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Abstract

Local massive early-type galaxies are believed to have completed most of their star formation ∼10 Gyr ago and
evolved without having substantial star formation since that time. If so, their progenitors should have roughly solar
stellar metallicities (Z*), comparable to their values today. We report the discovery of two lensed massive
( M Mlog 11* ~ ), z∼2.2 dead galaxies that appear markedly metal deficient given this scenario. Using 17-band
HST+Ks+Spitzer photometry and deep Hubble Space Telescope (HST) grism spectra from the Grism Lens
Amplified Survey from Space (GLASS) and supernova (SN) Refsdal follow-up campaigns covering features near
λrest∼4000Å, we find these systems to be dominated by A-type stars with Z Zlog 0.40 0.02* = -  and
−0.49±0.03 (30%–40% solar) under standard assumptions. The second system’s lower metallicity is robust to
isochrone changes, though this choice can drive the first system’s from Z Zlog 0.6* = - to 0.1. If these two
galaxies are representative of larger samples, this finding suggests that evolutionary paths other than dry minor
merging are required for these massive galaxies. Future analyses with direct metallicity measurements—e.g., by
the James Webb Space Telescope—will provide critical insight into the nature of such phenomena.
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1. Introduction

Stellar chemical compositions are a powerful means to link
galaxies across cosmic time and therefore understand their
evolution. Massive early-type galaxies in the local universe
exhibit solar or super-solar stellar metallicities (Z*; e.g.,
Thomas et al. 2005). This holds beyond z∼0—previous
observations report similar values in massive dead galaxies up
to z∼1.6 (e.g., Gallazzi et al. 2014; Lonoce et al. 2015;
Onodera et al. 2015), indicating that either they formed from
metal-enriched gas or retained a lot of their metals after
forming from pristine gas.

These observations spanning ∼10 Gyr seem to fit in a
recently popular evolution scenario for massive galaxies, where
dry minor merging might grow galaxy sizes without adding
much mass (e.g., Naab et al. 2009), explaining the observed
size evolution by a factor of 3 from z∼2 to 0 (e.g., Szomoru
et al. 2012; van der Wel et al. 2014). As these galaxies are
already dead and near the mass of local ellipticals (e.g.,
Stiavelli et al. 1999; Daddi et al. 2005; Glazebrook et al. 2017),
they are believed to evolve without further substantial episodes
of in situ star formation over the rest of their lives. If so, the
main z∼2 progenitor must already have at least its z=0
descendant’s metallicity: the low-mass satellites that it will
accrete are probably metal poor (Gallazzi et al. 2005; Kirby
et al. 2013), and thus can only dilute the final system’s total
metallicity (see also Choi et al. 2014).

The above scenario, however, may not be the complete
picture. Other works (e.g., Newman et al. 2012; Nipoti
et al. 2012; Sonnenfeld et al. 2014) show that minor mergers
alone cannot accomplish the necessary size evolution.
Furthermore, recent stellar metallicity estimates at z2 yield

values ∼2.5σ below the local M*–Z* locus (Kriek et al. 2016;
Toft et al. 2017), adding to arguments for more-than-minor-
merging growth. To clarify the picture, we must take steps
toward a more complete galaxy census.
Here we report two additional massive ( M Mlog 11* ~ )

dead galaxies at z∼2.2 that appear substantially under-enriched.
Both galaxies have typical A-type spectra, but Z Zlog * =

0.40 0.02-  and −0.49±0.03, respectively. With the other
spectrophotometric results at z∼2, these galaxies suggest some-
thing other than dry minor merging is required to explain the
subsequent evolution of some fraction of z2 passive galaxies.
While results based on a larger sample will be presented in a future
study, this Letter reports the discovery of these two galaxies and
briefly discusses its implications. Throughout, magnitudes are
quoted in the AB system assuming Ωm=0.3, ΩΛ=0.7, H0=
70 kms−1Mpc−1.

