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HST - optical Herschel 250-500um

• Most luminous far-infrared galaxies 
at z~0 are UltraLuminous InfraRed 
Galaxies (ULIRGs)
• LFIR>1012Lo, inferred star formation 
rates of >100’s Mo/yr 

• Host <1% of star formation at z=0 
but are now know to be more 
important at high redshift

(Puget et al. 1996, Fixsen et al. 1998, 
Hauser et al. 1998, Lagache et al. 1999) •COBE showed that ~50% of the light 

produced by extra-galactic objects has been 
reprocessed by dust and re-emitted in the far 
infrared and sub-mm.  

•Far Infrared background = opt/UV --> half of 
the energy production (from SF or AGN) over 
history of the Universe arises in highly 
obscured regions
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• Most massive Ellipticals appear to have old stellar 
populations that formed at z>2.

• Stellar archaeology indicates that a large fraction of these 
stars formed in a single, rapid burst. We should look for 
z>2 starbursts to find proto-Ellipticals ….. SMGs!

(Nelan et al. 2005)Ages of Massive 
Galaxies

(Whitaker et al. 2013)
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galaxies at z ∼ 2 are observable. The first-order dispersion
of the G141 grism is 46 Å pixel−1 (R ∼ 130) with a spatial
resolution of 0.′′12, sampled with 0.′′06 pixels; as the spectra
have high spatial resolution and low spectral resolution, the line
width almost exclusively reflects the size of the galaxy in the
dispersion direction.

The sample used in this Letter is selected from WFC3-
selected photometric catalogs generated from the HST
Advanced Camera for Surveys and WFC3 images of the
CANDELS and 3D-HST survey fields, along with ancillary
ground-based optical and NIR images and mid-IR images with
Spitzer/IRAC using a methodology similar to that described by
Whitaker et al. (2011). A full description of these catalogs is
beyond the scope of this Letter and will be described in a forth-
coming paper (R. Skelton et al., in preparation). We extract a
two-dimensional flux-calibrated WFC3/G141 grism spectrum
for every object in the photometric catalog with HF140W < 24.
Details of the reduction and extraction of the grism spectra,
including accounting for the contamination of overlapping ob-
jects, are provided by Brammer et al. (2012a, 2012b).

To determine the galaxy redshifts, we first compute a purely
photometric redshift from the photometry, using the EAZY code
(Brammer et al. 2008). We then fit the full two-dimensional
grism spectrum separately with a combination of the continuum
template taken from the EAZY fit and a single emission-
line-only template with fixed line ratios taken from the Sloan
Digital Sky Survey (SDSS) composite star-forming galaxy
spectrum of Dobos et al. (2012). The final grism redshift,
z_grism, is determined on a finely sampled redshift grid with
the photometry-only redshift probability distribution function
used as a prior. This method is somewhat more flexible than that
originally described by Brammer et al. (2012a), but the redshift
precision is similar with σ ∼ 0.0035(1 + z). Finally, rest-frame
colors and stellar population parameters are computed from the
photometry with the EAZY and FAST (Kriek et al. 2009) codes,
respectively, with the redshift fixed to z_grism and assuming a
Chabrier (2003) initial mass function.

3. SAMPLE SELECTION

A standard method for discriminating high-redshift quiescent
galaxies from star-forming galaxies is selecting on the rest-
frame U − V and V − J colors (e.g., Labbé et al. 2005; Wuyts
et al. 2007; Williams et al. 2009; Bundy et al. 2010; Cardamone
et al. 2010; Whitaker et al. 2011; Brammer et al. 2011; Patel
et al. 2012); quiescent galaxies have strong Balmer/4000 Å
breaks, characterized by red U − V colors and relatively blue
V − J colors.

Following the definition of Whitaker et al. (2012), our
quiescent selection box is shown in Figure 1, with the larger 3D-
HST parent sample at 1.4 < z < 2.2 shown in gray scale. Using
the dotted line in Figure 1 ((U −V ) = −1.25× (V −J )+2.85),
we further divide our quiescent sample into “younger” (blue)
and “older” (red) galaxies (Section 5). The nature of the stellar
populations of galaxies with rest-frame colors close to the
quiescent/star-forming division is not clear and we therefore
restrict our analysis to be more conservative by 0.08 mag
(excluding those galaxies with high transparency in Figure 1).
We select galaxies at 1.4 < zgrism < 2.2 with stellar masses
log(M⋆) > 10.5 M⊙, further restricting our sample to require
>75% wavelength coverage of the grism spectrum with <50%
of the pixels flagged as bad. The grism spectra of quiescent
galaxies do not have strong emission line features and therefore
the redshifts may not be reliable beyond certain magnitude

Figure 1. Rest-frame U − V and V − J color selection of quiescent galaxies,
further separating the sample into two bins of younger (blue) and older (red)
quiescent galaxies in Section 5. All galaxies with HF140W < 24 are shown in
gray scale.
(A color version of this figure is available in the online journal.)

limits; we additionally require that we detect the continuum
at !5σ per resolution element in the one-dimensional spectrum
(HF140W < 22.8), removing the faintest 20% of galaxies.

