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A massive, quiescent, population Il galaxy at a
redshift of 2.1

Mariska Kriek, Charlie Conroy, Pieter G. van Dokkurh Alice E. Shaple§, Jieun Choi, Naveen A. Reddy, Brian Siana,
Freeke van de Voott Alison L. Coil®, Bahram Mobashér

I a K

Unlike spiral galaxies such as the Milky Way, the majority of the 30 3

stars in massive elliptical galaxies were formed in a short g@riod 20 %..'.

early in the history of the Universe. The duration of this forma- y

tion period can be measured using the ratio of magnesium to an 10 .é % e
abundance ([Mg/Fe]@E, which reflects the relative enrichment by 0 .-d. *~
core-collapse and type la supernovae. For local galaxiedVip/Fe] 1 4

probes the combined formation history of all stars currently in the observed A (um)

galaxy, including younger and metal-poor stars that were aded : :HZ Call;He
during late-time merger$®. Therefore, to directly constrain the ini- : Lo
tial star-formation period, we must study galaxies at earler epochs.
The most distant galaxy for which [Mg/Fe] had previously bea
measured is at a redshift of z ~ 1.4, with [Mg/Fe] = 0.457993. A
slightly earlier epoch (z &~ 1.6) was probed by stacking the spec-
tra of 24 massive quiescent galaxies, yielding an average fVFe]
of 0.31 & 0.127. However, the relatively low signal-to-noise ra-
tio of the data and the use of index analysis techniques for o
studies resulted in measurement errors that are too large tal-
low us to form strong conclusions. Deeper spectra at even daar
epochs in combination with analysis techniques based on fudpec-
tral fitting are required to precisely measure the abundancepat-
tern shortly after the major star-forming phase (z > 2). Here we
report a measurement of [Mg/Fe] for a massive quiescent gaky at
a redshift of z = 2.1, when the Universe was 3 billion years old.
With [Mg/Fe] = 0.59 + 0.11, this galaxy is the most Mg-enhanced
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massive galaxy found so far, having twice the Mg enhancemenf 10 : K
similar-mass galaxies today. The abundance pattern of theagaxy 660 680 700 720 740 760
is consistent with enrichment exclusively by core-collags super- rest-frame A (nm)

novae and with a star-formation timescale of 0.1 to 0.5 biltn years
— characteristics that are similar to population Il stars in the Milky ~ Figure 1: Photometry, image and MOSFIRE spectrum of
Way. With an average past star-formation rate of 600 to 3,00@0- COSMOS-11494. a,Multi-wavelength spectral energy distribution
lar masses per year, this galaxy was among the most vigoroutas  (black circles) and best-fitting stellar population moaedily the pho-
forming galaxies in the Universe. tometry (grey line). b, HST colour (V, J, and H) imagec-e, MOS-
We observed the galaxy COSMOS-11494 with the near-infrarBtRE spectrum in three wavelength intervals (J, H, and Kellacor-
multi-object spectrograph MOSFIRE on thé@ck | Telescope®, It responding to the coloured areasainThe gray shaded regions repre-
was also observed by two other programifidsand so we incorpo- Sent the Ir uncertainty on the flux. The best-fitting stellar population
rated these publicly available archival data. COSMOS-2148s se- Model used to derive the age and abundance pattern is shoed.in
lected from the 3D-HST surv&)2 with a stellar mass/ given by
logio M/Mg = 11.5+0.1, COSMOS-11494 is among the most mas-

sive galaxies at its redshift, and it has a very low star-fifon rate of

less tharD.6 )M / yr (see Methods). Similarly to the typical massive, 'RE resF-fra_mlﬁ optical spectrum, the multi-wavelengtacsgal %"
quiescent galaxy at this redshift, it is smaller than itel@punterparts €9y distribution” and Hubble Space Telescope (HST) colour imag
of the same mass, with an effective radius of 2.1%®pcrhe Mos- ©f COSMOS-11494 are shown in Figlde 1.
Here we measure the stellar abundance pattern of COSMO®+114