2. Data and Sample

2.1. Hubble Space Telescope (HST) Data

We require high-quality spectral coverage over the rest-
frame 3700–4200Å window and broadband photometry over a
much wider wavelength range to pin down details of the
youngest and oldest stellar populations and break the age–
metallicity degeneracy. Such data are difficult to obtain from
the ground, but lensing magnification and deep near-infrared
(NIR) HST spectrophotometric campaigns provide an ideal way
to study passive galaxies at such early epochs.
The spectral range of the Wide Field Camera 3 (WFC3)/

G141 grism covers age-sensitive features—the Balmer and
4000Å breaks—for galaxies at z∼2, such that high-quality
HST photometry covering 0.2–1.7 μm from Cluster Lensing
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and Supernova Survey (CLASH; Postman et al. 2012) and
Hubble Frontier Fields (HFF; Lotz et al. 2017) can constrain
stellar metallicities at sufficient confidence. Among the survey
lines of sight, the z=0.544 galaxy cluster MACSJ1149.5
+2223 is an optimal target: it is covered by 17-band
photometry spanning F225W–F160W to typical 5σ depths of
∼29 (for the HFF data) to ∼27 mag (for CLASH). Moreover,
spectroscopy from the Grism Lens Amplified Survey from
Space (GLASS; Schmidt et al. 2014; Treu et al. 2015) and the
follow-up HST General Observer/Director’s Discretionary
Time (HSTGO/DDT) campaign of supernova (SN) Refsdal
(Proposal ID 14041; Kelly et al. 2015, 2016) provide 34 orbit-
deep G141 spectra at four position angles (PAs; 81,000 s total
integration). A collection of the spectra is available at MAST
(doi:10.17909/T9ZT2B).

We match all imaging to F160W resolution using unsatu-
rated stars as point-spread functions (PSFs) before conducting
photometry with SExtractor (Bertin & Arnouts 1996). Aper-
tures are set to radii of 0 72, but measurements are scaled
based on the aperture-to-total flux ratio in F160W.

As for spectra, we retrieve the WFC3/G141 data from the
Mikulski Archive for Space Telescopes archive, and run the
Grizli software package for one-dimensional optimal
extraction. We then stack the extracted spectrum from each
orbit using inverse-variance weighting based on the pipeline-
output uncertainties. We use jackknife resampling to estimate
the error on the stack’s mean (e.g., Onodera et al. 2015) and
add that to the σrms formal error to obtain our final spectral
uncertainties. We reach a signal-to-noise ratio (S/N)∼20 per
∼45Å pixel at rest-frame 4000Å. This is slightly finer than the
Nyquist sampling of G141 thanks to sufficient dithering across
the orbits, each of which produces a shift in the dispersion
direction.

The line spread function (LSF) is estimated using each
galaxy’s morphology at each PA, to which the fitting templates
are convolved (Section 3). While the spectra and templates are
matched to the broadest one among all PAs, LSF variations at
different PAs show negligible variation given the sources’
point-like/symmetric morphology.

2.2. Ks and Infrared Array Camera (IRAC) Photometry

In addition to precise spectroscopic constraints near
λRF∼4000Å, well-characterized spectral energy distribution
(SED) features at rest-frame 1 μm are essential for estimating
dust and metallicity content. This regime is redward of HST’s
bandpasses for z1 galaxies, but accessible via ground-based
Ks and Spitzer/IRAC photometry. We obtain Ks and IRAC1
(3.6 μm)/IRAC2 (4.5 μm) photometry from the publicly
available catalog by Castellano et al. (2016), based on Keck/
Multi-Object Spectrometer For Infrared Exploration (MOS-
FIRE; Brammer et al. 2016) and Spitzer Frontier Fields
observations (PI: T. Soifer, P. Capak).

