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ABSTRACT

We present observations of a very massive galaxy=at.82 which show that its morphology, size, velocity
dispersion and stellar population properties that arg ftdhsistent with those expected for passively evolving
progenitors of today’s giant ellipticals. These findingskbased on a deep optical rest-frame spectrum obtained
with the Multi-Object InfraRed Camera and Spectrograph (RCS) on the Subaru telescope of a high-
passive galaxy candidate (pBzK) from the COSMOS field, foicwiwe accurately measure its redshift of
z=1.8230 and obtain an upper limit on its velocity dispersiqn< 326 km s*. By detailed stellar population
modeling of both the galaxy broad-band SED and the restdraptical spectrum we derive a star-formation-
weighted age and formation redshift igf ~ 1-2 Gyr andzem ~ 2.5-4, and a stellar mass M, ~ 3—-4x
10''M,,. This is in agreement with a virial mass limit M,;; < 7 x 10'*M,, derived from the measured
value and stellar half-light radius, as well as with the dyieal mass limit based on the Jeans equations. In
contrast with previously reported super-dense passivaxig atz ~ 2, the present galaxy at= 1.82 appears
to have both size and velocity dispersion similar to eaypetgalaxies in the local Universe with similar stellar
mass. This suggests that- 2 massive and passive galaxies may exhibit a wide range glepties, then
possibly following quite different evolutionary histosifftomz~ 2 toz=0.

Subject headings: galaxies: evolution — galaxies: formation — galaxies: higkshift

1. INTRODUCTION they are> 10 times denser than their possible descendants in
Understanding the formation of massive elliptical galaxie the local Universe. Several alternative mechanisms hase be

remains a crucial unsolved issue of galaxy evolution. The re Proposed to make such compact ETGs grow in size so to fi-
cent discovery and the first redshift measurements, througr2lly meetthe properties of local ETGs (€.g.. Khochfar &Sil
deep ultraviolet (UV) rest-frame spectroscopy, of a substa 200?3 Fan et al. 291)8, Naab et al. 2009; La Barberalet al.
tial population of passively evolving galaxieszt 1.4 (e.g., 2009; Feldmann et al. 2010), but no general consensus has yet
Cimatti et all 2004: McCarthy et 4l. 2004; Daddi et al. 2005) émerged. .
have shown that quenching of star formation in the most mas-, On the other hand, ETGs &> 1.4 with large effec-
sive galaxies was already well under wayat 2. tive radii, comparable to the local ETGs, have also been

; - found (e.g., Mancini et al. 2010; Saracco €t al. 2009, sae als
A puzzling property of such objects has been revealed ' - AT — . ’
soonpafterw%rgs \E)vithysome of thegn being found to have alDaddi et al. 2005), indicating a diversity of structural pro

factor of ~ 2 -5 smaller effective radii compared to local €rti€s in the ETG population @~ 2. Moreover, possible
early-type galaxies (ETGs) of the same stellar mass (e_g_effects have also been discussed that could bias size éstima

Daddi et al 2005; Trujillo et al. 2006; Longhetti ef al. 2907  1owards lower values (e.g.. Daddi eflal. 2005: Hopkins et al.

5 5 | 72008 Dokk al_ 20 : : 2009; Mancini et al. 2010; Pannella etlal. 2009).
Cimatti et al.. 2008; van Dokkum etial. 2008), implying that An independent way to check these issues is by measur-

