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CALET: processing complementary 
observations for Euclid



TERAPIX (1997-2017)

• National centre for image processing from wide-field mosaic cameras; 
CFHTLS and other surveys; PI data 

• After CFHTLS, TERAPIX funded by CSA but questions raised concerning 
long-term viability of the project; HR pressure from Euclid 

• CSA review; closure announced (Jan 2017); workshop organised to judge 
community interest in continuing the service (not much, in current form) 

• Conclusions:
– Strengths: TERAPIX expertise widely recognised but need to 

reduce PI data greatly reduced 
– Weaknesses: Not competitive for large surveys, Data center 

without production or associated science case hard to 
justify 

– Need to maintain and distribute TERAPIX-era code
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However…

• There clearly is still a need for mutualised 
processing; we still need to be close to the pixels 
(combine and calibrate data, extract catalogues)  
– Experience shows most successful surveys are those in 

which astronomers remain closely associated to data 
production 

• So, are there small or medium sized surveys with 
great scientific potential which would allow us to 
maintain and extend and distribute the expertise 
gained at TERAPIX (code, data) and which don’t 
conflict with Euclid HR requirements?
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Euclid deep survey fields 
• Euclid figure of merit limited by our understanding 

systematic errors 
• Shape measurement bias, photo-zed “C3R2” (ML techniques)
• Deep ground based calibration data in deep VIS fields 

essential to mission success. 

•Several of these surveys have started:   
• Hawaii-2-0 (Sanders et al): 30n HSC, 10n Keck
• Spitzer Legacy Survey (Capak et al): 1yr of warm Spitzer 

time ! 

•Currently not processed within current Euclid infra concentrating 
mostly on wider surveys, eg. CFIS, DES etc 

•FANTASTIC science opportunity: similar to COSMOS but x10 
area!
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Figure 1: LEFT: Dark matter density map at 4.3 < z < 5.3 over 20 deg2, from the Millennium Simulation
(Springel et al. 2005), while small rectangle and circle are comparable to CANDELS and COSMOS respectively.
Only H20 has the statistical power to study the rare overdensity peaks (dark orange) and cosmic
voids (dark purple) as well as characterizing the overall density field needed for cosmology (§3.3).
RIGHT: Galaxy stellar mass functions with 1� statistical errors from existing (hatched) and proposed (solid) data.
H20 will improve the constraints by a factor of > 10, thus allowing us to make a more definitive
measurement of the overall mass function, link it to the dark matter via clustering, and characterize
di↵erences as a function of local environment.

2. Why 20 deg2 at the H20 depth?

Significant future resources in the form of Euclid, WFIRST, JWST and the ELTs, all aim to make
breakthroughs in understanding the primordial universe. Yet an important piece of the puzzle is missing
in these new missions – namely, the ability to measure stellar mass (M) at z > 3 for statistically significant
numbers of galaxies over a cosmologically relevant volume. The lack of robust mass estimates for
statistical samples fundamentally limits our understanding of galaxy evolution in the early
universe. For example, do rare massive objects play a significant role during the Epoch of Reionization
(EoR)? Does the relative mass of dark matter and stellar mass in halos change with time at z > 3? Does
this change challenge the concordance ⇤CDM paradigm? What are the physical mechanisms responsible
for causing massive galaxies to stop forming stars sooner than lower-mass systems (the so-called “mass
quenching”, Peng et al. 2010) and when do they start?

Over the past two decades, the Hubble Space Telescope (HST) has been extremely successful at pointing
to these questions by producing samples of distant galaxies out to z ⇠ 8 (e.g. Bouwens et al. 2015), and even
several candidates between z ⇠ 9 and 11 (e.g. Bouwens et al. 2013; Oesch et al. 2016). However, existing
HST surveys suitable for z > 3 studies only total < 0.4 deg2 ! As a consequence, rare galaxies with M >
3⇥ 1010 M� (i.e., more massive than the characteristic threshold M?) are dramatically under-represented.
For example, the CANDELS stellar mass function (Grazian et al. 2015) does not include any M > 1011 M�
galaxy at z > 5.5, even though such extreme objects should have already formed based on both theoretical
models (e.g. Henriques et al. 2015) and the inferred ages of lower-z massive galaxies (Marchesini et al. 2014).
To address this problem, Laigle et al. (2016) combined Subaru and VISTA photometry with deep Spitzer