To account for aperture-loss differences compared to the
HST photometry, as well as zeropoint uncertainties in the
ground-based data, we renormalize the public data based on
corrections derived from the best-fit HST-only SED templates
for z<1 galaxies, where HST photometry captures the full
wavelength range to λRF∼1 μm. The medians of this
correction are −2.8%, −3.0%, and 3.4% for Ks, IRAC1, and
IRAC2, respectively. We incorporate these small corrections
into the photometric error budget.

2.3. Sample Galaxies

To cover the 4000Å break at sufficient S/N, we limit our
initial pre-selection to galaxies with H160<24 and
1.6<zphot<3.3. A rest-frame color cut at U−V>1.0 is
then applied to bias the sample toward passive galaxies.
Combined, these criteria leave 19 suitable galaxies in the
MACS1149 field. Unfortunately, contamination from nearby
spectra affects most of these, leaving a final sample of two
galaxies with sufficiently clean spectra. The spectra have
sufficient S/N of ∼20 per pixel at rest-frame 4000Å (B∼ 21.7
and 22.4 mag, respectively). The rest of the sample will not
support robust results in the following SED analysis.

3. Spectrophotometric SED Fitting

With extensive multi-band photometry and deep NIR
spectra, we deconstruct the stellar populations of the two
high-z passive galaxies. A forthcoming paper presents full
details of the SED fitting, but our scheme was established and
tested by Kelson et al. (2014) using a similar data set at z1.
The core of the method is to find the best combination of
amplitudes, {ai=[0,1,2,3,4]}, for a set of stellar templates of
different ages, {ti=[0,1,2,3,4]}, that matches the data. This
flexibility avoids systematic biases in, e.g., stellar mass that
can arise when using functional forms for star formation
histories.
Our baseline results adopt the Flexible Stellar Population

Synthesis code (FSPS; Conroy et al. 2009; Conroy &
Gunn 2010) to generate four simple stellar population
(SSP) templates with ages of [0.01, 0.1, 0.5, 1.0, 3.0] Gyr
(roughly O, B, early/late-A, and F stars), based on Padova
isochrones and the MILES stellar library. We assume a
Salpeter IMF and Calzetti dust law. Our main results are
robust to those assumptions except for the choice of
isochrones, which systematically affects one system (see
below). The number and choice of templates was set to fully
exploit the data based on result reproducibility tests using
simulations. Assuming non-zero durations of star formation
for each template—e.g., exponentially declining star forma-
tion histories—pushes systems to older ages, and thus lower
metallicities to compensate for the subsequently redder
SEDs. Thus, SSPs produce conservative results for our
purposes.
The interpolation scheme in the FSPS python module

generates each template at metallicities spanning Z Zlog * Î
1.0, 0.5-[ ] in increments of 0.05 dex. Metallicity and extinc-

tion are fixed across all five SSP templates; i.e., the fits have
5+1+1 free parameters.
We use a Monte Carlo Markov Chain to find the best

combination of ai, AV, Z*, and their covariances in the
parameter ranges (a 0, 200i Î [ ] and A 0, 4 magV Î [ ] ) with flat
priors. We set the number of walkers to 200 and use
Nmc=10000 realizations. Redshifts determined beforehand
via χ2-minimization (and visual inspection of absorption lines)
are fixed during parameter estimation. Final results are drawn
from the last Nmc/2 steps to avoid biases from the initial
exploration. Emission lines detected at >1.5σ across 3 pixels
(∼135Å) are masked from the best-fit template of each
iteration and later fit with gaussians.
One caveat is that the metallicity determined above is not a

direct measurement, as metallicity sensitive indicators, such as
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Fe and Mg, fall outside the G141 spectral range. The
broadband-de� ned “Z*” here is thus different from the total
metallicity derived from absorption line measurements(see
Section5).

4. Results

Figure 1 shows the data and� ts and Table1 summarizes
the best-� t parameters. Both galaxies prefer sub-solar metalli-
cities under the standard assumption of Padova isochrones:








