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• LSST and Euclid are large sky surveys that will occur after 2020, 
with cosmology as a main science driver. 

• LSST : a ground-based 8.4 m imaging telescope 

• Euclid : a visible + infrared, imaging + spectroscopy, space 
mission 

• LSST and Euclid will survey similar sky areas, will be largely 
contemporary, and are complementary.



The large synoptic survey telescope

• 8.4-m (6.5 eff.) dedicated 
telescope, wide field (10 sq. 
deg.), in Chile. 

• 3.2 GPixels (10µm = 0.2”), 
6 bands (ugrizy). 

• Pairs of 15 seconds exposures 
(2 s. readout), on 20,000 sq. 
deg., full coverage every ~3 
nights, during 10 years 
(science survey starting 
2022).



LSST optical design
Chapter 2: LSST System Design

Figure 2.4: The optical design configuration showing the telescope (left) and camera (right) layouts. Di�raction
images in r for three field radii, 0, 1.0, and 1.75 degrees, are shown in boxes 0.6 arcseconds square (3� 3 pixels).

view (FOV) covers a 64-cm diameter flat focal surface. Spectral filters reside between the second
and third refractive lens as shown on the right side of Figure 2.4.

The image brightness is constant to a field radius of 1.2 degrees and gradually decreases afterward
by about 10% at the 1.75-degree field edge. The intrinsic image quality from this design is excellent.
The design also has very low geometrical distortion, with the distortion in scale �l/l < 0.1% over
the full FOV, making the LSST an excellent system for positional astrometry.

There are five aspheric surfaces in the optical design: each of the three mirror surfaces and one
surface each on two of the camera lenses. The asphericity on the two concave surfaces of M1
and M3 are well within standard fabrication methods used for astronomical mirrors. During the
optimization process, the asphericity of M2 was minimized to 18.9 microns of departure from the
best-fit sphere in order to reduce the technical challenge for this optic. The three fused-silica
refractive elements, which have clear apertures of 1.55 m, 1.10 m, and 0.72 m, while large, do
not present any particular challenge in their fabrication. The 0.75-m diameter spectral filter is
located just prior to L3. The filter thickness varies from 13.5 to 26.2 mm depending on the choice
of spectral band, and is used to maintain the balance of lateral chromatic aberration. The zero-
power meniscus shape of the filters keeps the filter surface perpendicular to the chief ray over the
full field of view. This feature minimizes shifting of the spectral band wavelength with field angle.
The last refractive element, L3, is used as the vacuum barrier to the detector cryostat. The central
thickness of L3 is 60 mm to ensure a comfortable safety margin in supporting the vacuum stresses.

The proposed LSST telescope is a compact, sti⇥ structure with a powerful set of drives, making
it one of the most accurate and agile large telescopes ever built. The mount is an altitude over
azimuth configuration (Figure 2.7). The telescope structure is a welded and bolted steel system
designed to be a sti⇥ metering structure for the optics and a stable platform for observing (Neill
2006, 2008). The primary and tertiary mirrors are supported in a single cell below the elevation
ring; the camera and secondary mirror are supported above it. The design accommodates some on-
telescope servicing as well as e⇧cient removal of the mirrors and camera, as complete assemblies,
for periodic maintenance.

30



LSST mirrors



LSST mirrors



LSST Camera

~1,6m



Focal plane
3.2 billion pixels 
189 4k x 4k science CCDs, 
organized in 3x3 “rafts”. 
10 square degrees FoV 

In the corners, guiding and 
wavefront sensing CCDs 



LSST filters

2.4 Camera

Table 2.1: Design of Filters: Transmission Points in nanometers

Filter Blue Side Red Side Comments

u 320 400 Blue side cut-o� depends on AR coating

g 400 552 Balmer break at 400 nm

r 552 691 Matches SDSS

i 691 818 Red side short of sky emission at 826 nm

z 818 922 Red side stop before H2O bands

y 950 1080 Red cut-o� before detector cut-o�

Figure 2.11: The left panel shows the transmission e⇤ciency of the ugrizy filters by themselves as calculated from
models of the filter performance. The total throughput, accounting for the transmission through the atmosphere
at the zenith, the reflectivity of the reflective optics, the transmissivity of the refractive optics, and the quantum
e⇤ciency of the sensors is displayed in the panel on the right.

drives the requirements on the filter set. The filter set wavelength design parameters and the
approximate FWHM transmission points for each filter are given in Table 2.1 and in Figure 2.11.