4. QUIESCENT STACKS

Although the individual galaxies are too faint to discern
spectral features, by stacking the spectra of our final sample
of 171 galaxies, we can achieve the necessary signal-to-noise
ratio to robustly identify absorption features in a large well-
defined high-redshift sample for the first time. To normalize the
spectra, we shift to the rest-frame and interpolate the flux values
to a new wavelength grid with 10 Å width bins. Next, we fit
the continuum in each spectrum with a third-order polynomial,
masking regions around prominent absorption features. After
dividing by the continuum, we determine the median flux value
at each wavelength bin and smooth with a boxcar of 20 Å. The
gray scale error bars are derived from 100 bootstrap iterations
of the stacking analysis.

We show the stacked spectrum in Figure 2. In the top panel, we
see many clear absorption features: G band (λ4304 Å) blended
with Hγ (λ4341 Å), Mg i (λ5175 Å), Fe i (λ5269 Å), and Na i
(λ5894 Å). These metal lines are indicative of an evolved stellar
population. We caution that systematic residuals in the blue part
of the spectrum are of similar strength as the emission lines. The
residuals do not seem to be caused by photon noise, and show up
in all stacked spectra. We have not identified the cause of these
residuals. We cannot exclude errors in the stellar population
synthesis models, although that is unlikely in this well-studied
wavelength range.

We perform a least-squares minimization using the Vazdekis
et al. (2010) models to find the best-fit age of the stack.
The Vazdekis et al. (2010) models provide moderately high
resolution spectral energy distributions computed assum-
ing an instantaneous burst, solar metallicity, and a Kroupa
(2001) universal initial mass function, based on the MILES
(Sánchez-Blázquez et al. 2006) stellar library. We simulate
the expected morphological broadening by convolving the
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Low Redshift

• At high redshift quiescent galaxies appear to have old 
stellar populations. Consistent with formation at z>2.

• To understand these populations we need to find their 
progenitors at high-z. 

High Redshift
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Figure 4. Median stacks of quiescent galaxies in two rest-frame color bins (as defined in Figure 1). The top two panels show the number of galaxies and median
redshift of each wavelength bin. The observed stacks in the third panel reveal that the bluest quiescent galaxies have younger ages, most notable by the stronger Hβ
and weaker Mg i absorption. The fourth panel shows the best-fit models, including a 5%–6% centrally concentrated enhancement of Hβ and [O iii] emission. The
residuals are shown in the bottom panel.
(A color version of this figure is available in the online journal.)

AGN. The potential ubiquitous nature of AGNs in massive,
quiescent z ∼ 2 galaxies provides observational support that
black hole accretion may be more effective at the high-mass
end (e.g., Kriek et al. 2007).

To understand the relationship between rest-frame color and
our spectroscopic age measurements, we further stack the data
in two rest-frame color bins. We find that the bluest quiescent
galaxies have a more prominent Hβ absorption line, with best-fit
ages of 0.9+0.2

−0.1 Gyr, confirming the idea that these galaxies are
the most recently quenched. Furthermore, we find that redder
quiescent galaxies (80% of the population) have an older age
of 1.6+0.5

−0.4 Gyr. Although previous spectroscopic studies have
measured similarly old ages (e.g., Kriek et al. 2009; Onodera
et al. 2012; van de Sande et al. 2012), this is the first time we
are able to probe the full population. These results suggest that
age varies significantly with the colors of quiescent galaxies,
consistent with Whitaker et al. (2010).

Galaxies with the reddest rest-frame colors likely have some
degree of dust extinction, as dust-free models cannot produce
such red colors at these redshifts. Dust extinction does not
greatly affect the line-index measurements for single stellar
populations given the narrow baseline of the spectral features,
but its effect can be significant for the 4000 Å break (MacArthur
2005). Consequently, although the absorption features of the 3D-
HST stacks will be effectively independent of dust extinction,
the rest-frame color can change significantly in the presence
of dust due to its sensitivity to the continuum shape. We
cannot rule out that the reddest galaxies have a potentially
significant contribution from younger, dusty quiescent galaxies.
Nonetheless, despite this caveat, we measure a significant age

difference between the two populations of 0.7 Gyr that is
consistent with the observed rest-frame color differences.

