidrom NED in this
Murphy et al[ 2011). The details of our data reduction are de- €as€- Below we will examine bins in physical as wellies
scribed irl Greene etll. (2012) dnd Murphy étlal. (2011), so we Scaled radii to mitigate uncertainties in the measuremedt a
repeat only a brief overview for completeness here. meaning ofRe (€.g., Kormendy et al. 2009; Huang etlal. 2012).
Initial overscan and bias subtraction are performed firgtlbn

science and calibration frames. Twilight flats are used t® co 3.2. Radial bins
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FiG. 1.—a: Distribution of centrabr, (km s) as measured by the SDSS for the entire sample presenteid ater.b: Distribution in effective radius’(). At
the typical distance~ 70 Mpc) of our sample,’8~ 2.5 kpc. c: Distribution of the log of the number of group members foztegalaxy|(Yang et &l. 2007: Zhu et al.

2010; Wetzel et al. 2012). Note that this is a global measargmf environment.

Individual spectra, with the exception of those at the very
center of the IFU, have inadequate signal for stellar pepula
tion analysis. Therefore, all of our analysis is performed o
binned spectra. We utilize four binning schemes here, in all
cases defining elliptical annuli based on the axis ratio nreas
by the SDSS. First, for the maximum spatial resolution, vee cr
ate bins with radial width of’4, the width of an individual fiber.
Second, we make bins of width3R.. In Paper I, these two
binning schemes were nearly identical, given that most ef th
galaxies had effective radii of 8’. However, in our larger
sample, many of the galaxies have effective radii of- 28",
requiring a finer binning scheme. In the end, our highesiapat
resolution corresponds toZ-0.5R. depending on the galaxy.
Third, we make bins of widtiR., from which we measure...
Fourth, we make bins with fixed physical sizes of 0-15 kpc in 3

kpc increments. For reference, in Table 1 we include the num-

ber of spectra that are combined in th&12R. bin, and the
surface brightness of each galaxy & 2We typically achieve

a S/N of > 30 per pixel at a surface brightness brighter than
r < 23 mag arcseé.

4. ANALYSIS

As discussed in detail in Paper |, we will use Lick indices as
a tool to trace the stellar populations, rather than fullcaze
synthesis models, given both the imperfect flux calibratbn
our data and the difficulty in modeling the effects of aburadan
ratio changes (e.d., Worthey etlal. 1994) self-consistérth.,
Gallazzi et all 2005). In addition, we construct coaddedatspe
tra to increase the contrast in percent-level variationsiza
absorption features of interest.

4.1. Equivalent widths, emission line corrections, and stellar
population modeling

As in |Greeneetal. [ (2012), we uselick ew
(Graves & Schiavon 2008) to measure the Lick indices. First,
however, we must correct for low-level emission that can fill
in the absorption lines and atrtificially lower their equat
widths (EWs). Low-EW emission from warm ionized gas is
very common in the centers of elliptical galaxies (Sarzilet a
2010; Yan & Blanton 2012). In particular, the emission from
Hp is weak in all cases, but even a 0.1 A error in the BW
can lead to errors of 2 Gyr in the modeling (e.g., Schiavon
2007).

In Paper 1, we utlized pPXF+GANDALF devel-
oped by M. Sarzi [(Sarzietal. 2006) and M. Cappellari
(Cappellari & Emselleim _2004) to simultaneously model the
stellar absorption and emission lines. Here, instead, veadh
spectrum with an empirical template drawn from the composit
spectra of Graves etlal. (2010). We then fit thaljPemission
in the residual spectrum, and subtract bothijQpand H3, as-
suming that the A emission is 70% of the [@I] flux (good to
within a factor of two| Trager et &l. 2000b; Graves et al. 2007
In addition, we fit Gaussians to residuals around strong sky
lines at 5200 and 5460 A, and subtract them.

The strongest emissio (0.2 A in more than one radial bin)
is found in NGC 426, NGC 661, NGC 677, NGC 7509, NGC
7684, and UGC 1382. We found that our GANDALF results
were sensitive to template mismatch, and so adopted tis ite
ative approach that gives us more control over the templates
but less control over the line strengths. The results are rea
sonably consistent between the two techniques for sourites w
HB> 0.1A in the GANDALF fits: 75% of these are detected
in our iterative method, which returnsg+HEWSs that are- 60%
weaker than those derived from GANDALF. In the future our
goal is to refine the GANDALF measurements using models
with a range in §/Fe] (e.g.. Coelho et &l. 2007; Vazdekis et al.
2010; Conroy et al. 2013).

We then uselick ew (Graves & Schiavaon 2008) on the
emission-line corrected spectra. This code corrects ftr the
instrumental and intrinsic velocity dispersion, the latteea-
sured using pPXF. The indices are put onto a modified Lick
system presented by Schiavon (2007) based on flux-calibrate
spectra. In order to demonstrate that we are on the samergyste
we compare the Lick indices from the flux-calibrated SDSS
spectra (the inner’3 with those from the central’4fiber in
our data, but we exclude NGC 219, NGC 426, NGC 677, NGC
1267, and IC 301 from the comparison due to the presence of
bright stars near the nucleus. There is no net offset betteen
two sets of indices in any case, WittEWys — EWs)/EWs) =
0.01+0.09. H3 and(Fe) each have a scatter ef 10% while
Mgb and the G-band each have a scatterd%o.

As in Paper |, we use the stellar population modeling code
EZ Ages(Graves & Schiavon 2008) to convert the Lick indices
from the composite spectra to physical parameters (agé{JFe
[a/Fe]). The code works on a hierarchy of index pairs, start-
ing with H3 and(Fe), and iteratively solves for the age, abun-
dance and abundance ratios. The models of Schiavon|(2007)



GREENE, ET AL.