Electronic addres$: masato.onodera@cea.fr ing stellar velocity dispersiong(): if high-zETGs are really
! Based on data collected at Subaru Telescope, which is epebgtthe super-dense, their, should be much higher than that of local
National Astronomical Observatory of Japan (S09A-043). ETGs of the same mas$. Cappellari étlal. (2009) measured
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o, from deep UV rest-frame spectroscopy of a sample of 9 imaging (rest-frame UV) they measure a Sérsic index
ETGs at 14 < z< 2.0 from the GMASS survey (Cimatti etlal. 4.1 and an effective radius of, = 5.7 kpc, consistent
2008), finding two galaxies with similar stellar density and  with the stellar mass-size relation of local elliptical &ydks
as local ETGs of the same mass. The remaining galaxies havéMancini et al! 2010).
higher stellar densities and higherfrom their stacked spec- Figure[1 shows the resulting 1D and 2D MOIRCS spec-
trum, but still overlapping with the densest local ETGs. tra of #254025. The 4000 A break is clearly seen, together
In this respect, near-infrared (NIR) spectroscopy offers awith strong Balmer and metallic absorption lines, namely
great advantage for the galaxiezat 1.4 as the optical break  Call H +He, Call K, HJ, Hy, H¢, G-band and CN+hl
at rest-frame 4000 A and GaH+K (the strongest spectral Hp falls in the region with low atmospheric transmission
features of passively evolving galaxies) are redshifted in and with strong OH-lines. No emission lines are observed.
NIR, and the rest-frame optical continuum is much brighter While [O 1111A\49595007 falls in a region with low atmo-
than that in the rest-frame UV. Thus, van Dokkum et al. spheric transmission, [@]A3727 is uncontaminated and its
(2009) measured a velocity dispersionaf~ 500 km s* non-detection sets as3upper limit of SFR of~ 2.5Mgyr !
for a compact ETG at = 2.186 using a deep NIR spectrum (not corrected for extinction), using the Kennitutt (1968p-
fromlKriek et al. (2009). This value @f, is much higherthan  version. From the spectrum, the absorption line redshift is
that of the most massive local ETGs, and would be consistentmeasured az= 1.8230+ 0.0006.
with the small half light radius measured for that galaxy.
In this letter we present a rest-frame optical spectrum of 3. RESULTS
a massive, passively evolving high redshift galaxy cartdida )
taken with the Multi-Object InfraRed Camera and Spectro- 3.1. Sellar Populations
graph (MOIRCS; Ichikawa et &l. 2006; Suzuki etial. 2008) at Having determined the spectroscopic redshift, we pro-
Subaru Telescope. A cosmology withy = 0.3, 25 = 0.7, ceeded to fit stellar population templates, separately ¢o th
andHp = 70 km s* Mpc™ is assumed. broad-band spectral energy distribution (SED) and to the
MOIRCS spectrum. We allowed for a wide range of possi-
2. OBSERVATIONS AND DATA REDUCTIONS ble star formation histories (SFHs), including: (1) instan

We have obtained 4.7 hours of MOIRCS spectroscopy of N€OUS bursts, i.e., simple stellar populations (SSPY); €8} ¢

. : tant SFRs for a duration within 0.01-3.5 G}rterminated
34 BzK-selected galaxie5 (Daddi et al. 2004) from the cata- > - : It
log of McCrackenget al. (32(‘)10) in the COSI\%OS field. We by SF quenching and followed by passive evolution; (3) de-

. : : vt : layed, exponentially declining SFH described as $FR(x
used the zJ500 grism with’@ slits, providing a resolution 5 . : S i \
of R~ 500 in theJ-band over the range 9500—-16000A. The (t/77) exp(t/7) with 7 within 0.01-2 Gyr; (4) exponentially

. im of b i ¢ dshifts f increasing SFH, SFR(r) « expt/7) for a duration within
Bg;ns?\;é’ g'gp(%acl’:;igs ?Sgggg)r];g]?jslogar?eeﬁeur;ear((:ec jra:tesiyci)r:tg = 0.1-3 Gyr, followed by SF quenching and passive evolu-
the COSMOS large scale structure. We preferentially sedect tion. We choose =0.72 Gyr, corresponding to a stellar mass

° . ; ; doubling time of~ 0.5 Gyr, as suggested far~ 2 galax-
the most massive pBzKs (which are also the brightest in theies by the existence of tight stellar mass-SFR relationh wit