The key result from this Letter is that we have conclusively
demonstrated that old, quiescent galaxies exist in large numbers
at z ∼ 2. This is not a surprise given extensive previous results
that were based on broadband and medium-band photometry
(e.g., Brammer et al. 2011), and ground-based spectroscopy for
small samples (e.g., Onodera et al. 2012), but our detection of
metal lines in the stacked spectrum puts any lingering concerns
to rest. Our result also implies that the “UVJ technique,” first
described in Labbé et al. (2005), is very effective in identifying
quiescent galaxies at z ∼ 2.

We sincerely thank the referee for the thorough review of the
manuscript. This research was supported by an appointment to
the NASA Postdoctoral Program at the Goddard Space Flight
Center, administered by Oak Ridge Associated Universities
through a contract with NASA. Support from STScI grant
GO-12177 and NASA ADAP grant NNX11AB08G is gratefully
acknowledged.

REFERENCES

Bassani, L., Dadina, M., Maiolino, R., et al. 1999, ApJS, 121, 473
Bezanson, R., van Dokkum, P., van de Sande, J., et al. 2013, ApJL, 764, L8
Bower, R. G., Lucey, J. R., & Ellis, R. S. 1992, MNRAS, 254, 601
Brammer, G. B., Sánchez-Janssen, R., Labbé, I., et al. 2012b, ApJL, 758, L17
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Formation epoch: z~3
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Finding SMGs JCMT

• The negative k-correction at sub-mm wavelengths means 
that surveys at ~850um have a near uniform selection in 
obscured star-formation (~>300Mo/yr) out to z~7. 

• JCMT has led the way with deep surveys at 850um, 
initially with SCUBA and now SCUBA2

• Wide-field surveys with culminated with the SCUBA2 Cosmology Legacy Survey.  The deepest, wide, 
observations were taken in the UDS, reaching ~0.9mJy/beam over 1sq. deg 

HDF (Hughes et al. 1998)
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Fig. 1.— An overview of S2CLS-UDS. Left: A plot showing the matched-filtered S2CLS SCUBA-2 850 µm flux density map of the
UKIDSS UDS field, linearly scaled between -1 to 5 mJy. The green circle roughly outlines the survey area with a ⇠1.1 degree diameter,
⇠ 4⇥ larger than the previously largest 850 µm uniform survey in a single field – LABOCA survey in the ECDF-S (LESS; Weiß et al. 2009).
For comparison, the size of LESS is shown in the white dashed box. Right: A color plot showing the r.m.s. values of the matched-filtered
S2CLS map, linearly scaled between 0.82 and 1.3 mJy beam�1. White contours are at 0.85, 1.0, and 1.15 mJy beam�1. Green points mark
our 716 � 4 � detections in the main sample. Our SCUBA-2 map is ⇠40% deeper in sensitivity and has spatial resolution ⇠30% higher
compared to LESS, yielding a SMG sample ⇠ 6⇥ bigger than the LESS survey and making the S2CLS-UDS the largest uniform 850 µm
survey by far.

deriving a template for the average signal seen by all
the bolometers; it is removed from the stream, and an
extinction correction is applied (Dempsey et al. 2013).
Next, a filtering step is performed in the Fourier domain,
which rejects data at frequencies corresponding to angu-
lar scales ✓ > 15000 and ✓ < 400. Finally, a model of the
astronomical signal is determined by gridding the time
streams onto a celestial projection (since a given sky posi-
tion will have been visited by many independent bolome-
ters) and then subtracted from the input time streams.
The iterative process continues until the residual between
the model and the data converges.

The last processing step is to apply a matched filter
to the maps, convolving with the instrumental PSF to
optimize the detection of point sources. We use the pi-
card recipe scuba2 matched filter which first smooths
the map (and the PSF) with a 3000 gaussian kernel, then
subtracts this from both to remove any large scale struc-
ture not eliminated in the filtering steps that occurred
during the dimm reduction. The map is then convolved
with the smoothed beam. A flux conversion factor of
591 Jy beam�1 pW�1 is applied; this canonical calibra-
tion is the average value derived from observations of
hundreds of standard submillimetre calibrators observed
during the S2CLS campaign (Dempsey et al. 2013), and
includes a 10% correction necessary to account for losses
that occur due to the combination of filtering steps we
apply to the data (see Geach et al. 2013). The flux cali-
bration is expected to be accurate to within 15%.