Table 1. The Sample
Galaxy RA Dec z my Re Ox te SB N Env.
(1) (2) (3) (4) (%) ® O @& © @0 @11)

NGC219 00:42:11.3 +00:54:16.3 0.018 13.4 4.4 184 120 21.9 5 F
NGC426 01:12:48.6 —-00:17:24.6 0.018 13.1 8.3 285 120 219 8 F
NGC474 01:20:06.6  +03:24:55.8 0.008 124 181 163 120 22.0 96 F
CGCG396-096 03:30:17.1 -00:55:12.6 0.021 13.6 7.8 204 120 234 18 F
NGC661 01:44:14.6 +28:42:21.1 0.013 14.4 19.9 190 120 2288 1 G
NGC677 01:49:14.0 +13:03:19.1 0.017 12.9 9.6 257 160 22.0 25G
UGC1382 01:54:41.0 -00:08:36.0 0.019 13.2 9.9 195 120 22.6 30 F
NGC774 01:59:34.7 +14:00:29.5 0.015 13.0 20.9 165 120 24.0 111 F
IC301 03:14:47.7 +42:13:21.6 0.016 13.1 12.6 159 120 22.7 38C
NGC1286 03:17:48.5 -07:37:00.6 0.014 13.2 18.1 163 180 24.4 103 F
IC312 03:18:08.4 +41:45:15.6 0.017 13.3 18.1 218 120 24.8 48C
NGC1267 03:18:44.7 +41:28:02.8 0.018 13.3 6.4 236 120 22.1 7C
NGC1270 03:18:58.1 +41:28:12.4 0.017 13.1 6.4 373 120 2131 1C
NVSSJ0320+4136  03:20:50.7 +41:36:01.5 0.018 13.4 4.5 2720 121.7 8 C
UGC4051 07:51:17.6  +50:10:45.4 0.021 13.1 8.6 300 180 2234 1G
NGC3837 11:43:56.4 +19:53:40.4 0.021 13.1 8.1 265 120 2220 2 C
NGC3842 11:44:02.1 +19:56:59.3 0.021 127 205 284 120 22.89 C
NGC4065 12:04:06.1 +20:14:06.2 0.021 12.9 125 278 120 22.38 C
1C834 12:56:18.5 +26:21:32.0 0.021 13.3 7.3 255 120 21.9 12 F
NGC4908 13:00:54.4 +28:00:27.4 0.017 13.1 185 236 120 23.34 F
NGC4952 13:04:58.3 +29:07:20.0 0.020 12.9 12.1 292 120 22.84 F
NGC5080 13:19:19.2 +08:25:44.9 0.022 13.0 7.8 269 120 2177 1 F
NGC5127 13:23:45.0 +31:33:57.0 0.016 128 229 275 120 23m1 F
NGC5423 14:02:48.6  +09:20:29.0 0.020 12.9 109 263 120 229 34 G
NGC5982 15:38:39.8 +59:21:21.0 0.010 11.8 179 239 120 22.30 F
IC1152 15:56:43.3  +48:05:42.0 0.020 13.0 7.7 258 120 221 14G
IC1153 15:57:03.0 +48:10:06.1 0.020 13.0 9.8 241 120 22.0 21 G
CGCG137-019 16:02:30.4 +21:07:145 0.015 13.1 8.7 174 12@5 2 22 F
NGC6127 16:19:11.5 +57:59:02.8 0.016 13.8 11.2 247 120 22.34 F
NGC6482 17:51:48.8 +23:04:19.0 0.013 12.4 9.7 292 120 225 90 G
NGC6964 20:47:24.3 +00:18:02.9 0.013 12.9 17.0 188 120 23.83 G
NGC7509 23:12:21.4 +14:36:33.8 0.016 13.1 9.0--- 180 22.3 28 F
NGC7684 23:30:32.0 +00:04:51.8 0.017 13.0 15.8 169 240 22.2 36 F

Note. — Col. (1): Galaxy name. We indicate as [a] known SOxjetafrom RC3 (de Vaucouleurs et al. 1991). Col.
(2): RA (hrs) in J2000. Col. (3): Dec (deg) in J2000. Col. (Redshift from the SDSS. Col. (5p-band model
magnitude (mag) from the SDSS. NGC 6482 is not in the SDSShanel we list theB-band magnitude (total) from
RC3 (de Vaucouleurs et al. 1991). Col. (6): Major axis higlfi radius {') as measured by the SDSS. Col. (7): Stellar
velocity dispersion (km¥) as measured by the SDSS. We tabulate the SDSS values hezétsirsample was selected
based on these values. Col. (8): Exposure time (min). C9l. farface brightness aRg in r-band (mag arcseg).

Col. (10): Number of fibers included in the5t2Re bin. Col. (11): We sort galaxies into 'F’ield, 'G’roup, an@uster
based on the number of group members from the Yang et al. Y2@0@&log [see also Zhang et al. (2010), Wetzel et
al. (2012)]. Field galaxies havdyroup < 5, group indicates 5 Ngroup < 50, and cluster indicates richer than 50 group
members. The grouping is indicative only. We note that thsétes cluster is not included in these group catalogs, but
is well-represented in our sample.
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FiIG. 2.— Left: Composite spectra in radial bins of effective radius, frof—2.5R.. We have divided the sample into three bins, and show the largest
(250 <o, < 300 km $1; top five red spectra) and smallest dispersion (¥@0 < 200 km §*; bottom five blue spectra) galaxies here. All spectra hae be
normalized at 4500 A, and the offsets shown here are arpitRaght: To highlight the differences between spectra in subsecaelial bins, we have divided each
spectrum by the second.BRe < R < 1Re) bin, shown in the same order as on the left. Again, offsetsagbitrary but dotted lines denote unity, so we are seeing
variations at the 1-5% level in these spectra. Vertical dddimes highlight spectral bands that show large variatiogluding Fe lines (dotted), molecular bands
CN, G, and MgH (dashed) andf#(dot-dashed). The low=. galaxies, being fainter, have much lower surface briglstive¢heir outer parts, and thus we only plot

the residuals out toR%, where we deem our results reliable.

include abundance ratio differences using the methodabbgy
Trager et al.|[(2000b) and the response functions of Kornlet al
(2005%). In our default runs, we utilize theenhanced isochrone

from |Salasnich et al. (2000) and the default assumption that

[O/Fe]= Q5. We revisit this final assumption if §6.1.