The filters consist of multi-layer dielectric interference coatings deposited on fused silica substrates.
The baseline design has the first surface of the filters concentric about the chief ray in order to keep
the angles of the light rays passing through the filters as uniform as possible over the entire range
of field positions. The central thickness and the curvature of the second surface are optimized for
image quality.

2.4.2 Sensors

The heart of the camera is the science sensor. Its key characteristics are as follows:

High quantum e�ciency from 320 to 1080 nm. This is achieved using a large depletion depth
(100 µm) and implementation of the sensor in a back-illuminated configuration with a thin entrance
window.

Minimal detector contribution to the point spread function. To reduce charge di�usion, the sensor
is fully depleted, and a high internal field is maintained within the depletion region. This is made
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LSST sky coverage
Chapter 3: System Performance

Figure 3.2: The 5 � stacked point-source depth of the simulated ten-year survey shown in Figure 3.1. The scale in
each panel shows the depth of the stack relative to the fiducial values of 25.8, 27.0, 27.2, 27.0, 25.7, and 24.4 in u,
g, r, i, z, y respectively.

and including more feedback from science metrics (on already acquired data) into the scheduling
algorithms. We are also working with the LSST Science Collaborations to refine our current
cadences to enhance the utility of the LSST data set for the widest possible applicability.

3.2 Exposure Time Calculator

Anthony Tyson, Perry Gee, Paul Thorman

In order to enable fast predictions of the signal-to-noise ratio for the detection of both point and
di�use sources, we have developed an Exposure Time Calculator (ETC; http://lsst.org/etc).
The ETC incorporates models of the extinction, telescope and camera optics, detector e⌅ciency,
and filter response to calculate the throughput of the system in each band. It uses a sky brightness
model based on data taken at CTIO, United Kingdom Infra-red Telescope (UKIRT), and SDSS.

An input source model is shifted to the correct redshift and normalized to a selected brightness or
surface brightness. The resulting flux density is multiplied by the system response as a function
of wavelength for a given filter band to produce a predicted photon count-rate within a specified
aperture. The integral sky brightness is also calculated for the same aperture, so that the signal-
to-noise ratio for detection can be calculated. The aperture is fully adjustable, and an option for
PSF-weighted photometry is also provided.

The ETC allows the source spectral energy distribution, surface brightness profile, the extinction,
and the redshift to be varied, and includes a library of stellar and extragalactic source spectra.
For specified seeing, Moon and cloud conditions, and for multiple exposures of a specified time
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LSST science objectives

• LSST has four major science drivers, that guided the 
requirements and the design 

• The Nature of Dark Matter and Understanding Dark Energy 

• Cataloging the Solar System 

• Exploring the Changing Sky 

• Milky Way Structure & Formation



LSST science objectives



A stage-IV multiprobes DE survey
1.6 Gains from LSST

Figure 1.1: Joint w0–wa constraints from LSST WL (solid line), BAO (dashed line), cluster counting (dash-dotted
line), supernovae (dotted line), joint BAO and WL (green shaded area), and all combined (yellow shaded area).
The BAO and WL results are based on galaxy–galaxy, galaxy–shear, and shear–shear power spectra only. Adding
other probes such as strong lensing time delay (Section 3.5), and higher-order galaxy and shear statistics will further
improve the constraints. For comparison, the areas of the error ellipses of Stage III dark energy experiments would
be about 10 times larger than that of LSST (for a comparison of WL+BAO results, see Zhan 2006a).

Precursor Stage III and Stage IV spectroscopic surveys will provide training sets to calibrate LSST’s
photometric redshifts and mitigate other systematics. Working out the detailed requirements for
spectroscopic galaxy samples is an important goal for the near future. It is especially challenging
to obtain adequate spectroscopic samples for the faintest galaxies imaged by LSST. A coordinated
e↵ort will be needed to make advances in both the techniques for calibrating photometric redshifts
and in obtaining the needed spectroscopic samples.

1.6 Gains from LSST

Historically, our understanding of the cosmic frontier has progressed in step with the size of our
astronomical surveys, and in this respect, LSST promises to be a major advance: its survey coverage
will be approximately ten times greater than that of the Stage III Dark Energy Survey.

Survey size is a straightforward measure of scientific gain. A less agnostic metric with which to
judge dark energy probes is the figure of merit proposed by the Dark Energy Task Force, which is
the reciprocal of the area of the error ellipse enclosing the 95% confidence limit in the w0�wa plane,
marginalized over other cosmological parameters. Figure 1.1 shows these projected constraints from
four LSST probes: WL, BAO, cluster counts, and supernovae. The WL and BAO results are based
on Zhan (2006a) and Zhan et al. (2009), the cluster counting result is from Fang & Haiman (2007),
and the supernova result is based on Zhan et al. (2008). While absolute projections are uncertain
due to the unknown e↵ects of systematics, the relative gain in the figure of merit of LSST over
Stage III surveys consistently comes in at a factor of 5 to 10.