NIR) to maximize the chance of determining also physical gep '\, " (Daddi et all 2007; Renzifi 2009). For all the
information in addition to redshifts for at least a fractioh ~ gpy o temBIate ages were allowed to range=i0.4—35 Gyr

them, i(;\ plarti%ularttr(lj(_a %61|Iax3l\/ﬂ(#254_02t5‘)ldi(Sé((:)ulS(»)Steql_irr]l taﬁ P We use a Chabrier (2003) IMF. The fits were made with metal-
per and already studied by viancini €1 al. { ). The obser-jisiiies of 0.5xZ, Zs and 2<Z;. To reduce the number of

vations were made under partly cloudy conditions and with free parameters we have assumed no dust extinction, appro-

~ 1"2 seeing. A sequence of 600s integrations were madepriate for a ; ; P :

; . - v passively evolving galaxy, considering thécstr
Eo{a/ ttWO p?s't'ﬁlnpds'tggz”;g pattebrn sepda;ate%tb_y ZTTet. upper limit on the SFR that is set by the spectrum, an assump-
-type star was observed to obtain (relative) o that is validated by the good fit that is achieved in thesb

flux calibration and to correct for telluric absorption. The continuum (see Figufe 1)

data were reduced using tCSMDP pipeline (Yoshikawa The SED fitting was carried out for the broad-band

etal., in preparation), including flat-fielding by dome fity g, jata from Subaru/Suprime-Cam_(Capak étlal. 2007

subtraction between each exposure pairs, bad pixel and COSTaniquchi et al 2007),JHK data from CEHT/WIRCAM

mic ray rejection, distortion correction, wavelength bed- (McCracken ot 4l 20',LO) and th&pitzer/IRAC 3.6um

tion (based on the OH telluric lines), residual sky subteact 4 g/ \"ang 58,m data [(Sanders etial. 2007). Artificial er-

and finally co-addition with appropriate offsets and wesght 5"t 9 05 mag for th@izJHK bands and 0.1 mag for the

The 2-dimensional spectra are flux-calibrated using the sta |p A hands are added to the observed errors in quadrature

d"?‘trr? tsr:arlsR%lgtrurTl, ?ndkl-d_|men3|1%nal sptectra V.\Ifﬁre egﬂact to account for systematics in zero-point determinatianté

with the TRAF apall task using a L9 aperturé. 1n€ abso-  —ypatometric measurements, and in the stellar populatiay mo

lute flux calibration was then obtained by normalizing to the ¢ <" t1e templates for the SED fitting are generated from pop-

‘]'E’/\%‘.‘lj ttottﬁl magrutu?e.th let le ob d with ulation synthesis models by Maraston (2005, hereafter M05)
st the results for the complete sample 0DSErVed WIth = 1 ghectral resolution of the M0O5 models is significantly

MOIRCS will be presented elsewhere we will concentrate | o

; ower than that of our MOIRCS spectrum. Hence, for fitting
here on the pBzK galaxy #254025. This galaxy one of the 12,5 g0 trym, we used templates from/the Bruzual & Charlot
ultra-massive high redshift ETG candidates in Mancini £tal o653 “hereafter BCO3) spectral synthesis library. Algtou
(2010), with a photometric redshift @hnot = 1.71 and very these models might not account properly for TP-AGB stars

bright NIR magnitudes oflag = 20.32 andKag = 19.41. ] : : P
Mancini et al. (2010) also report that the galaxy is non- (e.g.,.Maraston et al. 2006), this effect is not significaint a