4.1.1. Uncertainties

Our error budget is dominated by small errors in sky sub-
traction, particularly when sky lines fall within the barmafghe

Lick index measurements. Thus, for each extracted spectrum

we generate eight perturbed spectra with the fiducial sky sub
traction scaled byt5,4,3,2% respectively. We then run our
entire procedure on these perturbed spectra. The finalserror

represent the spread in EWs produced by these variations irﬁ

sky subtraction. As described in Paper |, our sky subtractio

uncertainty is unlikely to exceed 3%, so these error bars are

conservative.

In Paper I, all of our targeted galaxies had similar sizes and
distances. Therefore, at a given radial distance, we agtliev
similar quality spectra for all galaxies. In this sample warsa
much wider range in galaxy stellar mass, and reach our higiti
surface brightness at different radii for each galaxy. A¢dain
point, the Lick index measurements are no longer reliabte. T
ensure some consistency across all galaxies, we do notesnsi
lick index measurements from spectra with S/N per pix&0.

4.2. Composite spectra

While measuring Lick indices is a very powerful technique
at high S/N, at the large radii that we are working systenettic
fects such as small errors in sky subtraction and flux caldomma
can cause large uncertainties in the Lick indices measuvoed f
individual objects. With our sample size, we benefit fromrave
aging over multiple galaxies at each radial bin. The contposi
spectra will suffer less from the vagaries of sky subtrarctiod
flux calibration, which occur at different wavelengths irclea

galaxy rest-frame (e.g., Graves etial. 2009;/lYan 2011). We ar
able to examine radial variations in the composite spetttaea
percent level.

We first divide the galaxies into three bins of centralof
150<o.< 200, 200< . < 250, and 2506< o,< 300 km s?,
since we know that the stellar population properties arecmgt
function of o, (e.g.,/Worthey et al. 1992; Bender etlal. 1993;
Trager et all 2000a; Graves et al. 2009). Note that the bins
would not change if we used, within R, but that in this way
our bins are more consistent with the large literature based
the SDSS measurements. We combine spectra that have already
been emission-line—corrected. We interpolate the reshdr
spectra onto the same wavelength grid and then smooth each
alaxy to the highest dispersion in the stack (300 khfar the
igh-dispersion bin and 200 kriv'sfor the low-dispersion bin).
However, to increase the contrast, we will focus exclugiesi
the highest and lowest dispersion bins here. We remove the
continuum by dividing each spectrum by a heavily smoothed
version of itself. This step simultaneously normalizesplc-
tra to the same level and ensures that differences in cantinu
shape (whether real or due to small errors in sky subtraction
or flux calibration) do not impact the final line strengths. We
then combine all pixels at each wavelength using the biweigh
estimator, which should be robust even with limited stafést
(Beers et al. 1990). We experiment with multiplying the com-
posite spectrum by the median continuum before measuring in
dices, but the changes to the Lick indices are negligibldlin a
cases.

The composite spectra are shown in Figule 2. Again we
focus only the lowest and highest-dispersion bins, whiat-co
tain 11 galaxies each (excluding NGC 219 due to severe night
sky contamination and NGC 6482 due to contamination from
a neighboring galaxy). The spectra are strikingly similsuraa
function of radius, so we use ratio spectra to highlight tee p
cent level radial variations (Figufé 2, right). Specifigaillve
divide each composite spectrum, at each radial positiothé&y
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composite spectrum at 0.5RL. We choose this radius, rather the mass has been accreted from smaller galaxies. As our next
than the central bin, because as we will see below the largestmeans of studying radial stellar population trends, we éxnam
variance in spectral properties occurs in the very centee. W the stacked spectra as a function of radius.

will examine the radial trends in these spectra in detail@n § SN T T A

For now, we note only that the strongest variations are seen i f St |
carbon, Mdp, and perhaps nitrogen.

To determine the level of variation in the composite spectra
we generate 100 trial composite spectra by randomly drawing
from the total list of galaxies within that, bin, with replace-
ment. We measure Lick indices from each of these 100 trial
spectra. We then assign errors on the Lick indices measured
from the stack derived to enclose 68% of the Lick indices mea-
sured from the 100 trials.

Mgb (R)

5. RADIAL VARIATIONS IN STELLAR POPULATIONS

We have extracted spectra out toR.%or a sample of 33 lo-
cal massive elliptical galaxies with stellar velocity déspions I
ranging from 150< o, < 370 km s!. We use the compos- S as
ite spectra to measure high fidelity radial trends in theastel v
population properties, including age, [Fe/H], and dethébun- }
dance ratio gradients. From the gradients, we make infegenc }
about when, where, and how the stars in the outer parts were |
formed. First, we confirm that we can recover reliable Lick }
indices from our composite spectra(85.1). Second, we look a ‘
the dominant radial trends as revealed in ratios of the caitgo i }
|
!
|

spectra (85]2). Third, and finally, we present the radialdse L
in stellar populations [85.3). er

>\. \\.