15
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Data products

• A stream of ~10 million time-domain events per night, detected and 
transmitted to event distribution networks within 60 seconds of observation. 

• A catalog of orbits for ~6 million bodies in the Solar System. 

• A catalog of ~37 billion objects (20B galaxies, 17B stars), ~7 trillion single-
epoch detections (“sources”), and ~30 trillion forced sources, produced 
annually, accessible through online databases. 

• Deep co-added images (r ~ 27.5 AB). 

• Services and computing resources at the Data Access Centers to enable user-
specified custom processing and analysis. 

• Software and APIs enabling development of analysis codes.



Data products

• Data right holders have full immediate access: 

• All US and Chilean professional astronomers 

• Members of international collaborators 

• Full data will become world public after two years 

• The Dark Energy Science Collaboration (DESC) produces 
specific tools and data.





Euclid
• A dark energy space mission with a 

1.2-m diameter telescope. 

• 6-year mission at L2. 
~contemporary with LSST survey. 

• Imaging survey in visible wide band 
and photo-z: 15,000 square degrees, 
12 billion sources, 1.5 billion 
galaxies for weak lensing (30 gal/
arcmin2). 

• Redshift survey : 35 million 
spectroscopic redshifts of emission 
line galaxies 0.7 < z < 1.85.

 
 
 
 

 
 
 

 

 
  

 
 
                                               



Euclid needs for photo-z

• Euclid’s VIS band is wide, targeting weak lensing. Not useable 
for photo-z. 

• Euclid has 3 NIR imaging band. Combined with ground-based 
multi-color visible imaging, it provides the photo-z needed by 
the weak-lensing measurement. (Do not do from space what can be 
done from the ground). 

• DES, LSST, Pan-STARRS, CFIS/CFHT, JST
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Exploring the DM-DE transition  Euclid: exploring the  DM-dominated / 
DE-dominated transition period 

Accelerating 

Decelerating 

Euclid redshift survey 
Euclid WL survey 

Plot inspired by the BOSS  collaboration 

Euclid 

                                                                    Euclid          Colloque National Dark Energy, LAL, 13 OCT 2017 



Euclid: WL+P(k)+BAO
Cimatti & Scaramella: Euclid Mission 317

However, there is an ambiguity present
since it is possible, for instance, to ascribe
the expansion history to a scalar field poten-
tial or equivalently to construct a function f so
that a f (R) type (in the Lagrangian) modified
gravity model yields the same expansion his-
tory. Either explanation is indistinguishable at
the background level and therefore one needs
more information, different from H(a), and so
to study additional quantities, such as density
perturbations.

Therefore the growth-rate of the matter
perturbations comes into play. In the standard
picture, once H(a) is accurately known, the
dark matter perturbations evolve according to

δ̈m + 2Hδ̇m = 4πGρmδm. (4)

A common parametrisation is in terms of the
parameter γ, the matter growth index (Wang &
Steinhardt 1998)

d log δm

d log a
≡ f (a) ! Ωm(a)γ. (5)

In this simple case, γ is uniquely fixed by the
expansion history, which in turn depends on
w(a). A good fit to the full numerical result is
γ ≈ 0.55+ 0.05[1+w(a = 0.5)] (Linder 2005).
The above description, which has only one pa-
rameter, assumes both Poisson equation and
that only Dark Matter contributes to the density
perturbation source term, i.e. ∆φ = 4πGρδm.

Now, in order to consider a wider class of
possible models one then needs to study pertur-
bations at a more general level by considering
the metric element

ds2 = a(τ)2
!

−(1 + 2ψ)dτ2 + (1 − 2φ)dr2
"

. (6)

where the two functions of position and time ψ
and φ play a role very similar to gravitational
potentials. It is worth noticing that massive par-
ticles will be influenced practically only by ψ,
while massless ones, such as lensed photons,
will feel the difference of the two (EICSB).

At the background, unperturbed level, the
evolution of the universe is described by H,
which is linked to ρ by the Einstein equations,
and p controls the evolution of ρ, but a pri-
ori it is a free quantity describing the physi-
cal properties of the fluid. Therefore in addi-
tion to the standard picture now there are ψ and

Fig. 3. Predicted constraints from Euclid on the
dark energy w0-wa plane for a w0 = −0.95 refer-
ence model. The outer (green) ellipses show the con-
straints from BAO, orange shows the galaxy power
spectrum, P(k), purple weak lensing alone, and inner
blue ellipse the combined Euclid probes. The inner
red ellipse is the combined Eulcid and Planck con-
straints. The square denotes ΛCDM and diamond
DGP in parameter space, with the dotted line con-
necting them showing where extended DGP models
lie.