imaging from SPLASH (http://splash.caltech.edu/) in the 2 deg2 COSMOS field. Unfortunately, the
comoving volume increase was not su�cient for a real breakthrough, finding only about a dozen galaxies
with z > 5.5 and M > 1011 M�(Davidzon et al. 2017). Samples of > 100 galaxies over tens of deg2 are
needed to make statistically significant statements and to overcome intrinsic variations in the number of
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Figure 2: LEFT: three proposed models of the galaxy SMF at z ⇠ 6 are shown, along with current data (shaded
area, Grazian et al. 2015) and proposed constraints (red circles, with error bars including expected uncertainties
from Poisson noise, cosmic variance, and SED fitting). The three models (solid, dashed, dotted lines) have radically
di↵erent implications for galaxy evolution in the early universe (e.g. Davidzon et al. 2017). H20 will clearly
di↵erentiate between these models. When combined with the proposed clustering measurements in §3.2
it will also directly measure the duty cycle of star formation (e.g. determining typical star formation histories).
RIGHT: sensitivity limits in the HSC filters of this proposal (blue), along with the IRAC ch. 1 and 2 from our
ongoing SLS program (red) and the designed NIR filters of Euclid (green). Light and dark grey lines show spectral
energy distributions (SEDs) of two galaxies at z ⇠ 2.5 and 7 respectively, which the deep H20 imaging will be able
to disentangle. To confirm and characterize this di↵erentiation the proposed Keck follow-up is essential.

galaxies due to large scale structure (Stringer et al. 2009). This level of statistics is needed to test di↵erent
patterns of galaxy growth, which in turn predict di↵erent forms of the galaxy mass function and di↵erent
variations of this function with local density and redshift (Fig. 2). Neither the Subaru SSP or JWST
can answer these questions because the rest-frame UV light traced by HSC alone is not well
correlated with mass (e.g. Davidzon et al. 2017), and the large overheads of JWST preclude
wide area surveys which will require > 1000h per square degree (Gardner et al. JWST Planning
tool, http://www.stsci.edu/jwst/doc-archive/white-papers/JWST_Dark_Energy.pdf).

The 20 deg2 survey we propose will be definitive in answering questions about how the first galaxies
assembled, probing > 108 Mpc3 in each �z = 1 slice over the range z = 3 � 10. H20 will have the
unparalleled power of deep Spitzer mid-infrared (MIR) data [3.6], [4.5] ⇠ 25mag) to estimate the stellar
mass of galaxies at z > 3. Other surveys, although conducted over larger regions of sky, do
not have MIR data similar to ours and thus cannot provide a galaxy sample with reliable
stellar mass estimates (§2.2, Fig. 4). For example the HSC Subaru Strategic Program (SSP, http:
//hsc.mtk.nao.ac.jp/ssp/) includes a 27 deg2 Deep layer (y < 25.3), but ancillary MIR images cover
only part of that area and with much shallower data (< 23.5 mag compared ⇠ 25 in the SLS.). On the
other hand the two Ultra-Deep fields of HSC-SSP (1.8 deg2 each) have Spitzer -SPLASH coverage (⇠ 25.2
mag) but are severely a↵ected by cosmic variance (⇠40% for M > M⇤ at z > 4) and will not e↵ectively
probe the most massive galaxies and structures that are the aims of H20 (Trenti & Stiavelli 2008, and
Fig. 1). We used the Millennium Simulation (Springel et al. 2005; Henriques et al. 2015), which has
su�cient volume to match H20, along with a simulation of the photo-z performance with our proposed
data in Fig. 4 to quantify the improvement of H20 over existing surveys. Based on this work we estimate
an order of magnitude increase in the number of M > 1010.5 M� (average) galaxies at 4 < z < 5, with
respect to current HST surveys. The same simulation predicts ⇠ 50 � 100 galaxies out to 6 < z < 7
whereas a survey like HSC-SSP UltraDeep/SPLASH (⇠4 deg2) cannot find more than 2 such glaxies (1�
upper limit) at the same redshift.For such a rare population the main statistical error source is the Poisson
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Figure 3: Stellar-to-halo mass ratio (SHMR) at
z ⇠ 5 from state-of-the-art analyses. The 2 deg2

of the COSMSOS field (blue line, Coupon et al. in
prep.) still su↵er large statistical uncertainties at
z ⇠ 5 (shaded area). HSC-SSP Wide estimates
(Harikane et al. 2016) are apparently more pre-
cise, but they rely on MUV converted into stel-
lar mass through average ad-hoc assumptions.
Both samples cannot constrain the most mas-
sive regime while in the cosmic volume probed
by H20 we expect to find at least ⇠ 40 halos
> 7 ⇥ 1012M�. Moreover our data will consoli-
date the SHMR at Mhalo ⇠ 1012M�, to pin down
the peak of e�ciency and determine weather it
evolves from z ⇠ 0 (dashed line) to z = 4�6.