5.1. Radial Trendsin Lick Indices

We first investigate the average radial profile in the Lick in-
dices as a function of radius in the high-dispersion (26Q < .
300 km s%) and low-dispersion (15@ 0. < 200 km s?) galax- Lo
ies. We use Lick indices measured from the composite spectra i }
(84.2) and plot them as filled points as a function of radius in 0 5 10 15 0 r 2 3
Figure[3. As a check on the composite spectra, we also cal- Radius (kpe) | Fedms B
culate the median indices at each radius from the individual <FFI>G- 3-d—|_\é\;e ShOV\;thetmedl?n B:jnd St(andtarddeVIatlontlhn elaflfth I@Rggb,(

s H H _ _({Fg, an as a runcuon ot radius (units or Kpc on the left al on
g_alaxy .measureme%t_ls’ dIVIdedC_i Into t?le same ::Igh anﬁ IOW. the right) for low-dispersion (15&.0. < 200 km s?; dotted lines) and high-
ISpersion groups. hese median promnies aré snown as MNEs I gigpersion galaxies (2580, < 300 km s; solid lines). Overplotted in points
Figure[3. The consistency thween t_he composite and medlarh_re the measurements from the composite spectra in thedigersion (filled
measurements gives us confidence in the measurements frorpircles) and low-dispersion (filled squares) galaxies. We idicate the typ-

our Composite spectra. iﬁal scal(tes Ifo(rz(t)rjm2 central e;tr_]d Io(LjJterhct(errlyponents of galaasemeasured in
We show radial profiles both as a function of radius scaled uang et dl (2012, grey vertical dashed ines).

to Re and in physical units of kpc. Using bins scaled to the ef- 5.2. Radial Trends at the Percent Level

fective radius is convenient when comparing galaxies ofvar . ) ) L

ing size. However, there are two problems with usRg In addition to measuring more reliable Lick indices at large

normalized units. FirstR. is difficult to measure, and be- radius, we examine percent-level variations directly fribre
comes more so for high-mass galaxies that have an extende§tacked spectra. While we do not derive any quantitative con
low surface-brightness halo (e/g.. Kormendy et al. 2008k-S clusions from this exercise, it is nevertheless revealingete
ond,Re grows with cosmic time. Therefore, if we are searching where the largest radial variance occurs in the spectra.réve c
for changes in stellar populations that correspond to eiffe  at€ composite spectra for two groups of galaxies divided by

epochs in galaxy growth, we may want to look at physical as high (.= 250-300 km s') and low (.= 150-200 km s?)
well asR.-scaled radii. stellar velocity dispersion, and we add them radially intsiof

Interestingly, most of the variation in the Lick indices oc- Re (Fig. [2) and kpc (Fig[}4). Since the largest variations oc-
curs within the centrak 7 kpc or~ 1.5Re. From photometric ~ Cur Within the central bin, we have made ratio spectfa (§4.2)
fitting, [Huang et al.[(2014, 201.3) find evidence for a distinct dividing by the composite spectrum in thé6 1R, or the 3-6
outer (~ 10 kpc) component, perhaps formed via accretion. We KPC bin respectively. “Emission” features in the ratio spec
see a tantalizing hint that the index values are converging b &ré manifestations of a declining EW relativetoRe, while
yond > 2R, between the low- and high-dispersion galaxies. If ‘absorption” indicates increasing EW. _
indeed the central compact regions of elliptical galaxiesev The most prominent rad_lal change_s are seen in the molecular
formed in a very rapid event at high redshift, with the outer bands CN (the most prominent band is at 4150A)(tBe Swan
parts accreted later (e.3.. Thomas et al. 2005; OsefletHl)20 band at 4668A, and another Swan bane &t.00A on the wing
then we might be reaching a radius where a large fraction of of the Mg line), and MgH (Md at 5200A). While the gentle
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decline in [Z/H] is known to be the dominant change in the-stel ties to occur in their centers, where the formation timesxal
lar populations as a function of radius (Paper | and refasenc and metal retention depend on the depth of the potentialofell
therein), we see no strong variability in the pervasive atdre the final galaxy.

absorption features. Also, both the CN andi@es show strong
radial gradients, but we see no corresponding variatidmaitx-
band (CH) at 4300A. According o Tripicco & Bell (1995), the
G-band is more sensitive to microturbulent velocity (angsth
effective temperature) than abundances. Therefore, wierpre
to rely on the G4668 index to infer carbon abundances (e.g.,
Tripicco & Belll1995; Worthey et al. 1994; Schiavion 2007): Fi
nally, we note that there also may be a shift in the centroid of
the G4668 index with radius, but higher S/N is needed to be
certain.

The ratio spectra demonstrate very clearly what was already
apparent in the radial Lick index gradients (Figlie 3). The
largest spectral variations occur in the central regioaghaps
reflecting a two-phase formation mode for these galaxieg. Th
strong radial decrease in thg,CN, and MgH molecular bands
reflects the decreasing [Z/H]. At lower metallicity moleesido
not form as effectively. However, as we show below, we also
find compelling evidence for true abundance ratio gradiasts
a function of radius, particularly in [C/Fe].

0~3/3-8 kpe

I
WMM"V’MA\W .