! Department of Astronomy, University of California, Berkeley, CA 94720, USA 2Department from the MOSFIRE rest-frame optlcal spectrum with our apBon
of Astronomy, Harvard University, Cambridge, MA, USA ®Astronomy Department, Yale University,  |ine fitter @l f) COd@ (see Methods). For our default model we adopt
New Haven, CT, USA “Department of Physics & Astronomy, University of California, Los Angeles, . .
CA 90095, USA *Department of Physics & Astronomy, University of California, Riverside, CA 92521, a two-component stellar population, for which the age ohlmatmpo-
USA ©Center for Astrophysics and Space Sciences, University of California, San Diego, La Jolla, nents and the slope of the stellar initial mass function OME free

CA 92093, USA ’ ) . )
parameters. To enable comparison with previous Fonke also fit
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Figure 2:Age and abundance patterns of COSMOS-11494 in comparison tower-redshift quiescent galaxies. aStellar population agéda,
[Fe/H], c, [Mg/Fe], andd, [Ca/Fe] versus stellar mass,.[Mg/Fe] versus [Fe/H]. The black dashed line representeaiatal evolution model for
different star-formation timescales in Gyr. In all panéf® black and grey filled squares represent COSMOS-11434ddwo-component and
single-age model, respectively, the coloured symbolseseprt low-redshift galaxgbinned by mass and redshift, and the small black pluses
are nearby galaxi@ Error bars are &. The red arrows represent the simple evolutionary modelifs&n text).

timescale decreases along the curve, with the highest valdég/Fe]
corresponding to the shortest timescale of 0.1 Gyr. Thdivelg low
Fe abundance in combination with the high [Mg/Fe] favourdharts
The best-fitting mass-to-light ratid{/ L) is consistent with thé//L  star-formation timescale of arouic2 Gyr. Therefore, this model im-
assuming a Kroupa IMF (/L) /(M/Lkroupa) = 0.97 £ 0.55), al- plies that COSMOS-11494 has experienced very little envaft by
though the error is large because of the insufficient S/N efgbec- type la supernovae.
trum and the lack of rest-frame near-infrared coverage. M¢efd this However, the best-fitting timescale strongly depends onathe
model With A;estframe < 4000 A excluded, and find similar values.sumed delay time of prompt type la supernovae. This paranete
For the single-age model we find similar abundance ratio®aghé poorly constrained in models and depends on the type la pitoge
two-component model, but the modelled age is 1 Gyr youngéis Tmodef?; for the double degenerate scenario the lifetime can beas sh
difference is expected, because younger stellar popokatiave lower as about 0.1 Gyr, whereas for a single degenerate scenadb lte as
M /L and so have larger weights in the fit. high as about 0.5 G@ However, the delay times of prompt type la
In Figure [2 we compare the spectral modelling results sfipernovae inferred from observations are as shobt laSyrY, and
COSMOS-11494 with those of galaxies®05 < z < 0.7% and of so 0.5 Gyr may be a conservative upper limit. The assumed MF a
a sample of nearby massive galakifesAll galaxies are fitted with fects the chemical evolution model as well, and a flatter INi§ufts in
theal f code. FiguréR illustrates that COSMOS-11494 is more Mg-longer timescale. Finally, the adopted chemical evaiutmdel de-
enhanced than similar-mass galaxies at lower redshifty {iig/Fe] pends on the core-collapse supernova y@ldmd other yield models
about 0.3 dex higher. [Ca/Fe] is also higher compared todheeg for were unable to reproduce the observed high [Mg/Fe] in coatlain
lower-redshift massive galaxies. with the observed [Fe/l‘%. Nonetheless, individual stars with sim-
To interpret the abundance pattern of COSMOS-11494, we shitavly high [Mg/Fe] and [Fe/H] values as COSMOS-11494 hagerb
a chemical evolution model in Figure 2e, which assumes ae8alp identified in the bulge of the Milky W@, which supports the validity
IMF28 a4 constant star-formation history over a given timeseatgre- of the adopted yield modél Taking into account all uncertainties on
collaps€? and a type la supernova yield md&elwe also adopt a our chemical evolution model, we estimate a star-formatiiescale
power-law delay-time distribution of the fromr! for type la super- of ~ 0.1 — 0.5 Gyr.
novae that occured between 0.1 and 13@erhe star-formation Ca, which is also produced and returned to the interstelétinom