The final matched-filtered map has a noise of 0.82 mJy
beam�1 at the deepest part and better than  1.3 mJy

rms over a ⇠ 1.0 degree2 (a ⇠1.1 degree diameter circle).
The coverage is relatively uniform and the median depth
within this region is 0.89 mJy beam�1 (Figure 1).

We apply a simple source detection and extraction al-
gorithm, described in more detail in Geach et al. (2015
in prep). In brief, we apply a top-down detection algo-
rithm, first identifying the peak-pixel in the SNR map,
recording position and flux and instrumental RMS and
then subtracting a peak-scaled model of the PSF at this
position. The next peak value is identified and the pro-
cess repeated until a floor SNR threshold is met, which
we set to 3.5 �.

In total we detect 1088 submillimeter sources at � 3.5 �
within the region where rms noise is  1.3 mJy beam�1.
We define a main sample of 716 submillimeter sources
that have � 4.0 �, for which we expect a false detection
rate of ⇠ 1% based on simulations and source extractions
on negative signals (Geach et al. in prep.). We also define
a supplementary sample of 372 submiliimeter sources
that are detected at 3.5�4.0 � and have a false detection
rate of ⇠10%. In this paper, we provide counterpart
candidates for both main and supplementary samples,
however the scientific analyses were performed on the
main sample.

The maps are corrected for astrometry by adopting
a shift of 0.0067 in R.A. and �2.0033 in Decl., based on
stacking of the radio sources. We have also stacked on
MIPS and K-band sources and found consistent results.

2.2. ALMA

S2CLS/UDS: 717 sources with 
S850>3.6mJy (Geach et al. 2016)

5 deg2

SHADES (Coppin et al. 2006)

FoV: 20 arcmin

z=0.5

z=10



Linking SMGs to Ellipticals and Dark Matter 
Halos
• Measuring the clustering strength of SMGs is arguably the most powerful way to understand the connection 

between these sources and other galaxy populations.

• Clustering can be used to measure the typical halo mass of SMGs, and hence provide a mass estimate free 
from the systematics that plague stellar and dynamical mass estimates for these sources.

• Wilkinson et al. 2016 used the 850um imaging of the UDS to a galaxy bias of 2.18+- 0.97 for SMGs, indicating 
that these sources are consistent with other star-forming galaxies at high-redshift. However, need more 
sources/wider area to make a robust measurement
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Figure 4. Galaxy bias versus redshift for submillimetre galaxies (open green circles), compared with a sample of K-band passive and
star-forming galaxies (filled red diamonds and blue crosses, respectively). The points are offset slightly for clarity. The solid lines show
the evolution of bias for dark matter halos (produced using the formalism of Mo & White 2002), with varying mass (labelled, in solar
masses).

The relatively weak SMG clustering seen at redshifts
1 < z < 2 demonstrates that the SMGs at this epoch are
unlikely to be the progenitors of the massive (∼ 2–4 L∗) el-
liptical galaxies we see in the local Universe. The typical
bias measurements, halo masses and hence the environment
of these elliptical galaxies do not match the measurements of
the SMGs at redshifts 1 < z < 2. This finding is emphasised
in Figure 5, where we plot the expected evolution of the
dark matter bias for halos with observed Mhalo for SMGs.
This evolution is calculated using the Fakhouri et al. (2010)
formalism of the median growth rate of halos, as a function
of halo mass Mhalo and redshift.

Tracing the growth of halos over redshifts 1 < z < 2, it
is clear that halos hosting SMGs at these redshifts do not
evolve to become halos hosting massive passive galaxies at
the present day. This further supports the idea that these
SMGs are not the progenitors of the massive elliptical galax-
ies we see today, which typically reside in halos with a min-
imum mass of ∼ 1013 M⊙ (e.g., Magliocchetti & Porciani
2003; Zehavi et al. 2011). However, halos hosting SMGs in
the redshift range 2.0 < z < 2.5 are consistent with their
low-redshift passive counterparts, emphasising that in order
for the SMGs to be these progenitors, they must typically
form at redshifts z > 2. It is worth noting that in the high-
est redshift intervals, z > 2.5, SMG host halos would even-
tually evolve into very massive halos (Mhalo > 1014 M⊙),
which typically host galaxy clusters at the present day
(Estrada et al. 2009).