0*>250 km/s

CN C. HB

Variation (1% per tick)

0*<200 km/s

|

4500 5000

Finally, we derive radial stellar population trends basad o Rest Wavelength (4)
the composite Lick index measurements presenteld i 854. Th Fic. 4.— Ratio spectra as in Figdrk 2 (right). Here, each radieihas a fixed
resulting radial profiles in age, [Fe/H], [Mg/Fe], [C/Fehd physical size of 3 kpc (the 5 bins range from 6 kpc) and we show the ratio
[NIFe] are shown in Figurgl5.  The stellar population irends (41 1e 6 koc - e canncl reach ther U becbioe b for e
inform us directly about when, where, and how rapidly the are seeing variations at the 1-5% level in these spectraicibdashed lines
stars were formed and thus provide some clues to the assemahighlight spectral bands that show large variations iridgdre lines (dotted),
bly of the outer parts of massive elliptical galaxies. Enmeou molecular bands CN, £and MgH (dashed) and#(dot-dashed).
agingly, we recover well-known trends as a function of ve-
locity dispersion. In their centers, higher-dispersiotagigs In contrast, if stars at large radius were accreted from
are older, and have higher [Mg/Fe], [C/Fe] and [N/Fe] ratios smaller systems that formed their stars rapidly and earty,(e
(e.g., Trager et al. 2000b; Worthey 2004; Thomas et al. |2005;/Oser et all 2010), we expect stars in the outskirts to be uni-
Sanchez-Blazquez etlal. 2006; Graves &t al. 2007; Smith et alformly old, a-enhanced, and metal-poor, as we find for our
2009; | Price et al. 2011; Johansson et al. 2012; Worthey et al.galaxies.
2013; Conroy et al. 2013). We note three caveats in interpreting the more detailed-abun

Turning to the radial trends, we see first that the metaflicit dance ratios, such as [C/Fe]. First, our CN measurements
[Fe/H] drops gently as a function of radius (elg., Daviedeta are potentially problematic, due to the steep continuunpsha
1993). The gradienA[Fe/H]/Alog Re has a similar slope for  around the 4000A break and the difficulties of accurate fllx ca
both the high-dispersion and low-dispersion galaxiesviBus ibration and sky subtraction at the blue edge of our spethra.
work has found interesting trends between [Fe/H] gradiands [N/Fe] and [Ca/Fe] abundances, because they depend on both
0., but mostly at lower, than probed here (e.g., Carollo etal. CN and the @ measurements, are both impacted by the un-
1993; Spolaor et &l. 2010). The [Mg/Fe] ratio stays high@rev  certainty in measuring CN. However, the CN index measured
rises slightly for the low-dispersion galaxies (Paper IhGn from our central spectra shows no systematic offset from the
age might we see tentative differences between high- and low CN index measured from the SDSS spectra, with {G -
dispersion galaxies: the low-dispersion galaxies show akwe CNgpsg9/CNspss=0.07+0.2. This agreement gives us confi-
negative age gradient (get older) with radius, while thenhig dence that our CN index measurement is not driven by system-
dispersion galaxies are old everywhere. New to our analysisatics in our reductions.
from Paper |, we also consider the [C/Fe], [N/Fe], and [Ch/Fe  Second, we do not directly model [O/Fe], but the assumed

5.3. Sellar population modeling 4000

ratios as a function of radius. We see a strikingly strongdiiea
the radial decline of [C/Fe] with radius. In contrast, [NYgad
[Ca/Fe] more closely track the behavior of [Mg/Fe] and remai
constant withR.

oxygen abundance directly impacts the [N/Fe] and [C/Fe] val
ues|(Graves et al. 2007). Because most of the C is locked up in
CO, a slightly supersolar [C/O] leads to a large increaséeén t
strength of the € Swan bands (see also Tripicco & Bell 1995;

As we already noted in regard to the Lick index gradients [Korn et al. 2005). To bracket the uncertainty in [O/Fe], we

in §5.1, the stellar population properties of the high-disjpn
and low-dispersion galaxies begin to converge beyoribR..

run a second set of stellar population models with [O/Fe}=0
(rather than the default [O/Fe]=%) dotted lines in Fig.]5). We

At large radius, the typical stars in all bins are old, andehav make the reasonable assumption that as @lement [O/Fe]
higha-abundances and low [Fe/H] (a trend seen in spiral bulgestracks [Mg/Fe], as has been seen in recent studies of ellipti
as well,| Jablonka et al. 2007). If galaxies are built in two cal galaxy centers. _Conroy et al. (2013) model oxygen abun-
phases, then we might expect the largest variations in prope
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dance in SDSS galaxies using full spectral fitting and find
that the O/Mg ratio is constant to within 0.05 dex. Like-
wise,|Johansson etlal. (2012) find O/Md for all o,.. Thus,
adopting a range of [O/Mg] spanning0.2 dex should bracket
the range of allowed [C/Fe], [N/Fe], and [Ca/Fe]. Figlie 5

and formation timescaleofFe] all correlate witho, (e.g.,
Worthey et all 1994; Trager etlal. 2000b; Graves et al. 12007).
The more detailed abundance ratio patterns are likewise@mon
tonic functions ofo, (e.g.,. Trager et al. 2000b; Graves et al.
2007; Conroy et al. 2013; Worthey etlal. 2013).

shows that as expected, only [C/Fe] and [N/Fe] are strongly As we discussed in Paper I, the stars at large radius do not

impacted by different values of [O/Fe]. At lower [O/Fe], the
absolute value of [C/Fe] and [N/Fe] are both correspongingl
lower, and we note that a value of [N/ReP.5 dex is consis-

share the detailed stellar population properties of ths stizthe
center of any present-day galaxy. The stellar ages are ald an
[Fe/H] is 0.3-0.4 dex subsolar. However, despite the lowatret

tent with values reported for the most massive SDSS galaxieslicity, the [a/Fe] abundance ratios are high (e.g., Spolaor et al.
(Johansson et al. 2012; Conroy et al. 2013). On the other,hand2010, Paper I). The low [Fe/H] values are best explained by
the radial behavior of C and N relative to each other are not formation in shallow potential wells, either of small galkesas

impacted by the overall O abundance.

advocated in the two-phase model of galaxy formation, or the

Third, we note that the models do not include carbon stars outer parts of big galaxies. However, given the old ages and
(Schiavon 2007). However, the incidence of carbon stars is high [a/Fe] ratios, these stars must have formed early and over

low at the metallicities considered here, and then inciease
strongly at yet lower metallicity (e.gl, Blanco & McCarthy