the spectrum with a single-age model and a KrgﬂmF.
For the default model we finde/H] = —0.254+0.11, [Mg/Fe] =
0.59 £ 0.11, [Ca/Fe] = 0.59 + 0.07 and an age 02.71 + 0.22 Gyr.



Lick indices
(W z=2.1 ﬁéllé{kif" """"" IARARARARN ARARAN give consistent res_ults for COSMOS-11494, for distantdaa the
40l % z=1.6 stack R full spectral modelling approach is strongly preferredratie approach
[ @ z=1.4 galaxy involving Lick indices (Methods).
3 The high [Mg/Fe] of COSMOS-11494 compared to lower-redshif
quiescent galaxies of similar mass suggests that this gadaxd possi-
bly other distant quiescent galaxies, do not passivelyveviolto quies-
03 4+ @5 cent early-type galaxies today. A similar conclusion waaadr from
the small sizes of distant quiescent galaxies comparedeio litcal
v analog@, and in the past several years it has become apparent that dis
Pz S tant quiescent galaxies grow in mass and size by accretintaply
2.0r ' ] smaller galaxiéa@. This inside-out growth by late-time mergers with
/(ﬁ) 0 - less-massive galaxies predicts a decline in [Mg/Fe], bezdawer-
3 la=2 Gyr 4 mass galaxies are less Mg-enhafited
. . . In Figure[2 we explore this scenario by showing the prediptt
2 3 4 5 6 of COSMOS-11494 for a simple evolutionary model. We assumge t
Mg b the galaxy grows by red minor (1:10) mergers with smalless Iglg-
enhanced quiescent galaxies with [Mg/Fe]0.18, [Fe/H] = —0.05,
Figure 3:Abundance pattern of COSMOS-11494 in comparison to and [Ca/Fel= 0.09%8, and that the mass nearly doubles between
other high-redshifts galaxies. We show the Lick indicegFe) and 2.1 and the present dﬂyollowing the mass evolutiod(log M) /dz =
Mg b for COSMOS-11494, a ~ 1.4 quiescent galafjobserved with _(.15. Therefore, we assume no evolution in [Mg/Fe] and [Ca/Fe]
VLT/X-Shooter, and a stack af ~ 1.6 quiescent galaxy specfrab- at lower masses. If the abundance ratios for these galaxietdivbe
served withSubarw/MOIRCS. Error bars are &. We also show grids higher at earlier times as well, then the predicted evatutiould be
based on SPS mod&isior a range of range of values of [Z/H] andiess strong. To estimate the evolution in galaxy age for teeger
[Mg/Fe]. The dark and light grey grids are for galaxy ages @Y model, we assume that the age is proportionaltt®, as was found
and 4 Gyr, respectively. for z < 0.7 galaxie%®,
Figure[2 shows that the merger model can substantially dsere
[Mg/Fe] and [Ca/Fe], and increase [Fe/H]. However, theeesaveral

through core-collapse supernovae, also shows a stronqiesiant Caveats to our simple model comparison. First, @y < z < 0.7
with respect to Fe; the difference compared to low-redshitilogues Measurements are derived by fitting a single-age model,catessen-
is even more extreme than for Mg. This differential evolatiaf Ca sitive to low levels of recent star formation. Second, weuass that

and Mg with time is unexpected, because both elements aneetbr the accreted stars are well-mixed with thesitu population. However,
in massive stars, but metallicity-dependent core-coliagspernova simulations of galaxy formation show that the added materimostly
yields might explain the differenc®s deposited in the outskirts of the gal@,yand so the net evolution due