deteCt.ed aISJitzer/MIPS 24um to 8_0“‘]y implying a star 2 The age of the Universe at= 1.82 is about 3.5 Gyr, given the adopted
formation rate SFRS 50Moyr . Using HST/ACS F814W cosmology.
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4000A rest-frame, the wavelength range probed by our specinstrumental resolution. To do this we have used our com-
trum. The template spectra are Gaussian-broadened to abined MOIRCS spectrum without sky subtraction and simul-
overall velocity dispersion of 350 kmi’s(see E3.2) to match  taneously fitted Gaussian profiles to a series of telluric OH-
that the observed spectrum, and having fixed it the stellar po lines atA ~ 11,500 A, i.e., near the strongest absorption fea-
ulation parameters are derived with th&over the observed tures of the galaxy’s spectrum. The central wavelength for
wavelength range 9500-16000A. each OH-line was taken from Rousselot et/al. (2000) and we
The stellar population parameters of the best-fit models!eft ginsr, OH-line intensities, and constant baseline as free pa-
from each adopted SFH are listed in Table 1 and the bestrameters. The fitting procedure reproduces the observed sky
fit templates for the spectrum and SED are shown in Figuresspectra very well. Oveh = 3500-4450 A, the instrumental
and2, respectively. The best fit spectra have star-foomati resolution changes from 270 kritgo 330 km s. We adopt
(SF) weighted ages &f = 1.14'5.[3 Gyr and stellar masses of  ging = 300+ 7 km st (random)+30 km st (systematic).
M, = (2.76:282) x 10'*My, for the broad-band SED, ang = The derived galaxy stellar velocity dispersion ds =
1.8879; Gyr and stellar mass dil, = (3.997939) x 10"'Mg, 02— 02, which givess, = 180+ 59 km s (random)
for the spectrum. The best fit results are fran¥ Z., for 1 _ _ L
the SED andZ = 2 x Z,, for the spectrum. However, for the +87 km s (systematic). The relatively large uncertainties in
spectrum very similar values are derived using solar metal-Cobs and a%obsis close toinsy, we cannot place a lower limit
licity models that result in a slightly highes (Table 1). We to a*ilHowever, We can q?nve avlupper limit OTU* = 326
notice that solar, or slightly supersolar metallicities appro- ~ XM S (or o, < 385 km s™ at the 2 level), which is con-
priate for local elliptical galaxies with stellar massesitrto ~ Sistent with both determinations. If Balmer lines sufferir
galaxy #254025 (Thomas et al. 2005). The SF weighted agdfill-in from emission linesr, could be somewhat lower.
of ~ 1-2 Gyr corresponds to an average formation redshift of FTom the stellar veloglty dispersion the virial mass can be
Ziom ~ 2.5—4, although the SF could have started much ear-calculated asii; = Creo;/G. We have se€ =5 as empiri-
lier. In the case of the spectral fitting, all SFHs adopteather cally calibrated on local galaxies with state-of-the-griaimi-
fit equally well with x2 ~ 1.3 andts ~ 1-2 Gyr, consistent &l modelingi(Cappellari et al. 2006), with the velocitypbe-
with the detection of strong Balmer absorption lines whigh a  Si0n being measured within a large aperturelfe) as in our
most prominent in A-type stars. Moreover, in the case of the €@S€. The effective radius was measured by Mancini et al.
SED fits (apart for the SSP spectra) the various SFHs do not(2010) from theHST/ACS F814W image+ 2900 Ain the
give very differenty? values and therefore it is not possible 'est-frame) as @8’ +0.07” or 5.7+ 0.6 kpc atz = 1.82.
to discriminate between them. The same can be said for thel Nus the upper limit of the virial mass is derived Mg, <
derived metallicities. If we allow for dust reddening, thesb 7.0 x 10" Mg,

fitting tsr, M, andM /Ly would change by only< 10%, with ~ We have also constructed a dynamical model based on ax-
some increase of the formal uncertainties within each dfiss isymmetric Jeans dynamical models as those used to model
SFH. the GMASS galaxies by Cappellari et al. (2009), adopting
a multi-Gaussian expansion (MGE; Emsellem et al. 1994).
3.2. Velocity Dispersion and Dynamical Modeling This method has the advantage that the derivgd is virtu-

. - ally insensitive to possible underestimation of the sizieicv
~ Our high S/N spectrum= 8.7 per 60 km ' spectral  can be a possibility at high redshifts Considering the bolo-
interval in the continuum) allows us to measure a veloCity metric surface brightness dimming of£¥)*, a factor (1+2)
dispersion from the absorption line widthys, which is @ oming from the source redshifting and tecorrection be-

combination of the galaxy stellar velocity dispersionand .
; 2 . ; tween rest-frame 2900 A to rest-frarbieband, we derived
the instrumental resolutiobi,sy. This S/N is comparable a rest-framéJ-band luminosity ofLy = 6.7 x 10, The

to spectra of GMASS galaxies with successful individual

W2 —=\/2 2
determinations| (Cappellari etlal. 2009). Therefore we fol- s_ecom(jj moment of th_eoveloglt\y,m_s =V +o, V\l/)as also esh-
lowed the same approachof Cappellari ét al., based on the peimated (assumings; = 0 and axisymmetry) by using the
nalized Pixel-Fitting method (pPXE; Cappellari & Emsellem Jeans anisotropic MGE (JAM) method (Cappellari 2008). The
2004). The MILES stellar library containing 985 stars UPPer limit for the dynamicaM/Ly can be calculated by