1983;| Groenewegen 1999; Mouhcine & Lan¢on 2003). Thus,

short timescales. To estimate how rapidly, we adopt thérgral
from|Thomas et al| (2005) between/Fe] and star formation
timescale, which is based on a simple closed-box model. As-

we do not believe carbon stars can be dominating the observedguming that [O/Fe] tracks [Mg/Fe], we find a timescale of 250

[C/Fe] trends.
5.4. Summary

We find that stellar population gradients are strongestimwith
~ Re, while at larger radius the gradients begin to flatten. Fur-
thermore, the differences between the high- and low-disper
galaxies in terms of age angabundance decrease wi#) at
all dispersions, stars at large radius are eleenhanced, and
relatively metal poor. Note that we include SOs in this asialy

Myr for [Mg/Fe]~ 0.3.

Likewise, the ratio of C/N apparently falls at large radius,
while it remains constant in the centers of elliptical gééax
As we argued above, while the absolute values of carbon and
nitrogen are uncertain due to the unknown [O/Fe], theioras
a function of radius should be robust. We will first discuss th
radial behavior of [C/Fe], and then turn to the more puzzling
[N/Fe] trends.

Carbon is made in the triple alpha process in intermediate

we do not yet have a large enough sample to separate them, buhass (+8 M; e.g.,.[Renzini & Volil 1981) stars. Massive,

will do so in future work. Finally, we infer strong negativesg
dients in [C/Fe] with radius, while the [N/Fe] abundances ar
high (at least [N/Fe¥ 0.5) and flat. We now discuss the ram-
ifications of our results for the formation histories of mass
elliptical galaxies.

6. DISCUSSION

If elliptical galaxies are built from the inside-out, witma
early dissipational phase making a compaet2(kpc) central
component followed by late-time accretion of satelliteg (e

metal-rich stars also release significant C through steflads
(e.g.,.Maeder 1992). The rising [C/Fe] seen in the centers of
massive elliptical galaxies, where the star formation tioades

are short, seems to require that a significant fraction oténe

bon actually is made in massive stars (e.d., Graves|et af)200
Carbon from massive stars is also needed to explain the cor-
relation between the C/O and O/H ratios observed ih k-
gions and individual Milky Way stars (e.g., Cescutti €1 &I09;
Garnett et al. 1999). Yield calculations find that massivéatre
rich stars can provide enough carbon to explain the Galac-

Oser et al. 2010), we expect to see the imprint of that processtic observations (Maeder 1992; Marigo elfal. 1998; Hennllet a

in the stellar populations as a function of radius. The dedai
stellar population properties provide clues about wherstaes
formed, how quickly they were formed, and the depth of the
potential well that they formed in.

6.1. Sar Formation and Metal Production

Each stellar population property shown in Figlte 5 tells us
something about the provenance of these stars. The stgar a
obviously provides one important clue. The metallicitygune-
ably maps onto the depth of the potential well in which the sta
formed (e.g.,_Larson 1974). FinallyfFe] and the more de-
tailed abundance ratios we consider here reflect how raftidly
stellar population was formed. High/fFe] indicates a prepon-
derance of Type Il supernova relative to Type la, and thuisirap
formation timescales (e.d., Matteucci & Greggio 1986). Fi-
nally, although their origins are less clear (€.g., Ren&ikbli
1981; Cescutti et al. 2009), [C/Fe] and [N/Fe] provide cosnpl
mentary information about star formation timescales, &y th
are likely produced at least partially in intermediate-mstars
(e.g.,Graves et él. 2007; Johansson &t al. 2012).

2000). Based on their highn]Fe], stars at large radius were
likely formed rapidly, so the declining [C/Fe] presumabéy r
flects the declining carbon yields from lower-metallicityasa
sive stars, and supports our inference of rapid star foomati
timescales.

Nitrogen is more complicated. We must explain both the very
super-solar [N/Fe] values that we observe (at least [N/Fe]
0.5) and the falling C/N with radius. Nitrogen is produced
in intermediate-mass stars as part of the CNO cycle (e.g.,
Matteucci 1986), but C is required before N can be produced.
The C is either synthesized in the star through the triple al-
pha process (“primary”) or present in the star to begin with
(“secondary”). While some primary N is required from low-
metallicity massive stars to explain the floor in N abundance
seen in HI regions (e.gl, Izotov et al. 1999; Meynet & Maeder
2002), the yields from massive stars alone are not high énoug
to produce the super-solar enrichment that we observe. As
pointed out in_Johansson et al. (2012), high [N/Fe] rati@enth
provide a lower limit on the star formation timescale of ade
a few Myr, the lifetimes of intermediate-mass stars. Thmnef

To a large extent, the stellar populations in the centers the star formation timescales inferred from/ffe] of 250 Myr

of elliptical galaxies scale with the stellar velocity désp
sion. Luminosity-weighted mean age, total metallicity HZ/