When combining the star-formation timescale and the basigi ©© Mergers — in the central parts targeted by the spectrbgrapnay
stellar mass, we find an average past star-formation rate@d—( be less. Third, it is unlikely that the descendent of COSMI1894 is
3,000)M /yr. The single-age best-fitting SPS model sets a lower linffityPical massive, quiescent galaxy today. The star foomati many
on the formation redshift of > 4. For the two-component model welow-redshift qwe_scent galames is quenched at later timesuilting in
find an average formation redshift of = 12+9. The inferred star- 10Ng€r star-forming periods and, hence, lower [Mg/Fe]. refwre, the
formation rate and formation epoch are consistent with topgrties descendant of COSMOS-11494 presumably resides in thefttieo
that were derived for the most active galaxy found so far, g#E low-redshift distributions. Finally, the model does natlirde possible
This dusty sub-millimetre galaxy has a star-formation rafte2,900 late-time star formation or mergers with sta_r-for_ming gada, which
Molyr and a redshift of: = 6.34, and so could be similar to theWould also resultin a decrease in [Mg/Fe] with time. -
star-forming progenitor of COSMOS-11494. More spectra of quiescent galaxies at high redshifts ardett®

COSMOS-11494 seems to be more Mg-enhanced than 1.5 Mmeasure the evolution of the slope and the intercept of tae-dd and
galaxies in previous work. However, because different esthave [Mg/Fe]—M relation. These measurements could eventually discrim-
been used in these studies, systematic differences may, cecd inate between different evolutionary scenarios, and theustnof mix-
the derived values cannot be directly comp@redcor a more di- ing of stars after gglaxy mer_ggﬁsln combination with more accurate
rect comparison to previous studies, we use the Lick indficgse) Supernova progenitor and yield models, and therefore ivgarchem-
(=[Fe5270+Fe5335]/2) and Mg For thez = 1.4 galaxy, the spec- ical evolution models, these measurements will also pevidique
trum was not deep enough to measure the two Fe lines needetkto ginformation on the star-formation histories of the most shasgalax-
mine (Fe). Instead, we calibratefFe) for two other iron lines (Fe4388g i€ and their possible role in the reionization of the Urseeat: > 6.
and Fe5015) using a set of SPS mddeland derivedFe) from these Ve expect that observations with NIRspec on James Webb Space
(marginally detected) lines for the= 1.4 galaxy. Figur€BB shows the Telescope will revolutionize this field within the next five years, with
measurements in comparison to a grid of SPS m@¥éds a range of future ultra-deep observations with MOSFIRE paving the.way
metallicities ([Z/H} —0.33,0.0,0.35) and [Mg/Fe] values (0.0, 0.3,
0.5).
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METHODS

Best-fitting model to the photometry. To derive the stellar mass

features and can better deal with the larger uncertaintiesgions af-
fected by skylines.
Code availability. The data reduction package used to pro-

of COSMOS-11494, we fit the broadband photometry with the-fle¢ess the raw MOSFIRE data will be made public in the com-

ble stellar population synthesis (SPS) modetd We assume a de-

layed exponential star formation history of the form S&Rte™*/7
and the dust attenuation law from Kriek & Cor%.y We adopt

ing year at http://astro.berkeley.edu/" mariska. To aettie stel-
lar mass, we used the flexible SPS models which are availdble a
https://github.com/cconroy20/fsps and the SPS fittingecEASTm,

the Chabrier stellar IM# to facilitate direct comparison with lower-Which is publicly available at http:/astro.berkeley.Ednariska/fast/.

redshift studiés.