φ describing the Universe, and they are linked
to δρ and peculiar v of the fluids through the
Einstein equations. Pressure perturbations δp
and anisotropic stress π in turn describe the
fluids. This means that a general dark energy
component can be described by phenomeno-
logical parameters similar to w, even at the
level of first order perturbation theory. This de-
scription adds the two new parameters δp and
π, which are both functions of scale as well as
time. These parameters fully describe the dark
energy fluid, and they can in principle be mea-
sured (see Fig. 2).

An alternative to invoking the presence of
dark fluids in the energy momentum tensor
is to slightly modify GR itself to explain the
accelerated expansion. However, these devia-
tions can still be recast in the form Gµν =
−8πGTµν − Yµν, where Yµν can be intepreted
again as the presence of a fluid with an effec-
tive anisotropic stress and a pressure perturba-
tion, i.e. a specific ad hoc Dark Energy model.
Therefore at the linear perturbation level both
the dark energy perturbations or the modifica-

Cimatti & Scaramella 2012



Euclid data

• > 1500 researchers in the Euclid consortium 

• Data will become public ~ 2 years after acquisition (DR1 will 
contain 1 year of data, public at T0+26 months)



Main dark energy probes

LSST Euclid

Weak lensing
50 gal/arcmin2

20,000 sq deg


median PSF 0.7 arcsec

30 gal/arcmin2

15,000 sq deg

PSF 0.2 arcsec

BAO
photo-z (2D), 0.9 < z < 3)


10 billion galaxies

(BAO with SN, z<0.8?)

spectro (3D), 0.7 < z < 1.8

35 million galaxies

Clusters
> 300,000 clusters  

0.1 < z < 1.4


~200,000 clusters 0.2<z<2  
~40,000 at z>1 

at 5σ


SN
10 milions SN


several 100,000  
well sampled SNIa

1000-2000 SNeIa to z < 0.7  
1000-2000 to z < 1 

(from deep fields)


+ serendipitous spectro & NIR LSST overlaps




The whole is better than the sum of its parts

• Euclid and LSST have a large overlap (7,000 sq deg at least)  

• They have different systematics (different PSF, ground vs space…), 
and different bands (6 visible bands, vs one high-resolution wide 
visible band and 3 NIR bands) 

• Joint pixel-level analysis should be superior to a-posteriori result 
combination, with better constraints on dark energy models, 
modified gravity models, etc. 

• Examples : photo-z, deblending, shear measurement… 

• Cf Rhodes et al. 2017 for a detailed review.



LSST depth
12 Ivezić, Kahn, Tyson, Abel, Acosta, Allsman, Alonso, AlSayyad, Anderson, et al.

visits, and each of these quantities has its own science
drivers. We summarize these simultaneous constraints
in terms of the single-visit exposure time:

• The single-visit exposure time should not be longer
than about a minute to prevent trailing of fast So-
lar System moving objects, and to enable e�cient
control of atmospheric systematics.

• The mean revisit time (assuming uniform cadence)
for a given position on the sky, n, scales as

n =

✓
tvis

10 sec

◆✓
Asky

10, 000 deg2

◆✓
10 deg2

AFOV

◆
days,

(1)
where two visits per night are assumed (required
for e�cient detection of Solar System objects, see
below), and the losses for realistic observing condi-
tions have been taken into account (with the aid of
the Operations Simulator described below). Sci-
ence drivers such as supernova light curves and
moving objects in the Solar System require that
n < 4 days, or equivalently tvis < 40 seconds for
the nominal values of Asky and AFOV .

• The number of visits to a given position on the sky,
Nvisit, with losses for realistic observing conditions
taken into account, is given by

Nvisit =

✓
3000

n

◆✓
T

10 yr

◆
. (2)

The requirement Nvisit > 800 again implies that
n < 4 and tvis < 40 seconds if the survey lifetime,
T is about 10 years.

• These three requirements place a firm upper limit
on the optimal visit exposure time of tvis < 40
seconds. Surveying e�ciency (the ratio of open-
shutter time to the total time spent per visit) con-
siderations place a lower limit on tvis due to fi-
nite detector read-out and telescope slew time (the
longest acceptable read-out time is set to 2 sec-
onds, the shutter open-and-close time is 2 seconds,
and the slew and settle time is set to 5 seconds, in-
cluding the read-out time for the second exposure
in a visit):

✏ =

✓
tvis

tvis + 9 sec

◆
. (3)

To maintain e�ciency losses below ⇠30% (i.e., at
least below the limit set by the weather patterns),
and to minimize the read noise impact, tvis > 20
seconds is required.