are consistent with the timescales required by [N/Fe].
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Fic. 5.— Radial gradients in age, [Fe/H], [Mg/Fe], [C/Fe], [d]Fand [Ca/Fe] as calculated 7 Ages from the Lick indices measured in the composite
spectra. We show both the measurements for the high-dispgiarcles) and the low-dispersion (squares) galaxies fasiction ofR in kpc (left) or R/Re (right).
At low dispersion, our observations do not reach beyond 9 Kpe lines show models of the same indices assuming [O/F&]rather than the default [O/Fe]=5)
keeping [O/Fe] constant with radius in both cases (higpeision composite in dash and low-dispersion in dot-dasbje the decline with radius in [Fe/H] and
[C/Fe] in contrast with the radially constant age, [Mg/H8lFe], and [Ca/Fe].
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Since synthesizing N requires existing C (Henry et al. 2000) Bovy private communication). Since stars form in disks, and
it is possible that the high [N/Fe] results from the supeasol low-density disks are easier to disrupt than centrally eonc
[C/Fe]. However, we would not expect [N/Fe] to remain high trated ellipticals, we suggest that the outer parts of diptigal
at large radius where [C/Fe] is falling. Longer star forraati  galaxies were built by the shredding of disky galaxies alyear
timescales could provide higher [N/Fe] ratios, but predoigna  times (e.g., Toft et al. 20017; Conselice et al. 2011).
would flatten [C/Fe] as well. It could be that N is more ef-
fectively released by lower metallicity stars, although dae
not have a proposed mechanism here. A changing IMF, in
particular a bottom-heavy IMF as have been invoked for the
most massive elliptical galaxies (Conroy & van Dokkum 2012;
Thomas et al. 2011; Dutton et/al. 2012) cannot help, since the
C is made by massive stars. We do note that the nucleosynthis
of N is a puzzle in globular clusters as well (elg., Cohen et al
2005), and it may be that these problems have a similar solu-
tion. Intriguingly, an ultra-compact dwarf in Virgo recéndlis-
cussed by Strader etlal. (2013) also appears to have sdbenrcar
abundances but supersolar [N/F€).6 dex, perhaps providing
an additional link between small stripped galaxies angbli
cal stellar halos. Finally, there is always the possibilitgt our
[N/Fe] values are biased high due to uncertainties in the CN
measurements, although as mentioned above, we find no sys-
tematic differences between our measurements and the SDSS
measurements. We have no clean explanation for the observed

T \ \ \

0.4

0.3

[o/Fe]

0.1

radial decrease in C/N.

The conclusions for galaxy assembly are as follows. We have

seen that stellar populations at ragliPR. do not look like those
found at the centers ahy elliptical galaxies today (Paper |, and
this work). According to our stellar population modelintars

at ~ 2R, are similar at allo,. (see how they converge at large
radius in Fig.[6). The typical star is old-(10 Gyr), relatively
metal poor ([Fe/Hk —0.5), anda-enhanced ([Mg/Fe} 0.3).
We infer that stars at large radius are formed at1.5-2 in
shallow potential wells over 250 Myr timescales. Declin-
ing [C/Fe] ratios support this picture: with rapid star fation
timescales, the declining C yields from massive stars at low
metallicity leads to a decline in this ratio with radius. Ot
other hand, the high and flat [N/Fe] ratios are unexpected, bu
possibly also seen in stripped dwarf galaxies.

6.2. Galaxy Assembly

Given our observed radial trends in stellar population prop
erties, we return to the assembly history of massive ediibti

—-0.75

-0.5

—-0.25

[Fe/H]

Fic. 6.— Movement of the stellar populations in the compositecsp
tra through f/Fe]-[Fe/H] space based d&Z Ages modeling of the Lick in-
dices. The high-dispersion (250 < 300 km §?; filled red circles) and low-
dispersion galaxies (15@c. < 200 km s; filled blue squares) are shown
both in kpc bins (filled symbols) ari& bins (double circles or squares). Both
dispersion bins move systematically towards lower [Feftt] bigher p./Fe] at
larger radius, as indicated by the connecting lines. Feregeice, we also show
the centers of SDSS galaxies from Graves et al. (2010) in ped stars. We
compare the abundance ratios and metallicities in ouiaste#ilos with Milky
Way stars from_Venn et al. (2004), including thin digkack dots), thick disk
(small black open squares), and halo ¢mall black stars) stars.

Based on the stellar populations, similar stars, formed-=at
1.5-2in disks but never accreted by a more massive halo, form
the thick disk components of present-day spiral galaxies (s
Fig.[6). Our observations are thus consistent with a twespha
model for elliptical galaxy growth.

On the other hand, our observations alone do not require such
a model. Instead, the average size growth in the elliptiakhy

galaxies. Based on the striking average size growth of-ellip population may occur as larger galaxies join the red sequenc
tical galaxies between redshift two and the present, nuasero at later times [(Valentinuzzi etlal. 2010; Cassata et al. [2011
papers have proposed a two-phase model for their growth (e.g INewman et dl!_2012; Carollo etlal. 2013; Barro etlal. 2013),

Naab et al. 2009; Bezanson etllal. 2009; Oser et al.| 2010, 2012¢onsistent with the observation that at a given velocitpelis

Hilz et alll2012). Our observations are consistent with pids

sion, more diffuse galaxies quenched later (Graves et 4020

ture. The stars are converging towards similar properties a If stars are formed in situ at large radius, followed by globa

large radius independent ef. The stellar populations at large

star formation quenching, then we might expect stellar pop-

radius demand that the accreted galaxies must be small{to exulation gradients as predicted by classic monolithic @i

plain the low [Fe/H]) and form early and rapidly (to explaliret
old ages and highd/Fe]). Simulations make similar predic-
tions (Oser et al. 2010).

While the stars in the outskirts of massive ellipticals do no
resemble the centers of any elliptical galaxies todaygthmust
be present-day stars with similar metallicities and abuoda
patterns that did not end up in massive elliptical galaxy out
skirts. In FiguréB, we show that the average star in the atgsk
of our ellipticals resembles thick-disk Milky Way stars.rRaps
the notion of a thick disk is outdated. Instead, we can saly tha
stars in elliptical galaxy outskirts are similar to the luosity
weighted mean star in the Milky Way disk (Bovy etlal. 2012a,b,

models (e.g.. Larson 1974; Carlberg 1984). Monolithic col-
lapse naively predicts very steep metallicity gradienis fasc-
tion of radius (e.g.._Larson 1974; Kobayashi 2004). How-
ever, the shallower observed [Fe/H] gradients, as well as fla
[a/Fe] gradients, can be reproduced in monolithic scenarios
by varying the star formation efficiency and gas inflow rate
(Pipino et al.[ 2010). In situ formation at large radius also
more naturally explains the observation thatiM8V correlates
strongly with local escape velocity (e.0., Franx & lllingitio
1990; Weijmans et al. 2009; Scott etlal. 2009, 2012).