3.3 Cosmological Tests (Szapudi): The matter density field �, traced by the 1-point galaxy proba-
bility distribution function, is rich in cosmological information. However, most of it is di�cult to extract,
especially as the density fluctuations grow and become less e↵ective tracers of the initial Gaussian power
spectrum (Rimes & Hamilton 2005; Neyrinck et al. 2006). Carron & Szapudi (2013, 2014) devised a new
method to recover this embedded information, through non-linear transforms of �. Numerical calculations
verified this technique for a simulated 7 ⇥ 7 deg2 at z ⇠ 0.7 even when photometric errors are included
(Carron et al. 2014). Applying this technique to H20 data can provide the first constraints on cosmology
at z & 3 from estimates of A⇤-power spectra. Observational uncertainties will be larger than the z ⇠ 0.7
experiment, but the galaxy distribution will be closer to �. This will be the only way to test the Carron &
Szapudi technique before future deep and wide surveys will open a new era of large scale structure (LSS)
and lensing mapping. At that time H20 will remain in a key position as the Euclid data will enable further
cosmological tests based on gravitational weak lensing (e.g. Carron & Szapudi 2015; Fialkov & Loeb 2015).

3.4 Large Scale Structure and Reionization (Sanders): In the widely accepted ⇤CDM cosmology,
theoretical predictions suggest that the most massive galaxies trace the LSS already at high redshift, with
lower mass galaxies clustered around them (e.g. Mo & White 1996; Vogelsberger et al. 2014). Theory
(as well as some early observations) also suggests reionization proceeds more quickly/e�ciently in these
over-dense regions (e.g., Treu et al. 2012; Kakiichi et al. 2016; Castellano et al. 2016). However the details
are still poorly understood, e.g., the escape fraction of galaxies’ ionizing photons and its connection to
environment (e.g., Bouwens et al. 2016). The LSS “nodes” at z > 3 are rare and extended (0.25�1.0 deg
across the sky, Muldrew et al. 2015) and the existing deep fields do not cover a su�cient contiguous
area to capture them (Fig. 1). Moreover, since these structures have not had su�cient time to virialize
and collapse, their intracluster medium is not detectable via X-ray emission (e.g., Kravtsov & Borgani
2012) or the Sunyaev-Zeldovich e↵ect (Carlstrom 2002). Thus, the proposed 20 deg2 area is essential to
probe the full range of reionization conditions and enable detailed studies of the EoR with JWST. H20
will be the first galaxy sample with a size comparable to large (⇠ 1Gpc3) DM simulations
(Springel et al. 2005; Klypin et al. 2011), probing in the real universe the same variety of structures found
in those cosmological boxes (Fig. 1). According to the Millennium simulation, H20 will find ⇠ 50�100
“proto-structures”, i.e. progenitors of modern day > 5 ⇥ 1014 M� clusters, and ⇠ 500�1000 regions with
densities > 3⇥ the mean density of the universe at 3 < z < 8. For example the comoving volume of H20
at 4.3 < z < 5.3 will contain > 43 DM halos with Mhalo > 7 ⇥ 1012 M� (1� lower limit), whereas only
5 ± 2 such massive halos are expected in a survey like COSMOS. The proposed LRIS observations
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Hawaii-2-0 / Spitzer legacy survey 

PI: D. 
Sanders, 
Capak + 
IFA,  team



CANDIDE and CALET: CALET 
• Create a structure and organisation 

dedicated to processing ground-based 
associated observations (Infrared, optical, 
near-infrared for Euclid and other space-
based missions: CALET  

• CALET = Collaboration for wide-area 
astronomy linked to Euclid and other 
telescopes. See CALET.org 

• Archiving at IDOC in IAS 
• CALET may become part of OU-EXT and 

integrated in Euclid Infra  
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CANDIDE and CALET: CANDIDE
• Hardware: Initial DIM-ACAV, PNCG grants 

– CANDIDE = Computer for processNing Deep Imaging Data 
for Euclid; I/O optimised 

– Operational since Jan 2018
– Phase 2 underway: Migrate TERAPIX hardware still under 

warranty; projected total disk around 1Pb 
– Now Hosting SLS, CFIS, UltraVISTA data; also Euclid SPV!  

• Manpower: 
– Cluster maintained by S. Rouberol (Planck, Horizon); see 

candideusers.calet.org 
– A. Moneti closely involved in data processing

• Opening accounts for CFIS, SLS, H20: ~20 users!
• Open to extending to other collaborations …
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Objectives 

• Make public data releases for SLS, H20 and 
UltraVISTA/COSMOS surveys (at least) 
– Both images and high level data products like catalogues 

(e.g., COSMOS2015, Laigle et. al) 
– Data archived at IDOC / CDS 

• Release code and documentation, including 
TERAPIX-era code (preserve TERAPIX heritage) 

• Provide a data analysis and processing 
environment close to the pixels for interested 
parties 
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Prospects and conclusions

• CALET and CANDIDE operational and processing 
data (SLS, UVISTA, CFIS) 
– Great interest showed by the community to have access to 

these resources which are not supplied by other facilities 

• Maintaining and operating CANDIDE requires $$$. 
How: CSA, PNCG, CNES?

• Adopt a common strategy, or separate requests for 
each survey? Labelissation? SO for ground-based 
followup? 
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