We place these findings further into their observational
context by commenting on the following two previous studies
of SMGs in single clusters at different redshift epochs. First,
Smail et al. (2014) studied a z = 1.62 cluster in the UKIDSS
SCUBA-2 CLS, hosting a mix of massive passive galaxies
and highly active galaxies with significant dust content. In
summary, they found that the most active cluster members
reside in the underdense regions in the cluster, while the
dense cores are populated in this structure at this epoch
by massive passive galaxies. Hence massive galaxies in the
dense cores of the local Universe were already likely to be in
place at z = 1.6, and any ultraluminous star-forming galaxies
found in this cluster of interest are likely to be infalling onto
this structure. Therefore, the progenitors of these elliptical
galaxies are likely to have undergone a transformation at
z > 2.

The halo downsizing phenomenon is further supported
when we consider a second study, by Umehata et al. (2015),
of a protocluster traced by Lyman alpha emitters (LAEs)
at z = 3.1. Using the Astronomical Thermal Emission Cam-
era (AzTEC), they detected ten SMGs within this proto-
cluster located in the SSA22 field. A cross-correlation tech-
nique with LAEs revealed that SMGs are strongly clus-
tered and reside at the core of this protocluster. Addition-
ally, Dannerbauer et al. (2014) found an excess of 870µm-
selected SMGs in a protocluster associated with the radio
galaxy MRC1138-262 at z = 2.16. If other protoclusters at
this epoch host SMGs in their cores, then this finding would

MNRAS 000, 1–14 (0000)
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S2COSMOS
• COSMOS is the pre-eminent ALMA-visible 

extragalactic survey field, with a wealth of deep 
archival imaging across Xray to Radio 
wavelengths.

• Field was observed as part of S2CLS but the 
observations were not completed with the rms 
in the ‘’final’’ map varying from ~1 to ~4mJy 
across the field

• S2COSMOS: awarded 223hrs in Band2/3. Aims 
to first complete the coverage of the full field to 
the depth of the deepest existing S2CLS maps 
and then increasing the depth ~1.2mJy rms.

• S2COSMOS aims to provide a resource of 
>1000 SMGs to the EAO community and 
determine the nature of SMGs  (e.g. clustering)

COSMOS/S2CLS



S2COSMOS - Survey status
• JCMT Large Program, awarded 223hrs (Band 2/3) to 

observe the COSMOS field. 

• S2CLS strategy consisted of four wide PONG2700 
and a single central PONG900. 

• S2COSMOS employee the same observing strategy. 
However, focus first on the two Eastern PONG2700, 
with the aim of achieving a uniform rms across the 
field. 

• Highly successful first ‘’year’’ of data acquisition, with 
168hrs of data taken between Jan-May 2016 while 
COSMOS is visible (~74% complete). COSMOS now 
visible again but combination of weather and 
maintenance of SCUBA2 means the survey is still 79% 
complete - although we hope to finish by summer 
2017.

• Overall the observations have been taken in good 
conditions, median tau of ~0.06. Although we note 
that the achieved rms per 40min PONG is typically 
~20% poorer than expected.



S2COSMOS - Survey status

• Made extremely good progress at creating a uniform 
image of the COSMOS field.  Current S2COSMOS 
image contains all archival SCUBA2 data in the 
COSMOS field and achieves an rms of <1.5mJy in 
each of the four quadrants. 

• Custom built source extraction package written in 
Python. Identify sources at >3.75sig in the S/N image 
and fit emission with model PSF 

• Identify 1180 SMGs in “MAIN” catalog (HST 
coverage) and a further 258 SUPP SMG (IRAC 
coverage) with 850um fluxes of ~2-21mJy

• Expect final map to contain ~>1500SMGs

• Deboosting and completeness is estimated by 
injecting fake sources into jackknife maps and 
measuring the properties of the recovered sources.



Projects underway
• Projects and proposals are co-ordinated through a consortium website, with involvement from EA and 

UK collaborators

Papers:
• Survey paper including counts and cluster. (Simpson et al.; ASIAA)

• Multiwavelength identifications and properties paper. (An et al.)

• Selection of ultra-red sources (z>4) and 850um dropouts (Oteo et al.)

• Stacking SCUBA-2 images in different environment for Lyman-break galaxies and photo-z selected 
galaxies at z~1-4(Chang et al.)

• Dust mass and SFR as a function of stellar mass from 850um+Herschel (Bourne et al.)

• Sub-mm measurements of radio vs. X-ray vs. IR vs. optically selected AGNs (Alexander et al.)

Follow-up 
Proposals:

• ALMA imaging of 150 bright SMGs in S2-COSMOS. PI: Y. Matsuda

• SMA imaging of ‘’red’’ 850um sources at z~>4. PI: I. Oteo