Both assembly paths (two-phase and all in situ) likely occur
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in nature (e.g., Faber etlal. 2007; Toft et al. 2007; Bundy.et a
2010 Szomoru et él. 2012; Barro etlal. 2013). In the futuee, w
hope that combining our stellar population measuremertts wi
kinematics may provide further clues to the level of dissga
involved in forming stars at large radius (elg., Hilz €t &112).

11

timescales. However, we do not have a complete undersigndin
of the rising N/C ratio that we observe in the outer parts.

At large radius, the stellar populations of the stars depend
very weakly on centrat,; in general they have [Fe/k]-0.4,
[Mg/Fe]~ 0.3, and ages 10 Gyr. These are properties akin to

We will grow more sensitive to any such trends as our survey stars in our own Milky Way thick disk, lending credence to the

continues (Raskultti et al. in preparation).

6.3. Compact High-Dispersion Galaxies

Eventually, we would like to examine the radial behavior of
elliptical galaxies as a function of their fundamental gdo-

cation (or compactness) aslin Graves etlal. (2009,/2010). In

idea that the outer parts of massive elliptical galaxiesmise
shredded disky galaxies whose star formation was trunedted
z~ 1.5-2. The one very compact galaxy in our sample has
old ages and no abundance ratio gradients, apparently $ecau
it never accreted any gas or stars at late times.

We should note that we only reaeh 2.5R; in this study.

the meantime, we can look at one spectacular outlier in our There is evidence from a small number of integrated light

sample: NGC1270. This galaxy has a half-light radius-of
2 kpc, and a central stellar velocity dispersiono870 km s?.

studies (e.g., Coccato et al. 2010) and resolved studigs, (e.
Harris et all. 2007) that the stellar populations may changeem

van den Bosch et al[ (2012) highlight NGC 1277 as the pro- dramatically at yet larger radius. In the case of Coccatd.et a

totype of these compact high-dispersion galaxies, whisb al
appear to contain very massive- (L0'° M) supermassive

they are also studying a brightest cluster galaxy NGC 4888, s
is difficult to know whether the decliningfFe] they observe is

black holes. van den Bosch and collaborators have found adue to larger radius or the special location of the centrabga

handful of galaxies like NGC 1277, including NGC 1270 (for

deep in a cluster potential well. It is still extremely obser

low-mass versions sée Trujillo etal. 2009; Jiang et al. 2012 tionally challenging to reach such large radius for morertaa
Ferré-Mateu et al. 20112). They have disky light profiles and handful of targets.

are rotationally dominated at large radius.

In the short term, we are in the process of doubling the cur-

NGC 1270 appears to be an extreme example of a com-rent sample. With a larger sample, we hope to use the combi-
pact galaxy that formed at high redshift, and then grew no nation of stellar populations and kinematics to pin down the

more. With a central age of 11 Gyr, it is one of the old-

formation paths of individual elliptical galaxies. To dei

est galaxies in the sample (Paper 1), has a very high cen-meaningful stellar population measurements out .&Rg for
tral Mgb EW, and shows no gradients as a function of radius individual galaxies we will utilize full spectral synthesinod-

(A log Age/A log Re = 0.20+0.13). As far as we can tell,
NGC 1270 follows the Mb-o, relation (Paper 1) but the statis-

els with o dependence, to mitigate sensitivity to systematics
such as sky subtraction (e.g., Coelho et al. 2007; Vazdekiks e

tics are very limited for velocity dispersions so high. Bhse 2010; Conroy etal. 2013). We will also look for differences
on color gradients and spectroscopy respectively, NGC 1277In stellar population trends as a function of environmerd an
and SDSS J151741.7604217.6 also seem to fit this picture 9alaxy shape. Finally, we look forward to comparing our ob-

(van den Bosch et HI. 2012; Lasker et/al. 2013). We will look Servations to more sophisticated cosmological modeldrihek

in more detail at the stellar population gradients for adaget

abundance changes with time (e.g., Trager & Somelville/2009

of the entire van den Bosch Samp'e (Y||dr|m et al. in prepara- Arrigoni et al. 2010 PIDII’\O et al. 2010 Yates et al. 2013)

tion).

7. SUMMARY

We thank A. Burrows, L. Coccato, J. Cohen, C. Conroy, L.
Ho, G. Knapp, and S. Trager for useful discussions about car-

We have presented stellar population information as a func- bon. We thank A. Silverman for suggesting we plot ratio spec-

tion of radius for 33 massive elliptical galaxies with stell
dispersionss,= 150-370 km $§'. In addition to the well-
known gentle decline in [Fe/H] with radius, we find that the
a-abundance ratios, as traced by [Mg/Fe], are constant with r
dius (even perhaps rising slightlyat< 200 km §*), implying
rapid star formation timescales at all radii. The declirfi@f-e]
radial trends, we believe, reflect declining carbon yielderf
metal-poor massive stars, in line with the rapid star foramat

tra. J. D. Murphy and J. M. Comerford are supported by Astron-
omy and Astrophysics Postdoctoral Fellowships under asvard
NSF AST-1203057 and AST-1102525 respectively. J. E. Gunn
is partially supported by award NSF AST-0908368. This re-
search has made use of the NASA/IPAC Extragalactic Database
(NED) which is operated by the Jet Propulsion Laboratorix Ca
ifornia Institute of Technology, under contract with thetidaal
Aeronautics and Space Administration.
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