(Sanchez-Blazquez etlal. 2006) is adopted here since it pro{M/Lu)seans= (0 /Vims)* < 1.0, which can be converted into

vides the best uniform and complete set of stars. the upper limit of the dynamical mass from the JAM model
Figure[3 shows the best-fit templates from pPXF, corre- 8Mjeans= Lu X (M/Lu)seans< 6.8 x 10" Mg,. Therefore the
sponding tooos = 350+ 30 km s? (random)+ 30 km s? virial mass and Jeans mass agree well though both of them

4450 A. The random error élconfidence) is determined as model with the best fitting Sérsic parameters of Mancini et al
half of the interval inooys Spanned by 68 out of 100 Monte  (2010), as opposed to the actual ACS image, gives the same

Carlo realizations of the input spectrum. A rough estiméte o (M/Lu)seanswithin 1%. This is due to the robustness of the

the systematic error is obtained as half of the intervaddgn centralM /L recovered using dynamical models (in contrast

spanned by all repeated extractions of the kinematics usingto virial estimates) to p_hot(’)metnc uncertainties at |awgi

different, but equally acceptable, combinations for thees  (©-9-» 83.2 in Cappellari et:al. 2009).

of the degree (from 0-4) of the additive and multiplicative

polynomials in pPXF. Restricting the fit to the region witleth 4. DISCUSSION AND CONCLUSIONS

Balmer and Cal H+K lines (3700-4100 A in the rest-frame) Figurd4 compares the properties of the galaxy #254025 and

givesoopns = 300450 km s (total error), consistent with the  otherz ~ 2 galaxies for which the same quantities have been

value derived from the full spectral range. measured (Cappellari etlal. 2009; van Dokkum et al. 2009).
In order to deriver, we need to determine accurately the The figure includes ETGs at- 0.06, selected from the Sloan
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Digital Sky Survey (SDSS) on the base of their tegg color 19540245) by the Japanese Ministry of Education, Culture,
and high Sérsic index~ 4 (Blanton et al. 2005). The dynam- Sports, Science and Technology. AR is grateful to the In-
ical and stellar masses agree very well for the higibjects, stitute of Astronomy of ETH Zrich for its kind hospitality.
within a factor of< 2. Note that our massive galaxy has phys- MC acknowledges support from a STFC Advanced Fellow-
ical properties in good agreement with those of local ETGs of ship (PP/D005574/1).
similar stellar mass. Our galaxy provides a second exaniple o