The spectral fitting codeal f#4% that was used to derive

The error bar on the stellar mass is completely dominated/gy sthe abundance pattern is not publicly available, but the un-

tematic uncertainties. We estimate this uncertainty byiagrthe

derlying model components are available for download from

SPS mod8P, dust attenuation 1a#3E, parameterization of the star-Nttp:/scholar.harvard.edu/cconroy/sps-models.

formation history, and the scaling of the broadband spketrergy dis-

Data availability. The one-dimensional original and binned

tribution. We do not vary the IMF, as it can be approximatedabySPectrum shown in Figurg] 1 and corresponding @ncertainties,
simple offset in the stellar mass. A Kroupa I#fwould have resulted @S Well as the best-fitting model spectrum are available ascgo

in a similar stellar mass as for the Chabrier IMF, whereas |peSar
IMF28 would have resulted in a stellar mass a factor of 1.6 higher.

Spectral fitting. Parameters are estimated from the rest-frame &B_en taking
tical spectrum with thal f #2455 code. This code combines librarie

of isochrones and empirical stellar spectra with synttetgtiar spectra
covering a wide range of elemental abundance patterns. dde fits
for C, N, O, Na, Mg, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, redshift, velty
dispersion, and several emission lines. The stellar ptipnlage and
IMF are free parameters as well, and multiple stellar pdmiacom-
ponents are allowed. When fitting a two-component model ate
represents the mass-weighted average age of the two separapo-
nents. The ratio of the model and data are fitted by a high qalgno-
mial to avoid potential issues with the flux calibration of tihata. The
fitting is done using a Markov chain Monte Carlo algori@m

Lick indices versus full spectral modelling. As mentioned
in the main text, for COSMOS-11494 the [Mg/Fe} 0.6 im-
plied from the Lick indices is consistent with the modellirgsults.
The metallicity measurements also agree between the twhoast
our best-fitting values for [Mg/Fe] and [Fe/H] imply [Z/H] 0.25

(=[Fe/H]+0.94[Mg/F€ef®), which is consistent with the model shown,g

in Figure[3 for the best-fitting age of 2.5Gyr. For thex 1.4 in-

dividual galaxy and thee ~ 1.6 stack, the abundance patterns args.

based on the Lick indices, and so by construction they shmeiltloser
to the grid points. This is indeed the case for~ 1.4 individual
galaxy® with a [Mg/Fe] of 0.45*9:95 and a [2/H] of0.6173%¢. For
the derived age of 4 Gyr the two Lick indices are consistet wie
model grid. However, the individual Fe lines yield very dif€nt and
inconsistent results when calculatifge). For thez ~ 1.6 galaxy
stacl, the derived [Mg/Fel= 0.317912, [zZ/H] = 0.2473% and

log(age/Gyr) = 0.0475:19 are less consistent with the derived val4o.

ues based on all Lick indices, though the error bars are.large
Although the two different approaches to derive the abuoegat-

tern agree well for COSMOS-11494, the full spectral modgllap-

proach is strongly preferred over the appraoch involvingklindices.

dive pixels.

Data. The binned spectrum is constructed by first maskingewav
lengths affected by skylines and poor atmospheric trarsams and

he median of the flux of ten non-masked consecu-
The photometric data points shown in Figlie & ar
made available by the 3D-HST collaboration (catalog versid.1)

at http://3dhst.research.yale.edu/Data.php. The almeedpattern for
COSMOS-11494 for both the two-component and single-agesinad
shown in FiguréR, is also available as Source Data.
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The rest-frame optical spectrum of > 1 galaxies has been shifted

to near-infrared wavelengths. The many skylines at theselenagths
in combination with the relatively lower S/N of the spectfad@stant
galaxies result in large error bars on the measurement aighesiea-
ture. Lick indices are integrated measurements and do Retiteo
account wavelength-dependent features within the basdpakere-
fore, skylines will severely complicate their measurentstause af-
fected wavelengths are not down-weighted. Furthermordings re-
sult in non-Gaussian and correlated noise properties, aedrer bars
on Lick indices are usually underestimated. Consequdrittgindices
are much more prone to systematic errors. The discrepabetesen
individual Lick indices and the derived stellar abundanatgyn based
on all Lick indices for the two lower-redshift measuremefutsher il-
lustrate this point. By modelling the full spectrum, we usanynmore