Figure 2. The coadded depth in the r band (AB magni-
tudes) vs. the e↵ective aperture and the survey lifetime. It
is assumed that 22% of the total observing time (corrected
for weather and other losses) is allocated for the r band, and
that the ratio of the surveyed sky area to the field-of-view
area is 2,000.

Taking these constraints simultaneously into account,
as summarized in Fig. 3, yielded the following reference
design:

1. A primary mirror e↵ective diameter of ⇠6.5 m.
With the adopted optical design, described below,
this e↵ective diameter corresponds to a geometri-
cal diameter of ⇠8 m. Motivated by characteristics
of the existing equipment at the Steward Mirror
Laboratory, which fabricated the primary mirror,
the adopted geometrical diameter is set to 8.4 m.

2. A visit exposure time of 30 seconds (using two 15
second exposures to e�ciently reject cosmic rays;
the possibility of a single exposure per visit, to im-
prove observing e�ciency, will be investigated dur-
ing the commissioning phase), yielding ✏ = 77%.

3. A revisit time of 3 days on average for 10,000 deg2

of sky, with two visits per night.

To summarize, the chosen primary mirror diameter is
the minimum diameter that simultaneously satisfies the
depth (r ⇠ 24.5 for single visit and r ⇠ 27.5 for coadded
depth) and cadence (revisit time of 3–4 days, with 30
seconds per visit) constraints described above.

2.3. System Design Trade-o↵s

LSST 1-2 years is  
a good match to Euclid. 

Full LSST is  
a good match to WFIRST



Photo-z
18 Rhodes et al.

Figure 4. Top: A comparison of simulated photo-z vs spec-z performance for LSST and LSST+Euclid using the methodology
described in Stickley et al. (2016). Clear improvement in the performance can be seen. Bottom: The �NMAD defined as
1.48⇥median(|�z|/(1 + zspec)) and outlier fraction (defined as the fraction of objects with |�z|/(1 + zspec) < 0.15) in redshift
bins of 0.2 are shown for the simulation. In these simulations, both the dispersion and outlier fraction improve by a factor of
⇠ 2 between 1.5 < z < 3.

from the other survey, while using internal galaxy shape
estimates, then a comparison of the inferred survey mass
density should agree in the absence of relative shear cal-
ibration biases. Amon et al. (2017) o↵er a recent exam-
ple of this type of comparison using KiDS i and r-band
data with very di↵erent depths. All such comparisons
should be done at the level of inferred shears (or inferred
surface mass densities), not per-object galaxy shapes.
Per-galaxy shapes measured using di↵erent algorithms
should not necessarily agree depending on di↵erences in
weighting schemes and resolution of the imaging data,
so comparison must be done using the quantity that is
really of interest - the ensemble shear estimate.

4.3. Weak Lensing S/N and Photo-z Accuracy: An
Example

We provide here an example calculation (with some
simplifying assumptions), demonstrating that the weak
lensing S/N is increased due to the improved photo-z
accuracy in the overlap area between Euclid and LSST.
Future e↵orts will do more complete calculations and
full joint dark energy forecasts for the Euclid and LSST
combination. We include this calculation as a prelimi-
nary demonstration of the power of combining these two
surveys.
To this end, we consider the S/N for measuring the

shear power spectrum from the Euclid and LSST data
and the cross-correlation spectra between sources in the
common area. For this analysis, we first assume that



Weak lensing with LSST and Euclid

• More than 50% of LSST galaxies useable for lensing are blended 
(overlapping another galaxy). 

• Deblend, or deal with blending in the analysis? 

• Multi-color, multi-resolution imaging helps deblending (Scarlett, 
Melchior et al., neural networks Arcelin/Doux et al in prep.) 

• Shape measurement can also use multi-resolution to fight 
systematics (core of galaxies with Euclid, outskirts with LSST, 
multi-color with VIS+IR)…



Multi-color deblending 
(preliminary)

5. « Deblender » 
5.2. Résultats
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• LSST and Euclid will survey similar areas of the sky, in the same 
timeframe (2022+). 

• They will provide unprecedented constraints on dark energy/
modified gravity, through several probes (geometry/expansion, 
structure growth…) 

• They will have different systematic errors.  

• Comparing analyses will help understand biases. 

• Joint pixel analysis should improve the constraints and help 
control systematics.