a very massive passively evolving system for which a stellar

velocity dispersion has been measured (the GMASS objects
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A z=1.82 Analog of Local Ultra-massive Elliptical Galaxies
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Figurel. MOIRCS spectrum of #254025 afpec= 1.82. Top: 4’ 2D spectrum; middle: 1D spectrum without smoothing (greg)iand with a 25A binning
(black thick line); bottom: relative noise level (soliddhand the sky transmission (shaded area). The red solidhines the best-fit model (s€e83.1). Positions
of major emission and absorption lines are indicated byddstied (blue) and dashed (red) lines, respectively, even wit detected.
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Figure2. Observed SED for #254025 (blue circles with error bars) canegh to the best fit model from Maraston (2005; orange linesgntbols). The best fit
was found for a SFH with delayed exponential star formatade that continued for about 1.4 Gyr, with a star-formatiomescale of 0.13 Gyr, and for a solar
metallicity. The parameters of the best fit templates carobed in Table 1.
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Figure3. Results of the pPXF fit for the stellar velocity dispersiortled galaxy. The panels show the resulting fit for the full $aéecange (top), and for a
wavelength range around @aH+K (bottom). The black solid line shows the observed specfrthe red solid line shows the best-fit template, and thergre
diamonds are the residuals (arbitrarily shifted). The loiwsses indicate bad pixels rejected from the fitting. Tlid &tue line indicates the estimated hoise
level.
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Figure4. A comparison of the properties of high-redshift ETGs for ethihe velocity dispersion has been measured so far (symilitblerror bars) with those
of elliptical galaxies selected from SDSSzat- 0.06 (gray dots). §): the stellar velocity dispersions vs. the virial mass&. ¢omparison between virial and
stellar masses; the diagonal dashed line corresponds #itgcpf the two masses, and the dotted lines show a range agtarfof 2. €): the effective radii vs.
the virial masses.d): the effective radii vs. stellar velocity dispersions.alhpanels, the red filled circle represents the galaxy stliiere, the green filled circle
shows the object studied by van Dokkum €t al. (2009), the biperes represent the two GMASS galaxies with individyaieasurements, and the yellow
triangle represents the properties from the stacked GMA®8tsim (taken frorh Cappellari etlal. 2009).



Tablel
Best-fit Stellar Population Parameters for the SED and tleetBm

SED Spectrum
SFH Tonset 7OMlg o M, M/Ly X2 Tonset 70Tlg o M, M/Lu X2
Gyn (Gyn  (Gyn  (18'Mg) (M/Lu)e) Gyn (Gyn (Gyn (10Mg) ((M/Lu)e)
1) 2 3) 4) (5) (6) (7 (8) 9) (10) (11) (12) (13)
Z=052,
Al . 25407 4849 119X 235 . 1169% 23310 045920 134
Ssp o .. 07008 1sgBB 35880 gop 12 .. 120080 2088 o4788L G5
const. +quenching .3 300 190}%% zssf%fg% 0.6453% 3.99 12 009 116}%}%2 2.33}%}% 0.4553% 134
delayed exponential .3 033 2547 4.84Y 1117 2.35 12 002 1167 2.3219: 0.45 1.34
exp. + quenching a 287 120t§f§§ 1.98:§f§§ o.45t§f§§ 6.84 12 010 115t§f§§ 2.32j§f§§ o.45t§fg% 134
L=7q
Al . L1497 276987 063920 220 . 19500 399U 0779% 131
Ssp 6 .. 06000 162880 03488 165 10 .. 100980 27588 o588 133
const. +quenching .3 305 188%% 3.3&3}% o.75f§f§% 228 a5 311 1955%% 3.915%% 0.775% 131
delayed exponential .4 013 1147 2,76 0.63% 2.20 12 007 1067 2,78 0.54% 132
exp. + quenching I 115 ogstggz 2419t§3§§ 0.48:§3§§ 6.62 12 031 103t§3§§ 2.74t§3§§ o.54t§32§ 1.32
=25
Al o 00708 227129 05203 432 . 18890 39991 0800% 129
Ssp o ... 04000 143880 03188 3490 08 ... 08008 26508 538l 13
const. +quenching .8 162 Q9008 23512 0550 446 a5 325 18800k 309816 gl 129
delayed exponential  .Q 0.10 080’:%%2 2.39’:%% 0.61’:%%3 9.39 11 0.10 090ﬁ§:§§ 2.78%% 0.55’:§:§§ 131
exp. +quenching B 258 0Q970% 222017 052004 43 33 301 1807002 395018 79004 199

Note. — Column 1: star-formation history (seE_§3.1); Column ZBipsed time since the onset of star-formation; Column §&-formation timescale in the case of delayed
e>§ponential SFH and quenching time for SFHs with constaf-@faenching and exponentially increasing SFR+quenci@ogymn 4,10: star-formation weighted age defined by
Jo (T-Do(t) dt/ fOT ¢(t) dt whereT is Tonserand (t) is SFR; Column 5,11: stellar mass; Column 6,12: rest-frardeand mass-to-light ratio; Column 7,13: reducgtfor the
best-fit template.
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